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Abstract The thermal decomposition of capecitabine

(CAP) was measured with thermogravimetry, differential

scanning calorimetry, and thermogravimetric analysis

coupled with Fourier transform infrared spectroscopy. The

IR spectra, high-performance liquid chromatography, and

liquid chromatography–mass spectrometry of CAP and the

residue of its thermal decomposition at various tempera-

tures were determined. The molecular bond orders were

calculated using an ab initio method from the GAMESS

program of quantum chemistry. The mode of thermal

decomposition for CAP was discussed. The kinetic

parameters for thermal decomposition such as activation

energy Ea and the pre-exponential factor A were obtained

using the Ozawa method. The prospective lifetime of CAP

was estimated using the Dakin equation. The results indi-

cated that the thermal decomposition of CAP is a three-step

process, and the first mass loss stage is to lose pentyl for-

mate. The initial decomposition temperature in either

nitrogen or air is 120 �C. For decomposition in nitrogen,

the Ea and A for the initial thermal decomposition are

105.1 kJ mol-1 and 9.12 9 1011 min-1, respectively. For

decomposition in air, the corresponding Ea and A are

105.1 kJ mol-1 and 9.55 9 1011 min-1, respectively. The

CAP has poor thermal stability under routine temperature.
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Introduction

Capecitabine (CAP), with trade name Xeloda, is an orally

administered chemotherapeutic agent used in the treatment

for numerous cancers [1], such as colorectal cancer [2],

breast cancer [3], gastric cancer [4], and esophageal cancer

[5]. CAP is a novel 5-fluoropyrimidine carbamate ration-

ally designed as an oral precursor of 50-deoxy-5-fluo-

rouridine (50-DFUR). CAP metabolism into 5-fluorouracil

(5-FU) requires three sequential enzyme-mediated reaction

steps. First, CAP is converted in the liver to 50-deoxy-5-

fluorocytidine (50-DFCR) by carboxylesterase. The subse-

quent conversion of 50-DFCR to 50-deoxy-5-fluorouridine

(50-DFUR) is mediated by cytidine deaminase, an enzyme

found in liver and tumor tissues. Finally, 50-DFUR is

converted to 5-FU by thymidine phosphorylase whose

activity is increased in tumor tissue [6]. CAP is composed

of three molecular fragments: pentyl formate, 5-fluorocy-

tosine (5-FC) nucleus, and 3,4-dihydroxy-5-methylte-

trahydrofuran group. The molecular structure can be seen

in Scheme 1.

Thermoanalytical techniques have been widely applied

in the pharmaceutical field for several purposes including

purity determination for drugs, composition analysis of

drugs and raw materials, melting point testing, crystal

formation and change tests, thermal stability of medicines,

evaluation of the validity, thermal decomposition kinetics,

identification of natural drugs, and optimization for pro-

duction of drugs [7–12].

The results of thermal stability studies and the mode of

thermal decomposition of CAP have important theoretical

significance for further understanding of the chemical

properties of CAP. These considerations may also have

practical consequences for the production, processing, and

storage of CAP. Although the stability of CAP and its
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sustained-release tablets stored at 40 �C in 75 % of relative

humidity have been studied [13, 14], the decomposition

kinetics of CAP and possible modes of decomposition have

not yet been reported. Now, the thermal decomposition

processes for CAP in nitrogen and air atmospheres have

been examined using thermogravimetric analysis (TG) and

differential scanning calorimetry (DSC). The identity of

volatile species that evolved during thermogravimetric

decomposition was established using Fourier transform

infrared spectroscopy (TG–FTIR). Residues of thermal

decomposition at different stages were examined using IR

spectrometry, high-performance liquid chromatography

(HPLC), and liquid chromatography–mass spectrometry

(LC–MS). Molecular bond orders for CAP were calculated

using an ab initio method from the GAMESS program of

quantum chemistry [15, 16]. The kinetics of thermal

decomposition of CAP was studied using the Ozawa

method [17–19]. The apparent activation energy Ea and

pre-exponential factor A for thermal decomposition reac-

tions were obtained from thermogravimetric data under

different heating rates. The prospective lifetime of CAP at

different temperatures was estimated to provide reference

for the correct and reasonable use of this drug.

