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Purpose. The objective of this study was to investigate thermodynamic and kinetic factors contributing

to differences in the isothermal nucleation rates of two structurally related calcium channel blockers,

nifedipine and felodipine, both alone and in the presence of poly(vinylpyrrolidone) (PVP).

Materials and Methods. Thin films of amorphous systems were cast onto glass slides and the nucleation

rate was determined using optical microscopy. Enthalpy, entropy, and free energy of crystallization of

the pure compounds were measured using differential scanning calorimetery (DSC). Molecular mobility

and glass transition temperature of each amorphous system were characterized using DSC and hydrogen

bonding patterns were analyzed with infrared spectroscopy. The composition dependence of the

thermodynamic activity of the amorphous drug in the presence of the polymer was estimated using

Flory<Huggins lattice theory.

Results. Nifedipine crystallized more readily than felodipine from the metastable amorphous form both

alone and in the presence of PVP despite having a similar glass transition temperature and molecular

mobility. Nifedipine was found to have a larger enthalpic driving force for crystallization and a lower

activation energy for nucleation.

Conclusions. The properties of the metastable form alone did not explain the greater propensity for

nifedipine crystallization. When considering the physical stability of amorphous systems, it is important

to also consider the properties of the crystalline counterpart.
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INTRODUCTION

The importance of amorphous materials in pharmaceu-
tical systems stems from their higher apparent solubility and
faster dissolution rates which may lead to higher bioavail-
ability (1Y 6). These enhanced properties come at the cost of
decreased physical and chemical stability relative to the
crystalline counterpart.

Polymers are commonly mixed at the molecular level
with an amorphous drug in order to enhance physical stability
(4,7Y16). The influence of a polymer on the crystallization rate
of amorphous drugs is typically described in terms of prop-
erties of the amorphous metastable form such as glass
transition temperature (Tg), molecular mobility, and the
interactions occurring between the drug and the polymer.
For instance, several studies have shown improved physical
stability with an increased glass transition temperature
(7,9,10) although enhanced stability has also been shown in
the absence of an increase in Tg for low polymer concen-

trations (17). Physical stability has also been attributed to the
ability of the drug to form specific interactions with the
polymer such as hydrogen bonding and ion-dipole interac-
tions (10,11,18). However, the argument has also been made
that if an amorphous drug is stable in the absence of a polymer,
it will remain stable in the presence of a polymer regardless of
whether specific interactions are present (8,9,13). Although
many of these factors are related and the problem is com-
plicated, it is clear that the increased physical stability of
amorphous materials must be related to both the free energy
of the amorphous material relative to the crystalline state (i.e.,
the thermodynamic driving force for crystallization) and
factors which affect the kinetics of crystallization. Therefore,
studies in this area should include not only an examination of
the properties of the metastable amorphous form but also
probe how the polymer influences the thermodynamics and
kinetics of the crystal nucleation event. The rationale behind
this statement is that amorphous molecular level solid
dispersions will only find utility if physical stability is
preserved through inhibition of the events leading to bulk
crystallization with the initiating event being nucleation.

The objective of this study was to investigate thermody-
namic, kinetic and structural factors contributing to the
differences between the isothermal nucleation rates of two
structurally related calcium channel blockers, nifedipine and
felodipine, both alone and in the presence of poly(vinylpyr-
rolidone) (PVP). In the absence of PVP, the thermodynamic
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differences between the amorphous and crystalline forms are
easily determined using thermal analysis. In the presence of
PVP, the thermodynamic differences between the amorphous
and crystalline forms are more difficult to elucidate. Howev-
er, a discussion of the change in drug activity as a function of
polymer concentration in the amorphous molecular level
dispersion is presented in terms of Flory<Huggins lattice
theory (19) and provides some insight into the implications of
mixing on the nucleation event. Kinetic factors contributing to
the differences between the isothermal crystallization rates of
each drug both alone and in the presence of PVP are described
in terms of the activation energy, as measured by an Arrhenius
plot of the nucleation rate as a function of temperature, and
the more common Bmetrics^ used to describe the dynamics of
amorphous molecular level solid dispersions; molecular mo-
bility and the glass transition temperature. Finally, the
molecular level structure of the systems was examined in
terms of hydrogen bonding interactions using infrared (IR)
spectroscopy.

