
ABSTRACT 

HOU, FEIER. Transition Zone Theory: a New Theory to Explain the Mechanisms of 

Crystallization, Viscous Relaxation and Glass Transition. (Under the direction of James D. 

Martin). 

 

Crystal growth and viscous relaxation are known to be activated processes, albeit 

inadequately described by transition state theories. A new theory, transition zone theory (TZT), 

for crystallization, and also for the related but distinct process of liquid relaxation, has been 

developed by extending the Eyring transition state theory and the Kauzmann configurational 

entropy concepts to address the condensed phase activated processes, in which entropic and 

enthalpic activation probabilities scale with the cooperativity of the reactant, and the attempt 

frequency pre-factor (kBT/h) is scaled by a characteristic phonon wavelength equal to twice the 

lattice constant for crystal growth, and the density of the liquid and the sound velocity in the 

liquid for viscous relaxation. TZT accurately describes the temperature dependent crystal 

growth rates and viscosity of diverse materials over the entire temperature ranges Tg to Tm and 

Tg to Tc, respectively, and affords detailed mechanistic understanding of condensed matter 

reactions like is afforded to molecular chemistry by the Eyring equation.  

Previous group members have encountered the problem of the crystallization rate 

constants being experimental-technique dependent with the traditional Kolmogorov-Johnson 

and Mehl-Avrami (KJMA) model, and solved it by reintroducing the sample sizes and 

geometries into the KJMA model. Subsequently, melt and cold crystallization of the model 

system, halozeotype CZX-1, were investigated experimentally, with the latter normally exhibit 

more crystallites in the sample and faster crystallization rates than the former when bulk 

samples are evaluated. With the in-group developed software, the growth rates of individual 

crystallites in polycrystalline samples were obtained, which subsequently leads to an initial 



nucleation normalization constant introduced into the modified KJMA model to obtain 

material-specific crystallization kinetics for polycrystalline growth. With that, TZT for 

crystallization has demonstrated that melt and cold crystallization likely share the same 

mechanism, which has enabled investigation of crystallization kinetics over a broader 

temperature range by both melt and cold crystallization. 

With the material-specific crystallization kinetics and a comprehensive theory for 

crystallization established, the kinetic isotope effect on crystallization of CZX-1 with 

differently isotopically substituted templates was studied to investigate the influence of the 

templating cation on the crystallization process, and to further articulate details of chemical 

processes involved in crystallization. By comparing the enthalpy and entropy of activation of 

crystallization obtained by TZT for differently isotopically substituted templates, both the 

hydrogen bonding and the template reorientational effects on crystallization were observed. 

TZT demonstrates that the entropy of activation for crystallization and relaxation 

exhibit inverse temperature dependency such that there is a temperature at which their free 

energies of activation are equivalent. Below this temperature, TZT suggests that there is a 

greater probability of crystallization than of relaxation, yet under these conditions, 

crystallization can only propagate over the length scale that atoms and molecules rearrange 

cooperatively during relaxation. In the non-relaxed, quenched system, such crystal-type 

organization occurring over only a few tens of nanometers makes the barrier to bulk liquid 

relaxation insurmountable. Herein crystallization and viscosity data of fourteen diverse 

systems are evaluated by this theory demonstrating that the crystallization-relaxation free 

energy equivalence point defines the glass transition temperature.
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CHAPTER 1   

General Introduction 

 

1.1. Background 

The solidification of homogeneous liquids through crystallization or glass transition is 

critical to diverse areas of science and technology, ranging from naturally occurring 

phenomena, to purification and synthesis in physical sciences, to energy and information 

storage technologies. Nevertheless, mechanistic descriptions of either crystallization or glass 

transition remain inadequate and highly empirical1-4.  

It has been observed that the rate of crystallization from congruent melt increases above 

the glass transition temperature, Tg (“Arrhenius”) up to some maximum temperature, Tmax, 

above which it decreases (“anti-Arrhenius”) gradually to zero at the melting temperature, Tm
5. 

This behavior has mostly been described by either the classical nucleation theory (CNT)6-8 or 

the model of interface controlled growth (ICG)5,9-12. CNT, initially derived from condensation 

from the gas phase and then extended to condensed systems, describes the Arrhenius and anti-

Arrhenius regions as being growth and nucleation controlled, respectively, yet it treats 

nucleation and growth as parallel processes while singular nucleation events must occur before 

crystal growth, and contrary to CNT, anti-Arrhenius behavior has actually been experimentally 

observed in the rate of single crystal growth, without further nucleation, above Tmax
5,9,13. The 

ICG model differentiates the anti-Arrhenius and Arrhenius regions as thermodynamically and 

diffusion or kinetically controlled regions, respectively, the latter of which is related to viscous 

relaxation of the liquid and is often described with the empirical VFT equation. However, the 

thermodynamic control assumes equilibrium between the supercooled liquid and the crystal, 
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which is inconsistent with the first order nature of crystallization14, while the diffusion control 

assumes mass transport across a defined liquid/crystal interface, which is actually not sharply 

defined15,16 due to the equivalent short- and intermediate-range order of liquid and crystalline 

phases17-21. Furthermore, viscous relaxation of liquids, albeit related, is a distinct process from 

crystallization, and it is faster than the rate of crystallization and is generally complete before 

crystallization22. Therefore, relaxation can not be the rate determining step to the slower 

crystallization process, and the mechanism of relaxation must be treated separately from that 

of crystallization. 

Understanding of the glass transition from the atomic and molecular level has been 

limited so far. Andersen suggested in 1995 that “The deepest and most interesting unsolved 

problem in solid state theory is probably the theory of the nature of glass and the glass 

transition”1, and recent reports probing the glass transition problem reinforce that this problem 

remains unresolved23. It is still being debated whether glass transition is a thermodynamic or 

kinetic phenomenon4,24-26. Thermodynamically, glass transition is defined as the temperature 

at which the rate of change of the thermodynamic properties of a liquid, such as heat capacity, 

enthalpy or entropy, with respect to temperature decrease abruptly (but continuously) to a value 

comparable to that of a crystalline solid. Such definition, although based on intrinsic properties 

of the liquid, is mostly qualitative and does not explain glass transition at the atomic or 

molecular level. Kinetically, glass transition is usually defined as the temperature at which the 

shear relaxation time or viscosity of the liquid reaches a common large value (e.g. 102 s or 1013 

Poise25,27). Such definition is empirical, and the explanation of the glass transition is based on 

the classic VFT theory of liquid relaxation and viscosity28-30 or its WLF derivative31, which 

are also highly empirical, can only accurately describe experimental viscosity data within a 



 

3 

limited temperature region and a temperature dependent crossover from VFT to Arrhenius 

theory is expected31-33.  

Therefore, it is the goal of this work to remove the empiricism and fundamentally 

understand crystallization, the related but distinct process of viscous relaxation, and the glass 

transition, with which control and prediction of those processes can be made possible. 

 

1.2. Outline 

In this work, a new theory, transition zone theory (TZT), which is an extension of the 

traditional transition state theory34 to the condensed phase activated processes, is proposed to 

describe and provide mechanistic understanding of crystallization (TZTc), viscous relaxation 

of liquids (TZTrlx)35, and glass transition (TZTglass). 

In Chapter 2, details of TZT are presented35, and the developmental process, especially 

the mathematical derivation of the pre-factors of TZT is explained. TZT is developed by 

extending the Eyring transition state theory34 and the Kauzmann configurational entropy 

concepts36 to address the condensed phase activated processes. It has been demonstrated to 

accurately describe crystallization and viscosity over the entire temperature range where 

experimental data are available for a wide variety of materials, spanning inorganic and organic, 

network, molecular and metallic materials, and the enthalpic and entropic activation 

parameters have been shown to provide detailed mechanistic understanding of those processes. 

TZT has also been validated for spherulite growth of crystalline polymers, as well as the unique 

viscosity behavior of sulfur due to significant structural change with temperature, the latter of 

which also suggests a possible application of TZT to study the liquid-liquid phase transition. 
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In Chapter 3, previous work from the group on modifying the traditional 

Kolmogorov37-Johnson and Mehl38-Avrami39-41 (KJMA) model for the kinetics of condensed 

phase reactions by reintroducing the sample sizes and geometries into the KJMA model13,42 

has been expanded to obtain the material-specific crystal growth kinetics of polycrystalline 

growth, essentially the growth rate of individual crystallites. Extensive experimental 

measurements of melt and cold crystallization of our model system, halozeotype CZX-118,43, 

are reported, the latter of which always exhibits faster crystallization rates than the former 

when bulk samples are evaluated. With 2-D diffraction techniques, a greater number of nuclei 

have been observed for cold crystallization, and thus a bulk sample size correction would lead 

to an over estimation of the rate constant. With our in-group developed software, the growth 

rates of individual crystallites in polycrystalline samples have been determined, which has 

further afforded development of an initial nucleation normalization constant on the KJMA 

model. With the correction for initial nucleation, material-specific crystallization kinetics were 

obtained for melt and cold crystallization, to which TZTc was applied to demonstrate if melt 

and cold crystallization share the same mechanism. 

In Chapter 4, a higher-level mechanistic investigation on crystallization is described, 

which utilizes measurement of activation processes to articulate details of chemical processes 

involved in crystallization. Specifically, the goal of this chapter is to determine the influence 

of the templating cation on the crystallization process of the model system CZX-1. To 

accomplish that, crystallization kinetics of CZX-1 with d0, d1, d9 and d10-[(H/DN(C(H/D)3)3]+ 

cationic templates have been studied experimentally over extensive temperature range to 

investigate the kinetic isotope effect on crystallization. With TZTc applied, the enthalpy and 

entropy of activation for crystallization are compared for CZX-1 with differently isotopically 
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substituted templates, from which both hydrogen bonding and inertial effects of the template 

have been observed on crystallization. 

After observing that according to TZT, the entropy of activation for crystallization and 

viscous relaxation exhibit inverse temperature dependency, TZT is expanded in Chapter 5 to 

explain the glass transition (TZTglass). TZTglass have shown that the glass transition occurs at 

the temperature where the free energy of activation for crystallization and relaxation become 

equivalent, below which crystallization has a higher probability than relaxation, yet 

crystallization can only propagate over the length scale that atoms and molecules rearrange 

cooperatively during relaxation, such that the bulk system can neither crystallize nor relax. 

TZTglass quantifies the relationship between the competing crystallization and liquid relaxation 

processes to describe the glass transition temperature, validated with data from 14 distinct 

materials from the fragile molecular OTP to the strong network SiO2, and has been shown to 

be applicable to non-crystallizing atactic polystyrene. The potential of applying TZTglass to 

explain the glass aging process, the time-temperature superposition of glass transition, and the 

glass-to-crystal transition have also been discussed in this chapter.  
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CHAPTER 2   

Transition Zone Theory of Crystal Growth and Viscosity 

 

Section 2.1 of this chapter was previously published: Hou, F.; Martin, J. D.; Dill, E. D.; Folmer, 

J. C. W.; Josey, A. A. Chem Mater 2015, 27, 3526-3532. 

 

2.1. General Theory 

2.1.1 Introduction 

The solidification of homogeneous liquids through crystallization or the formation of a 

glass is critical to diverse areas of science and technology.  Despite the importance, mechanistic 

descriptions of congruent crystallization remain highly empirical and poorly understood2-4.  

Crystallization has been described by classical nucleation theory (CNT), initially derived for 

condensation from the gas phase and then extended to condensed systems,6-8 and the model of 

interface controlled growth (ICG).5,9-12  Viscous relaxation, which in the ICG model is also 

linked to the activation energy of crystallization, is described by the largely empirical VFT28-

30 or analogous WLF31 functions.  To better understand a broad range of physical processes 

from geologic formations to the design of new functional materials, it is necessary to remove 

empiricism and establish fundamental atomic and molecular level descriptions of the 

mechanism(s) of solidification. 

Processes involved in solidification, e.g. relaxation of a supercooled melt, nucleation, 

and crystal growth, all exhibit characteristics of activated processes.  While the Arrhenius 

relationship is attractive to obtain activation parameters, its applicability to condensed phase 

processes is questionable.2,3  Only at high temperature is relaxation (1/viscosity, 1/η) data 
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reasonably fit to Arrhenius kinetics.  The VFT expression (Equation (2.1)) and the WLF 

derivative provide a better fit to relaxation data.28-31   

 
0 0

1 1
exp

B

T T 

 
  

 

  (2.1) 

η is the temperature dependent viscosity, η0 is a frequency factor, B and T0 are material specific 

empirical constants. However, many materials exhibit substantive deviation from the VFT 

model32,33, and the WLF model only claims to fit data within 50 to 100 K of the glass transition 

temperature, Tg
31.   

The rate of crystallization has been described as Arrhenius-like above Tg, up to some 

maximum temperature, Tmax, above which anti-Arrhenius behavior is observed, decreasing to 

zero at the melting temperature, Tm
5.  CNT differentiates Arrhenius and anti-Arrhenius regions 

as being growth and nucleation controlled, respectively, with the barrier to nucleation 

responsible for the retardation of crystallization at high temperature.  Interestingly, the 

Turnbull-Fisher CNT expression, Equation (2.2)6-8, with independent activation terms for 

crystal growth, Eg, and nucleation, Em, treats these processes in a parallel fashion when they 

must be serial since singular nucleation events precede continuing growth. 
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  (2.2) 

In practice, Eg is commonly associated with the free energy of activation for viscous 

flow.  Em includes terms for the surface energy, the enthalpy of fusion, the atomic/molecular 

layer thickness as well as several empirical parameters.44  However, we13 and others5,9,12 (see 

also references 139, 141, 145, 149, 150, 154, 156, 158, 167, 168, 170 from Appendix Table 

B.1.) have demonstrated that the growth of individual crystals, i.e. with no further nucleation, 
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is also slowed above Tmax, which contradicts the idea of nucleation-controlled crystallization 

rates.   

The ICG model alternatively delineates the Arrhenius and non-Arrhenius regions as 

thermodynamically vs. diffusion or kinetically controlled regions. As described by Equation 

(2.3)5,11, the difference between the free energy of the melt and crystal, ΔGc defines the region 

of thermodynamic control.   
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  (2.3) 

Based on the Stokes-Einstein relationship, the VFT relaxation Equation (2.1) is used as 

the activation term to describe the diffusion across the liquid-crystal phase interface.  Here, f 

is the fraction of sites of attachment, and a0 is the atomic/molecular layer thickness.  However, 

the thermodynamic control, described by equilibrium concepts, is inconsistent with the first 

order nature of crystallization14. Diffusion control assumes mass transport across a defined 

liquid/crystal interface, which is inconsistent with the essentially equivalent short- and 

intermediate-range structure of solid and liquid phases17-21, such that an interface is not sharply 

defined15,16.  Furthermore, it is experimentally recognized that relaxation is a faster process 

than the rate of growth22, which from a mechanistic perspective means relaxation can not be 

rate determining to the slow step of crystal growth. 

Given the questionable applicability of the Arrhenius-type models for both relaxation 

and crystal growth, consideration of the more detailed Eyring transition state theory (TST)34 

for condensed phase reactions is limited45.  Kirkpatrick concluded “the meaning of the 

activation entropy for crystal-growth processes, … is not clear.”46 Nevertheless, while the local 

structure in liquid, glass and crystalline phases of congruently melting systems is essentially 
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equivalent, crystals uniquely exhibit long-range order. Thus, because the long-range ordering 

of atoms and molecules is likely rate determining, we suggest any theory to describe the 

crystallization process must explicitly address the entropy of activation. 

Specifically, in this work we extend the Eyring TST34 and Kauzmann configurational 

entropy36 concepts to address condensed phase activated processes. The theory presented 

herein was developed to understand our kinetic data for the crystallization of the sodalite-type 

halozeotype, CZX-113, but is found to be generally applicable to diverse materials and 

processes. 

 

2.1.2 Transition Zone Theory (TZT) 

Eyring TST34 describes the rate constant of a reaction as the product of a molecular 

collision attempt frequency (pre-factor) and the probability a reactant is activated to the 

transition state. Adam and Gibbs noted the traditional form of TST, in which single molecules 

pass over an activation barrier, is inadequate to describe condensed phase reactions. Instead 

cooperative rearrangements of groups of particles are required47.  Thus, for homogeneous 

condensed phase reactions, there should be a transition zone (TZ) through which the condensed 

phase reaction must traverse.  Correspondingly, instead of a Boltzmann distribution of atomic 

or molecular collisions, in the condensed phase one might assume a Boltzmann-type 

distribution of interacting phonons2,3. Such a distribution results in a characteristic frequency 

whereby some unit of matter transforms from a non-ergodic to ergodic liquid or a non-

crystalline to crystalline phase, and thus the presumption of an attempt frequency related to 

(kB/T)/h. 
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The striking contrast between TST and our TZT is that the entropy and enthalpy of 

activation of condensed phase reactions are significantly temperature dependent.  Described as 

the Kauzmann paradox36, the temperature dependence of a liquid’s configurational entropy, Sl, 

is greater than that of its crystalline phase, Sc. As a result, there is a temperature, TK, at which 

the projected configurational entropy of the liquid becomes equivalent to that of the crystal, 

shown schematically in Figure 1a.  TK can be obtained from the material’s ΔHm, Tm and ΔCp
48.  

For crystallization to occur, components of a liquid must be activated within the TZ such that 

their configurations begin to match the crystalline configurations. We suggest that like for a 

crystal, the configurational entropy of the crystallization TZ, Sc
‡, should be small and 

reasonably temperature independent, such that at TK it can be assumed Sc = Sl = Sc
‡.   

 

Figure 2.1. (a) Kauzmann paradox for which the extrapolated configurational entropy of a 

supercooled liquid is equivalent to that of the solid at TK.  (b) Schematic representation of the 

temperature/pressure dependence of configurational entropy of liquid-gas transitions.  Liquid 

and gas saturation entropy lines (dashed) intersect at Tc where ΔSconfig = 0. 

 

The concept of temperature and pressure dependent configurational entropy can be 

extended to consider the relationship of gas and liquid phases, represented in Figure 2.1b.  
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Below the critical point, Tc, but above the triple point, an entropic discontinuity is observed 

with vaporization.  However, at Tc the configurational entropy of the gas and liquid become 

equivalent.  Furthermore, at Tc ergodic and non-ergodic liquids become indistinguishable with 

the gas and supercritical fluid, such that we assume their configurational entropy is equivalent 

to that of the TZ for relaxation (i.e. Sg = Serg l = Snon-erg l = Srlx
‡). 

Boltzmann describes the molar entropy of a system as relating to the number of 

microstates, W; S = R ln(W).  Thus, for one mole of material crystallized, if there are W‡ 

microstates accessible to the TZ and Wrct microstates accessible to the reactant phase (here the 

ergodic liquid for crystallization and the non-ergodic liquid for relaxation), then the entropy of 

activation can be described by Equation (2.4).  

 
‡

‡ ‡ lnrct

rct

W
S S S R

W

 
     

 

  (2.4) 

According to Equation (2.5), the entropic probability to rearrange into a specific TZ 

configuration is directly proportional to the ratio of the number of microstates of the TZ 

compared to that of the reactant phase. 
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 
 

 
  (2.5) 

Given Equation (2.5), and the configurational entropy conditions, ΔS‡ goes to zero at 

TK for crystallization and at Tc for relaxation.  

Before considering the distinct temperature dependence of ΔS‡ for crystallization and 

relaxation, it is important to recognize that the Kauzmann condition also impacts the enthalpy 

of activation, ΔH‡. The ΔH‡ is dominated by the energy required for making or breaking 

bonding interactions in the given transformation.  As a reaction system approaches TK the loss 
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of configurational microstates requires an increased size of the cooperative region for each 

activation event.  If a liquid could be supercooled to TK, the entire sample would need to 

transform as a single cooperative region; essentially an impossible condition. Nevertheless, 

consistent with the model proposed by Adam and Gibbs47, ΔH‡ should be proportional to the 

size of the cooperative regions‡, which can be modeled by Equation (2.6) where ΔH* is a 

material specific parameter indicative of the bond reconstruction required for the 

transformation. 

 *‡
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  (2.6) 

The enthalpic probability is described by expression (2.7). 
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  (2.7) 

Notably, expression (2.7) is similar to the VFT expression (Equation (2.1))28-30 

describing the temperature dependence of viscosity and likely accounts for the historic use of 

1/η to describe the activation term for crystallization5,11. The physical process of 

bond/intermolecular force reorganization required on the local level for relaxation should be 

similar to that required for crystallization since the local structure of liquid, glass and 

crystalline phases is essentially equivalent17-21. However, the amount of material involved in a 

relaxation event is anticipated to be less than is required to develop crystalline order. Thus, 

while the enthalpic probability terms exhibit a common form, the enthalpic activation 

parameter for relaxation, ΔHrlx
*, should normally be smaller than the enthalpic activation 

parameter for crystallization, ΔHc
*. 
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Though crystallization and relaxation are related, they are distinctly different processes 

delineated by different temperature dependence of their ΔS‡.  Furthermore, their rates require 

different units for the pre-factor; the velocity of the phase boundary, vpb, requires units of 

distance per time, whereas dynamic viscous relaxation, 1/η, requires units of Poise-1 = 10 

m•s/kg. 

