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Abstract

The composition dependence of the glass transition temperature (Tg) in mix-

tures remains an important unsolved problem. Here, it is revisited using three

model systems: a series of oligomeric and polymeric cyanurates, blends of olig-

omeric and polymeric α-methyl styrene, and molecular mixtures of

itraconazole and posaconazole. We evaluate several entropy-based models to

determine the theoretical Tg as a function of molecular composition and com-

pare the results against the experimental data. The assumption that the config-

urational entropy is invariant at the Tg is tested, where the change in

configurational entropy is assumed to be given by the integral of ΔCpdlnT,

where ΔCp is the temperature-dependent change in the heat capacity at Tg.

We find that, although the temperature-dependent heat capacities in both liq-

uid and glassy states are nearly independent of composition for several of the

systems studied (i.e., they are nearly ideal mixtures), the composition depen-

dence of Tg is not well described by simply adding the changes in the mass-

weighted configurational entropy of the components on going from the Tg in

the pure state to that of the blend. The implication is that either configura-

tional entropy is not invariant at Tg or that it cannot be obtained from the inte-

gral of ΔCpdlnT.
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1 | INTRODUCTION

The glass transition temperature (Tg) of miscible mixtures
has been well investigated over the past 70 years,[1–13]

and a number of relationships have been proposed,
including those by Fox,[5] Gordon–Taylor,[6] Kelley–
Beuche,[7] Couchman,[8–10] Venditti–Gillham,[11]

Jenckel–Heusche,[12] Braun–Kovacs,[13] and Kwei.[14] The

model equations, along with underlying assumptions, are
shown in Table 1. The basis for these equations is that the
configurational entropy Sc (or the free volume, depending
on the derivation) is invariant at the glass transition, such
that the governing equation for conservation of configura-
tional entropy in the case of an ideal mixture in the thermo-
dynamic sense (i.e., one in which there is no excess volume
VE or excess entropy SE on mixing) is given by[8–10]
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X
xi

Z Tg

Tgi

ΔCpidlnT¼ 0 ð1Þ

where xi is the fraction of component i in either mass or
mole fraction depending on the units of the step change
in heat capacity at Tg (ΔCp), Tgi is the glass transition
temperature of the component i, and Tg is the glass tran-
sition temperature of the mixture. The step change in
heat capacity at Tg is given by the difference in the liquid
and glass heat capacities: ΔCp = Cpl � Cpg, where Cpl is
the temperature-dependent liquid heat capacity and Cpg

is the temperature-dependent glass heat capacity. It is
assumed that the total step change ΔCp at Tg is due to
losses in configurational degrees of freedom (rather than
due to loss of vibrational or other degrees of freedom), or
that the fraction of ΔCp that is due to a loss of configura-
tional degrees of freedom is independent of composition.
Another implicit assumption in the original derivation by
Gordon and coworkers[7] was that the configurational
entropy went to zero at the ideal glass transition T2 of
Gibbs and DiMarzio,[15] which may not be the case
according to a recent work by Xu et al.[16] Furthermore,
Gordon and coworkers assumed that Tg and T2 had the
same composition dependence, which has been reported
by Angell for aqueous electrolyte solutions,[17] but it is
not the case for our work here as we show later. The
restrictive assumptions made by Gordon et al. were not
made in the later works of Couchman,[8–10] where the
entropy of the mixture is simply assumed to be continu-
ous at Tg. Although the equations shown in Table 1 were
not necessarily first derived from configurational entropy
ideas, the equations can be obtained from Equation (1)

with appropriate assumptions, as summarized in Table 1.
The Fox equation is obtained by assuming that TgiΔCpi is
a constant, with ΔCpi having units of J g�1 K�1 and wi

being the weight fraction of component i. The Gordon–
Taylor[6] or Kelly–Beuche[7] equations are obtained
using the same assumption for the temperature depen-
dence of ΔCp, but now allowing for the two values to
differ with their ratio expressed by the constant
k = ΔCp2(Tg2)/ΔCp1(Tg1). The Couchman[8–10] and
Venditti–Gillham[11] equations further assume that ΔCpi

is independent of temperature, which is not typically
the case, with the parameter k having the same meaning
as in the Gordon–Taylor equation. Finally, the Jenckel–
Heusch[12] and Kwei[14] equations, and the closely
related Braun–Kovacs[13] equation, can be obtained by
considering the Gordon–Taylor equation and adding a
term qx1x2 that accounts for molecular interactions that
give rise to excess entropy, enthalpy, and/or free volume.
The generalization of Equation (1) for a nonideal
mixture is

