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ABSTRACT: The glass transition temperature (Tg) of a binary
miscible mixture of molecular glasses, termed a coamorphous glass,
is often synergistically increased over that expected for an athermal
mixture due to the strong interactions between the two
components. This synergistic interaction is particularly important
for the formulation of coamorphous pharmaceuticals since the
molecular interactions and resulting Tg strongly impact stability
against crystallization, dissolution kinetics, and bioavailability.
Current models that describe the composition dependence of Tg
for binary systems, including the Gordon−Taylor, Fox, Kwei, and
Braun−Kovacs equations, fail to describe the behavior of
coamorphous pharmaceuticals using parameters consistent with
experimental ΔCP and Δα. Here, we develop a robust
thermodynamic approach extending the Couchman and Karasz method through the use of activity coefficient models, including
the two-parameter Margules, non-random-two-liquid (NRTL), and three-suffix Redlich−Kister models. We find that the models,
using experimental values of ΔCP and fitting parameters related to the binary interactions, successfully describe observed synergistic
elevations and inflections in the Tg versus composition response of coamorphous pharmaceuticals. Moreover, the predictions from
the NRTL model are improved when the association-NRTL version of that model is used. Results are reported and discussed for
four different coamorphous systems: indomethacin−glibenclamide, indomethacin−arginine, acetaminophen−indomethacin, and
fenretinide−cholic acid.
KEYWORDS: stable coamorphous pharmaceuticals, glass transition temperature, activity coefficient model

■ INTRODUCTION

Amorphous or glassy materials can provide improved proper-
ties in numerous applications due to their lack of crystallinity
and grain boundaries, including in the areas of pharmaceutical
and energetic materials.1−21 For example, in pharmaceuticals,
amorphous drugs provide higher bioavailability and improved
dissolution relative to their crystalline counterparts and, thus,
lower doses relative to the toxic limit can be used,1−19 whereas
amorphous energetics are expected to show decreased shock
sensitivity and improved performance relative to their
crystalline counterparts.20,21 The improved bioavailability and
solubility of coamorphous solids may also find applications in
agrichemicals and personal care and household products.22

However, the downside of molecular (i.e., low-molecular-
weight, nonpolymeric) amorphous solids is their tendency to
crystallize during processing, storage, and use. One solution is
the addition of polymeric binders or excipients, which are
mixed with the low-molecular-weight glass former to form an
amorphous solid dispersion, thereby increasing the glass
transition temperature and reducing the potential for
crystallization; however, the result is poor processability and

often low loadings of the active components, leading to low
energy densities for glassy energetic materials and, in the case
of pharmaceuticals, requiring larger drug dosages and
consequently reduced patient compliance. In addition, the
hygroscopic polymers used as excipients in pharmaceuticals
may result in the formulations being unstable in humid
conditions. An alternative solution is the creation of stable
coamorphous molecular glasses in which the interactions
between two or more low-molecular-weight components are
strong enough to prevent phase separation and crystallization
of the pure components while, at the same time, ensuring that
cocrystallization of the components is frustrated due to a
mismatch of shapes or interactions between the components.
Coamorphous pharmaceuticals are a relatively new develop-
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ment in the drug delivery field and hold the promise of
providing significant increases in drug dissolution rates,
supersaturation levels, and bioavailability.22−39

The glass transition temperature, Tg, and the dynamics and
kinetics of related phenomena, such as structural recovery and
physical aging, are at the forefront of studies on coamorphous
solids for a number of reasons. First and foremost, since
crystallization during storage and use must be avoided, a brute
force approach to making a stable coamorphous solid is to
make Tg as high as possible. By definition, molecular mobility
is approximately the same for all compounds at their Tg (with
an α-relaxation time of ∼100 s), and then, with decreasing
temperature, mobility decreases roughly 1 decade every 20 K
in the glassy state;40 thus, the higher that we can elevate Tg, the
more likely that we can obtain a glass that is stable against
crystallization during storage,41,42 explaining, in part, why
polymer excipients have been commonly used with amorphous
drugs despite their drawbacks with respect to hygroscopicity
and processing.43−48

Perhaps more importantly, and less well explored, the Tg of a
coamorphous solid is reflective of the interactions between the
two components,16,23,24,49 and one of the goals of the present
work is to develop the framework to predict and understand
the relationship between the Tg changes in coamorphous
systems and the molecular-level interactions. The focus of this
paper is on modeling systems in which there is a synergistic
increase in Tg due to strong specific interactions between the
two components because that is important for coamorphous
pharmaceuticals, but we note that coamorphous systems can
also show negative deviations as in several polymer
blends,50−53 as well.
Based on the earlier work in polymeric systems, in the case

of no interactions, the Tg of a miscible amorphous binary
mixture is well described by the Gordon−Taylor54,55 or
Kelley−Bueche equation56

=
+
+

T
X T X kT

X X kg
1 g1 2 g2

1 2 (1)

where Xi and Tgi are the mole fraction and Tg of species i,
respectively, and the parameter k is equated to the ratio of the
step change in (dV/dT)T = VΔα at Tg of the two components
(V2Δα2/V1Δα1) or the ratio of the step change in the heat
capacity (ΔCP2/ΔCP1), depending on whether eq 1 is derived
from free volume theory57 or configurational entropy theory.58

Notably, the mole fractions used in eq 1 are interchangeable
with weight fractions, as commonly used in the liter-
ature,31,50,59 with the units of VΔα or ΔCP used to determine
the k value being per mole or per gram, depending on which is
used. Couchman and Karasz60,61 have also derived eq 1 by
considering the nominal glass transition to be an Ehrenfest
second-order transition with entropy (or enthalpy or volume)
being continuous at Tg. A simplification of eq 1 involving the
Simha−Boyer approximation that ΔαTg is constant