 

2.1.3. Crystal Growth (TZTc) 

To understand the temperature dependence of the entropy of activation for 

crystallization, ΔSc
‡, it is important to consider the limits at TK and Tm.  In reality the Kauzmann 

paradox (ΔSliquid-solid = 0) is avoided by the glass transition.  But if an ergodic liquid could be 

supercooled to TK, an equivalent number of configurational microstates would be accessible to 

the liquid, the crystal and the TZc. Thus, Wc
‡/Werg l = 1 and ΔSc

‡ = 0. By contrast, at any 

temperature TK < T < Tm, only a limited number of configurational microstates are suitable to 

form a TZc
49, but an increasingly large number are accessible to the ergodic liquid.  Thus, as 

Tm is approached, Wc
‡/Werg l → 0 and ΔSc

‡ → -∞. Above Tm the probability of achieving the 

TZc configuration is not defined.  This temperature dependence of ΔSc
‡ is modeled by Equation 

(2.8) where ΔSc
* and zc are material specific parameters that scale the magnitude of ΔSc

‡ and 

modulate the temperature dependence, respectively.   
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Developed to consider our CZX-1 crystallization data13, initial modeling demonstrated 

no need for the empirical parameter zc. However, upon considering data from a diverse set of 

materials, it was observed that crystallization data was more effectively fit for crystallization 
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of fragile liquids than for strong liquids. Given that the fragility/strength of a liquid is defined 

by the extent to which its relaxation deviates from Arrhenius behavior27, and that for a system 

with a small TK the ΔH‡ term alone is approximately Arrhenius, we introduced the empirical 

parameter zc such that when zc = 0, ΔSc
‡ is temperature independent. The strong 

interatomic/molecular interactions of a strong liquid limit the temperature dependence of the 

number of microstates accessible to the liquid, but zc > 0 for more fragile systems because of 

the increasing number of microstates accessible to the liquid with increasing temperature. 

To understand the attempt frequency pre-factor for crystallization, recall in TST the 

number of vibrations in the TS that can proceed towards the product is (kBT)/hν34. The product 

of the number and frequency of vibrations gives the rate for the TS to proceed to the product, 

i.e. the Eyring pre-factor (kBT)/h. Similarly the pre-factor for TZTc is the product of the number 

of lattice vibrational modes that lead to formation of the crystalline phase, (kBT)/hν, and the 

velocity of the TZc, λν, where λ is some characteristic wavelength of vibrations that lead to 

growth. Thus, the TZTc pre-factor is λ(kBT)/h. Using a lattice harmonic oscillator 

approximation, we postulate that λ corresponds to the edge of the first Brillion zone of the 

allowed lattice vibrations. For a cubic lattice, λ = 2a; in the following analyses the average 

lattice constant of non-isotropic lattices is used as a first approximation of λ/2. Thus, for crystal 

growth to occur a cooperative set of vibrations must organize with the characteristic 

wavelength λ; essentially a standing wave pattern on the length scale of twice the unit cell 

dimension. 
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Figure 2.2. (a) Experimental crystallization rate data points with lines of the best fit to 

Equation (2.9), plotted with respect to the normalized temperature.  (b) Correlation between 

ΔHc
* and ΔSc

*.  (c) Correlation between zc and ΔSc
* and the correlation line ΔSc

* = -3csch(zc/3) 

(dashed).  
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Combining the pre-factor with the enthalpic and entropic probabilities yields the TZTc 

expression, Equation (2.9). 
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  (2.9) 

Mathematically one might note a similarity between Equation (2.9) and the CNT and 

ICG Equations (2.2) and (2.3), i.e. a double exponential form with temperature dependent 

exponential terms with limiting temperatures. They are distinct in that for Equation (2.9) the 

limiting temperatures are intrinsic thermodynamic values not empirical parameters, the 

exponentials are correctly unitless, and the pre-factor is defined by a physical property of the 

material.  But most importantly, Equation (2.9) exclusively addresses the process of crystal 

growth, rather than convoluting nucleation or viscous relaxation with crystal growth. 

The test of any theory is how effectively it fits experimental data, and whether the 

fitting parameters are physically meaningful.  We developed this theory based on fitting our 

isothermal crystallization data for the sodalite-type halozeotype CZX-113. The TK for CZX-1 

was measured to be 150 K using modulated DSC techniques48; data and the experimental 

procedure are given in Appendix A.  However, to explore the breadth of applicability of TZTc 

we turned to literature reports of the linear growth rate of crystal faces. When tabulated rate 

data is not published, crystallization rate vs. temperature data was extracted from digitized 

images of published figures. Data for CZX-1 and 15 additional crystalline phases, and the 

respective fit to Equation (2.9) is presented in Figure 2.2. Tabulation of fitting parameters and 

references is given in Supplemental Information Table S1. Lattice constants (averaged to 

obtain λ/2) were obtained from the literature, as were values for Tm and TK. TK data is least 

reliably reported, and when not available, T0 from VFT analysis was used as a first 
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approximation. More accurate values for TK are obtained by fitting to Equation (2.9), and when 

viscosity data is available also to Equation (2.11) below. 

The rate of crystallization for this entire series of compounds spanning inorganic and 

organic, network and molecular materials, is well fit by Equation (2.9) using the experimental 

parameters λ, Tm and TK and fitting parameters ΔHc
*, ΔSc

* and zc. Further examination of the 

correlation between these parameters demonstrates an apparent exponential relationship 

between ΔSc
* and zc (Figure 2.2c). For crystallization it seems unlikely that ΔSc

* should be 

positive or zc be negative, thus the correlation function between ΔSc
* and zc should asymptote 

to zero for both parameters. This behavior is reasonably modeled with the hyperbolic cosecant 

function ∆Sc
*= -3csch(zc/3). We do not yet know the physical significance of the correlation 

constant 3, but presume it to be related to the 3-dimensionality of crystallization.  Furthermore, 

we are not clear if all systems should be forced to this correlation thus requiring only two fitting 

parameters, or whether deviation from this correlation line is indicative of material diversity. 

Nevertheless, it is apparent that systems with most negative values of ΔSc
* exhibit the least 

temperature dependence of ΔSc
‡. 

It is instructive to consider the physical/chemical significance of the comparative ΔHc
* 

and ΔSc
* parameters (Figure 2.2b).  Not surprisingly SiO2 and GeO2 exhibit the largest values 

of ΔHc
*, consistent with their strong covalent networks. Intermediate values of ΔHc

* are 

observed for the somewhat deconstructed networks including polymeric Na2Si2O5 and NaPO3, 

and the open cage-network of anorthite. Molecular species, with weaker intermolecular forces, 

exhibit relatively small values of ΔHc
*.  

While all values of ΔSc
* are negative, as expected for a liquid-to-crystal transition, it is 

interesting that the strong network materials SiO2 and GeO2, the cage-network of anorthite, 
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and molecular materials such as α-phenyl o-cresol and indomethacin exhibit large negative 

ΔSc
*, whereas the cage-network CZX-1 and molecular o-terphenyl and 1,3-bis(1-naphthyl)-5-

(2-naphthyl) benzene exhibit very small values of ΔSc
*. Large negative values of ΔSc

* suggest 

that substantial structural rearrangement is required to achieve a more crystal-like TZc 

structure. For example, diffraction studies of SiO2, imply substantial changes in the O-Si-O 

angles, and the greater prevalence of 3-ring structural units in the melt, as opposed to only 

networked 6-rings in the crystalline phase50.  By contrast a small value of ΔSc
* implies the 

liquid is ordered similar to that of the TZc, consistent with our best interpretation of the 

structure of liquid and glassy CZX-1 for which a crystalline-like networked β-cage structure 

appears to persist with ~5 nm order into the liquid phase18.  Notably, among molecular liquids, 

o-terphenyl and 1,3-bis(1-naphthyl)-5-(2-naphthyl) benzene, for which π-stacking is likely to 

cause longer-range order in the liquid17, exhibit a small ΔSc
*, whereas the strongly hydrogen 

bonding glycerol and sorbitol exhibit larger ΔSc
*, because, like silica, there is a greater 

difference between the networks (albeit here H-bonded) in the liquid and solid states. 

 

2.1.4. Viscous Relaxation (TZTrlx) 

As described above, viscous relaxation historically has been directly tied to the 

activated process of crystallization, e.g. Equation (2.3). Though related, experimental 

observation suggests relaxation is generally complete prior to crystallization22. Thus, with 

respect to crystallization, relaxation is the mechanistic analog of pre-equilibrium observed in 

molecular reaction mechanisms. Furthermore, since activated relaxation is observed above Tm 

it is reasonable to conclude that TZT for relaxation (TZTrlx) requires a different description 

than that for TZTc.   
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A liquid quenched from high to low temperature or alternatively exposed to a shearing 

force, must adapt its energy and configurations to accommodate the new free energy landscape.  

Initially the quenched or sheared system will have excess free energy that must be projected 

onto the different probability distribution of configurations resulting in a non-ergodic quenched 

liquid20. Relaxation is the process by which atomic/molecular reorganization returns the 

system to an ergodic probability distribution of configurations. As such the process of 

relaxation should be highly dependent on its entropy of activation, ΔSrlx
‡.  

Adam and Gibbs described relaxation in terms of configurational entropy47, which is 

in fact a reformulated expression of the classic VFT equation28-30,51, further modified by Angell 

to express relaxation in terms of the fragility of the liquid52. However, we suggest that the 

TZTrlx understanding of the temperature dependence of ΔSrlx
‡ better describes the temperature 

dependence of relaxation. 

Again it is important to consider the limiting cases at TK and at Tc. A liquid quenched 

to TK will be non-ergodic, having the same large number and probability distribution of 

accessible configurations, Wnon-erg l, as the original high temperature liquid. Relaxation to reach 

the Kauzmann condition, Wc = Wl ≈ 1 at TK, would require that atomic/molecular 

reorganization of the entire system becomes cooperative. Thus at TK we assume Wrlx
‡ ≈ 1 and 

Wrlx
‡/Wnon-erg l → 0, and ΔSrlx

‡ becomes large and negative. As the temperature increases there 

is less cooperativity such that the non-ergodic liquid and the relaxed ergodic liquid can both 

access an increasing number of configurations. Under these conditions the atomic/molecular 

reorganization is less coupled and numerous transition configurations should also exist.  When 

the temperature is high enough for the liquid to behave like a gas, i.e. the critical temperature 

Tc (Figure 2.1b), then the non-ergodic and ergodic liquids are indistinguishable, thus 
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Wrlx
‡/Wnon-erg l ≈ 1 and ΔSrlx

‡ = 0. Such temperature response to the entropy of activation can be 

modeled by Equation (2.10), where ΔSrlx
* and zrlx are material specific parameters that scale 

the magnitude of ΔSrlx
‡ and modulate the temperature/pressure dependence, respectively.   
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Similar to crystallization, the attempt frequency pre-factor for relaxation can be treated 

as an interaction between phonons. However, the resulting vibrational waves exhibit 

attenuation when traveling through the liquid. Only phonons with the fastest wave velocity can 

travel through the entire liquid system leading to atomic/molecular rearrangements necessary 

to make it ergodic. Using the Maxwell material model, the fastest velocity is the speed of sound 

in the liquid, vs. Thus the reciprocal of the dynamic viscosity can be expressed as 

2

2

'1 4

'

s

s

G v

G v

 

 




53,54. ν is the frequency of the shear wave that leads to liquid relaxation, 

which contains the characteristic frequency of the vibrational modes that lead to the formation 

of  the ergodic liquid from the transition zone and the probability of occurrence of those modes.  

G’ is the elastic constant of the system.  Because viscosity is dominant over elasticity in a 

Newtonian liquid, G’ is very large with respect to vs
2ρ except as Tg is approached, where the 

liquid becomes more solid-like and more elastic. Applied to TZTrlx, 2

4 B

s

k T

v h




is the attempt 

frequency pre-factor. 

Combining the pre-factor with the enthalpic and entropic probabilities yields the TZTrlx 

expression, Equation (2.11). 



 

21 

 
 

* *

2

1 4
exp exp

rlxz

rlx rlx cB

s K K

H S T Tk T

v h R T T R T T



 

      
             

  (2.11) 
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Figure 2.3. Reciprocal viscosity data (symbols) fit to Equation (2.11) (solid lines).  (a) 

Comparison of TZTrlx to VFT fits, Equation (2.1), (dashed line) for o-terphenyl (OTP), n-

propanol, and propylene carbonate. (b) TZTrlx fits to the series of n-alcohols C1 to C12.  Plots 

showing the relationship between (c) ΔHrlx
* and ΔSrlx

* and (d) zrlx and ΔSrlx
*; insets are plotted 

on an expanded scale. Chain lengths of n-alcohols are numbered. Dashed line in (d) is the 

correlation function ΔSrlx
* = -3csch(zrlx/3). Data represented as squares are for compounds with 

crystallization data reported in Figure 2.2, for which Tc is reported (solid) or is an additional 

fitting parameter (open). 
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We do not yet have temperature dependent viscosity data for CZX-1, but are able to 

test the applicability of Equation (2.11) against extensive literature reports (Figure 2.3 and 

Appendix Figure B.1 and Table B.2). Temperature dependent viscosity data for this entire 

series of compounds spanning inorganic and organic, network and molecular materials across 

a range of reported liquid fragilities, is well fit by Equation (2.11) using the experimentally 

determined parameters vs
2ρ, Tc and TK and fitting parameters ΔHrlx

*, ΔSrlx
* and zrlx. As shown 

in Figure 2.3a, Equation (2.11) provides a superior fit to experimental viscosity data than the 

classic VFT Equation (2.1), with no need to introduce an arbitrary crossover temperature 

between VFT and Arrhenius rate laws32,33. Unlike any other theories, Equation (2.11) even fits 

the decrease in viscosity just below Tc reported for methanol (Figure 2.3b) and benzene 

(Appendix Figure B.1c). 

Figure 2.3d shows a similar exponential correlation of the ΔSrlx
* and zrlx parameters, as 

was observed for crystallization, although with much greater variance. The dashed line in 

Figure 2.3d is a plot of the same hyperbolic cosecant function observed for TZTc, which as a 

point of reference we consider to be the standard correlation. We suspect the greater variance 

in zrlx results from our fixed TK approximation when TK should increase with pressure (see for 

example reference 55). An increasing value of TK can be compensated by a smaller value of 

zrlx. Since reported viscosities generally follow the saturation line, thus are not isobaric, any 

pressure dependence of TK will become more apparent in zrlx than for zc of essentially isobaric 

crystallization. Our fixed vs
2ρ approximation, when both are P and T dependent, could also 

contribute to variance in the parameters. But because the P/T variation is small relative to the 

magnitude of vs
2ρ56, its impact on the activation parameters is minimal.  
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The ΔSrlx
*/zrlx correlations reveal interesting mechanistic insight. An even/odd variation 

is observed for n-alcohols C1 to C12 with odd chain alcohols exhibiting smaller zrlx than 

predicted by the correlation function while even chain alcohols fall on the correlation line 

(Figure 2.3d). This effect is reminiscent of the loose (odd) and close (even) packing of terminal 

methyl groups of linear alcohols on graphite, attributed to cause lower melting temperatures of 

odd chain alcohols57. Loose packing would be expected to exhibit a greater increase in TK 

with pressure and thus a smaller value of zrlx. By contrast, GeO2, anorthite, glycerol and α-

propylene glycol exhibit larger values of zrlx than predicted by the standard correlation. Under 

pressure GeO2 is known to change from tetrahedral to octahedral coordination58, and glycerol 

becomes a more fragile liquid under pressure59. The increased fragility with increasing pressure 

of these systems likely yields decreasing TK, and thus as modeled here exhibit a larger zrlx. In 

addition seven of these materials exhibit negative values for zrlx, indicative of an increased 

ΔSrlx
‡ with increasing temperature. These include: Hg, Ga, In and Sn, which exhibit more open 

covalent structures in their low T/P melts but transition to more metallic close packed 

structures at higher T/P60; the alkali metals Na and K which are bcc metals at low T/P; and 

NaPO3 for which the rings (LT) vs. chains (HT) of the metaphosphate61 may account for the 

negative zrlx. Thus it appears a negative value observed for zrlx is indicative of a low-to-high 

density structural transition in the liquid. 

Activation parameters ΔHrlx
* and ΔSrlx

* also provide new insight into the physical 

properties of the liquids, including the strong/fragile conception. Previously noted to correlate 

with the VFT parameter52, the fragility parameter exhibits modest correlation to the free energy 

of activation, ΔGrlx
‡, calculated with TZTrlx parameters at Tg. However, as visualized by Figure 

2.3c, ΔGrlx
‡, and thus the strength/fragility of a liquid, can be partitioned into enthalpic and 
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entropic components. In this regard it is notable that SiO2 and GeO2, both strong network 

liquids, appear to be respectively, enthalpically and entropically strong. This is consistent with 

structural and spectroscopic studies that suggest Ge is more coordinatively flexible than Si58. 

Similarly, while n-alcohols exhibit consistently increasing viscosity with increasing chain 

length (Figure 2.3b), the ΔHrlx
* and ΔSrlx

* parameters demonstrate dramatic odd/even chain 

length dependence (Figure 2.3c). The viscosity of odd chain length alcohols being more 

enthalpically dependent whereas even chain alcohols are more entropically dependent, is likely 

indicative of differential molecular packing57. In addition, ΔHrlx
* and ΔSrlx

* values for n-alkanes 

(Appendix Table B.2) exhibit odd/even effects for short chains known to prefer linear 

conformations but not for long chains n ≥ 16 which prefer folded conformations62. These 

examples demonstrate that TZTrlx not only provides a superior fit of temperature dependent 

viscosity data, but it also offers insight into enthalpic and entropic control of relaxation. 

 

2.1.5. Conclusion 

We articulate the new transition zone theory for condensed phase reactions by 

extending the concept of transition state theory to consider transition zones, and, building upon 

the Kauzmann concept, recognize the temperature (and pressure) dependence of the activation 

parameters. TZT, using only the non-empirical enthalpic ΔH* and entropic ΔS* activation 

parameters, along with a single empirical parameter z which itself is strongly correlated to ΔS*, 

provides a superior description of crystallization and relaxation rate data than any previously 

reported theories. Comparison of the ΔS*/z correlation for crystallization and relaxation 

suggests that articulation of the pressure dependence of TK will further eliminate the 

empiricism of the z parameter. Importantly, TZT, unlike CNT, ICG, VFT and WLF theories 



 

26 

does not require the imposition of an arbitrary mechanistic shift from non-Arrhenius to 

Arrhenius behavior. 

For both crystallization and relaxation, ΔH* parameters provide mechanistic insight 

into the nature of the intermolecular/atomic interactions that must reorganize during the 

transformation. ΔS* parameters demonstrate the extent of structural organization necessary for 

the transformation. Both parameters are modulated by the extent of cooperativity required for 

the transformation, with limits of complete cooperativity at TK, and its absence with respect to 

crystallization at Tm, and relaxation at Tc.  The parameter z, which modulates the T/P 

dependence of ΔS‡, is useful to differentiate liquids with respect to T/P induced changes in 

their structure. Together these parameters deepen the insight given by the classic concept of 

fragility, in that they articulate whether the strength of a liquid is enthalpic or entropic, which 

for example describes the distinct character of SiO2 and GeO2 networks, and chain length 

effects in n-alcohols and n-alkanes. 

As demonstrated in the examples above, TZT provides a common framework for 

understanding the processes of crystallization and relaxation, but equally demonstrates they 

are distinct. They are clearly distinct with respect to the temperature dependence of the ratio 

of microstates accessible to reactant and TZ. Both crystallization and relaxation are rate limited 

by phonon propagation through the liquid phase. They are distinct, however, in that 

crystallization requires a standing wave type organization of phonons at the crystallization 

front with a characteristic wavelength of twice the unit cell dimension, whereas viscous 

relaxation requires phonons that can transverse the entirety of the liquid and thus are traveling 

at the speed of sound in the liquid. Because of their distinct characteristics, viscosity should 

not be used as the activation term to describe crystal growth.  This result raises interesting 
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questions with regard to the extensive literature built upon the conception of the reduced 

growth rate, i.e. the product of the crystal growth rate and viscosity.  Nevertheless, ongoing 

development of TZT is pointing toward a relationship between these two distinct processes as 

a key to the unresolved question of the origin of the glass transition1. 

