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ABSTRACT 

 
The glass transition (Tg) is an interesting but challenging problem.  Although this 

phenomenon has been studied for over half a century, Tg is still not well understood 

especially at the molecular level. One important feature which seems to be missing in the 

current understanding is its inherent heterogeneous dynamics.  The aim of this work is to 

study the Tg behavior under various conditions such as for material freeze-dried from 

dilute solutions, confined in nanopores, and blended with other components, and to 

examine the relation between the dynamic heterogeneity and the observed Tg behavior. 

Freeze-dried materials from dilute solutions show different Tg behavior from the bulk; 

however, the origin of the difference remains unclear.  In this work, the residual solvent 

effect on the calorimetric Tg of freeze-dried polystyrene is investigated.  A linear 

correlation is found between the Tg depression and the residual solvent concentration, in 

agreement with data in the literature, indicating that the Tg depression observed for 

polymers freeze dried from dilute solution is due to residual solvent.  

Confinement at the nanoscale is also found to affect the glass transition behavior.  

Two hydrogen-bonded liquids, glycerol and propylene glychol, confined in silanized and 

unsilanized nanopores are studied to elucidate the confinement effects on Tg.  Upon 

confinement, these two materials show similar behavior except that an additional Tg is 

observed for propylene glycol. We find that the confinement effects strongly depend on 

the competition between size effects and surface effects.  

Recently, a self-concentration model was proposed to predict the segmental dynamics 

of misicible polymer blends.  To test this model, in this work, the dynamic properties of 

athermal blends of poly(α-methyl styrene) with its oligomer is examined.  The effective 

 vii 
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Tgs of the components determined from the calorimetric transition can be described by 

the self-concentration model. However, the self-concentration value obtained is much 

lower than the theoretical prediction, indicating weak chain connectivity effects in the 

athermal mixture.  Moreover, compared to the pure materials, the blends exhibit 

considerably broadened transitions and depressed enthalpy overshoots, presumably 

resulting from their broader relaxation time distribution. 

In addition to studies dealing with confined or heterogeneous systems, calorimetric 

measurements of Tg and the limiting fictive temperature, Tf', as a function of cooling and 

heating rates are performed for a polystyrene to examine the relationship between the Tg 

and Tf' and to examine the conversion dependence of the apparent activation energy. 
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CHAPTER 1 

INTRODUCTION 

The glass transition (Tg) is an interesting but unresolved problem [1].  The physics of 

the glass transition have been studied for over a century; however, there is still much 

room to advance the knowledge of the phenomena especially at the micro- or nano- scale.  

One thing that seems to be missing in the current understanding is the inherent 

heterogeneous nature of dynamics [2,3].  Studies have shown that the so called dynamic 

heterogeneity changes with the surrounding environment of the materials including 

confined at the nanoscale. [4-6] The aim of this work is to study the Tg behavior under 

various conditions and to examine the relation between the dynamic heterogeneity and 

the observed Tg behavior. 

This dissertation consists of eight chapters. In Chapter 2, the general information on 

the glass transition and its behavior at the nanoscale is reviewed, then the concept of 

dynamic heterogeneity and the evidence of its existence are provided, and finally the 

general findings, issues, and proposed methods in three areas of interest are presented.  

Chapters 3-6 are journal manuscripts with each chapter including sub-sections such as 

background, methodology, results, and discussion.  Brief descriptions of the journal 

articles follow. 

Chapter 3 deals with the residual solvent effects on the glass transition temperature of 

freeze-dried materials.  Results show that the observed depression in Tg for freeze-dried 

materials from dilute solutions is due to the residual solvent remaining in the sample.  

This is the first study to show this, and it is important since freeze-drying is used by other 

researchers [7,8] to obtain "one-molecule" globules whose Tg depression is then related to 
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changes in entanglement concentration.  The work, entitled "Polystyrene Freeze Dried 

from Dilute Solution: Tg Depression and Residual Solvent Effects", has been published in 

Polymer. [9] 

The effects of nanoscale confinement on Tg behavior have been related to an intrinsic 

size effect, surface effects, and macroscopic confinement effects [10].  These three 

effects complicate the nano-confinement studies.  In Chapter 4 of this dissertation, the 

surface effects are amplified by confining hydrogen bonded liquids in unsilanized 

nanoporous glass and reduced by confining in silanized nanopores.  Through studying 

these two cases (silanized versus unsilanized), the interaction between the confined 

liquids and the confining media is found to strongly affect the Tg behavior.  The results 

are compared with other dynamic measurements and computer simulations. This is the 

first systematic calorimetric study ever performed on hydrogen-bonded liquids, which 

clearly shows the magnitude of surface interaction effects on the nano-confined Tg.  This 

work, entitled "Confinement Effects on the Glass Transition of Hydrogen Bonded 

Liquids", has been published in the Journal of Chemical Physics. [11] 

Recently, a self-concentration model [12] has been proposed to account for the local 

heterogeneity found in the miscible polymer blends.  This model is based on the idea of 

the chain connectivity: the local concentration of component A is higher than the average 

composition due to its chain nature.  In Chapter 5, the model is tested by investigating the 

dynamic properties of an athermal polymer blend consisting of polymer and its oligomers.  

The self-concentration model fails to predict the effective Tgs of the components and the 

best fit of the model yields an extremely low self-concentration value, indicating there are 

very weak chain connectivity effects in the athermal blends and the self-concentration is 
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not the cause for the increased heterogeneity.  Also, the dynamic properties of the blends 

are found to be dominated by the high mobility oligomers.  This work, entitled "The 

Glass Transition in Athermal Poly(α-Methyl Styrene)/Oligomer Blends", has been 

published in the Journal of  Polymer Science: Part B: Polymer Physics. [13]. 

In Chapter 6, calorimetric measurements of Tg and Tf' as a function of cooling and 

heating rates have been made to support other projects.  Two refereed journal articles 

have been published based in part on these measurements.  The first work [14] is a 

cooperative paper with P. Badrinarayanan and Q. X. Li on the "The Glass Transition 

Temperature Versus the Fictive Temperature", published in the Journal of Non-

Crystalline Solids; the second work [15] is a collaboration with P. Badrinarayanan on the 

"On the Validity of the Isoconversion Analysis for the Glass Transition", published in 

Thermochimica Acta.  

In Chapter 7, the conclusions of this work are provided.  Some recommendations for 

future work are suggested in Chapter 8.  
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CHAPTER 2 

BACKGROUND 

2.1 Glass transition temperature (Tg) 

From metals to polymers, various substances can form a glass on cooling. [1] One of 

the most important parameters to characterize a glass is the glass transition temperature, 

Tg. [1-3] Above Tg, the material is in equilibrium state, exhibiting rubbery-like or liquid 

properties; below Tg, the system becomes non-equilibrium and the material behaves as a 

hard solid.  [1-4] The transition temperature from the rubbery state to the glassy state is 

defined as the Tg.  Practically, to a large extent, Tg determines the temperature ranges a 

material can be used.  Fundamentally, understanding Tg is crucial in the study of the 

physics of the glassy state.  Although increased knowledge of Tg has been achieved, 

many questions still remain unanswered. 

The glass transition is a kinetic event [3,5].  The value of Tg not only depends on the 

physical parameters such as the molecular weight, plasticizer concentration, and its 

surroundings, but also varies with the experimental time scale. [3] Upon cooling, when 

the experimental time scale allowed is insufficient for molecules to rearrange themselves 

into equilibrium states, the dynamic slows down and glass starts to form. [1] Therefore, 

with shorter time scales, glass transition occurs at higher temperatures.  For example, 

Kovas [6] demonstrates that Tg increases with increasing the measurement time scale, or 

decreasing the cooling rate.  

The time dependence of Tg can also be understood by considering the relaxation of 

materials near Tg. Assuming there is a single relaxation time τ at a given temperature T, 

6 
 



                                                                  Texas Tech University, Wei Zheng, August 2008 

when the time scale of the measurements is longer than τ, molecules can fully relax 

exhibiting liquid properties.  Otherwise, for short time no significant relaxation can occur, 

and hence the material shows glass-like.  In fact, at a certain temperature, there is a 

distribution of relaxation times, and the relaxation follows the so called stretched 

exponential function or Kohlrausch-Williams-Watts (KWW)[7,8] function: 

                                                   
β

τ
φφ ⎟

⎠
⎞

⎜
⎝
⎛=

tt exp)( 0                                                      (2.1) 

where φ (t) is the relaxation of a special properties as a function of time t and β is the 

relaxation time distribution parameter.  For β = 1, the decay is simple exponential and is 

described by only one relaxation time. For β < 1, the decay is non-exponential or 

stretched, which is typical for glass-forming materials.  Smaller values of the β parameter 

(between 0 and 1) indicate a broadening of the distribution of relaxation times and a more 

heterogeneous dynamics [9].   

Although the time scale of the glass transition is well studied, the length scale 

associated with the transition is still a puzzle.  Based on the Adam and Gibbs' 

cooperatively rearranging region (CRR) concept [10], the size of the CRR is estimated to 

be only few nanometers [11-13].  These findings stimulated interest in Tg behavior at the 

nanoscale, and a large body of research has been performed in this area [14].  We will 

explore this subject further in the following sections of this chapter.  First, however, we 

briefly review the current techniques used to measure Tg and the theoretical approaches 

developed to describe this phenomenon.  

Tg is generally determined from two main types of experiments: thermodynamic 

versus dynamic measurements. [14] The former measure a thermodynamic property such 

as enthalpy or volume as a function of temperature, and frequently used techniques 
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include differential scanning calorimetry (DSC), dilotometry, lateral force microscopy, 

and eillopsometry.  Dynamic measurements, on the other hand, generally measure the 

viscosity or relaxation time as a function of temperature or frequency using techniques, 

such as dielectric spectroscopy, nuclear magnetic resonance, solvation dynamics, and 

neutron scattering.  In this work, Tg is primarily determined from DSC measurements and 

the details of this technique follow. 

DSC measures the heat flow of a material as a function of temperature. [15] At Tg, a 

step change in the heat capacity results in a jump in the heat flow, and Tg is defined as the 

temperature on cooling where the heat capacity change of the system is half of the total 

change in the transition [16].  Theoretically, Tg can only be measured on cooling [17]; 

however, due to historical difficulties in calibration and control of the instrument during 

cooling, measurements performed on cooling are rare [18,19], and Tg is frequently 

estimated from the limiting fictive temperature, Tf', obtained on heating [19-23].  Tf' can 

be found by integrating the heat flow curve and then extrapolating the liquid line to the 

glassy line, a procedure consistent with the method proposed by Moynihan et al [24]: 

                                                                           (2.2) ∫∫
>>

<<

>>

−=−
g

g

g

f

TT

TT
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TT
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where Cpl and Cpg are the constant pressure heat capacities for the liquid and the glass, 

respectively, and Cp is the apparent heat capacity measured by DSC.  Theoretically, Tf' is 

considered to be a good estimate of Tg at the same cooling rate [19,20].  The comparison 

between Tg and Tf' is an interesting subject, and work on this study is presented in 

Chapter 6.     

Theoretically, two main models have been developed to explain the glass transition 

phenomenon: the Gibbs-DiMarzio configurational-entropy theory [25-27] and the free-
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volume concept [28,29].  Both models can explain the dramatic reduction of the 

molecular mobility upon decreasing the temperature and are able to resolve the well- 

known Kauzmann paradox [30]. The difference is the entropy model focuses more on the 

thermodynamic aspects whereas the free-volume emphasizes the kinetic nature of the 

glass transition. 

The Gibbs-DiMarzio theory [25-27] uses the Flory-Huggins lattice model [31,32] to 

calculate the configuration entropy of the system and predicts that the entropy decreases 

with decreasing the temperature.  At temperature T2, lower than the experimentally 

observed Tg, the configurational entropy first becomes zero.  T2 is defined as the true 

thermodynamic glass transition, and in experiments of long time scale, T2 is expected to 

be equivalent to Tg.  The Gibbs-DiMarzio model offers good predictions of the 

dependence of Tg on numerous variables such as the crosslinking density, dilute 

concentration, and molecular weight. [3] More importantly, the theory leads to the 

generation of the Adam-Gibbs [10] CRR concept, which postulates that the glass 

transition is a cooperative motion and the configuration entropy determines its structure 

relaxation rate.  However, in spite of the long debate regarding whether the glass 

transition is a true second-order thermodynamic transition or a purely kinetic event, 

Huang and co-workers [33] found equilibrium heat capacity for poly(α-methyl styrene) at 

temperatures 130 K lower than the Kauzmann temperature, indicating no second-order 

transition exists. 

The free-volume [28,29] approach assumes the molecular motion is controlled by the 

free volume, or a part of the excess volume, which is temperature dependent and is 

distributed randomly.  The glass transition is the result of the decrease of the free volume 
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with decreasing temperature.  At Tg, the fraction of the free volume to the specific 

volume is around 0.025. [34] Below Tg, no further molecular rearrangement is reached 

and the mobility of the molecules is frozen-in.  The free volume concept is also well 

adapted to describe the melt behavior of polymers.  One example is the development of 

the well-known Williams-Landel-Ferry model [34], which has been shown to 

successfully describe the temperature and pressure dependence of the viscoelasticity of a 

series of rubbers [35].  However, arguments exist: for instance, a constant free-volume 

fraction sometimes does not give a constant viscosity [36,37], and much of the arguments 

are suggested to result from the difficulty in defining the free volume [28]. 

2.2 Glass transition behavior at the nanoscale 

Returning to the length scale controlling the glass transition, Adam and Gibbs [10] 

assume that the length scale is inversely proportional to the system's entropy.  In other 

words, the length scale is expected to increase with decreasing the temperature.  

Simulation results [13] also support the ideal of a dynamic length scale, and the length is 

estimated to be a few nm in the vicinity of Tg [11-13].  However, direct experimental 

evidence is lacking.  One method proposed to investigate this matter is to study the 

dynamic properties of materials confined to geometries of few nanometer.  Deviation 

from the bulk behavior should be observed when the length scale reaches the size of the 

confining geometry.  

Tg at the nanoscale has been extensively studied, and the experimental details have 

been summarized in two recent reviews written by McKenna et al. [14] and Alba-

Simionesco et al. [38], respectively.  The materials investigated range from small 

inorganic molecules such as hydrogen [39] and water [40], simple glass formers like 
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benzyl alcohol [41], to long-chain polymers [42,43], copolymers [44,45], and even 

polymer  solutions [46] .  Media used to confine these materials include silica nanoporous 

glass [39-41,46], alumina membranes [44,45] or Zeolites [47], and ultrathin films [42,43].  

The size of these media ranges from few angstroms to tenths of a micrometer depending 

on the molecular size of the confined materials. [14,38] Experimental techniques consist 

of both dynamic measurements and thermodynamic measurements [14], as previously 

mentioned.   

The results obtained seem to be contradictory: Tg is found to increase, decrease, remain 

the same, or even disappear depending in a complex way on the material, confining 

media, experimental technique, and even on the research group. [14,38] For example, 

freely-standing polystyrene ultrathin films show up to 70 K depression in Tg [48] whereas 

the same material only exhibits few Kelvin decrease or increase in Tg when supported on 

different substrates or in nanopores [46,49-51].  A leading explanation is that for ultrathin 

films the confinement effects on Tg consists of two opposite effects:  a liquid layer at the 

polymer-air surface [48,52-54] and the interaction between the polymer and the 

substrates [55,56]; whether the Tg is depressed or increased depends on which of these 

two effects dominates the system [53,55].  Similarly, hydrogen-bonded liquid propylene 

glycol confined in unsilanized nanoporous glass shows slower relaxation than in silanized 

pores since the hygrogen interaction is stronger in the unsilianized pores. [57-59] 

However, inconsistent observations still exist: for instance, propylene glycol confined in 

unsilanized nanopores is found to have an increased Tg in solvation dynamics 

experiments by Richert [60] and dielectric measurements by Kremer [61] but to have a 
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depressed Tg in dielectric measurements as well as thermally stimulated depolarization 

currents techniques by Pissis et al [62]. 

Various explanations have been proposed, but the confinement effects on Tg are not 

understood. [14] Considering the configurational entropy theory [25-27], Tg of confined 

material should increase since the entropy of the system is depressed upon confinement.  

However, as mentioned above, an increase in Tg is not the sole observation; instead, 

decreases in Tg have also been reported.  To understand the decrease in Tg, the idea of a 

lower density for the confined material has also suggested.  Note that if the density 

becomes lower, both the entropy model [25-27] and the free-volume concept [28,29] 

would predict a reduced Tg.  However, the neutron scattering studies performed by Alba-

Simionesco and co-workers [63] indicate no obvious relation between the change in Tg 

and the density of the confined material.  At room temperature for toluene, confined in 

3.5 and 4.7 nm pores, a bulk density and a bulk Tg were found; for the toluene confined 

in 2.4 nm pores, a lower density and an increased Tg were observed, which is the opposite 

of what is predicted from both the entropy and free-volume models.   

Surface effects have also been considered to be important. [14] At the nanoscale, the 

ratio of the surface area to the volume becomes large and therefore, the surface effects are 

thought to be significant in affecting the Tg behavior.  Especially for polymer ultrathin 

films, a free surface or a mobile liquid surface layer has been suggested to be a leading 

cause for the observed Tg depression. [48,52-54] Recently, Simon and co-workers [51] 

studied stacked polystyrene films.  The sample consists of more than 200 single ultrathin 

polystyrene films.  The sample shows a depression in Tg and the depression increases 

with decreases the film thickness, as expected.  Interestingly, the thickness dependences 
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of the reduction in Tg as well as the activation energy associated with the Tg are similar to 

what is found for supported single ultrathin films.  These results indicate that the liquid 

surface layer cannot be the cause of the observed reduction in Tg since for stacked films 

the surface layer is insignificant.   

Other factors such as the negative hydrostatic pressure [64, 65] have also been studied, 

but the confinement effects on Tg at the nanoscale is still unknown.  One important 

feature which is not accounted in these explanations is the heterogeneous nature of the 

dynamic close to Tg [66,67], and this issue will be discussed in the next section. 

2.3 Dynamic Heterogeneity  

Figure 2.1: Schematic of homogeneous versus 
heterogeneous dynamics; after Richert [70]. 

Most glass-forming materials exhibit stretched nonexponential 

α relaxations, and this nonexponential behavior is found to be an 

ensemble average of many individual relaxations [68,69].  As 

schematically indicated in Figure 2.1, where two extreme cases are 

shown, the nonexponetial relaxation can either be due to the 

spatially heterogeneous dynamic or homogeneous 

dynamics.  [70] In the homogeneous case, relaxations 

in different regions follow the same stretched exponential decay.  In the heterogeneous 

case, each relaxation is associated with purely the exponentially dynamic, but with a 

spatially varying time constant, indicating regions of high and low mobility.  This spatial 

variation of mobility gives rise to the notion of dynamic heterogeneity.  

The existence of dynamic heterogeneity has been demonstrated in a number of 

experimental studies [66,67,71-78]. For example, Spiess and collaborators [72,73] 
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through NMR experiments observed the coexistence of 3 nm domains of slow dynamics 

and fast dynamics.  Molecular probe studies performed by Ediger et al. [76,77] also 

support the dynamic heterogeneity concept.  Ediger and co-workers [76,77] measured the 

translational and rotational diffusion coefficients of small rigid molecule (probe) in a 

polymer matrix at temperatures around Tg and found that the translation and rotation 

show different temperature dependences.  The observation indicates spatially 

heterogeneous dynamics near Tg based on the fact that probe rotation are dominated by 

the dynamics of slowly relaxing regions while translation are heavily influenced by the 

more mobile regions.  In addition, Chamberlin et al. [78] using spectral hole burning 

observed that in the vicinity of Tg the nonexponential response of supercoled liquids can 

be selectively altered; Richert [66,74] through solvation dynamics measurements found a 

maximum in the linewidth of the emission spectra instead of a constant linewidth, which 

is typical for homogeneous systems.  Both observations were interpreted as indications of 

heterogeneous nature of the dynamics. [66,74,78]  Apart from the experimental work, 

computer simulations [79,80] also provide evidence of the existence of local 

heterogeneity, i.e. fastest/lowest particles distributed extremely heterogeneously in the 

sample [79].   

Although the existence of dynamic heterogeneity is well established, its special length 

scale and time scale are not well characterized.  The domain size is estimated to be in the 

order of 1 to 3 nm, equal or slightly larger than the corresponding cooperativity lengh 

scale of CRR. [11,69] The exchange time between the domains is equal to the a 

relaxation time at temperatures about 10 K or so above Tg but increase dramatically at 

temperature near Tg compared to the relaxation time. [81,82] However, our aim is not to 
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study the origin of the dynamic heterogeneity; instead, we interest in how the 

heterogeneity changes, for example, at the nanoscale and with blending, and how the 

heterogeneity affects the Tg behavior under these conditions.  

Upon confinement to the nanoscale, the underling dynamic heterogeneity is found to 

vary.  Torkelson and coworkers [83] found that the relaxation spectrum become 

broadened with decreasing film thickness in ultrathin films using second harmonic 

generation.  The broadening of the relaxation suggests a lower β value of the KWW [7,8] 

function and, therefore, indicates an increased heterogeneity according to Ediger's 

observation [9,75].  Similarly, a broadened Tg has also been found for confined glass-

forming liquids in nanoporous glass [14,38].  The broadening is either interpreted to 

result from the interaction between the confined materials and the confining media, or 

simply to reflect the broadened distribution of relaxation times. [14,38]  Along with the 

broadening of Tg, Richert at al. [84,85] using solvation dynamics techniques 

demonstrated that the dynamic heterogeneity of confined liquids is affected by boundary 

or finite-size effects.  Along the same lines, a broadened Tg was also reported for freeze-

dried materials [86,87] and misicible polymer blends [88-90].  The local heterogeneity, or 

variant compositon is widely accepted to be the cause for the observed broadening of Tg 

for misible polymer blends [89,90].  These findings all indicate that the dynamic 

heterogeneity of materials changes with their environment and is influenced by 

confinement in nanopores, freeze-drying from dilute solutions, or blending with other 

components.   