X
xi

Z Tg

Tgi

ΔCpidlnTþSEc ¼ 0 ð2Þ

where the excess configuration entropy SEc can be
assumed to have a form analogous to the one-parameter
Margules model for the excess Gibbs free energy,[18]

SE = Ax1x2, where A is a constant. It is noted that this
form is the same as the correction used in the Kwei
model (qx1x2). Other more complicated expressions have
also been used, especially for systems with stronger

TABLE 1 Equations for the composition dependence of Tg
a

Equation name(s) Equation Assumptions Reference

Fox 1=Tg
¼ w1=Tg1

þw2=Tg2
Sc(Tg) = constant
SE = 0
Tgi ΔCpi = constant
ΔCp1 = ΔCp2

[5]

Gordon–Taylor; Kelley–Bueche Tg ¼ x1Tg1þx2kTg2

x1þx2k
Sc(Tg) = constant
SE = 0
Tgi ΔCpi = constant

[6,7]

Couchman; Venditti–Gillham lnTg ¼ x1 lnTg1þx2k lnTg2

x1þx2k
Sc(Tg) = constant
SE = 0
ΔCpi = constant

[8–11]

Braun–Kovacs; Jenckel–Heusch; Kwei Tg ¼ x1Tg1þx2kTg2

x1þx2k
þqx1x2 Sc(Tg) = constant

SE ≠ 0
Tgi ΔCpi = constant

[12–14]

aΔSubscripts 1 and 2 refer to the species 1 and 2, wi and xi refer to the weight or mole fraction of component i, k = ΔCp2/ΔCp1, q is a constant, Sc(Tg) is the
configurational entropy at Tg, S

E is the excess entropy upon mixing, and ΔCpi is the change in heat capacity at Tg for species i with units of J g�1 K�1 or J
mol�1 K�1 depending on whether wi or xi are used in the equation.
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intermolecular interactions in which excess enthalpic
effects are considered,[19,20] systems where phase separa-
tion occurs,[21] and systems where the Tgs of the two
components are very different[22]; however, these models
are not of interest here because our aim is to examine
nearly ideal miscible systems in which intermolecular
interactions do not vary appreciably with composition.

Here, we examine the relationship between Tg and
composition in three homologous near-ideal systems. For
two of the systems, oligomeric/polymeric cyanurates and
poly-(α-methyl styrene)/oligomer mixtures, absolute heat
capacity data are used to directly test Equation (1) (for
the first time, to the best of our knowledge). A third sys-
tem, that of molecular mixtures of itraconazole (ITC) and
posaconazole (POS) is also examined in order to extend
the analysis to near-ideal mixtures of molecular glass-for-
mers. In addition to Tg, the dynamic fragility, which can
be measured using the cooling rate dependence of
Tg,

[23–26] is also reported here for the various systems.
Fragility is often inversely correlated with the propensity
of the material to pack efficiently during cooling; for
example, small-molecule glass formers that pack effi-
ciently are usually strong, whereas polymers are highly
fragile.[27–33] Additionally, fragility usually increases with
glass transition temperature for small molecules and
polymeric glass formers[31]; however, there are known
exceptions to that trend for polymers[30,34] and chalco-
genides with varying degree of network rigidity.[35,36]

2 | EXPERIMENTAL
METHODOLOGY

2.1 | Materials

Three homologous systems of varying composition are
used for this investigation. The first is a series of
cyanurates obtained by fully reacting mixtures of mono-
functional cyanate ester (MCE) 4-cumylphenol cyanate
ester (Oakwood Products) and difunctional cyanate ester
(DCE), bisphenol M dicyanate ester (Hi-Tek Polymers).
The molecular structures of MCE and DCE monomers
are shown in Figure 1A. Eight formulations were made,
each characterized by r, the mole fraction of cyanate ester
groups that belong to the difunctional DCE monomer:

r¼ 2ND

2NDþNM
ð3Þ

where ND and NM are the number of moles of the DCE
and MCE monomers in the mixture, respectively. The
formulations range from pure MCE (r = 0.0), which
forms a cyanurate trimer having a molecular weight of
711 g/mol, to pure DCE (r = 1.0) which forms a
crosslinked polycyanurate, and include six other formula-
tions for which r ranges from 0.30 to 0.95. Each of the
formulations studied was isothermally reacted to comple-
tion at 180�C under a nitrogen atmosphere, consistent