62 results in
the widely used Fox equation63

= +
T

w
T

w
T

1

g

1

g1

2

g2 (2)

where wi is the weight fraction of component i.
Importantly, eqs 1 and 2 predict that the Tg of a mixture lies

between the component Tg values and varies monotonically,
and smoothly, between them. However, in the case of strong
interactions,64 the possibility of nonmonotonic or synergistic

behavior exists as is observed in a number of molecular
systems, including carvedilol with benzoic, maleic, and citric
acids,25 and several drug/amino acid systems.26,27,30,31,34,35,37

The effect of specific interactions was recognized by Kwei,49

who modified the Kelley−Bueche equation (eq 1) to account
for hydrogen bonding in polymeric mixtures

=
+
+

+T
w T w kT

w w k
qw wg

1 g1 2 g2

1 2
1 2

(3)

where the second term represents the influence of the number
of hydrogen bonds or specific interactions in the system and
where q is an adjustable parameter. This formulation is similar
to the second-order concentration term used in the Jenckel−
Heusch65 equation. Equation 3 is also similar to the Braun−
Kovacs66 equation that was developed based on the
assumption of the additivity of the parameter B in Doolittle’s67

viscosity equation at the glass transition, leading to an iso-free
volume surface at Tg, with the excess volume also given by a
term that is second-order in concentration qX1X2

=
+ +

+
T

X T X kT qX X

X X kg
g g1 1 2 2 1 2

1 2 (4)

where q again is an adjustable parameter. It is also again
emphasized that in eq 3 or 4, either mole or weight fractions
can be used with k adjusted accordingly. Both the Kwei and
Braun−Kovacs equations can predict nonmonotonic increases
in Tg; however, the equations assume that the interactions are
a maximum for either a 50/50 weight or mole fraction mixture,
respectively. Then, without taking the parameter k as a fitting
parameter, they are unable to describe systems in which there
is unusual synergy such that the Tg change relative to the
“ideal” case of the Gordon−Taylor or Fox equation is
asymmetrical with respect to composition. Of course, a
symmetrical model in terms of mole fraction will become
asymmetrical in terms of weight or volume fraction, but even
so, the point of maximum deviation from the ideal Tg behavior
given by the Gordon−Taylor or Fox equation is predetermined
by the molecular-weight difference and the k value; hence, it is
found that k needs to be taken as a fitting parameter to provide
the Kwei and Braun−Kovacs equations with sufficient
flexibility to fit highly asymmetric data.
From a theoretical perspective, the synergistic elevation of

Tg has also been considered in the Flory−Huggins framework,
in addition to a configurational entropy framework. However,
as shown by Kim et al.,68 the model requires the knowledge of
lattice coordination number and still uses the strength of the
specific interactions as fitting parameters. On the other hand,
the synergistic interactions were theoretically interpreted in the
Painter−Coleman association model,64 where Couchman and
Karasz’s60 approach was extended by counting the self- and
cross-association interactions in the liquid state; the model
successfully predicts the maximum Tg for the coamorphous
mixture of poly(vinyl pyridine) and poly(vinyl phenol) and
requires no fitting parameters, although the association
strength and population need to be predetermined by infrared
spectroscopic measurements.
In this study, we aim to develop a framework to predict the

synergistic Tg behavior while maintaining the physical
significance of the parameters. The intermolecular interactions,
or nonideal mixing, are accounted for by activity coefficient
models. Such activity coefficient models have been extensively
used to describe and predict phase equilibria in nonideal
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systems, including but not limited to polymer solutions,69−72

hydrogen-bonding fluids,73−76 and ionic solutions.77−80

Furthermore, activity coefficient models can be combined
with perturbation theories to describe complex association
interactions.81,82 Here, we develop our model and then show
predictions of Tg as a function of the composition for multiple
pharmaceutical coamorphous systems within a framework that
uses activity coefficient models to describe the nonideal
mixing. The results are compared to predictions using the
Gordon−Taylor, Kwei, and Braun−Kovacs equations. The
investigation includes analysis of Tg data for four coamorphous
systems: indomethacin−glibenclamide, indomethacin−argi-
nine, acetaminophen−indomethacin, and fenretinide−cholic
acid. The data come from calorimetric measurements of the
glass transition temperature as a function of composition and
are measured in this study and/or obtained from the literature.

■ METHODOLOGY
Derivation of the Model. The model is derived as shown

below for a binary mixture, and extrapolation to a multiple-
component system is unchallenging and will not be shown.
Based on the Painter−Coleman association model’s64 frame-
work, we interpret the specific interactions in the liquid state
by the excess enthalpy, ΔHliq

E , a well-defined thermodynamic
property that represents the enthalpy difference between the
real and ideal (athermal) mixtures

=
+ − Δ Δ

+
T

X T X kT H C

X X k

/ P
g

1 g1 2 g2 liq
E

1

1 2 (5)

and

=
Δ
Δ

k
C
C

P

P

2

1 (6)

Notably, Painter et al. attributed the temperature dependence
of ΔCP to the self-association among species themselves, and
this temperature-dependent association strength can be
accounted for when assuming ΔHliq

E is temperature-dependent
in our method, such as for the association-non-random-two-
liquid (NRTL) model that will be shown below.
The excess enthalpy is theoretically expressed in terms of

mole fraction and the activity coefficient, γ, of species i (=1 or
2)

γ γΔ = +H RT X X( ln ln )liq
E

1 1 2 2 (7)

where R denotes the gas constant. The activity coefficient as a
function of composition (or temperature) can be estimated,
empirically or theoretically, by activity coefficient models,83,84

of which the simplest one is the empirical one-parameter
Margules model85

Δ =H RTA X Xliq
E

12 1 2 (8)