MATERIALS

Felodipine was a generous gift from AstraZeneca,
Södertälje, Sweden, and nifedipine was obtained from
Hawkins, Inc, Minneapolis, MN, USA. Poly(vinylpyrroli-
done) K29/32 (PVP) and acetone were purchased from
Sigma-Aldrich Co., St. Louis, MO, USA. Dichloromethane
and ethanol were obtained from Mallinckrodt Baker, Inc.,
Paris, KY, USA and Aaper Alcohol and Chemical Co.,
Shelbyville, KY, USA, respectively. The chemical structure
of the felodipine, nifedipine, and PVP are given in Fig. 1.

MATERIALS AND METHODS

Preparation of Spin-Coated Films

Spin-coating was performed using KW-4A spin-coater
(Chemat Technology Inc., Northridge, CA, USA) inside a
glovebox at a relative humidity of less than 10%. Nifedipine
or felodipine and PVP K29/32 were dissolved together in a
suitable solvent; 50:50 wt.% dichloromethane:ethanol or
acetone. A small drop of the solution was then placed on a
clean, rotating substrate and the resulting film was heated to
90-C for several minutes to remove volatiles and then
immediately placed in a desiccator at 0% relative humidity.
Thin films were prepared on ZnS substrates for IR measure-
ment and glass substrates for optical microscope studies. This
procedure resulted in optically transparent films.

Preparation of Bulk Amorphous Materials

Amorphous felodipine and nifedipine were prepared for
thermal analysis by in situ melting and cooling of the
crystalline material in the differential scanning calorimeter
(DSC). Amorphous molecular level dispersion of the drugs
and the polymer were prepared by solvent evaporation.
Nifedipine or felodipine and PVP were dissolved in 100%
ethanol and solvent removal was accomplished using a rotary
evaporator apparatus (Brinkman Instruments, Westbury,
NY, USA). The samples were placed under vacuum for at
least 12 h prior to DSC measurement to ensure removal of
any residual volatiles.

Evaluation of Nucleation Rate with Optical Microscopic
Observation

Spin-coated samples were stored in desiccators over
phosphorous pentoxide (0% RH) at 22-C. Samples were
removed from the desiccators at each time point and the
nucleation site number density was determined using an
Olympus BHS polarized light microscope at 10�Y50�
magnification (Olympus Co., Tokyo, Japan). A total of 12
different sections of the film were analyzed for each of the
triplicate samples at each time point. The site number density
per unit volume was calculated from the site number density
per unit area and the depth of field of the appropriate lens
(20). The depth of field (Dtot) as a function of the wavelength
of the light used (l = 550 nm) and the numerical aperture
(NA) of the lens is given in Eq. 1 (21).

Dtot¼
�n

NA2
þ n � e

M �NA
ð1Þ

Where n is the refractive index of the medium (nair =
1.000), e is the smallest distance that can be resolved by a
detector (e = 14 mm) and M is lateral magnification. For
example, based on these calculations, Dtot was 0.0144 mm for
10� objective.

In some cases preferential nucleation and growth
appeared at the periphery of the films; these sites were not
included in the analysis.

Evaluation of Activation Energy for Nucleation

Activation energies for nucleation, DE, were calculated
by measuring the temperature dependence of the nucleation
rate, I, for each amorphous compound according to the
Arrhenius relationship (Eq. 2).

I¼A exp � $E

RT

� �
ð2Þ

Where A is the pre-exponential factor, R is the universal
gas constant, and T is the absolute temperature.

Infrared Spectroscopy

FT-IR spectra of the amorphous molecular level dis-
persions spin-coated onto ZnS substrates were collected on a
Bio-Rad FTS-6000 (Bio-Rad, Cambridge, MA, USA). Ref-
erence spectra of the pure amorphous compound were
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Fig. 1. Chemical structure of nifedipine (a), felodipine (b), and repeat

unit of PVP (c).
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obtained by spin coating a thin film followed by melting and
cooling. Spectra of reference crystalline materials were
acquired after spin coating a film and allowing the drugs to
completely crystallize. All sample preparation was performed
in glove box under dry nitrogen gas. 128 scans were averaged
at a resolution of 4 cmj1 for each sample over the wave
number region 4,500Y400 cmj1. The optics and sample
compartment were purged with dry, CO2-free air to prevent
absorption of moisture into the sample and other spectral
interference from water vapor and CO2.