FIGURE 1 Chemical structure of (A) monocyanate ester (MCE) and dicyanate ester (DCE) used to synthesize cyanurate, the structure

of which is also shown for r = 0.0 (trimer) and r = 1.0 (crosslinked polycyanurate); (B) poly(α-methyl styrene) (PαMS) and its pentamer or

hexamer oligomer; and (C) itraconazole (ITC) and posaconazole (POS), with differences indicated in red circles.
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with the known reaction kinetics of MCE and DCE.[37,38]

Completion of the reactions was confirmed by Fourier
transform infrared spectrometer (FTIR), as shown in the
SI. NMR was used to corroborate the r values (as shown in
the SI), and gel permeation chromatography (GPC) was
used to obtain the molecular weight of uncrosslinked for-
mulations, as shown in Table 2, along with the expecta-
tions based on calculations using the Miller–Macosko
recursive method,[39] which has been previously applied to
polycyanurate systems.[37,40–43] Formulations for r ≥ 0.80
were crosslinked and insoluble, and GPC data were not
obtained. The theoretical calculation yields slightly lower
molecular weights relative to the experimental values
because of intracyclization in finite species.[41]

The second system of materials investigated consisted
of blends of poly(α-methyl styrene) (PαMS) and its oligo-
mer, either pentamer or hexamer, all obtained from Poly-
mer Source Inc. (Dorval, Canada) and having narrow
molecular weight distributions, as reported in a previous
publication.[44] The oligomers purchased were synthe-
sized such that the chain ends have the same chemical
structure as the repeat unit in order to obtain ideal or
near-ideal mixtures. Structures are shown in Figure 1B.
The pure components were investigated, as well as mix-
tures with pentamer concentrations ranging from 2 to
98 wt% and mixtures with hexamer concentrations from
20 to 80 wt%. The absolute heat capacity for the pentamer
mixtures was obtained by Huang, Simon, and McKenna
and published in previous work,[44] those data were used
by Simon and McKenna to conclude that an ideal glass
transition as hypothesized by Gibbs and DiMarzio, does
not exist.[45] The Tg and viscoelastic data for the hexamer
mixtures were reported[46,47] and analyzed in the context
of the Lodge–McLeish[48] self-concentration model. Here,
we analyze the Tg data for the pentamer mixtures and
extend the analysis to include the equations in Table 1
and numerical integration of Equation (1).

The third system investigated was that of itraconazole
(ITC) and posaconazole (POS) mixtures, whose structures
are shown in Figure 1C. Both ITC and POS with a purity
higher than 99% were purchased from Sigma-Aldrich.
ITC has smectic and nematic liquid crystal
transitions,[49–51] as shown later, and thus, forms a smec-
tic glass, whereas POS is amorphous with no liquid crys-
talline transitions. Mixtures with mass weight fractions
from 0 to 100% ITC were sealed under nitrogen in 20 μl
hermetic pans (PerkinElmer) having a pinhole in the lid.
Samples were then dried in an oven at 140�C for 12 h
prior to performing the experiments and stored in a des-
iccator when not in used.

3 | DSC MEASUREMENTS

A Perkin-Elmer Pyris 1 DSC with a freon intracooler sys-
tem was used in step-scan mode to obtain the absolute
heat capacities of the cyanurates and the PαMS blends.
The step-scan method consists of multiple isothermal
steps for 0.8 min each at intervals of 2 K with a heating
ramp of 10 K/min used to go from one step to the next.
In addition to the step-scan experiments, conventional
heating scan experiments were also performed using the
Perkin Elmer Pyris 1 DSC for the trimer cyanurate and
using a Perkin-Elmer DSC7 with ethylene glycol cooling
system for the higher molecular weight samples. A
Mettler Toledo DSC 823e with a Julabo FT100 intracooler
was used for the ITC/POS samples. All measurements
were performed under a nitrogen atmosphere. DSC tem-
perature calibration was accomplished using two calibra-
tion standards: indium and a liquid crystal (+)-4-n-
hexylophenyl-40-(20-methylbutyl)-biphenyl-4-carboxylate
(CE-3) for work on the cyanurates and ITC/POS mate-
rials, whereas indium and mercury were used as
calibrants for the PαMS work. DSC heat flow was

TABLE 2 Molecular weights, Tg, and ΔCp for cyanurate series

r

GPC data Theoretical calculation DSC dataa

Mw (g/mol) Mn (g/mol) Mw (g/mol) Mn (g/mol) Xc (mol/mol OCN) Tg (�C) ΔCp (Jg
�1 K�1)