Here, A12 is a constant that indicates the strength of the
specific interactions. Equation 8 results in a correction similar
to the Braun−Kovacs equation (eq 4). The two-parameter
Margules model85 adds more complexity

Δ = ′ + ′H RTX X A X A X( )liq
E

1 2 21 1 12 2 (9)

where A12′ and A21′ are the adjustable parameters that describe a
composition-dependent strength of the binary interactions.
Moreover, expressions for the interactions that could be
multibody, such as the three-suffix Redlich−Kister activity

coefficient model,86 may be useful to describe more complex
binary or higher-order interactions

Δ = [ + − + − ]H RTX X B C X X D X X( ) ( )liq
E

1 2 12 12 1 2 12 1 2
2

(10)

where B12, C12, and D12 are adjustable parameters. It is
important to note that in all of these models, as well as the
NRTL model discussed below, the model parameters are
directly related to the strength of specific interactions, and
these interactions are not a function of composition. However,
the excess enthalpy, itself, is a function of composition because
even for a binary mixture of A and B molecules, the probability
of A−A, B−B, and A−B interactions changes with
composition.
Further complexity, in comparison to the two-parameter

Margules model, and with a theoretical connection to the
underlying interactions, is obtained using the non-random-
two-liquid theory (NRTL)87 in which the intermolecular
interactions result in differences between local and bulk
concentrations, as originally suggested by Wilson’s local
composition theory88

τ τ
Δ =

+
+

+
i
k
jjjjj

y
{
zzzzzH RTX X

G
X G X

G
X X Gliq

E
1 2

12 12

1 12 2

21 21

1 2 21 (11)

and

α τ= −G exp( )ij ij ij (12)

Here, the τij are the normalized local interaction energies
between the component i around j relative to those among the
component j themselves, which is assumed to be temperature-
independent in the present study; Gij represents a weighting
factor that accounts for the local composition relative to the
overall composition; αij is a nonrandomness parameter that has
been shown to be related to the reciprocal of the coordination
number of the lattice, which is expected to be a positive
constant of the order 0.1−0.3 for coordination numbers on the
order of 6−12. In the present study, αij is taken to be 0.3 as is
often suggested in the literature.87,89,90

Although the NRTL model often better describes non-
idealities than does the two-parameter Margules model, it has
been shown to insufficiently correlate association interac-
tions82,91 as it requires multiple sets of parameters to separately
predict the liquid−liquid- and vapor−liquid-phase equilibria
for hydrogen-bonding mixtures. This problem can be mitigated
by separating the association (chemical) interactions from the
physical dispersion and/or repulsion interactions in the NRTL
model.82,83 Moreover, the association interactions can be
effectively predicted using perturbation theories92 without
knowing the association energy or the equilibrium constant of
the “reaction”; technically, the association interactions are
approximated by perturbation expansions from a reference
fluid. Here, we follow the approach outlined in a recently
published association-NRTL (A-NRTL) activity coefficient
model82 to improve the interpretation of the additive physical
and chemical interactions in the synergistic coamorphous
systems

γ γ γ= +ln ln lni i i
NRTL Asso

(13)

where ln γi
NRTL accounts for the physical force and is expressed

using eq 11 but with different sets of τij; ln γi
Asso accounts for

hydrogen-bonding or similar association interactions and is

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.1c00353
Mol. Pharmaceutics 2021, 18, 3439−3451

3441

pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


expressed using a simplified model93 of the statistical
associating fluid theory (SAFT)94 that originates from
Wertheim’s thermodynamic perturbation theory.95,96 Accord-
ing to Hao and Chen,82 the overall association interaction is
reflected by the concentration of unbonded hydrogen bond
acceptor and donor sites in the mixture (XB) and in the pure
component (Xi

B)

∑

∑

γ ν

ρ

= +
−

+ −

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjj

y

{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
i
k
jjjj

y
{
zzzz

X
X

X

r
X

ln ln
1

2

1
2

i i
i

i

i

Asso

B
B,

B

B

B

B
B

B

(14)

Here, B denotes hydrogen bond acceptor (A) and donor (D)
sites among all species; νB,i is the number of the B site in
molecule i; ri is the normalized van der Waals volume of

molecule i; and ρ = ν∑
∑( )

X

rXB
i i

i i

B, is the dimensionless molar

density of the B site in the mixture. XB and Xi
B are in units of

mole fraction and are obtained from the mass balance

ρ ρ
=

+ ∑ Δ
=

+ ∑ Δ
X

X
X

X
1

1
and

1
1

A

D D
AD D

D

A A
AD A

(15)

and

ρ ρ
=

+ ∑ Δ
=

+ ∑ Δ
X

X
X

X
1

1
and

1
1i

i i i
i

i i i

A

D, D,
AD D

D

A, A,
AD A

(16)

Here, ρ = ν
( )i rB,

i

i

B, is the dimensionless molar density of the B

site in pure component i; and ΔAD is the normalized
association strength between an acceptor site and a donor
site and is approximated by a product of the association
strength parameters, δA and δD, respectively, for the acceptor
site and donor site, relative to a normalized reference

association strength
δ δ
Δ( )ref

AD

ref
A

ref
D

δ δ
δ δ

Δ = ΔAD
A D

ref
A

ref
D ref

AD

(17)

Moreover, Δref
AD is chosen as that of the self-association in water

molecules, as is recommended in the A-NRTL model, giving
that δref

A = 1 and δref
D = 1, and

Δ = −
Ä

Ç
ÅÅÅÅÅÅÅÅÅ

i
k
jjj

y
{
zzz

É

Ö
ÑÑÑÑÑÑÑÑÑT

0.034 exp
1960

1ref
AD

(18)