Experimental

Reagents

The CAP was supplied by Hangzhou Coben Pharmaceu-

tical Co., Ltd. (China). The HPLC purities were 99.5 %. It

was used without further purification. 5-FU (99.0 %), 5-FC

(99.0 %), 50-DFCR (98.0 %, i.e., USP Capecitabine

Related Compound A [20]), and 50-DFUR (98.0 %, i.e.,

USP Capecitabine Related Compound B [20]) were pur-

chased from the Aladdin Chemistry Co., Ltd. (Shanghai,

China). Acetonitrile (ACN) (HPLC purity grade) and

ammonium acetate (analytical purity grade) were pur-

chased from Shanghai Zhanyun Chemical Co., Ltd.

(Shanghai, China). Ultrapure water was produced by a

Millipore Elix3 (Billerica, MA, USA) water purifying

system.

Experimental methods

The TG, DTG, and DSC curves for CAP decomposition

were obtained using an SDT-Q600 simultaneous thermal

analyzer (TA Instruments Inc., USA) and an alumina

ceramic crucible containing 8 mg of sample in either

nitrogen or air atmospheres (80 mL min-1). The software

package provided by the manufacturer was used for esti-

mating the decomposition kinetics and the prospective

lifetime for CAP. Four different heating rates were used:

2.0, 5.0, 10.0, 15.0 �C min-1 from ambient to 800 �C.

The residues from thermal decomposition were prepared

in an SDT-Q600 simultaneous thermal analyzer using an

alumina ceramic crucible containing 10 mg of sample

under nitrogen at a flow rate of 80 mL min-1 and heating

rate of 10 �C min-1 from room temperature to the selected

temperature. Endpoints included the beginning of mass

loss, peak of DTG curve, and end of the first mass loss, etc.

The TG–FTIR analysis was conducted using an SDT-

Q600 Thermal Analyzer coupled with a Nicolet iS10 FT-

IR spectrophotometer (Thermo Fisher Scientific Inc., USA)

equipped with a stainless steel transfer line and gas cell.

Approximately 20 mg of sample was heated from room
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temperature to 700 �C at 20 �C min-1. These experiments

were carried out in both dry nitrogen and dry air. The flow

rate of gases into the TG–FTIR cell was 80 mL min-1.

Both the gas cell for IR detection and the connection line

transferring evolved gases from TG to FTIR were kept at

200 �C to prevent gas condensation. The IR spectra of the

evolved gases were collected at 6 cm-1 resolution with co-

adding of 32 scans per spectrum from 4000 to 500 cm-1.

The IR spectra of CAP and solid residues of thermal

decomposition were obtained using a Nicolet iS 10 FT-IR

spectrophotometer. The spectra were collected by accu-

mulating 32 scans at a resolution of 4 cm-1 from 4000 to

400 cm-1 using a KBr pellet technique.

Separation studies of standard samples and residues

were performed using an HPLC system from Hitachi High-

Technologies Corporation of Japan. The instrument con-

sisted of an LC 2130 quaternary gradient pump with a LC

2140 UV–Vis detector. The data were acquired and pro-

cessed using a HS 2000 chromatography workstation

(Hangzhou Science & Technology Co., China). Reversed-

phase C-18 columns (250 mm 9 4.6 mm i.d. size) con-

taining 5-lm stationery phase were purchased from

Shanghai Awence Science & Technology Co., Ltd. The

mobile phase consisted of 50 mmol L-1 aqueous ammo-

nium acetate solution as eluent A and ACN as eluent B.

Gradient elution started with initial step for 4 min of 2 %

B, gradient up to 30 % B in 11 min, then programmed to

40 % B over 5 min, and held for 15 min. The column was

purged for 10 min with 2 % B before the next injection.

The mobile phase was filtered through a 0.45-lm mem-

brane and degassed via ultrasonication before use. The flow

rate was kept constant at 1.0 mL min-1, and the tempera-

ture of column was maintained at 35 �C. The 5.0-mg

samples (the standard samples or residues from thermal

decomposition) were dissolved in 10 mL of mobile phase.

A small amount of HAc dilute solution was used to help

dissolution. The sample solution was filtered through 0.45-

lm membrane before injection. The injection volume was

5 lL and the detection wavelength was 276 nm.