Glass Transition Temperature and Heat Capacity
Measurements

Glass transition temperature (Tg) and heat capacity
measurements were made with a TA 2920 Modulated DSC
equipped with a refrigerated cooling accessory (TA Instru-
ments, New Castle, DE, USA). In both standard mode and
modulated mode the instrument was calibrated for temper-
ature using benzophenone (Sigma-Aldrich Inc., St. Louis
MO, USA) and indium (Perkin-Elmer Corporation, Nor-
walk, CT, USA) and the enthalpic response was calibrated
using indium. Nitrogen, 45 ml/min, served as the purge gas in
standard mode while helium, 25 ml/min, was used in
modulated mode. The heat capacity constant was calculated
at an underlying heating rate of 2 K/min, an amplitude of 0.5
K, and a period of 1 min using a sapphire standard
(Rheometric Scientific, Piscataway, NJ, USA). The same
pan was used for both the sapphire standard and the sample
to avoid differences associated with different pans. Heat
capacity constants were calculated as a function of temper-
ature by comparing measured values to those obtained using
microthermal calorimetry as provided by TA instruments
(TA Instruments, New Castle, DE, USA). Aluminum pans
with a small pin-hole were used for all experiments and were
matched for weight to within 0.01 mg.

Enthalpy, Entropy and Free Energy of Crystallization

The change in free energy upon crystallization, DGC, was
estimated using the Hoffman equation which was derived for
temperatures above Tg by assuming that the enthalpy of the
supercooled liquid and the crystal follow a linear relationship
with temperature (Eq. 3) (22).

$Gc ¼ $Hf
TM�Tð ÞT

T 2
M

ð3Þ

Here, DHf is the enthalpy of fusion, TM is the melting
temperature. Since there is some curvature to the heat
capacity as a function of temperature and a significant
decrease in the heat capacity at the glass transition temper-
ature, a more exact calculation can be made by measuring the
heat capacity of the supercooled liquid and glassy materials
as a function of temperature. The configurational heat
capacity (Cp

config) is calculated as the difference in heat
capacity between the supercooled liquid or the glass and the
crystalline material, from which the configurational enthalpy
(HC), entropy (SC), and free energy (GC) were calculated as
shown in Eqs. 4, 5, and 6 with $ Sf = $Hf /TM.

$Hc ¼ $Hf þ
Z T

TM

CpconfigdT ð4Þ

$SC ¼ $Sf þ
Z T

TM

Cpconfig

T
dT ð5Þ

$GC Tð Þ ¼ Hc Tð Þ�TSc Tð Þ ð6Þ

Molecular Mobility

The molecular mobility of amorphous nifedipine, felo-
dipine, and amorphous molecular level dispersions with PVP
were estimated using differential scanning calorimetry
(23Y25). Specifically, the enthalpy recovered as the glass
approached the supercooled metastable liquid, DHt,T, was
measured following aging for different periods of time at a
temperature of 23.5-C. Data were fit to the KohlrauschY
WilliamsYWatts equation (Eq. 7) (26).

$Ht;T

$Hmax;T
¼ 1� exp � t

t

� ��
ð7Þ

This equation describes relaxation processes as a func-
tion of time, t, in terms of a mean relaxation time constant, t,
a constant b, and the maximum amount of enthalpy
recovered at infinite time, DHmax,T. The latter term is related
to the difference in the heat capacity of the supercooled
liquid and the glass, DCP

Tg, as shown in Eq. 8.

DHmax;T ¼ $C
Tg

P Tg � T
� �

ð8Þ

The fraction of the total enthalpy recovered at a
particular storage temperature was then calculated at each
time point and fit to Eq. 7 from which the characteristic
relaxation time constant and the exponential correction
terms were estimated. This approach has been used widely
for single component systems, and has also been applied to
binary systems including polymerYpolymer blends and poly-
merYdrug blends (27Y29).

RESULTS

Amorphous Nifedipine vs. Amorphous Felodipine
in the Absence of PVP

Nucleation Rate Analysis for Pure Amorphous Felodipine

and Nifedipine

Figure 2 shows the nucleation site number density per
unit volume for nifedipine and felodipine as a function of
time stored at 22-C and 0% RH. The number of nucleation
sites increases linearly with time and the slope is equal to the
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nucleation rate. From these data it can be seen that
nifedipine has a more rapid nucleation rate from the
amorphous form than felodipine at 22-C. Figure 3 shows
the relationship between the natural logarithm of the
nucleation rate and the inverse of temperature and it can
be seen that the faster nucleation rate of nifedipine persists
over the temperature range studied which covers regions
above and below Tg. Although DE is not statistically different
for the two compounds above Tg, DE for felodipine is
significantly greater than that of nifedipine at temperatures
below the Tg (Table I). It can also be noted from Fig. 3 that
the trend in nucleation rate as a function of temperature
displays a break at Tg for both compounds such that the
nucleation rate dependence on temperature is much greater
below Tg. This translates to higher activation energy for
nucleation in the temperature region just below Tg relative to
that just above Tg, presumably as a consequence of the
higher molecular mobility above Tg.

