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Aljaž Godec a,b, Uroš Maver a,b, Marjan Bele a, Odon Planinšek b, Stane Srčič b,
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bstract

urpose: The goal was to find thermodynamic criteria that must be satisfied in order to prevent formation of crystalline state of drugs within
confined space (e.g., nanopores of inorganic solid). Similarly, criteria that lead to stabilization of amorphous drug within such pores were

nvestigated.
ethods: In the theoretical part, the classical thermodynamics of nucleation is applied to the conditions of a restricted space. The theoretical

ndings are verified using porous silica as a carrier and nifedipine as a model drug. The amorphicity of the latter is checked using XRD and thermal
nalysis (DTA, DSC) in combination with BET measurements.
esults: It is shown that there exists a critical pore radius of a host below which the entrapped substance will solidify in an amorphous form. There
lso exists a critical pore radius below which the entrapped amorphous solid will not be able to crystallize. Specifically, incorporation of NIF into

silica xerogel with an average pore diameter of about 2.5 nm produces and stabilizes its amorphous form.
onclusion: Entrapment of drugs into solid nanoporous carriers could be regarded as a potentially useful and simple method for production and/or

tabilization of non-crystalline forms of a wide range of drugs.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Incorporation of solid substances into appropriate porous
atrices has been a subject of numerous investigations

Böhlmann et al., 1999; Lucas et al., 2001; Czuryszkiewicz et
l., 2002; Quaranta et al., 2003; Maria Chong and Zhao, 2004;
allet-Regi et al., 2004; Chytil et al., 2005; Zhao et al., 2005;
rasad and Quijano, 2006). In the case of drug incorporation, for
xample, the common goal has been control of drug release. It
s reasonable to expect that the average rate of drug release will

e decreased if a drug is entrapped into a web of pores within a
olid inorganic host material. With emerging nanosciences and
anotechnologies, entrapment into “nanosized pores” (conven-
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ionally termed meso- or micropores, if size <50 nm or <2 nm,
espectively) has become particularly popular. The thorough
esearch in this area has resulted in many interesting findings
hedding light on the nature of matter confined in nano-domains
f host material (Shin and Chang, 2001; Chong and Zhao, 2004;
im et al., 2004; Bögershausen et al., 2007; Sotiropoulou and
amvakaki, 2005; Kim et al., 2006; Wang and Song, 2006).
owever, in all these studies the authors apparently neglected
very important phenomenon that is expected to occur when
atter is confined into a small space – the possible change of its

tructure. Namely, it is known from the classical nucleation-
nd-growth theory (Defay, 1966; Adamson and Gast, 1997;
ugimoto, 2001; Christian, 2002) that typical nuclei formed in

he course of crystallization process consist of many (tens to

undreds) constituent particles (atoms, molecules). If so, sev-
ral fundamental questions par excellence arise: What happens
f there is not enough space for nuclei to form? Does matter
onfined into nanosized pores inherently solidify in the amor-

mailto:miran.gaberscek@ki.si
dx.doi.org/10.1016/j.ijpharm.2007.05.022
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with the lower interfacial energy spreads over the whole solid
surface and Eq. (1) does not hold anymore. In this case, nucle-
ation in the bulk solution (homogeneous nucleation) is expected
to occur—pure confinement effect. To determine which of the
32 A. Godec et al. / International Journ

hous rather than in the crystalline state and, if yes, what are
he critical pore dimensions when the transition from one to
he other state occurs? And finally: What is the stability of the
morphous state within the confined space (e.g., within pores,
hannels) of host matrix? We try to answer these fundamental
uestions both theoretically and experimentally, using an exam-
le of pharmaceutical interest, that is, entrapment of nifedipine
nto silica nanosized pores. The treatment itself, however, is gen-
ral enough that the findings can be generalized to most solid
aterials confined within restricted domains of host materials.
In the theoretical part, we refer to the classical theory of

ucleation based on random fluctuations in a metastable assem-
ly. This theory was mainly developed by Volmer, Becker and
öring (Volmer, 1939), although other workers have also made

ignificant contributions. It was first formulated for the simplest
ucleation process, the condensation of a pure vapour to form
liquid. Later on, it was modified to describe systems such as
ucleation in solution, in a supercooled melt, in the solid state
Christian, 2002). The formation of a stable nucleus in con-
act with a surface (heterogenous nucleation) was introduced by
olmer (Volmer, 1929). Turnbull expanded the treatment to the
ucleation process in cylindrical and conical cavities (Turnbull,
950a). Massive research has been done in the field of nucleation
n the vitreous state (Rowlands and James, 1979a,b; Shneidman
nd Weinberg, 1996; Wakayama et al., 1999; Andronis and
ografi, 2000). A theory for the nucleation in solid solutions has
lso been developed (Slezov et al., 1997). Recently, the influence
f elastic strain on the thermodynamics and kinetics of nucle-
tion in the vitreous state was studied by Gutzow and Schmelzer
Schmelzer et al., 1995; Möller et al., 1998; Schmelzer et al.,
004; Fokin et al., 2005).