An Agilent 1290 infinity LC system equipped with a

G4220A binary pump, G4226A autosampler, and G1330B

1290 thermostat, coupled with a 6460 triple quadrupole

mass spectrometer with an electrospray ionization source

(Agilent Technologies, USA), was used for LC–MS anal-

ysis. The autosampler was maintained at 4 �C, and the

column compartment was set at 35 �C. Chromatographic

separation was achieved using an Agilent ZORBAX XDB

C-18 column (250 mm 9 4.6 mm 9 5 lm). The mobile

phase consisted of ultrapure water as eluent A and ACN as

eluent B at a flow rate of 1.0 mL min-1. Gradient elution

started with initial step for 4 min of 2 % B, gradient up to

30 % B over 11 min, then programmed to 40 % B over

5 min, and held for 15 min. The column was purged for

10 min with 2 % B before the next injection. The mobile

phase was filtered through a 0.45-lm membrane and

degassed via ultrasonication before use. The mass spec-

trometer was operated in both negative and positive ion

modes using ESI under the following general conditions:

capillary voltage, 3.0 kV (?) or 3.5 kV (-); nozzle volt-

age, 0 (?) or 500 (-); fragment voltage, 135 V; nebu-

lization pressure, 45 psi; temperature of drying gas,

325 �C; drying gas flow, 5 L min-1; sheath gas tempera-

ture, 350 �C; sheath gas flow, 11 L min-1. Data were

acquired using the Mass Hunter software (Agilent Tech-

nologies, USA) in the multiple reaction monitoring (MRM)

mode by recording ion currents for the following transi-

tions: 100–500 m/z. About 10 mg of sample (residue from

thermal decomposition) was dissolved in 5 mL of mobile

phase. The sample solution was filtered through a 0.45-lm

membrane before injection. The injection volume was

10 lL.

Quantum chemical methods

ChemDraw software attached to ChemOffice (Version:

Ultra 11.0.1, Cambridgesoft, 2007) was used to predict the

molecular structure of CAP. The GAMESS package is a

general ab initio quantum chemistry package attached to

ChemDraw and was used to calculate molecular energy,

charge distribution, and bond order. The HF/6-31G level

was used. The calculation accuracy and convergence

threshold were the default values in all programs. All the

calculations were completed using a personal computer.

Results and discussions

The thermal decomposition process for CAP

The thermal decomposition curves for CAP in nitrogen and

air atmospheres obtained at a heating rate of 10 �C min-1

are shown in Fig. 1. It can be seen that the thermal

decomposition of CAP occurs in three stages with

decomposition beginning at 120 �C. The boundary lines

between these three degradations are indistinct, especially

the second and third stages. In nitrogen, the first mass loss

occurs from 120 to 163 �C, the DTG peak temperature is

143 �C, and the mass loss is 23.7 %. The second mass loss

occurs from 163 to 294 �C, the DTG peak temperature is

249 �C, and the mass loss is 30.2 %. From the DTG curves,

it can be seen that the second mass loss actually includes a

two-step reaction. Over 294 �C is the third mass loss stage,

this is a slow mass loss process, and there is about 20 %

remnant at 800 �C. In air, first mass loss occurs from 120 to

163 �C, the DTG peak temperature is 143 �C, and the mass

loss is 23.9 %. The second mass loss occurs from 163 to

Study on the thermal decomposition of capecitabine 2487
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294 �C, the DTG peak temperature is 249 �C, and the mass

loss is 29.6 %. The third mass loss occurs from 292 to

670 �C, the DTG peak temperature is 568 �C, the mass loss

is 46.5 %, and the decomposition completes about 670 �C.

Before the CAP began to lose mass, the DSC curves both

have an obvious endothermic peak. This suggests that CAP

melts before pyrolysis. In nitrogen, the DSC peak tempera-

ture is 115 �C and the melting heat (peak area) is 57.1 J g-1.

In air, the DSC peak temperature is 115 �C and the melting

heat of CAP is 58.8 J g-1. The DSC curves corresponding to

the first mass loss steps both have an endothermic peak. This

suggests that the first stages of thermal decomposition both

are a thermal cracking process. The DSC curves corre-

sponding to the second mass loss steps both have an

exothermic peak. This suggests that the second mass loss

step contains intramolecular or intermolecular oxidation

reaction processes. The DSC curve of the third stage in

nitrogen is an endothermic peak, which means that this is a
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thermal cracking process. The DSC curve of the third stage in

air is an exothermic peak, which means that this is an oxi-

dation decomposition process. The thermal analysis curves

of the first and the second stages in two atmospheres are

almost exactly the same, which means that the thermal

decomposition processes of these two stages in two atmo-

spheres are the same. The mass loss rates of the first mass loss

steps both are slightly larger than the theoretical value of

losing the pentyl group (19.76 %), but both are less than the

theoretical value of losing the pentyl formate group

(32.0 %). The mass loss rates of the second mass loss steps

both are slightly smaller than the theoretical value of losing

the 3,4-dihydroxy-5-methyltetrahydro furan ring (32.56 %).