 

2.2. Mathematical Derivation of the Pre-factor in TZT 

2.2.1. Introduction 

Being built on Boltzmann distribution of atomic or molecular collisions, transition state 

theory34 describes the rate constant of a molecular reaction as the product of an atomic or 

molecular collision attempt frequency and the probability of the reactants being activated to 

the transition state. The activated complex has a vibrational degree of freedom that corresponds 

to the decomposition of the activated complex into the products. If the frequency of that 

vibrational degree of freedom is ν, the weighted number of states, using classical theory, is 

Bk T

h
. Due to the small curvature of the transition state on the potential energy surface, this 

vibrational degree of freedom can also be treated as a translational degree of freedom, which 

is often described as the passage over the activation barrier and the speed of which is expressed 

as the product of the frequency of this vibrational degree of freedom and the number of states, 

i.e., B Bk T k T

h h



  , thus the pre-factor in the Eyring equation34.  

However, Adam and Gibbs have noted that cooperative rearrangements of groups of 

particles, instead of single molecules passing over an activation barrier, are required to describe 

the activated processes in the condensed phase47. Correspondingly, as an extension of the 

transition state theory concept34, transition zone theory considered a Boltzmann distribution of 
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interacting phonons in the condensed phase, and a transition zone through which the condensed 

phase reaction must traverse35. The interacting phonons result in a characteristic frequency, ν, 

at which some unit of matter transforms from a non-ergodic to ergodic liquid or a non-

crystalline to crystalline phase, analogous to the passage over the activation barrier in transition 

state theory. The corresponding weighted number of states is thus Bk T

h
. In this section, the 

transformation from the transition zone to the crystalline phase and to the ergodic liquid will 

be explained for crystal growth and viscous relaxation, respectively, and detailed derivation of 

the pre-factor of transition zone theory will be shown. 

 

2.2.2. Formation of the Crystalline Phase from the Transition Zone 

While the local structure in liquid and crystalline phases of congruently melting 

systems is essentially equivalent, crystals uniquely exhibit long-range order. Therefore, the 

liquid must undergo substantial molecular rearrangements to form the long-range order in the 

crystal from transition zone. Those rearrangements result in vibrational waves, or interacting 

phonons, that propagate through the liquid. When the interacting waves create a standing wave 

pattern throughout the liquid system, a periodic structure is formed, and the liquid transforms 

into the crystal. Therefore, formation of the long-range order in the crystal from the 

intermediate-range order in the transition zone corresponds to a characteristic frequency, νc, 

and wavelength, λc, of interacting phonons that result in a standing wave pattern. 

To obtain νc and λc, a simplified model was used as a starting approximation, which is 

a one-dimensional chain of hard spheres with the same mass, m, and each sphere is connected 

to its two neighboring spheres by springs, while all the springs have the same spring constant, 
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k (Figure 2.4). To the first approximation, each sphere is assumed to only interact with its two 

nearest neighbors. 

 

Figure 2.4. Simplified model for the formation of periodic crystalline structure. 

 

If the chain is in the x dimension, and the displacement of the nth sphere is xn, then 

applying Hooke’s law to the nth sphere, 

    1 1n n n n nF k x x k x x       (2.12) 

According to Newton’s second law, Equation (2.12) can be written as 
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1 12
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 
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
  (2.13) 

The same equations can be written for all of the other spheres. To form a periodic 

structure in the chain, all the spheres need to oscillate with the same amplitude A and the same 

angular frequency ω, resulting in propagating waves in the chain with the same amplitude and 

frequency. Solving them simultaneously and assuming harmonic oscillation 
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  (2.14) 

where q is the wave vector (wave number for one dimensional wave) with the magnitude of 

2π/λ where λ is the wavelength, and xn,0 is the equilibrium position of the nth sphere on the 
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chain. Since the transition zone has the same short- and intermediate-range order as the crystal, 

to form a one-dimensional lattice chain with lattice constant a, the equilibrium position of the 

nth sphere should be na. Substitute into Equation (2.14) 
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  (2.15) 

Substitute Equation (2.15) into Equation (2.13) 
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 (2.16) 

Rearranging Equation (2.16) by dividing Aexp(-iωt)exp(iqna) on both sides and by 

realizing exp(ix) = cos(x)+isin(x): 

   2 2 1 cosm k qa     (2.17) 

Therefore 
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sin
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k qa

m


 
  

 
  (2.18) 

The periodicity of the plot of ω against q (Figure 2.5) suggests that the frequency 

(Equation (2.18)) and the displacement of the sphere (Equation (2.15)) do not change when q 

is changed by q±2π/a, which means the solutions at q and q±2π/a are physically identical. 

Therefore, the region between q = -π/a and q = π/a, which is the first Brillouin zone, contains 

all the independent solutions and is the only region that needs to be considered. 
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Figure 2.5. Plot of ω against q. The boundaries of the first Brillouin zone are shown as dashed 

lines.  

 

The group velocity of the propagating wave packets in the chain, which is also the 

velocity for the propagation of energy, is the first derivative of ω against q, dω/dq. At the 

boundary of the first Brillouin zone, the group velocity and the transmission velocity of the 

energy are zero, thus the wave is standing, with the corresponding wavelength λ = 2π/q = 2a, 

and a periodic crystalline phase is formed. Therefore, the characteristic wavelength of the 

formation of standing wave pattern is λc = 2a, and with the characteristic frequency being νc 

and thus the weighted number of states being 
B

c

k T

h
, the velocity of transformation from the 
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transition zone to the crystalline phase is 2B B B
c c c

c

k T k T k T
a

h h h
 


   , hence the pre-factor 

in transition zone theory of crystal growth. 

For three dimensional crystal growth with non-isotropic lattices, the averaged lattice 

constant, which is the cube root of the volume of the unit cell, is used as a first approximation 

of a. However, for anisotropic crystal growth, such as lamellar growth in polymers, different 

lattice constant may be needed in each dimension. 

 

2.2.3. Formation of Ergodic Liquid from the Transition Zone 

When a liquid is quenched from high to low temperature or exposed to a shearing force, 

it will initially project its excess free energy and probability distribution of configurations onto 

a changed free energy landscape, resulting in a non-ergodic liquid. Relaxation is the process 

which returns the non-ergodic liquid to an ergodic liquid to accommodate the new free energy 

landscape through atomic/molecular reorganization. Those atomic/molecular reorganization 

leads to longitudinal waves propagating through the liquid, and due to the viscosity of the 

liquid, those longitudinal waves are attenuated, yet some of them, such as the sound wave in 

the liquid, can still propagate through the whole liquid system despite the attenuation, which 

adjust the probability distribution of configurations of the whole liquid system and transforms 

it to be ergodic. Therefore, relaxation of the liquid corresponds to the frequency and velocity 

of those longitudinal waves that propagate throughout the whole system. 

Each longitudinal wave propagating through a material applies an oscillatory force 

(stress) to the material, which results in energy transmission and atomic/molecular 

displacement (strain). In purely elastic materials, such as most crystalline solids, the stress and 
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strain occur in phase, thus the response of one occurs simultaneously with the other. In purely 

viscous materials, such as Newtonian fluids, there is a 90° (π/2 radian) phase lag between strain 

and stress. In viscoelastic materials, such as some polymeric liquids, strain exhibits a phase lag 

to stress that is between 0 and 90°. Assuming harmonic oscillation with the longitudinal waves, 

strain (ε) and stress (σ) can be expressed as 
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where ε0 and σ0 are the amplitude of strain and stress oscillation, respectively, i is the imaginary 

unit, ω is the angular frequency of the oscillation, t is time, and δ is the phase lag between 

strain and stress. For convenience and with Euler’s formula (exp(iθ) = cos(θ) + isin(θ)), stress 

can be written as a complex quantity, the real part of which is in phase with the strain and the 

imaginary part of which is 90° out of phase with the strain 

           0 0 0exp exp cos sin expi i t i i t             (2.20) 

The dynamic modulus is therefore defined as 
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cos sinG i
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  
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where the real part, σ0 cos(δ)/ε0, and the imaginary part, σ0 sin(δ)/ε0, are the storage and loss 

modulus, respectively.  

The Maxwell material model can be used as an approximation to calculate the dynamic 

modulus of a viscoelastic system, which describes the system as a spring and a dashpot 

connected in series. The spring obeys Hooke’s law, models the instantaneous bond 

deformation of the material, and accounts for the fraction of the energy stored reversibly as 

strain energy, while the dashpot is described as a Newtonian fluid and accounts for the 
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attenuation of the wave propagation and the loss of the energy transmission in the system. In a 

series of spring and dashpot, the total strain is the sum of the strain in each element, while the 

stress on each element is the same and equal to the imposed stress: 
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  (2.22) 

where the subscripts s and d represent the spring and the dashpot, respectively. Taking the first 

derivative of the strain equation with respect to time 
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where η is the viscosity represented by the dashpot, in which the stress produces a strain rate 

σd = η dεd/dt, and E is the elastic modulus of the spring. Substituting Equations (2.19) into 

Equation (2.23) 
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  (2.24) 

Therefore, the dynamic modulus of the system is 
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The real and imaginary parts are the storage and loss modulus, respectively. Comparing 

Equation (2.25) to Equation (2.21), the phase lag angle, δ, can be expressed as 
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For purely elastic systems, η→∞, thus G = E, E/ηω = 0, and δ = 0. Therefore, there is 

no loss modulus, which indicates all energy transmitting in the system is stored reversibly, and 

stress and strain occur in phase. For purely viscous systems, E→∞, thus G = iηω, E/ηω = ∞, 

and δ = 90°. Therefore, there is no storage modulus, which indicates all waves and energy 

propagating in the system are attenuated, and there is a 90° phase lag between strain and stress. 

Liquid, as a continuous medium, can be divided into numerous small volumes in each 

dimension, with each volume having the area A perpendicular to the dimension and length δx 

in the dimension (Figure 2.6).  
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Figure 2.6. Simplified model of longitudinal waves traveling in the liquid, where the liquid is 

divided into numerous small volumes in the x dimension. Only the x dimension is shown in 

this graph. The y and z dimensions can be represented and analyzed in the same way. 

 

When a longitudinal wave propagates in the medium, a pressure gradient is present. 

For the nth volume, if the pressure is p1 on its left side and p2 on its right side, then the force 

in the x direction is 

  1 2F p p A pA      (2.27) 

According to Newton’s second law, when δx is infinitesimal 
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where m and ρ are the instantaneous mass and density of the nth volume, respectively, and sn 

is the displacement of the nth volume in the medium. 

As an approximation, each volume is modeled as the Maxwell material, i.e., a series of 

spring and dashpot. The dynamic modulus of the nth volume is 
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where Vi and Vf are the initial and final volume of the nth volume.  

During the propagation of the longitudinal plane wave, for the nth volume, the 

displacement of the right side and that of the left side are different due to the pressure gradient, 

and if the difference in displacement is Δsn, then for infinitesimal δx 
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Thus 
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Substitute Equation (2.31) into Equation (2.28) 
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Under the harmonic assumption of the longitudinal plane waves, a solution to Equation 

(2.32) is 

   0 expn ns s i qx t    (2.33) 
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Equation (2.33) is the displacement of the medium with the propagating longitudinal 

plane wave with the angular frequency ω, in which s0 is the amplitude of the displacement, q 

is the wave vector, and xn is the position of the nth volume in the x dimension. Substitute 

Equation (2.33) back into Equation (2.32) 
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  (2.34) 

For purely viscous or viscoelastic systems, G is a complex number due to the phase lag 

between strain and stress. Since density and frequency are both real numbers, the wave vector 

q must be a complex number, which indicates that part of the longitudinal wave propagate 

through the liquid and the energy transmitted with it is stored reversibly, and part of it is 

attenuated. The velocity of the propagating longitudinal waves should depend on the storage 

part of the wave, and the velocity of the wave propagation, vc, can be expressed as54 
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where R(q) means the real part of the complex number q. 

Solve Equation (2.35) for viscosity 
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Most non-polymeric liquids can be approximated as purely viscous unless the glass 

transition temperature is approached, thus E→∞ and G = iηω, and Equation (2.36) becomes 

 2 2

1 2 4

c cv v

 

  
    (2.37) 

Due to the attenuation, only the longitudinal waves with the fastest wave velocity can 

propagate through the entire liquid system, and sound wave is one of them, thus vc is the speed 

of sound in the liquid. The frequency, ν, in Equation (2.37), is the frequency of the longitudinal 

wave that leads to liquid relaxation, which contains the characteristic frequency of the 
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vibrational modes, νc, that lead to the formation of the ergodic liquid from the transition zone, 

and the probability of occurrence of those modes, represented by the enthalpy and entropy of 

activation in transition zone theory for viscous relaxation (TZTrlx). Therefore, the pre-factor in 

TZTrlx is 2 2

4 4c B B

c c c

k T k T

v h v h

 

  
  . 

TZTrlx with the pre-factor 2

4 B

c

k T

v h




 accurately describes viscosity of diverse non-

polymeric liquids over the temperature range Tg (glass transition temperature) to Tc (critical 

point). However, polymeric liquids and some non-polymeric liquids at temperatures close to 

Tg should not be treated as purely viscous liquids, and thus both the storage (elasticity) and the 

loss (viscosity) moduli need to be considered, and Equation (2.36) is needed to describe 

relaxation. 

 

2.2.4. Conclusion 

We presented detailed derivation of the pre-factor in transition zone theory for crystal 

growth from the melt and liquid viscous relaxation. Both crystal growth and relaxation are 

related to phonon propagation through the liquid, however, the formation of the periodic 

crystalline structure requires the formation of a standing wave pattern in the liquid through 

interaction of vibrational modes with characteristic wavelength of twice the unit-cell 

dimension, and the formation of the ergodic liquid requires the propagation of the longitudinal 

plane waves throughout the entire liquid system, thus traveling with the velocity of sound in 

the liquid. Those derivation assists with understanding of transition zone theory 

mathematically, and provides part of a common framework for understanding the processes of 
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crystallization and relaxation, which serves as a foundation to further extend transition zone 

theory into fields such as crystallization and relaxation of polymeric liquids as well as to 

explain the origin of the glass transition.  

 

2.3. Application of TZT: Spherulite Growth of Crystalline Polymers 

When a polymer crystallizes, the polymer chains fold and align to form ordered regions, 

lamellae, which further compose large spheroidal structures, or spherulites. Due to the 

amorphous regions in the spherulites formed by the lamellae, most crystalline polymers are 

semicrystalline. Nevertheless, similar to crystal growth of non-polymeric materials, the rate of 

spherulite crystal growth of polymers can be measured by optical microscopy, in which the 

size of the spherulites are measured as a function of time. In order to test and broaden the 

applicability of TZTc as well as to further understand the fundamental processes during 

spherulite growth such as the organization of chemical bonds and the polymer chains, TZTc is 

applied to the kinetics of spherulite growth of crystalline polymers.  

The spherulite growth rate vs. temperature data of eight polymers, as well as selenium 

which also exhibits spherulite growth similar to polymers, are obtained directly from literature 

or extracted from digitized images of published figures. As shown in Figure 2.7a, TZTc 

accurately describes the kinetics of spherulite growth for all nine materials using 

experimentally measured λ, TK and Tm and fitting parameters ΔHc
*, ΔSc

* and zc. Tabulation of 

fitting parameters and references are given in Appendix Table B.1.  
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Figure 2.7. (a) Experimental rates of spherulite growth data points with lines of the best fit to 

Equation (2.9), plotted with respect to the normalized temperature (T-TK)/(Tm-TK). (b) Replot 

of Figure 2.2b, with correlation between ΔHc
* and ΔSc

* of spherulite crystal growth added. 

(c) Replot of Figure 2.2c, with correlation between zc and ΔSc
* of spherulite crystal growth 

and the correlation line ΔSc
* = -9csch(zc/3) (blue dashed) added.  
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As shown in Figure 2.7b, spherulite growth of crystalline polymers exhibit relatively 

low ΔHc
* and more negative ΔSc

*. The relatively low ΔHc
* indicates relatively weaker 

intermolecular forces and less chemical bond breaking/forming, which is consistent with the 

chain-folding mechanism of spherulite growth of crystalline polymers. Meanwhile, the more 

negative ΔSc
* indicates significant structural difference between the amorphous phase and the 

spherulites, such that substantial structural rearrangement by polymer chain folding is required 

to achieve a more crystal-like TZc structure.  

Further investigation of the correlation between the fitting parameters also suggests a 

strong correlation between ΔSc
* and zc, yet different from the correlation observed in the TZTc 

fits for crystal growth of non-polymeric materials. This correlation can also be described by a 

hyperbolic cosecant function, ΔSc
* = -9csch(zc/3), as shown in Figure 2.7c. Under the 

hypothesis of the correlation constant 3 being related to the three dimensionality of crystal 

growth for non-polymeric systems, the correlation constant -9 can be treated as -3×3, and thus 

the correlation function for spherulite growth of crystalline polymers is essentially the 

correlation function for crystal growth of non-polymers (ΔSc
* = -3csch(zc/3)) multiplied by 3. 

When such correlation function is substituted back into the entropy of activation, the entropic 

probability term becomes 
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  (2.38) 

Therefore, the correlation between ΔSc
* and zc indicates that the entropic probability of 

spherulite growth of crystalline polymers is the cube of a similar form of entropic probability 

of crystal growth of non-polymers. One possible explanation to that is when polymers 

crystallize, the ordering of polymer chains only occur in the two dimensions of polymer chain 
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aligning instead of three, and depending on the orientation of the polymer, there are three 

possible ways (x and y, or x and z, or y and z dimensions) to choose two dimensions of chain 

aligning out of three, thus the overall entropic probability for spherulite growth is the entropic 

probability for ordering in each pair of the two dimensions (P) multiplied by itself twice 

(P*P*P), or cubed (P3).  

To conclude, TZTc accurately describes the spherulite growth of crystalline polymers, 

in which the relatively low ΔHc
* and the more negative ΔSc

* indicate less chemical bond 

breaking/folding yet significant structural reorganization by polymeric chain folding, and the 

correlation between ΔSc
* and zc possibly suggests the two-dimensional ordering of polymer 

chains. 

 

2.4. Application of TZT: Viscosity of Liquid Sulfur 

2.4.1. Introduction 

The viscosity of liquid sulfur changes significantly with temperature. It has been 

observed that upon being heated from its melting point, the viscosity of sulfur first decreases 

slowly, and after reaching a minimum at around 154 °C, it increases rapidly by over four orders 

of magnitude to a maximum at around 187 °C, after which it decreases slowly as temperature 

increases. This distinct phenomenon has been observed since measured by Bacon and Fanelli 

in 194363, and it has been shown that the sudden rise of viscosity is due to the polymerization 

of liquid sulfur at approximately 159 °C: below the polymerization temperature (Tp) liquid 

sulfur is consist of 8-membered rings, while above Tp it is consist of long sulfur chains, and 

the increased viscosity is characteristic of long-chain polymers. Polymerization of liquid sulfur 

in which sulfur rings open up to reconnect into polymer chains has been shown to be reversible, 
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yet its mechanism is still being debated. Some has viewed it as an equilibrium mixture of 

monomer rings and polymer chains64, while some has viewed it as a phase transition in between 

first and second order based on calorimetric data65.  

Several mechanisms have been proposed to explain the distinct temperature 

dependence of the viscosity of liquid sulfur, yet most of them are highly empirical and do not 

accurately describe the experimental results. The most common one suggested that liquid 

sulfur can be viewed as a pseudo-solution, with the polymeric chains being the solute and the 

eight-membered sulfur rings being the solvent. The viscosity of sulfur depends on the viscosity 

of the solvent, the length of the polymeric sulfur chains, and the weight fraction of the 

polymeric chains in the pseudo-solution. The viscosity of the solvent is usually fitted with an 

Arrhenius type function, and the total viscosity of the liquid is fitted with a polynomial function 

of the weight fraction and the length of the polymeric chains66,67. This mechanism can only fit 

viscosity in a limited range of temperature, and the parameters used in the Arrhenius function 

and the polynomial are completely empirical.  

Meanwhile, Eyring has proposed transition state theory34 and applied it to liquid 

viscosity45. The application assumed that liquid flow occurs based on successive movements 

of each individual molecule or each small segment for large molecules such as long – chain 

hydrocarbons and polymers, and the size of each segment is approximately the same for large 

molecules of all sizes. The probability of a movement of one segment that leads to the liquid 

flow only depends on its cooperation with other segments, which the authors claimed to be 

temperature independent. Enthalpy of activation of fluidity (reciprocal of viscosity) was related 

to the enthalpy of evaporation, while entropy of activation involves averaged chain length of 

the macromolecules. The parameters obtained this way are highly empirical, and the authors 
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have also shown that some systems deviate from the theory45. Transition state theory of liquid 

viscosity has been applied to the viscosity of sulfur, with the assumption that similar to that of 

the mixture of simple liquids, the total viscosity of liquid sulfur is the product of the viscosity 

of eight-membered sulfur rings and the viscosity of the polymeric sulfur chains, each raised to 

the power of its own weight fraction in the mixture. The viscosity of the rings and chains are 

then each expressed by an Eyring equation, with temperature-independent enthalpy and 

entropy of activation which are empirical fitting parameters, and the latter one also involves 

the weight-averaged chain length of the sulfur chains68. As has been shown by the authors68, 

this mechanism did not accurately describe the experimental data, and they suggested that it 

was because of the assumption of treating liquid sulfur as a simple liquid mixture. 