Based on these and similar works, we formulate general
hermodynamic criteria that must be satisfied for occurrence
f crystalline matter from saturated solution confined within a
estricted space. We further formulate similar general criteria for
ormation of confined amorphous solid matter. The occurrence
f amorphous phase upon cooling of the melt in pores below
certain pore size has been reported in the case o-terphenyl,

enzyl alcohol (Jackson and McKenna, 1996) and nitrobenzene
Sliwinska-Bartkowiak et al., 2001) confined into nanoporous
lass materials.

In the experimental part, the validity of the theoretically
eveloped criteria for crystallization from supersaturated solu-
ion and from amorphous state, respectively, is checked. As

model system, we selected nifedipine (NIF) entrapped in a
orous silica xerogel. NIF, a potent systemic calcium channel
locker, was chosen because of its high crystallinity, poor sol-
bility in water and a high tendency of its amorphous form to
rystallize. It is used in the treatment of angina pectoris and
ypertension. Silica xerogels are well-known carrier systems
xhibiting significant porosity on the nanometre scale. Zusman
t al. (1990) reported the use of doped silica glasses for pH
ensors in analytical chemistry. Chen and Dong (2003) and

hankaran et al. (2003) produced sol–gel composite based glu-
ose biosensors. Conventional drug molecules have also been
ncorporated into silica xerogels, mostly to achieve controlled
elease. Kortesuo and Ahola (2001, 2002) studied the effect

F
c
o
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f synthesis parameters on the release rate of dexmedetomi-
ine from silica gel microparticles and monoliths. Ahola and
ortesuo (2000) produced silica xerogel carrier material for con-

rolled release of teoremifene citrate. Tian and Blacher (1999)
tudied the effect of acid and water content on the incorporation
f aliphatic polyesters into silica gels.

. Theoretical

.1. Crystallization from supersaturated solution in
estricted space

It is well-known that the process of crystallization consists
f two steps: formation of nuclei (that is, clusters of atoms,
olecules, etc.) and their subsequent growth (Defay, 1966;
damson and Gast, 1997; Sugimoto, 2001; Christian, 2002).
he formation of critical nuclei may be viewed as random fluc-

uations of density, in which about 50–250 molecules come
ogether to form a nucleus of the size observed experimen-
ally (Defay, 1966). Based on this fundamental knowledge, we
ypothesize that entrapment of a dissolved drug into a solid
atrix that contains constrained spaces (e.g., pores) smaller

han the critical nucleation radius, will prevent the process of
rug crystallization upon removal of solvent. The resulting solid
rug is then expected to occur in the amorphous rather than in
rystalline form.

We assume that all pores in a given solid matrix (for exam-
le, porous silica carrier) are of the same shape and size with no
referential sites on the surface. Let the pores contain a saturated
olution of a drug. There are two possible sites for nucleation to
tart: either on the existing solid surfaces (walls of silica pores) or
n the volume of saturated solution. The former scenario (hetero-
eneous nucleation) will take place if the contact angle between
he embryo of the new solid phase and the surface of the existing
hase, θ (Fig. 1) is within the range 0 ≤ θ ≤ π (Christian, 2002).
hen the following equation will hold:

AS = γBS − γAB cos θ (1)

here γXY is the interfacial free energy between phases X and
. If, however, θ is outside the aforementioned limits, the phase
ig. 1. Hypothetical embryo formed on a solid surface. In the present context, B
ould represent the NIF solution, S the silica surface, and A a crystalline nucleus
f NIF.
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wo scenarios will take place in a given system, one can estimate
he interfacial free energies γXY using the following equation:
Wu, 1971)

XY = γX + γY − 2σd − 2σp

≡ γX + γY − 4γD
X γD

Y

γD
X + γD

Y
− 4γP

XγP
Y

γP
X + γP

Y
, (2)

here γX and γY are surface free energies of phases X and Y,
he terms σp and σd reflect specific and dispersive interactions
etween X and Y, γD