This means that these two decomposition stages both are

partially synchronous or contain other reactions.

By comparing the thermogravimetric curves at different

heating rates, experimental results show that with the

increase in heating rate, thermogravimetric curves and the

peak temperature of DTG curve Tmax move slightly to

higher temperature, and the temperature range of every

stage and the mass loss rate are slightly decreased. The

relationships between heating rate b and DTG peak tem-

perature Tmax1 of CAP in nitrogen atmosphere and in air

atmosphere are shown in Table 1.

The FTIR analysis of the gaseous species

and the solid residues produced by the thermal

degradation of CAP [21, 22]

The analysis of the gases produced during the decomposition

process can provide valuable information about the pathway of

decomposition. TG–FTIR is widely used to analyze the gas-

eous products during the thermal decomposition [12, 23, 24].

The three-dimensional diagrams of infrared absorption of

evolved gas products versus time and wavenumber during the

thermal decomposition processes are shown in Fig. 2. The

Gram–Schmidt (GS) curves of the TG–FTIR are shown in

Fig. 3. TG–FTIR spectra of the gaseous products at different

temperatures of the thermal decomposition of CAP are shown

in Fig. 4. In contrast to Fig. 1, it can be seen that the GS plots

both are similar to the DTG curves, and each GS peaks cor-

responding to DTG peaks. From Figs. 3 and 4, it can be seen

that the IR spectra of the major gaseous products at the a point,

namely initial stage of thermal decomposition, both contain

CH bands (2939 and 2888 cm-1) of alkane. It implies that the

initial steps of thermal decomposition both are the fracture of

C–O bond of pentyl formate. The IR spectra of the major

gaseous products at thebpoint, namely near the first DTG peak

of thermal decomposition, both contain CH bands (2939,

2888, and 1460 cm-1), CO2 bands (2359 cm-1), H2O bands

(multiplet bands at 3700 m-1), and C–OH band (1047 cm-1).

It means that the first stages of thermal decomposition both

mainly are the decomposition of pentyl formate. The IR

spectra of the major gaseous products at the c point, namely

near the second DTG peak of thermal decomposition, both

contain CH bands, CO2 band, C–OH band, C=O band

(1768 cm-1), and H2O bands. It means that the second stages

of thermal decomposition in two atmospheres both mainly are

the decomposition of 3,4-dihydroxy-5-methyltetrahydrofuran

ring. The IR spectra of the major gaseous products at the d and

e points in nitrogen atmosphere, namely the bottom of the

second stage and the third stage of thermal decomposition,

both contain small amount of CO2 and CO bands. It means that

the late second stage and the third stage of thermal decom-

position are mainly thermal cracking and small amount of

intermolecular and intramolecular oxidation of residues. The

IR spectra of the gaseous products at the d and e points in air

atmosphere, namely the bottom of the second stage and the

third stage of thermal decomposition, contain large amount of

CO2 and H2O bands. It means that the late second stage and the

third stage of thermal decomposition in air atmosphere are the

oxidation decomposition of residues.

