thermochimica
acta

ELSEVIER Thermochimica Acta 397 (2003) 103-117

www.elsevier.com/locate/tca

Investigation of the polymorphic transformations
from glassy nifedipine

Bram Keymolef, James L. Fort) Mark W. Powell, Ali R. Rajabi-Siahboorfi

School of Pharmacy and Chemistry, Liverpool John Moores University, Byrom Street, Liverpool L3 3AF, UK
Received 10 December 2001 ; accepted 10 April 2002

Abstract

The polymorphic behaviour of nifedipine was investigated using differential scanning calorimetry (DSC), modulated
temperature DSC (MTDSC) and hot stage microscopy (HSM). DSC and MTDSC scans of glassy nifedipine samples revealed
the presence of several heating rate-dependent events occurring prior to the main melting endothe@hiftialing
solid—solid recrystallisation on MTDSC curves. These events were related to the recrystallisation and transformation between
different polymorphs of nifedipine. Recrystallisation, solid—solid and solid-liquid—solid transformation processes occurred
in glassy nifedipine when heated from 4G to its final melting point of 172C, including a glass transition a48°C. It was
concluded that there were probably four polymorphic forms of nifedipine. The chemical stability of nifedipine during DSC
scanning was established by high performance liquid chromatography (HPLC) with diode array UV detection.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction presence of polymorphic Form | (melting peak at
172°C), Form Il (melting at~163°C) and Form lII
There are reports that nifedipine, a calcium-channel (melting at~135°C). Hirayama et al[2] produced
blocker, has a number of polymorphs and that the DSC scans of glassy nifedipine at ®min-!, and
addition of cyclodextrins or polyvinylpyrrolidone af- summarised the thermal transitions as: (i) an en-
fects the occurrence of the metastable forihg]. dothermic event at 48C (glass transition); (ii) an
Eckert and Miller[1] reported the appearance of exotherm at 105C (crystallisation of form B); (iii)
several events in differential scanning calorime- an exotherm at 128 (transition of form B to form
try (DSC) scans of nifedipine, at a heating rate A); and (iv) an endotherm at 17Z (melting of form
of 5°Cmin~1, These events were attributed to the A). 2-Hydroxypropyl-B-cyclodextrin was proposed
as an additive that allowed selective preparation of

* Corresponding author. Tel#44-151-231-2096; form B of nifedipine[2]. Uekama et al[3] suggested
fax: +44-151-231-2170. that the presence of 2-hydroxyprodeyclodextrin
E-mail address: j.I.ford@livjm.ac.uk (J.L. Ford). prevented the crystallisation of amorphous nifedipine

1 Pres_;ent address: Department Earmaceutische Wetenscha_ppenor form B nifedipine, to the A form of the drug.
Faculteit Medische en Farmaceutische Wetenschappen, Univer- Hot stage microscopy (HSM) may be used to eval-
siteitsplein 1, B-2610 Antwerpen, Belgium. g . Py ¢ y .
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Way, Crossways, Dartford, Kent DA2 6QD, UK. in a drug by selective use of controlled heating and
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cooling rates. This may lead to the formation of tran-
sient, very unstable polymorphic forms of a drug. In
this study, the polymorphic behaviour of nifedipine
was investigated using HSM. Additionally, DSC and
modulated temperature DSC (MTDSC) were used
to confirm the recrystallisation of nifedipine from
its glassy melt and to determine whether the modu-
lated technique had potential to evaluate solid—solid
transformations. The stability of nifedipine following
heating was studied during heating using thermo-
gravimetric analysis (TGA) and high performance
liquid chromatography (HPLC).

2. Experimental

2.1. Materials

Nifedipine BP was used and stored under light-
protected conditions to prevent photo-decomposition.
HPLC grade acetonitrile and water were obtained from
Mallickrodt-Baker (Milton Keynes, UK), and spec-
trophotometric grade trifluoroacetic acid was supplied
by Sigma-Aldrich (Gillingham, UK).

2.2. DSC and MTDSC

Aluminium sample pans (40l; Part No. 219-0041,
Perkin-Elmer, Beaconsfield, UK) were used through-
out.

2.2.1. Glasstransition of nifedipine

The glass transition of nifedipine was determined by
two methods, using a Perkin-Elmer data station with
Pyris 1 software. Untreated nifedipine samples were
scanned from 20 to 18@ at 20°Cmin—1, cooled
back to 20°C at a nominal rate of 200GC min—1
(i.e., an instrument setting but probably in fact a
lower rate), held at 20C for 5min before heating
to 180°C at 20°Cmin~. The glass transition tem-
perature (§) was determined from this final DSC
heating curve by the half change in specific heat. To
determine theTy from MTDSC data, samples were
similarly treated, i.e. heated from 20 to 18D at
20°Cmin~1, cooled to 10C at a nominal rate of
200°Cmin~! and held for 5min. The modulated
cycle was then applied from 2, using a cycling
time of 1min, heating at 8 min~! for 30s and
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cooling at #Cmin~! for 30, giving an underlying
heating rate of 2C min~1. Calibrations of heat flow
and temperature scale were carried out using zinc
(melting point: 419.47C), indium (melting point:
156.61°C; AH: 28.45Jg?) and lead (melting point:
327.47C).

2.2.2. Recrystallisation studies of glassy nifedipine
Samples of nifedipine (~3 mg accurately weighed)
were placed in aluminium sample pans, sealed and

heated to 180C using a Perkin-Elmer differential
scanning calorimeter DSC7 (Beaconsfield, UK) at
20°Cmin~! under an atmosphere of nitrogen. The
sample pans were then removed and cooled to room
temperature. DSC and MTDSC scans on the cooled
samples were carried out from 45 and°@) respec-
tively, using a Perkin-Elmer DSC7 with a TAC7/DX
thermal analysis controller, and analysed using
MTDSC data analysis software (Perkin-Elmer, Bea-
consfield, UK). The glassy nifedipine was scanned at
heating rates of 1, 2, 5, 10, 15, 20 and°&min—1

for DSC and average heating rates of 0.5, 0.6, 0.625,
0.75, 1 or 2C min~* for MTDSC. Both heat/cool and
iso/scan modes were applied to the MTDSC scans
(Table 1).

2.3. HSV

HSM using polarised light was employed to study
crystallisation and melting of nifedipine. A central
processor FP80 and FP82 hot stage (Mettler-Toledo,
Leicester, UK) were used with a BH-2 optical micro-
scope (Olympus, London, UK), equipped with a TK
C1381 camera and S-VHS BR-S920E recorder (JVC,
London, UK) and a computer. Untreated nifedip-
ine, and samples that had been previously heated to
180°C at a heating rate of 2@ min~! and cooled
to room temperature to maintain the glassy state,
were examined using heating rates of 1, 2, 5, 10 or
20°Cmin—1.

24. TGA

A Perkin-Elmer TGA7 thermogravimetric analyser
(Beaconsfield, UK) was used to analyse untreated
nifedipine samples (~5mg, accurately weighed) at
heating rates of 1, 2, 5 or 2 min~! in an atmo-
sphere of nitrogen.
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Table 1
The experimental conditions used for MTDSC scans of nifedipine using iso/scan or heat/cool cahditions
Underlying heating Heat/cool MTDSC Iso/scan MTDSC
rate (C min1) - - X -
Heating Cooling Heating Isothermal period
time, s
Rate (Cmin~!) Time (s) Rate{Cmin!) Time (s) Rate{Cminl) Time (s) ( )
2 8 60 4 60
1 4 60 2 60 2 60 60
2 30 30
0.75 3 30 15 30 15 30 30
0.625 25 24 1.25 24
0.6 1.2 25 25
0.5 2 30 1 30 1 30 30

aprior to MTDSC analysis, the samples were heated to°@3at 20°C min~! and rapidly cooled to room temperature.

2.5. Evaluation of the thermal stability of 3. Results and discussion
nifedipine by HPLC
3.1. DSC and HSM

To assess the stability of nifedipine samples that
had been subjected to DSC, pans containing nifedip- Untreated nifedipine showed a single melting
ine, following DSC, were transferred into acetoni- point endotherm with an onset temperature of 12
trile to produce a solution with a concentration (Fig. 1) and an endothermic change in baseline fol-
of ~1mgmlL. Untreated nifedipine was used for lowing melting. TGA suggested that decomposition
calibration purposes; solutions in acetonitrile were was an unlikely cause of this phenomenon, since only
prepared at 0.5, 0.75, 1.0 and 2mglA Waters a very small weight loss (<0.7%) was apparent during
(Watford, UK) HPLC system, comprising a 2690 heating of the samples, irrespective of heating rate.
solvent delivery unit with autosampler and column HPLC analysis following thermal treatment re-
heater, a 996 diode array UV detector and a Millen- vealed no apparent impurities in the chromatograms.
nium data station were used for the study. The column Both nifedipine standards and melted samples pro-

used was a Symmetry Shield RR50 mmx 3.9 mm, duced a single peak with a mean retention time of
5wm particle diameter (Waters Limited, Watford, 11.5min. At this retention time, peaks in the chro-
UK), maintained at 30C onto which 5ul sample vol- matograms of melted nifedipine gave UV spectra

umes were injected. The mobile phase consisted of aidentical to those produced from injections of nifedip-
water/acetonitrile gradient, modified with 0.1% (v/v) ine standards. The UV spectral purity angle was
trifluoroacetic acid at a flow rate of 1.0 mlmih 0.222 for the pre-treated sample, indicating almost
Gradient elution was employed in order to shorten perfect homogeneity (100% homogeneity 0°; 0%
analysis time, to allow screening for a wide range homogeneity= 90°). The purity threshold was 1.005.
of polarities in possible degradation products, and to This provides good evidence that the chromato-
avoid artefact peaks from previous injections. Tri- graphic peak eluting at the expected retention time
fluoroacetic acid was added to the mobile phase asfor nifedipine consisted of a single chemical entity. It
an ion-pair reagent to improve retention and prevent may be thus inferred that nifedipine was chemically
tailing of the nifedipine peak. The mobile phase was stable during DSC analysis. Since there is no decom-
degassed on-line using a membrane vacuum degasseposition, all heat flow variations may be presumed to
supplied as an integral part of the HPLC system. stem from structural changes in the sample. Therefore
Data were acquired over the range 190-350 nm at ansamples were scanned following heating and cooling
optical resolution of 1.2nm and a sampling rate of to assess polymorphic change.

1spectrums!. Data extracted at 235nm were used  The glass transition of nifedipine was readily appar-
for quantitation. ent in both DSC (Fig. 2) and MTDSC (Fig. 3) curves.
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Fig. 1. DSC scan of untreated nifedipine (4.04 mg) obtained at 10°Cmin—".
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Fig. 2. DSC of a sample of nifedipine (11.480 mg) obtained at@min~1. The sample had previously been heated from 20 to°C8at
20°Cmin~1, immediately cooled to 20C at 200°C min—%, and held at 20C for 5min.
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Fig. 3. MTDSC of a sample of nifedipine (11.480 mg) obtained at an underlying heating rateCohid—!, acquired through heating
at 4°Cmin1 for 30s and cooling at 2Cmin~! for 30s. The sample had previously been heated from 20 t6°@8&& 20°C min~1,
immediately cooled to 20C at 200°C min~1, and held at 20C for 5 min.
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The DSC curves, showing also a relaxation endotherm,
give a typical halfC, extrapolatedry of 47.5°C with
a AC, of 0.37Jg’foc—1 (Fig. 2). MTDSC curves higher temperatures than those seen’a fhin—1. At
gave a typically of 46.5°C (Fig. 3) derived fromthe  5°C min—1, crystallisation via spherulite formation
storage specific heat curve. This curve showed a sim- occurred at~113°C and solid—solid transformation
ple step transition: a relaxation event was also appar- took place in the range 128-146. Further changes
ent on the heat flow curve and an endotherm in the were evident at 148C and recrystallisation melting
loss specific heat curve. occurred at~165°C with final melting at~172°C.
The Ty values obtained in this study correspond This suggests that two polymorphs were present in

The use of faster scanning rates modified the events
that took place. Equivalent transitions occurred at

well to the value of 48C obtained previouslyZ2].

Resolution of the MTDSC curves showed that the re-
laxation enthalpy associated with the heat flow curves
(Fig. 3) or the DSC curve (Fig. 2) could be removed

the sample, the faster rate ofPGmin~! preventing
full conversion of Form Il or B[1,2] to the stable
polymorph.

At 10°Cmin~!, crystallisation via spherulite

when the storage specific heat curve was derived. Theformation occurred at~115°C and solid—solid
endotherm was still apparent in the loss specific heat transformation took place in the range 137-163

curve (Fig. 3).

Examination of glassy nifedipine by HSM at tem-
peratures >45C partly supported earlier data on the
thermal analysis of nifedipingé,2]. Part of this related

(Fig. 4D). Further solid—solid changes were evident
at 153-162C. Melting and some recrystallisation
melting occurred at~168°C with final melting at
~173°C. At 20°Cmin~%, crystallisation occurred

to the influence of heating rate on the conversions seenat 142-153C to produce large plate like crystals

for glassy nifedipine. At a heating rate of@ min~!

(Fig. 4E), almost certainly corresponding to the for-

(illustrated as a sequence on the same sample duringmation of Form Il or B[1,2] nifedipine since these

heating inFig. 4A—C) crystallisation from the glassy
solid occurred in the range 85-106. HSM indi-
cated spherulite growth from a number of nucleation
centres with needles of nifedipine developing on top
of the spherulites at 100-10€ (Fig. 4A). In other
words, this indicated a liquid—solid transformation
with a further possible solid—solid transformation. A
further solid—solid transformation of the spherulites
and needles to crystals with plate-like habits oc-
curred from~109 to 124C (Fig. 4B), particularly
apparent at-112-114C. A gradual reduction in in-
tensity and colour of the polarised crystals occurred
at ~125-155'C concomitant with restructuring. Fur-
ther minor recrystallisation was apparent&t57°C,
with minor melting at 160C prior to major melt-
ing at 168-172C (Fig. 4C). Clearly, this latter melt
corresponds to the melting of Form[1] or Form

A nifedipine [2] described previously. Certainly at
this low heating rate of 1C min~! visual evidence
existed for the recrystallisation from the glassy state
of spherulites and, almost immediately, of separate
needles from the solid structures. Solid—solid trans-
formation to plates occurred at120°C and gradual
further transformations occurred to the stable Form |
polymorph. There was no evidence for the melting of
a Form Il polymorph[2] at 135°C.

crystals melted predominately atL68°C with minor
melting at~173°C.

Such observations suggest that, as postulated by
Hirayama et al[2], Form | and Form II polymorphs
of nifedipine exist. However, the Form or Forms that
originally crystallised from the glass at low heating
rates themselves converted to Form Il which at the
slow heating rates converted to Form |. The HSM data
present a more complicated scenario than that pro-
posed by Hirayama et di2].

Under the preparative conditions used in this study
nifedipine samples, previously melted and cooled,
were used to assess polymorphic modifications dur-
ing re-heating. It is assumed that the samples inside
the sealed DSC sample pans took on the same form
as those on the microscope slides during HSM heat-
ing when transparent, slightly yellow glasses were
formed.

In contrast to untreated samples, DSC of glassy,
heat-treated, nifedipine exhibited several exothermic
events, which were heating rate-dependent (Fig. 5a
and b). At lower heating rates (1 oP€ min—1), crys-
tallisation started at an onset temperature~&0°C
and appeared to be an irregular event (Fig 5b). An-
other broad but shallow exotherm occurred between
110 and 150C, preceded by a small exotherm at
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Fig. 4. Photomicrographs of the conversions of nifedipine from the glassy state to the crystalline forms. Melt recrystallised nifedpine
at: (A) 100°C heating at 2Cmin~1; (B) 106.5°C heating at ZCmin1; (C) 169.3°C heating at 2Cmin~1; (D) 136.9°C heating at
10°C min~! showing recrystallisation from the melt; (E) 154® heating at 20C min—1.
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Fig. 4. (Continued).
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Fig. 4. (Continued).

~100-105C, and followed by a single melting en-
dotherm at 172C. These events broadly corresponded
to the HSM data obtained at’C min—1 where initial
recrystallisation was followed by the development of
needle-like structures. A tentative interpretation of this
phenomenon could be the formation of the spherulite
structures (possibly Form V) and needle structures
(possibly Form 111) in the initial exotherm, followed by
conversion to Form Il in the exotherm at 100-2@5
This Form Il gradually changed to Form | on the broad
but shallow exotherm from 110 to 15C as exempli-
fied by HSM with development of plate-like structures
which gradually changed during heating and finally
melted. Complete conversion to Form | was accom-
plished.

At higher heating rates (5, 10 and G min=1),
crystallisation exotherms (Fig 5b) shifted proportion-
ally to higher temperatures, while separation into

scanning rates, the third transition was too brief,
hindering the transition of Form Il to Form I.

At heating rates of 20 and 5€ min~1, the mag-
nitude of the endotherm at 168 increased, as an
increasing amount of Form Il melted and was not
converted to Form |. Correspondingly, the endotherm
at 172°C became smaller (e.g. 2@ min—1; Fig. 5a).
HSM (Fig. 4E) showed large plate-like crystals that
formed only at temperatures in excess of 160This
heating rate dependency and the idea that nifedipine
has more than two polymorphic forms were con-
firmed by HSM. Temperatures of events correlated
well for the same heating rate in both DSC and HSM.
Polarised light microscopy distinguished between
solid—solid transitions and solid—liquid—solid transi-
tions. HSM also showed minor transitions between
recrystallisation and melting.

The terminology of Forms I, Il and Il follow the

three or more transitions became apparent and a melt-convention of Eckert and Mullgl], although in no

ing endotherm at 163C was observed before the
final melting endotherm at 17Z (Fig. 5a). When
crystallisation from the glass was inhibited by faster

DSC scans or HSM studies could Form IIl be shown
to melt at~135°C. Indeed, the data more closely re-
sembled the observations of Hirayama et[2]. Put
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simply, at 1°Cmin~! it is likely that Form Il and
another form, Form |V, recrystallised from the glass
and converted to both Form Il and Form | as a mix-
ture of polymorphs, which converted to Form | and
finally melted. Increasing the heating rates effectively
increased the proportion of Form Il at its melting point.
Thus, at C min~1, Form IV immediately formed and
converted to Form lll, which converted to both Form
| and Form II. As at PC min~1, Form Il mostly con-

B. Keymolen et al./ Thermochimica Acta 397 (2003) 103-117

a frequency close to zero at temperatures less than
the Ty. These latter contribute t()CfU) at tempera-
tures greater than thg,. Clearly, the glass transition

is obvious in the modulated processes (Fig. 3). There
remains the issue of whether recrystallisation, either
liquid to solid or solid to solid is apparent in either
the (Cg) or (C;,) curves. He and Craig6] noted
discontinuity in both total and non-reversing signals
(non-reversing signals approximate to the loss heat

verted to Form |. When the heating rate was increased capacity curves used in this study) following the glass

to 20°Cmin~1, Form Il was present at its melting

point in increasing quantities and does not convert un-

der DSC conditions to Form I, although the latter was

suggested by HSM data where minor melting occurred

at >170°C.
It must be stressed that this interpretation of HSM

transition, but preceding the recrystallisation of glassy
indomethacin. This confirmed the difficulty of inter-
preting heat flow signals during melting evefitd

Fig. 6 shows the curves representative of those
found during the heat-iso and heat-cool modula-
tions. It should be realised that the underlying heating

and DSC data is not supported at present by infrared process, in either event is slow. The details of those

or X-ray diffraction data, techniques that might con-
firm the nature of the solid structures. Undoubtedly,
the recrystallisation of nifedipine from its glassy state

conditions covered are given rable 1.
With reference torable 1, four underlying heating
rates were used for the iso/scan conditions. The un-

is more complicated than suggested by earlier studiesderlying condition of 2C min~! using an isothermal
[1,2]. However, because MTDSC can be used at rel- and heating period of 60 s gave irregular shaped curves
atively low heating rates, the technique was used to indicative of a failure to control the crystallisation
examine the recrystallisation events observed in HSM processes. The heat flow gave a sharp exotherm cen-
and DSC experiments, in an attempt to determine if tred at~92°C, a broader exotherm &at108°C and a

MTDSC could follow the changes observed in DSC
and HSM.

3.2. MTDSC

The instrument used in this study used the princi-

gradual exotherm betweenl 20 and~150°C. Down-
ward peaks occurred in both the m@) and storage
(C;,) curves. Reducing the isothermal and heating pe-
riods to 30 s but maintaining the overall heating rate
of 1°Cmin~! produced smoother curves in which far
smaller changes were apparent in the storage and loss

ples of MTDSC as supplied by Perkin-Elmer for data curves (Fig. 6a) whilst maintaining the presence of
analysis. Two types of programmes were used to ef- three exotherms in the heat flow curve. Reducing the
fect modulation. These were heat/hold (iso/scan) and underlying heating rate to 0.6 or 6 min~*, simi-
heat/cool repeated temperature change programmeslar to conventional DSC, lowered the temperatures at
The averaged heat flow data were used to calculatewhich the recrystallisation events occurred and made
the heat flow, equivalent to the classical DSC curve. the broad recrystallisation less obvious.

Fourier transformation resulted in the determination  Similar to the iso/scan conditions, heat/cool data
of the storage heat capaci(y,‘;,) and the loss heat were somewhat erratic at underlying rates of 2 and
capacity(Cg) curves derived from the dynamic mea- 1°Cmin~1, with evidence that uncontrolled recrys-
surements. Details of the data treatment may be foundtallisation caused downward events in both the stor-
elsewherd4,5]. Theoretically,(C},) is the reversible  age and loss curves. Further reduction in underlying
heat flow anc{CZ) gives information on structural and  heating rate to 0.625 or 0°€ min—1, however, pro-
entropy changes. duced consistent data (Fig. 6b) which showed three

Two kinds of movement are possible in a sample:
(a) the motions of small moieties that are fast and
contribute to(C’)) throughout the temperature range;
and (b) the motions of co-operative units which have

exotherms corresponding to the recrystallisation pro-
cesses in the heat flow curves, a small “exotherm”
in the loss(C”) curve corresponding to the major

liquid—solid recrystallisation (step 1) and a downward
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Fig. 6. (Continued).
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shift in the storagdéC’) curve reflecting a reduction  decrease in order. Altogether, this might indicate that,

in the specific heat of the material followed by a slight on heating or cooling through a crystallisation event,

but apparent further drop in specific heat caused by the no temperature cycle induced crystallisation occurs in

first solid—solid recrystallisation (step 2). The broad the heating run or temperature cycle induced melting

area of recrystallisation, attributable to the production on the cooling run. The Ios@f}ﬁ) changes are, how-

of the Form | polymorph was not, however, detected ever, approximately proportional to the crystallisation

in either the storage or loss curves. rate and thus to the heating rate. Therefore, the peakin
Glassy nifedipine showed a clearly separated dou- Ioss(Cg) is better seen at the relatively high average

ble exotherm between 80 and I'XD on most scans.  heating rate of 2C min—1. These events are, however,

At all heating rates used, the heat/cool mode separateddifficult to interpret fully.

both crystallisations better in this temperature range

than the iso—heat mode. The stora@%) showed a

drop in theC, in the temperature region where the 4, Conclusion

first of the double exotherms was seen. Stora@(;)

measures the change in heat capacity during crystalli- Nifedipine probably displayed four different poly-
sation. Since the first crystallisation process is the for- morphs under DSC and MTDSC analysis. These
mation of a metastable crystalline phase out of the transitions are heating-rate dependent, and HSM data
glass and the second crystallisation is only a reforma- provided visual evidence for the presence of these
tion of the crystalline structure, the largest change in transitions. There was no decomposition of nifedip-
heat capacity will correspond to the first. Apparently, ine during either the preparation of glassy nifedipine
therefore, in the storage),) step, the change in heat or the actual scanning of it. Modulated techniques
capacity is measured during crystallisation. Step 1 is registered the glass transition, which was apparent in
the formation of a metastable crystalline phase, and the heat flow and storage MTDSC curves. Recrys-
Step 2 is a solid—solid transformation. Step 1 will have tallisation was on|y partly evident in both tl"(é‘/

the Iargest heat CapaCIty Change and is therefore Veryand (C”) curves. (C”) showed greater Sens|t|v|ty at

apparent. , o _ faster scanmng rates but explanation of these events
The (C)) loss curves showed distinct negative s currently unclear.

peaks and was influenced by the temperature change,
which is approximately proportional to the crystalli-

sation rate. The resolution of storag€),) was im- References
proved by reducing the underlying heating rate (0.5
or 1.0°C min~1). Heat/cool methods seem to be the
preferred experimental set-up for cold crystallisation.
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