Non-Isothermal Crystallization

As further support for the enhanced crystallization
tendency of nifedipine relative to felodipine, it was observed
that a melt quenched sample of nifedipine crystallized to its
metastable polymorph at 87 (þ/j1)-C following heating
through Tg at a heating rate of 2-C minj1 as compared to
felodipine which showed no exothermic event and no melting
endotherm following the same heating regimen (data not
shown).

Glass Transition Temperature

As shown in Table II, the glass transition temperature of
nifedipine is very similar to that of felodipine as measured by
DSC with nifedipine having a slightly lower Tg than
felodipine.

Molecular Mobility

The molecular mobility of felodipine and nifedipine as
measured by DSC at 23.5-C in the absence of moisture was
found to be very similar (Fig. 4). Specifically, the b and t
values were 0.36 (þ/j0.01) and 6.3 (þ/j0.3) h for nifedipine
and 0.37 (þ/j0.01) and 4.2 (þ/j0.6) h for felodipine,
respectively. It is immediately obvious that differences in
crystallization tendency cannot be explained by differences in
molecular mobility estimated using this commonly employed
approach.

Enthalpy, Entropy, and Free Energy

The difference in free energy between the crystalline
phase and the amorphous form provides the driving force for
crystallization. Figure 5 shows the heat capacity of super-
cooled, glassy, and crystalline felodipine as a function of tem-
perature. From these data, the configurational heat capacity
was calculated as a function of temperature as shown in Fig. 6.
Because amorphous nifedipine begins to recrystallize at 87
(þ/j1)-C, the configurational heat capacity was extrapolated
from this point to the melting temperature assuming a linear
relationship as a function of temperature. The enthalpy and
entropy differences were then calculated as a function of
temperature using Eqs. 4, 5, and 6 and the resulting free
energy difference is shown in Fig. 7. These data agree well with
the predictions made by the Hoffman equation (Eq. 3) as
shown in Table II and Fig. 7 (22).
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Table I. Activation Energy for Nucleation of Pure Amorphous

Nifedipine and Felodipine and their Amorphous Molecular Level

Dispersions with 3 wt.% PVP

Sample

Activation Energy DE (kJ/mol)

Above Tg Below Tg

Nifedipine 78 (8) 122 (11)

Felodipine 95 (12) 145 (3)

Nifedipine with 3% PVP 103 (5) 127 (15)

Felodipine with 3% PVP 111 (8) 201 (8)

Values in parentheses are standard deviations, n = 3.
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The free energy difference between the pure amorphous
and crystalline forms of nifedipine is greater than that for the
equivalent felodipine forms, hence nifedipine has a larger
thermodynamic driving force for crystallization. As is appar-
ent from Table II, this difference between the two com-
pounds is due to the enthalpic component of the free energy
change associated with the transition since nifedipine has a
larger loss of entropy on crystallization (unfavorable to
crystallization) than felodipine.

Hydrogen Bonding Patterns

The average strength of the hydrogen bonds in the pure
amorphous form are very similar for nifedipine and felo-
dipine as indicated by the peak position of the NH stretching
frequency measured using IR spectroscopy (Fig. 8). Howev-
er, there appears to be a slightly broader distribution of
strengths of hydrogen bonds in nifedipine as indicated by the
greater breadth of the NH peak for amorphous nifedipine
relative to that of amorphous felodipine. For nifedipine, the

hydrogen bonding in the crystalline state is stronger, on
average, than in the amorphous form as indicated by a lower
NH stretching frequency in the crystalline state (30,31,32).
Conversely, the average strength of hydrogen bonding in the
amorphous form of felodipine is stronger than in the crystal-
line form as indicated by a lower NH stretching frequency in
the amorphous form. This observation is consistent with pre-
vious work by Tang et al. (33) and may provide some insight
into the molecular level differences between the two com-
pounds.