0.00 933 881 711 711 0 42.9 ± 0.4 0.40 ± 0.01

0.30 1613 1128 1843 1102 0 56.7 ± 0.5 0.34 ± 0.01

0.50 5998 2005 6913 1838 0 89.1 ± 0.4 0.29 ± 0.01

0.60 14,468 2452 ∞ ∞ 0.02 99.9 ± 0.2 0.28 ± 0.02

0.80 n/a n/a ∞ ∞ 0.18 121.0 ± 1.1 0.25 ± 0.02

0.85 n/a n/a ∞ ∞ 0.22 146.0 ± 0.4 0.25 ± 0.01

0.95 n/a n/a ∞ ∞ 0.30 171.0 ± 0.3 0.23 ± 0.01

1.00 n/a n/a ∞ ∞ 0.33 190.0 ± 0.4 0.22 ± 0.02

aAt 10 K/min heating after cooling at the same rate.
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calibrated by indium, and absolute heat capacity was cali-
brated with sapphire with the measured heat capacity of
the sapphire being reproduced to within 0.15%.

Heating scan experiments were performed to obtain
the limiting fictive temperature (Tf') as a function of
cooling rate using Moynihan's method[52]:

Z T�Tf
0

Tf
0

Cpl�Cpg
� �

dT¼
Z T�Tf

0

T�Tf
0
Cp�Cpg
� �

dT ð4Þ

where Cp, Cpl, and Cpg are the heat capacity, liquid heat
capacity, and glass heat capacity, respectively. The limit-
ing fictive temperature is equivalent, within 1 K, to the
glass transition temperature, which is obtained on
cooling.[53] Consequently, Tg is used interchangeably
with Tf' in the remainder of the text. The heating rate
was kept constant at β = 10 K/min, while the cooling
rates generally ranged from q = 0.1 to 30 K/min.

In addition to heating scan experiments performed
using conventional DSC, a Mettler Toledo Flash DSC
equipped with a freon intracooler and nitrogen purge
was used to analyze the Tg over a larger cooling rate
range for the cyanurate materials and for the
itraconazole. The heating rate was kept constant at
β = 600 K/s and the cooling rates ranged from q = 0.1 to
1000 K/s. Since the limiting fictive temperature does not
depend on heating rate but only on cooling rate, the
Flash data can be combined with the conventional DSC
data. The Flash DSC was calibrated using the Tg values
obtained from the conventional DSC Tg after cooling at
10 K/min for the cyanurates and using the value of the
nematic liquid crystal transition for the ITC sample, as
well as correcting for the thermal gradient in the latter
sample using the methodology of Schawe.[54]

4 | RESULTS

The absolute heat capacities of the series of fully reacted
cyanurates are shown in Figure 2. The glass transition
temperature, Tg, increases and the heat capacity step
change at Tg (ΔCp) decreases with increasing dicyanate
ester content (r). This trend is expected since molecular
weight increases with increasing dicyanate ester content,
and after gelation, crosslink density Xc also increases, as
shown in Table 2. Interestingly, the absolute heat capacity
data indicate that all of the cynanurates have very similar
heat capacities, and although they are strongly tempera-
ture dependent, to a good approximation, they are inde-
pendent of composition, indicating near ideal interactions
between the MCE and DCE monomers. The liquid heat
capacity (Cpl) data can be fit by a single second-order poly-
nomial for r ≥ 0.30, as shown in Figure 3A:

Cpl Jg�1K�1
� �¼ 0:50397þ4:6433�10�3T�3:2399

�10�6T2 r ≥ 0:3 ð5Þ

where T has units of K. The average standard deviation
between the data points and the fit is 0.0056 Jg�1 K�1

(0.3%) and the maximum standard deviation is 0.014
Jg�1 K�1 (0.7%). The liquid heat capacity of the trimer
cyanurate (r = 0.0) is higher than Cpl of the other formu-
lations by 0.04036 Jg�1 K�1:

Cpl Jg�1K�1
� �¼ 0:54433þ4:6433�10�3T�3:2399

� 10�6T2 r¼ 0:00 ð6Þ

The glassy heat capacity (Cpg) is also a quadratic
function of temperature which shifts upward with
increasing monofunctional content, as shown in
Figure 3B for Cpg determined at 300 K (26.8�C). The
data as a function of composition (r) and temperature
are well described by

Cpg Jg�1K�1
� �¼�0:19277�0:061132 rþ5:5165�10�3T

�2:6457�10�6 T2

ð7Þ

where T has units of K. Interestingly, Satoh's group con-
tribution method[55] also gives a reasonable description of
the glassy data, as shown in Figure 3B.