The analysis of solid residues formed at various tem-

peratures can also provide direct information on changes

that occur in the chemical composition of organic samples

during thermal degradation. The infrared spectra of CAP,

50-DFCR and residues that formed at the various temper-

ature stages during the thermal decomposition processes in

nitrogen atmosphere are shown in Fig. 5. From Fig. 5, it

can be seen that the IR spectrum of residue obtained at the

initial stage of thermal decomposition (130 �C) is similar

to that of CAP, but the CH bands (3000–2800 cm-1) are

decreased obviously and the C=O band (1760 cm-1) of

pentyl formate and the C–O band (1208 cm-1) of ester are

decreased. It indicates that the initial step of thermal

decomposition is to lose the pentyl formate group. The new

presented C=O band (1800 cm-1) means that there is a

molecular rearrangement and part of ester changes its

structure (acid anhydride or internal ester) during this

stage. The IR spectrum of residue formed at the bottom of

the first mass loss step (160 �C) shows that the C=O band

of formic ester disappears and the C–O band of ester is

decreased obviously. It means that the pentyl formate

group has lost. Although there is no significant change in

the C–OH band (1048 cm-1) and the C–O–C band

(1087 cm-1) of glucoside, the IR spectrum of the residue is

obviously different from that of 50-DFCR (the product of

CAP losing pentyl formate). It indicates that the residue is

mixture and contains nucleoside analogues, and there are

Table 1 Relationship between heating rate b and peak temp. Tmax1 of

DTG

Atmosphere Relationship R2

In N2 Tmax1 = 3.921b – 0.126b2 ? 117.04 0.993

In air Tmax1 = 3.705b – 0.114b2 ? 117.43 1.0
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other reactions besides losing of pentyl formate at the first

mass loss stage. From the IR spectrum of residue formed at

the upside of the second stage (210 �C) and the IR

spectrum of residue formed at the middle of the second

stage (240 �C), it can be seen that the outline of spectra and

the positions of major bands all are similar with the IR
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spectrum of residue formed at 160 �C, and there are C=O

band (1678 cm-1) and C=N band (1634 cm-1) of 5-FC

ring. But these spectra are obviously different from those of

5-FC (the product of 50-DFCR losing furan ring). It means

that the second stage of thermal decomposition just goes

through 5-FC stage partially.

HPLC analysis on intermediate residues

from the thermal decomposition of CAP

In order to know whether the thermal decomposition of

CAP goes through 50-DFCR and 5-FC stages, the inter-

mediate residues from thermal decomposition were ana-

lyzed with HPLC and compared with the chromatograms

of standard samples. The results are shown in Fig. 6. The

standard samples of 5-FC, 5-FU, 50-DFCR, 50-DFUR, and

CAP are dissolved in mobile phase and turn into a colorless

solution, and their retention times are 3.85, 4.54, 13.71,

14.50, and 21.91 min, respectively. The residue obtained at

130 �C is a canary yellow solid that can be completely

dissolved in mobile phase and turn into a colorless solution.

Its HPLC chromatogram contains a big peak of 50-DFCR,

three medium peaks of CAP, unknown products X

(15.5 min) and Y (24.5 min), and some small peaks

including the peak of 50-DFUR (14.5 min). It means that

most of CAP loses pentyl formate to form 50-DFCR, and

part of CAP goes through molecular rearrangement to form

unknown products X and Y. Because these rearrangement

products remain in residues, the mass loss rates of the first

steps are actually less than the theoretical value of losing

the pentyl formate group (32.0 %). The 50-DFUR peak

implies that a small number of 50-DFCR are oxidized to

form 50-DFUR during the first stage of thermal decompo-

sition. The residue of CAP obtained at 160 �C is a brown

solid, most of which can be dissolved in mobile phase and

turn into a colorless solution, and there is some insoluble
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precipitate. Its HPLC chromatogram contains a small peak

of 50-DFCR, a small peak of unknown product Y, and some

smaller peaks including the peaks of 50-DFUR (14.5 min)

and unknown product X. It means that most of CAP has

been decomposed at this temperature. These small peaks

and insoluble precipitate imply that part of 50-DFCR

decomposes and carbonizes directly to form insoluble

substance and small molecules. The residue of CAP

obtained at 210 �C is a black solid, part of which can be

dissolved in mobile phase and turn into a colorless solution,

and there is much black insoluble precipitate. Its HPLC

chromatogram contains very small peaks of 5-FC, 5-FU,

50-DFCR, 50-DFUR, unknown product X, and other

unknown products. These very small peaks and insoluble

precipitate indicate that most of 50-DFCR decomposes and

carbonizes directly to form black insoluble substance and

small molecules. The small peak of 5-FC implies that part

of 50-DFCR loss 3,4-dihydroxy-5-methyltetrahydrofuran

ring to form 5-FC during the second decomposition stage.

