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Purpose. Crystallization of drugs formulated in the amorphous form may lead to reduced apparent

solubility, decreased rate of dissolution and bioavailability and compromise the physical integrity of the

solid dosage form. The purpose of this work was to develop thermodynamic approaches, both practical

and theoretical, that will yield a better understanding of which factors are most important for

determining the ability of polymers to stabilize amorphous active pharmaceutical ingredients (API).

Materials and Methods. Lattice based solution models were used to examine miscibility criteria in API-

polymer blends. Different methods were used to estimate the Flory<Huggins interaction parameter for

model API-polymer systems consisting of felodipine or nifedipine with poly(vinylpyrrolidone) (PVP).

These were melting point depression and determination of solubility parameters using group

contribution theory. The temperature and enthalpy of fusion of crystalline API alone and the fusion

temperature of the API in the presence of the polymer were measured by differential scanning

calorimetry. The resultant thermal data were used to estimate the reduced driving force for

crystallization and the solubility of the API in the polymer.

Results. Flory<Huggins theory predicts that, for typical API-polymer systems, the entropy of mixing is

always favorable and should be relatively constant. Due to the favorable entropy of mixing, miscibility

can still be achieved in systems with a certain extent of unfavorable enthalpic interactions. For the model

systems, interaction parameters derived from melting point depression were negative indicating that

mixing was exothermic. Using these interaction parameters and Flory<Huggins theory, miscibility was

predicted for all compositions, in agreement with experimental data. A model was developed to estimate

the solubility of the API in the polymer. The estimated solubility of the model APIs in PVP is low

suggesting that kinetic rather than thermodynamic stabilization plays a significant role in inhibiting

crystallization.

Conclusions. The thermodynamics of API-polymer systems can be modeled using solution based

theories. Such models can contribute towards providing an understanding of the compatibility between

API and polymer and the mechanisms of physical stabilization in such systems.
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INTRODUCTION

The solubility of small molecules in polymeric systems
has long been of interest in the design of pharmaceutical
dosage forms. Amorphous molecular level dispersions of
active pharmaceutical ingredients (APIs) in polymeric matri-
ces are one example of such a system. Other examples
include transdermal systems and polymer matrix tablets,
where the flux will in part be a function of the equilibrium
solubility. Design and control of the release profiles from
these systems would benefit from a simple method to
estimate the thermodynamic activity in these and other
dosage forms and devices of pharmaceutical importance.

Amorphous molecular level solid dispersions have been
the subject of numerous publications because the crystalliza-
tion of low Tg amorphous APIs over pharmaceutically
relevant time scales can be prevented by incorporating a
polymeric crystallization inhibitor. There has been much
debate in the pharmaceutical literature about mechanisms
involved in the physical stabilization of such systems (1Y13)
and no consensus has been reached, although it is generally
considered that achieving miscibility is important. Herein,
the term miscibility is used to refer to the formation of a
single phase amorphous system through liquidYliquid mixing
where one liquid is an amorphous polymer and the other
liquid is an amorphous API (clearly this is an oversimplifi-
cation for systems below the glass transition temperature
since these are non-equilibrium). Molecular level mixing can
be achieved either by dissolution of each component in a
mutual solvent followed by solvent removal or by directly
mixing the two liquids (14). The latter method is normally
accomplished by melting the crystalline API and mixing the

2417 0724-8741/06/1000-2417/0 # 2006 Springer Science + Business Media, Inc.

Pharmaceutical Research, Vol. 23, No. 10, October 2006 (# 2006)
DOI: 10.1007/s11095-006-9063-9

1 Department of Industrial and Physical Pharmacy, School of

Pharmacy, Purdue University, West Lafayette, Indiana 47907, USA.
2 Pfizer Inc., Groton, Connecticut 06340, USA.
3 To whom correspondence should be addressed. (e-mail: ltaylor@

pharmacy.purdue.edu)



melt with the amorphous polymer using a technique such as
melt extrusion. In order to form a one-phase mixture during
the preparation stage, the two liquids have to be thermody-
namically miscible. Because the system is perturbed during
the preparation stage, the system must re-equilibrate at the
post-processing conditions and may remain a single phase or
become metastable/unstable. Thermodynamics dictate that
metastable/unstable systems will tend to phase separate but
due to slow dynamics, the blend may be sufficiently
kinetically stable for the intended use.