The Tg versus composition relationship for the
cyanurates as a function of dicyanate ester content (r) is
shown in Figure 4. Tg in this system monotonically
increases from a value of 42.9 ± 0.4�C for r = 0.0 to
189.7 ± 0.3�C for r = 1.0. The prediction from configura-
tional entropy conservation (Equation 1) was determined

FIGURE 2 Absolute heat capacity curves of the fully reacted

cyanurate series as a function of the fraction r of cyanate ester

groups belonging to the difunctional cyanate. The data are the

average of three runs of each sample with error bars indicating the

standard deviation.
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using the temperature-dependent values of liquid and
glassy heat capacities for dicyanate ester fractions r = 0.0
and 1.0, as given in Equations (5)–(7). Also shown in
Figure 4 are fits to the equations in Table 1 using the
experimentally determined value of k (=ΔCp2/
ΔCp1 = 0.401/0.219 = 1.76) for the Gordon–Taylor (GT),
Venditti–Gillham (VG), and Kwei equations. The
Venditti–Gillham equation describes the data very well
with no adjustable parameters and is essentially equivalent
to a best fit using a third-order polynomial. This
is notwithstanding the fact that ΔCp is not independent of
temperature, as shown in Figure 2, which was one of the
assumptions in the VG derivation. Furthermore, explicitly
using the temperature dependent ΔCp(T) = Cpl(T) �
Cpg(T) in Equation (1) and numerically integrating results
in a much worse description of the data. Interestingly,
identically good fits to the VG equation are obtained

using the Kwei equation (having one fitting parameter,
q = �28.8 K) and using Equation (2), also with one
fitting parameter: SEc = 0.0482 x1x2. Implications are fur-
ther addressed in the discussion.

The Tg versus composition data for poly(α-methyl
styrene)/pentamer blends is shown in Figure 5 as a
function of the weight fraction wi of polymer, with the
inset showing the absolute heat capacity data for the
blends. Tg monotonically increases from �10.1�C for
the pure pentamer to 169.2�C for the pure polymer.
The liquid and glassy heat capacities (inset) are inde-
pendent of composition, indicating an ideal mixture
from the thermodynamic point of view with no excess
enthalpy or entropy. However, both liquid and glassy
heat capacities do depend on temperature, such that
ΔCp = Cpl – Cpg follows a quadratic temperature
dependence:

FIGURE 3 (A) Liquid heat

capacity, Cpl, for cyanurates with

r ≥ 0.3 versus temperature,

showing the second-order

polynomial fit that describes all

of the values, independent of

composition. (B) Glassy heat

capacity, Cpg, at 26.8�C for

cyanurates as a function of

composition, as well as the

prediction from the group

contribution method of

Satoh.[55]

FIGURE 4 Experimental Tg data from dynamic DSC obtained

at 10 K/min after cooling at 10 K/min (closed symbols) and step-scan

(open symbols) as a function of the fraction r of cyanate ester groups

belonging to the difunctional cyanate. Also shown are six fits to the

data, including the numerical solution of Equation (1) using

experimental values of liquid and glassy heat capacities for r = 0.0

and 1.0, the fits to the Fox, Gordon–Taylor, Venditti–Gillham, and

Kwei equations, with the latter using the value of k determined from

the experimental data, and the fit to Equation (2).

FIGURE 5 Experimental Tg data for poly(α-methyl styrene)/

pentamer blends from step-scan DSC as a function of the weight

fraction wi of polymer. Also shown are five fits to the data,

including the numerical solution of Equation (1) using the

temperature-dependent value of ΔCp reported in the text, as well as

fits to the Fox, Gordon–Taylor, Venditti–Gillham, and Kwei

equations, with the latter using the value of k determined from the

experimental data. The inset shows the absolute Cp data for all

blends, which shows that ΔCp = Cpl � Cpg depends on temperature

but not on composition in this ideal system.
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ΔCp Jg�1 K�1
� �¼ 0:8841 – 2:733x10�3 Tþ3:072x10�6 T2

ð8Þ
where temperature has units of K. Similar to the case
of the cyanurates, the Venditti–Gillham equation, with
the parameter k determined from the experimental
data at Tg and taken as constant (k = ΔCp2/ΔCp1 = 0.378/
0.272 = 1.39) describes the data best when considering
equations where there is no adjustable parameter. Again,
this is despite the fact that ΔCp clearly is a function of tem-
perature (as shown by the absolute heat capacity data in
the inset) which is contrary to the assumption in the deri-
vation of the Venditti–Gillham equation that ΔCp1 and
ΔCp2 are constants, independent of temperature. On the
other hand, direct integration of the heat capacity data
using Equation (1) does not describe the Tg values nearly as
well. The best fits of the poly(α-methyl styrene)/pentamer
data are given by the Kwei equation and by Equation (2),
both of which have an adjustable parameter, which ostensi-
bly reflects nonideal interactions (e.g., excess entropy or
enthalpy), with the Kwei parameter q = �67.4 K and
the SEc= 0.0432 x1x2 in Equation (2). This is in spite of the
fact that nonidealities are not expected to be present in
this system.