The objective of our work is to study the Tg behavior of materials confined in 

nanoporous glass, freeze-dried from dilute solution, and blended with other materials, and 
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to examine how the changed heterogeneity affects the Tg behavior.  In the following three 

sections, we will elaborate on the advantages or special features of these systems, the 

general results reported in literature, the issues with current findings and the methodology 

proposed in this work to resolve these issues.     

2.4 Tg of freeze-dried materials from dilute solution 

The freeze drying technique, when used on dilute polymer solutions, is expected to 

prepare "single" chain particles. [87] During the freeze-drying process, a very dilute 

solution of polymer is rapidly frozen, and then the solvent is sublimed off. [21,22,91] The 

concentration used generally is at least one magnitude more dilute than the critical 

concentration for chain overlap.  Due to the slow relaxation at the low temperature, the 

polymer chain is expected to remain separated as in the dilute solution.  [21,22,91] 

Although some researchers argue that the freeze-drying procedure may, in fact, lead to 

the collapse of these single chains [92], the conformation of the freeze-dried material is 

still expected to be different from their bulk state.   

The Tg of freeze-dried materials have been widely investigated.  A great number of 

reports have been published in the past decade or so.  However, inconsistencies or 

problems exist. [21,22,86,87,93-95] Upon freeze drying from dilute solution, Tg is often 

observed to be depressed, but the magnitude of the depression varies dramatically even 

for the same material, 2 to 64 K for polystyrene [21,22,86,87].  Also, although the 

depressed Tg can be recovered to its bulk value the annealing time required differs.  For 

example, Xue and coworkers [86,87] observe a 40 K depression in Tg for freeze-dried 

polystyrene; their depression decreases with increasing the number of heating scans, and 

after three repeated runs, Tg of the freeze-dried material becomes similar to its bulk.  
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However, Simon and co-workers [21,22] only found 2 to 15 K reductions for the same 

freeze-dried polystyrene, but the recovery process was estimated to be on the order of 

days even at 150 oC.  On the other hand, Braun and Kovacs [93] observed no Tg 

depression for freeze-dried polystyrene from dilute solution, but Xue and co-workers 

[94,95] found a 12 K increase in Tg for polyacrylamide prepared similarly from water 

solution.   

Various factors have been considered to explain the observed changes in Tg such as 

the high surface to volume ratio or lower density [86], a change in specific structure or 

chain conformation during preparation [87], stresses incurred due to freeze drying [21], 

and a reduction of entanglements [95].  Still, the origin for the changes in Tg upon freeze-

drying is not fully understood. 

One issue with the current work is that complete solvent removal during the freeze-

drying seems not ensured.  Ideally, after freeze-drying procedure, the solvent should be 

completely removed.  However, in reality, the removal of solvent is hard to accomplish. 

[23] Although, in most of reports, attention was given to the solvent removal step, such as 

vacuuming the sample for a long time before use [86,87], whether the vacuuming is 

enough is questionable.  Only Simon and coworkers [21,22] performed the 

thermogravimetric analysis (TGA) on the samples after preparation at temperatures above 

Tg to ensure no solvent remained.  However, one problem with the experiment is at this 

temperature the fluffy freeze-dried materials become compacted and, therefore, the 

diffusion length scales increase dramatically, making the diffusion of the solvent out of 

the sample far more difficult.  [23] Furthermore, based on the Fox [96] equation, even 

small trace of solvent remained could lead to large reductions in Tg of the polymer.  For 
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example, Tg of benzene, a frequently used freeze-drying solvent, is only 131 K [97]; 

therefore, 2 wt% benzene in polystyrene can result in a 15 K depression in Tg of the 

freeze-dried material.  Whether the residual solvent is an issue will be tested in this work. 

We plan to perform our studies as follows.  First, freeze-dried material will be 

prepared using the general method reported in the literature and will be annealed at 

different temperatures under high vacuum.  Second, Tg and the weight of the sample will 

be measured before the annealing and after.  The relationship between the Tg and sample 

weight loss if it occurs will be plotted and compared to the prediction of the Fox equation.  

Third, in order to examine the solution concentration effects, these experiments will also 

be performed as a function of the freeze-drying solution concentration.  Chapter 3 details 

the results of these studies. 

2.5 Tg of confined hydrogen-bonded liquids in nonpores 

As mentioned previously, various confined systems in nanoscale geometries have 

been studied to elucidate the confinement effects on the glass transition as well as the 

physics of the glass transition itself.  One typical system is hydrogen bonded glass-

forming liquids confined in Vycor or Gelsil sol-gel nanoporous glasses [14].  This type of 

system offers several important advantages.  First, materials confined in the nanopore are 

at their equilibrium state, unlike the ultrathin films which have an inherently non-

equilibrium structure resulting from their preparation process [14].  Second, the confining 

nanoporous glasses are transparent, facilitating optical and probe measurements.  Third, 

and most important, the surface interaction between the glass-forming liquids and the 

pore wall can be easily varied by simply modifying the surface properties of the 

nanopores to make them hydrophobic or hydrophilic. [98] As pointed out by McKenna 
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[14], the effects of confinement at the nanoscale on the glass transition are related to an 

intrinsic size effect, interfacial or surface effects, and macroscopic confinement effects.  

Therefore, variation of the surface offers a possibility to separate these effects and , 

therefore, facilitate our understanding of the glass transition at the nanoscale. 

Hydrogen bonded glass-forming materials confined to the nanosize pores have been 

extensively studied using various dynamic techniques including dielectric spectroscopy, 

NMR, dynamic light scattering, solvation dynamics, and thermally stimulated 

depolarization current methods (TSDC). [14] These techniques measure the relaxations 

time of the bulk and confined material as a function temperature.  The dependence of the 

relaxation time τ with temperature T generally follows the empirical Vogel-Fulcher-

Tammann (VFT) relation [99-101]:  

                                                    ⎟⎟
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where τ 0 represents a microscopic relaxation time; B is an activation parameter ;T0 is 

approximately equal to Tg-50 K for polymer.  The α-relaxation for bulk materials is well 

described by the relationship.  A change in temperature dependence of the dynamics may 

lead to a change in the Tg, which is generally defined as the temperature at which a 

certain relaxation time or frequency is reached, such as 100 s or 10-2 Hz. 

Results obtained from these dynamic measurements clearly show that the dynamics 

of the Tg is affected by the confinements. [14] Most hydrogen-bonded liquids confined in 

both unsilanized and silanized pores show broadened transitions upon confinement [14, 

98] although a few show a narrow transition when confined in silanized pores [98,102].  

The change in the breadth of the transition indicates a change in the underline 
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heterogeneity.  Also, the heterogenty is found to increase, as indicated in the increase in 

the breath of the transition, with decreasing the confining pores sizes [103].  However, 

how the varied heterogeneity affects the Tg behavior is not clear.  This might be partially 

due to the fact that no agreement has been reached regarding the absolute magnitude of 

the changes in Tg for confined hydrogen-bonded materials in nanopores. [14] 

Dynamic measurements show that upon confinement, Tg of hydrogen bonded 

materials generally increases or remains unchanged although the details of the results 

may differ slightly among research groups. [14] Also, upon confinement, two Tgs are 

found for a series of hydrogen bonded liquids, such as propylene glycol [60-62,103] and 

its oligomers [104,105].  These observations are attributed to the surface interaction 

between the liquids and the pore surface [60,62].  However, for hydrogen-bonded liquids 

confined in nanoporous glasses, Tg is generally observed to be depressed in the 

calorimetric studies, and two Tgs are not reported. [14] Note that in calorimetric 

measurements, to the best of the author's knowledge, two Tgs were found only for 

polystyrene solution in orth-terphenol confined in controlled porous glass [106].  The 

discrepancy might be due to the techniques used or due to differences in confining 

materials.  As pointed out by Forrest et al. [107] and earlier by Moynihan [108], different 

techniques may measure different dynamics.   

Therefore, this work aims to use DSC to study two similar systems, glycerol and 

propylene glycol confined in nanoporous glasses, both of which have been extensively 

investigated using dynamic measurements [60-62, 103,109,110].  Considering the 

molecular size of these liquids is only a few nanometers, small pore sizes ranging from 

2.5 to 7.5 nm are used to confine these materials.  Also, in order to vary the surface 
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interactions, both silanized (hydrophilic) and unsilanized (hydrophobic) nanoporous 

glasses are employed.  Chapter 4 details the results obtained from the calorimetric studies 

and their comparison to previous dynamic measurements. 

2.6 Dynamic Properties of Athermal Polymer Blend 

The dynamic properties of miscible polymer blends have been widely investigated in 

recent years due to their promising applications in industry as well as their significance in 

understanding the physics of polymeric materials.  The main observations for miscible 

blends include a broadened Tg [89,90], two distinct segmental relaxations [111-112], and 

a failure of the time-temperature superposition principle [111,113].  To explain these 

observations, the ideal of local heterogeneity, or variant local composition, has been 

proposed, and the local heterogeneity is attributed to two effects: the effects of 

concentration fluctuations [114,115] and the self-concentration effects due to chain 

connectivity [116,117]. 

Concentration fluctuations were invoked in early work by Buchdahl and Nielsen [118] 

to explain the broadening of the dispersion region, or glass transition, observed for 

polymeric systems and this idea has more recently been quantitatively developed by 

Fisher and Zetsche [114].  The basic idea is that the local heterogeneous composition is 

driven by the thermodynamically induced fluctuations.  The fluctuations create a range of 

environments that are sampled by the segment of interest, and therefore, results in a 

distribution of segmental relaxation rates.  This model is adapted to describe the 

segmental dynamics of several blends [119]; however, one primary criticism is that, at 

the nanoscale, the concentration fluctuations should not vary significant with the 

macroscopic thermodynamics of the blends [120]. 
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Based on the criticism, Lodge and McLeish [116] ignore the concentration fluctuation 

effects in miscible blends and propose a self-concentration model to predict the 

segmental dynamics of each component.  This model assumes that, the cooperative 

volume of the segmental relaxation is controlled by the Kuhn length (Ik) of the chain, 

independent of the temperature, and within the Kuhn volume, the effective concentration 

(φeff) of a segment is higher than the mean composition (φ) of the segment in the blend 

due to the effect of chain connectivity: 

                                                   φeff = φ + (1- φs) φ                                                   (2.4) 

where φs is the self-concentration of the component, which is suggested to be related to 

the Kuhn length:   
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 where C∞ is the characteristic ratio, M0 is the repeat unit molar mass, k is the number of 

backbone bonds per repeat unit, and ρ is the density.  The effective Tgs of the blend 

components can be estimated from the Fox equation [96] given the effective 

concentration φeff: 
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where Tg,A and Tg,B are the TB gs of the pure components A and B, respectively.   

The Lodge-McLeish model has been widely used to predict the segmental relaxations 

of various miscible polymer blends. [121-124] The general issue is the self-concentration 

value obtained from the best fits differs from the theoretical prediction based on the Kuhn 

length, and often the self-concentration is found to depend on the temperature, indicating 
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a dynamic length scale governing the segmental relaxation.  The problem of the length 

scale was verified in the dynamic simulation work by Maranas [121] and in the modeling 

work on various blends by Kumar [122] and Colmenero [117].  Also, Ediger et al. [123] 

used the Lodge and McLeish model to analyze segmental dynamics of a series of 

miscible polymer blends.  The self-concentation value obtained varies between different 

systems; for deuterated short-chain polystyrene blended with long chain polystyrene, a 

very low self-concentration is found, 0.14 compared to a theoretical value of 0.45.  The 

results seem to indicate that, in fact, the self-concentration not only depends on the chain 

connectivity but also on the interactions between the components.   

To examine this idea and to test the Lodge-McLeish model, we propose to study an 

athermal system consisting of a polymer blended with its oligomer.  There are several 

reasons for choosing the athermal blends.  First, the interaction parameter interaction 

parameter χ = 0, which is the basic assumption of Lodge-McLeish model.  Second of all, 

the self-concentration of the two components may be same, considering the identical 

chemical structures of these two components.  Third, the glass transition of the polymer 

and oligomer can be easily varied by more than 100 K, increasing the heterogeneity of 

the blend and magnifying the blending effects.  Fourth, and most important, according to 

Kumar's simulation [120,124] results, the existence of the short chain oligomer will 

minimize the concentration fluctuation of the system, which makes the athermal blends a 

better choice for testing the self-concentration effects on the segmental dynamics.  

Chapter 5 details the results of our work on athermal blends to test the Lodge-McLeish 

model. 
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In this chapter, the dynamics of glass transition, its heterogeneous nature, and its 

behavior under various conditions are briefly reviewed.  It is obvious that the underlying 

heterogeneity affects the glass transition but the relation between them remains elusive.  

In the following Chapters 3,4, and 5, this matter is further explored by studying  the Tg 

behavior of materials freeze-dried from dilute solution, confined in nanoporous glass, and 

blended with other materials, respectively.  In addition, in Chapter 6, other issues about 

the glass transition are also examined including the relationship between the Tg and Tf' 

and the conversion dependence of the apparent activation energy.  In each chapter, 

besides the general background and methodology information, the results obtained are 

presented, and their implications are discussed.
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CHAPTER 3 

POLYSTYRENE FREEZE DRIED FROM DILUTE SOLUTION:   
TG DEPRESSION AND RESIDUAL SOLVENT EFFECTS 

 

3.1 Introduction 

The glass transition of amorphous materials has been extensively studied by a number 

of research groups but it has not yet been fully understood.  Materials confined at the 

nanoscale, such as in polymer thin films or confined in the nanopores of controlled pore 

or sol-gel glasses, show behavior that differs from the bulk. [1] Amorphous polymers 

freeze dried from dilute solutions have also been reported to show changes in the glass 

transition temperature, Tg [2-14].  It was originally speculated that depressions in Tg in 

polymer thin films and in freeze-dried polymers from dilute solutions were related [4,5].  

However, in the present work which is aimed at understanding the origin of the Tg
 

depression in freeze-dried materials, we show that this is not the case.  Rather, we present 

evidence that the Tg depression in polymers freeze dried from dilute solution is simply 

due to the presence of residual solvent causing the well-known plasticization effect.  The 

result has important implications for the majority of the work on polymers freeze-dried 

from dilute solutions since freeze-drying is generally accomplished at low temperatures 

and removal of residual solvent is attempted, if at all, at temperatures far below Tg where 

we show that complete solvent removal does not occur. 

The paper is organized as follows.  We first briefly review the background literature, 

we then report our experimental methodology and our results. This is followed by a 

discussion and a conclusion. 

 

35 
 



                                                                  Texas Tech University, Wei Zheng, August 2008 

3.2 Background 

The magnitude of the change in Tg upon freeze drying from dilute solution depends 

on the details of sample preparation and the sample itself [2-9].  For example, very large 

Tg depressions, 40 to 64 K, are reported for polystyrene freeze dried from dilute 

cyclohexane solutions [2,3], whereas depressions of between 2 and 15 K have been 

reported for various polystyrenes freeze dried from dilute benzene solutions. [4,5,6]  In 

related work, rapid vaporization of solvent from dilute polymer solutions has also 

resulted in the depression of Tg for various polymers. [10,11]   It is found that no 

depression in Tg occurs for polymer concentrations greater than a critical value (ca. 1 x 

10-3 g/ml for polystyrene) and that depressions increase as the polymer concentration 

decreases [6,9,10,11]; for example, in the early work of Braun and Kovacs, no Tg 

depression is reported for polystyrene freeze dried from a 1 % solution in benzene [15].  

Although a depression in Tg upon freeze drying from dilute solution is the general result, 

an increase in Tg upon freeze drying from dilute solution is observed [12,13] for 

polyacrylamide which has strong hydrogen bonding.   

The cause of the change in Tg from the bulk value upon freeze drying, or other rapid 

drying techniques, from dilute solution has not been understood although many 

explanations have been proposed, such as the high surface to volume ratio or lower 

density [2,14], a change in specific structure or chain conformation during preparation 

[3,6], and stresses incurred due to freeze drying [4].  A reduction of entanglements is also 

thought to result from freeze drying from dilute solution [4,16,17] although there is 

contradictory evidence that significant chain interpenetration exists [18,19]; in any case, 

evidence suggests that reduction of entanglements is not the cause of the Tg depression in 
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either freeze-dried materials [4,5] or in thin films [20-22], in spite of recent works which 

make claims to the contrary [6,8,13].    

Ideally, the freeze-drying process should consist of rapid solidification [18] such that 

entanglement density and chain interpenetration are similar to the dilute solution state, 

and the process should result in complete solvent sublimation.  In reality, the former is 

difficult to accomplish [18], and we suggest here that complete solvent removal is also 

difficult to achieve.  As part of our continuing work on the Tg depression in freeze-dried 

polystyrene, we were interested in obtaining larger Tg depressions than those obtained in 

our prior work [4,5] where we freeze dried  polystyrene from dilute benzene solutions; to 

this end, we attempted to prepare polystyrene freeze dried from dilute hexane solutions 

following the work of Xue and coworkers [2,3].  However, we were unable to prepare 

such materials without observing a melting peak for hexane in the DSC scans.  This led 

us to question the role of residual solvent in our initial work [4,5].  Although care was 

taken in that work to ensure that no residual solvent was present by performing 

thermogravimetric analysis (TGA), we show here that performing TGA at high 

temperatures above Tg does not ensure complete removal of solvent since the diffusion 

length scales increase dramatically upon compaction due to flow above Tg of the initially 

powdery freeze-dried sample.  Therefore, the purpose of this work is i) to investigate the 

effect of residual solvent on the glass transition of freeze-dried material by measuring the 

glass transition temperature as a function of the weight loss incurred during annealing 

under vacuum at temperatures both above and below the Tg of the bulk material and ii) to 

examine the effects of temperature on residual solvent removal under high vacuum.  We 

performed these experiments as a function of the freeze-drying solution concentration.   
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3.3 Experimental 

3.3.1 Materials  

A high molecular weight linear polystyrene (PS), Dylene 8 from Arco Polymers, a 

low molecular weight linear polystyrene (PS-3680) from Aldrich Chem. Co., and a cyclic 

polystyrene (c-PS), c-PS 2590[5], synthesized at the Institute Charles Sadron (ICS) and 

refractionated in the laboratories of D. J. Plazek at the University of Pittsburgh were 

studied.  The properties of the materials are tabulated in Table 3.1.  For freeze-dried 

samples, dilute solutions of 0.10%, 0.05%, and 0.02% polymer by weight in benzene 

(99.9 + % purity, HPLC grade, from Aldrich Chem. Co.) were prepared and allowed to 

equilibrate for at least three days before use.  The freeze-drying process was performed as 

follows.  First, either 25 ml or 80 ml of the dilute polystyrene solution was slowly 

injected on the walls of a prechilled 600 ml vial while the vial was immersed in liquid 

nitrogen; the frozen solution was kept in liquid nitrogen for another 15 min.  A vacuum 

(0.05 torr) was then applied to the sample in the vial to sublime off the benzene.  During 

the first 10 hr when most of the solvent was pumped out, the sample temperature was 

maintained between -15 and -10 ˚C.  Then the sample temperature was increased to room 

temperature and the sample exposed to vacuum (0.05 torr) for an additional 20 hr.  We 

note that two additional days of pumping at room temperature and 0.05 torr did not 

change the Tg of the sample and hence, presumably, the residual solvent concentration.   

For Dylene 8, nine batches were prepared from 80 ml 0.10% solutions, two batches 

from 25 ml 0.10% solutions, one batch from 80 ml 0.05% solution, and six batches from 

80 ml 0.02% solution.  There is good reproducibility between these batches as indicated 

by a difference of 0.30 ± 0.14 K in Tg of the former nine batches, 0.30 K in Tg for 
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samples taken from each of the 25 ml solution batches, and 1.42 ± 0.62 K for the 0.02% 

solution batches.  For the low molecular weight linear polystyrene, one batch was 

prepared from 80 ml 0.02 % solution.  For the cyclic polystyrene, one batch was prepared 

from 80 ml 0.10% solution. 

To remove any adventitious moisture from the bulk sample, it was annealed for 5 hr 

at 150 ˚C under vacuum at 0.05 torr prior to Tg measurements; a weight loss of 0.23% 

accompanied this annealing. 

3.3.2 Measurements of Residual Solvent 

To determine the amount and effects of what is presumably residual solvent, freeze-

dried samples were weighed before and after annealing under vacuum at various 

temperatures ranging from 40 to 140 ˚C and 0.05 torr for times ranging from 1.5 min to 

24 hr; Tg was also measured as a function of annealing conditions as described below.  

To determine the total amount of residual solvent in each sample, weight loss was 

measured after annealing under vacuum at 0.05 torr for 1 hr at 100 ˚C (70 ˚C for the low 

molecular weight linear polystyrene due to its reduced Tg) and 1 hour at 140 ˚C with a  

ramp of approximately 3 ˚C/min between 100 ˚C (70 ˚C) and 140  ˚C; we show later that 

this procedure results in Tg reverting back to the bulk value.   A Mettler AE240 

microbalance was used to measure weight loss, and sample sizes varied from 10 mg to 25 

mg.  The temperature at which the vacuum was applied was controlled by placing the 

sample inside a glass vial immersed in a high precision oil bath from Hart Scientific 

whose absolute temperature is known to ± 0.01 K.  In addition, thermogravimetric 

analysis (TGA) runs were also performed under nitrogen atmosphere at various 

isothermal temperatures ranging from 40 to 150 ˚C for the freeze-dried materials.  The 
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temperature of the TGA was calibrated using Alumel, which has a magnetic transition at 

154 ˚C.  

3.3.3 DSC Measurements 

Differential scanning calorimetry (DSC) was performed on the samples after freeze 

drying and after subsequent annealing/vacuum treatments using a Perkin Elmer DSC 7 

with an ethylene glycol cooling system maintained at 15 ˚C.  The runs were made under 

nitrogen atmosphere.   Sample sizes varied from 1 mg to 10 mg.  Standard aluminum 

sample pans were used for both bulk polystyrene and freeze-dried samples.  DSC was 

also performed on samples after freeze drying and subsequent TGA studies. 

The limiting fictive temperature, Tf', was calculated using Pyris software from DSC 

heating scans made at 10 K/min after cooling at 10 K/min from 130 ˚C.  The limiting 

fictive temperature only depends on the cooling rate.  The value of Tf' is known to be 

approximately equal to the glass transition temperature, Tg, measured on cooling at the 

same cooling rate [23], although we show in other work that Tf' is 1.0 K lower than Tg for 

this polymer measured by DSC. [24] However, since the difference between Tf' and Tg is 

a constant independent of cooling rate, in this work, we use Tf' as our estimate of Tg.  