Achieving miscibility can be considered important for
two major reasons. Firstly, in order to modify the physical
stability of the API, molecular level mixing with the polymer
is desirable, thereby altering the local environment of the
API. If the two components are immiscible, the properties of
the pure amorphous solid will largely dominate the crystal-
lization behavior of the mixture (although there may be
modification at interface regions) and effects of the polymer
on physical stability will be limited (1,15). Secondly, it is
important to recognize that the chemical potential of the API
will be lowered through mixing with a polymer. Reducing the
chemical potential will alter the thermodynamic driving force
for crystallization.

Although lattice-based solution models are well known,
there has been little progress in their application to under-
standing thermodynamics of mixing in systems of pharmaceu-
tical relevance. This is in part due to the uncertainty in the
relative contributions of enthalpy and entropy to the process,
which is in turn due to the difficulties in obtaining reliable
thermodynamic data. Therefore, the objective of this study
was to investigate if lattice-based solution models could be
applied to API-polymer systems to predict miscibility and
estimate relevant thermodynamic parameters. The specific
application in this study was to use this information to better
understand stabilization mechanisms for amorphous API-
polymer systems, however, such a method obviously has much
broader utility. A theoretical framework was developed to
connect API-polymer miscibility to API solubility in a
polymer. The dihydropyridine calcium channel blockers,
nifedipine and felodipine, and the amorphous polymer,
poly(vinylpyrrolidone) (PVP), were used as the model systems.

MATERIALS AND METHODS

Materials

Felodipine was a generous gift from AstraZeneca,
Södertälje, Sweden, and nifedipine was obtained from
Hawkins, Inc, Minneapolis, MN, USA. Benzophenone,
poly(vinylpyrrolidone) (PVP), and 1-methyl-2-pyrrolidone
were purchased from SigmaYAldrich Co., St. Louis, MO,
USA. Indium was obtained from the PerkinYElmer Corpo-
ration, Norwalk, CT, USA. Ethanol was obtained from
Aaper Alcohol and Chemical Co., Shelbyville, KY, USA.

Methods

Melting Point Depression

All materials used for melting point depression experi-
ments were composed of particles in the range 45Y752m and

were dried over phosphorous pentoxide for at least one week
prior to mixing. Physical mixtures were prepared by geomet-
ric mixing at concentrations of 5, 10, 15, 20, and 25wt.%
PVP K12 for nifedipine systems and 5, 10, 15, 17.5, 20, 22.5,
and 25wt.% PVP K12 for felodipine systems. Two to three
samples were prepared at each concentration. The melting
temperature of the nifedipine and felodipine in the presence of
PVP K12 was measured with a TA 2920 Modulated DSC
equipped with a refrigerated cooling accessory (TA Instru-
ments, New Castle, DE, USA) at a scan rate of 1-C/min. The
instrument was calibrated in standard mode for temperature
using indium and benzophenone while the enthalpic response
was calibrated using indium. Nitrogen, 45ml/min, served as
the purge gas. The reference and sample pans were
matched by weight to within 0.01mg. The onset of melting
was taken as the extrapolated onset of the bulk melting
endotherm and it was found that the melting point
decreased linearly with increasing concentration of PVP
K12 over the concentration range from 0 to 25wt.% PVP
K12.

Solubility Measurement

The solubility of nifedipine and felodipine in 1-methyl-2-
pyrrolidone was measured using a Cary 50 UVYVis Spectro-
photometer (Varian Inc., Palo Alto, CA). An excess of
crystalline material was added to a capped jacketed glass
vessel containing 1-methyl-2-pyrrolidone maintained at 25-C
for at least 24h under vigorous stirring and in the absence of
light. The mother liquor was decanted, centrifuged using an
Eppendorf Centrifuge 5451C (Eppendorf AG, Germany),
and filtered using a 0.22m Nalgene SFCA syringe filter
(Nalgene Company, Rochester, NY). Samples were diluted
with ethanol and compared to a standard concentration
curve.

Solubility Parameter Estimation

Solubility parameters were estimated according to the
method outlined by Fedors (16). Specifically, fragment or
group contributions to the energy of vaporization were
summed and divided by the sum of the molar volumes of
each fragment/group. The solubility parameter was then
calculated as the square-root of the ratio of the energy of
vaporization to that of the molar volume.

Flory<Huggins Modeling

The volume fraction of the drug and the polymer were
calculated by dividing the weight fraction by the true density
of the amorphous material. True densities were experimen-
tally determined using an Accupyc 1330 helium picnometer
(Micromeritics, Norcross, GA). The FloryYHuggins interac-
tion parameter was estimated using two different methods;
from solubility parameters and melting point depression, as
described in more detail elsewhere. For both cases, the lattice
volume was defined as being equal to the molecular volume
of the drug.