The Tg versus composition behavior of the
itraconazole (ITC)/posaconazole (POS) blends is shown
in Figure 6, with the inset showing the DSC heat flow
data for the five compositions investigated on heating at
10 K/min after cooling at 10 K/min. It is clear from the
inset that in addition to the small changes in Tg at around
55–60�C, the liquid crystalline behavior changes with
composition. POS shows no liquid crystalline behavior,

whereas ITC shows strong smectic and nematic liquid
crystal melting peaks in the liquid state at temperatures
of 70.8 ± 0.2 and 88.2 ± 0.1�C, respectively, consistent
with values reported in the literature.[46–48] The liquid
crystalline peaks decrease in intensity and shift to lower
temperatures for the 76% ITC sample and then are not
present in the other two blends. The Tg behavior for the
ITC/POS system is not well described by the Fox,
Gordon–Taylor, or Venditti–Gillham equations with the
parameter k taken from the experimental data to be 1.0
for the latter two cases, and all three of these equations
are equivalent given the narrow range of temperatures
involved. Better fits are given by the Kwei equation with
parameter q = �4.2 K and by Equation (2) (assuming
here that ΔCp = constant given the data shown in the
inset and the small range of temperatures) with
SEc = 0.012 x1x2. The Kwei equation and Equation (2) give
equivalently acceptable fits.

5 | DISCUSSION

In addition to changes in the glass transition temperature
due to compositional changes, both the breadth and the
cooling rate dependence of Tg can change. A question is
whether or not these issues may be related to or the cause
of the inability of Equation (1) to correctly predict the Tg

as a function of composition for these three nearly ideal
systems. It has long been recognized that the breadth of
the glass transition increases dramatically in thermoset-
ting systems near the point of gelation where the polydis-
persity and composition heterogeneity are broadest, and
this is shown in Figure 2 (i.e., near compositions of
r = 0.6 and 0.8). Similarly, the polymer/oligomer blend
shows considerable broadening in temperature scans at
intermediate compositions, as shown in the inset of
Figure 5, although this broadening was not observed in
dynamic rheological data.[47] On the other hand, the
breadth of the glass transition region of the ITC/POS
blends is not significantly affected by blending, as shown
in the inset of Figure 6. One explanation for this differ-
ence may be the more dynamically heterogeneous envi-
ronment in the polymeric systems due to chain
connectivity[48,56] or concentration fluctuations,[57–59] but
the lack of broadening in the ITC/POS system may also
be due to the similarity of the two Tgs. In any case, suffice
to say, that the changing breadth of the glass transition
cannot be responsible for the inability of the additivity of
configurational entropy to hold.

The temperature dependence of the segmental dynam-
ics is also known to be influenced by composition. One
measure of this temperature dependence is the cooling rate
dependence of Tg, which is shown in Figure 7 for the three

FIGURE 6 Experimental Tg data for the ITC/POS blends from

dynamic DSC obtained at 10 K/min after cooling at 10 K/min as a

function of the weight fraction wi of ITC, with an inset showing the

heat flow from DSC for the five samples investigated. Also shown

are the Fox, Gordon–Taylor, and Venditti–Gillham equations, all of

which have no adjustable parameters and are equivalent for this

system, whereas the Kwei expression and that from Equation (2)

each have one adjustable parameter, better describe the data, and

are equivalent with one another.
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systems investigated, where we plot Tg – Tg,ref versus loga-
rithm of cooling rate, where Tg,ref is taken to be the value
at a reference cooling rate qref = 10 K/min. Only one or
two intermediate compositions are shown for each system
for the sake of clarity. The systems show the typical Wil-
liams–Landel–Ferry (WLF)[60] temperature dependence of
glass-forming materials when measured over a wide
enough range of cooling rates:

log
q

qref

� �
¼ C1 Tg�Tg,ref

� �
C2þTg�Tg,ref

ð9Þ

where C1 and C2 are the WLF constants. It is apparent that
cooling rate dependence is larger for the intermediate

compositions for the case of the cynaurates and the
ITC/POS systems; for the polymer/oligomer system, the
hexamer and 50/50 blend show a similar cooling rate
dependence, larger than that of the polymer. The implica-
tion is that Tg of the blends will change more with a
change in cooling rate than will the pure components, and
hence, the degree of failure of Equation (1) will depend on
the cooling rate chosen for the measurements. Further-
more, the fact that the cooling rate dependence of Tg

depends on composition indicates that the difference
between Tg measured at a finite rate and the value of the
Gibbs and DiMarzio ideal glass transition temperature T2

(assuming that it exists) will also depend on composition.
The WLF C2 values are often assumed to be a measure of
the difference between Tg and T2 since the equation pre-
dicts a divergence C2 degrees below Tg. As shown in
Table 3, the C2 values for the cyanurates range from Tg,ref

(in K, and indicating Arrhenius behavior) for r = 0.0 and
1.0 down to values as low as 62–96 K for intermediate
compositions.

