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bstract
The heat capacities of artemisinin in crystal form were measured in the temperature range from 80 to 363 K by an adiabatic calorimeter. Three
hermal anomalies were observed at 198, 240, and 312 K. Thermogravimetry and differential thermal analysis from 300 to 700 K showed melting
t 420 K, loss of formic acid at 480 K, and further decomposition above 480 K.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Artemisinin (molecular structure: Fig. 1; formula: C15H22O5;
AS RN: 63968-64-9; molecular mass: 282.33 g mol−1) is a

esquiterpene lactone with an endoperoxide function. It was first
solated from the Chinese traditional herb—Artemisia annua
. and its structure was first confirmed by Chinese scientists

n 1970s [1–6]. Artemisinin and its derivatives or analogues
re currently regarded as the most promising weapons against
ultidrug-resistant malaria [7]. Its unique 1,2,4-trioxane struc-

ure is entirely incompatible with the traditional antimalarial
tructure–activity theory, which attracted the interesting of many
esearchers [7–10].

Chinese scientists working on artemisinin [5] and Lisgarten
t al. [6] confirmed the crystal structure and the absolute configu-
ation of artemisinin by X-ray diffraction. Lin et al. [11] and Luo
t al. [12] studied the thermal rearrangement and decomposition
roducts of it. Chan et al. [13] researched the polymorphism of
rtemisinin. Xing et al. [14] and Coimbra et al. [15] studied the
olubility of artemisinin in supercritical carbon dioxide.

In the present work the heat capacities of artemisinin in crys-

al form were measured in the temperature range from 80 to
63 K by an adiabatic calorimeter. The thermal stability of the
ompound was further examined by thermogravimetry (TG) and
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ifferential thermal analysis (DTA) over the temperature range
rom 300 to 700 K.

. Experimental

.1. Materials

Artemisinin was obtained from Qingjiang Bioengineering
o. Ltd. (Ensi, Hubei, PR China). It was extracted from
rtemisia annua L., and then purified. It is a colorless needle
rystal and the purity of mass fraction was above 0.995, which
as determined by HPLC and XRD. Further purification was
ot performed. Nitrogen gas with a purity of 99.999% was used
n the TG–DTA test.

.2. Adiabatic calorimetry

The heat capacity measurement was carried out in a
mall sample adiabatic calorimeter over the temperature range
rom 80 to 363 K. The detailed description of the adia-
atic calorimeter was published in Refs. [16–19]. To verify
he reliability of the adiabatic calorimeter, the molar heat
apacity of synthetic sapphire (�-Al2O3, Standard Refer-

nce Material 720, NIST) was measured over the same
emperature range. The mass of the �-Al2O3 used for the

easurement was 8.7353 g. The deviations of the experi-
ental results from the recommended values of NIST [20]

mailto:prof.liuyi@263.net
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Fig. 1. The structure and thermal decomposition of artemisinin [11].
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ig. 2. Experimental molar heat capacities of artemisinin determined by adia-
atic calorimetry.
ere within ±0.5% over the entire temperature range of
0–387 K.

The mass of crystalline artemisinin used for the heat-capacity
easurement was 2.9528 g, 10.4587 mmol, based on its molar
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Fig. 3. The photographs of artemisinin crystal: (a) b
Fig. 4. TG–DTG–DTA curves of crystalline artemisinin.

ass of 282.33 g mol−1. The sample was sealed in the calorime-
er vessel and cooled down to 78 K by liquid nitrogen. Then the
eat capacity measurement was initiated using the standard dis-
rete heating method [16]. The duration of energy input was
0 min, and the thermal equilibrium inside the sample cell was
ttained within 3–5 min after the energy input. The temperature
ncrement for each experimental point was about 3 K.

.3. The TG–IR analysis

TG–DTA–IR was performed in a thermal analyzer, SDT
600 from TA instrument, USA. The instrument was calibrated
ith indium before the experiment. A sample mass of approxi-

ately 8 mg was used. The heating rate was 10 K min−1, and the

emperature range was from 300 to 700 K. The nitrogen gas flow
ate was 200 mL min−1 to ensure that the gaseous decomposi-
ion products were quickly driven out from the furnace into the

efore and (b) after the adiabatic calorimetry.
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ig. 5. The IR spectrum of the gaseous thermal decomposition products of arte
R spectrum of the carrier gas at peak time; (c) the standard IR spectrum of form

R sample cell of Nicolet 380 with a TGA/FT-IR interface from
hermo Electron Corporation, USA. The temperature of the gas

ransfer tube and the sample cell of the IR were thermostated
t 453 K. The IR background was collect and subtracted during
he measurement.

. Results

.1. Heat capacity

Low-temperature heat capacities of artemisinin are shown in
ig. 2 and the supplementary data file. Three heat capacity abrupt
hanges were observed. The first one is at about 198 K. The heat
apacities increased abruptly at this point, and then decreased
bruptly at about 240 K. The third change takes place at about
12 K. The sample before calorimetric measurement was color-
ess needle crystal, however, after calorimetric measurement it
ransformed into granulose crystal, as shown in Fig. 3.

.2. Thermal stability

The TG–DTG–DTA results are presented in Fig. 4. Most of
he activities occur in the temperature range from 420 to 620 K in
wo steps. No residue was found in the crucible after the experi-

ent. Two obvious peaks were observed in the DTA curve (heat
ow). The first endothermic peak was associated with the fusion
f artemisinin, at Tonset = 420 K. The second large exothermic
eak corresponded to thermal rearrangement and decomposi-
ion, which starts just after the fusion and the peak temperature

s 480 K.

The IR spectrum of gas is shown in Fig. 5. The peak of the IR
bsorbency intensity appeared just at the first mass loss step by
omparing Figs. 4 and 5. By comparing the IR spectrum of the
n: (a) the IR absorbance intensity and sample temperature against time; (b) the
id.

as at the peak time with the standard IR spectrum library, as
hown in Fig. 5, the gaseous decomposition products are mainly
omposed of formic acid (HCOOH) at this step. If artemisinin
ecomposed into the compound 2 as demonstrated in Fig. 1
ccording to Refs. [11,12], the lost fragment is just the formic
cid. So the result obtained in this work agrees with that reported
n the literature. The IR spectrum at the second mass loss step was
eak and not specific. It implied that the decomposition products

t this step are complex and it is not a simple decomposition step.
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