Table I shows the molecular weight, density, and
calculated molecular volumes used to calculate the free
energy of mixing.
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Solubility Estimations

The solubility of nifedipine and felodipine in methyl
pyrrolidone was estimated using the interaction parameter
calculated from melting point depression results and assum-
ing ideal entropy of mixing. Specifically, it was assumed that
the FloryYHuggins interaction parameter estimated from
melting point depression with PVP K12 was equal to the
interaction parameter between the drug and the small
molecular weight analog (i.e., methyl pyrrolidone). The
increased entropy in the drug/methyl pyrrolidone mixture
relative to the drug/polymer system was estimated by
assuming that the entropy of mixing methyl pyrrolidone with
nifedipine and felodipine was ideal. The activity coefficient
of the drug in methyl pyrrolidone and the activity coefficient
in the solubility equation were then solved simultaneously to
give the mole fraction of drug in the presence of methyl
pyrrolidone. Values used in calculations are summarized in
Table I.

RESULTS AND DISCUSSION

Solution Theories Applicable to API-Polymer Systems

Predicting miscibility at a particular temperature and
pressure requires knowledge of both (a) the sign and
magnitude of the free energy of mixing and (b) the
composition dependence of the free energy of mixing.
Several solution theories of varying complexity have been
developed to describe the change in free energy when mixing
two species (17). When describing the mixing of a large
molecular weight component and a small molecular weight
component the solution models for small molecules and
solvents are inappropriate and the free energy of the mixture
is more accurately described in terms of the volume fraction
of the material rather than the mole fraction (18). This is
because the entropy of mixing for large molecular weight
materials is significantly reduced due to the reduction in the
number of possible configurations of the two components of
the binary mixture. FloryYHuggins (FH) lattice theory was
developed for polymerYsolvent systems to take molecular
size into account when predicting the entropy of mixing.
Although the limitations FloryYHuggins lattice theory have
been documented (18Y20) and more advanced descriptions of
the free energy of mixing have been developed by (21,22), it
is still considered an excellent starting point to understand
polymer thermodynamics (19). Consider a large molecular
weight polymer mixed with a small molecular weight solvent.
FloryYHuggins theory defines a hypothetical Blattice’’ in
space. The size of each position in the lattice may be
described by the molecular volume of the solvent molecule
or any other convenient volume. Each component of the

mixture will occupy several adjacent positions in the lattice
and the number of lattice positions required to accommodate
each component is then equal to the ratio of the molecular
volume of each component to that of the lattice cell. If the
amorphous drug is considered to behave similarly to a
solvent, then the FloryYHuggins model can be applied to
describe the thermodynamics of API-polymer systems. Fol-
lowing this logic and after the addition of the FloryYHuggins
interaction parameter, # to account for the enthalpy of
mixing, the free energy of mixing for an API-polymer system,
$GM, is described by Eq. (1).

$GM

RT
¼ ndrug ln6drug þ npolymer ln6polymer þ ndrug6polymer�

ð1Þ

Here, ndrug is the number of moles of drug, npolymer is the
number of moles of polymer, 6drug is the volume fraction of
the drug, 6polymer is the volume fraction of the polymer, R is
the gas constant, and T is the absolute temperature.
Application of Eq. (1) to API-polymer systems enables
evaluation of the relative contributions of entropy and
enthalpy to the mixing free energy.

Entropy of Mixing: Importance of Molecular Size

Using Eq. (1) (with # = 0), the entropy of mixing as a
function of composition curves were predicted for several
nifedipine-PVP systems, varying the molecular weight of the
polymer from 2,500 (K12) to 1,250,000 (K90). In addition,
simulations were carried out for nifedipine mixed with the
low molecular weight analogue of PVP, methyl pyrrolidone.
Results are shown in Fig. 1. It is clear that the entropy of
mixing for nifedipine-polymer systems is much less favorable
than for nifedipine-methyl pyrrolidone. This is because the
configurational entropy of the polymer is significantly reduced
due to the connectivity of the repeat units. In contrast, the
effect of different molecular weight grades of polymer on
mixing thermodynamics is much less marked. Indeed, for any
Btypical’’ API (MW ranging from 200 to 600) and any typical
polymer (MW between 10,000 and 1,500,000), the magnitude
of the entropy contribution towards the free energy term is
predicted to be relatively constant. This observation leads to
the inference that the magnitude of the enthalpic interactions
in each of the pure amorphous components (the cohesive
interactions), relative to the enthalpic interactions in the blend
(adhesive interactions) will essentially determine if the system
is miscible. The relative strength of these interactions will
depend on the chemistry of the API and polymer. Therefore if
immiscibility is observed, a change to a chemically different
polymer is more likely to induce miscibility than a switch to
lower molecular weight grade.

