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ABSTRACT: Combustion calorimetry, solution calorimetry, and differential scanning calorimetry (DSC) were used to determine the standard (p◦ = 0.1 MPa) molar enthalpies of formation
◦
(C6 H10 O2 N2 , cr I) = −520.6 ±
of Forms I, II, and III piracetam at 298.15 K, namely, f Hm
◦
◦
(C6 H10 O2 N2 , cr II) = −523.8 ± 1.6 kJ·mol−1 , and f Hm
(C6 H10 O2 N2 , cr III) =
1.6 kJ·mol−1 , f Hm
−524.1 ± 1.6 kJ·mol−1 . The enthalpy of formation of gaseous piracetam at 298.15 K was also
◦
(C6 H10 O2 N2 , g) = −401.3 ± 2.1 kJ·mol−1 , by combining the standard molar
derived as f Hm
enthalpy of formation of Form II piracetam with the corresponding enthalpy of sublimation,
◦
(C6 H10 O2 N2 , cr II) = 122.5 ± 1.4 kJ·mol−1 , obtained by drop-sublimation Calvet misub Hm
◦
(C6 H10 O2 N2 , g) value was used
crocalorimetry and the Knudsen effusion method. The f Hm
to assess the corresponding predictions by the B3LYP/cc-pVTZ (−335.3 kJ·mol−1 ), G3MP2
(−388.7 kJ·mol−1 ), and CBS-QB3 (−402.8 kJ·mol−1 ) methods, based on the calculation of the
atomization enthalpy of piracetam. Finally, the results of the solution and DSC experiments
indicate that the stability hierarchy of Forms I, II, and III piracetam at 298.15 K, for which
there was conflicting evidence in the literature, is III > II > I. © 2010 Wiley-Liss, Inc. and the
American Pharmacists Association J Pharm Sci 100:594–603, 2011
Keywords: Piracetam; polymorphism; thermodynamics; thermal analysis; calorimetry;
Knudsen effusion; enthalpy of formation

INTRODUCTION
Piracetam (2-oxo-pyrrolidineacetamide, CAS number [7491-74-91]; Fig. 1) is a cyclic derivative of
the neurotransmitter γ-aminobutyric acid (GABA)
that was synthesized for the first time in 1963.1
Chemically, piracetam belongs to the pyrrolidone (2oxopyrrolidine) family and was one of the first comAbbreviations used: Tad , adiabatic temperature change; F,
◦ , standard molar energy of combustion;
collision diameter; c Um
◦ , standard molar enthalpy of combustion;  H◦ , standard
c Hm
f m
◦ , standard molar enthalpy of
molar enthalpy of formation; fus Hm
◦
◦ , stanfusion; sol Hm , standard molar enthalpy of solution; sub Hm
◦ , standard molar endard molar enthalpy of sublimation; trs Hm
◦ , standard molar entropy of transition;
thalpy of transition; trs Sm
trs G◦m , standard molar Gibbs energy of transition; C◦p,m , standard
molar heat capacity.
Additional Supporting Information may be found in the online
version of this article. Supporting Information
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pounds classified as a nootropic drug (from the Greek
“noos” and “tropein,” meaning “mind” and “toward,”
respectively), a term which refers to an agent that acts
on the cognitive function without causing sedation or
stimulation.2 Piracetam also exhibits antithrombotic
properties and in fact, a variety of neuronal and vascular effects of piracetam have been reported.1,2
For therapeutic uses, the compound is normally
marketed as solid dosage forms and, in this case,
the possible occurrence of polymorphism becomes a
fundamental issue. Indeed, different polymorphs often exhibit significantly different physical properties,
such as the fusion temperature, the solubility, or the
dissolution rate in a given media.3–5 These properties may ultimately affect the production and processing of a drug or its bioavailability, if the bioavailability is dissolution limited. The stability hierarchy
of the identified polymorphs is also relevant, since
they can often coexist under the same temperature
and pressure conditions, but there will always be a
tendency for all forms to convert over time into the
most thermodynamically stable one. This has obvious
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Figure 1. Molecular structure of piracetam.