Amorphous Molecular Level Dispersions of Nifedipine
and Felodipine in the Presence of PVP

Nucleation Rate Analysis for Amorphous Molecular Level
Dispersions with PVP

The nucleation rates of the solid dispersions as a
function of PVP concentration were obtained in the same
manner as for the pure amorphous compounds. As shown in
Fig. 9, PVP was found to dramatically reduce nucleation
rates in the amorphous solid dispersions with an initial large
reduction in nucleation rate at 7% PVP followed by a less
dramatic reduction with increasing polymer concentration
above 7% PVP. It should be noted that moisture has been
rigorously excluded from these systems as far as possible.
Furthermore, there is little difference in the stabilizing ability
of PVP against nucleation in nifedipine and felodipine as a
function of concentration (i.e., the extent of the reduction in
nucleation rate upon addition of polymer is similar in each
case). However, all solid dispersions with nifedipine maintain
a higher nucleation rate than the equivalent felodipine solid
dispersions, as was observed for the pure compounds. Finally,
the average values all trend towards increased DE for both
compounds with the addition of 3% PVP although it should
be noted that while the experiments show a statistically
significant increase in DE with the addition of 3% PVP for
felodipine below Tg and nifedipine above Tg, they do not
show a statistically significant increase in DE with the
addition of 3% PVP for felodipine above Tg and nifedipine
below Tg.

Table II. A Comparison of Various Properties of Nifedipine and

Felodipine

Felodipine Nifedipine

Nucleation rate (#/m3/day) 0.17 (0.07)I1010 0.39 (0.09)I1010

Tm (-C) 141.6 (0.4) 172.1 (0.1)

Tg
onset (-C),

Tg
midpoint (-C),

Tg
offset (-C)

43.1 (0.5),

46.4 (0.3),

48.9 (0.3)

42.3 (0.3),

45.5 (0.3),

47.7 (0.2)

DCp
Tg (J/mol/-C)* 0.32 (0.01) 0.35 (0.01)

DHfus (kJ/mol) 30.8 (1.1) 39.9 (1.1)

DSfus (J/mol/-C) 74.4 (2.6) 89.6 (2.4)

DH25-C (kJ/mol) 16.1 (1.9) 22.1 (1.1)

DS25-C I 298-C (kJ/mol) 10.0 (1.3) 12.5 (0.3)

DG25-C (kJ/mol) 6.2 (2.1) 9.6 (0.6)

DGHoffman25-C (kJ/mol) 6.2 (0.2) 8.8 (0.2)

b 0.37 (0.01) 0.36 (0.01)

t (hj1) 4.2 (0.6) 6.3 (0.3)

*Heat capacity change at the glass transition temperature (Cp
SCL

jCp
Glass ).

Values in parentheses are standard deviations, n = 3.
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Glass Transition Temperature

The glass transition temperatures of amorphous molec-
ular level solid dispersions of nifedipine and felodipine in the
presence of PVP are shown in Fig. 10. The lines show the fit
of the GordonYTaylor (34) and Couchman Karaz (35,36)
equations and it can be seen that both felodipine-PVP and
nifedipine-PVP systems are relatively ideal in the context of
these predictions. The antiplasticizing effect of PVP, with a
glass transition temperature of 168 (þ/j2)-C is clearly shown
for all concentrations except at the 10 wt.% level of PVP with
felodipine where the Tg is actually slightly lower than for the
pure material. The lack of anti-plasticization of a low
molecular weight material by small concentrations of a
polymer has been observed previously (17,37). The presence
of a single Tg for all mixture compositions indicates that the
drugYpolymer systems were miscible across the entire
concentration range. For all concentrations, the Tgs of
nifedipine-PVP solid dispersions are virtually identical to
the Tgs of the equivalent felodipine-PVP systems.

Molecular Mobility

As shown in Fig. 4, a decrease in the enthalpy recovery
as a function of time was observed for both nifedipine and
felodipine in the presence of PVP at 23.5-C under dry
conditions. The � and � values were estimated as described

above and gave values of 0.57 (þ/j0.03) and 42.1 (þ/j0.6)
h for nifedipine with 10% PVP and 0.45 (þ/j0.04) and 16.7
(þ/j0.5) h for felodipine with 10% PVP, respectively.

Interestingly, the absolute enthalpy recovered was
virtually identical for amorphous molecular level dispersions
of nifedipine and felodipine containing 10 wt.% PVP. It can
also be noted that for the felodipine/PVP system reduced
mobility occurs despite a slight decrease in the Tg (Tg=43.1-C
(þ/j0.5) for pure felodipine and 40.5-C (þ/j0.5) for felodi-
pine with 10% PVP). More specifically, pure felodipine
recovers about 5.4 (þ/j0.3) mJ/mg enthalpy after 16 h and
its expected maximum enthalpy recovery is 6.3 (þ/j0.3) mJ/
mg giving a total of 84% total recovery. Alternatively,
felodipine with 10% PVP recovers about 3.4 (þ/j0.1) mJ/mg
enthalpy after 16 h and its expected maximum enthalpy
recovery is 5.3 (þ/j0.3) mJ/mg giving a total of 65% total
recovery highlighting the fact that Tg alone does not
completely describe the reduction in molecular mobility.
These observations are in good agreement with other studies
on binary mixtures of small molecules and polymers (28).