X and γD
Y are dispersive components and γP

X
nd γP

X are specific components of surface free energies of X and
. Eq. (2) indicates that the interfacial free energies will be the

ower, the more similar are the polarities of phases X and Y.
As shown in Section 4, Eqs. (1) and (2) predict that homo-

eneous nucleation of nifedipine in bulk solution within silica
ores is more likely than heterogeneous nucleation of the drug on
he walls of pores. According to the classical nucleation theory
Adamson and Gast, 1997; Sugimoto, 2001; Christian, 2002),
he free energy of formation of a nucleus in the bulk solution,

solution, is obtained as follows:

solution = −nφ +
∑

i

Aiγ̄

≡ −nkT ln S +
(

ν1k
3/2
2

k3

)2/3

n2/3γ̄, (3)

here n is the number of molecules (in our case NIF molecules)
n the nucleus, φ is the supersaturation energy parameter, Ai is the
urface area of the i-th facet, γ̄ is the average solid–liquid interfa-
ial energy (contributions from edges and corners are neglected),

¯ =∑iAiγi/
∑

iAi (γ i is the solid–liquid interfacial energy of
he i-th facet), k is the Boltzmann’s constant, T is temperature,
is the supersaturation ratio, k2 and k3 are surface and volume

hape factors of the nucleus and ν1 is the volume of a molecule
n the solid crystalline phase. The total surface area and the vol-
me of a given nucleus can be expressed in terms of the shape
actors and a characteristic dimension, X:

i=1

Ai = k2X
2 (4)

′ = k3X
3. (5)

lternatively, V′ can be expressed with the number of molecules
onstituting the nucleus

′ = nv1. (6)

The surface area as a function of n (needed for practical
pplication of Eq. (3)) is readily obtained by combining Eqs.
4)–(6).

The number of molecules constituting the critical nucleus
•solution is simply obtained by finding the appropriate extreme
f Eq. (3), that is, by differentiating Wsolution with respect to n

nd setting the derivative to zero:

∂W solution

∂n
= −kT ln S + 2γ̄

3

(
ν1k2

3/2

k3

)2/3

n−1/3 = 0 (7)

i

X
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•solution = 8γ̄3(ν1k
3/2
2 /k3)

2

27(kT ln S)3 . (8)

ince nv1 is equal to k3X3, the characteristic dimension of the
ritical nucleus is

•solution = k2ν1γ

k3kT ln S
, (9)

•solution = 8ν2
1k

3
2 γ̄

3

27k2
3(kT ln S)2 , (10)

here (•) in the superscript denotes a property of the critical
ucleus.

Eqs. (8)–(10) can be viewed as general thermodynamic cri-
eria for estimation whether a restricted space is large enough
hat crystallization of a given substance from saturated solution
an occur or not.

.2. Crystallization from amorphous solid phase in
estricted space

If, for some reason (e.g., space restriction as shown above),
ormation of critical nuclei in supersaturated solution is pre-
ented, then amorphous rather than crystalline solid phase will
orm upon removal of solvent. The amorphous form, however, is
hermodynamically unstable and will eventually crystallize—if
he process is not excessively kinetically hindered. In the fol-
owing, we present the thermodynamical conditions that must
e satisfied for the process of crystallization from amorphous
hase within a restricted space to occur.

Again we assume that all restricted spatial domains (pores)
re of the same shape and size. Let the pores be filled with
n amorphous phase. According to the classical nucleation the-
ry, in which strain effects are neglected (Rowlands and James,
979a,b; Rao and Rao, 1987; Christian, 2002), the free energy of
ormation of a crystalline nucleus within an amorphous phase,

a, is given by:

a = V ′	GV +
∑

i

Aiγ̄ss ≡ k3X
3	GV + k2X

2γ̄ss, (11)

here V′ is the volume of the nucleus, Ai is the surface area of the
-th facet of the nucleus, is the average interfacial energy between
he crystalline and the amorphous phase, γ̄ =∑iAiγi/

∑
iAi (γ i

s the interfacial energy between the crystalline and the amor-
hous phase of the i-th facet), k2 and k3 are shape factors of
he nucleus and X is the characteristic dimension of the nucleus.

GV in Eq. (11) represents the decrease in Gibbs free energy
hen a crystalline nucleus is formed in the amorphous phase

Gibbs free energy of transformation), 	GV = −(	G/Vm) ≡
(	Gρ/M), where 	G is the free energy difference between

he crystalline and the amorphous state.
The choice of dimension X in Eq. (11) is arbitrary. The

haracteristic dimension of the critical nucleus is obtained max-

mization of Eq. (11):

•a = − 2k2γ̄ss

3k3	GV
(12)
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which, in turn, leads to the activation energy for crystalliza-
ion:

•a = 4k3
2 γ̄

3
ss

27k2
3	G2

V

, (13)

here (•) in the superscript denotes a property of the critical
ucleus. W

•
can be regarded as a thermodynamic barrier for

he process of crystallization. 	G can be approximated using
offman’s equation (Hoffman, 1958):

G = 	Hf	T

Tm

(
T

Tm

)
, (14)

here 	Hf is the enthalpy of fusion, 	T = Tm − T and Tm is the
elting point temperature.
γss can be approximated using Turnbull’s empirical relation:

Turnbull, 1950b)

ss = CT	Htr

(NAV 2
m)1/3 , (15)

here CT is the Turnbull coefficient (e.g., CT = 0.32 for non-
etalic solids), 	Htr is the enthalpy of the solid–solid transition

crystallization) and Vm is the molar volume of the crystalline
hase. This relation cannot be applied generally. For example,
t is not entirely appropriate for n-alkanes or polymeric sys-
ems with enabled free rotation. However, it seems to be a fairly
ood approximation for certain inorganic compounds (Bartell
nd Dibble, 1991; Huang and Bartell, 1994; Zhu, 2004; Zhu and
hen, in press) and rigid organic molecules (Huang et al., 1996).
ince the molecule considered in the present paper (NIF) is
lmost entirely rigid, we estimate that Eq. (15) should be applica-
le. However, there is another deficiency of Eq. (15)—it does not
nclude a temperature dependence of interfacial energy, so it can
nly be applied within a small interval around the temperature
f transition. It should be pointed out that data for amorphous-
rystalline interfacial energies involving pharmaceuticals are
arely known. In the case of indometacine, where the experi-
ental values for γss are known (Andronis and Zografi, 2000),
q. (15) gives accurate predictions.

Substituting Eqs. (14) and (15) into Eq. (12), we obtain

•a = 2k2CTT 2
mM	Htr

3k3(NAV 2
m)1/3

	TTρ	Hf

(16)

nd for the number of molecules in the critical nucleus:

•a = 1

v1k3
2

(
2k2CTT 2

mM	Htr

3(NAV 2
m)1/3

ρ	Hf	TT

)3

(17)

q. (16) can be used for a first estimation of the dimension of
he critical nucleus.

In a more advanced approach to homogenous nucleation in
he amorphous phase, W

•
is determined taking into account an

nterplay between three terms: the Gibbs free energy of trans-

ormation, the energy required to create an interface between
wo phases and the strain energy. For many transformations in
he solid state, the strain energy is believed to govern the free
nergy barrier and the shape of the nucleus (Rao and Rao, 1987).

n

a
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t has been shown (Schmelzer et al., 2004; Fokin et al., 2005)
hat near and below the glass transition temperature, Tg, elastic
trains result in thermodynamic inhibition of the crystallization
rocesses. Below Tg the inhibiting term is of the same order of
agnitude as, or may even exceed, the thermodynamic driving

orce for crystallization (Schmelzer et al., 1995).
In order to take into account the influence of elastic stresses on

he nucleation process (Fokin et al., 2005), one has to introduce
n additional term, Ged

V , into the expression for the work of
ormation, Wa, of an arbitrary-sized crystalline cluster in the
morphous state:

a = V ′(	GV + Ged
V ) +

∑
i

Aiγ̄ss

≡ k3X
3(	GV + Ged

V ) + k2X
2γ̄ss, (18)

here Ged
V is the energy of elastic deformation connected with

he formation of a cluster of volume V′, Ged
V = (Ged/Vm). The

imension of the critical nucleus and the activation energy then
ecome:

•a = − 2k2γ̄ss

3k3(	GV + Ged
V )

(19)

•a = 4k3
2 γ̄

3
ss

27k2
3(	GV + Ged

V )
2 (20)

There may exist other effects, such as adsorption of the amor-
hous form on the pore walls, hydrogen bonding between silica’s
ilanol groups and nifedipine’s carbonyl groups, etc., that con-
ribute to stabilization of amorphous NIF. An excellent review
f thermodynamic aspects of crystallization in pores was given
ecently by Scherer (1999). Taking such additional possibilities
nto account, we may conclude that the critical dimensions and
nergies derived above present the minimum values for crystal-
ization to occur. In other words, the amorphous state may be
table even within larger spaces than predicted by the present
quations.

. Materials and methods

When exposed to light, nifedipine decomposes to nitroso-
nd nitro-derivatives (Budvári-Báráni and Szász, 1990). For this
eason all procedures were carried out under light protected
onditions.