DSC runs consisted of the following program: a 1 min hold at 35 ˚C, a heating scan from 

35 to 130 ˚C at 10 K /min, a 3 min hold at 130 ˚C, a cooling scan from 130 to 35 ˚C at 10 

K/min, a 1 min hold at 35 ˚C, and finally a second heating scan from 35 to 130 ˚C at 10 

K/min.  The initial heating scan was made in order to examine residual stress effects.  We 

measure Tf' on the second heating scan.  The hold at 130 ˚C (3 min) does not affect the 

value of Tf' measured [4].  Baseline subtraction was performed for the DSC scans. 
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Temperature and heat flow calibrations were performed upon heating at 10 K/min 

with indium (Tm = 156.6 ˚C) and a liquid crystal standard (+)-4-n-hexyloxyphenyl-4'-(2'-

methylbutyl)-biphenyl-4-carboxylate [25] (CE-3 from T.M. Leslie, University of 

Alabama; smectic to cholesteric transition at 78.8 ˚C).  The temperature and heat flow are 

considered to be within ± 0.10 K and ± 0.20 J/g, respectively.  The calibrations were 

checked at regular intervals during the DSC studies by performing check runs using CE-3 

and indium.   

3.4 Results 

The normalized heat capacities (CpN) obtained during the DSC heating scans of high 

molecular weight linear polystyrene (Dylene 8) freeze dried from 80 ml solution of 

0.10% polymer in benzene are shown in Figure 3.1 as a function of annealing time under 

vacuum at 80 ˚C and 0.05 torr.  CpN is defined as:   

 

                                                    
g,pl,p

g,pp
pN CC

CC
C

−

−
=                                                        (3.1) 

where Cp is the apparent heat capacity, Cp,g is the heat capacity in the glassy regime, and 

Cp,l  is the heat capacity in the liquid regime, all three of which are functions of 

temperature.    The original freeze-dried sample shows a 4 K Tg depression, consistent 

with previous work in the literature [4,6].  After applying vacuum at 80 ˚C, the glass 

transition shifts to higher temperatures, and, after annealing under vacuum for 45 min, the 

transition is nearly that of bulk polystyrene.  The heat capacity change at Tg (∆Cp) is 0.27 

± 0.01 Jg-1K-1 for both the original freeze-dried samples and the annealed samples, 
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slightly larger than the value of ΔCp observed on cooling for this same polystyrene (0.25 

Jg-1K-1) [26]. 

The recovery of the Tg of the freeze-dried material back to its bulk value by annealing 

under vacuum is accompanied by a loss of weight, presumably due to loss of residual 

solvent.  The percent weight loss as a function of the square root of time during annealing 

under vacuum is shown in Figure 3.2 for freeze-dried Dylene 8 at various temperatures.  

The weight loss is initially linear with the square root of time, as might be expected for 

diffusion-controlled weight loss.  The limiting value of weight loss is a strong function of 

annealing temperature indicating that applying vacuum at temperatures far below Tg, 

even for very long times, is insufficient for removing what is, presumably, residual 

solvent.  In addition, the results in Figure 3.2 show that weight loss is almost 

imperceptible at 80 ˚C for a sample subjected to a temperature of 130 ˚C for 5 min in a 

sealed DSC pan (which results in a compacted sample due to viscous flow with no 

change in Tg within the error of the measurements); the lower degree of weight loss in 

this compacted sample is presumably due to the longer length scale for diffusion.  

Assuming that the weight loss is due to loss of residual solvent via Fickian diffusion, the 

experimental data shown in Figure 3.2 were fitted using the relation [27],  
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 where Qt and Q∞ are the percent solvent loss at time t and at equilibrium, respectively, h 

is the initial sample thickness, and D is the diffusion coefficient.  The best fit for the 

equation gives D/h2 and Q∞ values of 1.54 × 10-4 s-1 and 0.93 at 80 ˚C, 9.55 × 10-5 s-1 and 

0.68 at 60 ˚C, 3.40 × 10-5 s-1 and 0.27 at 40 °C for the non-compacted samples.  The fact 
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that Q∞ decreases with decreasing temperature indicates that the residual solvent 

concentration increases with decreasing annealing temperature.  Assuming that the 

diffusivity follows an Arrhenius temperature dependence, an apparent activation energy 

(Ea) of 35 ± 6 kJ/mol is obtained for the non-compacted samples, comparable to values 

for diffusion of small molecules in polymers [28,29,30] and also in reasonable agreement 

with values for diffusion of benzene in other polymers: 6 to 12 kJ/mol in carbon black-

filled epoxidized natural rubber [31], 25 to 57 kJ/mol in non-crosslinked natural rubber 

[32], and 95 kJ/mol in poly(ethyl acrylate) at zero solvent concentration with Ea 

decreasing with increasing solvent concentration [33].  The activation energy is similar to 

the value obtained (52 kJ/mol) for recovery of the depressed Tg in freeze-dried cyclic 

polystyrene in our previous work [5].  

After annealing under vacuum at various temperatures and 0.05 torr for various 

lengths of time, Tg was measured.  The resulting values are plotted as a function of 

percent weight loss in Figure 3.3 for freeze-dried polystyrene (Dylene 8) from 80 ml 

0.10% solutions.  Tg increases with the percent weight loss and the relationship is 

independent of annealing temperature and sample state (compacted vs. '"fluffy").  At 

approximately 1.0% weight loss, Tg recovers back to its bulk value.   

TGA runs were also performed at various temperatures ranging from 40 to 150 ˚C, 

and the results are presented in Figure 3.4 for the freeze-dried polystyrene (Dylene 8) 

from 80 ml 0.10% solution.  After days of annealing at 40 ˚C and 80 ˚C, the fresh freeze-

dried samples show 0.27% and 0.70% weight loss, respectively, whereas the sample 

annealed at 150 ˚C only shows 0.55% loss.  The results are consistent with what was 

observed above in Figure 3.2: the total weight loss and the rate of weight loss both 
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increase with increasing annealing temperature below Tg; however, once the temperature 

is high enough to compact the "fluffy" freeze-dried sample, the rate of diffusion 

decreases.  Furthermore, the absence of vacuum in the TGA measurements may also 

lower the rate of diffusion.  However, the relationship between the Tg increase after 

annealing and the weight loss is the same as observed in Figure 3.3.  Accompanying the 

weight loss during TGA measurements, Tg has changed to 96.9, 98.8, and 98.0 ˚C for the 

samples annealed at 40, 80, and 150 ˚C, respectively.   

As already alluded to, we suggest that the weight loss observed during annealing 

under vacuum and in the TGA measurements is due to residual solvent.   In order to 

investigate the effect of solvent content on Tg rather than the weight loss on Tg, the total 

amount of residual solvent in each freeze-dried sample needs to be determined.  To do so, 

freeze-dried samples were annealed under vacuum at 0.05 torr for 1 hr at 100 ˚C plus 1 hr 

at 140 ˚C with a ramp of approximately 3 ˚C/min between the two temperatures.  The 

effect of this annealing schedule is shown in Figure 3.5, where the DSC normalized heat 

capacity before and after annealing is plotted as a function of freeze-drying solution 

concentration for the Dylene 8 polystyrene freeze-dried from 80 ml solutions.  Initially, 

Tg is depressed and the glass transition region is broadened.  These effects are more 

pronounced for more dilute freeze-drying solution concentrations.  With annealing, the 

transition shifts back to that of bulk polystyrene.  Table 3.2 summarizes the weight loss 

after the 100 ˚C/140 ˚C annealing schedule, the Tg before and after annealing, and ∆Cp.  

Samples freeze dried from more dilute solutions showed larger depressions in Tg and 

larger losses in weight during annealing.  Further annealing for 4 hrs at 140 ˚C under 

vacuum results in no change in the sample weight for any of the samples.  Hence, the 
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weight loss reported in Table 3.2 is considered to be the total amount of residual solvent 

in the sample.  We note that the magnitude of the Tg change after annealing at 0.05 torr 

for the 100 ˚C/140 ˚C annealing schedule is much larger than that observed even after 4 

days of annealing at 150 ˚C at atmospheric pressure, further indicating that TGA is not 

the best measure of residual solvent in these systems.   

Similar results were found for the low molecular weight linear polystyrene (3680 

g/mol) and the cyclic polystyrene (215 x 103 g/mol).  For the former, due to its lower Tg, 

annealing to obtain the total residual solvent content was performed at 0.05 torr for 1 hr 

at 70 ˚C plus 1 hr at 140 ˚C with a ramp of approximately 3 ˚C/min between the two 

temperatures.  The results are shown in Table 3.3.   

The effect of solvent content on the Tg depression of Dylene 8 and on the normalized 

Tg depression of all of the polystyrenes investigated is shown in Figure 3.6, along with 

the prediction of the Jenckel and Heusch’s model [34,35].  This model can be written as:  

                        211g2g2g21g1g ww)TT(bTwTwT −++=                                    (3.3) 

where Tg, Tg1, Tg2 are the glass transition temperatures of the mixture, solvent, and 

polymer, respectively, w1 and w2 represent the weight percent of solvent and polymer, 

and b is a parameter, which characterizes the solvent quality of the plasticizer.  For the 

polystyrene/benzene system, Tg1 is taken to be 131 K [36] and b is found to be -1.02 by 

fitting Jenckel and Heusch’s experimental data [34].  For the normalized Tg depression, 

Equation (3.3) can be rearranged into,  
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a form that is independent of Tg2 (which differs for the three materials studied).  Hence, 

the normalized Tg depression is expected to have the same dependence on the solvent 

concentration for all our samples.  For most of the freeze-dried samples, this is the case as 

shown in Figure 3.6.  There is also good agreement between the model and our data 

which supports our contention that the observed Tg depression in the freeze-dried samples 

is due to the effects of residual solvent.  To further test this conclusion, we purposefully 

added 2.9 wt % benzene to a freeze-dried Dylene 8 sample after its Tg had recovered 

back to the bulk value; this sample (marked by an × in the figure) shows the same Tg 

versus solvent relationship as the other freeze-dried/annealed samples.  However, some 

of our data, especially for 0.02% solutions, show Tg slightly higher than the model 

predicts.  This may indicate a 1 to 3 K increase in Tg after freeze drying from a 0.02% 

solution in the absence of residual solvent effects.  Additionally, T. S. Chow's model [37], 

which has no adjustable parameters, was also used and the prediction compared to the 

observed plasticization effects of benzene on the Tg of polystyrene.  The model of Chow 

predicts a greater depression than does that of Jenckel and Heusch and falls 6 K below 

the data at 2.90% solvent concentration.  Hence the Jenckel and Heusch model provides a 

better empirical description of the results albeit with an adjustable parameter (b). 

To further examine why larger residual solvent concentrations are observed for 

materials freeze dried from more dilute solutions, we plot the normalized weight loss of 

freeze-dried polystyrene (Dylene 8) annealed at 80 ˚C and 0.05 torr in Figure 3.7 as a 

function of freeze-drying solution concentration.  The freeze-drying solution 

concentration clearly affects the rate of solvent diffusion out of the polymer.  As shown 

in the figure, the limiting value of the normalized percent weight loss decreases with 
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decreasing freeze-drying solution concentration, where the normalized weight loss is 

simply the weight loss normalized by the total weight loss (i.e., normalized by the total 

weight % residual solvent – see Table 3.2).  For samples prepared from 0.02% solution 

and annealed for 1 hr at 80 ˚C and 0.05 torr, only 40% of the residual solvent was 

removed, whereas for samples prepared from 0.10% solution, 85% of the solvent was 

removed under the same conditions.  This result seems to be counter-intuitive: samples 

freeze dried from more dilute solution have finer texture and more surface area ─ one 

would expect that this would lead to easier solvent removal rather than the opposite.  A 

possible explanation may be that the increase in surface area results in an increase in the 

equilibrium amount of physisorbed solvent, which leads to a decrease in the Tg of the 

surface and also in the measured Tg.  This suggestion is also consistent with the 

temperature dependence of the residual solvent shown in Figure 3.2.   

3.5 Discussion 

The results presented here demonstrate a strong residual solvent effect on the 

observed Tg depression and its recovery in freeze-dried polystyrene.   This well-known 

plasticization effect is described by the Jenckel and Heusch model [34], and our results of 

Tg versus residual solvent concentration for polystyrene freeze dried from 0.10 % and 

0.05 % polymer solutions agree very well with the model.  On the other hand, the data 

from material freeze dried from 0.02 % polymer solutions are 2 to 3 K above model 

predictions, indicating that in the absence of residual solvent effects, we may have an 

increase in Tg of this magnitude for polystyrene freeze dried from the 0.02 % solutions.  

In support of such a conclusion is the observation of an elevated Tg for single-chain 

polystyrene glasses obtained via a microemulsion process [38] and the fact that entropic 
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considerations would predict such an elevation of Tg for freeze-dried polymers [12] and 

for polymers confined to thin films [39].  

We noted in the introduction that several groups have recently invoked that the Tg 

changes are due to changes in entanglement concentration [6,8,13].  In an attempt to 

estimate the effect of reducing entanglement density on Tg, we adapt the following 

equation suggested by Stutz, Illers, and Mertes, initially derived for crosslinked materials 

[40]: 

                                            Tg = Tg,u [1+K2Xc/ (1-Xc)]                                                  (3.5) 

where Tg is the glass transition of crosslinked polymer, Tg,u is the glass transition of an 

unentangled polymer here (rather than the uncrosslinked polymer in original work of 

Stutz et al.), K2 is a constant, and Xc is the entanglement (rather than the crosslink) 

density, expressed by the mole fraction of entanglements in the system.  Here we assume 

that crosslink points and entanglement points have the same effect on Tg; this may 

overestimate the influence of entanglements but it provides an estimate of the magnitude 

of any Tg depression that might be observed from changes in entanglement concentration.  

By choosing K2 = 0.82 [41], we estimated that the Tg change for a change in the 

molecular weight between entanglements (Mc) from the bulk value of 17,300 [42] to 

34,600 g/mol, is only a 0.9 K decrease.  We note that a change in Mc of this magnitude 

would occur with an increase in JN of 100% on freeze drying which is greater than that 

observed in creep measurements [4]. The result corroborates our prior work [4,5] and the 

results presented here that a decrease in entanglement density cannot be the origin of the 

observed Tg depression; it is also consistent with results for thin polymer films which also 
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indicate that reduced entanglements are not the origin of the Tg depressions observed [20-

22]. 

We conclude our discussion by emphasizing that Tg depressions are not observed for 

polymers freeze dried, or rapidly dried by other techniques, from solutions that are less 

dilute than a critical value (ca. 1 x 10-3 g/ml for polystyrene). [6,9,10,11,15]  It is not at 

all clear why it becomes more difficult to remove residual solvent from materials freeze 

dried from more dilute solutions.  The benzene vapor pressure of  0.1 weight % benzene 

in polystyrene is 0.26  torr at 15 ˚C, based on the chain-of-rotators equation of state 

[43,44], indicating that nearly complete removal of the solvent should be achievable at 

room temperature under moderate vacuum in contrast to our experimental results (as 

shown, for example, in Figure 3.7).  It is suggested that our observations could be due to 

physisorbed solvent which may increase with increasing sample surface area, i.e., with 

decreasing freeze drying solution concentration.  The result has implications for the 

interpretation of the Tg depression of freeze-dried materials [2-14], as well as for the 

behavior of other properties of materials freeze dried from dilute solution [7,45-48], since 

previous experimental protocols involve removal of solvent by freeze drying and/or 

annealing under vacuum at low temperatures.  The results also have practical 

implications for the general use of freeze drying as a materials preparation technique.    

3.6 Conclusion 

An investigation of the residual solvent effect on the calorimetric glass transition of 

freeze-dried linear and cyclic polystyrene has been performed.  Upon freeze drying, Tg 

was found to be depressed by 4 to 15 K depending on the sample preparation.  After 

annealing under vacuum at moderate temperatures and 0.05 torr, weight loss, presumably 
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due to loss of residual solvent, occurs and Tg increases.  The amount of solvent present in 

the original freeze-dried samples was determined from the weight loss observed after 

annealing under vacuum at 0.05 torr for one hour at 100 ˚C (70 ˚C for the low molecular 

weight linear polystyrene) and one hour at 140 ˚C with a ramp of approximately 3 ˚C/min 

between 100 and 140 ˚C.  The calorimetric glass temperature was measured as a function 

of the fraction of the residual solvent.  A linear correlation was found between the Tg 

depression and the residual solvent concentration, in agreement with data in the literature.  

The amount of residual solvent in the freeze-dried samples unexpectedly increases with 

decreasing polymer concentration of the freeze-drying solution, as well as with 

decreasing annealing temperature, such that residual solvent cannot be removed by 

annealing under vacuum at temperatures far below Tg; this has significant implications 

for the majority of work in the literature performed on materials freeze-dried from dilute 

solutions, as well as for the use of freeze drying as a general materials preparation 

technique.  We conclude that the residual solvent has a significant effect on the Tg 

depression observed for polymers freeze dried from dilute solution; no depression or even 

a slight increase in Tg is expected in the absence of residual solvent.   
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Table 3.1.  Characteristics of the polystyrene samples investigated. 
 

Sample designation Mw (g/mol) Mw/Mn

Dylene 8  221 × 103 2.38 
PS-3680 3.68 × 103 1.08 
c-PS2590[5]a 215 × 103 1.10 
a The number in the bracket represents the number of fraction of the refractionated sample. 

Table 3.2.  Change in the calorimetric properties and weight loss for the bulk and freeze-
dried Dylene 8 polystyrene after annealing  at 0.05 torr for 1 hr at 100 ˚C and 1 hr at 140 
˚C with a ramp of approximately 3 ˚C/min between 100 and 140 ˚C. 

 

Sample Tg (˚C)a  ∆Cp (Jg-1K-1)a

 Original Annealed Original Annealed 
Weight loss upon 

annealing (%) 

Bulk  99.1 ± 0.2 100.4 ± 0.3d 0.27  0.27 0.23 ± 0.04d

80 ml 0.10% 96.1 ± 0.3b 100.8 ± 0.2e 0.27  0.27  1.14 ± 0.10e

25 ml 0.10% 90.4 ± 0.2b 100.3 0.26  0.27 2.06 
80 ml 0.05% 91.1 ± 0.2c 100.4 0.26  0.27 2.12 
80 ml 0.02% 88.5 ± 1.4b 100.3 ± 0.4f 0.25  0.26  2.94 ± 0.17f

 
a  Values obtained from DSC heating scan after cooling at 10 K/min from 130 ˚C. 
b  Values averaged  for samples taken from each of the prepared batches. 
c  Values averaged for three samples taken from the same batch. 
d e f Values averaged for three different samples, respectively. 

Table 3.3.  Change in the calorimetric properties and weight loss for the freeze-dried low 
molecular weight linear polystyrene and cyclic polystyrene after annealing  at 0.05 torr 
for 1 hr at 70 ˚C (100 ˚C for cyclic sample) and 1 hr at 140 ˚C with a ramp of 
approximately 3 ˚C/min between the two temperatures. 

 

Sample Tg (˚C)a  ∆Cp (Jg-1K-1)a

 Original Annealed Original Annealed 
Weight loss upon 

annealing (%) 

PS-3680  
(80 ml 0.02%) 

63.2 ± 0.5b 72.1  0.25  0.27 3.24 

c-PS2950[5] 
(80 ml 0.10%) 93.6 ± 0.2c 101.0 0.26  0.27 1.39 
 
a  Values obtained from DSC heating scan after cooling at 10 K/min from 130 ˚C. 
b  Values averaged  for two samples taken from the same batch. 
c  Values averaged for three samples taken from the same batch. 
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Figure 3.1.  Normalized heat capacity from DSC heating scans after cooling at 10 K/min 
from 130 ˚C for Dylene 8 polystyrene freeze dried from 80 ml 0.10% polystyrene 
solution in benzene as a function of the time of annealing at 80 ˚C under vacuum at 0.05 
torr after freeze drying. 
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Figure 3.2.  Weight loss plotted as a function of the square root of the time of annealing 
under vacuum at 0.05 torr for freeze-dried Dylene 8 polystyrene at various temperatures. 
The lower curve shows the results if prior to annealing the sample is compacted by 
simply heating to 130 ˚C.  Solid lines represent the best fits of Fickian diffusion, equation 
3.2. 
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Figure 3.3.  Glass transition temperature (Tg) as a function of percent weight loss during 
annealing at 80 ˚C under vacuum at 0.05 torr after freeze drying from 80 ml 0.10% 
polystyrene solution in benzene for Dylene 8.  Tg was obtained by DSC upon heating 
after cooling at 10 K/min from 130 ˚C. 
 