Hydrogen Bonding Patterns

FT-IR spectra of nifedipine and felodipine both in the
amorphous form and in the presence of PVP were measured
and are shown in Fig. 11. For the felodipine systems, three
different states of NH stretch can be identified. The shoulder
at 3,420 cmj1 is associated with free NH moieties while the
peak at 3,345 cmj1 is associated with the drug hydrogen
bonding with other drug molecules (33). With increasing PVP
concentration, a shoulder arises and then a peak develops at
3,288 cmj1. This peak can be assigned to drugYpolymer
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hydrogen bonding interactions, specifically the NH function
hydrogen bonds with the carbonyl moiety in PVP. For
nifedipine, the same phenomenon occurs with increasing
PVP concentration. The development of this low wave
number NH peak in the solid dispersions indicates that the
drugYpolymer hydrogen bonding interactions are stronger
than those in the pure amorphous drugs. However, the
interactions of each compound with PVP are very similar
both in strength (as evidenced by the position of the peaks)
and extent (as evidenced by the breadth of the peaks). The
similarity in the interactions of the two compounds with PVP
is shown by the peak height ratio of the peak arising from
drugYdrug interactions to that of the peak for the
drugYpolymer interactions as shown in Fig. 12. Note that in
this plot, the peak height ratio is shown as a function of the
molar ratio of polymer monomer unit to the drug. Thus, for a
given number of hydrogen bond donors and acceptors, the
interaction between drug and polymer is very similar.
However, since nifedipine has a lower MW than felodipine,
for a given weight percent of polymer, nifedipine would
hydrogen bond to a greater extent than felodipine.

DISCUSSION

Factors Affecting the Relative Physical Stability
of Amorphous Nifedipine and Felodipine

The rate of crystallization of nifedipine is clearly faster
than that of felodipine despite having a virtually identical Tg

and average relaxation time. Classical nucleation theory
describes factors influencing nucleation kinetics from super-
cooled liquids (38). Specifically, the rate of nucleation has
been described in terms of the free energy change for the
formation of a nucleus of critical size, DG* (representing the
balance between the energy penalty associated with creating
a new surface, DGS, and the favorable reduction in free
energy associated with forming a crystalline phase, DGv), and

the activation energy for transport of a molecule from the
amorphous phase to the nucleus, DGa (Eq. 9).

I ¼ A exp
� $G� þ $Gað Þ

kT
ð9Þ

Where A is a constant, k is the Boltzmann constant, and
T is the absolute temperature. It should be noted that the
systems studied here are not completely described by the
classical homogeneous nucleation equation since it does not
account for (i) the stresses that develop in solid materials
during the volume changes associated with nucleation (39,40)
and (ii) the reduction in the thermodynamic barrier when
nucleation is heterogeneous (40,41). Nevertheless, it serves as
a tool to describe the balance between the thermodynamic
driving force for nucleation, which increases with decreasing
temperature, and kinetic factors, which become less favor-
able for nucleation as the temperature is reduced due to
restricted molecular mobility. The two compounds differ in
terms of the enthalpy, entropy, and free energy of crystalli-
zation as shown in Table II and Fig. 7. Nifedipine has the
larger enthalpy of crystallization, which, being favorable to
crystallization, would suggest that it would crystallize more
readily. However, nifedipine also has greater entropy change
on crystallization which is unfavorable to crystallization. The
importance of the configurational entropy of crystallization
has been discussed by Zhou et al. who found that materials
with larger entropies of crystallization formed glasses which
did not crystallize as readily under non-isothermal conditions
(42). In the absence of a correlation between either the
enthalpy of crystallization or the total thermodynamic driving
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force, it was concluded that compounds with the highest en-
tropic barriers were most resistant to crystallization. The im-
portance of the entropy of crystallization may be interpreted
as the probability that the molecule is in the correct con-
formation and/or orientation to act as a Bbuilding block^ for
nucleation. If crystallization tendency was dominated by en-
tropy considerations as suggested previously (42), the ther-
modynamic analysis would suggest that felodipine should
crystallize more easily. Results from this study do not follow
this trend, and for this particular pair of compounds point to
the importance of the enthalpy of crystallization which
makes the dominating contribution to the free energy of
crystallization.