.1. Preparation of NIF doped xerogels

Xerogels were prepared by acid catalyzed hydrolysis of
etraethyl orthosilicate (TEOS, Merck)

EtO)4Si + 4H2O → Si(OH)4 + 4EtOH (21)

ollowed by polycondensation
Si(OH)4 → nSiO2 + 2nH2O (22)

TEOS, distilled water, ethanol (Riedel de Häen) and citric
cid (Aldrich) were used in a molar ratio of 1/7/5/0.1.
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Table 1
Synthesis parameters for NIF doped xerogels

Sample/molar ratio TEOS Water Ethanol Citric acid NIF

1. Mixing at room temperature
SNO 1 7 5 0.1 0
SN1 1 7 5 0.1 0.0191
SN2 1 7 5 0.1 0.0229
SN3 1 7 5 0.1 0.0267
SN4 1 7 5 0.1 0.0343
SN5 1 7 5 0.1 0.0381
SN6 1 7 5 0.1 0.0459
SN7 1 7 5 0.1 0.0574

2. Gelation at 60 ◦C

3

w
t
t
a
p
w
e
t
l
d

a

s
1

3

m
b
t

3

t
w
w

3
t

u
t
i
u
c

3

1
a
1
m
s
m

2

4

4
s

l
s
e
p
s
f
−
n
o
n
m
t
I
b
d
the solvent, S is continuously increasing. We presume that the
value of S should lie within the interval 1.5 ≤ S ≤ 10. Accord-
ing to literature data (Sugimoto, 2001), higher values of S are
unlikely, while lower values will result in a larger value for n

•
,

Table 2
Dispersive and specific components of surface free energies (tensions) [mJ/m2]

γd
s γ

p
s γs

Silica
76.0a 115.0a 191.0
77.7b 206.0b 283.7
35.6c 159.8c 195.4
71.3d 153.6d 224.9

NIF
23.9e 12.9e 36.8

γd
1 γ

p
1 γ l

Water
. Drying at 60 ◦C

Specifically, for preparation of NIF doped xerogels, TEOS,
ater, ethanol and citric acid were mixed at room temperature

o form a homogenous solution, then NIF (Lek) was added to
he solution. The samples were then placed in sealed containers
nd stored at 60 ◦C. In this stage, gelation of silica sols took
lace. After 48 h, the containers were opened and the samples
ere left to dry for another period of 48 h at 60 ◦C. In this stage,

vaporation of the solute (water and ethanol) took place. After
he precipitation of NIF had been completed, transparent yel-
owish, crack free monoliths were obtained. Table 1 presents the
etailed synthesis parameters.

Sample SIN1 was prepared by mixing silica (Riedel de Häen)
nd NIF at room temperature in a molar ratio 1/0.0191.

Before the experiments were carried out, all samples had been
tored at room temperature under light protected conditions for
month.

.2. Specific surface area and porosity parameters

Specific surface area and porosity parameters were deter-
ined using the Brunauer–Emmet–Teller (BET) technique

ased on nitrogen gas adsorption (TRISTAR 3000). Prior to
hat, the samples were crushed and outgassed.

.3. Powder X-ray diffraction

To check if any crystalline NIF is present on the surface of
he composites X-ray diffraction measurements were carried out
ith a Siemens D-5000 apparatus using Cu K1 line. The samples
ere previously crushed.

.4. Differential thermal analysis (DTA) and
hermogravimetric analysis (TGA)

DTA-TGA measurements were performed in Pt–Rh crucibles

sing a STA 409C/CD apparatus from NETZSCH from room
emperature to 900 ◦C in air conditions with a rate of temperature
ncrease of 10 K/min. Approximately 60 mg of samples were
sed. The samples were previously crushed. The instrument was
alibrated using standard reference materials.
harmaceutics 343 (2007) 131–140 135

.5. Differential scanning calorimetry (DSC)

DSC analysis was carried out with a Perkin Elmer Pyris
instrument from room temperature to 180 ◦C in a nitrogen

tmosphere (20 ml/min) with a rate of temperature increase of
0 K/min. The samples were previously crushed. The measure-
ents were performed in Al pans using approximately 20 mg of

amples. The instrument was calibrated using standard reference
aterials (In, Zn).
The dissolution profiles are reported elsewhere (Maver et al.,

007).

. Results and discussion

.1. Solidification of dissolved nifedipine in nanopores of
ilica

As shown in the theoretical part ((Eqs. (1) and (2)), crystal-
ization from a saturated solution can begin either on the existing
olid surfaces or in bulk solution. The components of surface free
nergies for the present system (solution of nifedipine in silica
ores) are shown in Table 2. Given the variations of reported
urface free energy for silica, one gets for cos θ in Eq. (1) values
rom −3.5 to −2.5. The fact that all these values are lower than
1 means that there is no static equilibrium between silica and

ifedipine. In other words, the nucleation of NIF in the presence
f silica is expected to occur in bulk solution (homogeneous
ucleation). This justifies the use of Eqs. (8) and (9) for esti-
ation of critical size of nuclei. In this estimation, we assume

hat crystalline nuclei have either a spherical or a cubical shape.
n our case, the exact evaluations of n

•
and r

•
are not possible

ecause the exact value of supersaturation ratio, S, cannot be
etermined. Namely, due to continuous evaporation/removal of
23.2e 48.8e 72.0e

a Biliński, 1994.
b Biliński and Chibowski, 1983.
c Staszczuk et al., 1985.
d Wójcik and Biliński, 1988.
e Kerč et al., 1994.
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Table 3
Data necessary for calculation of X

γNIF/water = 20.9 mN/ma

S = 1.5–10b

MNIF = 346 g/mol
NA–Avogadro’s number
ρNIF = 1.3578 g/cm3c

ν1 = MNIF/NA ρNIF = 0.423 nm3

T = 333 K

a Calculated with Eq. (2).
b Chosen as the most probable.
c Kerč et al., 1994.

Table 4
Shape factors and calculated properties of critical nuclei

Nucleus type k2 k3 nucleation in supersaturated solution

Critical X
•

(nm) r
•

(nm) N
•

Spherical 4π 4π/3 14.2–2.5 14.2–2.5 28497–155
Cubical 6 1 28.4–5.0 24.4–4.3 54152–296

Pore restricted
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were perfectly ordered (perfect single crystals) the diffraction
patterns would show amorphous behaviour. By contrast, sam-
ple SN7 does show small peaks at angles that correspond to
the peaks of crystalline NIF. It is assumed that this NIF-rich
Spherical 4π 4π/3 1.23 1.23 18
Cubical 6 1 1.42 1.23 7

hich supports our basic hypothesis even stronger. The data
ecessary for calculation of X

•
are presented in Table 3. Shape

actors and calculated properties of critical nuclei are listed in
able 4.

Based on the average pore size obtained by BET, one can esti-
ate the maximum volume of the nucleus that can be formed
ithin the pores. Once ν1 has been calculated, an estima-

ion of the number of NIF molecules in the nucleus within
he pore with given size (rpore = 1.23 nm-obtained from BET
nalysis) is possible. For spherical nucleus one gets npore =
4π(rpore)3/3ν1) = 18 while for cubical nucleus one finds:
pore = (8(rpore)3/3

√
3v1) = 7 (c.f. Fig. 2).

These calculations show that formation of a continuous crys-
alline phase during the solid phase formation cannot occur
ecause the critical nucleus size exceeds the pore size. For

xample, as shown in Table 4, the critical nucleus consists of
8497-155 NIF molecules (assuming spherical nuclei) or 54152-
96 NIF molecules (assuming cubical nuclei). On the other

ig. 2. Transverse section of a cubical nucleus in a pore. Graphical representa-
ion of geometrical parameters used in derivation of the critical dimensions of
uclei.
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and, the present pore size only permits accommodation of
8 NIF molecules (if spherical nucleus is assumed) or 7 NIF
olecules (for cubical nucleus). Formation of solid phase can

hus occur either through formation of discrete subcritical parti-
les or through a continuous increase of concentration up to the
oint where the molecular mobility is insufficient for crystalliza-
ion. In the first case, the structural order occurs within a very
hort range (e.g., up to about 2.5 nm across the pore-restricted
ucleus or, in other words, across 3–4 NIF molecules). Conven-
ionally, such materials are regarded amorphous because short
rdering cannot be detected using most techniques. In the sec-
nd case, crystallization is also hindered kinetically. Namely,
he concentration of solution can increase to the point where the
ntermolecular distances are so small that the matter resembles
n undercooled melt mixed with the residual solvent.

X-ray diffraction (Fig. 3). XRD patterns of samples SN1-
N6 show no sharp peaks, which means that no crystalline NIF

s present on the surface. It must be stressed that XRD is not suit-
ble for detection of phase crystallinity inside the pores, because
nder such circumstances the Bragg’s law cannot be fulfilled.
n other words, even if the molecules in the confined particles
ig. 3. X-ray powder diffraction patterns of crystalline NIF, SIN, SN0, SN4,
N5, SN6 and SN7. At the present resolution, the patterns of samples SN1,
N2, SN3 are indistinguishable from the pattern of sample SN0 and, hence, are
ot shown.



al of Pharmaceutics 343 (2007) 131–140 137

s
t
N
s
w
N
p
w
n

t
t
a
w
I
e
a
t
a
f

t
G
o

e
o
a
e
t
S
N

F
S

A. Godec et al. / International Journ

ample contains more NIF than can be accommodated within
he pores of silica. It is reasonable to expect that the surplus of
IF that is accommodated outside the pores will have enough

pace to crystallize. To check the consistency of these results,
e also measured the X-ray of a simple physical mixture of
IF and silica (sample SIN) having the same nominal com-
osition as sample SN1. As expected, it was found that NIF,
hen physically mixed with silica, had a well-defined crystalline
ature.

The method of choice for identification of crystallinity of
ypical organic substances, such as drugs, is DSC. For example,
he DSC curve of crystalline NIF exhibits an endothermic peak
t 172 ◦C with an enthalpy change of 108.19 J/g (37433 J/mol),
hich is due to melting of form A (Hirayama et al., 1994).

n the case of amorphous NIF (prepared by quenching), how-
ver, an exothermic peak arises between 100 and 120 ◦C with
n enthalpy change of −52.95 J/g (−18320 J/mol), which is due
o crystallization into form A (Hirayama et al., 1994). After that
n endothermic peak is again seen at 172 ◦C, due to melting of
orm A.

Because of the finite-size effect, a shift in the melting
emperature of confined NIF is expected according to the
ibbs–Thomson equation, but a melting peak will still be
bserved.

DSC curves of all NIF doped xerogels exhibit a broad
ndothermic rise between 60 and 160 ◦C. This agrees with the
btained DTA and TGA data (DTA-TGA curves of samples SN0
nd SN7 are shown in Fig. 4) where all the samples exhibit an

ndothermic peak and a weight loss due to the evaporation of
he remaining water and ethanol (Yang et al., 1999; Brinker and
cherer, 1990). The DSC curves of crystalline and amorphous
IF, SN4 and SN7 are presented in Fig. 6a. In the case of sam-

ig. 4. DTA and the corresponding TGA curves of samples (a) SN0 and (b)
N7.
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ig. 5. DSC thermograms of samples (a) crystalline NIF, amorphous NIF and
amples SN1–7. (b) Magnified DSC curves for samples SN4 milled, SN5, and
N6 that show traces of melting peak at 172 ◦C.

les SN1, SN2, SN3 and SN4 no melting peak is observed which
onfirms that NIF is present in the amorphous form (Fig. 5a).
n the case of sample SIN1 (Fig. 5a), a physical mixture of
IF and silica with the same fraction of NIF as that in SN1

the sample with lowest NIF load), a clearly defined melting
eak is observed at 172 ◦C, which demonstrates that the small-
st load is detectable with DSC. The curves of samples SN5
nd SN6 show a small melting peak at 172 ◦C with enthalpy
hanges of 1.47 and 2.42 J/g, respectively (Fig. 5b). In the case
f sample SN7 (Fig. 5a) the melting peak is even more pro-

ounced (	Hf = 21.00 J/g). An endothermic peak due to melting
s also observed in the curve of sample SN4 which was previ-
usly milled (SN4 milled) (Fig. 5b). Those peaks indicate that
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Table 5
Data necessary for the calculation of X·a

	Hf = 37433.74 J/mola

Absolute value of 	Htr = 18320.70 J/molb

MNIF = 346 g/mol
NA–Avogadro’s number
ρNIF = 1.358 g/cm3c

ν1 = MNIF/NA ρNIF = 0.423 nm3

Vm = 254.8 cm3/mol
Tg = 321 Kd

a From DSC analysis.
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of DSC where no crystallization peaks in doped xerogels
SN1–SN4 could be observed. In other words, in these xero-
gels the amorphous form is stable at least up to the melting
ig. 6. Variation of specific surface area as a function of the total amount of NIF
n the prepared samples.

small amount of crystalline NIF is present in these samples.
he fact that there is no shift in melting temperature confirms

he existence of macroscopic crystalline NIF particles, which
re not accommodated in the pores.

To understand better the transition from complete amorphic-
ty in samples with low NIF content to increasing crystallinity
t higher NIF contents, we measured the corresponding varia-
ion of specific surface area (Fig. 6). Addition of small amounts
f NIF to porous silica increases the total surface area—due
o the additional surface area of added NIF. With increas-
ng content of NIF the pores get more and more filled and
he total surface area decreases to the point where the pores
re full (see schematics in Fig. 7). Based on the results of
ig. 6, we suppose that this happens in sample SN4 contain-

ng 11.4% of NIF where the surface area has the smallest value.
ecause in sample SN4 (and all samples containing less NIF)
ll nifedipine is entrapped within the porous system, it is the-
retically expected that samples SN1-4 will not exhibit any
rystallinity. The results of DSC are in complete agreement
ith this prediction. XRD shows crystallinity only in sample
N7; probably this technique is less sensitive in the present
ase. Upon further addition of NIF, the surface area increases
gain (see Fig. 6). We assume that now NIF is being deposited
n the surface of silica particles or between the particles (see
chematics in Fig. 7). In either case, there is much more space
or nucleation and crystallization of NIF. This explains why
n samples SN5-7 increasing amounts of crystalline NIF are

bserved.

ig. 7. Schematic representation of deposition of amorphous NIF (blue area)
nside silica pores and formation of NIF crystallites on outer silica surfaces
nd/or between silica particles.

F
h
o

b From DSC analysis.
c Kerč et al., 1994.
d Keymolen et al., 2003.

.2. Stability of amorphous nifedipine within the silica
ores

As shown in the theoretical part, the amorphous state of mat-
er is inherently unstable and has a tendency to transform into
rystalline state. However, as further pointed out, this transfor-
ation can be inhibited—if the matter is confined into small

nough spaces. The data necessary for calculation of X
•a are

resented in Table 5. The dimension of the critical nucleus was
alculated for the temperature interval between Tm/2 and Tm.
he calculated temperature dependence of the dimension of the
ritical nucleus is shown in Fig. 8. Below Tg, Ged

V is assumed to
e constant (Ged

V = 107 J/m3). Above Tg the dotted lines rep-
esent Xcritical in absence of elastic strain effects and the curved
nes are calculated for the case when elastic strains are taken
nto account. The upper curve represents the calculation for the
ubical nucleus and the lower for the spherical nucleus. For
oth shapes studied (spherical, cubical) and at all temperatures
he values of calculated critical parameters are larger than the
xperimentally observed values in the present porous systems,
o transition from amorphous to crystalline NIF is theoretically
ot expected.

The theoretical calculation is fully consistent with the results
ig. 8. Calculated temperature dependence of X
•

between Tm/2 and Tm. The
atched curve indicates that the exact upper limit is not known due to uncertainty
f elastic strain data.
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oint. In fact, DTA analysis showed that the samples were ther-
ally stable even up to about 260 ◦C where the combustion of

rganic compounds began (appearance of exothermic region).
onsistently, the area of the exothermic region increased with

ncreasing amount of NIF. However, if for example, sample
N4 was first milled and only then thermally treated, a melting
eak was clearly observed (Fig. 5b). It is supposed that milling
reaks the silica network thus releasing a significant amount
f amorphous NIF originally entrapped in silica pores. Consis-
ently with the present theoretical interpretation, the amorphous
IF is expected to crystallize—once out of nanosized pores. The

ame effect, although at a lesser extent, was observed in crushed
amples.

. Conclusions

Incorporation of NIF into a silica xerogel with an aver-
ge pore diameter of about 2.5 nm produces and stabilizes its
morphous form. The confined amorphous NIF is effectively
rotected against crystallization within the temperature range
n which NIF itself is stable. Namely, the entrapment of a drug
nside nanosized pores prevents thermodynamically the forma-
ion of critical nuclei needed for crystallization. If the matrix of
he carrier breaks, there is no more space restriction and the drug
ill crystallize. We have shown by a generalized treatment that

he total amount of a drug that can be stabilized in the amorphous
tate depends on the total pore volume of the given xerogel and
n the extent of stress introduced (for example by crushing or
illing). Since, in principle, no specific interactions are nec-

ssary, the method could be considered as a general approach
o stabilization of amorphous substances. If the pore size of
he carrier satisfies the conditions rpore < −(k2ν1γ/k3kT ln S) and
pore < −(2k2γ̄ss/3k3(	GV + Ged

V )), the method produces a
table amorphous form, providing that the contact angle between
he embryo and the carrier surface is higher than π. If these con-
itions are not fulfilled, the critical nucleus size is lowered due
o the presence of a catalytic surface. Then an amorphous phase
an still form (if only the first inequality holds), but it will be
nstable and will eventually crystallize. Alternatively (if none of
he conditions is satisfied), a crystalline phase will preferentially
orm. These conditions should be interpreted with sufficient care
ecause they do not take into account the kinetics of solidifica-
ion. Additionally, it is necessary to stress that in our treatment
e use macroscopic rather than “nanoscopic” values of physical-

hemical properties. Although the use of macroscopic properties
n the classical nucleation theory is justified in most cases, we
ave no evidence that this is also so in our particular case. Never-
heless, the present treatment shows clearly that in small enough
onfined spaces (such as nanosized pores) the observed state
f a solid will be the amorphous rather than the crystalline
tate.
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