To remove the empiricism, a fundamental understanding of the viscosity of liquid 

sulfur needs to be established. Transition zone theory for viscous relaxation, TZTrlx
35, describes 

liquid relaxation and viscosity on the fundamental level and has been shown to accurately 

describe the experimental viscosity data of over 70 systems ranging from inorganic network 

liquids such as SiO2, to molecular systems such as methanol and ortho-terphenyl, to liquid 

metals such as gallium, and it affords detailed mechanistic understanding of the viscous 

relaxation of liquid. Therefore, it is a great test case to apply TZTrlx to the viscosity of sulfur 

for mechanistic study of the dynamics of the liquid.  

 

2.4.2. Application of TZTrlx to liquid sulfur 

Similar to the analysis in section 2.1 of this chapter, the entropic probability to 

rearrange into a specific TZ configuration is directly proportional to the ratio of the number of 

microstates of the TZ compared to that of the reactant phase, expressed in Equation (2.39) 
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where ΔSrlx
‡ is the entropy of activation for relaxation, Wrlx

‡ and Wnon-erg l are the number of 

microstates of the transition zone and the non-ergodic liquid, respectively. 

When a liquid is quenched to the Kauzmann temperature36, TK, it becomes non-ergodic 

with the same larger number and probability distribution of accessible configurations as the 

original high temperature liquid, while relaxation at TK requires that the atomic/molecular 

reorganization of the entire system becomes cooperative to reach the Kauzmann condition, 

thus at TK Wrlx
‡ ≈ 1 and Wrlx

‡/Wnon-erg l → 0, and ΔSrlx
‡ becomes large and negative. At 

temperatures higher than TK, both the non-ergodic liquid and the relaxed ergodic liquid can 

access an increasing number of configurations, such that Wrlx
‡/Wnon-erg l increases, and when 

the temperature reaches the critical temperature, Tc, the liquid becomes indistinguishable with 

a gas, and non-ergodic and ergodic liquids are indistinguishable and both indistinguishable 

with the supercritical fluid, thus Wrlx
‡/Wnon-erg l ≈ 1 and ΔSrlx

‡ = 0.  

For liquid sulfur, however, when the liquid undergoes a sudden temperature change to 

the polymerization temperature, Tp, or alternatively is exposed to a shearing force at Tp, it 

becomes non-ergodic and must relax to adapt its energy and configurations to accommodate 

the new probability distribution of configurations. Since liquid sulfur undergoes a significant 

amount of structural change at Tp, this relaxation process likely requires a significant amount 

of atomic/molecular rearrangements. Furthermore, since the 8-membered sulfur rings and long 

sulfur chains likely coexist and are interchanging in the relaxed liquid at Tp, only one or very 

few configurations are available that can accommodate such a probability distribution of 

configurations in the relaxed liquid, and thus Wrlx
‡ ≈ 1 or very small, while Wnon-erg l remains 
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the same larger number as for the liquid at a different temperature or before shearing. 

Therefore, Wrlx
‡/Wnon-erg l → 0, and ΔSrlx

‡ becomes large and negative.  

The above discussion suggests that for liquid sulfur, ΔSrlx
‡ becomes large and negative 

at both TK and Tp. Such a temperature response to the entropy of activation can be modeled by 

Equation (2.40), where, similar to ΔSrlx
‡ of other liquids discussed in Section 2.1, ΔSrlx

* and zrlx 

are material specific parameters that scale the magnitude of ΔSrlx
‡ and modulate the 

temperature/pressure dependence, respectively, while the square root on the denominator 

makes the part raised to the power of zrlx unitless, and the absolute value indicates that it is the 

difference between the relaxation temperature and Tp that affects ΔSrlx
‡, which accounts for 

liquid sulfur both below and above Tp. 
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  (2.40) 

The above discussion and Equation (2.40) both suggest a discontinuity in ΔSrlx
‡ at Tp, 

although such discontinuity should only exist if the polymerization in sulfur is exactly a first-

order phase transition. Indeed, Wrlx
‡ = 1 at Tp is only valid when polymerization is a first order 

phase transition, and the broader and more second-order the transition is, the more 

configurations are accessible to accommodate the two coexisting phases, and the larger Wrlx
‡ 

will be. However, since the structure of liquid sulfur differs significantly below and above Tp, 

it is likely that the atomic/molecular rearrangements are also significantly different below and 

above Tp, with the relaxation of liquid sulfur below Tp mostly consists of reorganization of 8-

membered sulfur rings, while that above Tp mostly consists of 

formation/breaking/rearrangement of long sulfur chains. Therefore, for the purpose of studying 

liquid relaxation, an assumption has been made as a first approximation to treat liquid sulfur 
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below and above Tp as two different liquids, namely, lr (below Tp) and lc (above Tp), which 

likely exhibit different activation parameters for relaxation.  

As discussed in Section 2.1, ΔHrlx
‡ is dominated by the energy required for making or 

breaking bonding or intermolecular interactions in the activation process of relaxation. Since 

different types of bonding or intermolecular interactions are made or broken in relaxation of lr 

and lc, they likely exhibit ΔHrlx
‡ of significantly different magnitudes. When the temperature 

of lr approaches TK, the loss of configurational microstates requires an increased size of the 

cooperative region for each activation event. If lr could be supercooled to TK, the entire system 

would need to transform as a single cooperative region during relaxation, and the energy 

(enthalpy) required makes it essentially an impossible condition. Therefore, ΔHrlx
‡ for lr can be 

modeled by Equation (2.41).  
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By contrast, when lc is quenched, at first, sulfur chains of increased lengths are 

formed during relaxation by aggregation of the shorter sulfur chains from lc close to Tc, yet 

when the temperature of lc approaches Tp, 8-membered sulfur rings are more likely to be 

formed from sulfur chains during relaxation, and if lc could be quenched to Tp, the relaxation 

process would require the entire system to transform from sulfur chains into 8-membered 

sulfur rings, resulting in ΔHrlx
‡ being large in magnitude and essentially an impossible 

condition due to the amount of rearrangements required. Under the assumption that liquid 

sulfur below and above Tp are treated separately as two different liquids, relaxation of lc 

below Tp is undefined. Therefore, ΔHrlx
‡ for lc is proportional to the amount of bond 
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reorganized either by forming longer sulfur chains or by forming 8-membered sulfur rings, 

which reaches its maximum at Tp and can be modeled by Equation (2.42). 
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  (2.42) 

Unlike most liquids where the only structural change with temperature is thermal 

expansion, the structure of liquid sulfur changes significantly with temperature, thus 

temperature dependent density and speed of sound should be used in the pre-factor of TZTrlx 

for the entire temperature range. Density and speed of sound for both liquids at different 

temperatures were taken from literature64,69, and linear relationships with temperature were 

fitted to account for the temperature dependence of each of them, which are then used in the 

TZT fit to the experimental values of viscosity. 

With the above discussion, TZTrlx were fit to viscosity data of sulfur which were taken 

and digitized from published results by Bacon and Fanelli63 and by Ruiz-Garcia, Anderson and 

Greer66, as shown in Figure 2.8a. The fitting parameters are listed in Table 2.1. 
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Figure 2.8. (a) Viscosity of sulfur (open squares) and TZTrlx fit (solid curve). (b) Replot of 

Figure 2.3d, with ΔSrlx
* and zrlx for low (red) and high (blue) temperature liquid sulfur added, 

and all the ΔSrlx
* and zrlx for other materials plotted as black squares to highlight ΔSrlx

* and zrlx 

for liquid sulfur. (c) ΔSrlx
‡ of sulfur over the entire temperature range where viscosity data are 

available. The insert is an enlarged 420 – 440 K portion of the plot. The lower limit of ΔSrlx
‡ 

for liquid sulfur above Tp, the higher limit of the ΔSrlx
‡ for liquid sulfur below Tp, and the cross 

point of the above two curves of ΔSrlx
‡ are marked in the figure. 
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Table 2.1. Fitting parameters of TZTrlx for viscosity of sulfur. TK and Tc were taken from 

literature, while Tp for lr and lc were fitted to temperatures ~1 K above and ~10 K below the 

literature reported Tp, respectively. The linear functions of T for density and velocity of sound 

were fitted to data taken from each of their citations. The number in parentheses after the 

parameters of each linear fit as well as after values of ΔHrlx
*, ΔSrlx

* and zrlx are each of their 

standard errors. 

 lr lc 

Tp (K) 433 424.53 

Tc (K) 1314.1570 1314.1570 

TK (K) 210.1571 210.1571 

ρ (kg•m-3)69 
-0.92(3)T+2.162(11)×103  

R2 = 0.9104 

-0.69(4)T+2.07(2)×103 

R2 = 0.8340 

vs (m•s-1)64 
-1.878(15)T+2.100(6) ×103 

R2 = 0.9983 

-0.98(3)T+1.72(2) ×103 

R2 = 0.9902 

ΔHrlx
* (kJ•mol-1) 5.0(3) -1.43(2) 

ΔSrlx
* (J•mol-1•K-1) -12(1) -71.2(7) 

zrlx 0.22(2) 0.389(6) 

 

A few interesting mechanistic insights is revealed from the TZTrlx fit. Since lr and lc 

have significantly different structures and thus likely different temperature dependence in 

entropy, they likely also exhibit different values of TK. The reported value of TK for sulfur, 

210.15 K, used in this work was measured by supercooling liquid sulfur from 175 °C71, which 

is close to but above the polymerization temperature, thus TK = 210.15 K is most likely close 

to TK for lc, although should not be too different from TK for lr. Without experimental data 

available, TK for lr is unknown, and thus the same TK was used for both lr and lc as a first 

approximation. As shown in Figure 2.8b, ΔSrlx
* and zrlx for both lr and lc follow the correlation 

line, with the deviation likely due to the pressure-dependence of the liquid structure. ΔHrlx
* is 

positive for lr and negative for lc. The positive ΔHrlx
* of lr is consistent with the breaking of 

bonding and intermolecular interactions to reorganize 8-membered sulfur rings in liquid sulfur 

below Tp. The negative ΔHrlx
* of lc indicates that relaxation is dominated by formation of 

bonding interactions to form long sulfur chains. The temperatures at which viscosity of the 
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high temperature liquid sulfur was measured are close to Tp, at which it has been 

experimentally observed that liquid sulfur mainly consists of chains and the chain length 

increases as temperature increases64, thus a negative ΔHrlx
* is consistent with the experimental 

observation, and it is anticipated that a positive ΔHrlx
* may be required for viscous relaxation 

of liquid sulfur at higher temperatures, especially close to Tc.  

As shown in Figure 2.8c, ΔSrlx
‡ of lr and lc cross at ~432.99 K, close to the reported 

polymerization temperature of 432.15 K. Additionally, the fitted Tp for lc is slightly lower than 

the reported Tp, which leads to the difference between the lower limit of ΔSrlx
‡ of lc and the 

higher limit of ΔSrlx
‡ of lr being 8.47 K, consistent with the calorimetric experimental 

observation that polymerization of liquid sulfur starts approximately 10 K below the 

polymerization temperature65. Therefore, even though viscosity data of sulfur were fit by 

treating liquid sulfur below and above Tp as two different liquids under the assumption that 

polymerization of sulfur is a first-order phase transition, this 8.47 K difference in temperature 

likely indicates that the polymerization transition of liquid sulfur contains components of a 

second-order phase transition. The observation that the viscosity data were still accurately 

described by TZTrlx likely suggests that an assumption of a first-order phase transition for 

polymerization of sulfur does not significantly impact TZTrlx fit, which may be due to the 

polymerization transition being in between first and second order. We further anticipate that 

for liquids that undergo an exactly first order liquid-liquid phase transition, the temperature 

difference between the lower and higher limits of ΔSrlx
‡ of the two phases should be zero, which 

leads to a sharp discontinuity in ΔSrlx
‡ at exactly the transition temperature; while for liquids 

that undergo a second order liquid-liquid phase transition, the temperature difference between 

the lower and higher limits of ΔSrlx
‡ of the two phases becomes non-zero due to the lack of 
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discontinuity in second order phase transition, and the temperature difference increases as the 

phase transition becomes more gradual and spanning over a larger temperature region; for 

liquids that only undergo slight or very gradual structural change with temperature, such as the 

decrease in density as the temperature increases, this temperature difference becomes 

smoothed out which leads to one continuous ΔSrlx
‡ for relaxation of the liquid over the entire 

temperature region, which is the case for relaxation of most liquids studied in Section 2.1. 

Those anticipations suggest Equation (2.40), instead of Equation (2.10), should be used for 

TZTrlx to describe ΔSrlx
‡ for liquids that undergo significant structural change with temperature, 

although further experimental studies are necessary to validate such anticipations. 

 

2.4.3. Conclusion 

The viscosity of liquid sulfur undergoes significant change with temperature which is 

different from the temperature dependence of viscosity for most liquids, due to the structural 

change in liquid sulfur from 8-membered sulfur rings to long sulfur chains by polymerization, 

the viscosity of the latter being over four orders of magnitude higher than that of the former. 

Under the assumption of treating liquid sulfur below and above the polymerization temperature 

as two different liquids, and with a modified entropy of activation which reaches infinity at 

both the Kauzmann temperature and the polymerization temperature, transition zone theory 

accurately describes the experimentally measured viscosity of sulfur below, within and above 

the polymerization temperature region, and it provides mechanistic understanding into the 

structural reorganization occurring with temperature in liquid sulfur, with the entropy of 

activation of relaxation likely indicating the polymerization of liquid sulfur being between 

first- and second-order transition. 
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As demonstrated above, with TZTrlx, the relaxation process of liquid sulfur which 

undergoes polymerization with temperature can be understood from a molecular level. That 

indicates the potential of applying TZTrlx to investigate liquid-liquid phase transition, as well 

as the relaxation process and viscosity of other liquids that undergo significant structural 

change with temperature, such as the liquid monomers during their polymerization processes, 

which can be applied commonly in polymer industry. 
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CHAPTER 3   

Determination of the Phase-Boundary Velocity of Individual Crystallites in 

Polycrystalline Growth 

 

3.1. Introduction 

The mechanism(s) by which homogeneous liquids and amorphous systems crystallize 

has been studied in diverse areas of science and technology. The rate of crystallization has 

been observed to increase with temperature (Arrhenius-like) above the glass transition 

temperature, Tg, up to some maximum temperature, Tmax, above which anti-Arrhenius behavior 

is observed, decreasing to zero at the melting temperature, Tm
5. For some crystalline materials, 

due to the high crystallization rates especially at temperatures around Tmax, extremely small 

samples or extremely fast cooling rates are required (e.g. 20 ng and 70000 K/s for poly(ε-

caprolactone)72) to measure crystallization rates at deep supercooling of the melt without 

crystallization occurring during the cooling process. Therefore, when such small sample sizes 

or fast cooling rates are not feasible, to measure the crystallization rates over the entire 

temperature range for mechanistic study, two strategies are mostly used: melt crystallization, 

where the sample is supercooled directly from its melt to the crystallization isotherm, which is 

commonly used to measure the rate of crystallization in the anti-Arrhenius temperature region 

(shallow supercooling); cold crystallization, where the sample is quenched from its melt to the 

glassy state and heated back up to the crystallization isotherm, which is commonly used to 

measure the rate of crystallization in the Arrhenius-like temperature region (deep 

supercooling). It has been observed for numerous materials, such as poly(L-lactic acid)73-75, 
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isotactic polystyrene76, isotactic polybutene77 and syndiotactic polypropylene78, that cold 

crystallization appears to be faster than melt crystallization at identical crystallization 

isotherms. This phenomenon has been attributed to the additional nuclei in cold crystallization, 

the formation of which is explained as either the homogeneous nucleation near the glass 

transition temperature72,76,79, or the nucleation during the cooling of the melt to the glass73,75, 

such that cold crystallization initiates with more nuclei (“initial nuclei”) which grow 

simultaneously into multiple crystallites, and consequently, the time it takes to fully crystallize 

the same sample is shorter, and the bulk crystal growth rate appear to be faster. Furthermore, 

it has been observed that additional nuclei are formed in cold crystallization for samples that 

are aged below the cold crystallization temperature73,77,79, which exhibits even faster cold 

crystallization. To study the mechanism of crystallization with both melt and cold 

crystallization, and further to investigate the mechanisms of both single- and poly-crystalline 

growth, the impact from initial nuclei needs to be removed to yield material-specific kinetics 

of crystal growth. 

Kinetic parameters of isothermal crystallization from supercooled melts or superheated 

glasses are often extracted by the Kolmogorov37-Johnson and Mehl38-Avrami39-41 (KJMA) 

model, in which the fraction of the material crystallized, α, is commonly expressed as  

     01 exp
n

t k t t         (3.1) 

with rate constant k, nucleation time t0 and dimensionality n. It has been demonstrated that 

these kinetic parameters are strongly dependent on experimental factors80-82 and do not 

necessarily reflect the true reaction mechanism83-85. Since crystallization is a phase-boundary 

controlled process (i.e. the phase boundary between the melt and the crystal proceeding in the 
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melt by atomic rearrangements at the phase boundary to form the crystal), the velocity of the 

phase boundary, vpb, should be a material-specific value, albeit temperature dependent. With 

the crystallization process normalized as the fraction of the material crystallized in the KJMA 

model, the sample volume and geometry information is removed from the experimental signal 

and placed onto the kinetic parameters, which results in sample volume and geometry 

dependent k and n. To obtain the material-specific kinetics of crystal growth, i.e., the velocity 

of the phase boundary, vpb, for mechanistic study, we have previously reintroduced the sample 

volume and geometry into the KJMA model which yields the modified KJMA model, 

expressed as 
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  (3.2) 

with sample geometry ac (aspect ratio), crystal growth geometry g, sample volume V, and 

apparent bulk dimensionality n’13,42.  

With an increased number of crystallites, the sample is divided into smaller domains 

growing simultaneously, such that a shorter time is taken to fully crystallize the sample, and 

the material-specific vpb should be the velocity of the phase boundary between each crystallite 

and the melt. Therefore, based on the previously demonstrated sample size impact on the 

KJMA rate constant13,42, it has become clear that the more nuclei in a sample, the smaller each 

crystallite, and thus a sample size correction with the total volume of the sample will likely 

lead to an over-estimation of the rate constant for polycrystalline growth.  
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In this chapter, investigations into the melt and cold crystallization of the halozeotype 

CZX-1, [HN(CH3)3]CuZn5Cl12
43, is described. CZX-1 crystallizes in the cubic space group 

I4̅3m with a = 10.5887(3) Å, congruently melts at a moderate melting point of 173 °C and 

forms a glass near room temperature (around 30 °C), which simplifies melt and cold 

crystallization studies. For kinetics of polycrystalline growth measured with 2-D temperature- 

and time- resolved synchrotron X-ray diffraction (TtXRD), vpb’s of each crystallite are directly 

estimated with our in-group developed program, Ramdog. Furthermore, the relationship 

between the number of initial nuclei and the time taken to heat each sample from glassy state 

to crystallization isotherm is evaluated and applied to estimate the vpb’s of each crystallite of 

polycrystalline growth measured by differential scanning calorimetry (DSC). With the vpb’s of 

each crystallite, the impact of initial nuclei on crystallization kinetics are removed, and thus 

material-specific crystallization kinetics are obtained for investigation of the mechanism of 

melt and cold crystallization. 