Table I. Important Properties Used to Calculate Free Energy of Mixing and Solubility

MW

(g/mol)

Density

(g/cm3)*

Molecular Volume

(cm3/mol)

$Hfus

(kJ/mol)

TM

(K)

Solubility Parameter

(J1/2/cm3/2)

Nifedipine 346.34 1.20 288.62 39.89 445.25 22.9

Felodipine 384.26 1.28 300.20 30.83 414.75 25.0

PVP K12 2,500 1.11 2,252.25 Y Y 27.4

*As measured by helium pycnometry.
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Enthalpy of Mixing: Importance of Intermolecular
Interactions

The origin of adhesive and cohesive interactions can be
broken down into the familiar interactions which differ in
strength and directionality (i.e., van der Waals forces such
as London dispersion, Keesom, and Debye interactions,
hydrogen bonding interactions, charge transfer complexation,
and ionic interactions). The effect of the enthalpic interactions
on miscibility can be considered in the framework of
FloryYHuggins lattice theory. Specifically, enthalpic interac-
tions are reflected in the interaction parameter since this term
describes the relative strength of cohesive and adhesive
interactions. # has an entropic component and can also vary
with temperature and composition (18,23,24).

Negative interaction parameters describe systems which
exhibit strong and numerous adhesive interactions which
favor miscibility, whereas positive interaction parameters
characterize systems exhibiting stronger cohesive interac-
tions. Figure 2 shows simulations predicting how the free
energy of mixing versus composition profiles for nifedipine-
PVP K29/32 blends would be expected to vary with the
interaction parameter. It is clear that for large positive
interaction parameters, the free energy of mixing is positive
predicting immiscibility. For small values of the interaction
parameter, the free energy of mixing is negative and shows a
concave dependence on composition with only one mini-
mum, indicating miscibility. Based on the simulations shown
in Fig. 2, it is estimated that for the nifedipine-PVP system,
an interaction parameter of approximately 0.6 or less would
be required for miscibility to occur over the entire compo-
sition range (note that the critical value of the interaction
parameter (#crit) depends on how the size of the lattice is
defined and will therefore be system specific). Based on the
simulations shown in Fig. 2, it can be inferred that that some
degree of unfavorable enthalpic interactions can be tolerated
while still achieving miscibility (due to the favorable contri-
bution from the mixing entropy), albeit less than would be
tolerated for mixtures of small molecules (20).

At this point it is apparent that, with knowledge of the
interaction parameter, an estimation of the mixing behavior
of any API-polymer systems can be obtained at a particular
temperature using FloryYHuggins theory. It is also clear that,

for an API-polymer system, it is the energetic interactions
between species, reflected in the magnitude and sign of the
interaction parameter that will determine if miscibility is
achieved.

Estimating the Interaction Parameter

Having established the importance of the interaction
parameter, methods which enable estimation of this value for
API-polymer systems are now considered. For polymerY
solvent systems, the interaction parameter has been estimated
using several methods such as vapor pressure reduction,
inverse gas chromatography, osmotic pressure, and melting
point depression (18,19). Unfortunately, most of the afore-
mentioned experimental techniques are not applicable to
API-polymer blends because of their viscous and non-volatile
character. Two methods will now be considered that might be
applicable to API-polymer systems: 1) a priori estimates
using solubility parameters and 2) melting point depression.

Solubility Parameter Approach

Solubility parameter differences have been advocated as
a method to predict miscibility in pharmaceutical systems
(25Y27). Furthermore, the interaction parameter can be
estimated from solubility parameters, % as shown in Eq. (2):

� ¼ Vsite

RT
�drug � �polymer

� �2 ð2Þ

where Vsite is the volume of the hypothetical lattice.
Using solubility parameters determined from group

contribution theory as described above, interaction parame-
ters of 0.5 and 2.0 were calculated for felodipine-PVP and
nifedipine-PVP systems, respectively, using Eq. (2). These
positive values predict that mixing is endothermic and further
suggest, based on the simulations shown in Fig. 2, that the
nifedipine-PVP system would be immiscible. These predic-
tions are in conflict with experimental results which have
shown that felodipine and nifedipine are in fact both miscible
with PVP over all concentrations (28). These discrepancies
most likely arise from the inappropriate use of solubility

Fig. 1. The entropy of mixing nifedipine with methyl pyrrolidone (a),

PVP K12 (b), PVP K29/32 (c) and PVP K90 (d) as a function of

volume fraction of polymer/monomer. Note that PVP K29/32 and

K90 yield virtually identical entropy of mixing at any composition.