FIGURE 7 Tg � Tg,ref versus logarithmic cooling rate for the

three systems studied, showing the extreme compositions at r or

wi = 0.0 and 1.0 and one or two intermediate compositions for the

sake of clarity. Experiments were performed using the Flash DSC

for the cyanurates and the pure ITC, thereby extending the cooling

rate range to 1000 K/s

TABLE 3 WLF fitting parameters and fragility values for the

cyanurates

r Tg,ref (�C) C1 C2 (K) m

0.00 42.9 ± 1.1 104 ± 0.36 316 ± 1.1 105 ± 0.63

0.30 57.0 ± 7.9 16.0 ± 0.38 62.0 ± 1.7 85.3 ± 3.7

0.50 89.1 ± 8.0 18.7 ± 0.41 78.5 ± 2.0 86.3 ± 3.5

0.60 100 ± 7.8 18.1 ± 0.38 84.3 ± 2.0 80.0 ± 3.0

0.80 122 ± 7.8 14.5 ± 0.29 67.6 ± 1.6 84.7 ± 3.1

0.85 147 ± 7.0 13.6 ± 0.23 62.0 ± 1.2 92.3 ± 2.8

0.95 171 ± 9.4 22.2 ± 0.47 96.5 ± 2.3 102 ± 3.9

1.00 190 ± 0.63 128 ± 0.17 463 ± 0.63 128 ± 0.30

FIGURE 8 Fragility as a function of composition for the three

systems examined. The PαMS/oligomer data include both fragility

determined from the cooling rate dependence of Tg (squares) and

rheological data (diamonds) from ref.47
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Another measure of the temperature dependence of
the dynamics is the fragility, m = dlog τ/d(Tg/T), which
can be obtained from the WLF fit: m = C1Tg,ref/C2 or sim-
ply from the slope of Tg versus logarithm q: m = (1/Tg,ref)/
(dTg/dlog q).

[23–27] The fragilities of the materials examined
are plotted in Figure 8. First, we observe that the pol-
ycyanurate networks are of intermediate fragility even for
the small molecule trimer (r = 1.0) with m = 128, whereas
both the ITC and POS have high fragilities (140–180) in
spite of their molecular nonpolymeric nature. We also see
that for all of the systems, fragility decreases at intermedi-
ate compositions, although the degree of the change
depends on the system. Simulations of polymers with flexi-
ble oligomers also indicate a decrease in fragility,[33] as do
simulations of polymers and small molecule anti-
plasticizers.[31,32] Our result showing a minimum as a func-
tion of composition is intriguing in and of itself, and the
reason for and generality of this behavior is not known. As
mentioned in the Introduction, fragility has been related to
the efficiency of molecular packing in polymers,[28] as well
as to the relative stiffness of the side groups relative to the
backbone.[29] We also note that although the Tg increases
monotonically in these systems with composition, the tem-
perature dependence of the relaxation time is
nonmonotonic with composition. The latter decreases and
goes through a minimum at intermediate compositions as
the heterogeneity in the systems increase, and a similar
result was observed for blends of polystyrenes of differing
molecular weights.[61] Hence, for a given Tg value, systems
with increased heterogeneity seem to show lower fragility
values, a detail that is not captured in the general pic-
ture[25] of fragility increasing with Tg.

The main point, though, related to our tests of configu-
rational entropy models is that the change in fragility indi-
cates that the extrapolated temperature where the
timescale of the dynamics will diverge to infinity will not
be the same distance from the Tg measured at 10 K/min
for all materials, which is one of the assumptions that Gor-
don and coworkers[6] made in deriving Equation (1). How-
ever, we argue that this is not the reason for the failure of
Equation (1), because as shown by Couchman,[8–10] the
equation can also be derived by assuming continuity of
entropy in the liquid and glassy states at Tg. Furthermore,
at slower cooling rates, deviations between the data and
Equation (1) will be larger even though at slower cooling
rates, Tg is closer to T2 (assuming its existence).