 

3.2. Methods 

3.2.1. Material Preparation 

All manipulations were performed under an inert N2 atmosphere in a glovebox or using 

vacuum lines. ZnCl2 was purchased from Aldrich and purified via triple sublimation at 350 °C 

prior to use. HN(CH3)3Cl was purchased from Aldrich and purified via double sublimation at 

130 °C prior to use. CZX-118 and CuCl86 were prepared according to previously reported 

procedures. The purity of all starting materials and CZX-1 was confirmed by powder X-ray 

diffraction (XRD, INEL CPS-120) and DSC (TA Instruments Q2000).  
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3.2.2. Isothermal Melt and Cold Crystallization: DSC 

All samples were sealed in high-pressure stainless steel DSC pans with gold foil seals 

(PerkinElmer product No. B0182901). Prior to all crystallization measurements, each sample 

was melt-crystal cycled on the DSC five times between 40 and 230°C at a constant rate of 

5°C/min before isothermal crystallization experiments were performed to remove 

heterogeneous nucleation sites and to ensure uniform thermal contact between the pan and the 

sample. Isothermal melt crystallization was performed at isotherms between 145°C and 162°C 

using the same methods as reported previously13. For isothermal cold crystallization, the 

sample was heated to 230°C on a hot plate, held for 5 – 10 minutes to ensure melt isotropy, 

then quickly dumped into liquid nitrogen to quench to its glassy state, and transferred back into 

the DSC and heated back up at the maximum instrumental heating rate of ~100°C/min to the 

crystallization isotherm (55 – 95°C). When heated above 95°C, the sample started to crystallize 

before the isotherm was reached, and the crystallization heat flow could not be separated from 

the instrumental response.  

For each sample, the instrumental response, which must be subtracted from the raw 

signal to obtain the crystallization heat flow, was obtained by repeating the same process on 

the DSC in each cold crystallization experiment right after crystallization was complete 

without taking the sample out of the DSC.  

 

3.2.3. Isothermal Melt and Cold Crystallization: 2-D TtXRD  

Synchrotron diffraction data for melt crystallization were obtained as reported 

previously13, with a few additional data points obtained on beamline 11-ID-B (60 KeV, λ = 

0.2114 Å, collimated beam 0.5 × 0.5 mm) at the Advanced Phonon Source (APS), Argonne 



 

61 

National Laboratory using the same experimental procedure, except with a new quenching 

furnace with two pneumatically switchable metal pipes, one of which has constant air flow at 

the high-temperature melt isotherm (230 °C) to melt the sample and the other has constant air 

flow at the crystallization isotherm, instead of a pneumatically switchable manifold that directs 

airflow through one of two ¾’’ in-line air heaters on the previously used quenching furnace. 

The sample was placed in the air flow above one of the pipes. The instruments for the 

temperature control of the air flow at each pipe was the same as the old quenching furnace, 

described previously13, and the phase transitions of elemental sulfur and the melting 

temperature of CZX-1 were used as calibrants for the temperature at the sample. With the new 

furnace, once the pipes were switched, the sample was immediately exposed to the air flow at 

the desired crystallization isotherm, which affords rapid quenching to the crystallization 

isotherm within 1s, instead of ~15s with the old quenching furnace, irrespective of the melt 

and quench temperatures.  

Synchrotron diffraction data for isothermal cold crystallization were obtained on 

beamline 11-ID-B (60 KeV, λ = 0.2114 Å, collimated beam 0.5 × 0.5 mm) at the Advanced 

Phonon Source (APS), Argonne National Laboratory with the new quenching furnace. Data 

were collected in a Debye-Scherrer geometry at a sampling rate of 1Hz, with each 

diffractogram hereafter referred to as a frame. Samples were sealed into fused silica capillaries 

(Charles Supper Co., Natrick, MA) of 0.7 mm diameter, melt-crystal cycled between 40 and 

230°C, and affixed to a single-axis goniometer head with epoxy. During crystallization 

experiments, the samples were oscillated 1.2° per frame in synchronization with the duration 

of X-ray beam exposure to illuminate a larger region of the sample. After each crystallization 

experiment was complete, a final image was taken with the sample oscillating 18° while being 
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exposed in the X-ray beam for 15 seconds. The wavelength and detector alignment were 

calibrated to CeO2 standard using fit2D to correct all experimental data. 

Cold crystallization on TtXRD was performed both with instant heating and different 

programmed heating rates to the isotherm. Each melted-recrystallized sample ingot in a fused 

silica capillary was centered in the synchrotron beam. The sample was melted in the high-

temperature air flow and held at 230°C for at least 5 minutes to ensure melt isotropy, then the 

high-temperature air flow was switched away and the sample was immediately quenched to a 

glass with a freeze spray. Data collection was initiated for at least 15 frames prior to heating 

to the isotherm. For cold crystallization with instant heating, the pipe with the air flow held at 

the crystallization isotherm (55 – 155°C) was switched below the glassy sample to heat the 

sample instantly, and for cold crystallization with programmed heating, the pipe with the air 

flow held initially at 30 °C was switched below the glassy sample, and the air flow was heated 

at a certain programmed heating rate (between 30 and 100°C/min) on the heat control device 

to the isotherm (80, 90, 100°C). Diffraction data was recorded until crystallization was 

complete. 

 

3.2.4. The In-group Developed Software to Analyze the Growth Rate of Individual 

Crystallites 

The growth rate of each crystallite in a polycrystalline growth measured with 2-D 

TtXRD was analyzed by the in – group developed software “Ramdog”87. In a 2-D TtXRD 

experiment, frames, or 2-D X-ray images are taken at a certain frequency (e.g. 1 frame/second) 

throughout the crystal growth process, such that there are a series of 2-D X-ray images 

corresponding to each 2-D TtXRD experiment, with each image showing the 2-D X-ray 
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diffraction of the sample at the time point it is taken. In a 2-D X-ray image, each ring 

corresponds to a diffraction angle from the Bragg’s law, and each crystallite in the sample 

corresponds to an active diffraction spot on each ring. Therefore, if the same active spots are 

selected from serial 2-D X-ray images of one TtXRD experimental time series, and the 

intensity of each spot is monitored throughout the whole series, the change in intensity of each 

spot with experimental time should indicate the growth of each corresponding crystallite in the 

sample.  

Java development kit or Java runtime environment is required to run Ramdog. To open 

a 2-D X-ray image (either the raw TtXRD frames or TtXRD frames converted to binary file 

format if the raw format is in .tiff) in Ramdog, the image dimensions (normally: 512×512, 

1024×1024, 2048×2048, etc.), the starting byte of the image and the data type are required and 

can be determined by: image dimensions × data type + starting byte of the image = the file size 

of the image. Once the image is opened, the color scale is adjusted by changing the intensity 

of the color levels (normally white and black) to give the robust contrast of the image. The 

calibration information at the top left corner of the Ramdog interface is required for any data 

analysis in Ramdog, among which the wavelength of the X-ray used and the pixel size are 

properties of the 2-D TtXRD instrument, and the center of the 2-D X-ray image and the sample-

to-detector distance are obtained by calibration to the CeO2 standard with fit2D88,89.  

Since all active spots on a 2-D X-ray image comprise pixels of high intensity, for every 

pixel on each 2-D X-ray image, if the 2nd derivatives of its intensity in both the x and the y 

dimension are negative, then that pixel is around a local maximum of pixel intensity and is 

likely part of an active diffraction spot. Therefore, after the second derivative of the intensities 

of each pixel was taken with the Savitsky-Golay method90, the active diffraction spots are 
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selected such that each spot contains a certain number of pixels with negative 2nd derivatives 

of its intensity in both the x and the y dimensions, with the center of the spot having the most 

negative 2nd derivatives in both dimensions. To better differentiate the signal of a crystallite 

from the amorphous background, a certain upper-limit value, or “threshold”, is set in Ramdog 

such that only pixels with 2nd derivatives more negative than that will be considered as 

corresponding to active spots.  

For each 2-D TtXRD measurement of crystallization kinetics of CZX-1, spots were 

selected from the last 2-D X-ray image in the series with the number of pixels per spot between 

3 and 5 and threshold between -5 and -50; the exact values varied depending on the size and 

intensity of spots in each series of frames. The growth of each spot was then analyzed by 

monitoring the change in intensity of each spot throughout the whole series of frames. The 

intensity of each spot is then integrated and normalized by Ramdog as a function of time, with 

the lowest intensity of each spot being zero and the highest being one to obtain the normalized 

growth curve which represents the fraction crystallized for each spot. 

 

3.3. Results and Discussion 

3.3.1. Bulk Growth Rate of Melt and Cold Crystallization  

With 2-D TtXRD, it is visible that polycrystalline growth occurs in all cold 

crystallization experiments, as well as in melt crystallization due to deep supercooling or 

heterogeneities in the sample91, as shown in Figure 3.1 a – h, j, l. Single or near-single crystal 

growth is exhibited in melt crystallization at shallow supercooling at or above Tmax, as shown 

in Figure 3.1 i, k. With the new quenching furnace, the crystallization isotherm of melt and 

cold crystallization can be reached within 1s. By contrast, in the cold crystallization 
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measurements where the heat controller was programmed to heat the air flow, and thus the 

sample in it, at a lower heating rate, a longer time was taken to reach the cold crystallization 

isotherm, which results in even more polycrystalline growth compared to cold crystallization 

in which the isotherm was reached instantly, as shown in Figure 3.1 c, d, g, h and a quantitative 

analysis follows later in this chapter. 
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Figure 3.1. Final 2-D X-ray images of melt and cold crystallization at various isotherms, with 

the crystallization isotherm and quenching/heating methods to reach the isotherm marked 

above each final image. The histograms from analysis of individual crystallite growth are 

placed at the bottom right corner of each of their corresponding 2-D X-ray image, with the x-

axis being the vpb’s of individual crystallite growth and the y-axis being the frequency.
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Similar to previous analysis13, the normalized growth curve from isothermal 

crystallization experiments on the DSC was obtained by integration of the exothermic 

crystallization peak with respect to time, while the serial 2-D X-ray frames for each 2-D 

TtXRD measurement were azimuthally averaged by fit2D to create 1-D X-ray diffraction 

patterns, which are then analyzed by singular value decomposition to obtain the time-

dependence of the peak intensities, and further normalized into the fraction of the sample 

crystallized with respect to time. All the normalized growth curves were fit to the KJMA model 

in Equation (3.1) over the range 0≤α≤0.5, with k and t0 as fitting parameters and n fixed with 

respect to the sample anisotropy42. The bulk crystal growth rate, vpb_bulk, was obtained using 

Equation (3.2) with the total volume of the sample, geometry factor g = 1 as for cubic crystal 

growth of CZX-1, and sample anisotropy factor ac for melt crystallization on the DSC. No 

anisotropy factor was necessary (ac = 1) for melt crystallization on the 2-D TtXRD due to the 

isotropic sample shapes, or for cold crystallization on either the DSC or the 2-D TtXRD 

because an increased number of crystallites, obtained from an increased number of initial 

nuclei, divides the anisotropic sample into smaller, isotropic domains42. As shown in Figure 

3.2, vpb_bulk of cold crystallization appear to be faster than that of melt crystallization, with cold 

crystallization on the DSC even faster than that on the 2-D TtXRD, and vpb_bulk of melt 

crystallization at low temperatures also appear to be higher than the general curve of vpb of 

melt crystallization. 
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Figure 3.2. vpb_bulk of melt and cold crystallization measured with DSC and 2-D TtXRD. 

 

3.3.2. Growth Rates of Individual Crystallites from Isothermal Crystallization 

Experiments with 2-D TtXRD 

The normalized growth curve of each active spot in each series of 2-D X-ray images 

from 2-D TtXRD experiments was obtained with Ramdog; a screen shot of the Ramdog 
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that spots that correspond to noise, crystallites that started in the X-ray beam but grew out of 

the beam, and crystallites that moved in and out of the X-ray beam with the oscillation of the 

sample were avoided. For each series of 2-D X-ray images of polycrystalline growth, at least 

3 rings were selected for analysis, and at least 3 spots were analyzed from each ring. The 

normalized growth curve of each selected spot was fit to the KJMA model in Equation (3.1) 

over the range 0≤α≤0.5.  

As shown in Figure 3.3b, spots with higher final intensity, which as a first 

approximation correspond to larger crystallites, exhibit lower KJMA rate constants. 

Previously, we have observed sample-volume dependence of the KJMA rate constant, k, such 

that a larger sample crystallizing exhibits lower k. As the crystallization process is normalized 

as the fraction of the sample crystallized in the KJMA model, the sample volume and geometry 

information is removed from the experimental signal and placed onto the kinetic parameters, 

such that a longer time is required to crystallize a larger sample, which results in a lower KJMA 

rate constant. Here, similar to the sample-volume dependence of k, since the growth curve of 

each crystallite is normalized as the fraction of the crystallite grew in the KJMA model, the 

crystallite volume information is placed onto the kinetic parameters, such that a longer time is 

required for a larger crystallite to grow, which results in a lower k. Therefore, similar to 

Equation (3.2), the velocity of the phase boundary for each individual crystallite, vpb_individual, 

is expressed as 
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where Vi is the volume of the crystallite.
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Figure 3.3. (a) Ramdog interface. An example of spot-picked 2-D X-ray image, which is the 

last one in the series of 2-D X-ray images from cold crystallization at the isotherm of 140 °C, 

is shown with all the picked spots highlighted in green. (b) Normalized growth curves of three 

spots picked off the ring that corresponds to the (211) 1-D X-ray diffraction peak in the serial 

2-D X-ray images also from cold crystallization at the isotherm of 140 °C. Each curve 

corresponds to the growth of one spot, and each spot corresponds to a crystallite of a distinct 

size indicated by the fraction of the intensity of each spot in the total intensity of the ring. The 

curves shown through the points in the same colors are the fit of each normalized growth curve 

with the KJMA model. The fraction of the intensity of each spot in the total intensity of the 

ring, as well as the corresponding rate constant k in the KJMA model, is shown in the figure 

legend.
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As discussed earlier in this chapter, for polycrystalline growth of CZX-1, g = 1 due to 

cubic crystal growth, and ac = 1 since the increased amount of crystallites divide the anisotropic 

sample into smaller, more isotropic domains, such that each individual crystallite has an 

isotropic geometry. As a first approximation to estimate Vi, the percentage of the volume of 

each crystallite in the total volume of the sample was estimated as the percentage of the final 

intensity of the corresponding spot in the total final intensity of the ring it belongs to. Therefore, 

for each crystallite in each 2-D TtXRD measurement of polycrystalline growth, vpb_individual was 

obtained with k extracted from the KJMA fit to the normalized growth curve of the 

corresponding spot and Vi of the crystallite. For each 2-D TtXRD measurement of 

polycrystalline growth, a histogram was made with vpb_individual’s of all the spots selected and 

analyzed by Ramdog to further rule out the occasional outliers that may have abnormally high 

(dead pixels or crystallites that grew at the edge of the X-ray beam) or low (crystallites of 

highly anisotropic geometries) values of vpb_individual. A few examples are shown in Figure 3.1. 

The selected vpb_individual’s by the histograms normally span over a factor of 2, which is within 

the normally observed error caused by crystallites grow at different places in the sample13,42, 

and an abnormally broad histogram or vpb_individual’s, such as the ones in Figure 3.1 c, d, g and 

h likely indicates the temperature is unstable during the crystallization process such that 

crystallites grow non-isothermally during the experiment. Once all the selected vpb_individual’s 

are averaged, the impact of the increased amount of crystallites on the crystallization kinetics 

is removed, and the material-specific vpb for crystal growth is obtained at the crystallization 

isotherm. All the material-specific vpb’s of melt and cold crystallization measured with 2-D 

TtXRD are shown in Figure 3.5. 
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3.3.3. The Relationship between the Density of Initial Nuclei and the Time Elapsed to 

Reach the Crystallization Isotherm 

It has been shown that ni is affected by the time it takes to reach the crystallization 

isotherm in cold crystallization, such as the quenching rate from melt to glassy state5,9, or aging 

both below and above the glass transition temperature, Tg
3,7,9. For each isothermal cold 

crystallization experiment on 2-D TtXRD with programmed heating rates to reach the 

crystallization isotherms, it takes different amounts of time to heat the sample from its glassy 

state until the crystallization started, which is shown in Figure 3.1 to impact ni, and the impact 

is quantitatively analyzed in this section. 

For each isothermal crystallization experiment with polycrystalline growth, the initial 

nuclei will likely grow into crystallites of similar volumes due to mostly identical growth 

conditions. Therefore, for polycrystalline growth where the volume of individual crystallites 

can not be obtained, such as isothermal cold crystallization measured by the DSC, Vi in 

Equation (3.3) can be approximated as the average volume of those crystallites, i.e., V/ni, where 

V is the total volume of the sample and ni is the number of initial nuclei, and thus Equation 

(3.3) becomes 
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Comparing Equations (3.3) and (3.4), with g = 1 and ac = 1 for crystallization of CZX-
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Therefore, for isothermal cold crystallization of CZX-1 measured by 2-D TtXRD with 

programmed heating rates, with both vpb_bulk and vpb_individual available, ni can be obtained with 

Equation (3.5). 

As shown in Figure 3.2, vpb_bulk of isothermal cold crystallization measured by the DSC 

is about the same as or even higher than vpb_bulk of isothermal cold crystallization measured by 

2-D TtXRD at the same isotherm, which indicates the samples on the DSC are divided into 

domains of around the same or smaller sizes as domains in the polycrystalline growth samples 

on 2-D TtXRD with an increased amount of crystallites in cold crystallization. Since the 

samples on the DSC are significantly larger in volume than samples on 2-D TtXRD, that 

indicates that the amount of crystallites in the DSC samples must be larger and proportional to 

the volume of the DSC samples, which further indicates that it is the density, rather than the 

number, of the initial nuclei that is material specific at each crystallization isotherm. Here the 

density of initial nuclei, di, is defined as ni/m where m is the mass of the sample. 

Therefore, for each isothermal cold crystallization experiment on 2-D TtXRD with 

programmed heating rates to reach the crystallization isotherms, di is obtained and plotted 

against the time interval between when the sample started to be heated from its glassy state 

(tglass) and when the crystallization started (t0) in Figure 3.4. No significant dependence of di 

on crystallization isotherms are exhibited, yet di exhibits a clear dependence on (t0-tglass), 

approximated with a linear function shown in Figure 3.4.  
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Figure 3.4. The relationship between di and (t0-tglass), obtained by cold crystallization with 

programmed heating rates to heat the samples from their glassy state to the crystallization 

isotherms at 80 °C (blue), 90 °C (red) and 100 °C (green). The linear function, shown as dashed 

line in the plot with its equation shown next to the line, is an empirical fit to the relationship. 

The numbers in parentheses after the slope and intercept of the linear function are each of their 

standard errors. 

 

3.3.4. Growth Rates of Individual Crystallites from Isothermal Crystallization 

Experiments with DSC  

Isothermal melt crystallization on the DSC was performed at temperatures ranging 

between 145 and 162°C, which is close to the melting point, and within which it has been 

observed in 2-D TtXRD experiments, both previously and in this work, that mainly single 
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crystal growth occurs in each sample due to the slow nucleation rate and fast crystal growth 

rate13,92. Therefore, no correction with respect to number of initial nuclei is needed for 

isothermal melt crystallization on the DSC.  

For isothermal cold crystallization on the DSC, it can be experimentally measured that 

a longer time elapsed (~2-5 minutes) to heat the sample from its glassy state to the 

crystallization isotherm, compared to the melt and cold crystallization on 2-D TtXRD in which 

the sample was heated or quenched to the isotherm instantly, and thus a higher density of initial 

nuclei is expected. Since di does not significantly depend on the crystallization isotherm, the 

same linear relationship between di and (t0-tglass) is applied to all the isothermal cold 

crystallization on the DSC to estimate di, and further ni, which is then substituted into Equation 

(3.4) to estimate the material-specific vpb_individual for each cold crystallization experiment on 

the DSC. All the material-specific vpb’s of melt and cold crystallization measured with DSC 

are shown in Figure 3.5. 

 

3.3.5. Probing the Mechanisms of Melt and Cold Crystallization with Transition Zone 

Theory 

With the number of initial nuclei taken into account, material-specific values of vpb of 

melt and cold crystallization of CZX-1 are obtained and plotted as a function of temperature 

in Figure 3.5. Our recently developed transition zone theory for crystal growth (TZTc)35, 

expressed in Equation (3.6), has been shown to accurately describe the kinetics of crystal 

growth for 14 diverse materials, and the enthalpic and entropic activation parameters, ΔHc
*, 

ΔSc
* and zc, afford mechanistic understanding of the crystal growth process.  
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  (3.6) 

Here TK and Tm are the Kauzmann temperature and the melting point of the material, 

respectively, which can all be measured experimentally, and λ is the characteristic wavelength 

to form a standing wave pattern in the material, which equals to twice the lattice constant of 

the crystalline material35. Therefore, TZTc can be applied to vpb’s of melt and cold 

crystallization of CZX-1 with the enthalpic and entropic activation parameters ΔHc
*, ΔSc

* and 

zc as fitting parameters, and comparison of those activation parameters indicates the similarity 

or difference in the mechanisms of melt and cold crystallization. vpb’s of melt crystallization, 

cold crystallization and all crystallization of CZX-1 and the TZTc fitting curves through each 

set of vpb’s are shown in Figure 3.5. The activation parameters are shown in Table 3.1, which 

indicates that the parameters are statistically identical. Therefore, the mechanism of melt and 

cold crystallization is the same. 
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Figure 3.5.  vpb’s of melt and cold crystallization of CZX-1, obtained with the modified KJMA 

model and with the number of crystallites taken into account. The black curves through the 

data points are the TZTc fits for (a) melt crystallization (b) cold crystallization (c) all. 