Fig. 2. The change in free energy of mixing as a function of volume

fraction polymer for the nifedipine-PVP k29/30 system as predicted

using FloryYHuggins lattice theory with different values of the

interaction parameter. The interaction parameter used was j4.2

(a), j3.8 (b), 0.5 (c), 1.0 (d), and 2.0 (e).
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parameters for systems that contain specific interactions (21).
Extensive specific hydrogen bonding interactions between
nifedipine and PVP have been demonstrated (28). The
relationship shown in Eq. (2) stems from assuming that
enthalpic interactions between unlike species are equal to the
geometric mean of the enthalpic interactions between like
species (17). This assumption is reasonable for systems
containing van der Waals type interactions, but not for
systems with specific directional interactions. Since many
APIs and pharmaceutical polymers are known to form
specific interactions (2,7,8,29), solubility parameter estimates
of the interaction parameter are likely to be inaccurate for
such systems.

Melting Point Depression Approach

The interaction parameters have been determined from
melting point depression for both polymerYpolymer blends
when one polymer crystallizes and the other remains
amorphous (30) and for polymerYsolvent systems where the
melting point depression of the polymer in the presence of
the solvent is measured (18,31,32). However, the use of this
approach to estimate the interaction parameter in API-
polymer systems has not been reported. This is both a result
of the need to extend the concept through rational assump-
tion to API-polymer systems as well as the lack of method
development essential to generate the requisite data.

Extending equations presented in the literature for
polymerYsolvent systems (33) to crystalline API-polymer
systems, the melting point depression of the drug can be
related to the interaction parameter as follows:

1

Tmix
M

� 1

T
pure
M

� �

¼ �R

$Hfus
ln6drug þ 1� 1

m

� �
6polymer þ �6polymer

2
" #

ð3Þ

Where Tmix
M is the melting temperature of the drug in

the presence of the polymer, T
pure
M is the melting tempera-

ture of the drug in the absence of the polymer, $Hfus is the
heat of fusion of the pure drug, and m is the ratio of the
volume of the polymer to that of the lattice site (defined here
by the volume of the drug), and the other terms are as
described previously. The application of Eq. (3) to pharma-
ceutical systems requires that the drug and polymer are
chemically stable over the temperature range of interest and
that there is sufficient physical interaction between the
components for the melting point depression to be manifested.

The extent of melting point depression of crystalline
nifedipine and felodipine in the presence of PVP was used
together with Eq. (3) to estimate the interaction parameter.
Melting point depression is well documented phenomenon
for APIs mixed with polyethylene glycol (PEG) using
differential scanning calorimetry (DSC) to determine fusion
temperatures (34Y36). For these systems, melting point
depression is usually kinetically favorable because of the low
melting point of the polymer which is around 60-C. Hence at
the melting temperature of the API, the polymer is molten and
therefore, the drug can easily interact and equilibrate with the
polymer in the liquid state. However, initial experiments with

nifedipine or felodipine mixed with PVP K29/30 and analyzed
at a scan rate of 10-C minj1 showed essentially no melting
point depression (data not shown). This is most likely due to
a lack of physical interaction resulting from the high glass
transition of the polymer (168-C). As a consequence, the
polymer is not very Bliquid-like’’ at the melting point of
nifedipine (171-C) or felodipine (142-C) leading to
unfavorable kinetics for forming a mixture of polymer with
molten API. Such experimental artifacts are well recognized
for polymerYpolymer systems (30). After method opti-
mization which involved reducing the scan rate and controlling
particle size, substantial melting point depression was ob-
served for nifedipine or felodipine mixed with PVP K12 which
has a Tg of 100-C (37) and results are shown in Fig. 3. The
extent of melting point depression seen for the drugYpolymer
mixtures was similar to that observed for crystalline polymers
and solvents (32).

Estimation of the interaction parameters from melting
point depression data required rearrangement of Eq. (3). Spe-
cif ically, a plot of 1

�
Tmix

M � 1
�

T
pure
M

� �
� $Hfus=�Rð Þ �

ln 6drug

� �
� 1� 1=mð Þ6polymer vs: 6polymer

2 , as shown in
Fig. 4a, yielded a linear relationship at low polymer weight
fractions with a slope equal to #. For the concentration
range 0 Y 0.25, r2 values of 0.99 and 0.92 were obtained for
nifedipine and felodipine, respectively, however at higher
concentrations, linearity was lost. The absence of linearity
across the entire concentration range most likely reflects the
well known composition dependence of the interaction
parameter (18) as well as the increasingly unfavorable
kinetics of drugYpolymer interaction as the melting point is
depressed closer to the glass transition temperature of the