As mentioned in the Introduction, McKenna and Simon
used the PαMS/pentamer data to prove the lack of existence
of an ideal glass transition temperature T2.

[45] Moreover, in
a series of works on ultrastable glasses, ranging from 20 M-
year-old amber to vacuum pyrolysis deposited Teflon,
McKenna and coworkers[62–66] have shown that the relaxa-
tion times in the equilibrium state do not diverge even at
temperatures as low as the Kauzmann temperature TK

(which has long been equated to the ideal glass transition
temperature). These works provide strong evidence that the
dynamics do not diverge at an ideal glass transition temper-
ature and are consistent with computational and modeling
works[16,67–70] that show that the configuration entropy does
not go to zero at T2, although there is a suggestion in recent
work that it may plateau at low temperatures.[16] Hence,
the underlying assumptions that the configurational
entropy is invariant at the experimentally measured Tg and
that the mixture Tg can be obtained from Equation (1) is
called into question. If configurational entropy does plateau
at T2, its value would not necessarily be expected to be con-
stant even for a homologous series of materials. The fact
that Equation (1) does not work when directly tested using
absolute heat capacity data for thermodynamically ideal
mixtures gives strong support to this claim.

Finally, we point out an interesting observation in the Tg
versus cooling rate relationship of the pure ITC: the relation-
ship appears to be independent of the type of glass formed.
ITC generally forms a liquid crystalline smectic glass, as
shown in the conventional DSC scan in the inset of
Figure 6. However, when it is cooled rapidly, as in the Flash
DSC from 300 to 1000 K/s, ITC does not have time to form
liquid crystalline domains and the resulting glass is an iso-
tropic glass, as shown in SI and to be discussed in future
work.[71] Moreover, at intermediate cooling rates, from 20 to
300 K/s, ITC forms a nematic glass. These three regimes are
shown in the lower panel of Figure 7. On the other hand,
both POS and the 50/50 blend form isotropic glasses. Several
researchers have suggested that liquid crystalline glasses and
isotropic glasses have different glass transition temperatures
due to the structure of the glass; however, here, we argue
that the differences are simply due to the differences in the
rate at which the glass is cooled. For example, Tokita
et al.[72] reported a Tg of 81�C for a main-chain polyester
that formed a smectic glass at a cooling rate of 1 K/min,
whereas the isotropic glass obtained on cooling at 100 K/
min displayed a Tg of 93�C. The differences are similar to
what we observe for ITC, in that the isotropic glasses have
Tgs above 70�C, whereas the smectic glass formed at 10 K/s
has a Tg some 10 K lower, which is expected for a change in
cooling rate of over two decades. Furthermore, given that
the cooling rate dependence of the glass transition is the
same for the smectic ITC as for the isotropic POS, we sug-
gest that the reason for the difference is solely due to differ-
ence in cooling rates and is not attributable to differences in
glass structure on the molecular level.

6 | CONCLUSION

The composition dependence of the glass transition tem-
perature (Tg) is examined using three model systems,
oligomeric/polymeric cyanurates, blends of poly
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(α-methyl styrene) and its oligomer, and molecular mix-
tures of itraconazole (ITC) and posaconazole (POS). We
use absolute heat capacity data to test, for the first time,
the assumption that the configurational entropies of the
component materials are additive and that the configura-
tional entropy is zero or unchanged at the Tg of the mix-
ture relative to that at Tgs of the pure components. In
addition, we examine several models of Tg as a function
of composition that have a basis in configurational
entropy ideas. We find that although the temperature-
dependent heat capacities in both liquid and glassy states
are nearly independent of composition for several of the
systems studied, that is, the mixtures are nearly ideal sys-
tems in the thermodynamic sense, the mixture Tg is not
well described by models based on the assumption that
the configurational entropy, as given by the integral of
ΔCpdlnT, is zero or a constant at the glass transition tem-
perature. In addition, we show that although Tg

temperature-broadening occurs at intermediate composi-
tions, this broadening cannot be the cause of the failure
of the configurational entropy equation. We also show
that the Tg dependence on cooling rate changes with
composition and that the fragility m seems to decrease at
intermediate compositions where the system is more het-
erogeneous. However, we argue that this is not the cause
of the failure in the configurational entropy equation for
mixture Tg although it does invalidate the assumption
that Tg and T2 have the same composition dependence.
Finally, we point out that the differences in Tg in liquid
crystalline and isotropic itraconazole glasses are attribut-
able to differences in the cooling rate used to form the
glasses rather than due to differences in the molecular
structure of the glass itself.
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