 

Table 3.1. Enthalpic and entropic activation parameters of TZTc fits to vpb of melt 

crystallization, cold crystallization and all. Tm and TK are experimentally measured with DSC 

and temperature-modulated DSC, respectively, and the experimental procedure of the 

measurement of TK is described in Appendix A1. The number in the parentheses after each 

parameter is the standard error. 

 Melt Crystallization Cold Crystallization All 

Tm(K) 446 446 446 

TK(K) 150 150 150 

ΔHc
*(kJ/mol) 38.7(5) 37.8(7) 38.1(3) 

ΔSc
*(J/mol/K) -5(1) -7(2) -7(1) 

zc 0.70(6) 0.64(11) 0.65(4) 

 

3.4. Conclusion 

Polycrystalline growth has been observed both in isothermal melt crystallization with 

heterogeneities in the melt or at deep supercooling and in isothermal cold crystallization, the 

latter of which has been shown to start with additional initial nuclei. Besides the previous 
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modification of the KJMA model by reintroducing the sample volume, sample geometry and 

crystal growth geometry, for polycrystalline growth, the volume of each individual crystallite, 

rather than the total volume of the sample, is introduced into the KJMA model to address the 

impact of the number of crystallites initiating and growing simultaneously in polycrystalline 

growth. For polycrystalline growth measured with 2-D TtXRD, with our in-group developed 

software, Ramdog, the kinetics of growth of each individual crystallite in each sample can be 

analyzed by monitoring the growth of the intensity of each spot on the corresponding series of 

2-D X-ray images, and the number of initial nuclei can be calculated by comparing that to the 

bulk rate of crystal growth of the same sample. For cold crystallization, an empirical, linear 

function was fit to the relationship between the time taken to heat each sample from glassy 

state to crystallization isotherm and the corresponding density of initial nuclei obtained, such 

that the number of initial nuclei can be estimated for cold crystallization measured with the 

DSC to extract the material-specific kinetics of crystal growth since the direct analysis of the 

growth of each individual crystallite is not feasible. 

The analysis described above, as well as the further modified KJMA model, is applied 

to the crystal growth kinetics of our model system, CZX-1. With the material-specific kinetics 

of crystal growth extracted, it is possible to carry out a mechanistic study with transition zone 

theory for crystal growth, which shows that despite the apparent difference in kinetics of crystal 

growth as has been observed previously, the material-specific kinetics of melt and cold 

crystallization are actually the same, and they likely share the same mechanism, which has 

enabled investigation of crystallization kinetics over a broader temperature range by both melt 

and cold crystallization. 
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CHAPTER 4   

Kinetic Isotope Effect on Crystallization with Transition Zone Theory 

 

4.1. Introduction 

The kinetic isotope effect (KIE) is the ratio of reaction rates of two different 

isotopically labeled molecules in a chemical reaction. An isotopic substitution can greatly 

modify the reaction rate by modifying the activation barrier of the reaction, especially when 

the isotopic replacement is in a chemical interaction that is broken or formed in the rate limiting 

step93, therefore, KIE has been widely applied in studies of reaction mechanisms, such as 

mechanisms of organometallic reactions, organic reactions and the solvent isotope effect on 

the hydrolysis reactions94-97. Comparatively, only a few studies of isotope effect have been 

reported in mechanisms of crystallization, most of which focused on the impact of isotopic 

substitution in the solvent or environment from which crystals form98,99, and to our best 

knowledge, the studies on the isotope effect on crystallization from congruent melt are mostly 

qualitative, none of which was about isotope effect on crystallization kinetics100,101. Since 

kinetics of crystal growth from the congruent melt have been shown to be temperature 

dependent for most materials5,46, temperature-dependent KIE’s are anticipated to be extracted 

if KIE studies were conducted on crystal growth from the melt. Such temperature dependence 

of KIE is likely the obstacle to obtain quantitative, material-specific KIE on crystallization 

from the melt. In order to study the KIE on crystallization, and thus further investigate the 

chemical processes involved in crystallization, material-specific isotope effect on 

crystallization must be obtained. 
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Transition zone theory for crystal growth (TZTc)35, expressed in Equation (4.1), has 

been proposed to explain the mechanism of crystal growth, which extends the concept of 

transition state theory34 to explain crystallization from the melt by considering a transition zone 

instead of a single transition state. In TZTc, the attempt frequency for crystallization, λ(kBT/h), 

where λ equals twice the lattice constant, is the velocity of the propagation of the transition 

zone formed by the lattice vibrational modes that lead to formation of a standing wave pattern 

in the material. The probability for these lattice vibrational modes to cooperate is governed by 

the free energy of activation, which, unlike the traditional transition state theory, are 

temperature dependent based on the Kauzmann configurational entropy concept36. 
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  (4.1) 

In Equation (4.1), the enthalpic activation parameter, ΔHc
*, indicates the energy 

required for the reorganization of the intermolecular/atomic interactions during crystallization; 

while the entropic activation parameters, ΔSc
* and zc, demonstrates the extent of structural 

organization necessary for crystallization and modulates the temperature dependence of the 

entropy of activation, respectively, and zc has been shown to be correlated with ΔSc
*.  Both 

enthalpy and entropy of activation are modulated by the extent of cooperativity47 required for 

crystallization, with limits of complete cooperativity at the Kauzmann temperature, TK
36, and 

its absence at the melting point, Tm
35. TZTc has been shown to accurately describe the kinetics 

of crystal growth which are represented by vpb, the velocity of the phase boundary between the 

melt phase and the crystalline phase, and the enthalpic and entropic activation parameters, 

ΔHc
*, ΔSc

* and zc, have been shown to afford mechanistic understanding of the crystal growth 

process. Therefore, it is possible to apply TZTc to study the isotope effect on crystallization by 
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comparing enthalpic and entropic activation parameters of crystallization for a material with 

different isotopic substitution.  

Halozeotype materials18,43 are formed by metal-halide framework and templating 

cations that either have a higher charge density or are able to hydrogen bond to the metal-

halide framework. Alkylammonium cations are commonly used as templates (structure-

directing agents) because of both the relative ease with which hydrogen bonding occurs to the 

framework and the rather large variation in size and shape that are available to template with. 

In the absence of the structure-directing hydrogen bonding of the template or the high charge 

density, no crystallization will take place102. Therefore, templates are critical to crystallization 

of halozeotype materials. Despite its importance, the influence of the template on the 

crystallization process remains unclear.  

In this chapter, the impact of the template reorientation on crystallization is studied by 

investigating the impact of differently isotopically substituted templates on the kinetics of 

crystallization. The model system, halozeotype CZX-1 ([HN(CH3)3]CuZn5Cl12), is a templated 

derivative of ZnCl2, in which 1/6 of the Zn2+ is replaced by Cu+, and trimethylammonium 

cation is added as charge balancing and structural-directing template by forming hydrogen 

bonds to one of the four sets of chloride anions inside each metal-halide cage, as shown in 

Figure 4.1a and b. CZX-1 crystallizes in the cubic space group I4̅3m with a = 10.5887(3) Å, 

and is isostructural to sodalite (see Figure 4.1c)43. In order to study the impact of template 

reorientation on crystallization of CZX-1, and to further understand the mechanism of CZX-1 

crystallization on a molecular level, CZX-1 was prepared with various deuterium-substituted 

templates, namely, d0-CZX-1, in which none of the hydrogen atoms in the template is 

substituted by deuterium; d1-CZX-1, in which the hydrogen atom in the hydrogen bonding 
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between the template and the metal-halide cage is substituted by deuterium; d9-CZX-1, in 

which the hydrogen atoms in the methyl groups are substituted by deuterium, and d10-CZX-1, 

in which all the hydrogen atoms in the template are substituted by deuterium. TZTc is applied 

to the experimentally measured kinetics of crystal growth of d0-, d1-, d9- and d10-CZX-1 to 

obtain the enthalpic and entropic activation parameters for each of them. Comparison of those 

parameters between the lighter species (d0- and d1-CZX-1) and the heavier species (d9- and 

d10-CZX-1) indicates the influence of the mass of the template, or the entire template 

reorientation, on crystallization, while comparison of those parameters between the hydrogen-

bonding species (d0- and d9-CZX-1) and the deuterium-bonding species (d1- and d10-CZX-1) 

indicates the influence of hydrogen bonding between the template and the metal-halide cage 

on crystallization.  

 

Figure 4.1. (a) Hydrogen bonding (green dashed lines) between the trimethylammonium 

template and the set of chloride anions of the metal halide cage. (b) Four equivalent sets of 

chloride anions that can form hydrogen bonding to the template. (c) Body-centered cubic 

arrangement of the metal halide cages. 
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4.2. Experimental Methods 

4.2.1. Material Preparation and Measurement of the Kauzmann Temperature 

All manipulations were performed under an inert N2 atmosphere in a glovebox or using 

vacuum lines. DN(CD3)3Cl (Cambridge Isotope Laboratories) and HN(CH3)3Cl (Alrdich) was 

purified via double sublimation at 130°C for 6h prior to use. DN(CH3)3Cl and HN(CD3)3Cl 

were prepared by bubbling N(CH3)3 (Matheson) /N(CD3)3 (Cambridge Isotope Laboratories) 

gas into wt. 35% DCl/D2O (Aldrich)/ wt. 37.1% HCl/H2O (Fisher Scientific) solutions, 

respectively, followed by evaporation of the solvents at 100 °C and sublimation of the yielded 

DN(CH3)3Cl and HN(CD3)3Cl at 130 °C. The purity of the sublimed H/DN(CH/D3)3Cl was 

confirmed by powder X-ray diffraction (XRD, INEL CPS-120). ZnCl2 and CuCl were prepared 

and purified as reported previously. d1-, d9- and d10-CZX-1 were prepared by melting together 

ZnCl2, CuCl and the corresponding templating H/DN(CH/D3)3Cl at a molar ratio of 5:1:1, same 

as synthesis of d0-CZX-118,86. The purity of the synthesized d1-, d9- and d10-CZX-1 was 

confirmed by differential scanning calorimetry (DSC, TA Instruments Q2000), and lattice 

constants of d1-, d9- and d10-CZX-1 were measured by powder X-ray diffraction (XRD, INEL 

CPS-120).  

The Kauzmann temperatures36 of d1-, d9- and d10-CZX-1 was each measured with 

temperature-modulated DSC (TA Instruments Q2000), the same as for d0-CZX-135 and the 

experimental procedure is described in Appendix A1. 

 

4.2.2. Isothermal Melt and Cold Crystallization 

Isothermal melt and cold crystallization of d0-CZX-1 were performed as described in 

Chapter 3 as well as in previously published works13. Isothermal crystallization of d1-, d9- and 
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d10-CZX-1 were performed with DSC (TA Instruments Q2000) at crystallization isotherms 

between 145 and 160 °C (between 138.6 and 157.6 °C for d10-CZX-1) for melt crystallization 

and between 50 and 100 °C for cold crystallization. Isothermal melt crystallization of d1-, d9- 

and d10-CZX-1 were also performed with 2-D temperature- and time-resolved synchrotron X-

ray diffraction (2-D TtXRD) on beamline 11-ID-B (60 KeV, λ = 0.2114 Å, collimated beam 

0.5 × 0.5 mm) at the Advanced Phonon Source (APS), Argonne National Laboratory at 

crystallization isotherms between 66 and 166 °C which were reached within one second with 

the new quenching furnace. The experimental procedures for isothermal melt and cold 

crystallization of d1-, d9- and d10-CZX-1 on the DSC and on 2-D TtXRD are the same as those 

for d0-CZX-1 as described in Chapter 3. 

 

4.3. Results and Discussion 

4.3.1 The Isotope Effect on the Overall Kinetics of Crystallization 

The material-specific crystallization kinetics, represented as the velocity of the phase 

boundary, vpb, of d1-, d9- and d10-CZX-1, were obtained using the same methods as described 

for d0-CZX-1 in Chapter 3. As shown in Figure 4.2, vpb of d0-, d1-, d9- and d10-CZX-1 are 

slightly different. However, with the spread in values of vpb at each crystallization isotherm, 

especially around the isotherm where crystallization rates are the highest, such differences are 

sometimes even less than the experimental error. Furthermore, due to the temperature 

dependence of vpb, different KIE can be extracted at different temperatures. Therefore, TZTc, 

as described in Equation (4.1), is fit to crystallization kinetics to obtain enthalpic and entropic 

activation parameters, ΔHc
*, ΔSc

* and zc, for d0-, d1-, d9- and d10-CZX-1, such that the impact 

of isotopic substitution can be investigated by comparing both those parameters and the 
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magnitude and temperature dependence of enthalpy and entropy of activation, ΔHc
‡ and ΔSc

‡, 

as shown in Figure 4.3 and Table 4.1. 

 

Figure 4.2. Data points of vpb with curves of the best fit to Equation (4.1) for d0-, d1-, d9- and 

d10-CZX-1. 
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Figure 4.3. The coloring in each part of the figure is the same as in Figure 4.2, with d0-, d1-, 

d9- and d10-CZX-1 represented by black, red, green and blue colors, respectively. The 

temperature dependent (a) ΔHc
‡ and (b) ΔSc

‡ for d0-, d1-, d9- and d10-CZX-1, obtained from 

TZTc fits to vpb’s of crystallization of d0-, d1-, d9- and d10-CZX-1, are plotted over the entire 

temperature range in which vpb was measured. The formulae of the temperature-dependent 

ΔHc
‡ and ΔSc

‡ are incorporated into each figure. The insert in (b) is an enlarged T = 400 – 445 

K portion of the plot. The experimentally measured TK and the activation parameters ΔHc
*, 

ΔSc
* and zc from TZTc fits to vpb’s of crystallization of d0-, d1-, d9- and d10-CZX-1 are plotted 

against each of their moment of inertia relative to that of d0-CZX-1 in parts (c) – (f) of the 

figure, respectively.
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Table 4.1. Enthalpic and entropic activation parameters of TZTc fits to vpb’s of crystallization 

of d0-, d1-, d9- and d10-CZX-1. The number in the parentheses after each parameter is the 

standard error. The melting point, Tm and the Kauzmann temperature, TK, were measured 

experimentally with DSC and temperature-modulated DSC, respectively, and the experimental 

procedure of the measurement of TK is described in Appendix A1.  

 d0-CZX-1 d1-CZX-1 d9-CZX-1 d10-CZX-1 

Tm(K) 446 446 446 446 

TK(K) 150 157 203 213 

ΔHc
*(kJ/mol) 38.1(4) 38.12(13) 26.5(2) 26.6(2) 

ΔSc
*(J/mol/K) -7(1) -2.2(2) -17(1) -12(1) 

zc 0.64(4) 1.05(4) 0.52(2) 0.67(3) 

 

4.3.2. Impact of Template Mass on Crystallization Kinetics 

As shown in Figure 4.3, the enthalpic and entropic activation parameters (ΔHc
*, ΔSc

* 

and zc), as well as the temperature dependent enthalpy and entropy of activation (ΔHc
‡ and 

ΔSc
‡), exhibits significant inertial impacts, which indicates that the mass of the template, and 

thus the reorientation of the entire template significantly affects the crystallization kinetics.  

As a first approximation, the template-cage interaction can be treated as a two-body 

problem, with the reorientation of the template modeled by the rotational and vibrational 

modes, the energy levels of which are both inversely proportional to the reduced mass. 

Therefore, similar to what has been argued in the H-D isotope effect in molecular 

systems103,104, the increased template mass, and thus the increased reduced mass leads to more 

narrowly spaced rotational and vibrational energy levels, such that the higher energy levels are 

more likely to be populated. Enthalpically, this indicates that the template-cage interaction of 

CZX-1 with heavier template (d9- and d10-CZX-1) is more likely to be at its excited states, and 

thus they are more likely to be activated with less energy (enthalpy) required than their lighter 

analogs (d0- and d1-CZX-1), hence the lower ΔHc
*, as shown in Figure 4.3d.  
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Similar to the traditional transition state theory34, the ΔHc
‡ of crystallization is also 

dominated by the energy required for reorganizing (making or breaking) bonding interactions 

in the given transformation. Additionally, ΔHc
‡ of crystallization is determined by the 

cooperativity of the system35,47. As the temperature of a liquid approaches the Kauzmann 

temperature, TK
36, the loss of configurational microstates requires an increased size of the 

cooperative region for each activation event; correspondingly, an increased number of bonding 

interactions need to be reorganized simultaneously, and thus a higher ΔHc
‡ is required. If a 

liquid could be supercooled to TK, the entire sample would need to transform as a single 

cooperative region; the amount of energy required in the transformation makes it essentially 

an impossible condition. Therefore, ΔHc
‡ of crystallization is proportional to the size of the 

cooperative regions, which is temperature-dependent and increases as the temperature 

approaches TK. The experimentally measured TK’s, shown in Figure 4.3(c), has an 

approximately linear relationship with the relative moment of inertia, which indicates TK is 

mostly affected by the mass of the template with minimal impact from hydrogen bonding. As 

the temperature decreases, for CZX-1 with heavier templates, TK is approached more rapidly, 

and thus the size of the cooperative regions increases more rapidly. Therefore, stronger 

temperature dependence of ΔHc
‡ is observed as the mass of the template increases, as shown 

in Figure 4.3a. 

Entropically, with an increased template mass, the higher energy levels of the template-

cage interaction are more likely to be populated, and thus more microstates are accessible, such 

that d9- and d10-CZX-1 melts have higher entropy and require more rearrangements in the 

crystallization process, hence the more negative ΔSc
*. Due to the correlation between ΔSc

* and 

zc
35, d9- and d10-CZX-1 also exhibits smaller zc, suggesting less temperature dependence of 
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ΔSc
‡, which is observed and shown in Figures 4.3b and 4.3f. With the ΔSc

‡ for crystallization 

of d9- and d10-CZX-1 being already more negative (larger in magnitude), the change in the 

magnitude of ΔSc
‡ becomes not as significant, hence the less temperature – dependent ΔSc

‡, as 

shown in Figure 4.3b.  

 

4.3.3. Impact of Hydrogen Bonding on Crystallization Kinetics 

As has been discussed above, minimal impact from hydrogen bonding is exhibited on 

TK’s of d0-, d1-, d9- and d10-CZX-1. By contrast, ΔHc
*, ΔSc

* and zc exhibit significant hydrogen 

bonding impact, which increases both ΔHc
* and ΔSc

*, such that the inertial effect is masked out 

on ΔHc
* and even reversed on ΔSc

* for the deuterium bonding species (d1- and d10-CZX-1) 

compared to the hydrogen bonding species (d0- and d9-CZX-1), as shown in Figures 4.3d and 

4.3e. Due to the correlation between ΔSc
* and zc

35, an increased zc is also observed for the less 

negative ΔSc
* of the deuterium bonding species, indicating a stronger temperature dependence 

of ΔSc
‡, as shown in Figures 4.3b and 4.3f. This result suggests that the hydrogen bonding 

between the template and the metal-halide cage significantly affects the kinetics of 

crystallization, likely by affecting the directing ability of the template to rearrange the metal 

halide cages into an ordered structure by template reorientation during crystallization. 

Enthalpically, increased ΔHc
* and ΔHc

‡ are observed for each of the deuterium bonding 

species compared to their hydrogen bonding analogs, which suggests that an increased amount 

of energy (enthalpy) is required for bond reorganization in the activation process of 

crystallization, likely due to a stronger template-cage interaction that needs to be reorganized 

during template reorientation with the deuterium substitution in the hydrogen bonding between 

the template and the metal-halide cage. As has been discussed in the previous section, the 
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temperature dependence of ΔHc
‡ corresponds to the temperature dependence of the 

cooperativity of the system which is mainly affected by TK, and thus should mostly exhibit 

inertial impact with no significant impact from the deuterium substitution in the hydrogen 

bonding.  

Entropically, less negative ΔSc
*, as well as less negative ΔSc

‡ at low temperatures, are 

observed for the deuterium bonding species compared to their hydrogen bonding analogs, 

which suggests a stronger directing force from the template reorientation in crystallization with 

the deuterium substitution in the template-cage hydrogen bonding, and likely also further 

suggests a stronger template-cage interaction with the deuterium substitution. However, as the 

temperature approaches the melting point, ΔSc
‡ for the deuterium bonding species becomes 

more negative than ΔSc
‡ for the hydrogen bonding species due to their stronger temperature 

dependence. It is likely that as the temperature approaches the melting point, the cooperativity 

of the metal-halide cages in the system is lost, yet the stronger template-cage interaction with 

the deuterium bonding tends to hold the cages together at where they are in the melt phase, 

thus more rearrangements are needed in the activation process of crystallization to separate the 

cages and rearrange them through smaller cooperative regions, which results in more negative 

ΔSc
‡ for the deuterium bonding species.  