 
 

                                                                                                  

58 
 



                                                                  Texas Tech University, Wei Zheng, August 2008 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

99.2

99.4

99.6

99.8

100.0

0 20 40 60 80 10

Wt. (%)

t1/2 (min 1/2)

40 oC

150 oC

80 oC

0

 
 
 

Figure 3.4.  Weight loss from TGA measurement plotted as a function of the square root 
of the time of annealing at 40 ˚C, 80 ˚C, and 150 ˚C for freeze-dried polystyrene (Dylene 
8) from 80 ml 0.10% solution in benzene.  
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Figure 3.5.  The effect of annealing on the normalized heat capacity obtained from DSC 
heating scan after cooling at 10 K/min from 130 ˚C for bulk Dylene 8 polystyrene and 
freeze-dried samples from 80 ml 0.10%, 0.05%, and 0.02% solutions in benzene.   Solid 
symbols represent initial freeze-dried samples; open ones represent annealed freeze-dried 
polystyrenes.  The solid heavy line represents the annealed bulk sample.  The annealing 
was performed under 0.05 torr vacuum for 1 hr at 100 ˚C and 1 hr at 140 ˚C with a ramp 
of approximately 3 ˚C/min between 100 and 140 ˚C. 
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Figure 3.6.  The depression in the glass transition temperature from the bulk value (Tg –
Tg2) and the normalized Tg depression ((Tg –Tg2)/(Tg2- Tg1)) of freeze-dried linear and 
cyclic polystyrenes plotted as a function of residual solvent concentration.  Open symbols 
represent the solvent concentration and Tg obtained from annealing under vacuum; solid 
symbols represents values obtained after TGA measurements.   The × symbolizes the 
freeze-dried Dylene 8 polystyrene  from 25 ml 0.10% solution to which 2.9% solvent was 
added after its Tg had recovered back to the bulk value.  The dashed line represents the 
prediction from Jenckel and Heusch's model [32].  The left-hand y-axis applies only to 
Dylene 8 samples.  The right-hand y-axis applies to all samples. 
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Figure 3.7.  Normalized percent weight loss (normalized by the total amount of residual 
solvent reported in Table 3.2) plotted as a function of the square root of the time of 
annealing under vacuum at 0.05 torr at 80 ˚C for Dylene 8 polystyrene freeze dried from 
25 (open symbols) or 80 ml (solid symbols) solution in benzene with various 
concentration (0.10%, 0.05%, 0.02%).  The solid lines show the fits of Fickian diffusion, 
equation 3.2. 
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CHAPTER 4 

CONFINEMENT EFFECTS ON THE GLASS TRANSITION OF THE HYDROGEN 
BONDED LIQUIDS 

4.1 Introduction 

The glass transition behavior of confined materials has drawn tremendous attention 

since Jackson and McKenna [1] first observed the depression of the glass transition 

temperature, Tg, for organic liquids confined in nanosized pores.  Reviews have recently 

been written by Alcoutlabi and McKenna [2] and by Alba-Simionesco and coworkers [3].  

A variety of confined systems have been extensively studied using different techniques.  

The results seem to depend in a complex way on the measurement techniques, glass-

forming materials, and confinement methods, with Tg often decreasing, but sometimes 

increasing or remaining unchanged.  Although numerous explanations have been 

proposed, confinement effects at the nanoscale are still not understood. [2,3] 

The effects of confinement at the nanoscale on the glass transition have been related 

to an intrinsic size effect, interfacial or surface effects, and macroscopic confinement 

effects [2].  Separating these three effects or reducing any of them would make the 

investigation of the subject easier.   Hydrogen bonded glass-formers offer unique 

opportunities because the strength of their interactions with confining surfaces can be 

easily varied.  For example, unsilanized nanoporous glass has hydroxyl groups on the 

pore surface, and the attractive interfacial interactions will be stronger for a hydrogen 

bonded material confined in such pores.  On the other hand, silanization of the porous 

glass creates a nonpolar surface and reduces attractive interactions between the hydrogen 

bonded glass-formers and the wall. 
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Hydrogen bonded glass-forming materials confined to the nanoscale have been 

largely investigated using dynamic techniques.[1-30]  The investigations include studies 

of the size and the polarity of the confined molecules [4-12,23,26,27], the size [5-9,13-19] 

and the type of confining media [5,13,18-20,26], the surface condition (silanized versus 

unsilanized) [7,9,14-16,25,26], and the topology of confining pores [14,15].  Good 

agreement exists for soft confinements such as rubber [5,18,19] and microelmusions 

[13,20], both of which tend to decrease the Tg of the nanoconfined hydrogen bonded 

molecules.  Hydrogen bonded materials confined in silanized nanopores also generally 

display faster relaxation rates (i.e., shorter relaxation times and lower glass transition 

temperatures) than materials confined in unsilanized pores. [7,9,14-16]  However, no 

agreement has been reached concerning the absolute magnitude of the changes in Tg for 

materials confined in unsilanized hard media, such as nanoporous glass.  Pissis et al. [4,5] 

studied the molecular dynamics of propylene glycol confined in unsilanized nanoporous 

glasses using dielectric spectroscopy and thermally stimulated depolarization currents 

techniques.  The authors found that with decreasing pore size the transition became 

broader and relaxation rates associated with Tg became faster.  The concept of 

cooperativity [31] and a two state model [6] were used to interpret these observations.  

On the other hand, Richert and coworkers [7,11,13] observed an increase in Tg for 

glycerol, propylene glycol, and poly(propylene glycol) when confined in unsilanized 

nanoporous glass.  A strong interaction between the hydrogen bonded liquids at the pore 

surface was suggested to be the main cause of the increase in Tg.  Kremer et al. [6,8] 

studied a series of confined hydrogen bonded liquids using dielectric spectroscopy.  Both 

the number of hydroxyl groups per molecule [6] and the size of the confined molecules [8] 
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were found to influence confinement effects.  For glycerol, no significant change was 

found in Tg for any pore size [6].  For propylene glycol, Tg was observed to be the same 

as the bulk value in 5.0 and 7.5 nm unsilanized pores and increased only slightly in the 

smallest 2.5 nm pores [8].  Similarly, Schönhals and coworkers [9] reported an increase 

in Tg for oligomeric poly(propylene glycol) by dielectric spectroscopy only when it was 

confined in unsilanized pores smaller than 3 nm; for pore sizes larger than 3 nm, a 

monotonic decrease in Tg was observed with decreasing pore size.  Interestingly, 

quasielastic neutron scattering and dielectric spectroscopy measurements were performed 

on a single layer of propylene glycol, its heptamer, and poly(propylene glycol) confined 

in Na-vermiculite clay by Swenson and coworkers [10,27] and indicated no differences 

from the bulk Tg, even for systems confined to length scales below 0.6 nm for these 

materials, although in a previous study by some of the same authors [28], data was 

interpreted as showing 1 to 2 K depressions in Tg for propylene glycol mono methyl ether, 

its dimer, and its trimer confined in Na-vermiculite clay.     

Calorimetric studies on confined hydrogen bonded glass-formers have been 

performed for benzyl alcohol [1,32], glycerol [33,34], propylene glycol mono methyl 

ether and its oligomers [28], oligomeric propylene glycol [9,27,35], ethylene glycol and 

its aqueous solution [36], oligomeric poly(ethylene glycol) [35], and salol [6,16,26,34].   

Among these calorimetric measurements, glycerol [34], ethylene glycol and its aqueous 

solution [36], and oligomeric propylene glycol [9] exhibit increases in Tg in unsilanized 

nanoporous glass; poly(propylene glycol) [27] in Na-vermiculite clay and salol in 

unsilanized MCM-41 [34] nanoporous glass reveal a bulk-like Tg in Na-vermiculite clay; 

all of the other experiments show a decrease in Tg upon confinement.  However, these 
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latter results differ from most of the studies performed using dynamic techniques, 

discussed above.  The discrepancy might be due to the techniques used or due to 

differences in confining materials.  As pointed out by Forrest et al. [37] and earlier by 

Moynihan [38], different techniques may measure different dynamics.   

In addition to intrinsic differences between techniques, the glass transition is a kinetic 

phenomenon such that Tg increases with increasing the cooling rate.  Upon confinement, 

the cooling rate or experimental frequency dependence of Tg appears to differ from that 

of the bulk sample.  For example, both Fakhraii and Forrest [39] and Koh et al. [40] find 

that Tg of polymer thin films shows a larger cooling rate dependence with decreasing the 

film thickness, indicating that at high cooling rate no Tg depression should be observed, 

which is consistent with nanocalorimetry studies by Allen and coworkers [41,42] and by 

Lapaşcu et al. [43].  Similarly, Schönhals et al. [25,44] also observe a lower temperature 

dependence of the relaxation time for confined materials in nanoporous glasses with 

decreasing the pore size.  Consequently, the magnitude of the Tg depression might be 

expected to depend not only on the confinement material and the experimental measuring 

technique, but also on the experimental time scale at which the comparison is made.   

The objective of the current work is to investigate the calorimetric glass transition and 

its relationship to dynamic measurements for propylene glycol and glycerol confined in 

similar materials as were used for previous dynamic measurements [5,6,8,13,14,15].  

Both silanized and unsilanized nanoporous confinement materials with pore size ranging 

from 2.5 to 7.5 nm are used.  Differential scanning calorimetry (DSC) results are 

presented and discussed in detail.  The results will be compared to those of previous 

dynamic measurements at comparable relaxation times; according to Hodge [45], for a 
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DSC cooling rate of 10 K/min, the relaxation time at Tg is about 9 s, for both glycerol and 

propylene glycol based on parameters taken from references 46 and 47 (see later for 

calculation details).  Consequently, when possible, we compare our data to those of 

dynamic measurements at a time scale of 10 s; when this is not the case, it will be pointed 

out. 

4.2 Methodology 

The glass-forming materials studied are propylene glycol (CH3CHOHCH2OH, Fluke, 

99.5+ %) and glycerol (CH2OHCHOHCH2OH, Fluke, 99.5+ %), obtained from Aldrich 

Chemical Company and stored under desiccant when not in use.  Three types of 

monolithic nanoporous glasses are used to confine the glass-forming liquids: Gelsil 

(Geltech) glasses with nominal pore diameters of 2.5, 5.0, and 7.5nm; Vycor (Corning) 

glass with 4 nm pore diameter; and another sol-gel glass with 3.3 nm pore diameter.   The 

Gelsil and Vycor glasses were supplied by Prof. Ranko Richert of Arizona State 

University.  The third glass was manufactured and characterized by Prof. Edward L. 

Quitevis of Texas Tech University.  The characteristics of the three types of glasses were 

provided by the manufacturers and are shown in Table 4.1; the characteristics of the 

Gelsil materials have been published by Richert [48,49].  To remove the water and other 

impurities from the pore surface, the glasses were heated to 400 oC for 48 hr in air 

followed by another 24 h at 285 oC under vacuum.  Silanized glasses were also prepared 

using the method similar to that described by Jackson and McKenna [50]: the cleaned 

glasses were immersed in hexamethyldisilazane at 55 oC for 20 h, the unreacted silazane 

was then decanted off, and the glasses were rinsed well with chloroform and dried at 120 

oC under vacuum for 24 h.  Infrared Fourier spectroscopy measurements were performed 
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on 2.5 and 4.0 nm silanized and unsilanized porous glasses.  Silanized porous glasses 

show 70% reduction in the absorbance of the OH group and an appearance of the 

absorption peak of CH3, confirming the existence of a silane layer on the silanized pore 

surface.  However, we note that, according to a BET analysis, no obvious change in the 

pore volume was observed after silanization.  All of the nanoporous glasses were stored 

under desiccant before use. 

Calorimetric measurements were performed under helium atmosphere using a Perkin 

Elmer Pyris 1 DSC equipped with a liquid nitrogen cooling system.  DSC samples were 

made by weighing the glass-forming liquid and the nanoporous glass into large (50 μl) 

nonhermetic aluminum DSC pans.  The amount of the added glass-forming liquid ranged 

from 3 to 14 mg; the amount of nanoporous glass varied from 10 to 35 mg, broken into 

pieces of approximately 1.3 mm diameter.  DSC samples were either filled to a pore 

fullness of 95 % (termed completely-filled in the text) or filled to a fullness between 65 

and 75 % (termed partially-filled in the text).   After crimping the pan under nitrogen, 

each sample was allowed to equilibrate 8 h at 50 oC (70 oC for glycerol) and 48 h at room 

temperature in order to allow the glass-forming liquid to imbibe into the nanoporous 

glass structure.  We note that hermetic pans were also used to make a bulk glycerol 

sample and a partly filled glycerol sample in 2.5 nm silanized nanoporous glass using the 

same method as that employed for the large nonhermetic DSC pans except that these 

samples were equilibrated at 70 oC under vacuum; the results of the two samples are the 

same within experimental error as those using the large nonhermetic DSC pans.  Before 

measurement, the sample weight was checked; samples with weight change were 

discarded since this indicated improper sealing of the DSC pan.  Runs were made by 
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cooling from above Tg at 10 K/min followed by a heating scan at 20 K/min.  Propylene 

glycol was scanned from -60 to -135 oC to -40 oC; glycerol was scanned from -40 to -115 

oC to -20 oC.  Runs were made using an empty pan as a reference and by subtracting the 

baseline, the latter of which was run with two empty pans.  When not in use, all the DSC 

samples were stored under desiccant. 

The glass transition temperature, Tg, and the limiting fictive temperature, Tf', were 

calculated from the DSC cooling and heating scans, respectively.  Tg is defined as the 

temperature on cooling where the heat capacity change of the system is half of the total 

change in the transition.  Tf' measured on heating after cooling at a given rate is 

considered to be a good estimate of Tg measured on cooling at the same given rate 

[51,52], although for polystyrene, Tf' measured on heating has recently been found to be 

approximately 1 K lower than Tg measured on cooling [53].  We find Tf' by integrating 

the heat flow curve and then extrapolating the liquid line to the glassy line, a procedure 

consistent with the method proposed by Moynihan et al [54]: 
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where Cpl and Cpg are the constant pressure heat capacities for the liquid and the glass, 

respectively, and Cp is the apparent heat capacity measured by DSC.   

Good reproducibility was found for both Tg and Tf'; the average standard deviation is 

0.6 oC for Tg and 0.7 oC for Tf', based on two to three repeat runs made for one to two 

confined materials at each pore size and five to six runs for three to four samples of each 

bulk liquid.  The averaged standard deviation in the associated ΔCp is within 0.09 Jg-1K-1 

on cooling and 0.08 Jg-1K-1 on heating.  In the results section, the averaged values of Tg 

and Tf' are shown along with error bars indicating the standard deviations.  In the cases 
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where there is only one data point (i.e., completely-filled 3.3 nm pores) there is no error 

bar.  In addition, an x-bar statistical analysis [55] was conducted on Tg, Tf', and the 

associated ΔCp to determine how these properties are affected by confinement.  Basically, 

the method calculates the upper and lower limits based on the average experimental 

values measured at each pore size.  If all of the averaged data fall within the limits, no 

trend can be inferred.  On the other hand, if some of the data fall outside of the limits, 

confinement effects are expected to be statistically significant. 

Temperature calibration for the DSC was performed upon heating at 20 K/min with 

hexane (Tm = -95.3 ˚C) and octane (Tm = -56.76 ˚C).  The enthalpy of fusion of octane, 

182.0 J/g, was used to calibrate the heat flow.  The temperature and heat flow are 

considered to be within ± 0.3 K and ± 1.2 J/g, respectively.  The temperature was 

calibrated on cooling at 10 K/min using the liquid crystal phase transition temperatures 

for cyclopentane (Ttr = -135.1 oC) and adamantane (Ttr = -64.5 oC), which show 

negligible supercooling effects [56,57]. The calibrations were checked at regular intervals 

on heating and on cooling during the DSC studies by performing check runs using the 

above calibration materials.  

In addition to calibrating the DSC temperature on heating and cooling, the effects of 

the thermal gradient in the samples were also taken into account.  Two pieces of indium 

were placed on the bottom and the top of two representative samples of nanoporous glass 

in the nonhermetic DSC pan; the samples consisted of 15 and 28 mg of 2.5 nm 

nanoporous glass, respectively, broken into pieces of approximately 1.3 mm diameter as 

were used for the experiments.  An average thermal gradient of 2.5 ± 0.1 K across the 

sample was found on cooling at 10 K/min, whereas an average thermal gradient of 3.9 ± 

70 
 



                                                                  Texas Tech University, Wei Zheng, August 2008 

0.5 K was found on heating at 20 K/min.  Assuming one-dimensional steady-state heat 

flow with the sample heated from the furnace side only, the thermal gradient is linear 

across the sample [58].  Therefore, the average sample temperature is assumed to be 1.25 

K higher on cooling and 1.95 K lower on heating than the furnace temperature for the 

confined samples, and this correction is made to the data.  Note that we assume the same 

thermal gradient for filled and unfilled matrices; this assumption is expected to be valid 

since the thermal conductivity of the inorganic matrix is significantly higher than that of 

the organic glass formers [59].  The presence of a thermal gradient in nanoporous 

samples has not been addressed by other authors to the best of our knowledge, although 

DSC results in other work [26] show that Tg measured as a function of scan rate 

extrapolates to different values for cooling and heating indicating the presence of a 

thermal gradient on the order of 2 to 3 K at rates on the order of 10 K/min.  Bulk samples 

have an average thickness of 1.0 mm for glycerol and 0.3 mm for propylene glycol in 

nonhermetic DSC pans; the thicker glycerol sample is due to its higher surface tension.  

Assuming the top and the bottom these samples are at the same temperature due to good 

contact with the aluminum pan on both sides , thermal gradients of 0.14 K and 0.02 K 

were calculated [60] for the bulk glycerol and propylene glycol samples, respectively, at 

10 K/min, and of 0.28 K and 0.04 K at 20 K/min; the calculations assume a thermal 

diffusivity of 9.94 × 10-4 cm2/s [61].  Hence, correction for the thermal gradient is made 

to the bulk glycerol data; the temperature was assumed to be 0.07 K higher than the 

furnace temperature on cooling at 10 K/min and 0.14 K lower on heating at 20 K/min.  

No correction is made for the bulk propylene glycol sample.   
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Our changes in Tg (or Tf') for confined glycerol and propylene glycol will be 

compared to observations of other researchers.  For DSC [33, 34] and TSDC [5] 

measurements, we use the values of Tgs reported.  For the rest of compared results, we 

use the values at relaxation time (τ) of 10 s.  When the data at τ = 10 s are available, we 

take these directly.  When the data at τ = 10 s are not available, we either fitted the data 

using the Vogel-Fulcher-Tamman-Hesse (VFTH) equation [62,63,64,65] to get the 

parameters, as in references 6-8, 11, and 13-15, or using the reported fitting parameters, 

as in reference 18, and we predicted the Tg at τ = 10 s.  The relaxation time of 10 s 

corresponds to our DSC cooling rate of 10 K/min based on the following relationship 

reported by Hodge [45]: 
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where R is the universal gas constant, ∆H is the apparent activation energy, Tg is the glass 

transition temperature, and Qc is the cooling rate.  With Tg and ∆H/R values of 190 K and 

26 kK for glycerol [46] and 172 K and 21 kK for propylene glycol [47], relaxation times 

at the calorimetric Tgs obtained on cooling at 10 K/min are estimated to be 8.2 s and 8.5 s 

for glycerol and propylene glycol, respectively. 

4.3 Results 

4.3.1 Glycerol confined in unsilanized pores 

Representative DSC heating scans of the partially- and completely-filled confined 

glycerol in unsilanized Gelsil nanoporous glass are shown in Figures 4.1 (a) and (b), 
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respectively; also shown in these figures are scans for two representative bulk glycerol 

samples.  The y-axis, the normalized heat capacity, CpN, is defined as,   
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pN CC
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C

−
−
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where Cp, Cpg, and Cpl  are functions of temperature.  For partially-filled samples, as 

shown in Figure 4.1 (a), the enthalpy overshoot or the annealing peak of the liquid 

confined in the unsilanized nanopores is depressed, and the suppression is amplified with 

decreasing pore size.  On the other hand, when completely filled, as shown in Figure 4.1 

(b), the enthalpy overshoots of the confined samples are apparent although they are still 

slightly depressed relative to the bulk.  In addition, the temperature associated with the 

glass transition shifts to lower temperatures with decreasing pore size for glycerol 

confined in completely-filled pores.  The depression of the enthalpy overshoot for 

confined glycerol observed here is consistent with other DSC studies on completely-filled 

nanoconfined ortho-terphenyl [66] and glycerol [34].  The differences between the 

partially-filled and completely filled samples are suggested to be due to the preferential 

wetting of the pore surface in the partially-filled case and will be discussed later.  We 

note that on cooling the transitions of the confined samples become slightly broader but 

no obvious differences between the partially- and completely-filled samples can be 

inferred, and the cooling curves are not shown here.  

The glass transition temperature, Tg, and the limiting fictive temperature, Tf', for 

glycerol confined in unsilanized pores were calculated using the Pyris software from the 

cooling and heating scans, respectively, and are plotted as a function of the inverse of the 

nominal pore diameter (1/D) in Figure 4.2.    (We use the nominal pore diameter for a 
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better comparison to the literature results, which will be shown later.)  For partially-filled 

samples, both Tg and Tf' are statistically constant at the bulk value independent of pore 

size; for completely-filled samples, Tg maintains its bulk value whereas Tf' decreases with 

decreasing the pore size.  The small but systematic difference between Tg and Tf' is 

attributed to differences in drawing the glass line tangents.  If the tangent for the glassy 

state is drawn in the transition range, as is presumably the case for the cooling curves due 

to the breadth of the transition, the result is an apparent depression in ∆Cp and also a 

slight increase in Tg; such an effect is also observed in bulk (unconfined) polystyrene and 

is discussed in more detail elsewhere [53].     

 We compare our data for glycerol confined in unsilanized nanoporous glasses to that 

obtained by other research groups in Figure 4.3.  For the sake of clarity, we plot the 

reported differences between Tg of the confined glycerol and the bulk (Tg - Tg,bulk).  As 

shown in the figure, DSC work on confined glycerol has been performed by Jonas and 

coworkers [33] in controlled porous glass (τTg = 0.4 s, 200 K/min cooling rate) and by 

Navrotsky and coworkers [34] in SBA-15 and MCM-41 (τTg = 8.2 s, 10 K/min cooling 

rate).  Jonas found a decrease in Tg with decreasing pore size, which agrees quantitatively 

with our results for completely-filled pores, whereas Navrotsky observed the opposite.  

Failure to account for the thermal gradient in the sample would result in an 

overestimation of Tg measured on heating, but the effect is not expected to account for 

the magnitude of Navrotsky's Tg increase.  Hence, we conclude that Navrotsky's increase 

in Tg is presumably due to a different type of nanoporous glass used for confinement. 

Also shown in Figure 4.3 are the results of dynamic measurements performed on 

confined glycerol in unsilanized pores.  Kremer et al. [6] used dielectric spectroscopy to 
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study glycerol confined in the same Gelsil glasses that we used.  Although a broadening 

of the glass transition was observed, no significant changes in the relaxation rate were 

found for the material confined in any of the porous glass.  On the other hand, Richert et 

al. [13] used solvation dynamic techniques and observed a 4 K increase in Tg for glycerol 

confined in the 4 nm Vycor glass; we observed a 5 K decrease in the calorimetric Tg 

confined in that same glass.  The results may simply be indicative of the sensitivity of the 

Tg changes at the nanoscale not only to the type of confining material but also to the 

measurement technique.  We note that, in other studies, similar trends in Tg (e.g., Tg 

decreasing or vice versa) were obtained from solvation dynamics and dielectric 

spectroscopy [20], from TMDSC and dielectric spectroscopy [9], and from thermally 

stimulated current and DSC [67], even though the magnitude of the changes in Tg 

differed.  