The 5-FU and 50-DFUR peaks indicate that intermolecular

or intramolecular oxidation reactions occur during the

decomposition, some of 50-DFCR is oxidized to 50-DFUR,

some of 5-FC is oxidized to 5-FU, and some of 50-DFUR

decomposes to 5-FU. The residue of CAP obtained at

240 �C is a black spumescent solid, trace of which can be

dissolved in mobile phase and turn into a colorless solution,

and there is much black insoluble precipitate. Its HPLC

chromatogram contains very small peaks of 5-FC, 5-FU,

and other unknown products. It means that most of

50-DFCR has been decomposed at this temperature.

LC–MS analysis on intermediate residues

from the thermal decomposition

In order to confirm the composition of the residue, the

soluble fraction of the residues formed at 130 and 240 �C
were analyzed using LC–MS method, and the results are

shown in Figs. 7 and 8, respectively. The LC–MS analysis

of residue formed at 130 �C indicates that the HPLC peaks

of I, II, and IV in Fig. 7 are 50-DFCR, 50-DFUR, and CAP,

respectively. The molecular weights of III and V, namely

unknown products X and Y, are 386 and 341, respectively.

The molecular weight of X is larger than that of CAP

(359), and the retention time of X is less than that of CAP.

It means that the polarity of X is larger than that of CAP.

The molecular weight of Y is less than that of CAP, and the

retention time of Y is greater than that of CAP. It means

that the polarity of Y is less than that of CAP. These

indicate that the unknown product X and Y are molecular

rearrangement products (the structures have not been

confirmed). The LC–MS analysis of residue formed at

240 �C indicates that the HPLC peaks of VI and VII in

Fig. 8 are 5-FC and 5-FU, respectively. The results of LC–

MS confirm the results of HPLC.

Thermal decomposition mode of CAP

Theoretically, the thermal decomposition of organic

molecules is due to the molecular kinetic energy increasing

during heating. These include atomic oscillations that

rupture the weaker chemical bonds. Lower chemical bond

order offers easier fracture. Thermodynamically, the

decomposition process also depends on the stability of the

decomposition products or intermediates generated. In

order to understand the pyrolysis mode of CAP, a theo-

retical discussion is made from the perspective of the

molecular structure. A quantum chemical ab initio method

is used to calculate molecular charge distribution and the

bond orders for CAP and intermediates (Scheme 1).

According to the molecular bond order distributions of

CAP and intermediates, the position and sequence of the

chemical bonds ruptured could be judged, and the pyrolysis

mode of CAP in the pyrolysis process could be speculated.

From Scheme 1, it can be seen that the weakest bond of

CAP is the C–O bond (0.627) of pentyl formate. It will

rupture first and lose pentyl group and to form unstable

intermediate N-formic acid-50-DFCR. The weakest bond of

N-formic acid-50-DFCR intermediate is the C–N bond

(0.612) of N-formate acid. It will follow closely to rupture

and to form a relatively stable 50-DFCR. So, the losing

pentyl formate is the main reaction process of the first mass

loss steps during the thermal decomposition. The weakest

bond of 50-DFCR is the C–O bond (0.660) in furan ring. It

will rupture to form unstable intermediate N-20,30-dihy-

droxypentanone-5-fluorocytidine with increasing tempera-

ture. The weakest bond of N-20,30-dihydroxypentanone-5-

fluorocytidine is the N-glycosidic bond (0.718) that con-

nects the 5-FC ring and the furan ring, and the second weak

bond is C–N bond (0.734) of amide in 5-FC ring. These

two bond orders are so close that they will rupture at about

the same time. The rupture of the N-glycosidic bond leads

to 5-FC, and the rupture of amide C–N bond leads to

complete decomposition of N-20,30-dihydroxypentanone-5-

fluorocytidine. So, there is part of 50-DFCR that directly

decomposes to insoluble substance, and part of 50-DFCR

decomposes to 5-FC in the second mass loss stage.

The amino group at 5-FC ring is easy to be oxidated, the

C–O bonds in furan ring are weak and easy to break, and

some free oxygen is formed during the decomposition of

the furan ring. The free oxygen will oxidize amino to

hydroxyl or carboxide. So, some oxidation products can be

found in the residues. The thermal decomposition pro-

cesses of CAP contain intramolecular oxidation reaction at

the second stage. Therefore, the DSC curve of the second

stage shows as an exothermic peak.
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After comprehensive analysis of the above, speculated

mode of thermal decomposition process for CAP is shown

in Scheme 2.