implications in terms, for example, of the shelf life of a
product. The lack of reproducible and tight control of
polymorphism can, therefore, render certain formulations unmanufacturable or play havoc with the safe
and effective use of an active pharmaceutical ingredient (API).3–6
To date, three different polymorphs of piracetam have been isolated at atmospheric pressure (∼1 bar), and their molecular and crystal
structures published7 : Form I, monoclinic (P21 /n;
d298 K = 1.304–1.305 g·cm−3 )8–10 ; Form II, triclinic
(P1; d298 K = 1.351–1.355 g·cm−3 )8,11 ; and Form III,
monoclinic (P21 /n; d298 K = 1.366–1.386 g·cm−3 ).11–13
Forms II and III can be prepared by crystallization
from various solvents (e.g., methanol, propan-2-ol) at
ambient temperature.11,14 When heated to ∼400 K,
both these phases convert into Form I, which subsequently undergoes fusion at ∼435 K.8,15,16 Form I can
be brought to ambient temperature by quenching, but
it will revert into Form II within a few hours.14,16 The
rate of this transformation seems, however, to considerably decrease at lower temperatures.10
Two additional polymorphs of piracetam, Forms IV
and V, that are only stable at high pressures have also
been structurally characterized.10,17 The first one,
monoclinic (P21 /c), was obtained by crystallization
from aqueous or methanolic solutions at pressures
in the range 0.07–0.40 GPa. This polymorph yields
Form II on decompression at ambient temperature.10
Form V, triclinic (P1), was prepared by direct compression of Form II at ambient temperature and at
pressures of 0.7–4.0 GPa.17
Besides the five piracetam phases whose molecular and crystal structures were determined, three
others, which readily transform into Form II on
storage at ambient temperature and pressure, have
been postulated based on morphological and optical polarization differences experimentally observed
by thermomicroscopy.8 Some 10 thermodynamically
plausible crystalline structures (structures with energies within 5 kJ·mol−1 from that corresponding to
a global minimum) of piracetam, so far unreported
experimentally, have also been predicted by computational methods.9,18 This suggests that the number of
polymorphs of piracetam that may be isolated and
structurally characterized is probably not a closed
case. Nevertheless, up to now, Forms I–III have been
those of most practical relevance.
DOI 10.1002/jps
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It is generally accepted that Form I is less stable than Forms II and III at ambient temperature
and pressure. However, some controversy exists about
the relative thermodynamic stability of polymorphs
II and III under those conditions.8,16,19 KuhnertBrandstätter et al.8 proposed the stability order III >
II based, essentially, on the following evidence: (a)
on heating Form III from the ambient temperature
at a very slow rate, the sequence fusion of Form III
(413.2 K) → crystallization of Form II → fusion of
Form II (413.7 K) was observed by thermomicroscopy.
(b) Despite intensive stirring during 3 days at ∼295 K,
independent suspensions of Forms II and III in dioxane remained unchanged but, under the same conditions, a 50% (w/w) mixture of both modifications
completely converted into Form III. In contrast, the
stability hierarchy II > III was deduced by Céolin
et al.16,19 from a semiquantitative pressure–temperature diagram built from topological rules20 on the
assumption that the system is strictly trimorphic.
The slopes of the phase boundaries were defined
by Clapeyron’s equation (dp/dT = trs Hm /Ttrs Vm )
and calculated by using temperatures and enthalpies
(trs Hm ) of solid–solid or fusion phase transitions determined by differential scanning calorimetry (DSC),
and the corresponding volume changes, trs Vm , obtained from direct density measurements or X-ray
diffraction analysis. The obtained conclusions can,
however, change if other known high-pressure phases
of piracetam are considered.
In this work, the stability hierarchy of Forms I,
II, and III of piracetam at 298.15 K was investigated
by DSC and solution calorimetry. The obtained results, combined with those of combustion calorimetry,
drop-sublimation Calvet microcalorimetry, and Knudsen effusion experiments, allowed the standard molar enthalpies of formation of piracetam in the solid
phases I, II, and III and also in the gaseous state
to be derived. This last value was finally used to assess the predictions of computational chemistry calculations based on density functional theory (DFT),21
Gaussian-3 theory with second-order Møller-Plesset
(G3MP2),22 and complete basis set quadratic Becke3
(CBS-QB3)23,24 methods.

MATERIALS AND METHODS
General
Elemental analyses were carried out with a Fisons Instruments EA1108 apparatus (Fisions Instruments,
Madrid, Spain). Fourier transform infrared spectra
(FTIR) were recorded in KBr pellets using a Jasco FT/
IR 4100 spectrophotometer (Jasco UK, Essex, U.K.)
calibrated with polystyrene film. The 1 H NMR specR
tra were obtained in CDCl3 (Aldrich
, 99.9%, containing 0.03% v/v TMS) at ambient temperature, on a
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 2, FEBRUARY 2011
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Bruker UltraShield 400 MHz spectrometer (Bruker
AXS S.A., France). The X-ray powder diffraction
analyses were performed on a Bruker AXS D8 Advance diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany) with automatic data acquisition. A Cu K"
radiation source (λ = 1.5418 Å) was used. The tube
amperage was 30 mA and the voltage 40 kV. The
diffractograms were recorded in the range 10◦ ≤
2θ ≤ 50◦ , in the continuous mode, with a step size
of 0.02◦ (2θ) and an acquisition time of 2.0 s/step. The
sample was mounted on an aluminum sample holder.
The indexation of the powder pattern was performed
using the program Checkcell.25
Materials
A commercial sample of Form III (monoclinic) piracetam (Sigma, 99.5%; CAS number [7491-74-9]) was
used without further purification. Elemental analysis for C6 H10 O2 N2 (mass fraction): expected C 0.5069,
H 0.0709, N 0.1971; found (average of two determinations): C 0.5081, H 0.0714, N 0.1984. 1 H NMR
(400 MHz, CDCl3 /TMS): δ/ppm = 2.07–2.13 (qui, CH2 ,
2H), 2.42–246 (t, CH2 , 2H), 3.45–3.54 (t, CH2 , 2H),
3.94 (s, CH2 , 2H), 5.57 (s, NH2 , 1H), 6.20 (s, NH2 ,
1H). These results are compatible with those previously obtained in DMSO.26 13 C NMR (100 MHz,
CDCl3 /TMS): δ/ppm = 176.0 (CO, ring amide, 1C),
170.4 (CO, acetamide, 1C), 48.4 (CH2 , 1C), 46.8 (CH2 ring, 1C), 30.4 (CH2 -ring, 1C), 18.0 (CH2 -ring, 1C).
FTIR (KBr, main peaks): <˜ /cm−1 = 3342 (νN−H ); 3171
(νN−H ); 2996 (νC−H , antisymmetric); 2931 (νC−H ); 2880
(νC−H ); 2842 (νC−H ); 2816 (νC−H ); 2760 (νC−H , symmetric); 1699 (νC O , ring); 1658 (νC O , acetamide); 1494
(νC−N ); 1470 (νN−C−H ); 1455 (νH−C−C ); 1331 (νC−N−H );
1290(νC−N ); 902 (νH−N−C ); 862(νC−N ). The powder pattern, obtained at 295 ± 1 K, was indexed as monoclinic, space group P21 /n, with a = 6.53 Å, b = 6.44 Å,
c = 16.44 Å, and β = 92.17◦ (see Supporting Information). These results are in good agreement with those
previously reported from single crystal X-ray diffraction analysis of Form III piracetam, carried out at
∼293 K: P21 /n, a = 6.49 Å, b = 6.41 Å, c = 16.38 Å,
and β = 92.21◦12 ; a = 6.53 Å, b = 6.44 Å, c = 16.46 Å,
and β = 92.19◦11 ; a = 6.50 Å, b = 6.427 Å, c =
16.40 Å, and β = 92.05◦ .13
Form II (triclinic) was obtained by two consecutive
sublimations of the commercial Form III, at 413 K and
5 Pa. Elemental analysis for C6 H10 O2 N2 (mass fraction): C 0.5087, H 0.0726, N 0.1990. FTIR (KBr, main
peaks): <˜ /cm−1 = 3346 (νN−H ); 3172 (νN−H ); 3002 (νC−H ,
antisymmetric); 2928 (νC−H ); 2874 (νC−H ); 2838 (νC−H );
2815 (νC−H ); 2763 (νC−H , symmetric); 1696 (νC O ,
ring); 1661 (νC O , acetamide); 1489 (νC−N ); 1466
(νN−C−H ); 1450 (νH−C−C ); 1334 (νC−N−H ); 1293(νC−N );
898 (νH−N−C ); 865(νC−N ). The powder pattern, obtained at 295 ± 1 K, was indexed as triclinic, space
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 2, FEBRUARY 2011

group P1, with a = 6.42 Å, b = 6.71 Å, c = 8.73 Å, and
" = 80.35◦ , β = 103.60◦ , ( = 89.25◦ (see Supporting Information). These values are in good agreement with
those previously reported from single crystal X-ray
diffraction experiments carried out on Form II piracetam at ∼293 K: P1, a = 6.40 Å, b = 6.62 Å, c = 8.56 Å,
and " = 79.85◦ , β = 102.39◦ , ( = 91.09◦ .11
The presence of water in the samples of Forms II
and III was ruled out by the absence of the characteristic bands at 3408, 1644, and 700 cm−1 .27
Differential Scanning Calorimetry
The determination of the temperatures and enthalpies of fusion and solid–solid phase transition
by DSC was made with a temperature-modulated
TA Instruments 2920 MTDSC apparatus (TA Instruments. Guyancourt, France), operated as a conventional DSC. The samples, with masses in the range
2.8–5.6 mg, were sealed under air, in aluminum
pans, and weighed to ±0.1 :g on a Mettler UMT2
ultra-micro balance (Mettler-Toledo GmbH, Giessen,
Germany). Helium (Air Liquide N55) at a flow rate of
0.5 cm3 ·s−1 was used as the purging gas. The heating
rate was β = 5 K·min−1 . The temperature calibration
was performed at the same heating rate by taking
the onset of the fusion peaks of the following standards: n-decane (Fluka, >99.8%; Tfus = 243.75 K),
n-octadecane (Fluka, >99.9%; Tfus = 301.77 K), hexatriacontane (Fluka, >99.5%; Tfus = 347.30 K), indium
(TA Instruments, DSC standard; Tfus = 430.61 K),
and tin (TA Instruments, DSC standard; Tfus =
506.03 K). The heat flow scale of the instrument was
◦
calibrated by using indium (fus h = 28.71 J.g−1 ).28
Solution Calorimetry
The standard molar enthalpies of solution of Forms II
and III piracetam in distilled and deionized water,
at 298.15 K, were measured by using an isoperibol Thermometric Precision Solution Calorimeter
(Thermometric AB, Sweden) adapted to a thermal activity monitor thermostat. The apparatus had been
previously tested by measuring the enthalpy of solution of tris(hydroxymethyl)aminomethane in NaOH
0.05 mol·dm−3 and HCl 0.1 mol·dm−3 , and KCl in
water.29,30 The calorimetric cell consisted of a 100 cm3
Pyrex glass vessel supporting a 30 k thermistor for
temperature measurement and a 50  resistance for
electrical calibration. The stirrer, which also served
as the ampule holder, was operated at 400 rpm. In
a typical experiment, a thin-walled 1 cm3 glass ampule was loaded with ∼400 mg of sample and weighed
to ±0.01 mg in a Mettler AT201 balance. The solution process was started by breaking the ampule in
100 cm3 of distilled and deionized water. Electrical
calibrations, in which a potential difference of ∼5 V
was applied to the calibration resistance during ∼27 s,
DOI 10.1002/jps
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were made before and after the solution process. The
energy equivalent of the calorimetric system and the
adiabatic temperature change31 were calculated using the SolCal 1.2 program from Thermometric. The
heat associated with ampule breaking was not taken
into account because it was found to be negligible in
previous experiments where the solvent had a higher
vapor pressure than water.29
Drop-Sublimation Calvet Microcalorimetry
The enthalpy of sublimation of Form II piracetam
was determined by using the electrically calibrated
twin-cell drop-sublimation Calvet microcalorimeter
(Setaram, Lyon, France) and the operating procedure previously reported.32,33 The temperature of the
calorimeter was set to 365.2 K. In a typical experiment, the sample with a mass in the range 2.0–5.4 mg
was placed into a small glass capillary and weighed
with a precision of 1 :g in a Mettler M5 microbalance. The capillary was equilibrated for ∼10 min, at
298.15 K, inside a furnace placed above the entrance
of the sample cell, and subsequently dropped into the
cell under N2 atmosphere. An endothermic peak due
to the heating of the compound and capillary from
298.15 to 365.2 K was first observed. Evacuation of
the sample and reference cells to 0.13 Pa was started
when the signal returned to the baseline and the measuring curve corresponding to the enthalpy of sublimation of the compound at 355.2 K was obtained.
The corresponding enthalpy of sublimation (Eq. 1)
was derived from the area of that curve, A, the area
of the pumping background contribution, Ab , the energy equivalent of the apparatus, <ε>, and the mass
of sample m. The value of <Ab > was determined in
a series of independent experiments where gaseous
nitrogen was pumped out of the cells and <ε> was
obtained by electrical calibration32 :
sub h =

As − < Ab >
m< g >

(1)

No decomposition or unsublimed residues were
found inside the calorimeter at the end of the experiments. The mean value of the heat capacity of
piracetam (Form II) in the range 298.15 to 365.2 K
could also be determined, in each experiment, from
the area of the first peak observed in the measuring curve, after accounting for the contribution of the
glass capillary.33
Knudsen Effusion
The Knudsen effusion method was also used to obtain
the enthalpy of sublimation of piracetam (Form II)
from vapor pressure against temperature measurements. The apparatus and operating procedure were
previously described.34–37 The bottom of the vacDOI 10.1002/jps
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uum chamber consisted of a brass block in which
up to three effusion cells can be inserted. Only two
cells were used in this case. Three temperature sensors were embedded in the block in a triangular configuration: a K-type thermocouple linked to a Eurotherm 902P thermostatic unit and two Tecnisis
100  platinum resistance thermometers connected
in a four-wire configuration to a Keithley 2000 multimeter. These sensors were calibrated against a standard platinum resistance thermometer, which had
been standardized at an accredited facility in accordance with the International Temperature Scale ITS90. The temperature of the brass block were maintained constant to better than ±0.1 K by means of
a surrounding tubular furnace controlled by the Eurotherm 902P thermostatic unit. The mean value of
the block temperature given by the two platinum resistance thermometers was taken as the equilibrium
temperature inside the cells. Each cell was initially
charged with ∼0.2 g of sample, and the mass loss during a run was determined to ±0.01 mg with a Mettler AT201 balance. Before evacuation of the vacuum
chamber, the cells were thermally equilibrated with
the block for 45–60 min, under nitrogen atmosphere.
Typically, a pressure of 1 × 10−3 Pa was reached in
less than 3 min, and a final constant pressure of 8 ×
10−5 Pa was attained in about 20 min. The experiment was ended by stopping the pumping, and filling
the vacuum chamber with nitrogen.
Combustion Calorimetry
The standard energy of combustion of piracetam
(Form II) was measured with an isoperibol-stirred
liquid combustion macrocalorimeter.38 A pellet of the
compound with a mass of 0.8–0.9 g was weighed to
±0.01 mg with a Mettler AT201 balance inside a platinum crucible, which was then adjusted to the sample
holder in the bomb head. The platinum ignition wire
(Johnson Matthey; mass fraction: 0.9995; diameter
0.05 mm) was connected between the two discharge
electrodes. A cotton thread fuse of empirical formula
CH1.887 O0.902 and standard massic energy of combustion c u◦ = −16,565.9 ± 8.6 J·g−1 ,38 was weighed to
±0.1 :g with a Mettler UMT2 balance. One end of the
fuse was tied to the ignition wire and the other end
was brought into contact with the pellet. A volume of
1.0 cm3 of distilled and deionized water from a Millipore system (conductivity, <0.1 :S·cm−1 ) was added
to the bomb body by means of a volumetric pipette.
The stainless-steel bomb (Parr 1108) of 340 cm3 internal volume was assembled and purged twice by
successively charging it with oxygen at a pressure of
1.01 MPa and venting the overpressure. After purging, the bomb was charged with oxygen at a pressure of 3.04 MPa and a few minutes were allowed
for equilibration before closing the inlet valve. The
bomb was placed in the calorimeter proper, inside the
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 2, FEBRUARY 2011
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thermostatic bath. The combustion of the sample was
initiated by discharge of a 2990 :F capacitor, from a
potential of 40 V, through the platinum wire. The discharge current heated the wire, and when the temperature was increased sufficiently, the thread fuse
ignited and the combustion propagated to the sample
material. The nitric acid formed in the calorimetric
experiments from the combustion of the sample or
traces of atmospheric N2 remaining inside the bomb
after purging was determined by titration with aqueous sodium hydroxide (Merck titrisol, 0.01 mol·dm−3 ),
using methyl red as an indicator. The energy equivalent of the calorimeter, ε◦ = 18,539.88 ± 0.92 J·K−1 ,
was obtained from the combustion of benzoic acid (BA;
NIST SRM 39j), whose massic energy of combustion
under the certificate conditions was c u(BA, cert) =
−26,434 ± 3 J·g−1 . The ε◦ value refers to 3751.38 g of
distilled water inside the calorimeter proper.
Computational Details
Density functional theory (DFT),21 Gaussian-3 theory with second-order Møller-Plesset (G3MP2),22 and
complete basis set extrapolation (CBS-QB3)23,24 procedures were applied to predict thermochemical properties of the systems under examination. In the case
of the DFT methods, full geometry optimizations
and frequency predictions were carried out with the
B3LYP39,40 hybrid functional using the cc-pVTZ41,42
basis set. The corresponding molecular energies were
converted to standard enthalpies at 298.15 K by using zero-point energy (ZPE), and thermal energy corrections calculated at the same level of theory. The
obtained vibration frequencies and ZPEs were not
scaled, unless otherwise stated. The DFT, G3MP2,
and CBS-QB3 calculations were performed with the
Gaussian-03 package.43

RESULTS AND DISCUSSION
The 2005 IUPAC recommended standard atomic
masses were used in the calculation of all molar
quantities.44
Relative Thermodynamic Stability of Piracetam
Polymorphs
Typical DSC measuring curves obtained for Forms II
and III piracetam at 5 K·min−1 are illustrated in
Figure 2. The curves show two clear endothermic
events, the first one shifted in temperature for
Forms II and III and the second one occurring at essentially the same temperature for both forms. This
is consistent with previous findings, indicating that
Forms II and III first transform into phase I, which
subsequently undergoes fusion.8,16 A very weak endothermic effect can also be noted in the DSC trace
of form III (Fig. 2b). This thermal event has been
previously observed to sometimes (but not always)
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 2, FEBRUARY 2011

Figure 2. Differential scanning calorimetry measuring
curves obtained for forms II (a) and III (b) of piracetam.

occur in DSC studies of form III16 and may be tentatively assigned to the metastable fusion of traces of
form III that remained unconverted after the III →
I phase transition. The values of the onset (Ton ) and
maximum (Tmax ) temperatures of the peaks assigned
to the II → I or III → I phase transitions and to
the fusion of phase I, together with their correspond◦
◦
= trs Hm
/Ttrs )
ing enthalpies and entropies (trs Sm
at the transition temperatures, Ttrs , are compared in
Table 1 with published data resulting from DSC8,16
and thermomicroscopy8 experiments. The entropies
of the solid–solid phase transitions and fusion obtained in this work were calculated on the assumption
that Ttrs = Ton . Note that the uncertainties indicated
◦
◦
, and fus Hm
represent standard
for Ton , Tmax , trs Hm
deviations of the mean of three independent determi◦
◦
and fus Sm
are overall devinations; those of trs Sm
ations that include contributions from the uncertain◦
, or
ties in the corresponding values of Ttrs and trs Hm
◦
fus Hm .
As shown in Table 1, the general trends in the temperatures and enthalpies of fusion and solid–solid
phase transitions obtained in this work and previously reported are in good agreement. The main exception is the fact that we and Kuhnert-Brandstätter
et al.8 found the order Ttrs (II → I) <Ttrs (III →
I) whereas the opposite was claimed by Cèolin et
al.16,19 A good agreement is, however, noted when all
published enthalpies and entropies for those phase
transitions are compared. The stability hierarchy of
Forms II and III at 298.15 K can be extracted from
the DSC data in Table 1 as follows. Because the final
state is identical for the II → I and III → I phase
◦
◦
and trs Sm
transitions, if the corresponding trs Hm
values obtained at the temperature of the phase transitions are assumed to be temperature independent
◦
◦
◦
(III → II) = trs Hm
(III → I) −trs Hm
then trs Hm
◦
◦
◦
(II → I), trs Sm (III → II) = trs Sm (III → I) −trs Sm
◦
(II → I), and trs G◦m (III → II) = trs Hm
(III → II)
◦
−Ttrs (III → II)trs Sm (III → II). The data in Table 1
DOI 10.1002/jps
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Table 1.

Comparison of the DSC Results Obtained in this Work for Forms II and III Piracetam with Previously Reported Data

Transition

(cr II) → (cr I)

Ton /K

382.7 ± 1.2a

Tmax /K

381c
348 ± 2d
399e
387.9 ± 0.7a

◦ /kJ·mol−1
Hm

3.23 ± 0.01a

◦ /J·K−1 ·mol−1
Sm

3.0c
3.4e
8.44 ± 0.04a
7.9 ± 0.8c
8.5e

(cr III) → (cr I)

(cr I) → (l)

(cr II) → (l)

(cr III) → (l)

413.7d

413.4c
413.2d
412e

424.0 ± 0.1a
424.5 ± 0.2b
426.4c
425.7d
426e
425.9 ± 0.4a
425.9 ± 0.2b
25.1 ± 0.1a
26.0 ± 0.1b
25.7 ± 0.3c
25.6e
59.2 ± 0.2a
61.2 ± 0.2b
60.3 ± 0.7c
60.1e

394.4 ± 1.2b
393c
392e
398.9 ± 1.2b
3.73 ± 0.08b
3.8c
4.0e
9.46 ± 0.20b
9.7 ± 0.5c
10.2e

29.3 ± 0.1c
29.9e

70.9 ± 0.2c
72.6e

a
From experiments carried out in this work, where form II was the starting material. b From experiments carried out in this work, where form III was the
starting material. c DSC (differential scanning calorimetry)8 . d Thermomicroscopy8 . e DSC16 .

◦
lead to trs Hm
(III → II)/kJ·mol−1 = 0.50 (this work),
8
16,19
◦
; trs Sm
(III → II)/J·K−1 ·mol−1 =
0.8, and 0.6
8
1.02 (this work), 1.8, and 1.716,19 ; trs G◦m (III → II)/
kJ·mol−1 = 0.20 (this work), 0.3,8 and 0.1.16,19 Hence,
both the results obtained in this work and published
suggest the stability order III > II at 298.15 K.
◦
(III → II) at 298.15 K could
The value of trs Hm
also be derived from the enthalpies of solution of
phases II and III in water obtained by solution
◦
(cr II) =
calorimetry. These experiments led to sol Hm
−1
◦
13.98 ± 0.09 kJ·mol and sol Hm (cr III) = 14.27 ±
◦
◦
(III → II) = sol Hm
0.07 kJ·mol−1 , giving trs Hm
◦
−1
(cr III) −sol Hm (cr II) = 0.29 ± 0.11 kJ·mol . This
value is close to those obtained by DSC and also
corroborates the endothermic nature of the III → II
phase transition.
It should be noted that the stability order III >
II, at 298.15 K, is further supported by two rules of
thumb, which are often used to characterize the relative stability of polymorphs: the density rule and the
infrared rule.4,45 The density rule states that the polymorph with the lower density should be less stable;
the infrared rule, when applied to structures containing N−H···O=C hydrogen bonds (such as Forms II and
III piracetam),9,11 indicates that the higher the N−H
frequency the weaker the hydrogen bond and the less
stable the polymorph. As mentioned in the Introduction, in the case of piracetam d(III)298 K > d(II)298 K
and the infrared spectroscopy data included in the
Materials section shows that νN−H (III) <νN−H (II).
Thus, both the density and infrared rules suggest that
for piracetam Form III is more stable than Form II.

Enthalpies of Sublimation and Formation
The Calvet drop-sublimation microcalorimetry experiments carried out on form II, at 365.2 K, led to
◦
(365.2 K) = 120.8 ± 1.8 kJ·mol−1 , where the
sub Hm
indicated uncertainty corresponds to twice the overDOI 10.1002/jps

all standard deviation of the mean of eight independent determinations, including the contributions from
the main experiments and from the calibration (see
Supporting Information). Correction of this value to
◦
= 123.8 ± 1.8 kJ·mol−1 . The
298.15 K gave sub Hm
correction was based on the equation:
◦
(298.15 K)
sub Hm

=

◦
sub Hm
(T)

298.15
 K

 ◦

Cp,m (g) − C◦p,m (cr) dT

+

(2)

T

where C◦p,m (cr) and C◦p,m (g) are the standard molar
heat capacities of the compound in the crystalline
and gaseous states, respectively. The calculation was
based on the mean value of the heat capacity of crystalline piracetam in the range 298.15 to 365.2 K,
C◦p,m (cr) = 206.9 ± 13.2 J·K−1 ·mol−1 , determined by
Calvet microcalorimetry33 and on the temperature
dependence of the heat capacity of the gaseous compound in the range 200 to 500 K given by:
C◦p,m (g) = 0.4212T + 25.45

(3)

Equation 3 was obtained from a least squares fitting to the C◦p,m (g) values calculated by statistical
mechanics,46 using vibration frequencies obtained by
the B3LYP/cc-pVTZ method and scaled by 0.965.47
The enthalpy of sublimation of piracetam was also
obtained from vapor pressure against temperature
measurements by the Knudsen effusion method (see
Supporting Information). The values of p were calculated from48,49 :
p=

m
At



2BRT
M

1/2 

8r + 3l
8r



28
28 + 0.48r


(4)
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where m is the mass loss during the time t; A, l, and
r are the area, the thickness, and the radius of the
effusion hole, respectively; M is the molar mass of
the compound under study, R is the gas constant, T
is the absolute temperature, and λ is the mean-free
path given by50 :
8= √

kT
2BF2 p

(5)

Here k represents the Boltzmann constant and σ
the collision diameter. The collision diameter was
estimated as 630 pm from the van der Waals volume of each molecule calculated with the GEPOL93
program,51 based on the molecular structures of the
most stable conformations calculated in this work for
each compound by the B3LYP/cc-pVTZ method. The
van der Waals radii of carbon (170 pm), hydrogen
(120 pm), nitrogen (155 pm), and oxygen (152 pm)
given by Bondi were selected for this calculation.52
The area (A), thickness (l), and radii (r) of the two
effusion holes used in the measurements were: A =
2.089 × 10−7 m2 , l = 2.09 × 10−5 m; r = 2.579 × 10−4 m
(hole 1); A = 2.640 × 10−7 m2 , l = 2.09 × 10−5 m; r =
2.899 × 10−4 m (hole 2).
Since the mean-free path in Eq. 5 is pressure dependent, an iterative method was needed to obtain the
vapor pressure of the compound through Eqs. 4 and
5. As a first approximation, p was calculated by ignoring the λ-dependent term in Eq. 4. The obtained result
was subsequently used to derive λ from Eq. 5. The calculated mean-free path was introduced in Eq. 4 and a
second p value was calculated. The iteration was continued until the difference between successive values
of p was smaller than 10−8 Pa.
The vapor pressure against temperature data was
53
fitted to Eq. 6, :
ln p = a −

b
T

(6)

where the slope b is related to the enthalpy of sublimation at the average of the highest and lowest
temperatures of the range covered in each series of
◦
experiments, Tm , by sub Hm
(Tm ) = bR. The obtained
results were: a = 36.99 ± 0.76, b = 14,235.3 ± 278.2,
◦
(365.4 K) = 118.4 ± 5.0 kJ·mol−1 (hole 1);
sub Hm
◦
a = 36.58 ± 0.39, b = 14,098.7 ± 142.6, sub Hm
−1
(365.4 K) = 117.2 ± 2.6 kJ·mol (hole 2). The uncertainties assigned to a and b correspond to standard er◦
(Tm ) includes Student’s factor
rors, and that of sub Hm
for 95% confidence level (hole 1: t = 2.179 for 13 experimental points; hole 2: t = 2.228 for 11 experimental
◦
(365.4 K)
points).54 Correction of the obtained sub Hm
◦
(cr II) =
values to 298.15 K using Eq. 2 led to sub Hm
◦
121.4 ± 5.0 kJ·mol−1 (hole 1) and sub Hm
(cr II) =
120.2 ± 2.6 kJ·mol−1 (hole 2). The weighted mean55
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of the results from the Calvet drop-sublimation microcalorimetry and the Knudsen effusion experiments
◦
(cr II) = 122.5 ± 1.4 kJ·mol−1 was selected in
sub Hm
this work.
Eight combustion calorimetry experiments on
Form II piracetam (see Supporting Information) led to
a mean value of the standard-specific energy combustion c u◦ (cr II) = −22,969.16 ± 3.64 J·g−1 , from which
◦
◦
(cr II) = −3265.20 ± 1.32 kJ·mol−1 and c Hm
c Um
−1
(cr II) = −3266.44 ± 1.32 kJ·mol can be derived.
According to normal thermochemical practice, the uncertainties assigned to c u◦ (cr II) are the standard
◦
(cr II) and
deviations of the mean and those of c Um
◦
c Hm (cr II) represent twice the overall standard deviation of the mean including the contributions from
the main experiments and from the calibration with
benzoic acid55,56 .
◦
(cr II) corresponds to the reacThe value of c Hm
tion:
C6 H10 O2 N2 (cr) + 15/2O2 (g)
= 6CO2 (g) + 5H2 O (l) + N2 (g)

(7)

◦
and using f Hm
(CO2 , g) = −393.51 ± 0.13 kJ·
−1 57
◦
(H2 O, l) = −285.830 ± 0.040 kJ·
mol , and f Hm
◦
(cr II) = −523.8 ± 1.6 kJ·mol−1 .
mol−157 leads to f Hm
Combining this value with the enthalpies of solution of Forms II and III piracetam indicated above
◦
◦
◦
(cr III) = f Hm
(cr II) + sol Hm
(cr II)
leads to f Hm
◦
−1
−sol Hm (cr III) = −524.1 ± 1.6 kJ·mol . A similar
exercise based on the assumption that the enthalpy of
◦
the II → I phase transition obtained by DSC, trs Hm
−1
(II → I) = 3.21 ± 0.04 kJ·mol (Table 1), is invariant
◦
◦
(cr I) = f Hm
(cr II)
with temperature gives f Hm
◦
−1
+trs Hm (II → I) = −520.6 ± 1.6 kJ·mol . Finally,
the standard molar enthalpy of formation of gaseous
◦
(g) = −401.3 ±
piracetam could be derived as f Hm
−1
◦
◦
(cr II) =
2.1 kJ·mol by using f Hm (cr II) and sub Hm
−1
122.5 ± 1.4 kJ·mol proposed in this work.

Computational Chemistry
◦
The experimentally obtained f Hm
(g) value can
be compared with the corresponding predictions by
◦
(g) = −335.3 kJ·mol−1 ,
the B3LYP/cc-pVTZ, f Hm
◦
(g) = −388.7 kJ·mol−1 , and CBS-QB3,
G3MP2, f Hm
◦
(g) = −402.8 kJ·mol−1 methods for the most
f Hm
stable conformation of gaseous piracetam (Fig. 3).
This conformation involves a NH···O intramolecular
hydrogen bond, with the calculated H···O bond distance being 210.3 pm, 213.8 pm, and 209.9 pm, at
the B3LYP/cc-pVTZ, G3MP2, and CBS-QB3 levels of
◦
(g) results
theory, respectively. The theoretical f Hm
were based on the enthalpy of the atomization reac◦
:
tion, a Hm

C6 H10 O2 N2 (g) = 6C(g) + 10H(g) + 2O(g) + 2N(g)

(8)
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Supporting Information: Tables S1 and S2 containing the details of the X-ray powder diffraction
characterization of Forms II and III of piracetam.
Tables S3 and S4 summarizing the results of the solution calorimetry measurements. Table S5 with the
results of the drop-sublimation Calvet microcalorimetry experiments. Table S6 containing the experimental vapor pressures obtained by the Knudsen effusion method. Details of the combustion calorimetry
experiments (Table S7). Details of the computational
chemistry calculations (Table S8). Supporting information is available free of charge via the Internet
(http://wileyonlinelibrary.com/).
Figure 3. Most stable conformation of gaseous piracetam
displaying the intramolecular NH···O hydrogen bond.

◦
computed at 298.15 K as a Hm
= 8259.0 kJ·mol−1 ,
◦
◦
= 8312.4 kJ·mol−1 , and a Hm
= 8326.5 kJ·
a Hm
mol−1 at the B3LYP/cc-pVTZ, G3MP2, and CBS-QB3
levels of theory, respectively (see Supporting Information for details).
The deviations found between the experimen◦
(g) values amount to
tal and calculated f Hm
−1
(B3LYP/cc-pVTZ), 12.7 kJ·mol−1
66.1 kJ·mol
(G3MP2), and 1.4 kJ·mol−1 (CBS-QB3). The poor performance of the DFT model is not unexpected.21,58–60
In fact, a recent assessment showed that on average deviations of at least ∼30 kJ·mol−1 should be
◦
(g) from atomization
expected when predicting f Hm
enthalpies at the B3LYP/cc-pVTZ level of theory.60
Considerable improvements are, however, observed
when the higher level G3MP2 and particularly CBSQB3 methods are used. This last method was able
to reproduce the experimental data within its uncertainty interval.

CONCLUSIONS
Besides the assessment of computational chemistry
methods that are frequently used to investigate the
energetics, structure, and reactivity of molecules with
pharmaceutical interest, the combination of experimental techniques used in this work provided some
basic thermodynamic information (e.g., enthalpies of
formation, vapor pressures) that was lacking for the
three piracetam polymorphs that have been of most
practical relevance (Forms I, II, and III). Last but
not the least, the stability hierarchy of those forms at
ambient temperature and pressure (298 K, 1 bar), for
which there was conflicting evidence in the literature,
could be deduced as III > II > I. This conclusion is in
line with the predictions of the density and infrared
rules.
DOI 10.1002/jps
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9. Louër D, Louër M, Dzyabchenko VA, Agafonov V, Céolin R.
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