Fig. 3. DSC thermograms of physical mixtures of nifedipine and 0, 5,

10, 15, and 25wt.% PVP K12 measured at a heating rate of 1-C/min

(a). Extrapolated onset of melting of nifedipine (r) and felodipine

(&) as a function of volume fraction of PVP K12 (b).
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polymer. The resultant values of #, using only data for the
concentration range 0 Y 0.25 volume fraction polymer, were
j3.8 and j4.2 for nifedipine-PVP and felodipine-PVP,
respectively. It should be further noted that Eq. (3)
provides an estimate of the interaction parameter at
temperatures close to the melting point of the API.

In contrast to the immiscibility predicted for nifedipine-
PVP using a solubility parameter derived #, the melting point
derived interaction parameter of j3.8 predicts miscibility,
(see Fig. 2) consistent with experimental observations (28). In
order to provide an indication of the sensitivity of # to the
extent of melting point depression, Fig. 4b shows the pre-
dictions of Eq. (3) for various values of the interaction
parameter for the nifedipine-PVP system. With an interac-
tion parameter of zero (athermal mixing), melting point
depression would be anticipated to be very small, and results
from the mixing entropy which is small for a drugYpolymer
system as shown in Fig. 1. For a value of 2.0 (solubility para-
meter estimate), the results are not physically meaningful,
since elevation of the melting point is predicted. Finally, the fit

of the estimated value of j3.8 to the experimental data is
shown. Based on Eq. (3), the extentof melting point depression
observed is certainly consistent with a negative value of the
interaction parameter and an exothermic heat of mixing.
Clearly the ability to estimate a realistic value of # is critical
to using Flory< Huggins theory to describe mixing thermody-
namics in API-polymer systems and our results suggest that
the melting point depression method can be applied to obtain
reasonable values.

DRIVING FORCE FOR CRYSTALLIZATION
FROM AMORPHOUS MOLECULAR LEVEL
SOLID DISPERSIONS

The free energy change of crystallization for the pure
amorphous API at any particular temperature above Tg can
be estimated from the enthalpy of fusion and the melting
temperature of the pure material using the Hoffman rela-
tionship shown in Eq. (4) where it is assumed that the enthalpy
difference between the crystalline and supercooled liquid

Fig. 4. Plot used to calculate the interaction parameter for the nifedipine-PVP system

based on Eq. (3). See text for more details. r2 was 0.99. (a) Extrapolated onset of

melting point for nifedipine as a function of the volume fraction of PVP K12 measured

at a heating rate of 1-C/min (r) compared with predicted extents of melting point

depression for interaction parameters of j3.8, 0.0 and 2.0.(b).
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phases varies linearly with temperature (38). This equation
has been found to adequately predict the free energy change
for crystallization of felodipine and nifedipine (28).

$G� �
$Hfus T

pure
M � T

� �
T

T
pure2

M

ð4Þ

The driving force for crystallization of an API must of
course be considered in the system of interest. If the API and
the polymer form a miscible amorphous system, the chemical
potential of the API is reduced relative to that of the pure
amorphous API. Therefore, the thermodynamic driving force
for crystallization of an API in a polymer must be reduced
relative to the driving force for the pure amorphous drug.
The reduction in chemical potential results from the
increased entropy in a mixture. Additionally, if the strength
and/or extent of enthalpic interactions are greater in the
mixture than the sum of the interactions in the pure
components, API activity is further reduced.

Melting point depression is a manifestation of the
reduced thermodynamic activity of the drug in the presence
of the polymer relative to the activity of the pure amorphous
drug as was shown in Eq. (3). This phenomenon arises because
the chemical potential of the drug in the solid and liquid
phase must be identical at the melting point. Hence the drug
in the amorphous molecular level solid dispersion will have a
chemical potential equal to that of the crystalline drug at a
lower temperature than the fusion temperature of the pure
drug and depression of the melting point results.

A modified version of the Hoffman equation (Eq. 4) can
be used to estimate the reduction in thermodynamic driving
force for crystallization from melting point depression data
(38). Here we apply this approach to an API molecularly
dispersed in a polymer. The reduced driving force for
crystallization of amorphous nifedipine in the presence of
PVP is shown in Fig. 5 as estimated from the Hoffman
equation using the melting point depression data shown in
Fig. 3. It should be noted that the reduction in thermody-
namic driving force for crystallization is most likely under-
estimated because of the problems associated with obtaining
equilibrium melting point depression values at high polymer
concentrations as discussed above. Even so, it is apparent that
these predictions do not forecast a large reduction in the

driving force for crystallization, particularly when extrapolat-
ed to lower temperatures. In fact, the difference in $G3 for
pure amorphous nifedipine and the solid dispersion with 40%
PVP is less than the difference in $G3 between nifedipine
and felodipine (28). Pure nifedipine and felodipine both have
much faster nucleation rates than solid dispersions containing
even small amounts of polymer (28). Thus, as demonstrated
here quantitatively for the first time, it can be concluded that
the reduction in the thermodynamic driving force for
crystallization seems unlikely to account for the observed
reduction in crystallization tendency in a solid dispersion
suggesting that kinetic and/or interfacial energy factors are of
great importance.

DEVELOPMENT AND APPLICATION
OF A THERMODYNAMIC MODEL
TO ESTIMATE API SOLUBILITY
IN GLASSY POLYMER

For a typical API-polymer amorphous molecular level
dispersion, the starting form of the API used to manufacture
to the dispersion is a crystalline solid. Whereas miscibility
describes the tendency of the supercooled liquid/glassy form
of the API to mix with a polymer, solubility refers to the
ability of the polymer to act as a Bsolvent’’ and dissolve a
crystalline API. Appearance of crystalline API in a solid
dispersion following manufacturing or storage does not
necessarily imply that the two liquids are immiscible.
Crystalline API can also be explained if the solubility limit
has been exceeded and conditions were favorable for
crystallization. It is therefore of interest to better understand
factors that govern the Bsolubility’’ of a crystalline API in a
polymer. In addition, if the solubility of the API in the
polymer can be measured or estimated, then the degree of
supersaturation, which is a measure of the driving force for
crystallization can be evaluated. Although methods have
been reported for the measurement of API solubility in a
polymer with a low glass transition temperature (39), the
extent of API solubility in solid dispersions formed with high
Tg polymers has not been established. In this section, a new
model is developed to estimate the solubility of an API in a
polymeric matrix.

The solubility of a crystalline material in a typical low
molecular weight solvent is given by Eq. (5).

ln �drugxdrug ¼ �
$Hfus

RT
1� T

Tm

� �

� 1

RT

Z T

Tm

$C
config

P dT þ 1

R

Z T

Tm

$C
config

P

T
dT ð5Þ

Where +drug is the activity coefficient and xdrug is the
mole fraction. Non-idealities in mixing are reflected by +drug.
If it is assumed that the polymer can assume the role of a
solvent, then Eq. (5) can be used to describe the solubility of
a crystalline API in a polymeric matrix. Applying Flory<
Huggins lattice theory, for an API-polymer system, the
activity coefficient of the API can be described by Eq. (6).

ln �drug ¼ ln
6drug

xdrug
þ 1� 1

m

� �
6polymer þ �6polymer

2 ð6Þ

Fig. 5. Free energy change upon crystallization of amorphous

nifedipine as estimated using the Hoffman equation and the melting

temperature for pure crystalline nifedipine (a), crystalline nifedipine

mixed with 30% PVP (b), and crystalline nifedipine with 40% PVP (c).
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From Eq. (6), it can be seen that the value of the activity
coefficient will be influenced by the nature of the interactions
in the system as reflected by the interaction parameter as
well as the disparity in molecular size between the two
components. For predicting solubility in systems where there
is minimal difference in molecular size (e.g., for predicting
the solubility of API in a low molecular weight solvent), ideal
mixing entropy can be assumed and hence the activity
coefficient only reflects the partial molal heat of mixing
supercooled liquid solute with solvent as reflected by the
interaction parameter. Hence in Eq. (6), if ideal mixing
entropy is assumed, the first two terms on the right hand side
of the equation are equal to zero.

The solubility of nifedipine and felodipine in PVP was
estimated using the # parameter obtained from melting
point depression and simultaneously solving Eqs. (5) and (6).
The predicted solubilities are shown in Table II. In an
attempt to verify the validity of this method, the solubility
of nifedipine and felodipine was measured in methyl
pyrrolidone. Specifically, it was assumed that the interaction
parameter as measured from melting point depression of
nifedipine and felodipine in PVP could be extended to
estimate the interaction parameter in the methyl pyrroli-
done systems. Next, the increased entropy of mixing
nifedipine and felodipine with methyl pyrrolidone relative
to mixing with PVP (Fig. 1) was accounted for by assuming
ideal mixing entropy. The predicted solubility of nifedipine
and felodipine in methyl pyrrolidone is listed in Table II
along with the measured solubility. It is apparent that the
predicted solubility in methyl pyrrolidone is in good
agreement with the experimentally determined solubility.
The similarity of the two values indicates that the interac-
tion parameter calculated for both drugYPVP systems from
the melting point depression method described above is a
reasonable estimate. For comparison, the solubility pre-
dicted for nifedipine in methyl pyrrolidone using an
interaction parameter of 0.5 is also shown in Table II. This
value is more than an order of magnitude smaller than the
experimentally determined value and serves to demonstrate
the sensitivity of the solubility estimation to the value of #.
Having confirmed that a reasonable estimate of the interac-
tion parameter has been determined, the solubility of
nifedipine and felodipine in PVP can be estimated. It can
be seen from Table II that the solubility of nifedipine in
PVP is predicted to be less than that in methyl pyrrolidone.
This difference arises from the reduced entropic contribu-
tion to the mixing free energy in the former system. Hence,
attempts to estimate the Bsolubility’’ of an API in a polymer
by measuring solubility in a low molecular weight analogue
of the polymer (40) need to be corrected accordingly to
avoid overestimating the solubility. Similar solubility esti-

mates and measured solubilities are shown for felodipine in
Table II.

It apparent from Eqs. (5), (6) that the solubility of an
API in a polymer will be a function of its melting temper-
ature and heat of fusion as well as the sign of the mixing
enthalpy as reflected in the interaction parameter. APIs with
a high heat or temperature of fusion will therefore be less
soluble in a polymer. This is apparent from comparing data
for nifedipine and felodipine where it can be seen that the
lower melting, lower heat of fusion felodipine is predicted to
have a greater solubility in the polymer than nifedipine. The
effect of fusion properties on solubility of small molecules in
conventional solvents has been discussed in detail previously
(41), but these factors have not been considered for API-
polymer systems. In addition, if the enthalpy of mixing is
positive, then the solubility will be reduced. Therefore, high
melting point/high enthalpy of fusion compounds which do
not have substantial interactions with the polymer will display
very low solubility. Conversely, a negative enthalpy of mixing
(and FH interaction parameter) will increase solubility.

From a practical standpoint, this analysis informs us that
since the solubility of an API in a polymer is likely to be
strong function of the melting point, higher melting point
substances will most likely be harder to stabilize since they
will be more supersaturated. The results shown in Table II
also suggest that API solubility in polymers is sufficiently
low, even for systems which interact favorably with the
polymer such that the drug will be supersaturated for most
practical formulations. For example, with nifedipine, the
formulation would have to consist of more than 90% polymer
to ensure that no drug would crystallize based on a
thermodynamic stabilization. Such a high ratio of polymer
to drug would only be feasible for very low dose formula-
tions. The solubility analysis also suggests that the physical
stabilization of APIs in amorphous molecular level solid
dispersions is largely due to altering the kinetics of the
systems.

CONCLUSIONS

When considering the mixing of API with polymers for
the purposes of making stable amorphous molecular disper-
sions, lattice-based solution models predict a relatively
constant mixing entropy. This suggests that the focus for
understanding miscibility in these systems should be on the
relative balance between adhesive and cohesive interactions.
A method has been developed to estimate the Flory<Huggins
interaction parameter for drugYpolymer systems which
subsequently enables modeling of the thermodynamic prop-
erties of such systems. Depending on the degree of interac-
tion between the two components, and hence the enthalpy

Table II. Predicted Solubility of Nifedipine and Felodipine in Different BSolvents’’ (g drug/g Bsolvent’’)

Solvent Nifedipine ( # = j3.8) Nifedipine ( # = 0.5) Felodipine ( # = j4.2)

Predicted PVP K29/32 0.06 0.001 0.25

Predicted PVP K12 0.07 0.001 0.31

Predicted methyl pyrrolidone 0.15 0.004 0.48

Measured methyl pyrrolidone 0.21(+/0.02) Y 0.45(+/j0.07)
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of mixing, the chemical potential of the API in the mixture
can be higher or lower than the chemical potential of the
crystalline drug, and therefore above or below its solubility
limit in a polymeric matrix. A model for estimating drug
solubility in a polymer was developed. This solubility limit is
predicted to be relatively low for the majority of API-
polymer systems, hence most APIs will be supersaturated
and tend to crystallize. Inhibition of API crystallization in
solid dispersions can therefore be attributed predominantly
to a kinetic stabilization. In summary, it is concluded that
achieving molecular level miscibility with the polymer is of
critical importance to enable alteration of the molecular
level environment of the API which leads to altered
thermodynamics and more importantly dynamics.
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