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ABSTRACT: Nicergoline (NIC), a poorly water-soluble semisynthetic ergot derivative, was
crystallized from several organic solvents, obtaining two different polymorphic forms, the tri-
clinic form I and the orthorhombic form II. NIC samples were then characterized by several
techniques such as 13C cross-polarization magic angle spinning solid-state spectroscopy, room-
temperature and high-temperature X-ray powder diffraction, differential scanning calorimetry,
and by analysis of weight loss, solvent content, powder density, morphology, and particle size.
Solubility and intrinsic dissolution rates determined for the two polymorphic forms in water
and hydrochloride solutions (HCl 0.1 N) were always higher for form II than for form I, which is
actually the form used for the industrial preparation of NIC medicinal products. Preformulation
studies might encourage industry for the evaluation of polymorph II, as it is more suitable for
pharmaceutical applications. Results in drug delivery, as well as those obtained by the above-
mentioned techniques, and the application of Burger–Ramberger’s rules make it possible to
conclude that there is a thermodynamic relation of monotropy between the two polymorphs.
This last assumption may help formulators in predicting the relative stability of the two forms.
© 2011 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 100:2610–2622,
2011
Keywords: nicergoline; polymorphism; monotropy; solid state NMR ; thermal analysis; solu-
bility; dissolution

INTRODUCTION

Poorly water-soluble drugs are associated with slow
drug absorption, which can lead to inadequate and
variable bioavailability.1,2 Currently, nearly 40% of
the new chemical entities being discovered are poorly
water-soluble drugs.3

An enhancement of drug solubility of therapeu-
tic agents can possibly improve their bioavailability.
Most formulation strategies for poorly water-soluble
drugs seek to improve their dissolution rate and/or
solubility in vivo by achieving different polymorphic

Correspondence to: Piera Di Martino (Telephone: +39-
0737-4022-15; Fax: +39-0737-6373-45; E-mail: piera.dimartino@
unicam.it)
Journal of Pharmaceutical Sciences, Vol. 100, 2610–2622 (2011)
© 2011 Wiley-Liss, Inc. and the American Pharmacists Association

forms,4–6 solvates, or hydrates,7 amorphous forms,8

complexes such as drug–cyclodextrins,9,10 or solid dis-
persions of drugs in hydrophilic polymers.11

This study considers in depth the polymorphic
forms of NIC with particular emphasis on their
physicochemical stability, solubility, and dissolution
rates.

NIC [10"-methoxy-1,6-dimethylergoline-8$-me-
thanol-5′-bromonicotinate (C24H26BrN3O3)] is a
semisynthetic ergot derivative (Fig. 1) that is water
insoluble in its crystalline state. NIC is a potent
blocking agent for "1-adrenoreceptors and thus
has found effective clinical use in neurology,12 par-
ticularly improving cerebral blood flow and being
effective in senile dementia. In addition, it shows
remarkable effects in lowering systemic blood pres-
sure and dilating blood vessels, thereby increasing
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Figure 1. Molecular structure of nicergoline.

peripheral blood flow.13 NIC has also been clini-
cally used for improving metabolism in the brain,
particularly for treatment of senile dementia.14

The drug has proved to have cerebral anti-ischemic
action, also exhibiting platelet antiaggregation and
disaggregating actions.15,16 Several clinical studies
have demonstrated that NIC is effective in lowering
total peripheral resistance and normalizing blood
pressure without producing reflex tachycardia, and
concluded that the drug is useful in the early phases
of acute myocardial infarction due to its lowering of
myocardial oxygen consumption.17

NIC may exist in two different polymorphic forms:

(a) Form I crystallizes in the triclinic P1 space
group (s.g.), with a = 7.729 Å, b = 8.695 Å,
c = 17.030 Å, α = 100.90◦, β = 98.67◦, γ = 93.04◦,
Z = 2.18

(b) Form II belongs to the orthorhombic P212121
s.g., with a = 11.507 Å, b = 13.219 Å, c = 14.753
Å, Z = 4.19,20 The purpose of this study was
to characterize different samples of NIC crys-
tallized in several organic solvents by several
methods. There is limited literature on the full
characterization of NIC, hence the focus of the
study. The relative thermodynamic stability of
forms I and II according to Burger–Ramberger’s
rules21 will be discussed and evaluated. Solubil-
ity and dissolution profiles of the two polymor-
phic forms will also be assessed.

MATERIALS AND METHODS

Materials

Nicergoline United States Pharmacopeia (USP) was
purchased from China-Japan Shandong Hongfuda

Pharmchem Co., Ltd. (Shandong, China). This sam-
ple, used in its native form, will be indicated as ref-
erence NIC (REF-NIC). The analytical grade solvents
used for the study were ethyl acetate (ETA), acetone
(ACE), acetonitrile (ACN), dichloromethane (DCM),
tetrahydrofurane (THF), and ethanol [ETH (98%)].
The samples crystallized in these solvents, for sake of
simplicity, will be indicated as ETA–NIC, ACE–NIC,
ACN–NIC, DCM–NIC, THF–NIC, and ETH–NIC, re-
spectively.

Crystallization

The crystalline samples were obtained by the cool-
ing crystallization method. Supersaturation was
achieved by changing the solution temperature. A pre-
determined drug amount, able to form a saturated
solution at room temperature (RT), was dissolved in
a particular solvent volume at 40.0 ± 0.5◦C, and the
solution was cooled at 10◦C under continuous stirring
by means of an external ethanol cooling system (Cryo-
stat F4-Q; Haake Q, Karlsruhe, Germany). Crystals
were recovered by vacuum filtration, dried at RT for
24 h in a ventilated oven, and then stored at 25.0 ±
0.5◦C in a desiccator. Crystals were not sieved.

Scanning Electron Microscopy

Nicergoline crystal morphology was determined us-
ing a scanning electron microscope (Stereoscan 360;
Cambridge Instruments, Cambridge, United King-
dom). Samples were mounted on a metal stub with
double-sided adhesive tape and then sputtered under
vacuum with a gold layer of about 200-Å thickness us-
ing a metallizator (Oerlikon Balzers MED 010; Milan,
Italy).

Particle size was determined by measuring the
Ferret’s diameter of 500 particles.

Helium Pycnometry

The powder density was determined using a helium
pycnometer (Accupyc 1330; Micromeritics, Norwolk,
Connecticut) with a cell of 10 cm3. Results are the
mean of 10 measurements.

Data were analyzed by one-way analysis of vari-
ance (ANOVA), using the Bonferroni test. The sta-
tistical analysis was conducted using an Origin R©

Pro software (version 8.5); OriginLab Corporation,
Northampton, MA, USA).

Simultaneous Thermal Analysis

Simultaneous thermal analysis (STA) allowed si-
multaneous analysis of thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC).
In this text, the acronym TGA–STA refers to TGA
obtained from STA. The analysis was performed
with a simultaneous thermal analyzer (STA 6000;
PerkinElmer, Inc., Waltham, Massachusetts), under
nitrogen atmosphere (20 mL/min) in 0.07 mL open
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aluminum oxide pans. STA was calibrated for tem-
perature and heat flow with three standard met-
als (tin, indium, and zinc), taking into account their
expected melting temperatures (505.08, 429.75, and
692.68 K, respectively), and for weight with an ex-
ternal PerkinElmer standard (calibration reference
weight P/N N520-0042, material lot #91101 GB,
weight 55.98 mg, 01/23/08 VT). Calibration was re-
peatedly checked to assure deviation of ±0.3 K. The
analysis was performed (approximately 10 mg of sam-
ple) in quadruplicate by heating from 20◦C to 150◦C
at a heating rate of 5◦C/min. The weight loss was de-
termined between 20◦C and 100◦C. STA was mainly
used for TGA analysis. For DSC study, a different
apparatus, described in the next paragraph, was pre-
ferred for its higher sensitivity in the evaluation of
enthalpy change at the melting interval.

Differential Scanning Calorimetry

Differential scanning calorimetry analysis was per-
formed on a Pyris 1 apparatus (PerkinElmer, Co.)
equipped with a cooling device (Intracooler 2P, Cool-
ing Accessory; PerkinElmer, Co.). A purge of dry nitro-
gen gas (20 mL/min) was used for all runs. DSC was
calibrated for temperature and heat flow using a pure
sample of indium and zinc as standards, following the
same criteria previously described for STA. Sample
mass was about 3–4 mg and aluminum perforated
pans were used. Each run was performed in tripli-
cate from 0◦C to 150◦C at different heating rates: 1.0
and 10.0◦C/min. To avoid confusion with DSC–STA
results, this technique will be identified as conven-
tional DSC.

X-Ray Powder Diffraction

The RT and high-temperature (HT) X-ray powder
diffraction (XRPD) data were collected in static air
by means of a Bruker D5005 diffractometer (Bruker
AXS, Karlsruhe, Germany) equipped with an Anton
Paar TTK450 polythermal attachment with the Cu
Ka radiation (la1 = 1.54056 Å, la2 = 1.54430 Å). A Ni
filter and a position-sensitive detector were used. The
patterns were collected in step-scan mode in the an-
gular range of 5–35◦/2q, step 0.015◦, and 0.3 s/step; at
RT, 100◦C, 110◦C, and 130◦C; and at RT after cooling
(heating rate 1◦C/min; spontaneous cooling). For the
sample crystallized from THF, additional measure-
ments were performed by (i) changing the heating
and cooling rate or adding isothermal steps at 125◦C,
to explore how kinetics may influence the transition;
(ii) making use of a N2 flow during measurements,
to possibly prevent sample decomposition and to bet-
ter reproduce the experimental conditions used in the
thermal measurements. A detailed analysis of the
crystalline polymorphs, structure, and phase abun-
dance (wt %) in the cases of multiphase samples can
be carried out by means of the structural and profile

refinement of the experimental pattern on the basis
of the Rietveld method. This approach allows to re-
fine a series of structural (such as lattice parameters,
atoms position, thermal factors, and site occupancies)
and profile parameters by minimizing the difference
between the observed and calculated pattern. The cal-
culated one is obtained by the structural data known
in literature, in our case the forms I and II crystal
structures.18–20 The Rietveld structural and profile re-
finement were carried out by means of TOPAS V3.0
software.21

High-Resolution 13c Solid-State NMR Spectroscopy
13C cross-polarization magic angle spinning (CP-
MAS) spectra of the different samples were run
on a Bruker Avance II instrument operating at
100.64 MHz for 13C nuclei. Cylindrical 4-mm (o.d.)
zirconia rotors with a sample volume of 120 :L were
employed. For all samples, the magic angle was care-
fully adjusted from the 79Br spectrum of KBr by min-
imizing the line width of the spinning sideband satel-
lite transitions. Samples were spun at 12 kHz at RT.
A ramp cross-polarization pulse sequence was used
with a contact time of 3 ms, recycle delays of 5 s, and
600–2000 transients. 13C chemical shifts were refer-
enced with the resonance of solid hexamethylbenzene
(13C methyl signal at d = 17.4 ppm).

Gas-Phase Chromatography

The determination of solvent content in the sam-
ples was performed by gas-phase chromatography
(GPC) according to the USP method (27–467 organic
volatile impurities) on an Agilent Shimadzu GC-14B
chromatograph (Agilent Technologies, Waldbronn,
Germany) fitted with a flame ionization detector. The
packed column was a DB-624, 30 m × 3.0 mm; carrier
gas was helium (constant flow, 35 cm/s). The oven was
heated from 40◦C to 250◦C at 30◦C/min. For assay, a
certain amount of NIC was dissolved in 5 mL ethanol
to obtain a solution having a known concentration
of about 20 mg/mL, which was then injected into the
chromatograph.

Equilibrium Solubility in Water Solutions

An excess of drug powder was added to 50 mL of water
or HCl 0.1 N and maintained at four different temper-
atures (10, 20, 30, and 40 ± 0.5◦C) under continuous
stirring in an incubator (FTC 90E; Velp Scientifica,
Usmate, Italy). Equilibrium was tested and judged
to have been reached when three successive mea-
surements differed by no more than 1%, generally
after 24 h. After equilibrium was reached, aliquots
were taken, filtered with a regenerated cellulose fil-
ter syringe of 0.45-mm pore size (Filalbet; Rossello,
Barcelona, Spain), and, after appropriate dilution, the
concentration of the filtrate was determined by ultra-
violet spectrophotometer at a wavelength of 288 nm
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(Cary 1E UV-VIS; Varian, Leinı̀, Italy). Assays were
performed in triplicate.

Intrinsic Dissolution Rate Study

Dissolution study was carried out by the rotating disk
method.22 Approximately 13-mm diameter tablets
were obtained by compressing 300 mg of powder us-
ing a PerkinElmer hydraulic press for KBr disks
for infrared spectroscopy, at a force of 15 kN for
10 min. This yielded tablets with a surface area
of 132.73 mm2 that would not disintegrate during
the test. Tablets were inserted into a stainless steel
holder, so that only one face was exposed to the dis-
solution medium. The holder was then connected to
a stirring motor, centrally immersed in a 1000-mL
beaker containing 900 mL of demineralized water or
HCl (0.1 N) at 37◦C and rotated at 50 rpm. Suitable
aliquots were withdrawn with a regenerated cellu-
lose filter syringe at specified times and assayed for
drug content spectrophotometrically at a wavelength
of 288 nm. A correction was calculated for cumula-
tive dilution caused by replacement of the sample
with an equal volume of original medium. Each test
was repeated six times. Low standard deviations were
obtained, indicating the good reproducibility of this
technique. Data were analyzed by one-way ANOVA,
using the Bonferroni test. The statistical analysis was
conducted using an Origin R© software (version 8.5).

The intrinsic dissolution rates (IDRs) were calcu-
lated from the slope of the straight line of cumulative
drug release.

RESULTS AND DISCUSSION

Physicochemical Properties

The physicochemical properties of NIC crystallized in
different organic solvents are shown in Table 1. The

low weight loss percentage determined by TGA–STA
for all the samples reveals that no solvated forms
were produced after crystallization in the different
solvents. These results are in agreement with the sol-
vent content determined by GPC, which was low and
rather homogeneous among all the samples. GPC also
revealed a high degree of purity of the investigated
samples.

Powder Densities

These were determined by helium pycnometry and
are shown in Table 1. The powder densities of RE-
F–NIC and ETA–NIC samples were always higher
than those of powders crystallized from the other sol-
vents. The ANOVA test indicates that powder den-
sities of REF–NIC and ETA–NIC were significantly
different from those of forms obtained from the other
solvent (p < 0.05). Densities of powders crystallized
from the other solvents were not statistically differ-
ent (significance level p > 0.05) This may suggest that
both REF–NIC and ETA–NIC samples have similar
molecular packing, different from that of the other
samples.

Particles Morphology

Figure 2 shows scanning electron microscopy (SEM)
microphotographs of the samples. To compare crys-
tal morphology, the same magnification was used
(1.5k×). In spite of clear differences in particle size,
the particle shape was similar. Crystals appeared as
irregular particles with sharp edges. The mean par-
ticle diameter is shown in Table 1, and as clearly ev-
ident from SEM microphotographs, it was quite dif-
ferent among all the samples. Broad and nonhomoge-
neous particle size distribution was also confirmed by
the high standard deviations (Table 1).

Table 1. Physicochemical Properties of Nicergoline Samples Crystallized from Different Solvents

Nicergoline
Samples

Weight Loss
(%)a

Solvent Content
(ppm)b

Powder Density
(g/cm3) c

Mean Particle
Diameter (:m)d Melting Peake

Tonset (◦C) �H (J/g)

REF–NIC 0.12 ± 0.10 34.0 ± 2.8 1.4001 ± 0.0001 4.76 ± 4.09 134.9 ± 2.1 58.4 ± 5.2
ETA–NIC 0.20 ± 0.16 46.3 ± 4.1 1.4046 ± 0.0001 4.95 ± 2.14 134.2 ± 1.9 57.8 ± 4.9
ACE–NIC 0.58 ± 0.25 67.1 ± 5.0 1.3276 ± 0.0001 2.76 ± 1.76 120.2 ± 3.0 56.2 ± 5.2
ACN–NIC 0.47 ± 0.31 52.8 ± 6.0 1.3755 ± 0.0002 8.95 ± 6.43 122.6 ± 1.2, 58.8 ± 8.2,

136.2 ± 0.8 14.5 ± 2.3
DCM–NIC 0.36 ± 0.14 60.0 ± 5.2 1.3178 ± 0.0003 10.10 ± 7.10 121.5 ± 2.7 54.4 ± 4.5
ETH–NIC 0.33 ± 0.21 50.6 ± 3.7 1.3577 ± 0.0002 7.33 ± 6.81 120.8 ± 1.8 55.6 ± 6.7
THF–NIC 0.43 ± 0.15 52.4 ± 6.8 1.3670 ± 0.0001 5.43 ± 4.75 121.0 ± 2.5 57.9 ± 4.8

aDetermined by TGA–STA between 20◦C and 100◦C.
bDetermined by gas chromatography.
cDetermined by helium pycnometry.
dDetermined by measuring the Ferret’s diameter of 500 particles observed through the SEM analysis.
eDetermined by conventional DSC at the heating rate of 10◦C/min.
REF, reference; NIC, nicergoline; ETA, ethyl acetate; ACE, acetone; ACN, acetonitrile; DCM, dichloromethane; ETH,

ethanol; THF, tetrahydrofurane.
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Figure 2. Scanning electron microscopy photomicrographs of the samples crystallized in dif-
ferent solvents. (Magnification = 1.5k×). (a) Ethyl acetate–nicergoline (NIC), (b) acetone–NIC,
(c) acetonitrile–NIC, (d) dichloromethane–NIC, (e) ethanol–NIC, (f) tetrahydrofurane–NIC, and
(g) reference–NIC.

X-Ray Powder Diffraction

The powder diffraction patterns of ETH–NIC,
ACE–NIC, ACN–NIC, DCM–NIC, and THF–NIC
samples were different with respect to that of RE-
F–NIC (Fig. 3). The ETA–NIC pattern was instead

quite comparable to that of REF–NIC. These results
suggest that two different crystalline forms were ob-
tained from the solvents considered for the study. The
peaks present in REF–NIC and ETA–NIC are well ex-
plained by the triclinic structure (form I),18 whereas
peaks present in ACN–NIC, ACE–NIC, DCM–NIC,

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 7, JULY 2011 DOI 10.1002/jps
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Figure 3. Room-temperature X-ray powder diffrac-
tion patterns of (a) reference–nicergoline (NIC), (b)
ethyl acetate–NIC, (c) acetonitrile—NIC, (d) tetrahydrofu-
rane–NIC, (e) dichloromethane–NIC, (f) ethanol–NIC, and
(g) acetone–NIC.

THF–NIC, and ETH–NIC samples well matched the
orthorhombic one (form II).19,20 On the basis of the
crystal structures for the two polymorphs reported
in the literature,18–20 the Rietveld refinement was
carried out on all the samples. Satisfactory results
were obtained for the samples having the orthorhom-
bic structure. Both position and intensities of all the
peaks of each pattern are completely explained by the
form II structural model (P212121 s.g.) As an exam-
ple, the comparison between the observed and calcu-
lated pattern for the ACN–NIC sample is shown in
Figure 4a; satisfactory discrepancy factors and good-
ness of fit (GoF) were obtained by refinement
(Rwp = 11.16, GoF = 1.45). Also the structural re-
finement applied to the ETA–NIC diffraction data
on the basis of triclinic P1 structure leads to good
results (Rwp = 15.70, GoF = 2.26); a more detailed
analysis highlighted the presence of small peaks be-
longing to the orthorhombic phase (angular regions:
13◦, 18–21◦, and 24◦). The Rietveld structural refine-
ment performed by taking into account the copresence
of both polymorphic structures completely explains
the experimental pattern and gives very satisfactory
results (Rwp = 9.58, GoF = 1.40), evidenced also by

the comparison between observed and calculated pat-
terns shown in Figure 4b. The quantitative analysis
obtained by the structural refinement leads to 91.5 (4)
and 8.5(4) wt % of triclinic and orthorhombic phase,
respectively.

13c CP-MAS NMR

The 13C CP-MAS NMR spectra of REF–NIC (a) and
that of ETA–NIC (b) were superimposable, showing
several split signals, according to the presence of two
types of molecules in the same unit cell (Fig. 5 and
Table 2). Conversely, samples c, d, f, and g showed
the same 13C spectra, with a number of resonances
related to the presence of only one type of molecule
in the unit cell. All resonances had different chemical
shift values with respect to the REF–NIC (a) and the
ETA–NIC (b). The chemical shifts observed in solu-
tion are related to the time-averaged, isotropic envi-
ronments of the nuclei. Thus, it is possible to conclude
that the NMR data are in perfect agreement with the
XRPD results previously reported.

Additional analytical techniques are useful for con-
solidating the structural evidences and for fully char-
acterizing the different forms from a physicochemical
point of view.

Differential Scanning Calorimetry

Differential Scanning Calorimetry analysis confirmed
the XRPD results, but also added new evidences

Table 2. Assignments and Chemical Shifts of Nicergoline
Samples

Carbon
Atoms Group

REF–NIC
ETA–NIC

ACE–NIC, ACN–NIC,
DCM–NIC, ETH–NIC,

THF–NIC

C4 CH2 23.7 23.0
C9 CH2 28.3 28.7
C18 CH3 29.7 33.1
C8 CH 32.5 34.8
C17 CH3 45.3 42.0
C20 CH3 50.0 48.5
C7 CH2 60.7 62.1
C21 CH2 67.7 67.1
C5 CH 71.5 70.5
C10 Cq 74.8 74.7
C14 CH 110.1 109.3
C29, C3 Cq 111.4 112.0
C12 CH 115.6 114.9
C13 CH 121.7 122.4
C2 CH 124.9 124.8
C25, C16 Cq 127.3 127.5
C11 Cq 131.2 131.4
C15 Cq 136.7 136.2
C30 CH 138.9 138.4
C26, C28 CH 147.6 148.8
C26, C28 CH 152.9 157.9
C23 C=O 163.2 164.2

ACE, acetone; NIC, nicergoline; ACN, acetonitrile; DCM,
dichloromethane; ETH, ethanol; THF, tetrahydrofurane.
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Figure 4. Observed (blue line) and calculated (red line) room-temperature X-ray powder
diffraction pattern after Rietveld refinement of samples (a) acetonitrile–nicergoline (NIC) (or-
thorhombic form II) and (b) ethyl acetate–NIC (triclinic form I). At the bottom, the difference
between observed and calculated patterns and the peak positions are also shown.

(Fig. 6 and Table 1). In particular, the thermograms
differ depending on the crystallization solvent and the
heating rate.

The thermograms of REF–NIC and ETA–NIC are
identical, irrespective the heating rate, and they show
one endothermic peak corresponding to the melting
of the form I at nearly 134.0◦C. This result confirms
that the two samples correspond to the same crys-
talline form and in particular to the triclinic form I, as
pointed out by XRPD and 13C CP-MAS NMR. At 10◦C/
min, the thermograms of the ETH–NIC, ACE–NIC,
DCM–NIC, and THF–NIC samples showed one en-
dothermic peak at 120.0◦C–122.0◦C for all the sam-
ples, and thus presumably corresponding to the melt-
ing of polymorphic form II. At lower heating rate (1◦C/
min), in the case of the ACE–NIC, DCM–NIC, and
THF–NIC samples, the first endothermic peak corre-
sponding to the melting of form II was followed by a
very low exotherm one, and then the melting of form
I was observed. The ETH–NIC sample showed the
melting of form II only. In the thermogram of the AC-
N–NIC sample, it was possible to observe the melting
endothermic peak of form II, followed by the exotherm
and then by the melting endothermic one of form I.

This behavior was the same whatever the heating
rate. These results suggest a common thermal behav-
ior of the samples crystallized in form II; the heat-
ing rate and the possible presence of small amounts

of seeds of form I play a relevant role in evidencing
the melting–recrystallization phenomena in the form
II polymorph. The form I is the higher-melting poly-
morph and has slightly higher values of enthalpy of
melting (Table 1). On the basis of the heat of fusion
rule of Burger and Ramberger,23 a monotropic rela-
tionship between the polymorphs can be suggested.
This hypothesis is also supported by the absence of
the transition between the two polymorphs before
melting.

High-temperature XRPD

The measurements were made to clarify the relation-
ship between the polymorphic forms and to character-
ize their thermal stability. The temperatures (100◦C,
110◦C, and 130◦C and 25◦C after spontaneous cool-
ing) and heating rates were chosen on the basis of the
DSC evidence.

The ETA–NIC sample shows comparable diffrac-
tograms, suggesting the stability of the form I poly-
morph up to 130◦C (Fig. 7). The pattern collected at
100◦C was not shown to make the figure less con-
gested. Some differences could be observed in the
peak positions, intensities, and splitting of the reflec-
tions between the RT and HT patterns due to the
expansion of the lattice parameters of the triclinic
cell with increasing temperatures, as demonstrated
by the Rietveld structural refinement, which will be
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Figure 5. Comparison of 13C cross-polarization magic
angle spinning spectra of nicergoline samples: (a) ref-
erence–nicergoline (NIC), (b) ethyl acetate–NIC, (c)
ethanol–NIC, (d) acetonitrile–NIC, (e) acetone–NIC, (f)
dichloromethane–NIC, and (g) tetrahydrofurane–NIC.

discussed later. The diffractogram after cooling to RT
(pattern d) was perfectly superimposable on the pat-
tern a. The HT-XRPD results were in agreement with
the DSC evidence, suggesting that the form I poly-
morph is fairly stable up to the melting point (about
134◦C). The same thermal behavior was also observed
for the REF–NIC.

The patterns of ACN–NIC (Fig. 8) collected at
100◦C and 110◦C showed the same reflections ob-
served at RT, suggesting that the orthorhombic form
II is stable at least up to 110◦C. The patterns collected
at 100◦C were not shown in the figure for brevity. Fur-
ther heating to 130◦C leads to the structural transi-
tion of polymorph II to the polymorph I. The tran-
sition is irreversible as demonstrated by the pattern
collected at RT after spontaneous cooling, which is
actually comparable with that obtained at 130◦C if
the peak position shifts due to the thermal contrac-
tion of the lattice volume with cooling is taken into
account. Our HT-XRPD data correlated well with the
DSC results. Thus, the melting–crystallization peaks
observed at 10 and 1◦C/min at about 123◦C may be
attributed to the crystallization of the triclinic form.
The orthorhombic form of THF–NIC patterns was sta-
ble at 110◦C, similar to that of ACN–NIC (Fig. 9).

The pattern collected at 130◦C clearly shows that
in the temperature range 110◦C–130◦C, the sample
melts, in agreement with the DSC results (heating
rate 10◦C/min), evidencing an endothermic peak at
121◦C. In contrast to the ACN–NIC, the sample did
not recrystallize in the triclinic form but decomposed,
as demonstrated by the presence of the main peak
of graphitic carbon at about 26◦/2q. After cooling, no
crystallinity was recovered. The different thermal be-
haviors observed by XRPD for the same form II poly-
morph when crystallized by different solvents (AC-
N–NIC and THF–NIC) merited further inquiry.

Additional measurements were carried out by (i)
changing the heating and cooling rate or adding
isothermal steps at 125◦C, to explore how kinetics
may influence the transition; (ii) making use of a N2
flow during measurements, to possibly prevent sam-
ple decomposition and to better reproduce the experi-
mental conditions used in the thermal measurements.
No crystallization was observed when the diffrac-
tograms were collected at 120◦C, 125◦C after 2 h, and
128◦C, nor was it seen when the heating (10◦C/min)
and cooling (1◦C/min) rates were changed. Thus, the
lack of crystallization did not seem to be due to kinetic
reasons. The HT measurements performed in N2 flow
(HTK Anton Paar polythermal attachment, which can
work in nonambient atmosphere) confirm the preser-
vation of the orthorhombic form up to 110◦C, after
which the sample melts, as suggested by the pattern
collected at 130◦C. In this case, there was no evi-
dence of decomposition or crystallization compared
with measurements performed in air.

The thermal differences between ACN–NIC and
THF–NIC could be explained by taking into account
the possibility that the ACN–NIC sample might have
a small amount of NIC in the triclinic form (a small
percentage below the detection limit of the XRPD
technique), which acts as a crystallization seed of the
form I polymorph, when the orthorombic phase melts
at about 124◦C. From DSC results obtained with a
low heating rate (1◦C/min instead of 10◦C/min), a
weak peak of crystallization after form II melting at
about 124◦C and another weak melting peak at 134◦C
can be detected. This suggests that the THF–NIC or-
thorhombic form also transforms into the triclinic one,
but this transition needed peculiar experimental con-
ditions, similar to those used for the DSC measure-
ments that cannot be reached by XRPD. The ther-
mal behavior described for the THF–NIC was also
observed for ETH–NIC, DCM–NIC, and ACE–NIC.

Rietveld Structural Refinement

The refinement performed on all the HT patterns
allowed us to study the trend of the lattice param-
eters with temperature. The results are shown in
Figure 10. For the ETA–NIC, the HT patterns were
refined on the basis of the coexistence of the two
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Figure 6. Differential scanning calorimetry thermograms of reference–nicergoline (NIC) and
NIC crystallized from several solvents at different scanning rates (10 and 1◦C/min).

crystallographic structures, and the two phases were
quantified. The orthorhombic polymorph is present
in 7.2(4) and 6.0(3) wt % for the sample at 100◦C and
110◦C, respectively; this amount agrees well with that
already revealed in the sample at RT. In the pattern
collected at 130◦C, the two-phase model Rietveld re-
finement unambiguously suggests that there is only
a triclinic P1 phase. This is in agreement with the ev-
idence previously discussed, demonstrating that the
orthorhombic phase is stable only up to about 124◦C,
and then melts or transforms to the triclinic form.

Equilibrium Solubility and Drug Release

Equilibrium solubility and drug release were tested
for all the samples. Because the major differences
were due to the crystallographic forms, for brevity
only, results of REF–NIC for the form I and ETH–NIC
for the form II are reported. Actually, it is necessary
to clarify that both solubility and IDR are not in-
fluenced by other parameters such as particle size
and distribution. The equilibrium solubility of forms
I (REF–NIC) and II (ETH–NIC) in water and HCl
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Figure 7. X-ray powder diffraction patterns of ethyl ac-
etate–nicergoline sample collected at (a) room temperature
(RT), (b) 110◦C, (c) 130◦C, and (d) RT after spontaneous
cooling.

(0.1 N) was experimentally determined at different
temperatures and results are given in Figure 11,
wherein solubility data are plotted according to the
van’t Hoff equation. After equilibration, XRPD did
not show changes in crystalline forms of original par-
ticles. The solubility of form II was always higher than
that of form I in the temperature interval considered
for this study, whatever the solvent used. The two
straight lines both in water and HCl are almost par-
allel over the temperature range of interest and the
two forms can be considered related by a monotropic
relationship.24–26

In Figure 12, the cumulative drug releases of NIC
polymorphs in water and HCl (0.1 N) were plot-
ted versus time. The ANOVA revealed that cumula-

Figure 8. X-ray powder diffraction patterns of acetoni-
trile–nicergoline sample collected at (a) room temperature
(RT), (b) 110◦C, (c) 130◦C, and (d) RT after spontaneous
cooling.

Figure 9. X-ray powder diffraction patterns of tetrahy-
drofurane–nicergoline sample collected at (a) room temper-
ature (RT), (b) 110◦C, (c) 130◦C, and (d) RT after sponta-
neous cooling.

tive drug releases were significantly different (sig-
nificance level p < 0.05). Cumulative drug releases
in HCl (0.1 N) were always higher than those in
water, in agreement with the results of drug sol-
ubility. In addition, the form II always exhibited
the highest cumulative drug release, whatever the
media used. The slopes of the straight lines de-
termined by fitting the points of each curve were
used to calculate the IDRs (Table 3), which were
higher for the polymorph II, whatever the media
used.

The results of solubility and IDRs are very impor-
tant because they suggest that the polymorphic form
II could be introduced into NIC formulations in order
to improve the drug bioavailability.

Figure 10. Temperature dependence of the cell vol-
ume for the reference–nicergoline (NIC) (�), ethyl ac-
etate–NIC (•), acetonitrile–NIC (◦), tetrahydrofurane–NIC
(�), ethanol–NIC (�), dichloromethane–NIC (�), and ace-
tone–NIC (�).
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Figure 11. van’t Hoff plot from the solubility data determined at different temperatures for
form I [reference–nicergoline (NIC)] and form II (ethanol–NIC).

Figure 12. Cumulative drug release of nicergoline (NIC) polymorphs (form I, reference–NIC;
form II, ethanol–NIC) expressed versus time in water and HCl (0.1 N).
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Table 3. Intrinsic Dissolution Rates of Nicergoline Polymorphs
in Different Media

Slope
mg/(mL min) R

IDR
mol/(min mm2)

Form I in water 0.0151 0.9948 2.3484 × 10−7

Form II in water 0.0205 0.9935 3.1835 × 10−7

Form I in HCl (0.1 N) 0.0282 0.9939 4.3857 × 10−7

Form II in HCl (0.1 N) 0.0351 0.9955 5.4604 × 10−7

Thermodynamic Relationship Between the Crystal
Phases

According to the results of this study, it is possi-
ble to evaluate the thermodynamic relationship be-
tween the two polymorphic forms of NIC, using Burg-
er–Ramberger’s rules.23

The DSC studies never revealed transition from
form II to form I. Actually, whatever the form II sam-
ple and heating rate, it melted without transition to
form I, and form I crystallized from the melt. Thus,
presumably the transition from form II to form I oc-
curs at temperatures higher than the melting tem-
perature of form I, as also suggested by the van’t
Hoff plot of solubility data.24–26 For this reason, it
was impossible to establish whether the transition is
exothermic or endothermic, or whether it is reversible
or irreversible. For the same reason, form I always
appeared to be the most stable form. The enthalpy
of melting endotherm of form I seemed to be slightly
higher than that of form II (DHI > DHII). Solubility
studies clearly showed that form II was always the
most soluble, and the density of form I was higher
than that of form II. From these considerations, it is
possible to conclude that the thermodynamic relation-
ship between forms I and II of NIC is monotropic.

CONCLUSIONS

The combined use of thermal, spectroscopic, and
structural techniques allowed us to completely char-
acterize the structure and thermal stability of the NIC
compound.

Two NIC polymorphic crystalline forms can be sta-
bilized depending on the crystallization solvent. Poly-
morph I (triclinic, P1 s.g.), obtained from crystalliza-
tion in ETA, is stable up to its melting temperature
of 134◦C. This form is also present in the native NIC.
Polymorph II (orthorhombic, P212121 s.g.), obtained
from crystallization by other solvents, shows a pe-
culiar behavior with temperature. It melts at about
120◦C–122◦C, and then depending on the sample and
heating rate, it can recrystallize to form I as evidenced
also by DSC performed at low heating rate (1◦C/min).

Solubility and IDRs performed in distilled water
and in 0.1 N HCl solutions showed higher values for
the orthorhombic form. This suggests that polymorph

II would be more suitable for pharmaceutical appli-
cations.

In addition, the analysis of the results previously
discussed and the application of Burger–Ramberger’s
rules allow to ascertain a monotropic thermodynamic
relationship between forms I and II.
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