The interfacial energy term, DGS, is difficult to measure
experimentally with any degree of certainty, particularly for
glassy systems. Turnbull developed an empirical relationship
for metallic materials which suggests that the crystal-melt
interfacial energy is proportional to the enthalpy of fusion
(43). Thus metals with a higher heat of fusion have a larger value
of the crystal-melt interfacial tension and are more resistant to
nucleation. Even if this relationship held true for organic
molecular systems in the glassy state, it would not account for
the difference in the nucleation rate between nifedipine and
felodipine because nifedipine has the higher enthalpy of fusion
which would result in a larger interfacial energy.

As stated earlier, thermodynamic factors do not provide
a complete description of the nucleation tendency from high-

ly viscous systems and kinetic and structural factors must also
be considered. In glasses, the molecular mobility of mole-
cules is restricted by the high viscosity. The observation that
both the Tg and average relaxation times at 23.5-C are
virtually identical for both compounds suggests either that
other factors dictate the nucleation event or that this measure
of molecular mobility does not provide a good description of
the type of motion involved in the nucleation process.
However, the observation that the activation energy for
nucleation below Tg is higher for felodipine than nifedipine
provides evidence that kinetic factors are also important in
influencing the relative crystallization tendency of the com-
pounds. There are also interesting differences in hydrogen
bonding patterns. Tang et al. investigated the amorphous and
crystalline hydrogen bonding patterns in a series of dihydro-
pyridine calcium channel blockers including those used in
this study (33). The FT-Raman and FT-infrared spectra
showed that the hydrogen bonding strength varied between
the crystalline forms of the compounds but was remarkably
uniform for all the amorphous forms. While some of the
materials, including nifedipine, showed stronger hydrogen
bonding in the crystalline state than the amorphous form,
others, including felodipine, exhibited stronger average
hydrogen bonding in the amorphous form (consistent with
the results presented here). These differences in hydrogen
bonding strength between the crystalline and amorphous
forms may influence the crystallization tendency. Specifically,
as nifedipine crystallizes, the hydrogen bonding strength
increases which would be expected to be favorable since the
enthalpic interactions are increasing. In contrast, felodipine
crystallizes at the expense of an average reduction in the
strength of hydrogen bonding interactions. Thus it would be
reasonable to speculate that the higher activation energy
observed for felodipine relative to nifedipine might arise
from the necessity of weakening hydrogen bonding prior to
crystallization for a given population of amorphous mole-
cules. The lower entropy of crystallization for felodipine may
also be related to the hydrogen bonding differences in the
amorphous and crystalline forms as has been suggested
previously (44). Thus the increased nucleation rate of
nifedipine relative to felodipine may arise either because
there is a greater thermodynamic driving force or because
there is a reduced energy barrier to nucleation or may be due
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to a combination of both factors. Further investigations are
necessary in order to establish if kinetic or thermodynamic
factors dominate the observed difference in nucleation
kinetics in the glassy region for these two compounds.

Factors Affecting the Relative Stability of Amorphous
Nifedipine and Felodipine in the Presence of PVP

The stabilizing ability of a polymer has been described in
the literature in terms of its ability to decrease free volume
(37), decrease molecular mobility (24,45), increase the glass
transition temperature (46), disrupt drugYdrug interactions
(11), and form drugYpolymer interactions (10Y12). In addi-
tion, some authors have described the stability of amorphous
molecular level dispersions in terms of the crystallization
tendency of the pure amorphous drug (8,9,13). We have
made an attempt to assess the influence of these various
factors on the crystallization behavior of felodipine and
nifedipine from solid dispersions with PVP, however, in
reality it should be noted that many of these factors are inter-
related. As presented above, it was found that nifedipine-
PVP solid dispersions had faster nucleation rates than the
equivalent felodipine-PVP solid dispersions for all polymer
concentrations investigated. Furthermore, many of the fac-
tors listed above were either observed to be similar for solid
dispersions of the two compounds or not to correlate in the
expected manner with the nucleation rates: Tg as a function
of polymer weight percent was roughly equal in each system,
enthalpy recovery experiments gave similar results, and the
extent of drugYpolymer interactions were slightly higher for
nifedipine-PVP systems (at a given weight fraction). Thus, as
for the pure substances, some common Bmetrics^ of crystal-
lization tendency were not predictive of the observed differ-
ences between nifedipine and felodipine solid dispersions. It
is of interest to consider these two systems in more depth in
terms the factors in Eq. 9 that might be changed by the
presence of the polymer.