The heat capacity changes at Tg (∆Cp) for the confined glycerol on heating is found to 

be essentially the same as for bulk sample:  0.86 ± 0.05 Jg-1K-1 for the bulk versus 0.85 ± 

0.06 Jg-1K-1 and 0.86 ± 0.06 Jg-1K-1 for nanoconfined material in partially- and 

completely-filled pores, respectively.  On cooling, ∆Cp is found to be 0.75 ± 0.04 Jg-1K-1 

for the bulk, 0.64 ± 0.04 Jg-1K-1 for the nanoconfined material in partially-filled pores, 

and 0.72 ± 0.21 Jg-1K-1 for the completely-filled pores.  The apparent value of ∆Cp 

measured on cooling is lower than that obtained on heating.  A similar result is observed 

in bulk (unconfined) polystyrene [53], although theoretically, the values of ∆Cp measured 

on heating and cooling must be the same.  The difference in the values measured is 

attributed primarily to the breadth of the relaxation on cooling which makes the glass line 

on cooling difficult to discern [53]; if the breadth of the relaxation increases under 
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confinement and the tangent to Cp in the glassy state is drawn too close to the transition 

in a consistent manner, the error in ∆Cp will be larger for the confined materials, which 

could also account for the difference between ∆Cp on cooling for bulk and confined 

samples.  The drawing of the tangent lines is not an issue on heating because the 

transition is sharper due to the kinetics of the glass transition and the enthalpy overshoot.  

Hence, we suggest that our data on heating is a more accurate representation of the effect 

of confinement on ΔCp (or lack thereof, for this case).  We note that, in the literature, ∆Cp 

has been found to be independent of confinement size on heating using calorimetry 

[1,32,33,68] and on cooling using fluorescence [69].   However, a reduced strength of the 

glass transition at the nanoscale can also be found in both calorimetric [9,25,34,40,70-72] 

and dielectric studies [6-9,15,23,27,48] measured on heating, as well as in other 

measurements such as ellipsometry, flourescent probe intensity, and positron annihilation 

spectroscopy both on cooling [68,73-75] and on heating [72, 76-78].  

4.3.2 Glycerol confined in silanized pores 

Representative DSC traces for bulk and glycerol in silanized nanopores are shown 

in Figures 4.4 (a) and (b), for partially- and completely-filled pores, respectively.  Unlike 

the case in the unsilanized pores, where there was a dramatic difference in the enthalpy 

overshoot for the partially-filled pores, for the silanized pores, the nanoconfined glycerol 

shows an enthalpy overshoot similar to the bulk, with perhaps slightly smaller overshoots 

being observed in the partially-filled pores and slightly higher overshoots being observed 

for the completely-filled pores.  The calculated Tg and Tf' values are presented in Figure 

4.5.  Also shown in Figure 4.5 are the values reported for glycerol in the completely-

filled unsilanized pores.  Tg shows a statistically significant decrease of 1.6 ± 1.6 K for 
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the partially-filled 2.5 nm silanized pores and 2.6 ± 1.7 K for the completely-filled 2.5 

nm silanized pores; on the other hand, Tg showed no statistical change for glycerol 

confined in completely-filled unsilanized pores.  Tf' exhibits a stronger depression of 5.6 

± 1.1 K for the partially-filled 2.5 nm silanized pores and 3.7 ± 1.7 K for the completely-

filled 2.5 nm silanized pores; Tf' also showed a statistical depression of 5.3 ± 0.8 K in the 

completely-filled unsilanized pores.   The seemingly similar behavior of glycerol in the 

completely-filled unsilanized pores and in both partially- and completely-filled silanized 

pores indicates that glycerol fills the silanized pores as a plug.  We will address this issue 

further in the discussion. 

The measured values of ∆Cp for glycerol confined in both partially-filled and 

completely filled silanized pores are statistically the same:  0.85 ± 0.06 Jg-1K-1 versus 

0.82 ± 0.06 Jg-1K-1 on heating and 0.76 ± 0.04 Jg-1K-1 versus 0.76 ± 0.20 Jg-1K-1on 

cooling.  Also, the ∆Cp are statistically the same as the bulk values (0.86 ± 0.05 Jg-1K-1 on 

heating and 0.75 ± 0.04 Jg-1K-1 on cooling) although the apparent value measured on 

cooling is slightly lower than that measured on heating due to the breadth of the 

relaxation on cooling as previously discussed.  This result differs from that for the 

unsilanized pores, where a difference between the bulk and partially-filled pres was 

observed, consistent with a difference in how the material fills the silanized and 

unsilanized pores.  To the best of our knowledge, other measurements of glycerol in 

silanized pores have not been made.   

4.3.3 Propylene glycol confined in unsilanized and silanized pores 

Propylene glycol confined at the nanometer length scale in unsilanized and silanized 

pores shows similar behavior as glycerol with several exceptions.  Most notably, a second 
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glass transition event is observed during heating scans at a temperature approximately 30 

K higher than the bulk Tg for the material confined in smaller pores.   Figures 4.6 (a) and 

(b) show the normalized heat capacities obtained from DSC heating scans for bulk and 

confined propylene glycol in unsilanized and silanized pores, respectively.  The cooling 

curves for the materials are comparable to those of glycerol and are not shown here; the 

second Tg cannot be observed on cooling presumably because of the increased breadth of 

the transition on cooling relative to heating coupled with the weak strength (low ∆Cp) of 

the higher temperature transition.  Two Tgs have also been observed on heating for ortho-

terphenyl and its solutions with polystyrene confined in silanized controlled pore glass 

[79] and for salol confined in unsilanized nanoporous glass SBA-15 [34] using DSC and 

for ortho-terphenyl confined in unsilanized Gelsil glass using depolarized dynamic light 

scattering [26]; two relaxation processes have also been observed in dynamic 

measurements on nanoconfined propylene glycol [5,7,8,11,14,18-20], its oligomers 

[7,11,25], and other molecules [6,8,16,24,25,48,80] in unsilanized [5-8,11,14,16,18-

20,24,25,48,80] and silanized [14,80] pores.  In addition to the observed second Tg, the 

main glass transition (the first Tg) for the unsilanized system shows a depressed annealing 

peak and the depression is amplified for the material in the partially-filled pores as shown 

in Figure 4.6 (a), similar to glycerol confined in unsilanzied nanopores.  Silanization of 

the pore surface and pore fullness have a less marked effect for confined propylene glycol 

than for glycerol.  Propylene glycol confined in partially-filled silanized pores exhibits 

enthalpy overshoots although they are smaller than the bulk and do not show the clear 

shift to lower temperatures with decreasing pore size which was observed in the glycerol 

case.  Also, when increasing the pore fullness, the enthalpy overshoot does not change 
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although the temperature at which the glass transition occurs seems to move to lower 

values.  Propylene glycol confined in both partially- and completely-filled silanized pores 

also shows a second Tg although with a slightly lower ∆Cp than is found for the 

unsilanized pores.     

The confinement effects on Tg and Tf' of propylene glycol confined in unsilanized and 

silanized nanoporous glass are presented in Figures 4.7 (a) and (b), respectively.  For the 

unsilanized systems, Tg of both partially- and completely-filled material, measured on 

cooling, is statistically unchanged from the bulk value for all of the pore sizes studied.  

On heating, two transitions are found in the unsilanized systems for partially- and 

completely-filled samples.  The first Tf' maintains the bulk value for partially-filled 

samples but statistically decreases slightly by 2.5 K for completely-filled samples at 2.5 

nm; the second Tf' is observed to be statistically independent of the confining pore size 

for both partially- and completely-filled samples and is 29 ± 3 K higher than the bulk.  

Similar results are obtained for the silanized systems, as shown in Figure 4.7 (b), except 

that Tf' of the first transition shows a subtle but statistically significant decrease of 

approximately 2.5 K and  5.0 K for the partially- and completely-filled samples at 2.5 nm, 

respectively.  Also, mirroring the case of glycerol, the completely-filled propylene glycol 

in unsilanized pores behaves essentially the same as both partially- and completely-filled 

samples in silanized system within the error of the measurements, which further indicates 

the formation of a plug in the silanized pores as discussed previously.   

The apparent ∆Cp measured on cooling propylene glycol in the unsilanized pores is 

statistically decreased upon confinement but does not show a trend with decreasing pore 

size: 0.62 ± 0.02 Jg-1K-1 for the bulk versus 0.40 ± 0.09 Jg-1K-1 for the partially-filled 
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samples and 0.50 ± 0.05 Jg-1K-1 for the completely-filled ones.  The values measured on 

cooling are again smaller than those measured on heating, the latter of which are 0.77 ± 

0.04 Jg-1K-1 for the bulk, 0.68 ± 0.10 Jg-1K-1 for the primary transition of the 

nanoconfined partially-filled material, and 0.76 ± 0.06 Jg-1K-1 for the primary transition 

of the completely-filled pores.  Again the difference between the values of ∆Cp measured 

on heating and cooling is attributed to the breadth of the relaxation on cooling.  On the 

other hand, as in the case of glycerol, ∆Cp measured for propylene glycol in the silanized 

pores shows no statistical difference from the bulk sample: 0.51 ± 0.06 Jg-1K-1 and 0.65 ± 

0.12 on cooling and 0.72 ± 0.11 Jg-1K-1 and 0.78 ± 0.04 on heating for the primary 

transition of the partially-filled and completely-filled samples, respectively.  Also, on 

heating, the ∆Cp of the primary transition (Tf'1) as well as the total change in Cp observed 

over the two relaxations (0.80 ± 0.08 Jg-1K-1 and 0.86 ± 0.04 Jg-1K-1 in unsilanized pores 

and 0.78 ± 0.10 Jg-1K-1 and 0.90 ± 0.09 Jg-1K-1 in silanized pores for partially-filled and 

completely-filled samples) for both unsilanized and silanized systems exhibits no 

statistical confinement effects within the error in measurements.   We note that a 

decreased strength of the first transition and a total bulk-like strength of the two 

transitions together have been observed in both calorimetric studies on confined ortho-

terphenyl and its mixtures with polystyrene in silanized pores [79], and as well as in 

dielectric studies on confined salol in unsilanized pores [6].   

The changes, or lack thereof, in the glass transition of completely-filled propylene 

glycol at the nanoscale can be compared to the results reported in the literature.  In the 

case of unsilanized systems, shown in Figure 4.8 and similar to the case of glycerol 

confined in unsilanized nanopores, the primary glass transition temperature is reported to 
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increase, decrease, and remain unchanged by various authors [5,7,8,10,11,13-15].  Some 

of the discrepancy is undoubtedly due to the use of different confinement glasses by 

different researchers.  For example, Kremer's work on MCM-41 and MCM-48 indicate 4 

and 9 K increases in Tg at 2.7 nm, respectively, [14] whereas Richert's work on controlled 

pore glasses (CPG) indicates an increase of 4 K at 10.2 nm [7], and Swenson's work 

using a clay as the confinement material shows no change even at 0.6 nm [10].   However, 

discrepancies also exist even when the same materials are studied by different techniques 

similar to those observed for glycerol.  Our data indicates a slight decrease of 2.5 K in Tg 

in the unsilanized pores from the bulk value; Kremer's dielectric spectroscopy results for 

propylene glycol confined in unsilanized Gelsil glasses shows no change in Tg for 7.5 and 

5.0 nm pores and a 4 K increase for 2.5 nm pores when the maximum relaxation rate is 

used to determine the change in Tg [8].  Interestingly, when the mean relaxation rate is 

used by the same authors to estimate the changes in Tg at the nanoscale, much larger 

changes, such as 7 K at 2.5 nm, seem to be incurred [15].  Richert's results using 

solvation dynamics suggest that Tg increases by 5 K in the unsilanized 4 nm Vycor 

nanopores [13], whereas Pissis's results indicate a 9 K depression at 4 nm using thermally 

stimulated depolarization currents (TSDC) and a 12 K decrease at 2.5 nm using dielectric 

spectroscopy [5,18]. 

In contrast to the seeming disagreement surrounding the changes associated with the 

main transition of propylene glycol near the bulk Tg, there is perhaps less disagreement 

concerning the value of the second transition observed at higher temperatures although its 

origin is debated.  As indicated in Figure 4.8, we find the second Tg to be approximately 

29 K above the bulk value in unsilanized pores, in reasonable agreement with both 
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Richert [7] and Kremer [14] who report the value to range from 19 to 24 K above the 

bulk value for propylene glycol confined in unsilanized controlled porous glass and in 

unsilanized MCM-41 or MCM-48, respectively.  Richert assigned the second Tg to a 

surface layer, whereas Kremer attributed the relaxation to the Maxwell-Wagner 

polarization effects.  For our calorimetric measurements, the Maxwell-Wagner effect is 

not operative and the surface layer argument is more reasonable.  Other groups [5,8] also 

observed a second elevated relaxation in confined propylene glycol using dielectric 

spectroscopy, but the transition temperature was not reported and/or the value could not 

be determined from the data.  

Similar to the case for the primary Tg of propylene glycol in the unsilanized pores, the 

results for completely-filled propylene glycol confined in the silanized pores are 

seemingly disparate, as shown in Figure 4.9.  However, the confinement effects in the 

silanized pores are considerably weaker than in the unsilanized pores with all of the 

results falling within approximately ± 3 K of one another even at the smallest pore sizes.  

Nevertheless, the confining material and the measurement technique affect the results, as 

found for glycerol and for propylene glycol confined in unsilanized pores.  For example, 

Kremer's dielectric spectroscopy results on Gelsil glass show a very subtle decrease in Tg 

at moderate pore sizes followed by an increase at even smaller pores [15] in contrast to 

our DSC results for materials in the same confining media which show a monotonic 

decrease with decreasing pore size.  On the other hand, propylene glycol confined in 

MCM-41 exhibits a decrease in Tg [14], whereas in MCM-48 [14] and in CPG [7] 

increases are observed.    
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For the silanized system, a second Tg at higher temperatures is also observed in 

Kremer's work for propylene glycol confined in silanized MCM-41 and MCM-48 glasses 

[14].   Also consistent with our observation that when pore size is larger than 5 nm the 

second transition disappears, Richert did not observe the second relaxation for propylene 

glycol confined in 10.2 nm silanized pores [7].   

4.4 Disscussion  

The effects of confinement of the two hydrogen bonded materials, glycerol and 

propylene glycol, are summarized in Table 4.2 (a) and (b), respectively.  Overall, both 

materials behave in a similar fashion except that propylene glycol confined in smaller 

pores shows a second glass transition at higher temperatures.  In unsilanized pores, 

dramatic differences are found between partially- and completely-filled samples for both 

liquids.  For example, on heating, partially-filled samples show a bulklike glass transition 

(the primary transition for propylene glycol) along with a largely reduced enthalpy 

overshoot, whereas completely-filled samples exhibit a depressed transition temperature 

accompanied by a slightly depressed overshoot.  However, in silanized pores, the 

differences between the partially-and completely-filled samples are small: confined 

materials in both states show decreased Tf' and bulklike or slightly depressed enthalpy 

overshoot.  More interestingly, the partially- and completely-filled materials confined in 

silanized pores behave essentially the same as completely-filled unsilanized samples 

within the error of the measurements.  

The results presented here strongly indicate different wetting characteristics of the 

hydrogen-bonded liquids to the unsilanized and silanized nanopore surface.  As discussed 

by Jackson and McKenna [32], in unsilanized pores, the hygrogen-bonded liquids first 
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wet the interior surface of the pores before gradually filling the pores to capacity, 

whereas, in silanized pores, the liquids do not wet the surface but instead form plugs.  In 

unsilanized pores, the preferential surface wetting results in a competition between the 

surface effects and the intrinsic size effects that depends on pore fullness.  As observed 

by Dosseh et al. [81], the surface effects arising from the fluid-wall interaction may tend 

to increase the Tg whereas the intrinsic size effects are inclined to depress the Tg.  At low 

fillings, the strong surface interaction might balance the size effects, resulting in an 

unchanged Tg; when completely filled, however, the size effects become dominant and 

reduce the Tg.  On the other hand, for silanized system where plugs are formed, the 

relative strength of the size effects to the surface effects is similar to that of the 

completely-filled unsilanized samples and independent of pore filling.  Consistent with 

our findings, Jackson and McKenna [32] observed no dependence of Tg or ∆Cp on pore 

fullness for o-terphenyl confined in silanized controlled porous glass (CPG).  Also in 

agreement with this argument, Richert [80] finds that at 20% pore fullness most of the 

confined N-methyl-ε-caprolactam in unsilanized CPG contributes to the surface layer 

although the determined Tg seems to be slightly lower than the value obtained for 

completely-filled samples for this material.   

Two- or three- layer models, consisting of a core and one or two surface layers, have 

been used to describe confined glass-forming liquids in the literature [6,7,82].  In our 

case for the confined propylene glycol, where two Tgs are observed in both silanized and 

unsilanized nanopores, the relative strength of the second Tg seems to increase with 

decreasing the pore fillings in partially-filled unsilanized pores.  This observation 

supports the idea that a surface layer is the origin of the second Tg.  Assuming spherical 
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pores for the Gelsil glasses [83] and cylindrical pores for Vycor glass [84,85] and a bulk-

like density throughout the confined liquid, the thickness of the presumed surface layer 

was determined: 
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where d is the surface thickness, x is 3 for spherical pores and 2 for cylindrical pores, D is 

the average pore diameter, and ∆Cp,1 and ∆Cp,2 are step changes in the heat capacities at 

the first and second transitions, as observed on heating, respectively.  The calculated 

average thickness of the layer is 1.1 ± 0.6 Å for both unsilanized and silanized systems, 

and the layer thickness shows no dependence on the confining pore size.  However, the 

question of how a surface layer 1 Å thick could show a calorimetric glass transition must 

be raised given that this length scale is on the order of a bond length and is significantly 

smaller than that required for cooperativity. 

4.5 Conclusion 

The glass transition behavior of glycerol and propylene glycol confined in 

nanoporous glass has been investigated.  We find that the differences in Tg, ΔCp, and the 

enthalpy overshoot behavior observed on heating are significant between partially- and 

completely-filled pores for the case of the unsilanized CPGs, but there is no significant 

affect of pore fullness for the silanized CPGs.  In general, the behavior in the silanized 

CPGs is similar to the behavior in the completely-filled unsilanized pores.  For glycerol, 

this includes a small depression in Tf' on the order of 5 K at 2.5 nm.  For propylene glycol, 

similar behavior is found except that an additional glass transition is observed in both 
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silanized and unsilanized systems approximately 30 K higher than the bulk and a slightly 

smaller depression on the order of 3 K at 2.5 nm is observed in the completely-filled 

unsilanized pores and in partially- and completely-filled silanized pores.  The results 

obtained for the partially- and completely-filled samples indicate different wetting 

characteristics of the hydrogen-bonded liquids to the pore surface: preferential surface 

wetting in unsilanized pores versus the plug formation in silanized pores, resulting in a 

different competition between the surface and the size effects.  The changes in Tg (Tf') for 

the completely-filled samples are compared to the available literature results, and the 

discrepancies discussed based on the type of confining materials and the employed 

experimental techniques.  Additionally, we attempt to use a two-layer model with a more 

mobile core and a less mobile surface layer to explain the second glass transition of 

confined propylene glycol; the surface layer so determined is on the order of 1 Å, much 

smaller than the size of cooperative regions postulated to be necessary for Tg.     
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Table 4.1.  Characteristics of the Gelsil, Vycor, and sol-gel nanoporous glasses. 
 
 

*BET analysis shows cylindrical pores with open ends. 

Porous 
glass* 

Nominal pore 
diameter (nm) 

Average pore 
diameter (nm)** 

Pore volume 
fraction 

Surface area 
(cm2/g) 

Gelsil2.5 2.5 2.4 0.39 609 
Gelsil5.0 5.0 4.6 0.68 594 
Gelsil7.5 7.5 8.4 0.72 342 
Vycor4.0 --- 4.0 0.28 250 
Sol-gel3.3 --- 3.3 0.46 258 

**Gaussian pore size distribution with width σ = 0.15 D (D is the average pore diameter) 
 
Table 4.2 (a) and (b).  Summary of the confinement effects on the propylene glycol and 
glycerol.  
 

Glycerol Unsilanized Silanized 

Properties Partially-filled Completely-filled Partially-filled Completely-
filled 

Tg No change No change -1.6 ± 1.6 K at 2.5 nm -2.6 ± 1.7 K at 2.5 nm

Tf'1 No change -5.3 ± 0.8 K at 2.5 nm -5.6 ± 1.1 K at 2.5 nm -3.7 ± 1.7 K at 2.5 nm

∆Cp,cooling -(15±8)% from bulk No change No change No change 

∆Cp,heating No change No change No change No change 

Enthalpy Overshoot Depressed Slightly depressed No change No change 

 
Propylene 

glycol Unsilanized Silanized 

Properties Partially-filled Completely-filled Partially-filled Completely-
filled 

Tg No change No change No change No change 

Tf'1 No change -2.9 ± 0.9 K at 2.5 nm -2.3 ± 1.0 K at 2.5 nm -4.2 ± 0.9 K at 2.5 nm

Tf'2 29 ± 3 K 29 ± 3 K 29 ± 3 K 29 ± 3 K 

∆Cp,cooling -(35±15)% from 
bulk -(19±9)% from bulk No change No change 

∆Cp,heating* No change No change No change No change 

Enthalpy Overshoot Depressed Slightly depressed Slightly depressed Slightly depressed 

 
* The value is the total ∆Cp for propylene glycol associated with the two transitions observed on heating.  
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Figure 4.1.  Normalized heat capacities obtained on heating at 20 K/min of bulk glycerol 
and partially-filled (a) and completely-filled (b) confined samples in unsilanized 
nanopores with nominal pore diameters of 2.5, 5.0, and 7.5 nm, as indicated. 
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Figure4.2.  The glass transition temperature, Tg, and the fictive temperature, Tf', plotted 
as a function of the inverse of nominal pore diameter for both bulk glycerol and confined 
samples in unsilanized nanoporous glass.  The dashed line indicates no statistical change 
with confinement; the solid line represents the best linear fit of the data. 
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Figure 4.3.  The difference in Tg of the completely-filled confined glycerol and the bulk 
(Tg - Tg,bulk) plotted as a function of the inverse of nominal pore diameter for unsilanized 
systems.  Results from Jonas [33], Navrotsky [34], Kremer [6], and Richert [13] are 
compared.  Confinement materials are the same as used in this work unless indicated 
parenthetically in the legend.  
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Figure 4.4.  Normalized heat capacities obtained on heating at 20 K/min of bulk glycerol 
and partially-filled (a) and completely-filled (b) confined samples in silanized nanopores 
with nominal pore diameters of 2.5, 5.0, and 7.5 nm, as indicated. 

 
 

 
 
 
 
 
 
 
 
Figure 4.5.  The glass transition temperature, Tg, and the fictive temperature, Tf', plotted 
as a function of the inverse of nominal pore diameter for both bulk glycerol and confined 
samples in silanized nanoporous glass.  Data obtained for unsilanized system are also 
compared.  The dashed line indicates no statistical change with confinement; the solid 
line represents the best linear fit of all the Tf' data. 
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Figure 4.6.  Normalized heat capacities obtained on heating at 20 K/min of bulk propylene glycol 
and confined samples in unsilanized (a) and silanized (b) nanopores with nominal pore diameters 
of 2.5 and 7.5 nm, as indicated.  The solid lines represent the bulk and the completely-filled 
confined samples; the dotted lines represent the partially-filled confined samples. 
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Figure 4.7.  The glass transition temperature, Tg, and the fictive temperature, Tf', plotted as a function of 
the inverse of nominal pore diameter for both bulk propylene glycol and confined samples in unsilanized (a) 
and silanized (b) nanoporous glass.  In figure (b), data obtained for unsilanized system are also compared.  
The dashed lines show no statistical change with confinement; the dotted line indicates statistical 
depression found from the bulk but no size effects observed between confined samples themselves; the 
solid line represents the best linear fits of all the Tf' data. 
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Figure 4.8.  The difference in Tg of the completely-filled confined propylene glycol and 
the first Tg of bulk (Tg - Tg,bulk) plotted as a function of the inverse of nominal pore 
diameter for unsilanized systems.  Results from Kremer [8,14,15], Richert [7,11,13], 
Pissis [5,18], and Swenson [10] are included.  Open symbols represent the second Tg.  
Confinement materials are the same as used in this work unless indicated parenthetically 
in the legend. 
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Figure 4.9.  The difference in Tg of the completely-filled confined propylene glycol and 
the first Tg of bulk (Tg - Tg,bulk) plotted as a function of the inverse of nominal pore 
diameter for silanized systems.  Results from Kremer [14,15] and Richert [7] are included.  
Open symbols represent the second Tg.  Confinement materials are the same as used in 
this work unless indicated parenthetically in the legend. 
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CHAPTER 5 

THE GLASS TRANSITION IN ATHERMAL POLY(α-METHYL 
STYRENE)/OLIGOMER BLENDS 

5.1 Introduction 

The dynamic properties of miscible polymer blends have been widely investigated in 

recent years using a variety of techniques, including dielectric spectroscopy [1-10], 

quasielastic neutron scattering [8,11], nuclear magnetic resonance (NMR) [8,10,12-

15,21-23], differential scanning calorimetry (DSC) [1-5,11,12,14,16-23], and computer 

simulations [24-27].  Several interesting features have been identified: the glass transition 

of the blends becomes broader than their pure components [1-6,10-12,14,16-21]; two 

distinct segmental relaxation times are observed [8,10,12-15,17,19,22-23]; and often, 

time-temperature superposition fails [1,12-15,17,19].  To explain these observations, 

local heterogeneity, or variant local composition, has been invoked.  This local 

heterogeneity is attributed to two effects: self-concentration effects due to chain 

connectivity [12,13,28,29] and the effects of concentration fluctuations [9,24,25,30-32].    

The specific aim of this current work is to test the self-concentration model of Lodge 

and McLeish [28] using an athermal system consisting of a polymer blended with its 

oligomer.  The Lodge-McLeish model assumes that, due to the effect of chain 

connectivity, the effective local concentration of a segment will be higher than the mean 

blend composition.  Hence, differences in the mean relaxation times or in the effective 

Tgs of the blend components are predicted for components with intrinsic differences in 

mobility [28].  Although the Lodge-McLeish model neglects concentration fluctuations 

which can influence the mean relaxation time and influence the breadth of the 

distribution [24,33], for the athermal system examined here, the effect of concentration 
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fluctuations on the mean relaxation times is expected to be minimized since the 

interaction parameter χ = 0 and due to the presence of short chains [24,25].   The Lodge-

McLeish model also neglects confinement effects, which may become important below 

the Tg of the blend when the high-Tg component becomes glassy and confines the low-Tg, 

more mobile component [11,34].  The dynamics of confined systems, such as in polymer 

ultrathin films, are known to be affected when the confinement occurs at the nanometer 

length scale [35], and a connection between the dynamics of the low-Tg component in 

miscible polymer blends and in confined systems may exist.  

Here we use differential scanning calorimetry to investigate the effective glass 

transition temperatures and dynamics of athermal blends of poly(α-methyl styrene) with 

its oligomers.  New results for poly(α-methyl styrene)/hexamer blends will be presented 

and analyzed along with our previous DSC data on similar blends [36] of poly(α-methyl 

styrene) with pentamer.  The advantages of using these polymer/oligomer athermal 

blends include that they are athermal with χ = 0 and that the self-concentration effects for 

both components might be expected to be similar since the segments are chemically 

identical—if the oligomer is long enough.  In addition, the Tgs of the two components can 

differ by as much as 180 K, increasing the asymmetry of the blend and magnifying the 

blending effects.   

The paper is organized as follows.  We first present the data analysis method 

including a methodology for determining the effective Tg for each component in the 

blend from DSC scans.  We then report our experimental methodology and our results.  

We end with a discussion and conclusions. 

 

105 
 



                                                                  Texas Tech University, Wei Zheng, August 2008 

5.2 Data Analysis and Modeling for Athermal Bidisperse Blend 

In our previous work [36], the absolute heat capacities, Cp, were measured using the 

step-scan method for 108 kg/mol poly(α-methyl styrene) (PaMS108k), the pentamer of 

poly(α-methyl styrene), and various blends of PaMS108k with its pentamer.  The data are 

shown in Figure 5.1 as a function of temperature.  The heat capacities of the blends and 

the pure components fall onto the same glass and liquid lines with the error of the 

measurements (±2%), indicating that the mixtures are athermal blends as might be 

expected based on the similarity of the two components.  In addition to the absolute heat 

capacity, it is notable that the blends exhibit a broader glass transition than the pure 

components.  Since it has been unambiguously shown that under the one broadened 

calorimetric transition observed in miscible blends, two dynamic processes exist 

[8,10,12-15,17,19], we assume that the broadened calorimetric Tg response in these 

systems can be attributed to relaxations associated with each component.  Assuming that 

the step change in the heat capacity at Tg is additive, we write 

                            ∆Cp, blend = φpolymer ∆Cp, polymer +  φoligomer ∆Cp, oligomer                      (5.1) 

where ∆Cp, blend, ∆Cp, polymer, and ∆Cp, oligomer  represent the step changes in the heat 

capacity at Tg for the blend, for the polymer in the blend, and for the oligomer in the 

blend, respectively, and φi is the weight fraction of component i in the blend.   In our case, 

the step changes in the heat capacity (ΔCp(T)) are all identical such that the relaxation of 

each component is simply attributed according to its weight percent in the blend.   The 

methodology is applied in Figure 5.2 to a blend containing 60 wt % PaMS108k and 40 wt 

% pentamer, where we attribute 60 % of the relaxation strength of the blend to the 

polymer and 40 % to the oligomer.  The slope of the intermediate line which is taken as 
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the effective liquid line for the oligomer relaxation, as well as the effective glass line for 

the polymer relaxation, is assumed to have a slope intermediate to those of the blend 

liquid and glass heat capacities; in this case of 0.4d(Cpl, blend)/dT + 0.6d(Cpg, blend)/dT.  

Heat capacities in the temperature ranges of Tg - 40 °C to the onset of Tg and the endset 

of Tg to Tg + 30 oC were used to determined the slopes of the glass and the liquid lines, 

respectively.  For each of the two assumed relaxations, the effective Tg is calculated as 

the temperature at which the heat capacity is half of the total change (i.e., the half-height 

method is applied).  This type of analysis is consistent with work by Adachi and 

coworkers who assumed that the broadened transition in polystyrene/toluene blends could 

similarly be partitioned [18,37], as well as being consistent with Lodge and McLeish's 

simulations of the transition [28].  However, in our work, no assumption concerning the 

shape of the two transitions is made; rather, it is implicitly assumed that the midpoint (at 

half height) of the transition attributed to each component is not significantly affected by 

the breadth of the transition of the other component.  We note that the methodology 

described in Figure 5.2 should ideally be performed on cooling scans or on scans having 

no enthalpy overshoot; heating scans having an enthalpy overshoot cannot be used 

because the transition becomes sharper and narrower due to the kinetics associated with 

the overshoot and the midpoint of such heating scans is not Tg. 

To test our methodology, we apply it to DSC traces of poly(vinyl 

ethylene)/polyisoprene miscible blends reported in the literature and compare the 

effective Tgs obtained using our method to the values obtained for the same systems 

using NMR [13] and rheology [17].  We note that poly(vinyl ethylene) and polyisoprene 

have slightly different ∆Cps: 0.57 versus 0.50 J/g/K [18]; therefore, the partitioning of the 
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DSC traces is based on the weight percentage of each component multiplied by its ∆Cp 

(i.e., on φi∆Cpi/Σφi∆Cpi) instead of solely based on the weight percents as for the case of 

108k poly(α-methyl styrene)/pentamer blends.  The results are shown in Figure 5.3, 

where the effective Tg from DSC curves are plotted versus the reported values from other 

measurements.  In the ideal case, the two values would be the same.  However, different 

measurement techniques may weight the relaxation time distribution differently and 

hence give different Tg values. [38] Consequently, the deviation of the points from a line 

of slope 1.0 indicates the errors involved in our analysis.  The average error in the 

effective Tg is 2.8 ± 1.8 K for the data from ref. 13 and 4.2 ± 3.4 K for the data from ref. 

17, indicating the applicability of the method to estimate the effective Tg of each 

component in polymer blends.  Additionally, we note that our method gives essentially 

the same Tg as Adachi's method indicating that there is little effect of the breadth of the 

relaxation of component 1 on the Tg of component 2, and vice versa.  However, we 

recognize that this assumption becomes less valid for the minor component when it is 

present at low concentrations. 

The effective Tg for each component will be modeled in this work as a function of 

composition using the Lodge-McLeish model [28]: 

                                                           Tg
eff(φ) = Tg(φ)|φ=φeff                                          (5.2)       

where φ is the weight fraction of the component of interest in the blend and φeff is the 

effective composition accounting for self-concentration effects: 

                                                        φeff = φs  +  (1- φs) φ                                           (5.3)       
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The value of the self-concentration φs is taken to be the concentration of monomers 

within a volume equal to the Kuhn length cubed [28].  We also treat φs as a fitting 

parameter and obtain a length scale from this.    

To further examine the appropriate length scale associated with the Tg, Donth's 

fluctuation model [39] can be used to estimate a length scale.  Donth's model is derived 

based on the fluctuation dissipation theorem [40], and all the parameters needed for the 

estimation can be obtained from the calorimetry measurements.  The length scale, ξα, is 

written [39] as  

                                                            ξα = kBT2∆(1/CV)/(ρδT2)                                      (5.4)                       

where kB is the Boltzmann constant, ∆(1/CB V) = 1/Cvg – 1/Cvl, the step change in the 

reciprocal of the specific heat of the glass and the liquid at constant volume, ρ is the 

density of the sample, and δT is the temperature fluctuation of one average CRR at 

temperature T.  The term ∆(1/Cv) has been related to the isobaric heat capacities of the 

glass, Cpg, and the liquid, Cpl,  and can be approximated [39] by 

                   ∆(1/Cv) = 0.74 ∆(1/Cp) ≈ 0.74(∆Cp/Cp,ave
2)(1+(1/4)( ∆Cp/Cp,ave)2+….)     (5.5) 

where ∆Cp is the isobaric heat capacity change at Tg and Cp,ave = (Cpg + Cpl)/2.  The 

fluctuation δT can be estimated from 

                                                                     δT = ∆T/2.5                                                 (5.6)                       

where ∆T is the temperature interval where the Cp(T) varies between 16% and 84% of the 

∆Cp step on a heating scan [41].  The predicted length scale normally is within 1 to 3 nm.  

We note that according to Schröter's [42] new calculation of the δT, the length scale 

estimated from Donth's model might be 15% smaller.  For pure materials, Donth's model 

was directly used to predict the length scales from the Cp curves; for the blends, Donth's 
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model was applied to the relaxation attributed to each component (as shown in Figure 5.2 

for determining the effective Tg) in order to calculate the length scale associated with 

each component's relaxation.   

5.3 Experimental 

5.3.1 Materials 

 Several high molecular weight poly(α-methyl styrene)s (PaMS108k, PaMS100k, and 

PaMS19k) and the hexamer and tridecamer of α-methyl styrene were obtained from 

Polymer Source, Inc.  (Dorval, Canada).  The materials were synthesized by the 

manufacturer through anionic polymerization.  Both the polymers and the oligomers have 

a proton at one chain end; at the other end, the polymers have a secondary butyl group 

whereas the oligomers have a cumyl methyl (C6H5C(CH3)2-) group.  We emphasize the 

importance of the cumyl methyl end group; end groups with other structures may well 

result in non-athermal mixtures.  The number average molecular weight (Mn), 

polydispersity index (PDI), and other characteristics of the materials are tabulated in 

Table 5.1, where the PDI = Mw/Mn indicating the molecular weight distribution.  To 

remove any adventitious moisture, the samples were placed in a vacuum oven for 24 hr at 

70 °C for the polymers and the tridecamer and at room temperature for the hexamer.  The 

materials were stored under desiccant when not in use.  

Two bimodal blends were prepared using hexamer blended with one of the two high 

molecular weight poly(α-methyl styrene)s, PaMS100k or PaMS19k. The two blends, 

PaMS100k/hexamer and PaMS19k/hexamer, contained 50% and 53 % by weight of 

PaMS100k or PaMS19k, respectively, such that the average Tgs of the blends (i.e., at 

half-height of the step change in Cp) are approximately the same as the Tg of the 
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tridecamer.  A freeze-drying method was used to ensure that the blends were well mixed: 

first, two solutions of 10 wt% polymer concentration were made in benzene (HPLC grade, 

Aldrich) and allowed to equilibrate at room temperature for 24 hr.  Then, each solution 

was solidified by swirling the solution in a glass vial placed in a dry ice/acetone bath; the 

frozen solutions were kept in the bath for another 15 min.  A vacuum (0.05 torr) was then 

applied to the samples to sublime off the benzene.  During the first 1 hr when most of the 

solvent was removed, the sample temperature was maintained between -15 and -10 °C.  

Then the samples were exposed to vacuum (0.05 torr) for an additional 1 hr at room 

temperature, before further vacuuming for another 20 hr at 35 °C, approximately 50 K 

below the nominal Tg of the blends.  We note that an additional 24 hr vacuuming at 50 or 

70 °C  did not change either the sample weight or the sample's Tg, and hence the freeze-

dried blends presumably have no residual solvent remaining.  The calculated number- 

and weight-average molecular weights of the blends and the measured nominal Tg (at 10 

K/min) are shown in Table 5.1.  The blends were also stored under desiccant when not in 

use.  Similar blends were prepared in previous work using pentamer as the oligomeric 

component [36]; the DSC data previously reported [36] are further analyzed in this work. 

5.3.2 DSC Measurements  

Differential scanning calorimetry (DSC) was performed on the polymers, tridecamer, 

and the blends using a Perkin Elmer DSC 7 with an ethylene glycol cooling system 

maintained at 15 °C.  Similar DSC measurements were also performed on the hexamer 

using Mettler-Toledo DSC823e with a Freon cooler, which enables us to scan the low-Tg 

material down to subambient temperatures.  All runs were made under nitrogen 

atmosphere using sample sizes from 4 to 7 mg sealed in standard aluminum pans.         
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The limiting fictive temperature, Tf', was calculated using Pyris (DSC7) or Stare 

(Metter-Toledo DSC823e) software from DSC heating scans made at 10 K/min after 

cooling at various cooling rates ranging from 30 to 0.1 K/min from 40 K above Tg.  For 

cooling rates higher than 1 K/min, the sample was scanned from 40 K above Tg to 40 K 

below Tg; for cooling rates lower than 1 K/min, the temperature range in which the 

desired cooling rate was applied was decreased in order to perform the measurements in a 

reasonable time:  the transition regions used were from 185 to 145 ºC for PaMS108k, 

PaMS100k, and PaMS19k, 98 to 65 ºC for the tridecamer, 60 to 20 ºC for the hexamer, 

and 105 to 65 ºC for the blends.  The limiting fictive temperature only depends on the 

cooling rate and is known to be approximately equal to the glass transition temperature, 

Tg, measured on cooling at the same cooling rate [43,44].  We find Tf' by integrating the 

heat flow curve and then extrapolating the liquid line to the glassy line, a procedure 

consistent with the method proposed by Moynihan et al [45]: 
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where Cpl, Cpg, and Cp are functions of temperature.  The standard deviation based on two 

to six repeat runs at each cooling rate is 0.4 ± 0.1 ºC. 

Temperature and heat flow calibrations were performed upon heating at 10 K/min 

with indium (Tm = 156.6 ºC) and a liquid crystal standard (+)-4-n-hexyloxyphenyl-4'-(2'-

methylbutyl)-biphenyl-4-carboxylate [46] (CE-3 from T.M. Leslie, University of Alabama; 

smectic to cholesteric transition at 78.8 ºC).  The temperature and heat flow are 

considered to be within ± 0.10 K and ± 0.20 J/g for DSC7 and ± 0.30 K and ± 0.60 J/g for 

Metter-Toledo DSC823e.  The calibrations were checked at regular intervals during the 

DSC studies by performing check runs using CE-3 and indium.   
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5.4 Results 

The Tg of the PaMS108k/pentamer blends assuming a single transition is plotted in 

Figure 5.4 as a function of composition.  The predictions of the Fox [47], Kelley-Bueche 

[48], and Kwei [49] equations are also shown since before testing the Lodge-McLeish 

model, we first need to determine the appropriate equation for describing Tg(φ) in 

equation 5.2.  These equations can be written as  

                Fox:                         1
Tg

=
φ1
Tg1

+
φ2
Tg2

                          (5.8) 

                Kelley-Bueche:              Tg =
φ1Tg1 + Kφ2Tg2

φ1 + Kφ2

                    (5.9) 

                Kwei:                         Tg =
φ1Tg1 + Kφ2Tg2

φ1 + Kφ2
+ qφ1φ2

         (5.10)  

where Tg, Tg1, and Tg2 are the glass temperatures of the blend, the oligomer, and the 

polymer, respectively, φ1 and φ2 are the weight percents of the oligomer and polymer in 

the blend, and K and q are fitting parameters.  Clearly, the Fox equation fails to gives a 

good fit of the Tg of these bidisperse poly(α-methyl styrene) blends; the Kelley-Bueche 

equation, also attributed to Wood, Gordon, and Taylor [50], with K of the value of 0.48, 

describes the data fairly well but shows deviations at low and high concentrations.  On 

the other hand, the Kwei equation with K and q of the values of 1 and -130 K accurately 

predict the data and, thus, will be assumed in testing the Lodge-McLeish model instead of 

the Fox expression used in their original work.  Consistent with our work, Urakawa and 

coworkers [21] found that the Kwei equation gave the best description of Tg for 

polyisoprene/poly(vinyl ethylene) blends. 
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The effective Tgs of each component in the PaMS108k/pentamer blends are shown in 

Figure 5.5 as a function of polymer concentration.  Error bars are approximately the size 

of the data points: the average error in the determined effective Tg depends on the 

temperature dependence of the glass line and is considered to be approximately 1.8 ± 1.7 

oC for the polymer and 3.1 ± 2.6 oC for the oligomers.  The difference in the effective Tgs 

of the two components ranges from 11 to 21 K, with the largest differences at 

intermediate concentrations.  The magnitude of the differences is consistent with the 

results reported in the literature for other miscible blends.  For example in 

polyisoprene/poly(vinylethylene), differences of 18 and 10 K were observed for the 

individual components in 25/75 and 50/50 blends, respectively [13], differences of 16 and 

22 K were reported for two 32/68 blends having different amounts of 1,4 butadiene in the 

PVE [15], and a difference of 9 K was reported for a 75/25 blend [48].  We note that the 

difference in Tgs of the pure polyisoprene and poly(vinylethylene) is about 70 K [12,15], 

smaller than the differences in Tgs of the pure components in our case, which is 180 K.   

The effective Tgs are also compared in Figure 5.5 to those calculated from the Lodge-

McLeish self-concentration model [28] using the Kwei equation [49] to describe the Tg 

dependence on composition.   Using a self-concentration of 0.22 for both components 

calculated assuming a Kuhn length of 1.7 nm [51], the Lodge-McLeish model accurately 

predicts the effective Tgs of the oliogmer and the polymer only near their pure limits, as 

shown by the solid lines. [We note that Lodge and McLeish [28] used a self-

concentration of 0.27 for polystyrene based on a slightly shorter Kuhn length; the results 

are qualitatively the same for this self-concentration value.]   On the other hand, the best 

fit of the model to the data, indicated by the dashed lines, yields a low self-concentration 
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of 0.056 ± 0.011, indicating a length scale of the segmental relaxation of 2.7 ± 0.2 nm.  