In the present study, ri is estimated by Bondi’s group-
contribution method.97 νB,i is the number of acceptor and
donor sites for each species as obtained from the PubChem
database.98−103 Furthermore, for a given species, all acceptor
sites have the same δA and the same is true for donor sites. δA,
δD, τ12, and τ21 are determined from the best fit to the Tg data.
In what follows, we compare the two-parameter Margules

(eq 9), NRTL (eqs 11 and 12), A-NRTL (eqs 13−18), and
three-suffix Redlich−Kister (eq 10) activity coefficient models
with the Gordon−Taylor (eq 1), Kovacs−Braun (eq 4), and
Kwei (eq 3) equations in their description of the synergistic Tg
data for four binary pharmaceutical coamorphous mixtures:
indomethacin−glibenclamide, indomethacin−arginine, acet-
aminophen−indomethacin, and fenretinide−cholic acid. The
k values used in this work are shown in Table 1. They are

estimated using eq 6 along with experimental values of ΔCPi
(per mole) for three of the four systems studied; for the system
indomethacin/arginine, the k value is taken from ref 31 and
converted from a per-gram to per-mole basis. All adjustable
parameters are determined from the best prediction of the
composition-dependent Tg data using the gradient descent
method.104 The uncertainties in the parameters are estimated
from a biased error of ±5% on the Tg data.

Materials. Indomethacin (≥99%), glibenclamide (≥99%),
acetaminophen (≥99%), and cholic acid (≥99%) are used as
obtained from Sigma-Aldrich (St. Louis, MO) for the
investigation. Fenretinide (≥98%) is obtained from Apexbio
(Houston, TX) and used for the composition dependence
study, whereas fenretinide (≥99%, Sigma-Aldrich) is used to
measure the thermal properties of the pure compound. All
materials were received and initially used in the crystalline state
and tested by differential scanning calorimetry (DSC) to
obtain the Tg data. To compare the data measured in this study
to that in the literature, data for indomethacin−glibenclamide
and acetaminophen−indomethacin systems are also obtained
from Pajula et al.105 Data for the indomethacin−arginine
system are taken from Jensen et al.31 The chemical structure of
the pharmaceutical molecules and other excipients that are
studied here are provided in Table 2.

Differential Scanning Calorimetry (DSC) Measure-
ments and Analysis. A conventional DSC (Mettler Toledo
DSC 823e, Switzerland), equipped with a Freon cooling
system and a nitrogen purge, was used to measure Tg, Tm
(melting point), and ΔCPi for all pure compounds and for the
coamorphous mixtures as a function of composition. Prior to
measurements, the DSC temperature and heat flow were
calibrated using indium. Samples were sealed in 20 μL
aluminum hermetic pans under nitrogen with sample mass
ranging from 2 to 5 mg.
All DSC measurements included two heating cycles.

Samples were first heated at 10 K/min from room temperature
to 10 K above the Tm of the pure glibenclamide, indomethacin,
and cholic acid for the indomethacin−glibenclamide, acet-
aminophen−indomethacin, and fenretinide−cholic acid sam-
ples, respectively, followed by an isothermal hold for 1 min.
Samples were then cooled at 10 K/min to 40 K below the Tg of
the pure indomethacin, acetaminophen, and fenretinide for the
indomethacin−glibenclamide, acetaminophen−indomethacin,
and fenretinide−cholic acid samples, respectively, with no
recrystallization observed during cooling. A second heating
scan was then performed at 10 K/min to 10 K above Tm, and
Tg was obtained on this scan. None of the scans showed an
endotherm or exotherm at high temperatures related to
degradation or decomposition. The scans also did not show
any melting endotherms on the second heating and, thus,
indicate the complete coamorph formation.
The melting points, Tm, for the pure compounds were

obtained from the onset temperature of the melting

Table 1. List of Sources and Values of k

coamorphous drug source value

indomethacin−glibenclamide measured in this study 1.37
indomethacin−arginine retrieved from ref 31 0.469a

acetaminophen−indomethacin measured in this study 1.39
fenretinide−cholic acid measured in this study 1.11

aIn ref 31, k is determined as Tg1/Tg2 for a gram-based unit, and it is
converted in this work to a per-mole basis.
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endotherms, and the results are provided in Table 3. Tg values
of the pure materials are obtained on the second heating by
determining the fictive temperature, Tf,

106 using Moynihan’s
method,107 and they are also provided in Table 3. Tf, measured
on heating after cooling at a given rate in the absence of
isothermal aging in the glassy state, is equivalent to Tg

108,109

measured on a cooling at that same rate; Tf also represents the
vitrified structure, where the glassy enthalpy intersects the
extrapolated supercooled liquid enthalpy in a plot of enthalpy
versus temperature. The DSC heat flow data for the second
heating of the pure compounds are shown in Figure 1, where
overshoots are obviously observed such that Moynihan’s
method is needed for a consistent analysis. However, since
many researchers analyze such data using the midpoint method
and ignoring the overshoot, we also provide midpoint Tg values
in Table 3 to compare with those from Moynihan’s method.
The Tf values from Moynihan’s method are lower than those
from the midpoint method by as little as 0.6 °C for fenretinide

to as much as 3.0 °C for glibenclamide; the difference is related
to the magnitude of the overshoot relative to the significance of
the step change ΔCP at Tg, the latter of which is calculated at
Tf and is also provided in Table 3. In the current study, the Tf
values are used and referred to as Tg for further modeling.

■ RESULTS
Experimental Tg data for indomethacin(1)−glibenclamide(2)
obtained in the present work (crosses) are shown in Figure 2A,
along with the data from Pajula et al.105 (open circles) and
model predictions. For this coamorphous pharmaceutical
mixture, the Tg data manifest a maximum in the glibencla-

Table 2. Chemical Structures for Pharmaceutical Molecules and Excipients Investigated

Table 3. DSC Results of Tmi, Tfi, Tgi, and ΔCPi for Pure
Indomethacin, Glibenclamide, Acetaminophen, Cholic
Acid, and Fenretinide

i Tmi (°C) Tfi (°C)
a Tgi (°C)

b ΔCPi (J mol−1 K−1)c

indomethacin 160.1 38.7 41.5 142.0
glibenclamide 168.8 52.5 55.5 194.6
acetaminophen 169.3 17.1 20.0 101.8
cholic acid 201.4 123.0 125.1 193.7
fenretinide 155.2 77.7 78.3 177.4

aTf is obtained using Moynihan’s method.107 bTg is obtained using
the midpoint method. cΔCP is obtained at the corresponding Tf.

Figure 1. DSC heat flow data for pure acetaminophen, indomethacin,
glibenclamide, fenretinide, and cholic acid measured on the second
heating scan at 10 K/min.
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mide-rich region near X1 = 0.30, 14−18 °C above the
Gordon−Taylor prediction. The two sets of experimental data
are consistent with one another with respect to the

composition dependence, although the Tg data measured by
Pajula et al. are on average 7.9 °C higher than our data, as is
indicated by the secondary y-axis in Figure 2A. The difference
is presumably due to the fact that Pajula et al. cooled their
samples at an uncontrolled and faster rate resulting in a higher
Tg,

108 and they took the midpoint Tg rather than using the Tf
from Moynihan’s method, which also increases Tg by roughly 3
°C. The Tg data measured in the present study and the shifted
data from Pajula et al. were fitted to eq 5, with ΔHliq

E given by
the A-NRTL, NRTL, and two-parameter Margules activity
coefficient models and with the k value, which is equated to the
ratio of ΔCP2/ΔCP1 in eq 6, experimentally found here to be
1.37. The adjustable parameter values, along with the root-
mean-square error (RMSE) from the model fits to the Tg data,
are reported in Table 4. For the A-NRTL model, the values of
ri, νi

B, δA, and δD parameters are reported in Table 5; of
particular note, the δA and δD values for indomethacin were
optimized by simultaneously fitting the Tg data for the three
coamorphous systems that contain indomethacin. The A-
NRTL, NRTL, and two-parameter Margules models all
quantitatively predict the off-center maximum Tg near X1 =
0.30 and its magnitude, giving RMSE values of 1.4−1.8 °C.
The activity coefficient model parameters are further used to
calculate ΔHliq

E based on eqs 10, 11, and 13, with the
predictions of ΔHliq

E plotted in Figure 2B against mole fraction
indomethacin. Also shown as points are ΔHliq

E data calculated
from eq 5 using the Tg data. The A-NRTL, NRTL, and
Margules models predict negative bell-shaped curves that agree
well with the data and indicate the miscibility between the two
species in the liquid state. The fits of the Kwei and Braun−
Kovacs equations are also shown in Figure 2A using the
experimental k value of 1.37, and both models predict a
maximum close to the equimolar composition rather than the
observed asymmetric data, resulting in larger RMSE values of
2.8 and 3.3 °C, respectively.
Experimental Tg data for indomethacin(1)−arginine(2)

from Jensen et al.31 are shown in Figure 3A, along with
model predictions. The corresponding excess enthalpy plots
are shown in Figure 3B. For this coamorphous pharmaceutical

Figure 2. (A) Tg data and model predictions for indomethacin(1)−
glibenclamide(2) as a function of mole fraction indomethacin (X1).
The Tg data measured in the present study (crosses) are plotted with
respect to the left y-axis. The Tg data obtained from Pajula et al.105

(open circles) are plotted with respect to the right y-axis, which is
shifted downwards, 7.9 °C relative to the left y-axis. All model
predictions are plotted with respect to the left y-axis as well. (B)
Excess enthalpy for indomethacin(1)−glibenclamide(2) as a function
of X1 calculated from experimental data using eq 5 and predicted by
activity coefficient models, with symbols as in (A).

Table 4. Values of Fitting Parameters and Mean-Square Errors for the Four Pharmaceutical Coamorphous Systems
Investigated

indomethacin(1)−glibenclamide(2) indomethacin(1)−arginine(2) acetaminophen(1)−indomethacin(2) fenretinide(1)−cholic acid(2)
A-NRTL

τ12 −3.21 ± 0.24 −1.49 ± 0.44 −1.52 ± 0.23 −1.10 ± 0.66
τ21 2.13 ± 0.88 0.362 ± 0.80 2.81 ± 0.86 6.76 ± 4.30
RMSE (°C) 1.76 5.01 0.82 4.25

NRTL
τ12 −3.54 ± 0.23 −2.44 ± 0.34 −1.72 ± 0.22 −2.03 ± 0.53
τ21 2.28 ± 0.94 −2.88 ± 0.35 3.54 ± 1.22 8.33 ± 4.50
RMSE (°C) 1.44 5.77 0.73 5.70

Margules
A12′ −6.48 ± 0.96 −7.07 ± 1.03 0.187 ± 0.663 3.46 ± 1.63
A21′ −1.20 ± 0.92 −8.10 ± 1.22 −0.755 ± 0.626 −6.05 ± 1.61
RMSE (°C) 1.62 5.57 0.80 2.94

Kwei
q (°C) 62.7 ± 7.2 227 ± 18 6.16 ± 6.76 25.9 ± 13.8
RMSE (°C) 2.76 8.41 0.95 6.02

Braun−Kovacs
q (°C) 72.8 ± 8.3 163 ± 13 7.62 ± 8.05 28.1 ± 14.5
RMSE (°C) 3.29 6.53 0.92 5.93
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mixture, the Tg data manifest a maximum near X1 = 0.45, 69
°C above the Gordon−Taylor prediction, which is 7 times
higher than Tg2 − Tg1. The composition dependence, indicated
as the slope of dTg/dX1, gradually strengthens when
approaching the maximum. The Tg data measured by Jensen
et al. were fitted to the activity coefficient models using the
experimental k value of 0.469, which is approximated (for units
of per gram) by Tg1/Tg2

31 and then further normalized by us
by the ratio of the molecular weights to convert the units from
per gram to per mole. The model parameters, along with the
RMSE values for the fits to the data, are reported in Table 4,
and the A-NRTL model parameters are reported in Table 5.
The A-NRTL, NRTL, and two-parameter Margules models

qualitatively predict a maximum Tg near X1 = 0.45, but its
magnitude is underestimated and the gradually increasing dTg/
dX1 when approaching the maximum is not captured. The
RMSE values for all three models are over 5 °C, although the
fit of the A-NRTL model is slightly better than the other two.
The A-NRTL, NRTL, and Margules models also predict
negative bell-shaped curves of ΔHliq

E versus composition that
qualitatively agree with the data, as shown in Figure 3B,
indicating the miscibility between two species in the liquid
state, but the magnitude of the minimum is not captured. The
fits of the Kwei and Braun−Kovacs equations are also shown in
Figure 3A using the experimental k value of 0.469; neither are
satisfactory, giving RMSE values of 8.4 and 6.5 °C,
respectively.
Experimental Tg data for acetaminophen(1)−indometha-

cin(2) obtained in the present work (crosses) are shown in
Figure 4A, along with the data from Pajula et al.’s105 (open
circles) and model predictions. The corresponding excess
enthalpy plots are shown in Figure 4B. For this coamorphous
pharmaceutical mixture, the Tg data manifest a monotonically
descending inflectional behavior, showing a gradually dimin-
ished negative dTg/dX1 followed by a gradually strengthened
one, with the inflection point located in the acetaminophen-
rich region near X1 = 0.30. The two sets of experimental data

Table 5. Values of A-NRTL Parameters ri, νB,i, and δB for
Species Studied Here

i ri νA,i νD,i δA δD

indomethacina 12.1 4 1 4.17 ± 0.36 1.33 ± 0.31
glibenclamide 17.1 5 3 4.09 ± 0.57 3.97 ± 0.25
arginine 6.45 4 4 0.75 ± 0.15 8.54 ± 1.17
acetaminophen 5.60 2 2 6.05 ± 0.70 0.21 ± 0.09
cholic acid 17.5 5 4 1.09 ± 0.41 4.52 ± 3.80
fenretinide 16.1 2 2 4.98 ± 2.64 0.11 ± 0.60

aFor indomethacin, values of δA and δD are obtained by
simultaneously fitting the Tg data for three systems, indomethacin−
glibenclamide, indomethacin−arginine, and acetaminophen−indome-
thacin.

Figure 3. (A) Tg data and model predictions for indomethacin(1)−
arginine(2) as a function of mole fraction indomethacin (X1). The Tg
data are obtained from Jensen et al.31 (B) Excess enthalpy for
indomethacin(1)−arginine(2) as a function of X1 calculated from
experimental data using eq 5 and predicted by activity coefficient
models.

Figure 4. (A) Tg data and model predictions for acetaminophen(1)−
indomethacin(2) as a function of mole fraction acetaminophen (X1).
The Tg data measured in the present study (crosses) are plotted with
respect to the left y-axis. The Tg data obtained from Pajula et al.105

(open circles) are plotted with respect to the right y-axis, which is
shifted downwards, 4.5 °C relative to the left y-axis. All model
predictions are plotted with respect to the left y-axis as well. (B)
Excess enthalpy for acetaminophen(1)−indomethacin(2) as a
function of X1 calculated from experimental data using eq 5 and
predicted by activity coefficient models, with symbols as in (A).

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.1c00353
Mol. Pharmaceutics 2021, 18, 3439−3451

3445

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00353?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00353?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00353?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00353?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00353?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00353?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00353?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00353?fig=fig4&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


are consistent with one another with respect to the
composition dependence, although the Tg data measured by
Pajula et al. are on average 4.5 °C higher than our data, as is
indicated by the secondary y-axis in Figure 4A, due to their
higher cooling rate and midpoint analysis method as described
above for the indomethacin−glibenclamide system. The Tg
data measured in the present study and the shifted data from
Pajula et al. were fitted to the activity coefficient models using
an experimental k value of 1.39. The model parameters, along
with the RMSE values for the fits to the data, are reported in
Table 4, and the A-NRTL model parameters are reported in
Table 5. The A-NRTL, NRTL, and two-parameter Margules
models all quantitatively predict the inflection point near X1 =
0.30 and its curvature, giving RMSE values of 0.7−0.8 °C. In
Figure 4B, the A-NRTL, NRTL, and Margules models predict
an “unlike” (positive ΔHliq

E maximum) interaction in the
indomethacin-rich region followed by a “like” (negative ΔHliq

E

minimum) interaction that qualitatively agrees with the data.
The fits of the Kwei and Braun−Kovacs equations are also
shown in Figure 4A using an experimental k value of 1.39, and
neither predict the observed inflectional behavior.
Experimental Tg data for fenretinide(1)−cholic acid(2)

obtained in the present work are shown in Figure 5A, along
with model predictions. The corresponding excess enthalpy
plots are shown in Figure 5B. For this coamorphous
pharmaceutical mixture, the Tg data manifest a descending
inflectional behavior similar to that of the acetaminophen−
indomethacin system, except that the inflection point is located

in the cholic acid-rich region near X1 = 0.65, and for X1 > 0.80,
the gradually strengthened negative dTg/dX1 is much stronger
than is observed for acetaminophen−indomethacin, leading to
an elevation of Tg 14 °C above the Gordon−Taylor prediction.
The Tg data measured in the present study were fitted to the
activity coefficient models using an experimental k value of
1.11. The model parameters, along with the RMSE values for
the fits to the data, are reported in Table 4, and the A-NRTL
model parameters are reported in Table 5. The best
description of the inflectional behavior is given by the two-
parameter Margules model with an RMSE value of 2.9 °C. The
A-NRTL and NRTL models do not capture the location of the
inflection point, although the A-NRTL model improves the
correlation of the NRTL model with the prediction of the
inflection point right-shifted from X1 = 0.20 to 0.30.
In Figure 5B, although all three of these activity coefficient

models predict unlike (positive ΔHliq
E maximum) interactions

in the cholic acid-rich region followed by the like (negative
ΔHliq

E minimum) interaction in the fenretinide-rich region,
none quantitatively describe the strength or position of the
strong like interaction. Again, the two-parameter Margules
model gives the closest description of this ΔHliq

E , predicting a
minimum of −2100 J/mol near X1 = 0.75, compared to an
experimental minimum of −2300 J/mol at X1 = 0.85. The fits
of the Kwei and Braun−Kovacs equations are also shown in
Figure 5A using an experimental k value of 1.11, and neither
predict the observed inflectional behavior.

■ DISCUSSION
Examination of the τij parameters for NRTL and A-NRTL
models shows that the τij values are generally of smaller
magnitude but the same sign for A-NRTL in comparison to
those for NRTL. This is because the τij terms in A-NRTL only
account for the physical dispersion and/or repulsion and not
for the chemical association interactions. A similar result was
observed by Hao and Chen.82 However, in the case of the
indomethacin−arginine system, the sign of τ21 changes from
the negative for NRTL to the positive for A-NRTL, as shown
in Table 4. This change of the sign is due to the flexibility of
this parameter in terms of its contribution to the overall
interactions, given that the majority of the like interactions are
captured by the statistical association theory in A-NRTL, i.e.,
90% of ΔHliq

E is attributed to the summation of Xiγi
Asso.

Furthermore, values of the δA and δD parameters in A-NRTL
qualitatively reveal information concerning the sites of the
association interactions. For indomethacin and glibenclamide,
the values of δA are 4.17 and 4.09, respectively, indicating
comparable strong associating abilities of the acceptor site
toward the donor site for both species; the δD parameter value
for glibenclamide is 3.97 and is 3 times higher than that for
indomethacin. Hence, a competition exists between the self-
association within glibenclamide and the cross-association
between the two species, leading to a weak net association
interaction. Thus, magnitudes of the τij parameters for A-
NRTL are only slightly reduced in comparison to those for
NRTL. Similarly, for acetaminophen−indomethacin, competi-
tion between the self- and cross-associations exists, and the
result is a weak net association interaction.
On the other hand, for indomethacin−arginine, values of the

δA and δD parameters indicate a strong cross-association
between the acceptor site in indomethacin and the donor site
in arginine, which is consistent with strong interactions
between the indomethacin carboxylate group and the arginine

Figure 5. (A) Tg data measured in the present study and model
predictions for fenretinide(1)−cholic acid(2) as a function of mole
fraction fenretinide (X1). (B) Excess enthalpy for fenretinide(1)−
cholic acid(2) as a function of X1 calculated from experimental data
using eq 5 and predicted by activity coefficient models.
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guanidine group, as observed by Jensen et al.31 using Fourier
transform infrared (FTIR) spectroscopy. However, the
statistical association-NRTL model does not well describe
the gradually strengthened dTg/dX1 when approaching the
maximum Tg due to two potential reasons. First, ΔAD is not a
constant parameter but is assumed to decrease as temperature
increases, being proportional to 1/T in eq 18; eliminating this
constraint in the model and allowing ΔAD to be independent of
temperature result in an improved fit that qualitatively captures
the gradually steepened slope giving an RMSE value of 3.0 °C.
A second potential issue is that each site is assumed to
establish only one single association with another site92 and all
acceptor and donor sites on a given molecule are assumed to
be identical. Thus, a model that can describe more complex
and higher-order interactions, such as the three-suffix Redlich−
Kister activity coefficient model,86 eq 10, provides a
quantitative description of both Tg and ΔHliq

E , as shown in
Figure 6, where both the gradually steepened slope and the
level of the maximum Tg are captured, giving an RMSE value
of 2.1 °C; the three-suffix Redlich−Kister model also uses an
experimental k value of 0.47, and values of the B12, C12, and D12

fitting parameters are −8.34, 0.27, and 5.91, respectively.
For fenretinide−cholic acid, values of the δA and δD

parameters also indicate a strong cross-association between
the acceptor site in fenretinide and the donor site in cholic
acid. The association interaction is extremely strong for X1 >
0.70, as is manifested by the positive deviation of Tg that is

11.8 °C above the Gordon−Taylor prediction at X1 = 0.76 and
is equivalent to 31% of the Tg data range. Neither the NRTL
nor the A-NRTL models predict strong like interactions in this
range. On the other hand, the three-suffix Redlich−Kister
model can again capture this large positive deviation, as is also
shown in Figure 6, giving an RMSE of 1.6 °C, implying the
existence of more complex or higher-order interactions in the
fenretinide-rich region; the three-suffix Redlich−Kister model
also uses an experimental k value of 1.11, and values of the B12,
C12, and D12 fitting parameters are −0.42, −4.31, and −5.11,
respectively.
As was pointed out in the Introduction section, the Kwei

and Braun−Kovacs equations are often able to describe the Tg
data when k is taken as a fitting parameter. In fact, Kwei49

applied the equation to describe inflectional behavior for the
mixture of poly(methyl methacrylate) and Novolac B with k
equal to 12, compared to an experimental k value of 0.94
(estimated by Tg1/Tg2). Similarly, in this work, the Kwei
equation, eq 3, quantitatively captures the inflectional Tg data
for acetaminophen−indomethacin, with k and q equal to 0.35
± 0.11 and 35.6 ± 6.8 °C, respectively, giving an RMSE value
of 0.74 °C; in addition, the Kwei equation can quantitatively
capture the inflectional Tg for fenretinide−cholic acid, with k
and q equal to 9.2 ± 3.3 and −57.0 ± 13.7 °C, respectively,
giving an RMSE value of 0.76 °C. However, the Kwei equation
cannot describe the synergistic off-center maximum Tg for
indomethacin−glibenclamide even when k is taken as a fitting
parameter because the term qw1w2, in eq 3, always favors an
extremum at w1 = 0.50 or X1 = 0.60, rather than at the
experimentally observed value of w1 = 0.25 or X1 = 0.30. On
the other hand, the Braun−Kovacs equation, eq 4,
quantitatively captures the off-center maximum of Tg for
indomethacin−glibenclamide, with k and q equal to 0.32 ±
0.12 and 51.2 ± 4.9 °C, respectively, giving an RMSE value of
1.4 °C. However, the Braun−Kovacs equation cannot describe
inflectional Tg data. Thus, both the Kwei and Braun−Kovacs
equations have significant limitations in describing the
composition dependence of Tg for coamorphous systems
with strong interactions, even when k is taken as a fitting
parameter. Furthermore, when k is adjusted, the physical
meaning is lost and the equations do not provide the insight
needed to understand and predict coamorphous systems.
Importantly, our methodology uses a k parameter equal to

the experimental value of ΔCP2/ΔCP1 and, thus, the
appropriate physics is captured, allowing synergistic Tg
behaviors to not only be described but also be predicted if
activity model parameters can be determined from other data
or simulations. In fact, activity coefficient models have been
widely used to solve solid−liquid equilibrium problems to
predict the aqueous solubility84,110,111 of pharmaceutical
molecules and the miscibility105,112,113 between coamorphous
or cocrystal species. In addition, activity coefficient model
parameters can be obtained directly from molecular dynamics
simulations114,115 or can be predetermined by correlating
solid−liquid equilibria data in simple liquids, for example,
using the UNIFAC,116 NRTL-segment activity coefficient
(SAC),117,118 or association-NRTL-SAC.119 The NRTL-SAC
model has been used to predict drug solubility in complex
solvents,120−122 and it focuses on the characteristic hydro-
phobicity, hydrophilicity, and polar attractivity and repulsivity
of single molecules, sophisticatedly accounting for the overall
intermolecular interactions, which can be obtained by fitting
equilibria data for simple molecular liquids. The association-

Figure 6. (A) Tg data and the three-suffix Redlich−Kister activity
coefficient model predictions for indomethacin(1)−arginine(2) (open
squares) and fenretinide(1)−cholic acid(2) (crosses). (B) Excess
enthalpy data for the same system calculated from experimental data
using eq 5 and predictions of the three-suffix Redlich−Kister activity
coefficient models.
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NRTL-SAC model shares similar advantages and improves the
description for association interactions. The NRTL-SAC and
association-NRTL-SAC models are anticipated to be useful,
with parameters predetermined from the simple phase
equilibria data, for developing an entirely predictive approach
to guide the discovery and development of stable coamorphous
pharmaceutical materials. To the best of our knowledge, the
connection between thermodynamic properties and the
synergistic Tg data has not been previously made for
pharmaceutical coamorphous glasses. Moreover, pharmaceut-
ical coamorphs are currently discovered using a trial-and-error
process that is inefficient and costly, and predictive methods
are needed to guide the discovery of new and useful
coamorphous pharmaceuticals. From this perspective, our
framework for modeling Tg as a function of composition using
activity coefficient models provides a methodology to bridge
these gaps.

■ CONCLUSIONS
The synergistic glass transition temperature (Tg) of binary
pharmaceutical coamorphous mixtures is well described by
extending Couchman and Karasz’s approach and using activity
coefficient models for the excess enthalpy in the liquid state.
The off-center maximum in Tg data as a function of
composition is captured by the A-NRTL, NRTL, and two-
parameter Margules models, quantitatively for indomethacin−
glibenclamide and qualitatively for indomethacin−arginine.
The inflectional Tg behavior for acetaminophen−indomethacin
is quantitatively predicted by these three-activity coefficient
models, whereas that for fenretinide−cholic acid is poorly
captured due to the insufficient description of the strong like
interaction in the fenretinide-rich region. The three-suffix
Redlich−Kister activity model quantitatively describes the
nonideality for indomethacin−arginine and fenretinide−cholic
acid indicating complex binary or higher-order associations.
Our methodology assumes that the k parameter in the Tg
versus composition equations is equal to the experimental
value of ΔCP2/ΔCP1. On the other hand, the Kwei and Braun−
Kovacs equations can capture only the inflectional or
asymmetrical maximum behavior, respectively, when k is
treated as a fitting parameter, and in this situation, k loses its
physical significance. The framework developed here is
anticipated to be able to be extended to allow predictions of
Tg and miscibility of coamorphous mixtures using activity
coefficient models with parameters obtained from solubility
data and/or molecular simulations.
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