A single glass transition temperature and the presence of
drugYpolymer interactions over all compositions demonstrate
miscibility. Therefore, the molecular level environment of
the drug is altered leading to potential changes in the
thermodynamic driving force for crystallization (DGv term),
the energy penalty for creating a new interface (DGs) and the
activation energy (DE).

Consider first the thermodynamic driving force for
crystallization. Complete miscibility requires that the activity
of the drug in the polymer matrix is reduced relative to the
activity of the pure amorphous drug. Therefore, the thermo-
dynamic driving force for crystallization must be reduced
(47). Using solution theory based models for binary mixtures,
the magnitude of the activity reduction for felodipine and
nifedipine in PVP solid dispersions can be compared.

FloryYHuggins (FH) lattice theory was developed to
describe the activity of a solvent in a polymer solution (19). If
the amorphous drug is assumed to be equivalent to the
solvent, then FH theory can be used to approximate the
change in the activity of the drug as a function of polymer
concentration. Although there are certain well know limi-
tations of FH theory (19,48) and the systems under consid-
eration are non-equilibrium glasses, this analysis can provide
a basis for comparison of nifedipine and felodipine activity

changes in the presence of PVP. The reduction in activity of
nifedipine and felodipine in the presence of PVP can be
calculated as shown in Eq. 10.

ln adrug ¼ ln Fdrug þ 1� 1

m

� �
FPVP þ �F 2

PVP ð10Þ

Where adrug is the activity of the drug in the polymer
matrix, Fdrug is the volume fraction of the drug, m is the ratio
of the molecular volume of PVP to that of the drug, FPVP is
the volume fraction of PVP and c is the interaction
parameter between the drug and PVP. Interaction parame-
ters of j3.8 and j4.2 were used for nifedipine-PVP and
felodipine-PVP, respectively. These values have been previ-
ously estimated for the systems under investigation (49) using
melting point depression methods (50,51).

Figure 13 shows that the predicted reduction in activity
of the drug is very similar for both nifedipine and felodipine.
In addition, the magnitude of activity reduction predicted by
the method described above is small for the range of polymer
concentrations used in this study. Therefore, based strictly on
a potential change in DGv, it would be expected that, at any
particular polymer concentration, the rate of nucleation of
nifedipine would still exceed that of felodipine since the
energy gain of forming crystalline nifedipine would be
greater than for felodipine, as for the pure drugs.

For the solid dispersions, the average activation energy
trended towards higher values relative to that of the pure
drug (although it was found that the difference is not
statistically significant for nifedipine below Tg and felodipine
above Tg) (Table I). Furthermore, as was observed for the
pure drugs, the felodipine-PVP solid dispersion was found to
have a higher DE value than the corresponding nifedipine
system below Tg. Hence it appears that the energetic barrier
for nucleation is higher in felodpine than in nifedipine both
in the presence and absence of the polymer.

It is apparent from the results presented herein that the
relative physical stability of the two model compounds is not
explained by differences associated with the various proper-
ties of the metastable amorphous form that were measured in
this study. The relative physical stability did however
correlate with the larger enthalpic driving force for crystal-
lization of nifedipine and the relatively lower activation
energy for crystallization in nifedipine systems. Therefore
when considering the physical stability of amorphous sys-
tems, it is important to consider not only the properties of the
supercooled liquid/glass but also how these relate to those of
the crystalline counterpart. This concept has been invoked
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when discussing the glass forming tendency of molecular
liquids supercooled from the melt (52). Results presented in
this study would also support the conjecture that for a given
class of amorphous materials, the greater the tendency of an
amorphous phase to crystallize, then the larger the concen-
tration of polymeric stabilizer necessary to produce a certain
extent of physical stabilization.

CONCLUSIONS

Nifedipine crystallizes more readily than felodipine both
from the pure amorphous form and out of amorphous
molecular level dispersions with PVP (at equivalent polymer
concentrations). This greater ease of nifedipine crystalliza-
tion from the amorphous form could not be anticipated by
considering commonly used metrics such as Tg and molecular
mobility as measured by DSC since these were virtually
identical for the two drugs. It was found that the thermody-
namic driving force for crystallization of nifedipine is greater
than that of felodipine despite the former compound having a
larger entropic barrier to crystallization. Furthermore, the
activation energy for nucleation of nifedipine was lower than
that of felodipine below the glass transition temperature.
Solid dispersions of both drugs also showed very similar
amorphous properties which were therefore not indicative of
relative physical stability. It is concluded that the relative
crystallization tendency of drugs from solid dispersions may
be dependent on the relative crystallization tendencies of the
pure substances.
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