Kinetics of thermal degradation of CAP in nitrogen

and in air atmosphere

The thermal decomposition kinetics of CAP was studied

using the ASTM E 1641 method [17]. This method is also

known as the multiple heating rate method or the equal

conversion rate method. This method does not use the

model function of thermal decomposition. The activation

energy Ea and pre-exponential factor A are calculated

independently based on the data that are determined from

the same conversion rate of TA curves under different

heating rate. Therefore, this method is also known as the

model-free method.

The basic principle of this method is that the thermal

decomposition reaction rate constant k relates to tempera-

ture T via the Arrhenius equation:

k ¼ A exp �Ea=RTð Þ ð1Þ

where k is reaction rate constant, t-1; A is the pre-expo-

nential factor, min-1; Ea is the activation energy, J mol-1;

R is the gas constant, 8.314 J K-1 mol-1; and T is the

absolute temperature in Kelvin.

Ozawa [18], Flynn and Wall [19] deduced a thermody-

namic approximate relationship between the heating rate b
and the corresponding temperature T at a given conversion:

lg bþ 0:4567 Ea=RTð Þ ¼ constant ð2Þ

To convert a1 using heating rates b1, b2, and b3, with

corresponding temperatures T1, T2, and T3, Eq. (3) was

obtained.

lg b1 þ 0:4567 Ea=RT1ð Þ ¼ lg b2 þ 0:4567 Ea=RT2ð Þ
¼ lg b3 þ 0:4567 Ea=RT3ð Þ ð3Þ

The Arrhenius activation energy is then determined

from a plot of the logarithm of heating rate versus the

reciprocal of the absolute temperature at a constant con-

version level. The same linear relationship exists for the

different conversions a2, a3, and a4. Then, the pre-expo-

nential factor A can be obtained from Eq. (4).
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A ¼ b Ea=RTð Þ exp Ea=RTð Þ ð4Þ

The experimental data were processed with Eqs. (3) and

(4). The kinetic activation energy Ea and pre-exponential

factor A under different conversion rates at each stage of

thermal decomposition process could be obtained. The

calculated kinetic parameters of the first and second stages

for the CAP are listed in Table 2, and the kinetic rate

constants of thermal decomposition for CAP at the initial

stages are expressed as Eqs. (5) and (6). The kinetic

parameters of the third stage cannot be obtained because

the decomposition rate is very slow.

in N2 k1 ¼ 9:12 � 1011 exp �105:1 � 103=RT
� �

ð5Þ

in air k1 ¼ 9:55 � 1011 exp �105:1 � 103=RT
� �

ð6Þ

The decomposition of CAP in two atmospheres is a

three-step process. From Table 2, it can be seen that at the
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Table 2 Kinetic parameters of CAP at the 1st and 2nd stages

Stage Mass loss a/% In N2 In air

Activation energy

Ea/kJ mol-1
pre-exponential factor A

Log/A min-1
Activation energy

Ea/kJ mol-1
pre-exponential factor A

Log/A min-1

The first stage 5.0 105.1 11.96 105.1 11.98

10.0 104.7 12.06 104.5 12.16

15.0 101.6 11.69 104.5 12.10

20.0 116.4 13.52 106.7 12.33

The second stage 25.0 124.1 14.14 120.6 13.74

30.0 124.7 13.17 121.2 12.79

35.0 137.4 14.03 132.8 13.54

40.0 160.2 15.92 152.4 15.11

45.0 191.8 18.71 200.8 19.59

50.0 289.1 27.68 390.0 37.23
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beginning of decomposition, about 20 % mass loss is the

first stage, mass loss of 25 % to 50 % is the second stage,

and from 50 % to complete decomposition is the third

stage. There are conversion ranges between each two stage,

in which the kinetic parameters change obviously. The

different activation energy Ea and pre-exponential factor

A indicate that the decomposition mode of the two stages is

different. The change of the kinetic parameters in the first

stage is small, which indicates that the first stage is a

simple pyrolysis reaction. The change of the kinetic

parameters in the second stage is large, which indicates that

the second stage is a complex reaction. The kinetic

parameters of the initial stage in two atmospheres are

nearly the same. So, the decomposition temperature and

decomposition rate of CAP in two atmospheres are nearly

the same.

Dakin [25] showed that the lifetime of the material (at a

given conversion) has a linear relationship with the recip-

rocal of temperature:

lgs ