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Abstract. The 1H nuclear magnetic resonance (NMR) relaxometry method was applied to
investigate the physical stability of an active pharmaceutical ingredient (API) and, for the
first time, its recrystallization process in an amorphous solid dispersion system (ASD). The
ASD of felodipine and polyvinylpyrrolidone (PVP) was prepared using the solvent
evaporation method in a mass ratio of 50:50. In the first stage of the study (250 days), the
sample was stored at 0% relative humidity (RH). The recovery of magnetization was
described by one-exponential function. In the second stage (300 days in 75% relative
humidity), the recrystallization process of felodipine was studied, showing in the sample three
components of equilibrium magnetization related to (i) crystalline felodipine, (ii) water, and
(iii) felodipine and PVP remaining in the ASD. The study shows that the 1H NMR
relaxometry method is a very useful tool for analysing the composition of a three-phase
system mixed at the molecular level and for the investigation of recrystallization process of
API in amorphous solid dispersion system.

KEY WORDS: physical stability; recrystallization; relaxometry; amorphous solid dispersion; felodipine;
PVP; time-domain NMR.

INTRODUCTION

The most new active pharmaceutical ingredients (APIs)
and those synthesized in recent years are characterized by
poor aqueous solubility (1–3) and at least 40% of active
compounds belong to the Biopharmaceutics Classification
System (BCS) class II (4, 5). This low solubility is associated
with insufficient oral bioavailability and therefore is now one
of the main challenges in drug development, especially in its
solid oral dosage forms in the pharmaceutical industry (6, 7).
Generally, amorphization of an API increases its solubility
and thus bioavailability. However, the amorphous form has
lower physical stability compared to the more stable crystal-
line form. One way to improve the stability of the amorphous
state is to mix a hydrophobic API with a hydrophilic polymer.
For maximum physical stability, mixing should be done at the
molecular level and such a formulation is called an

amorphous solid dispersion (ASD), where drug and polymer
are intimately mixed (1, 8). Such a sample is homogeneous on
the spatial scale (drug and polymer domains have average
dimensions smaller than 100 A). Formulating an API as an
amorphous solid dispersion has been proven to successfully
enhance aqueous solubility and bioavailability of many APIs
(6, 9, 10). So, it is most often the case that amorphous forms
of API in ASD are much more stable than in the pure state,
but the stability of such a system is also influenced by many
other factors. These are internal factors (type of API and
polymer and their proportions) and external factors, mainly
temperature and humidity (1, 8, 11).

Many literature reports emphasize the great importance
of water for the physical stability of ASD. Among other
things, it is noted that the water present in ASD lowers its Tg
(12). In addition, it changes the composition of the system,
becoming its third component, and thanks to its mobility, it
increases the mobility of the entire formulation, which greatly
facilitates API recrystallization. Thus, API recrystallization is
one of the most frequently observed manifestations of ASD’s
physical instability and influence on limited marketed formu-
lations. Therefore, API crystallization in ASDs should be
considered as a potential risk to both patients and pharma-
ceutical companies and the methods which allow the possible
recrystallization process to be followed are necessary (13).

Rumondor et al. (14) observed two possible routes of
drug recrystallization in an amorphous solid dispersion
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system (containing a hydrophobic drug and a hydrophilic
polymer) under conditions of increased humidity. One
possibility is crystallization from a plasticized single-phase
solid dispersion, and the other is crystallization from a
plasticized drug-rich amorphous phase in a two-phase solid
dispersion. In the first case, the polymer is in the same phase
as the drug, so the system should consist of three components:
the crystalline drug, polymer/drug, and water. In the second
case, the polymer content in the drug phase decreases due to
separation of the amorphous and amorphous phases, and the
system should consist of four components: the crystalline
drug, amorphous drug, polymer, and water.

The following methods are used to study the properties of
ASD: differential scanning calorimetry (DSC) (15), powder X-
ray diffraction (PXRD) (16, 17), optical spectroscopy (16, 17),
and dielectric spectroscopy (18). Among these, solid-state
nuclear magnetic resonance (ssNMR), which is a non-
destructive potent technique, plays an essential role in the
description of materials (19–23) because it can provide infor-
mation about molecular miscibility (24), molecular mobility and
motions (19, 23, 25, 26), and intra- and intermolecular drug
interactions with polymers inASD at an atomic level (21–23). In
particular, the ssNMR method is used to qualitatively differen-
tiate and to quantify such components in complex formulations
as polymorphs of APIs, their crystalline and amorphous forms
or excipients (23). Both high-resolution NMR and low-field
NMR could be also used to investigation the degree of mixing
between drug and polymer (27, 28). Especially, time-domain
NMR (TD-NMR) in which spin-lattice T1 and spin-spin T2

relaxation times are measured at low-field is applied in the
pharmaceutical field. As TD-NMR spectrometers are usually a
benchtop instruments, the relaxometry measurements can be
rapidly and easily (29, 30).

The DSC (31, 32) and PXRD (33–35) methods are
increasingly used to study the recrystallization process of pure
API. Other methods are optical microscopy (36–39), trans-
mission electron microscopy (TEM) (40), Raman spectros-
copy (35, 41), dielectric spectroscopy (42) and terahertz
spectroscopy (43), and NMR relaxometry (44). NMR
relaxometry was also used to study the API recrystallization
process in an API-polymer physical mixture, where drug and
polymer are not intimately (approximately on a 100-A scale)
mixed and two distinct types of submillimeter size grains exist
(45). The recrystallization of API in the ASD system is a
more complex process, which was studied, for example, for
felodipine and polymers — polyvinylpyrrolidone (PVP) and
hypromellose acetate succinate (HPMCAS) by means of the
PXRD method (46). Moreover, the time-domain (TD) NMR
method (47) was applied to ASD systems (carbamazepine/
polyvinylpyrrolidone (hereafter PVP) and indomethacin/
PVP) and a modification of the magnetization recovery due
to partial recrystallization of APIs in ASD was noticed (29).
However, in this work, there was no quantification of the
observed API recrystallization.

The aim of the present study is to investigate the physical
stability of amorphous API and its recrystallization in ASD
by NMR relaxometry. In the first stage of the study, ASD was
stored in 0% relative humidity (RH), i.e., it was examined
whether recrystallization could occur in such condition and to
get suggestion about achievable shelf life. In the second part,
the sample was under environmental stress, i.e., was stored in

75% RH. Felodipine with PVP was selected for this research.
Felodipine belongs to a class of drugs called calcium channel
blockers from the group dihydropyridine derivatives. It
relaxes the blood vessels and is used to treat high blood
pressure. Felodipine in its crystalline and amorphous form
and in a mixture with polymers is widely studied by numerous
scientific teams and can therefore be treated as a model
compound (31, 35–37, 39, 44–57). On the other hand, PVP
(with a varying chain length and molecular weight) is a very
common polymer in ASD (58). NMR relaxometry has
already been used successfully to evaluate the recrystalliza-
tion of amorphous felodipine (44) and for the recrystallization
of amorphous felodipine in a mixture with PVP (45). In the
first case, except for the initial and final state, the system was
two-phase (components related to amorphous and crystalline
felodipine). In the second case, the system, except for the
initial and final states, was three-phase; components related to
amorphous crystalline felodipine and PVP have been ob-
served. The choice of felodipine/PVP system for our research
will enable the comparison of the results with the recrystal-
lization process studied by PXRD (46). Additionally, our
study will indicate the recrystallization route in our ASD
sample. To the best of our knowledge, this method (NMR
relaxometry) was used to quantify the recrystallization
process in ASD for the first time.

MATERIALS AND METHODS

Sample Preparation and Characterizations

Amorphous Solid Dispersion. Felodipine (C18H19Cl2NO4)
and the polyvinylpyrrolidone (PVP, average molecular weight
10 kg/mol, (C6H9NO)n) were purchased from TCI, Japan, and
Sigma-Aldrich, respectively. Felodipine (form 1) was previously
described by means of the differential scanning calorimetry
(DSC), powder X-ray diffraction (PXRD), and Fourier trans-
form infrared spectroscopy (FTIR) methods (48). The amor-
phous solid dispersion sample was prepared using the solvent
evaporation method: 0.5 g of felodipine, which had previously
been dried for 24 h at 110°C, was weighed into a 500-ml round-
bottom flask, and 100ml of anhydrous ethanol was added. Then,
0.5 g of polyvinylpyrrolidone was dissolved in 100 ml of
dichloromethane and added dropwise to the flask. The flask
was sealed, and the solution was stirred for 24 h at 25°C and 400
rpm. The solvent was then removed on a Rotavapor R-100
Buchi rotary evaporator. The resultingmaterial was crushed and
dried under reduced pressure for 24 h to remove any residual
solvents. The material was again triturated and dried for 10 h at
25°C in a Glass Oven B-585 Buchi.

Preliminary Characterization of the Sample. Powder X-
ray diffraction measurements were performed just after
preparing the system. No diffraction peaks were observed,
only a broad amorphous halo with two maxima at 11 and 22°
(Fig. S1). DSC measurements were also performed in the
temperature range from 26 to 166°C. Only one anomaly was
observed in the DSC curve at 70°C, which is related to the
glass transition of ASD. The glass transition temperature Tg
is 126°C and 46°C for the PVP studied and amorphous
felodipine, respectively. From the Gordon-Taylor (59) equa-
tion, the temperature of the glass transition Tg for an ideal
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binary mixture was determined and was 67°C, which is very
close to the measured one. The single glass transition and the
absence of the endothermic peak related to the melting of
felodipine indicate a high degree of mixing felodipine with
the polymer, i.e., a high degree of homogeneity of the
prepared ASD system.

NMR Relaxometry Measurements. The spin-lattice T1

and spin-spin T2 relaxation times were measured as a function
of the time since preparation of the ASD sample approxi-
mately every week. The research was divided into two stages.
The first one lasted 250 days, in which the sample was stored
at 27°C and 0% RH. The sample was then put through sieves
so that the grain sizes were in the range from 0.1 to 0.2 mm
and was placed in a desiccator at 75% RH. The material
obtained was divided into two parts. T1 and T2 relaxation
times were then measured approximately every week for the
first sample, and for the second sample, PXRD spectra were
recorded several times. The second stage of the research
lasted 300 days.

Methods

DSC analyses were performed using a PerkinElmer
DSC8500 calorimeter. n-Dodecane and indium standards
were used for instrument calibration. Heating thermograms
were carried out at a standard rate of 10 K/min under a dry
nitrogen atmosphere (flow rate 20 ml/min).

Powder X-ray diffraction (PXRD) studies were carried
out on powdered samples using a Bruker D8 Advance
diffractometer with Cu Kα radiation (λ = 1.54 Å) and a
LynxEye detector, operating in Bragg-Brentano geometry.
Scans were recorded at room temperature (300 K) in angles
ranging from 5 to 50 (°2Theta) with a step size of 0.03 and
continuous scan mode.

1H NMR Measurements. The samples for the 1H NMR
measurements were placed in a glass ampoule with an inner
diameter of 8 mm. All measurements were performed using a
relaxometer working at a resonant frequency of 25.0 MHz
(El-Lab Tel-atomic). A saturation pulse sequence (25 pulses
90°x of 4.2 μs separated by 4.2 μs) and, after time τ, probing
pulses were applied. As probing pulses, the “solid echo” (60,
61) sequence 90°y-τe-90°x was used, which has the advantage
that FIDs are not distorted by the dead time of the radio
frequency pulse. FIDs were recorded for 64 time intervals τ
(ranging from 5 ms to 50 s) between the saturation series and
the probing pulse. To improve the signal-to-noise ratio (S/N),
four accumulations were used. All measurements were made
at 295 K.

The FID curves (detected for maximum τ) were fitted by
the linear combination of two functions (Gaussian and
exponential function):

A tð Þ ¼ AG
0 exp − t=TG

2
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0 exp − t=TE
2

� �� � ð1Þ

where A denotes the amplitude of given component, and T2

the spin-spin relaxation time; the superscript “G” denotes the

Gaussian function, while superscript “E” denotes the expo-
nential component characterized by a longer relaxation time.

The spin-lattice relaxation time T1 was extracted from
the saturation recovery curve (magnetization recovery)
obtained from the evolution of FID in a function of τ. The
magnetization recovery curve for multiphase systems can be
described with the following expression:

Mz ¼ ∑
N

i¼1
Mi

0 1−exp −t=Ti
1
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where N denotes the maximum number of phases, T1
i are the

values of relaxation time in a given phase, and M0
i are the

contributions to the total magnetization arising from these
phases 1, 2, and 3. The fraction of each of the phases can then
be calculated from the following formula:

fri ¼
Mi

0

∑
N

i¼1
Mi

0

ð3Þ

The experimental curves were fitted using the least-squares
method or non-linear least-squares fitting using the
Levenberg-Marquardt algorithm in the PeakFit program (62).

The quality of the magnetization recovery curves de-
pends on the number of accumulations and the mass of the
sample (in our case these were 4 and approx. 0.4 g,
respectively). Such measurement parameters allow to prop-
erly distinguish the phases and determine the fraction of each
phase with an accuracy of 3–5% if the relaxation times T1 of
selected components differ at least about 20–30%.

RESULTS

The Physical Stability of Felodipine in ASD — Spin-Lattice
T1 and Spin-Spin T2 Relaxation Times in the First Stage of
the Study (0% RH)

The relaxation time T1 as a function of time since sample
preparation is shown in Figure 1. The value of the time T1

immediately after sample preparation was 800 ms. This is an
intermediate value between the T1 for PVP (80 ms) (45) for
amorphous felodipine (1500 ms) (44, 45). It is worth
underlining that all recoveries of magnetization curves were
one-exponential and fitted by Formula (2), assuming N = 1.
Such magnetization behavior confirms the homogeneity of
the system in which spin-lattice relaxation times are the
average of the single value throughout the sample, due to the
spin diffusion (19, 63). Interestingly, the value of T1 after the
first decay was approximately constant up to 70 days and then
decreased monotonically in a function of time to 300 ms on
day 250.

Figure 2 shows the shape of FID recorded 250 days after
sample preparation. The analysis of FID decay provides
information about regions of the sample with possible
different mobilities. This curve is described by means of two
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functions, Gaussian and exponential (Eq. (1)), and each
function is related to one of the motionally distinguishable
regions. The value determined for the spin-spin T2

G

relaxation time for the component described by the
Gaussian function was ~17 μs and did not change with time.
On the other hand, the T2

L constant up to 140 days from the

sample preparation and equal to ~32 μs and then T2
L

increased and reached a value of ~126 μs on day 250 (Fig.
1). The amplitudes of the given components were constant
over time and stood at 0.83 and 0.17 for A0

G and A0
L,

respectively, which means that the number of protons
belonging to these components remains constant. As the

Fig 1 Spin-lattice T1 (filled triangle) and spin-spin T2 relaxation times (open circle, long
component, filled circle short component) in a function of time since the ASD sample preparation
(first stage of the study). The dot lines are guided by eyes

Fig. 2 FID curves measured for ASD (filled red circle) first stage of the study (0% RH), (filled
black square) second stage of the study (75% RH)
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relaxation times T2 are relatively short, both components
correspond to the solid phase, although the T2

L of the
component described by the exponential function indicates
the presence of a small, more mobile part in the system.

In order to quantify the domain sizes in the ASD sample,
measurements of the T1 spin-lattice relaxation time should be
analyzed. Based on these data, the maximum size of the L
domains can be estimated from the following formula (64–
66):

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
6DT1

p
ð4Þ

where D is the spin diffusion coefficient.
The diffusion coefficient D (Eq. (4)) depends on the

distance between protons rHH in the system and on the
dipolar coupling, which is proportional to the line width of the
1H signal Δν1/2 (66). As line width is proportional to the spin-
spin relaxation time T2, the diffusion coefficient can be
described as follows:

D∼Δv1=2 rHHð Þ2∼ 1=γð Þ 1=T2ð Þ rHHð Þ2 ð5Þ

where γ is gyromagnetic ratio.
As experimentally T2

G does not depend on time, the
diffusion coefficient D in the system does not change.
Assuming a D value of 8 × 10−12 cm2/s, which is typical for
organic solids (including polymers) (65), it was established
that the size of the domains did not exceed 62 nm (just after
preparation) and decreased to 37 nm on day 250 after
preparation. For a similar system, the estimated minimum
value of L domain sizes based on spin-lattice relaxation time
measurements in the rotating frame T1ρ was 4–5 nm (56). We
can therefore conclude that the ageing of the ASD sample at
zero humidity does not cause felodipine recrystallization and
results obtained suggests that domain sizes decreases. Our
studies also indicate that the shelf life of an ASD sample
stored in 0% RH is at least 6 months.

The Recrystallization of Felodipine — Spin-Lattice T1 and
Spin-Spin T2 Relaxation Times in the Second Stage of the
Study (75% RH)

During the first 2 days after the sample was placed in
75% humidity, the magnetization recovery was still one-
exponential, but after 8 days, the curves became clearly non-
exponential. This means that drastic changes occurred, and
the system became heterogeneous. This recovery of the
magnetization was best described by means of three relaxa-
tion processes (Eq. (2), for N = 3), which were characterized
by the following T1 time values: 21 ms, 156 ms, and 5700 ms
hereinafter referred to as the short, intermediate, and long
components, respectively. Figure 3 shows an exemplary fit
after 70 days in 75% RH, and Figure S2 shows fits for
measurements performed after 30, 70, and 130 days. The T1

time values (Fig. 4) for the short and intermediate compo-
nents grow monotonically with time, and their values at the
end of measurements (300 days) were 66 ms and 309 ms,
respectively. The long component of T1 time does not change
within the limit of measurement accuracy.

As mentioned above, the non-exponential recovery of the
magnetization indicated that the sample studied became heteroge-
neous. The most expected modification to this system is recrystal-
lization of felodipine. This assumption is confirmed by the fact that
the value of the long time component T1 corresponds precisely to
the crystalline felodipine. This conclusion is also supported by
PXRDmeasurements. After 30 and 70 days, the PXRD spectra of
the ASD sample were also measured. Well-formed Bragg peaks
corresponding to crystalline felodipine and halowithmaxima for 11
and 22° angles related to the amorphous part of the system were
detected (Fig. S1).

The assignment of two other components of the T1 relaxation
times will be based on the analysis of the behavior of their fraction
over time (Eq. (3),N=3) in themagnetization (Fig. 5). The fraction
of the short component increases monotonically with time, while
the fraction of the intermediate component decreases monotoni-
cally. However, the fraction of the long component T1 behaves
quite differently, as it grew for up to 50 days, after which it had a
constant value of 0.2. Since the fraction of the short component of
T1 time increases with the time that the sample remains at 75%
humidity, it should be attributed to the water built in the system
(the analysis of the shape of the FID signal presented later in the
paper also shows that water is embedded in the sample). The
intermediate component of T1 time can be ascribed to that part of
the felodipine and PVP in ASD that remained after the partial
recrystallization of felodipine. This component can also be related
to bound water, free amorphous felodipine, and free PVP.
However, all these parts are described by one relaxation time, i.e.,
spin diffusion averagesT1 between them.T1 relaxation time of slow
and intermediate components increases slightly in a function of
time, which means that the mobility of unbounded water is
changing. The water that builds into the sample also impacts on
the dynamics of remaining PVP and felodipine in ASD.

As was previously shown, the T1 relaxometry method is
suitable for determining the recrystallization process in an
amorphous system (44) and in a mixture of amorphous API
with PVP (35). Quantitative information on the degree of
crystallinity is provided by the analysis of the fraction of
magnetization of a given component in the equilibrium magne-
tization of the sample. If we want to determine the fraction of
crystalline felodipine from the measurements of T1, we must
take into account only the contributions of the long and
intermediate T1 components to the magnetization. The contri-
bution of a component with a short T1 value should be omitted,
because protons fromwater molecules that build into the system
increase the value of the equilibriummagnetization. In addition,
such an approach enables the comparison of the results obtained
by T1 relaxometry with those obtained by the PXRD method,
because water is not visible in these spectra.

For this reason, the fraction of crystalline felodipine was
calculated omitting the contribution to the equilibrium
magnetization of the short-time component T1 (Eq. (3), N =
2), and the dependence obtained is shown in Figure 6. This
figure also shows the results of recrystallization of felodipine
in ASD with PVP over time, as obtained by the PXRD
method (36). These results are in good agreement with those
obtained using NMR relaxometry.

The fraction of the crystalline phase grows with time, but
the increase is faster until the point 200 days from placing the
sample in a humidity of 75%. However, even on the last day
of measurement, the fraction of crystalline felodipine is
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~50%, which means that the remaining 50% is amorphous
felodipine hydrogen-bonded with PVP. It should be remem-
bered that the method of preparing ASD we used was the

same as in the paper by Konno et al. (50) with the exception
of the molecular weight of the PVP (the length of PVP chain)
being different.

Fig. 3 Magnetization Mz (points) versus time (τ) distance between the saturating series and probing
pulse recorded for the ASD sample after 70 days in 75% RH. The lines are the best fit (using Eq.
(2), N = 3) to the experimental points. The magnetization related to crystalline felodipine — red,
dashed line, water — blue, dotted line, to the remaining PVP and felodipine in ASD — green line,
the resultant magnetization — black, solid lines

Fig. 4 Dependence of T1 relaxation times as a function of the time since the ASD sample was
placed in 75% humidity, (filled blue circle) component corresponding to water, (filled green square)
component corresponding to the remaining PVP and felodipine in ASD, (filled red triangle)
component corresponding to crystalline felodipine. T1 (filled black circle) extracted from one-
exponential recovery curves
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Figure 2 also shows the FID curve recorded after 70 days
in a relative humidity of 75%. As in the first stage of the
research, this signal was described using two functions,
Gaussian and exponential (Eq. (1)), and again, each function
corresponds to one of the motionally distinguishable regions.
The value of the spin-spin T2

G relaxation time for the
component described by the Gaussian function was ~17 μs
and did not change with time. This value is very close to that
measured for the Gaussian component in the first stage. On
the other hand, the value of the spin-spin T2

L relaxation time
for the component described by the exponential function is
constant and amounts to approximately 1 ms.

The analysis of FIDs shows that for the ASD sample in 0%
and 75% RH, we observe the coexistence of the rigid part
characteristic for a solid, which is described by the short timeT2

G,
with themobile part, described by the longer timeT2

L. However,
in the sample stored at 0% RH, the fraction of the rigid part in
the FID is definitely higher than the fraction of the mobile part.
On the other hand, the fractions of the rigid and mobile
components in the sample stored at 75% RH are comparable
(after 2-3 days from putting the sample to 75% RH).

The T2
G time values are very similar for the sample stored in

0% and then in 75%RH and do not depend on the time since the
sample was prepared. On the other hand, the T2

L time values for
the mobile part are significantly different. The T2

L time values
measured in the first stage of the study are only in the order of tens
ofμs, which suggests that they are also connectedwith the solid part
of the system, while the T2

L times in the second stage of the study
are of the order of milliseconds and this component corresponds to
absorbedwater and does not depend on time.AmplitudesA0

G and
A0

L are similar, which means that the number of protons in the
solid part and in the semi-liquid is comparable.

Using the Raman mapping method, Luebbert et al. (54)
showed that for a wide range of felodipine content in PVP
and high humidity, moisture-induced amorphous-amorphous
phase separation (APS) was observed. Using the methods of
atomic force microscopy, nanothermal analysis, and
photothermal infrared microspectroscopy, the authors of the
study (67) demonstrated the occurrence of phase separation
in a thin film, felodipine-PVP K29/32 under high humidity.
PVP cannot prevent phase separation of felodipine under
high humidity but can minimize the crystallization of amor-
phous felodipine domains in the solid dispersion thin films.

The behavior of the sample stored at 75% humidity is
definitely different to that in the studies discussed above, in
which it was shown that felodipine recrystallization was
preceded by APS. In this case, shortly after placing the
ASD sample in a humidity of 75%, we should observe the
three components of magnetization: from amorphous
felodipine, PVP, and water. Over time, a fourth component
of the magnetization related to the crystalline felodipine
should appear. However, we observe only three components
of magnetization assigned to crystalline felodipine, PVP with
felodipine, and water. The lack of a component related to
amorphous felodipine, for which the T1 relaxation time is
about 1.5 s, indicates that in the ASD studied here,
crystallization of felodipine is not prior by APS.

In the ASD samples (felodipine/PVP) in which
amorphous-amorphous phase separation was prepared by
various methods: solvent evaporation (46, 50, 54), spray drying
(50), or a solvent thin film spin-coated onto glass slides (50)
and a high molecular weight, a PVP polymer was always used,
most often K29/32 and less frequently K25. We prepared the
ASD using the solvent evaporation method, similar to the

Fig. 5 Dependence of fraction of the magnetization (calculated from Eq. (3)) as a function of the
time since the ASD sample was placed in 75% humidity, (filled blue circle) component
corresponding to water, (filled green square) component corresponding to the remaining PVP
and felodipine in ASD, (filled red triangle) component corresponding to crystalline felodipine
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procedure described in the paper (46). However, unlike other
authors, we seasoned the sample within 250 days in 0% RH
and we used PVP with a lower molecular weight of 10 kg/mol.
It seems that this is the most likely reason for such different
behavior under the influence of high humidity of our sample
compared to the behavior described by other authors. The
influence of the molecular weight of the polymer on the
degree of mixing of API/PVP components was investigated in
the NMR study (52) by measuring the spin-lattice relaxation
time in a rotating coordinate system T1ρ for protons. The
study was performed for ASD (felodipine/PVP) with 90% by
weight of API and for three PVP samples with different
weights: K12 (2–3 kg/mol), K25 (28–34 kg/mol), and K90
(1000–1500 kg/mol). It was found that the homogeneity of the
mixture was worse for PVP with higher molecular weights,
and the reason for this was their lower mobility. Thus, the
higher mobility of the lower molecular weight PVP used and
increased homogeneity as a result of seasoning in 0% RH
may be the reason why felodipine recrystallization was not
preceded by the occurrence of APS.

CONCLUSIONS

The sample of amorphous felodipine/PVP solid disper-
sion was studied by the NMR relaxometry method (T1, T2)
and led to the following conclusions:

1. The ageing of the ASD system stored at zero humidity
was manifested by a decrease in the domain size of a
significant part of the sample (over 80%) and an
increase in the mobility of the other area. Felodipine
remained amorphous for at least 6 months.

2. The T1 relaxometry method allowed the process of
felodipine recrystallization in ASD stored in 75%
humidity to be studied. The results obtained are in
strong agreement with those obtained for a similar
system using the PXRD method (37).

3. The process of felodipine recrystallization in this
system was not preceded by phase separation (APS).

4. The study shows that NMR relaxometry (TD NMR) is
a useful and convenient tool for studying the physical
stability of API and its recrystallization in an amor-
phous solid dispersion system, where API is intimately
mixed with a polymer at the molecular level. Time
domain NMR can be applied in the field of pharma-
ceutical science not only in scientific laboratories but
also for industrial applications.
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