The plus/minus term represents the standard error in the fitting parameters.  Fitting the 

two components separately also does not result in significantly different self-

concentration values; in fact, separate fits give self-concentration of 0.051 ± 0.010 for the 

oligomer and 0.087 ± 0.008 for the polymer.  Considering the larger uncertainties in the 

effective Tgs determined at low concentration of the minor component, a fit was made 

using only data at greater than 40% concentration (i.e. from wi = 0.4 to 1.0 for Tgi); this 

fit gives a self-concentration of 0.100 ± 0.010 and a length scale of 2.2 ± 0.1 nm.  It is 

also noted that the model predicts that the difference in the effective glass transition 

temperatures of the two components should increase as the concentration of the high-Tg 

component increases.  Our data do not suggest that this is the case; rather the data suggest 

that the largest difference in effective Tgs occurs at an intermediate concentration of 

approximately 60 to 70 % polymer.   Similarly, in other reports of miscible polymer 

blends [13,30,21,52], the broadest transitions of the blends as measured by DSC have 

generally been found at intermediate concentrations, ≈ 30 to 75 wt % of the high-Tg 

component.   

The length scales estimated from Donth's model for the pure materials and for the 

components in the polymer/oligomer blends studied in both previous [36] and this work 

are plotted as a function of polymer concentration in Figure 5.6.  The length scales range 

from 1.3 to 2.8 nm, in good agreement with the values obtained for pure materials by 

Donth [39] and for components in a variety of polymer blends examined by Colmenero 

[29].  In the figure, the length scales for the oligomeric components are indicated by open 

symbols, whereas those for the polymeric components are indicated by filled symbols.  It 
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is clear that the length scales of both oligomeric and polymeric components in the blends 

are similar as might be expected since their segments are chemically identical, and both 

show a slight decrease at the intermediate concentrations, as indicated by the best fit.  

The decrease in the length scales at intermediate concentrations indicates that the 

relaxation associated with each component becomes more heterogeneous.   The results 

are consistent with the observations from NMR [12,15] and dielectric spectroscopy [10] 

experiments but differ from the findings from computer simulations [27], where upon 

blending a narrower relaxation time distribution is observed for each component 

(although of course, the relaxation time spectrum for the blend broadens).  Interestingly, 

the estimated length scales are smaller than the value found from the best fit of the 

Lodge-McLeish model to the effective Tgs and are much closer to the Kuhn length of the 

components especially at intermediate concentrations, as shown by the dashed lines.   

To further investigate how the increased heterogeneity in these athermal blends 

affects the temperature dependence and the dynamics associated with the glass transition, 

the cooling rate dependences of the limiting fictive temperature (Tf' ≈ Tg) of a 50/50 

blend of PaMS100k and hexamer was measured and compared to that of its components.  

For ease of comparison, the Tf' relative to the value obtained at 10 K/min is plotted as a 

function of cooling rate in Figure 5.7.  Surprisingly, the cooling rate (q) dependence of Tg 

for the blend is significantly higher than the values of dTg/dlnq found for high molecular 

weight poly(α-methyl styrene), but it is similar to the value found for hexamer, as 

tabulated in Table 5.1.  Also shown in the figure are the apparent normalized activation 

energies, ∆H/R, which can be calculated from the cooling rate dependence of Tf' [53]: 
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                                ΔH
R

=
dln τ
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⎢ 

⎤ 

⎦ 
⎥ 
T=Tg

=
dlnq

d(1/Tf ')
                         (5.11) 

where R is the gas constant, τ is the relaxation time at temperature T, q is the cooling rate, 

and Tf' is the corresponding limiting fictive temperature measured at rate q.  The ∆H/R of 

the materials at Tg are also summarized in Table 5.1.  The 50/50 PaMS100k/hexamer 

blend has a relatively low value of ΔH/R at 86 kK, less than half of the value found for 

the polymer PaMS100k (200 kK) but near the value of the oligomer (70 kK).  

In an effort to further examine the effects of blending on the kinetics associated with 

the glass transition, we examined the DSC heating scans, and in particular the enthalpy 

overshoot at the glass transition, as a function of cooling rate.  The normalized heat 

capacities (CpN) obtained from the DSC heating scans of PaMS100k, hexamer, and 50/50 

PaMS100k/hexamer blend are shown in Figures 5.8 (a) , (b), and (c), respectively.  CpN is 

defined as,   

 

                                                     CpN =
Cp − Cpg

Cpl − Cpg
                                                      (5.12)                     

where Cp, Cpg, and Cpl  are functions of temperature.  As the cooling rate decreases, the 

enthalpy overshoot for both the PaMS100k and the hexamer moves to higher 

temperatures and the peak height increases, as expected, although the overshoots of the 

oligomer is smaller and the transition is slightly broader.  Upon blending, the enthalpy 

overshoots are significant depressed and the transition becomes considerably broader.  

The same phenomena have been observed for polymer blends [2,4-6,12,16,17,20], 

nanoconfined hydrogen-bonded liquid in partially-filled unsilanized pores [54], and 
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nanoscaled polymer thin films [55].  Compared to the polymer, the depression and the 

broadening of the enthalpy overshoots observed in the oligomers and the blends are 

suggested to arise from the broader relaxation time distribution, as found similarly for the 

system of polystyrene blended with its oligomers [56]. 

The materials compared in Figure 5.8 have significant differences in their average Tgs 

and also in their apparent activation energies.  To further investigate the effects of 

blending on the enthalpy overshoots, both the above factors were minimized by studying 

two blends, 53/47 PaMS19k/hexamer and 50/50 PaMS100k/hexamer, and comparing 

them with the tridecamer.  These three materials all exhibit similar Tgs of approximately 

85 °C at 10 K/min cooling rate and comparable apparent activation energies of about 90 

kK, as shown in Figure 5.9 and tabulated in Table 5.1.  The enthalpy overshoots of these 

three materials are shown in Figures 5.10 (a) and (b); similar results are observed as were 

shown in Figure 5.8: both blends show a depressed enthalpy overshoot and a broader 

transition, in contrast to the tridecamer.  Clearly, the depression of the overshoots and the 

broadening of the Tg is not significantly affected by either Tg or the apparent activation 

energy; rather, it appears that the most important parameter is the degree of heterogeneity 

or the breadth of the relaxation time spectrum in the material.   

5.5 Discussion 

The effective Tgs determined from the broadened calorimetric Tg are compared with 

the Lodge-McLeish model prediction.  With a theoretical estimated self-concentration of 

0.22 for both components, the model describes the data qualitatively but not 

quantitatively.  The best simultaneous fit of the model to the effective Tgs of both 

components gives a much smaller self-concentration of 0.056, which corresponds to a 
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length scale of 2.7 nm, considerably larger than the Kuhn length of the materials, 1.7 nm, 

and also higher than the length scales of CRR calculated from Donth's model, shown in 

Figure 5.6.  However, the similarity between the CRR length scales for two components 

supports the idea that both the oligomer and the polymer have the same length scale for 

determining a self-concentration; although the trend of decreasing length scale at 

intermediate concentrations suggests that there should be a change in the self-

concentration with composition if a direct correlation exists between these two factors is 

postulated [29,33].   

Discrepancies between the fitted self-concentration and the prediction from the Kuhn 

length have also been reported in literature.  For example, Urakawa et al. [21] and 

Colmenero et al. [4] observed that the self-concentration effect is considerably decreased 

for the low Tg component, polyisoprene, in polyisoprene/poly(vinyl ethylene) blends, 

although in that work, the self-concentration for the high-Tg component was consistent 

with its Kuhn length: May and Maranas [27] found that the self-concentration is higher 

than the prediction from the Kuhn length for both the two components of poly(ethylene-

propylene)/poly(ethylene-butene) blends.  In addition, Colmenero and coworkers [4,29] 

observed that the self-concentration depends on the temperature under which the dynamic 

is studied and the concentration of the component in the blend; and Kumar, Colby, and 

cowokers [10,25,33] pointed out the self-concentration of the low-Tg component is 

temperature invariant whereas for the high-Tg component the value decreases with 

decreasing the temperature.  On the contrary, Edigar and coworkers [22,23,57] focus 

more on the influence of the blending partner on the self-concentration value: polystyrene 

blended with different materials was found to have various self-concentration values 
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depending on what it was blended with.  The implication is that the interactions between 

the components may contribute to the experimental self-concentration values.  In our case, 

however, weak interaction is expected between the polymer and the oligomer, and the 

low self-concentration value indicates weak chain connectivity effects.  One issue is 

whether the deviation from the Lodge-McLeish model prediction might come from the 

nature of the oligomer, i.e., whether the oligomer should be considered to be a solvent or 

to have chain-like character.  In fact, Edigar [57] has pointed out that the chain dynamics 

of the polymer segment are dominated by self-concentration effects whether the chain is 

mixed with another polymer or with low molecular weight solvent.  This finding 

indicates that even if the oligomer acts as a solvent a good prediction is still expected at 

least for the polymer component.  However, as mentioned earlier, only fitting the 

effective Tg of the polymer still gives self-concentration of 0.087.  Our results are 

corroborated by Edigar [22] who found a value of 0.14 ± 0.05 for deuterated polystyrene 

blended with undeuterated high molecular weight polystyrene.  The implication is that 

equation 5.3 accounts for more than chain connectivity when applied to real systems, and 

that for athermal ideal systems the self-concentration is small.                                                                    

The fact that the cooling rate dependence of Tf' (Tg) and the calculated activation 

energy of the blends differ from the high molecular weight polymeric component but are 

similar to the oligomeric component indicate that the dynamic properties of the blend at 

temperatures around Tg are dominated by the high mobility hexamer.  The observation 

agrees with the results from the physical aging of poly(vinyl methyl ether)/polystyrene 

blend [16], where the low-Tg component, poly(vinyl methyl ether), is found to age 

independently of the polystyrene content and to account for essentially all of the aging 
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effects observed.  The results are also consistent with the simulation reports on 

poly(ethylene-propylene)/poly(ethylene-butene) [27], where the relaxation of the slower 

component is much more affected by the blending than the faster component.  Besides 

the blending effect on the cooling rate dependence of Tg, the transition of the blends 

becomes broader and the associated enthalpy overshoot is depressed, and both of these 

are found to be occur independent of changes in either the activation energy or the glass 

transition temperature.  On the other hand, the same phenomena are also observed for 

confined systems, such as nanoconfined hydrogen-bonded liquid in partially-filled 

unsilanized pores [54] and ultrathin polymer films [55], and it is well accepted that 

confined dynamics occur for poly(ethylene oxide) in its blends with poly(methyl 

methacrylate) [34] or with poly(vinyl acetate) [11].   If there is a similar confinement 

effect in our athermal blends, it would only be for the low-Tg material, but, of course, it is 

the low-Tg component which seems to dominate the dynamics.  Consequently, it could be 

that the confinement effect amplifies the broadened relaxation time distribution and is 

partly responsible for the depressed enthalpy overshoots.  The fact that the length scales 

for the oligomeric components in the blends may be somewhat smaller than those for the 

polymeric components (see Figure 5.6) supports this argument, although the scatter in the 

length scale data makes a conclusive statement concerning the relative length scales of 

the two components difficult.        

5.6 Conclusions 

The glass transition behavior of athermal blends of poly(α-methyl styrene) (PaMS) 

with its hexamer is investigated using differential scanning calorimetry (DSC).  The 

results, along with previous data on similar blends of PaMS/pentamer, are analyzed in the 
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context of the Lodge-McLeish self-concentration model.  A methodology is described to 

partition the calorimetric relaxation in order to obtain effective Tgs for each component of 

the blend.  The Lodge-McLeish model with a theoretically estimated self-concentration 

only predicts the effective Tgs of the oliogmer and the polymer at their pure limits.  The 

best fit of the model to the data yields a smaller self-concentration for the components 

forcing us to question whether self-concentration reflects the effects of chain connectivity, 

or perhaps more likely, simply the local concentration due to interactions between the 

components.  The length scale of the cooperatively rearranging regions (CRR) for each 

component in all the blends is also calculated adopting Donth's fluctuation model.  The 

length scales of both the polymer and oligomer are similar and show a slight decrease at 

intermediate concentrations.  The kinetics associated with the glass temperature, Tg, are 

examined by studying the cooling rate dependence of Tg for the pure components and the 

blends, as well as by examining the enthalpy overshoots in the heating DSC scans.  It is 

observed that the cooling rate dependence of Tg in PaMS/hexamer blends at intermediate 

concentrations is similar to that of the hexamer, indicating that the dynamics of the 

blends at temperatures around Tg is dominated by the high mobility oligomer.  Moreover, 

compared to the pure materials, the PaMS/hexamer blends exhibit a considerably 

depressed enthalpy overshoot, presumably due to a broadened relaxation time distribution, 

part of which may be attributable to confinement of the low-Tg component. 
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Table 5.1.  Characteristics of the poly(α-methyl styrene) and its oligomers investigated 
and the physical properties of the pure materials as well as the blends.   

Sample* 
 

Mn
(kg/mol) PDI 

 

Tg
** 

(K) dTg/dlnq (K) 
 

ΔH/R 
(kK) 

Pentamer 0.656 1.40 265 - - 
Hexamer 0.769 1.16 310 1.42 ± 0.05 70 ± 4 
Tridecamer 1.538 1.08 357 1.27 ± 0.04 97 ± 3 
PaMS19k 19.7 1.02 438 0.88 ± 0.05 200 ± 
PaMS100k 100.3 1.05 443 0.92 ± 0.04 200 ± 9 
PaMS108k 108 1.04 444 0.98 ± 0.05 189 ± 
PaMS100k/hexamer (50/50) 1.526 34.8 360 1.43 ± 0.06 86 ± 4 
PaMS19k/hexamer (53/47) 1.567 7.1 361 1.43 ± 0.06 85 ± 3 

* Density of the materials is 1.04 g/cm3 [51]. 
**Tg obtained on heating after cooling at 10 K/min. 
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Figure 5.1.  Absolute heat capacity versus temperature obtained from DSC step-scan for 
the 108 kg/mol poly(α-methyl styrene)(PaMS108k), its pentamer, and the 
PaMS108k/pentamer blends at the noted polymer weight percents.  After ref. 36.   
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Figure 5.2.  Schematic plot demonstrating the calculation of the effective Tgs for the 
components in the 60/40 PaMS108k/pentamer blend from Figure 5.1.  Tg,p and Tg,o 
represent the determined effective Tg of the polymer and oligomer in the blend, 
respectively. 
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Figure 5.3.  Effective Tg of poly(vinyl ethylene) (solid symbols) and polyisoprene (open 
symbols) determined from DSC traces using the method shown in Figure 5.2 plotted 
versus the reported values obtained from NMR [13] and rheological [17] measurements.  
In ref. 13, corresponding to the NMR measurements, only Tg of the deuterated 
component is determined from their DSC traces.  Error bars for the values from ref. 17 
are based on the standard deviation of reported Tg values in Table VI.  The solid line 
represents best fit of a line of slope 1.0 to the data in ref. 13, whereas the dashed line is 
the best fit of a line of slope 1.0 to the data in ref. 17. 
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Figure 5.4.  Average Tg of the PaMS108k/pentamer blends shown in Figure 5.1 as a 
function of polymer weight percent.  The dashed line is the best fit of the Fox equation 
[47], the dotted line is the best fit of the Kelley-Bueche equation with K =0.48 [48], and 
the solid line is the best fit of the Kwei equation with K = 1 and q = -130 K [49]. 
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Figure 5.5.  Effective Tgs of PaMS108k and its pentamer as a function of the polymer 
weight percent in the blends; the effective Tgs were calculated from the data shown in 
Figure 5.1 using the method shown in Figure 5.2.  Results from the Lodge and Mcleish's 
self-concentration model [28] are also shown using a self concentration of 0.22 for both 
components (solid lines) and a self-concentration of 0.056 (dashed lines).  
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Figure 5.6.  Length scale determined from Donth's model [39] for pure materials 
(pentamer, hexamer, tridecamer, PaMS19k, PaMS100k, and PaMS108k) and for both 
components in blends of these materials, plotted as a function of polymer weight percent.  
Open symbols represent oligomers in either pure states or in blends; filled symbols 
represent polymers in either pure states or in blends.  The solid line is a second-order 
polynomial fit to the data.  Dashed lines represent the Kuhn length of the two components 
and the length scale obtained from the best fit (shown in Figure 5.5) of Lodge-McLeish 
model [28] to all of the effective Tg data.  The full names and properties of the materials 
are reported in Table 5.1. 
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Figure 5.7.  Cooling rate dependence of the fictive temperature (Tf' ≈ Tg) obtained on 
heating at 10 K/min for PaMS100k, hexamer, and the 50/50 PaMS100k/hexamer blend.  
Here, the relative Tf' (Tf',ref) is the value obtained at 10 K/min cooling rate.  Solid lines 
represent the best linear fits.   
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Figure 5.8.  Normalized heat capacities obtained on heating at 10 K/min for (a) 
PaMS100k, (b) hexamer, and (c) 50/50 PaMS100k/ hexamer blend after cooling at rates 
of 30, 10, 2, 0.3, and 0.1 K/min.   

 
 

 

 

 

Figure 5.9.  Cooling rate dependence of the fictive temperature (Tf' ≈ Tg) obtained on 
heating at 10 K/min for tridecamer, 50/50 PaMS100k/hexamer blend, and 53/47 
PaMS19k/hexamer blend.  Solid lines represent the best linear fits.   
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Figure 5.10.   Normalized heat capacities obtained on heating at 10 K/min after cooling 
at (a) 10 and (b) 0.1 K/min, respectively, for tridecamer, 50/50 PaMS100k/hexamer blend, 
and 53/47 PaMS19k/hexamer blend. 
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CHAPTER 6 
THE GLASS TRANSITION TEMPERATURE VERSUS THE FICTIVE 

TEMPERATURE AND THE ISOCONVERSION ANALYSIS   

6.1 Introduction 

An important characterizing parameter of amorphous materials, the glass transition 

temperature (Tg), theoretically, can only accurately measured on cooling [1-3].  However, 

due to historical difficulties in calibration and control of the instrument during cooling, 

differential scanning calorimetry (DSC) measurements performed on cooling are rare 

[3,4], and Tg is frequently estimated from the limiting fictive temperature, Tf', obtained 

on heating [4-8].  Although these problems have been resolved by using advanced 

instruments and liquid crystal calibration standard, the convention of measuring Tg on 

heating is still used [1,9], and valid comparison of Tf' and Tg  has not previously been 

made.   

Similar issues also exist in applying an isoconversion analysis [10-13] to examine the 

variation of the activation energy (Ex) throughout the glass transition.  The isoconversion 

analysis calculates the value of Ex at each conversion using the following equation: 

                                                        
xTd

qd

xR
Ex

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=⎟

⎠

⎞
⎜
⎝

⎛
/1

ln
                                            (6.1) 

where q is the cooling rate, R is the universal gas constant, and T is the temperature 

where the conversion x is attained. The conversion x is obtained from equation 6.2,  
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−

−
=                                                                 (6.2) 

where Cp is the apparent heat capacity, Cpg is the heat capacity in the glassy regime, and 

Cpl  is the heat capacity in the liquid regime, all three of which are functions of 

temperature.  With equation 6.1, ideally, Ex can be easily measured on cooling since Cp 
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exhibits a monotonic decrease upon transformation from an equilibrium liquid to a glass; 

however, again because of the difficulties in performing cooling measurements, few sets 

of cooling data are available to use.  Therefore, the method has been applied to the DSC 

heating curves.  The problem is, on heating, Cp often shows an overshoot near the glass 

transition and the magnitude of the overshoot is influenced by thermal history and the 

heating rate [3].  To minimize this problem, generally, the heating curves used for the 

isoconversion analysis are obtained as a function of the cooling rate while the ratio of 

cooling rate and heating rate keeps constant.  

Recently, Vyazovkin and coworkers applied the isoconversion analysis [14,15] to 

DSC heating curves to study the activation energy throughout the glass transition.  For 

polystyrene, the value of Ex shows a strong dependence on the conversion decreasing by 

more than 50 % from the glassy state to the equilibrium liquid state, and this decrease is 

suggested to be due to the increase in available free volume at higher temperatures [16].  

However, the values of Ex reported in Vyazovkin's work are lower than most of the 

values reported in the literature for polystyrene [17-24], although some lower values of 

Ex have also been reported [25,26].  Whether the lower activation energies and its strong 

dependence on conversion [16,27] are due to performing the isoconversion analysis on 

heating is unclear. 

The objective of this work is to perform calorimetric measurements on a polystyrene 

as a function of cooling and heating rates using DSC.  The values of Tg on cooling and Tf' 

on heating will be measured to examine the relation between these two parameters.  An 

isoconversion analysis will be applied to the obtained cooling and heating curves to 

determine the activation energy and to examine the difference in performing the method 
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on cooling and on heating.  Comparison between the Ex determined from the 

isoconversion analysis and those found from the cooling rate dependence of Tg and Tf' 

will also be made. 

6.2 Methodology 

In this work, the material studied is a polystyrene (Dylene 8) obtained from Arco 

polymers.  Dylene 8 has a number average molecular weight of 92,800 g/mol and a 

polydispersity index of 2.38.  

The DSC studies were conducted using a Perkin Elmer Pyris 1 DSC equipped with an 

ethylene glycol cooling system maintained at 15 oC.   The weights of the sample and 

reference pans were matched to within 0.02 mg. Aluminum pans were used in all 

experiments. All runs were performed under a nitrogen atmosphere.  

Temperature and heat flow calibrations were performed separately for cooling and 

heating runs. The temperature calibrations on cooling were performed at the same rates as 

the sample runs using two liquid crystal standards, (+)-4-nhexylophenyl-4'-(2'-

methylbutyl)-biphenyl-4-carboxylate (CE-3 from T.M. Leslie [28], University of 

Alabama; smectic to cholesteric transition at 78.8 oC) and 4,4-azoxyanisole (Sigma-

Aldrich Co. Ltd.; liquid crystal to isotropic liquid transition at 134.5 oC).  Indium and 

both liquid crystal standards were used for temperature calibrations on heating.  Heat 

flow calibrations for cooling and heating were performed using indium at 10 K/min.  

Note that the enthalpy fusion of indium shows no obvious dependence on the cooling or 

heating rate. 

Two types of DSC experiments were performed.  One involved cooling at various 

rates ranging from 0.1 to 30 K/min, followed by a heating scan at 10 K/min using a thin 
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0.27 mm thick sample.  Data obtained were used to calculate the Tg and Tf' as a function 

of cooling rate and to apply the isoconversion analysis to determine the activation energy 

on cooling.  In order to demonstrate the difference between performing the isoconversion 

analysis on cooling and heating, another set of DSC measurements were performed, 

which involves heating at various rates from 2 to 30 K/min following cooling runs made 

at the same rate as used on heating using a thin 0.35 mm thick sample.  

The glass transition temperature, Tg, was determined upon cooling using the half 

height criteria in the Pyris software. Due to excessive noise at slower cooling rates, Tg 

could be determined only for cooling rates equal to or higher than 2 K/min. The limiting 

fictive temperature (Tf') was determined using the Pyris software from heating scans 

performed at 10 K/min after each cooling run.  Tf' is obtained based on the method of 

Moynihan [9]: 

                                                                 (6.3) ∫∫
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Baseline subtraction was performed for all the DSC scans. Two to three runs were 

performed on cooling and on heating.   The standard deviations for Tg and Tf' were found 

to be within 0.3 oC and 0.2 oC, respectively. The thermal lags between the program 

temperature and the sample temperature were found to be less than 0.1 oC for all the 

cooling and heating rates [29]; hence, no corrections were made to the experimental data.   

6.3 Results  

The representative normalized heat capacities (CpN) obtained on cooling are shown in 

Figure 6.1. CpN is defined as:   
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As expected, the glass transition shifts to higher temperatures with increasing cooling rate; 

Tg increases from a value of 98.3 at 2 K/min to 101.5 oC at 30 K/min.  The step change in 

heat capacity at Tg, ΔCp, ranges from 0.26 to 0.22 J/g/K, showing a slight decrease with 

increasing cooling rate.  The decrease is presumably due to the increasing breadth of the 

transition at the higher cooling rate, which makes drawing the tangent of the glass line 

difficult.  

The CpN obtained on heating at 10 K /min after cooling at various rates is shown in 

Figure 6.2.  The overshoot increases and Tf' decreases with decreasing cooling rates.  The 

ΔCp remains relatively constant at 0.290 ± 0.005 J/g/K and, on average, is 17 % higher 

than the value obtained on cooling.  We note that ΔCp should be the same on cooling and 

heating if absolute measurements are made to deep enough in the glassy state and 

tangents are taken using the correct glass line. However, typical DSC measurements do 

not report absolute Cp and problems with the baseline do not allow drawing tangents far 

from the transition. Consequently, our result typifies problems with measuring ΔCp using 

DSC.  

The values of Tg and Tf' as a function of cooling rate are compared in Figure 6.3.  The 

values of Tf' are on average approximately 1 oC lower than Tg at rates where both are 

measured.  Again, the difference is attributed to differences in drawing the glass line 

tangents.  If the tangent for the glassy state is drawn in the transition range, as is 

presumably the case for the cooling curves due to the breadth of the transition, the result 

is an apparent depression in ∆Cp and also a slight increase in Tg.   
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The cooling rate (q) dependence of Tg or Tf' can be used to determine the average 

activation energy Eave through the following relation [9]:  

)'/1(
ln

)/1(
ln

fg

ave

Td
qd

Td
qd

R
E

−=−=                                                                                      (6.5)                          

Calculation results show an activation energy of 931 ± 88 kJ/mol on cooling and 1056 ± 

103 kJ/mol on heating.  The Eave has been widely used to characterize the kinetics of 

glass transition, indicated by its use in the well-known Tool-Narayanaswamy-Moynihan 

model [30-32].  However, some argue that the activation energy is not constant and varies 

throughout the glass transition [16,27].  To study the variation of the activation energy, 

the isoconversion analysis is proposed. 

 The cooling and heating cures used to determine the activation energy using 

isoconversion analysis are shown in Figure 6.4.  Note that the cooling scans are the same 

as shown in Figure 6.1; the heating scans, shown as inset, are obtained following cooling 

as the same scan rate as the heating scans.  Compared to the cooling runs, the heating 

scans show an enthalpy overshoot and the overshoot becomes slightly broadened and 

depressed with increasing the heating rate.  Note that the broadening and depression in 

the overshoots are not expected from the TNM model [30-32], indicating that there are 

some issues with the model.   

The activation energy obtained from the isoconversion analysis is shown in Figure 

6.5 as a function of conversion.  The solid and open symbols represent the values of Ex 

obtained on cooling and heating, respectively, with the error bars representing the 

standard errors of the values.  The activation energy obtained both on cooling and heating 

increases statistically with increasing conversion towards the glassy state, as indicated by 

the Spearman's correlation coefficient, ρ = 0.59 on cooling and ρ = 1.0 on heating.  The 
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values of Ex determined from the DSC cooling measurements agree with the values of 

Eave (≈ 1000 kJ/mol) determined from the cooling rate dependence of Tg and Tf', as 

expected.  However, the values of Ex calculated from the DSC heating curves are 

significantly lower than the values of Eave and lower than the values of Ex from cooling.  

Note that in the work of Vyazovkin [16] the activation energy found on heating is also in 

the low range of the values reported in the literature for polystyrene [17-24].  We suggest 

that the lower values of Ex result from applying the isoconversion analysis on heating, 

where the overshoot kinetics are encountered.  In the overshoot regime, the conversion as 

defined by equation 6.1 is negative; therefore, the calculations cannot be performed from 

the glass all the way through the transition.  This, in fact, ignores a significant amount of 

enthalpy relaxation, and, hence, for the heating curves, a conversion of x = 0 (or x = 1 in 

the work of Vyazovkin and coworkers) does not correspond to the equilibrium liquid 

state but rather to some point in the glass transition.  The complications with the 

overshoot lead to the error in calculating the activation energy, and the error is expected 

to increase with decreasing cooling rate where a larger overshoot is observed.  

Similar results are obtained from dilatometry work done by co-author, P. 

Badrinarayanan, including the relationship between the Tg and Tf', the associated ΔCp or 

Δα (change in thermal coefficients in dilatometry measurements), and the activation 

energy determined by isoconversion analysis [33,34]. Details of the dilatometry work can 

be found in references 33, 34.    
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6.4 Conclusion 

In this work calorimetric measurements are performed on a polystyrene as a function 

of cooling and heating rates using DSC.  Tg and Tf' are calculated on cooling and heating, 

respectively.  Tf' is found to be approximately 1 oC lower than Tg due to the larger 

breadth of the relaxation through Tg on cooling.  If the same glassy line is used to 

evaluate cooling and heating curves, the values of Tg and Tf' would be equal; however, 

because of baseline issues, correct glass line deep enough to the glass states is not 

achievable in the typical DSC measurements. 

The isoconversion analysis is applied to examine the variation of the activation 

energy on cooling and on heating.  The values of Ex on heating are found to be 

significantly lower than the values of Ex on cooling and Eave.  The lower values of Ex on 

heating is suggested to result from the overlap of step change in heat capacity and the 

ignoring of the enthalpy relaxation peak.  Hence, isoconversion analysis of the glass 

transition should be performed on cooling rather than on heating in order to avoid 

complications associated with the enthalpy overshoots on heating.   
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Figure 6.1.  Normalized heat capacity (CPN) as a function of the cooling rate (q) obtained 
from DSC. 
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Figure 6.2.  Normalized heat capacity (CPN) versus temperature (T) on heating at 10 
K/min as a function of the cooling rate (q).  Curves obtained after 0.03 and 0.01 K/min 
cooling rate are performed by co-authors Q.X. Li [33]. 
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Figure 6.3.  Dependence of Tg and Tf' on the cooling rate. Lines are the best linear fits of 
the data. 
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Figure 6.4.  Normalized heat capacity (CpN) versus temperature (T) obtained on cooling 
at various rates q from 30 K/min to 2 K/min.  CpN obtained on heating at the same rate as 
the previous cooling run is shown in the inset. 
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Figure 6.5.  Relationship between activation energy (Ex) and conversion(x) through the 
transition.  The open squares and the solid represent Ex obtained on cooling and heating, 
respectively.   The error bars represent the standard errors of the values.  The solid line 
represents the best linear fit through all of the data; the dashed line is the best fit 
assuming a "universal" WLF temperature dependence.  Details of the fits can be seen in 
ref.34.  
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CHAPTER 7 

CONCLUSIONS 

 
The Tg behavior is investigated for confined and heterogeneous systems including 

materials freeze-dried from dilute solutions, confined at the nanoscale, and blended with 

other materials.  Similarities are found among the results obtained for these systems: the 

glass transition becomes broader, the enthalpy overshoots associated with the Tg is 

depressed, and the activation energy of the glass transition is lowered.  The observations 

clearly show the effects of the underlying heterogeneity on the macroscopic properties.   

This conclusion is supported by recent measurements [1] performed by a nanoscale probe 

of dielectric fluctuations, which clearly shows a wide range of characteristic relaxation 

rates and direct evidence that the broadening in Tg is due to the heterogeneous dynamics.  

The detailed results obtained in this work follow.   

Freeze-dried materials from dilute solutions show different glass transition behavior 

from the bulk, and the origin of the difference was not previously understood.  One issue 

seems to be related to residual solvent remained in the sample.  In this work, the residual 

solvent effect on the calorimetric glass transition of freeze-dried polystyrene has been 

investigated.  Upon freeze drying, Tg was found to be depressed by 4 to 15 K depending 

on the sample preparation.  After annealing under vacuum at moderate temperatures and 

0.05 torr, weight loss, presumably due to loss of residual solvent, occurs and Tg increases.  

The calorimetric glass temperature was measured as a function of the fraction of the 

residual solvent.  A linear correlation was found between the Tg depression and the 

residual solvent concentration, in agreement with data in the literature.  The amount of 

residual solvent in the freeze-dried samples unexpectedly increases with decreasing 
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polymer concentration in the freeze-drying solution, as well as with decreasing annealing 

temperature, such that residual solvent cannot be removed by annealing under vacuum at 

temperatures far below Tg; this has significant implications for the majority of work in 

the literature performed on materials freeze-dried from dilute solutions, as well as for the 

use of freeze drying as a general materials preparation technique.  We conclude that the 

residual solvent has a significant effect on the Tg depression observed for polymers freeze 

dried from dilute solution; no depression or even a slight increase in Tg is expected in the 

absence of residual solvent.   

Confinement at the nanoscale is also found to affect the glass transition behavior.  

The confinement effects consist of surface effects, intrinsic size effects, and macroscopic 

effects.  In this study, Tg of hydrogen bonded liquids, glycerol and propylene glycol, 

confined in nanoporous glasses are investigated.  The surface effects are varied by 

modifying the surface properties of the porous glasses (hydrophilic vs. hydrophobic), and 

the relative strength of the surface effects to the intrinsic size effects is also varied 

through changing the sample's pore fullness (partially filled vs. completely filled).  We 

find that the differences in Tg, Cp, and the enthalpy overshoot behavior observed on 

heating are significant for partially- versus completely-filled pores for the case of the 

unsilanized CPGs but the effect of pore fullness is minor for the silanized CPGs.  In 

general, the behavior in the silanized CPGs is similar to the behavior in the completely-

filled unsilanized pores.  For glycerol, this includes a small depression in Tf' on the order 

of 5 K at 2.5 nm.  For propylene glycol, similar behavior is found except that an 

additional glass transition is observed in both silanized and unsilanized systems 

approximately 30 K higher than the bulk and a slightly smaller depression on the order of 
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3 K at 2.5 nm is observed in the completely-filled unsilanized pores and in partially- and 

completely-filled silanized pores.  The results obtained for the partially- and completely-

filled samples indicate different wetting characteristics of the hydrogen-bonded liquids to 

the pore surface: preferential surface wetting in unsilanized pores versus the plugs formed 

in silanized pores, which results in different competition between the surface effects and 

the size effects.  The observations of the completely-filled samples are compared to the 

available literature results, and the discrepancies discussed based on the type of confining 

materials and the employed experimental techniques.  Additionally, we attempt to use a 

two-layer model with a more mobile core and a less mobile surface layer to explain the 

second glass transition of confined propylene glycol; the surface layer so determined is 

on the order of 1 Å, much smaller than the size of cooperative regions postulated to be 

necessary for Tg.     

The glass transition behavior of athermal blends of poly(α-methyl styrene) (PaMS) 

with its hexamer is also investigated using DSC.  The results, along with previous data on 

similar blends of PaMS/pentamer, are analyzed in the context of the Lodge-McLeish self-

concentration model.  A methodology is described to partition the calorimetric relaxation 

in order to obtain effective Tgs for each component of the blend.  The Lodge-McLeish 

model with a theoretically estimated self-concentration only predicts the effective Tgs of 

the oliogmer and the polymer at their pure limits.  The best fit of the model to the data 

yields a smaller self-concentration for the components forcing us to question whether 

self-concentration reflects the effects of chain connectivity, or perhaps more likely, 

simply the local concentration due to interactions between the components.  The length 

scale of the cooperatively rearranging regions (CRR) for each component in all the 
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blends is also calculated adopting Donth's fluctuation model.  The length scales of both 

the polymer and oligomer are similar and show a slight decrease at intermediate 

concentrations.  The kinetics associated with the glass temperature, Tg, are examined by 

studying the cooling rate dependence of Tg for the pure components and the blends, as 

well as by examining the enthalpy overshoots in the heating DSC scans.  It is observed 

that the cooling rate dependence of Tg in PaMS/hexamer blends at intermediate 

concentrations is similar to that of the hexamer, indicating that the dynamics of the 

blends at temperatures around Tg is dominated by the high mobility oligomer.  Moreover, 

compared to the pure materials, the PaMS/hexamer blends exhibit a considerably 

depressed enthalpy overshoot, presumably due to a broadened relaxation time 

distribution, part of which may be attributable to confinement of the low-Tg component. 

In collaborative work, the calorimetric measurements of Tg and Tf' as a function of 

cooling and heating rates are performed for a polystyrene.  At the same cooling rate, Tf' is 

found to be approximately 1 oC lower than Tg; the difference is attributed to the breadth 

of the relaxation through Tg on cooling.  Also, using isoconversion analysis, the apparent 

activation energy calculated from the measurements on heating is found to be 

significantly lower than the value obtained on cooling and also lower than the reported 

values in the literature.  The lower value of activation energy on heating is suggested to 

be due to the fact that the entire relaxation peak cannot be accounted for in the 

isoconversion analysis of the DSC heating curves. 

The Glass transition has been studied for over half a century, and its heterogeneous 

nature has recently been well defined; however, how the heterogeneity affects the 

properties of materials remains elusive.  This work, for the first time, systematically 
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studied the glass transition behavior in a series of heterogeneous system and investigated  

the relation between the underlying heterogeneity and the macroscopic properties.  These 

apparently different systems, interestingly, share several common features, such as the 

broadening of Tg, depression in enthalpy overshoots, and decrease in the activation 

energy.  The similarities not only reflect the influence of the dynamic heterogeneity but 

also remind us of the importance of the connections between various systems and the 

significance of physics in understanding the materials.   A large body of Tg studies have 

been performed on numerous stysems; however, the results are explained mostly based 

on the specific features of the system investigated, and horizontal comparisons to other 

systems are rarely made. [2,3]  Although tremendous efforts have been put to study the 

glass transition, the lack of comparison or correlation between seemingly unrelated 

systems might result in a missed opportunity to find the truth or make the process 

difficult. 

Besides the main contribution this work has made, other significant contributions can 

also be easily seen in each chapter presented.  The freeze-drying study showed the 

influence of residual solvent effects on the Tg of freeze-dried materials; this finding 

revealed the origin of the observed depression in Tg and also resolved inconsistencies 

reported in the literature.  The nano-confinement work investigated the glass transition 

behavior as a function of pore size, pore surface, and pore fullness; this was the first 

systematic calorimetric study ever performed on hydrogen-bonded liquids, which clearly 

shows the competition between the size effects and surface interaction effects on the 

nano-confined Tg.  The athermal polymer blends research proposed a simple 

methodology to calculate the effective Tgs from the DSC response and tested the well 
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applied self-concentration model; the results clearly demonstrated that there are very 

weak chain connectivity effects in the athermal blends and that the self-concentration is 

not the cause for the increased heterogeneity.  In addition, the comparison made between 

Tg and Tf' provided the assurance to use Tf' as an estimate as Tg but also indicated the 

procedures need to take to precisely measure these two parameters using DSC; 

examination of the activation energy showed the error involved in applying the 

isoconversion analysis on heating, suggesting that this method is better applied on 

cooling. 
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CHAPTER 8 

FUTURE WORK 

In this section some recommendations for future work are proposed. 

 1) Effect of surface area on the solvent removal 

In this work, materials freeze-dried from more dilute solutions were found to have a 

lower Tg as well as a larger amount of residual solvent.  Furthermore, upon annealing, the 

rate of solvent diffusion out of the polymer was observed to decrease with decreasing 

polymer concentration of the freeze-drying solution.  These results were suggested to be 

due to the difference in the surface area of the freeze-dried samples.  Materials prepared 

from more dilute solutions might have a higher surface area, which results in a higher 

equilibrium amount of physisorbed solvent and, therefore, leads to a decrease in the Tg of 

the surface and also in the measured Tg.  Hence, a relation between the surface area of the 

freeze-dried samples and the freeze-drying solution concentration would corroborate the 

hypothesis.  The surface area information can be obtained from BET measurements [1]. 

2) Cooling rate dependence of Tg for confined materials in nanopores  

Glass transition is a kinetic phenomenon such that Tg increases with increasing the 

cooling rate.  Upon confinement, the cooling rate or experimental frequency dependence 

of Tg appears to differ from that of the bulk sample.  For example, both Fakhraii and 

Forrest [2] and Koh et al. [3] find that Tg of polymer thin films shows a larger cooling 

rate dependence with decreasing the film thickness, indicating that at high cooling rate no 

Tg depression should be observed, which is consistent with nanocalorimetry studies by 

Allen and coworkers [4] and by Lapaşcu et al. [5].  Similarly, Schönhals et al. [6] also 

observe a lower temperature dependence of the relaxation time for confined materials in 

162 
 



                                                                  Texas Tech University, Wei Zheng, August 2008 

nanoporous glasses with decreasing the pore size.  The nao-confinements work of 

Schönhals et al. was performed using dielectrical spectroscopy; however, similar studies 

from calorimetric measurements have not been carried out.  Considering different 

techniques may measure different dynamics, DSC measurements at various cooling rates 

on confined hydrogen bonded liquids in nanopores may provide new information about 

the nanoconfinement effects on Tg. 

3) Tg of oligomeric propylene glycol confined in nanopores 

In this study, different Tg behavior was found between partially- and completely- 

filled propylene glycol confined in unsilanized pores, and the difference is attributed to 

the competition between the size effects and the surface effects.  One way to confirm this 

explanation is to study the Tg behavior of confined oligomeric propylene glycol with 

different chain lengths.  In this case, a larger reduction in Tg would occur since the size 

effects are expected to increase with increasing chain length but the surface effects stay 

the same considering the constant number of hydrogen bonds between the confined 

liquids and the pore surface.  In addition, depending on the chain length, Tg of the 

oligomeric propylene glycol can be high enough that the DSC measurements can be 

performed with the freon intercooler [7].  This would avoid the stability issue sometimes 

encountered with the use of the liquid nitrogen cooling system.  

4) Rheological measurements of athermal polymer blends 

This work has developed a methodology to partition the DSC response to each 

component and then calculated the effective Tgs of the components.  In fact, the effective 

Tg can also be determined from rheological measurements.  For example, the loss 

modulus obtained for miscible polymer blends clearly shows two relaxation processes 
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with each relaxation corresponding to the blend component [8,9].  Therefore, a 

rheological study on the athermal polymer/oligomer blends may provide the effective Tgs 

directly.  It is interesting to compare the experimentally measured Tgs to those calculated 

from the DSC response to further test the validity of our methodology.  In addition, the 

rheological measurements would also provide information on the relaxation time of the 

blends.  This set of data would also serve to test a recent model proposed by Colmenero 

[10,11] and the details are given in the next section. 

5) Examination and extension of the dynamic model proposed by Colmenero 

Colmenero [10,11] recently developed a model to predict the dynamic behavior of 

components in miscible polymer blends based on the Adam-Gibbs concept combining 

with the Lodge-McLeish self-concentration idea.  The model assumes that the interaction 

between the components is negligible or, in other words, it is an athermal mixture.  

Therefore, the extensive properties of the blend such as the configurational entropy are 

linearly related to the properties of the pure components:  

                                                                                           (8.1) BAAAblend XXX )1( φφ −+=

Where Xblend and XA,B represent the extensive property of the blend and of the pure 

components A,B, respectively, and ΦA is the mole concentration of component A.  The 

issue is that a parameter related to the activation energy (C in the Adam-Gibbs 

configurational entropy equation) is also assumed to follow the above equation.  Note 

that the activation energy is an intensive property instead of extensive one.  The validity 

of the assumption can be easily tested through fit the relaxation data obtained from the 

rheological measurements. 

164 
 



                                                                  Texas Tech University, Wei Zheng, August 2008 

Another weakness of the Colmenero model is its inability to predict the non-

equilibrium dynamics, which has limited the temperature range the model can be applied.  

At temperatures above Tg of the blends (Tg
blend), the material is in the equilibrium state; 

however, as the temperature approaches Tg
blend or lower, due to the freeze-in of the high 

Tg component, the dynamics diverge from the equilibrium behaving as the material falls 

out of equilibrium. [10] Consequently, the properties below Tg
blend cannot be predicted by 

the model.  In particular, this makes the study on the segmental dynamics of the low-Tg 

component difficult.  To extend the Colmenero model to predict the dynamic below 

Tg
blend, a non-equilibrium Adam-Gibbs equation [12] can be incorporated.  Theoretically, 

the extended model would be able to examine the existence of confinement in the 

athermal blends.    

6) Characterization of the heterogeneity in confined mateials and athermal blends 
 

In this work, broadening in Tg was observed for confined hydrogen bonded liquids 

and for athermal polymer blends.  Although the broadening indicates a change in the 

underlying heterogeneity, a quantitative characterization of the heterogeneity is still 

lacked.  Experimentally, the dynamic heterogeneity can be studied using a number of 

techniques including the rotation and translation measurements [13,14], dielectric [15] or 

mechanical [16] hole burning technique, solvation dynamics [17], and NMR experiments 

[18].  Simulation or modeling work can also indirectly characterize the heterogeneity 

[3,19].  For example, using TNM model [20-22] the fit the DSC response, the variation of 

the fit parameterβ would reflect how the heterogeneity changes under different conditions. 

[3,23] 
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