 

4.4. Conclusion 

Kinetic isotope effect (KIE) studies have been widely applied to investigate reaction 

mechanism in molecular reactions, yet few KIE studies have been conducted on mechanism of 

crystallization from the congruent melt, during which temperature dependent KIE’s are likely 

to be extracted by only comparing the rates of crystallization. In this work, we have studied 
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the crystallization kinetics of the halozeotype CZX-1 with deuterium substitutions in the 

hydrogen bonding to the metal-halide cage and/or the methyl groups of its trimethylammonium 

cation template (d0-, d1-, d9- and d10-CZX-1), and with our recently developed transition zone 

theory for crystallization, we have investigated the isotope effect on crystallization kinetics of 

CZX-1 by comparing the enthalpy and entropy of activation of crystallization for CZX-1 with 

differently isotopically substituted templates to understand the role of the template 

reorientation in crystallization. Only inertial impact from the template has been shown on the 

experimentally measured Kauzmann temperature, TK, which indicates that TK, and furthermore 

the cooperativity of the material, is significantly dependent on the mass of the template with 

minimal impact from the hydrogen bonding to the metal-halide cage. By contrast, both the 

changed template mass and the isotopic substitution in the hydrogen bonding between the 

template and the metal-halide cage exhibit significant impact on the enthalpy and entropy of 

activation of crystallization, which indicates that the template reorientation likely plays a 

dominant role in the activation process of crystallization of CZX-1, with impacts from both 

the template-cage interaction and the inertia of the entire template.  

With the transition zone theory for crystallization, material-specific isotope effects on 

kinetics crystallization can be obtained by comparing the enthalpy and entropy of activation 

for crystallization, which affords mechanistic details of crystallization, and further 

demonstrates the possibility of higher-level mechanistic investigations with transition zone 

theory for crystallization by utilizing measurements of activation processes to articulate details 

of chemical processes involved in crystallization.  
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CHAPTER 5   

Transition Zone Theory of the Glass Transition 

 

This chapter was previously published: Martin, J. D.; Hou, F. Nature 2015, Under Review. 

 

5.1. Introduction 

Glasses, both naturally occurring and synthetic, have captured human imagination for 

millennia, with artisans and industrialists perfecting strategies to fabricate and manipulate them 

for diverse purposes.  Nevertheless an understanding of the atomic and molecular processes 

and structures that create and define the glass state has been much more difficult to resolve.  In 

1995, Andersen suggested, “The deepest and most interesting unsolved problem in solid state 

theory is probably the theory of the nature of glass and the glass transition.”1 Subsequently, 

numerous reports have articulated the current state of understanding, and enumerated further 

perspectives4,23-26,105,106.  Divergent viewpoints wrestle with the question whether the glass 

transition is a kinetic or thermodynamic phenomenon.  A majority of theories are based on the 

classic VFT theory of liquid relaxation and viscosity28-30, and/or the expectation of a 

temperature dependent crossover from VFT to Arrhenius theory. Having recently articulated 

our Transition Zone Theory (TZT) that requires no such crossover temperature while 

accurately describing/predicting the temperature dependent rates of crystallization and 

relaxation over the entire temperature ranges Tg (glass transition temperature) to Tm (melting 

point) and Tg to Tc (critical point), respectively35, we here consider the application of TZT to 

the glass transition enigma. 
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Like Eyring’s molecular based Transition State Theory34, TZT is based on an 

articulation of the attempt frequency and probability of the transforming events.  Instead of the 

events being molecular collisions, TZT recognizes that the structural reorganization required 

for crystallization and viscous relaxation requires Adam-Gibbs-type47 cooperative interactions 

of phonons2,3. 

The attempt frequency for crystallization, λ(kBT/h), is the product of the number of 

lattice vibrational modes that lead to formation of the transition zone for crystal growth and 

the velocity of the transition zone; λ is a characteristic wavelength of vibrations that lead to 

growth, equal to twice the average lattice dimension. The probability for these lattice 

vibrational modes to cooperate is governed by the free energy of activation. Unlike transition 

state theory34, in the condensed phase the entropy and enthalpy of activation are not 

temperature independent constants. Instead, for crystallization, at the Kauzmann temperature, 

TK
36, the enthalpy of activation, Hc

‡, goes to infinity while the entropy of activation, Sc
‡, 

goes to zero. By contrast, because with increasing temperature the configurational entropy of 

the reactant ergodic liquid increases much faster than that of the crystal transition zone, the 

Hc
‡ decreases while the Sc

‡ increases; Sc
‡ → -∞ at Tm. Together these yield the TZTc 

expression, Equation (5.1), shown to accurately describe crystal growth rates of fourteen 

diverse materials ranging from the fragile small molecule o-terphenyl, OTP, to the strong 

framework of SiO2
35.  
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Here vpb is the velocity of the crystallization phase boundary, Hc* and Sc* are 

enthalpic and entropic activation parameters, and zc is an empirical parameter that modulates 

the temperature dependence and is strongly correlated to ΔSc*. 

By contrast, for viscous relaxation, only phonons with the fastest wave velocity, i.e. the 

speed of sound, vs, can travel through the entire liquid leading to rearrangements necessary to 

make it ergodic. Thus the attempt frequency for dynamic viscous relaxation (1/η) is 

(4π/vs
2ρ)(kBT/h), where ρ is the material’s density. The probability of relaxation is also 

governed by temperature dependent free energy of activation. However, while the Adam-

Gibbs-type cooperativity47 results in similar temperature dependence of the enthalpy of 

activation for relaxation, Hrlx
‡, to that observed for crystal growth, inverse temperature 

dependence is observed for the entropic probability of relaxation, Srlx
‡. At TK the transition 

zone to achieve relaxation to an ergodic liquid, like the ergodic liquid itself, essentially has a 

single configuration, whereas the reactant non-ergodic liquid has a large number of 

configurations, thus Srlx
‡ → -∞ at TK. By contrast at the critical point, Tc, the configurational 

entropy of the supercritical fluid, non-ergodic and ergodic liquids are equivalent, thus Srlx
‡

 → 

0. Together these yield the TZTrlx expression, Equation (5.2), shown to accurately describe 

viscous relaxation from Tg to Tm for seventy diverse materials ranging from the very fragile 

methane to the strong liquid network of SiO2
35.  
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  (5.2) 

Here Hrlx* and Srlx* are enthalpic and entropic activation parameters, and zrlx is an 

empirical parameter that modulates the temperature dependence and is strongly correlated to 

ΔSrlx*, but also accounts for the pressure dependence of TK. 
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5.2. Transition Zone Theory of the Glass Transition (TZTglass) 

Because the Sc
‡ and Srlx

‡ exhibit opposing temperature effects, and Hc
‡ should be 

greater than Hrlx
‡, for most materials there will be a temperature at which the free energy of 

activation for crystallization and relaxation are equivalent, Gc
‡ = Grlx

‡, Equation (5.3).   

 * * * *
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                                       

  (5.3) 

The respective temperature dependence of the G‡ of crystallization and relaxation for 

o-terphenyl (OTP) are shown in Figure 5.1, for which the temperature of the equivalence point 

can be solved numerically. At the equivalence temperature, the probability of crystallization is 

equal to the probability of liquid relaxation. Below this temperature, the probability of 

crystallization is greater than that of relaxing to a bulk ergodic liquid. However, under these 

conditions, crystal growth can only propagate over length scales that molecules rearrange 

cooperatively during relaxation, presumably related to length scale of liquid intermediate range 

order of the pre-quenched melt, i.e. “local ergodicity.”  Various measurements have suggested 

that the cooperative region for bulk glass formers is 1-4 nm in the vicinity of Tg
107-110.   
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Figure 5.1. RT normalized free energy of activation as a function of temperature. Data are 

plotted (relaxation (blue) and crystallization (red)) using activation parameters for OTP from 

reference 34, for which Gc
‡ = Grlx

‡
 at 230 K. The dotted line represents a time-temperature 

shifted relaxation by using zrlx = 1.55 (instead of 1.47) which accounts for literature reported 

Tg = 244 K52. The dashed line represents the proposed function for aperiodic crystallization 

with Tg = Tm APC = 230 K and TK’ = 170 K. 

 

In a significantly structured liquid, local ergodicity may reach length scales where the 

onset of long-range order is observed. Under such conditions nano-domain crystallization 

(NDC) may occur. If, however, the local ergodicity of the liquid is smaller than the length scale 

of long – range order, then below the G‡ equivalence point, an intermediate range crystal-like 

organization, described as aperiodic crystallization (APC), occurs with greater probability than 

bulk crystallization or relaxation. However, while insufficiently organized to exhibit long-

range order, the APC is too organized to allow bulk relaxation to an ergodic liquid. The APC 

process is conceptually related to the previously described random first-order transition theory 

of glass formation26,105.  This condition, where crystallization and viscous relaxation mutually 

frustrate the other process, thus defines the metastable glassy state. 

T(K)

Δ
G

‡
/R

T



 

102 

Because bulk crystallization occurs from the relaxed ergodic liquid22, the rate of crystal 

growth is anticipated to be independent of sample history. By contrast, the rate of relaxation 

exhibits significant sample history dependence, and thus a history dependent G‡ equivalence 

point; the likely origin of the previously described time-temperature superposition31,111. 

According to TZTrlx, Srlx
‡ is dependent upon the ratio of the number of configurations of the 

transition zone, Wrlx
‡ and the reactant phase, Wnonerg liq; Srlx

‡ = Rln(Wrlx
‡/Wnonerg liq)35. Wrlx

‡ is 

dependent on the temperature of the relaxation isotherm as well as the frequency of the 

measurement.  The isotherm dependence being a result of Adam-Gibbs-type cooperativity with 

larger cooperative regions (smaller Wrlx
‡) observed at lower temperature47. The frequency-of-

measurement dependence results from the ability of different size molecular fragments to 

respond to an external stimulus on the timescale of the measurement, resulting in a smaller 

Wrlx
‡ at higher frequency. Wnonerg liq is determined by the relaxation isotherm temperature, as 

well as the difference in pre-quench and isotherm temperatures and the rate at which it is 

quenched, f(T), or the extent and frequency at which it is mechanically perturbed, f(ν).   

The effect of time-temperature quenching on the configurational entropy of the liquid 

is schematically represented in Figure 5.2. At the critical temperature, Tc (not shown), the 

configurational entropy of non-ergodic and ergodic liquids is equivalent. Below Tc, as the 

quenching rate f(T) or f(ν) exceeds the rate of relaxation, the temperature dependent 

configurational entropy lines of the non-ergodic and ergodic liquids diverge, increasing Wnonerg 

liq. Thus, more extreme thermal or mechanical quenching results in more negative Srlx
‡, 

depressing the rate of relaxation. We have not yet obtained data to define these time-

temperature effects, but propose the effect can be approximated with a larger value of zrlx in 
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Equations (5.2) and (5.3), as demonstrated in Figure 5.1 where the dotted line represents such 

a slightly depressed rate of relaxation.   

  



 

104 

 

Figure 5.2. Schematic of the temperature dependence of configurational entropy. Solid black 

lines represent the thermodynamically favored liquid and crystalline states. The short-dashed 

line represents a supercooled melt. Rapid and/or deep quenching by f(T) or f(ν) (solid blue 

arrows) determine the shifts to a non-ergodic liquid (dotted blue line) and APC (long-dashed 

blue line). Quenching into the shaded region results in glass formation, which ages with time.  

Box arrows represent the activated processes of relaxation, crystallization, and glass aging. 

Shallow quenching results in shifts to a non-ergodic liquid with smaller number of 

configurations (green dotted line). For a highly structured liquid NDC (green long-dashed line) 

is observed instead of APC. 

 

The configurational entropy of the APC and NDC, for which the extent of order is 

determined by the magnitude of the local ergodicity, will also be dependent on sample history. 

When a system is quenched, the local ergodic length scale of the pre-quenched melt is projected 

onto the free energy landscape of the lower temperature isotherm. If the system is quenched to 

an isotherm where the probability of relaxation is less than the probability of crystal growth, 
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this becomes the maximum length scale over which crystallization can occur. The shorter the 

locally ergodic length scale, the greater the residual configurational entropy of the NDC or 

APC. As the ergodic length scale decreases from greater than the long-range order of the bulk 

crystal to that of the intermediate range order of the liquid, Tm decreases to Tm (NDC). Such 

particle size dependence of the melting point has been studied for β-tin, where Tm begins to 

decrease for nanocrystals r < 50 nm, to a minimum nearly 100 K below the bulk Tm for r = 3 

nm particles112. The minimum is presumed to be indicative of the critical length scale for the 

liquid to exist. APC represents crystal-like organization at or below this critical length scale of 

a liquid for which Tm (APC) alternatively can be described as the glass transition, Tg. That the 

length scale of APC determines glass formation is further born out in a recent report of metallic 

glass formation in pure iron when particles are less than 15 nm113.   

Quenching perturbations that create the non-ergodic liquid and APC or NDC curves 

establish two interesting points on this configurational entropy diagram, Figure 5.2. At low 

temperature there is a point where the configurational entropy of the non-ergodic liquid and 

the APC or NDC are equivalent, designated TK’ that mirrors the thermodynamic Kauzmann 

condition36. A second point exists where the configurational entropy of the APC or NDC is 

equivalent to that of the ergodic supercooled liquid. At temperatures above this isentropic 

point, a quenched non-ergodic liquid will relax to an ergodic liquid, and subsequently 

crystallize if the isotherm is below Tm. Below this point, APC or NDC will form before the 

system can relax to a bulk ergodic supercooled liquid. Therefore, we suggest this point defines 

the glass transition temperature, Tg. The absence of a singularity between the APC or NDC and 

the ergodic liquid but change in temperature dependent slope of the configurational entropy is 

consistent with thermodynamic measurements (H or Cp vs. T) that exhibit no singularity 
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through the glass transition. Notably, if the quench rate is slower than the rate of relaxation but 

faster than the onset of crystallization, the length scale of “local ergodicity” would be 

equivalent to the ergodicity the bulk sample, such that Tg and TK’ collapse to TK ; i.e. formation 

of an ideal glass. The extent to which Tg and TK’ deviate from TK is governed by the temperature 

dependence of Cp/T of liquid and solid phases. But clearly, with increased f(T) or f(ν) the 

APC(NDC)/ergodic liquid isentropic point shifts to higher temperature, consistent with the 

observed time-temperature dependence of Tg
114.   

Importantly, the APC only appears as a metastable phase on the energy landscape 

below the point where the probability of crystal growth becomes greater than the probability 

of relaxation. Thus the crystallization-relaxation G‡ equivalence point, which identifies the 

temperature at which the metastable APC does or does not exist, also describes Tm (APC). As 

such, TZTglass predicts that the G‡ equivalence point, determined from the experimentally 

measured rate of crystal growth and viscosity is equivalent to the APC/ergodic liquid isentropic 

point, and is the material’s Tg corresponding to the time-temperature conditions by which the 

viscosity was measured.  In Figure 5.3, the TZTglass calculated value of Tg is plotted against 

literature reported values for diverse systems for which we have identified temperature 

dependent crystallization and viscosity data. The literature reference data and TZT parameters 

are summarized in Appendix Table B.1. There is a high correlation between the calculated and 

experimental values of Tg, with the largest outliers being disodium silicate, Na2Si2O5, and 

anorthite, CaAl2Si2O8, for which a variation in composition between samples used for 

crystallization and viscosity measurements, respectively, likely accounts for the discrepancy. 
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Figure 5.3. TZTglass calculated vs. literature reported experimental Tg. Inset is an enlarged 150 

to 400 K portion of the plot.  Dashed line is the equivalence line. (Note: crystallization data 

are reported for three polymorphs of indomethacin and two polymorphs of salol, which are 

each compared to the viscosity of their single liquid phases.) 

 

Almost all of the Tg values calculated by TZTglass are at slightly lower temperatures 

than literature reported values. This deviation is likely a result of a time-temperature shift 

resulting from the difference in the frequency of the measurements used to determine viscosity 

and Tg
111,115. Here the reported viscosities used to extract activation parameters were 

determined based on the rate of melt flow, which becomes very slow (hours to days) as Tg is 

approached, and thus should exhibit minimal time-temperature shift. By contrast Tg 

measurements are frequently conducted at higher frequencies (minutes).  This results in a time-

temperature shift from the materials’ intrinsic viscosity, as demonstrated by the shift from the 
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solid blue to dotted line in Figure 5.1, which results in a higher temperature G‡ equivalence 

point, and thus higher value for Tg. 

 

5.3. Glass Aging and the Glass-to-Crystal Transition 

The above discussion articulates that the glass transition is the APC(NDC)/ergodic 

liquid isentropic point below which relaxation and crystallization are mutually frustrated. 

However, practically, glasses form immediately upon quenching, but also evolve with a 

reduction of free volume upon aging116. Aged glasses exhibit enhanced order117 and exhibit a 

greater number of nuclei upon cold crystallization77,79. The experimental signatures of reduced 

free volume and enhanced order are also expected for APC, therefore, we propose the rate of 

APC formation likely describes glass aging. An instantaneously, deeply quenched glass faces 

a free energy of activation barrier too high for relaxation or crystallization, yielding a non-

ergodic glassy state reflective of the configurations of the pre-quenched melt, i.e. the frozen 

liquid approximation. By contrast, a melt quenched to between TK’ and Tg (or a deeply 

quenched glass subsequently heated) should exhibit a free energy of activation for APC that is 

smaller than that of either relaxation or bulk crystallization, thus in time crystal-like 

organization over the length scale of “local ergodicity” will occur. 

Analogous to bulk crystallization35, the Tg and TK’ points should define the limiting 

boundaries for SAPC
‡, where SAPC

‡ → -∞ at Tg, and SAPC
‡ → 0 at TK’. Because the structure 

of bulk crystals and APC is essentially equivalent on the short- and intermediate-length scale, 

we assume the physical processes dictating the rate of the progression of phase boundary 

should be similar for both bulk crystallization and APC formation. Thus to a first 

approximation, we propose to use the intrinsic activation parameters ΔHc
*, ΔSc

* and zc from 
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the fit of bulk crystallization to Equation (5.1) to estimate the rate of APC formation. Tg is 

taken as the crystallization-relaxation G‡ equivalence point.  Though actually determined by 

the temperature dependence of Cp/T of the non-ergodic liquid and APC phases, based on the 

schematic of Figure 5.2, TK’ can be approximated by a shift to a temperature lower than TK by 

a similar magnitude as Tg was shifted higher than TK, i.e. (Tg – TK) ≈ (TK – TK’). With the 

substitutions of TK’ and Tg for TK and Tm, we propose Equation (5.1) describes the rate of APC 

formation; an estimated GAPC
‡ is plotted as the dashed line in Figure 5.1. 

Like the glass transition, the kinetics of glass aging is non-Arrhenius, and models are 

largely empirical115,118,119. Experimental measurements of glass aging indicate that below Tg 

the rate of aging increases to a maximum within tens of degrees, then slows at lower 

temperatures to essentially zero at the highest secondary transition, Tβ
116. Calorimetric 

measurements also demonstrate an enthalpy overshoot at the glass transition with increased 

aging time119. While detailed analysis of glass aging is beyond the scope of this present 

manuscript, we note the rate of APC formation, as described by TZTglass, correctly predicts the 

temperature dependent trends in the rate of aging, with a maximal rate slightly below Tg, and 

the enthalpy overshoot in aged glasses may be a signature of an APC “melting” transition.   

It is further interesting to consider the previously reported glass-to-crystal (GC) 

transition, sometimes described as diffusionless crystallization, observed for a variety of 

organic glass formers120-122. We suggest the observed characteristics of the GC transition 

resemble an aging-type process described by TZTglass, where the local ergodicity of the 

quenched melt begins to exhibit long-range order, i.e. NDC. As schematically described in 

Figure 2, GC (NDC formation) can only occur for a system that has been quenched to below 

the NDC/ergodic liquid equivalence point, Tg.  However, upon heating the glass, NDC remains 
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a viable intermediate phase above its Tg up to the Tm (NDC), as observed in several GC forming 

systems120-122. Two of the materials used in this analysis of TZTglass, OTP120 and Salol121, are 

known to exhibit such GC transitions. As shown in Appendix Figure B.2, the temperature 

dependent rate of GC formation is remarkably fit with the TZT model by taking: the TZTc 

activation parameters (Hc*, Sc* and zc) fit to the experimental data for regular 

crystallization, the maximum temperature for which the primary type of GC is observed as the 

Tg for the employed time-temperature conditions (255 K for OTP and 226 K for Salol), and 

TK’ being the only parameter of Equation (5.1) fit to the GC data using non-linear least squares 

methods (166 K for OTP and 129 K for Salol).  As previously suggested122,123, TZT also 

implies that the GC phenomenon should only be observed for systems in which there is a high 

structural similarity between the melt and crystalline phases such that local ergodicity of a 

quenched melt can extend to length scales characteristic of long-range order.  

 

5.4. The Glass Transition in Non-crystalline Systems.  

The above derivation of TZTglass presupposes that at some set of conditions a crystalline 

phase is thermodynamically favored. Nevertheless, many non-crystalline materials also form 

glasses. If TZTglass is the relevant theory, it must also account for glass formation of non-

crystalline materials. Here we suggest that polystyrene is a useful prototype for consideration. 

Isotactic and syndiotactic polystyrene, for which the phenyl substituents are ordered along the 

polymer backbone, are highly crystalline. By contrast, atactic polystyrene, for which phenyl 

substituents are randomly distributed across the polymer backbone, is non-crystalline. The 

random organization of the atactic congener essentially makes this system permanently non-

ergodic with respect to crystallization. While non-ergodic on the length scale of crystalline 
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order, it is highly likely the random distribution of substituents will result in small lengths over 

which the polymer is locally isotactic or syndiotactic. As long as domains exist that are pseudo 

isotactic or syndiotactic then APC, and thus glass formation should be possible. 

Literature data for temperature dependent viscosity of atactic and crystallization rate of 

isotactic polystyrene are well fit by TZTrlx and TZTc, respectively (see Appendix Figure B.1q 

and Figure 2.7a, respectively). As shown in Figure 5.4, the free energies of activation for atactic 

relaxation and isotactic crystallization never cross, with viscous relaxation of the random 

polymer being most probable at all temperatures. We note, however, that there is a minimum 

in the difference between these crystal growth and relaxation curves at 403 K (inset of Figure 

5.4), slightly above the reported Tg of atactic polystyrene. Using the minimum in (G‡) as 

the value for Tm APC, and selecting TK’ to be shifted to lower temperature by the same magnitude 

from TK as Tm APC was shifted to higher temperature, a GAPC
‡ can be calculated (dashed line 

in Figure 5.4). Notably this GAPC
‡ curve crosses the atactic Grlx

‡ curve at 378 K, very close 

to the literature reported Tg of atactic polystyrene (373K)124. Furthermore, while significantly 

more work is needed to accurately relate TZTglass to the rate of aging, it is notable that a 

simplistic aging expression, aging = (kBT/h) exp(-GAPC
‡/RT), exhibits a maximum at 335 K, 

consistent with the reported maximum aging shift rate116, and goes essentially to zero 

[log(aging) < -1] below 285 K, consistent with the 300-310 K temperature range reported for 

Tβ of polystyrene125.  
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Figure 5.4. RT normalized free energy of activation for a non-crystalline glass forming system. 

Data are plotted for relaxation of atactic polystyrene (blue) and crystallization of isotactic 

polystyrene (red). The inset shows (G‡). The dashed line represents the proposed function 

for aperiodic crystallization with Tm APC = 403 K and TK’ = 155 K. 

     

TZTglass thus suggests that glass formation in non-crystalline materials is dependent on 

the length scale of order possible to the system. In the example of atactic polystyrene, the 

relaxed polymer can only be described as ergodic when averaging over large domains. At the 

length scale required for bulk crystallization, covalent linkages prevent the system from ever 

becoming ergodic. However, ergodicity over a local length scale may allow APC formation, 

and thus a glass transition at the APC/liquid isentropic point. By contrast, in a system that, for 

example by random cross-linking, cannot form even locally ergodic domains, no glass 

transition will be observed.       

 

5.5. Conclusion 

Utilizing our recently articulated Transition Zone Theory of crystallization and viscous 

relaxation, we demonstrate that normally there is a temperature at which the free energy of 
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activation for relaxation and crystallization are equivalent. Below this temperature, the 

probability of crystallization is greater than the probability of relaxation. But because the 

system can only crystallize over the length scale for which the system has relaxed, bulk 

crystallization cannot occur. However, crystal-like growth without long-range order, described 

as aperiodic crystallization (APC) that exhibits higher configurational entropy than that of the 

perfect bulk crystal, is possible. The point at which the configurational entropy of the APC is 

equivalent to that of the ergodic liquid formally establishes the glass transition temperature. 

The extent of the configurational entropy difference between bulk crystals and APC is a result 

of the time-temperature history of the sample, and thus accounts for the sample-history 

dependent glass transitions. For non-crystalline systems, such as atactic polystyrene, for which 

there is no crystallization-relaxation G‡ equivalence point, there may still be a length scale 

over which APC can form, resulting in Tg at the temperature where the free energy of relaxation 

and APC curves cross. The rate of formation of APC is further correlated to the aging process 

in glasses. 

Historic descriptions of glass formation recognized there exists mutual frustration 

between the processes of viscous relaxation and crystallization. Transition Zone Theory finally 

establishes the relationship between these competing processes providing a quantitative 

description of the glass transition that is based on first principles of thermodynamics and 

activated processes. 
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Appendix A 

 
 

Figure A.1.  Data and method for measurement of TK for CZX-1. Shown in the figure are the 

heat capacities (Cp) of the liquid CZX-1 supercooled from above the melting point (purple) 

and heated from the glass (brown), and of the crystal CZX-1 heated through the melt (green), 

measured by temperature-modulated DSC (TMDSC).  

 

In a sealed fused silica capilary, a glass sample (melted at 250 C and quenched in 

liquid N2) was heated and cooled at a rate of 5 /min with a modulation of ± 0.5C/min through 

the temperature range -20 C → 250 C → dwell 5 min → 25 C → 250 C. The temperature 

dependence of the Cp of both liquid and crystalline phases was fit to a reciprocal function of 

temperature126 to extrapolate beyond the measured temperature ranges, and the fitted Cp of the 

liquid phase and that of the solid phase are represented by blue and red dashed line, 

respectively. The negative values are due to the instrumental baseline being shifted off zero.  
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The temperature dependence of ΔCp = Cp (liquid) – Cp (solid) were calculated from the fitted 

lines. 

The entropy difference between the liquid and the solid at temperature T’ can be 

expressed as48: 

 
'

mT

pm

m T

CH
S dT

T T


      (A.1) 

where ΔHm is the enthalpy of melting, measured by integration of the melting peak from the 

standard DSC. When T’ = TK, 

 0
m

K

T

pm

m T

CH
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      (A.2) 

For CZX-1, TK = 150 K was determined using Equation (A.2) and it is the average of 

ten TMDSC measurements. 
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Appendix B 

Table B.1. Composite tabulation of material data, TZTc parameters for all the crystalline materials, TZTrlx parameters for those materials 

that also had viscosity data available, and the literature reported Tg and calculated Tg as plotted in Figure 5.3. 

    crystallizationc 
viscosityc    

Material Tc (K)b Tm (K) TK (K)b 

Averaged 

lattice 

constant (Å) 

Hc* 

(kJ/mol) 

Sc* 

(J/mol) 
zc 

v2ρ 

(GPa) 
Hrlx* 

(kJ/mol) 

Srlx* 

(J/mol) 
zrlx 

Literature 

Tg (K) 

Calculated 

Tg (K) 
References 

SiO2 5400a 2007 139(351.60) 7.1487 240(32) -95(22) 0.038(12) 47.05 322(3) -0.03(8) 4(1) 1399 1388.41  127–133 

glycerol 850 291 134 7.5975 14.4(2) -56(2) 0.196(7) 4.35 2(2) -20(4) 1.03(3) 185 176.70 
12,27,134–

137  

-phenyl o-

cresold 
(751.02) 324.5 181.2 12.662 9.79(14) -69(2) 0.182(8) 2.11 3(2) -9(5) 1.08(8) 210 192.18 138–143 

OTP 857 331 200 10.950 14.7(2) -11(2) 0.66(4) 3.72 3(1) -4(2) 1.47(13) 244 230.38 
27,51,139,

144–146 

NaPO3
e (4273.52) 898 

466(128.41, 

487.40)f 
10.104 80(2) -49(4) 0.207(14) 29.75 17.8(2) -73(16) -0.47(12) 544 567.02 

133,147–

150 

Sorbitol (814.67) 368 229(196.01) 13.450 21.1(5) -40(6) 0.27(6) 2.66 14.0(4) -1.5(4) 2.10(12) 266 257.59 
51,151–

154 

-

indomethacin 
 426 256(256.81) 13.576 16.2(5) -67(5) 0.13(2)     314 324.89 153,155 

γ-

indomethacin 
(1158.73) 433 256(229.22) 9.5394 26.2(4) -26(3) 0.36(4) 1.20 6(12) -5(10) 1.6(6) 314 346.64 

153,155–

157 

δ-

indomethacin 
 400 256(259.46) 11.558g 15.0(4) -70(5) 0.12(2)     314 305.55 153,155 

Na2O.2SiO2 (5599.98) 1148 381(458.02) 10.036 77.5(7) -55(1) 0.163(4) 20.00 44(17) -33(2) 0.4(2) 741 880.60 
133,158–

161 

1,3-bis(1-

naphthyl)-5-

(2-naphthyl) 

benzene 

(1055.11) 472 200(209.41) 13.487 43.7(2) -2.3(5) 0.88(5) 3.72h 6(2) -8(2) 2.00(13) 342 324.25 
137,162–

164 

GeO2 (2419.62) 1388 (290.28) 5.0062 133(6) -74(8) 0.092(12) 8.08 85(4) -106(4) 0.390(8) 818 780.59 165–169 

anorthite (6364.71) 1825 815 11.025 68.6(9) -66(2) 0.178(5) 20.1 24(74) -19(19) 0.888(14) 1118 1268.26 
51,170–

177 
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salol I (stable) (726.85) 315 167 12.800 16.30(11) -14(1) 0.48(2) 1.58 4.5(9) -4(2) 1.69(13) 218 208.59 

51,121,139

,141,178–

181 

salol II 

(metastable) 
 302 167(183.90) 10.170 10.8(3) -52(5) 0.16(2)     218 238.88 51,121,182 

selenium 1757 492 215 4.3406 28(1) -55(8) 0.56(8) 0.405 25.2(5) -0.001(6) 3(1) 305 276.12 
69,137,183

–188 

polystyrenei (1039.37) 513 279 14.031 23.7(3) -76(2) 0.350(11) 0.225 2(9) -109(18) 0.44(11) 373 402.76 
124,189–

193 

nylon 6  500 255 8.6414 13.3(4) -86(3) 0.32(2)       
188,194, 

195 

poly(propyl-

ene oxide) 
 348 162 7.0591 9.6(9) -96(8) 0.28(2)       188,196 

poly(ethylene 

succinate) 
 381 190 9.3381 17.5(3) -51(3) 0.51(2)       188,196 

nylon 66  545 210 6.6466 12(1) -105(7) 0.21(2)       188,196 

poly(ethylene 

adipate) 
 343 175 7.5188 16(1) -58(12) 0.41(6)       188,196 

poly(ethylene 

terephthalate) 
 557 228 6.0434 35.2(6) -32(3) 0.87(5)       188,196 

poly(tetra-

methyl-p-

silphenyl 

siloxane) 

 423 180 10.788 15.6(3) -78(3) 0.36(1)       
188,196, 

197 
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Table B.2. Composite tabulation of material data and TZTrlx parameters for materials that only 

had viscosity data available.  

material    viscosity references 

 Tc Tm TK Hrlx* Srlx* zrlx  

methanol 513 175 64 3.88(2) -14.98(12) 0.168(2) 
135,198, 

199 

ethanol 514 159.15 71 2.30(8) -26.8(4) 0.350(4) 
33,135, 

200 

n-propanol 536.8 147.15 73(77) 6.9(2) -8.3(9) 0.08(12) 
33,135, 

200 

n-butanol 562 188 80 4.3(3) -20(1) 0.507(6) 201–203 

n-pentanol 580 195 (102.74) 7(1) -6(5) 0.43(11) 202,204 

n-hexanol 610.5 226 (100.02) 4(1) -19(6) 0.538(14) 205–209 

n-heptanol 633 238.25 (102.22) 7(6) -6(21) 0.7(3) 
205,206, 

209–211 

n-octanol 655 257 (105.05) 5(4) -16(13) 0.69(6) 
205,206, 

208–212 

n-nonanol 672 267 (107.40) 8(5) -5(19) 0.8(4) 
205,206,2

09–211 

n-decanol 690 279.6 (110.97) 5(5) -14(19) 0.73(10) 
205,206, 

209–212 

n-undecanol 704 288.45 (113.07) 8(12) -5(39) 1(1) 
202,209, 

213 

n-dodecanol 719.4 297 (116.01) 6(4) -14(13) 0.70(4) 
209,212, 

213 

methane 190.6 85.7 44.9(64.20) 0.110(7) -8.49(8) 0.127(13) 214–216 

ethane 305.3 101 25.8(67.38) 0.162(6) -10.87(5) 0.218(4) 214–216 

propane 369.9 85.5 28.4(39.77) 1.45(12) -8.93(7) 0.028(9) 214–216 

n-butane 425 136 -12.9(65.25) 0.85(4) -16.9(2) 0.153(6) 214–216 

n-pentane 469.8 143.4 54.5(55.06) 2.25(8) -14.5(4) 0.02(2) 
214,216, 

217 

n-hexane 507.6 178 58.9(96.25) 1.403(7) -21.3(4) 0.0642(13) 
214,216, 

218 

n-heptane 540 182.6 71.3(86.17) 2.50(5) -17.7(2) 0.031(9) 
202,214, 

216,219 

n-octane 568.9 216.15 69.6(112.95) 1.98(5) -19.8(2) 0.067(8) 
202,214, 

216,219 

n-nonane 595 219.5 81.2(118.57) 2.215(13) -19.60(6) 0.075(2) 
214,216, 

220,221 

n-decane 617.8 243.3 79.4(125.18) 2.50(6) -22.8(2) 0.051(6) 

202,214, 

216,222, 

223 

n-undecane 639 247.4 85.4(143.24) 1.951(6) -21.17(2) 0.1114(7) 
214,216, 

224 

n-dodecane 658.2 263.5 84.9(136.15) 2.67(8) -21.2(3) 0.077(9) 
202,214, 

216,225 
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n-tridecane 676 268 88.1(164.32) 1.72(2) -24.60(9) 0.120(2) 
214,216, 

226,227 

n-

tetradecane 
693 278.7 88.2(168.80) 1.79(3) -23.17(10) 0.130(2) 

214,216, 

228-230 

n-

pentadecane 
708 283 91.8(167.44) 2.090(8) -26.04(3) 0.1085(7) 

214,216, 

227,231 

n-

hexadecane 
722 291 91.7(169.49) 2.223(6) -22.68(3) 0.1229(6) 

214,216, 

232 

n-

heptadecane 
734 295.1 96.9(169.90) 2.430(7) -24.19(3) 0.1098(5) 

214,216, 

233 

n-

octadecane 
747 301 96.4(175.17) 2.40(2) -24.78(8) 0.111(2) 

214,216, 

234 

n-

nonadecane 
755 304 101.6(179.61) 2.41(2) -25.03(8) 0.111(1) 

214,216, 

234 

n-eicosanej 768 310 103.1(180.94) 2.53(2) -25.18(6) 0.1090(12) 214,216 

potassium 2223a 336.65 -6.5(118.57) 1.2(2) -19.7(2) -0.045(15) 
69,235–

238 

sodium 2573a 370.944 -55(135.96) 1.95(5) -16.83(5) -0.146(7) 
69,235–

238 

tin 5809a 505.08 (94.12) 2.82(5) -19.8(2) -0.365(9) 
69,239–

241 

copper 5421a 1357.77 (612.30) 4.29(15) -18.484(14) 0.030(6) 
69,239, 

242 

iron 5966a 1811.15 (673.35) 12.2(2) -14.14(6) 0.111(6) 
69,243, 

244 

cobalt 5400a 1768.15 (476.20) 11(4) -11(1) 0.32(7) 
69,245, 

246 

aluminum 8550a 933.473 (410.66) 2.44(8) -10.56(15) 0.001(10) 
69,243, 

247 

cadmium 2960a 594.219 (170.52) 0.21(5) -18.632(10) 0.013(4) 
69,235, 

236,248 

thallium 2329a 577.15 (60.30) 2(4) -16(3) 0.10(13) 

69,236, 

245,249, 

250 

gallium 7620a 302.915 -131.2(8.69) 1.38(9) -21.2(8) -0.40(2) 

69,235, 

236,251, 

252 

indium 6730a 429.749 (53.69) 2.48(2) -25.2(2) -0.420(4) 
69,236, 

245,253 

mercury 1764.15a 234.321 42.3(176.39) 0.206(11) -14.94(5) -0.158(5) 

235,236, 

252,254–

256 

water 647 273.15 149.4(178.00) 2.326(11) -8.86(4) 0.035(7) 
135,252, 

257–259 

2-butanol 536 158.45 (57.51) 9.65(4) -5.1(2) 3.44(10) 260,261 

cyclo-

hexanol 
645 299.08 128 12(3) -5(10) 1.0(7) 

200,262, 

263 

ethylene 

glycol 
720 261 115 8.97(3) -0.03(2) 4.2(6) 

198,202, 

264 
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α-propylene 

glycol 
625 214 127 2.5(8) -24(3) 0.96(4) 

202,265, 

266 

benzene 564 278.65 (94.84) 3.34(9) -12.1(4) 0.105(4) 
252,267–

270 

toluene  593 177.9 96 2.89(3) -13.70(13) 0.024(7) 
51,267, 

271 

ethyl-

benzene 
617 177.8 88 2.31(6) -16.3(2) 0.207(5) 

202,214, 

272,273 

propyl-

benzene 
638.4 173 (94.44) 3.50(5) -13.9(2) 0.024(8) 214,274 

butyl-

benzene 
660.5 185.1 (106.23) 3.42(3) -14.96(12) 0.025(6) 214,275 

isopropyl-

benzene 
631.1 177.1 110(109.82) 3(3) -2(5) 1.3(5) 

27,137, 

276 

propylene 

carbonate 
762.7a 225 128 5.7(3) -0.14(15) 2.1(3) 

33,51,277,

278 

dimethoxy-

methane 
480.6 168 (154.92) 0.685(12) -20.09(8) 0.118(2) 202,279 

acetic acid 593 289.6 (108.14) 1(2) -25(7) 0.20(11) 202,280 

Octamethyl-

cyclotetra-

siloxane 

585.7 290 52(43.64) 8.2(3) -12.6(9) 0.05(3) 
202,281, 

282 

 

a.  Tc is from one of the references for the material. The Tc’s without this superscript are from 

the NIST website http://webbook.nist.gov/. 

b. When literature values are not available, or when literature reports are the fitted VFT T0 

values, values for TK or Tc were fitted, and are reported in ().  

c. In the columns of H*, S* and z parameters for crystallization and viscosity, the values in 

parentheses are the standard errors. 

d.  The v2ρ of o-cresol is used since its own v2ρ is unavailable. 

e.  v2ρ is approximated as the bulk modulus and is calculated with Young’s modulus (35.7 

GPa) and a Poisson’s ratio of 0.3. 

f.  Different fitted TK’s are used for crystallization (128.41K) and viscosity (487.40K), 

presumed to be a result of the change in structure from rings to chains in the liquid. 

g.  The averaged lattice constant is the average of the lattice constants of the other two 

polymorphs, since its own lattice constant is unavailable. 

h.  The v2ρ of OTP is used since its own v2ρ is unavailable. 

i.  Data and TZTc fit for crystallization is for isotactic polystyrene, while data and TZTrlx fit 

for viscosity is for atactic polystyrene.  

j.  The v2ρ of n-nonadecane since its own v2ρ is unavailable.
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Figure B.1. Experimentally measured viscosity data and fit to TZTrlx Equation (2.11) (solid 

lines) for materials described in this work.  (a) – (b) Viscosity of n-alkanes from methane to n-

eicosane, with the number of carbons marked next to the data of each alkane; (c) Viscosity of 

n-alkylbenzenes, with the name of each alkylbenzene marked next to its data; (d) – (q) Viscosity 

of materials that also have crystallization data reported in this work; (r) – (ac) Viscosity of 

metals; (ad) – (am) Viscosity of all other materials described in this work.
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Figure B.2. Rate of crystal growth, and glass to crystal formation for OTP and Salol. Data 

(symbols) are taken from references 121 and 146, and 122, respectively.  Crystallization data 

are fit using Equation (5.1), and literature reported Tm and TK data (blue line). APC fits (red 

line) utilize Hc*, Sc* and zc parameters from the bulk crystallization, as well as Tg = Tm APC 

values as the highest temperature for which the glass to crystal formation is observed, with TK’ 

as the only additional fitting parameter.  

 

 

 

 

 

 


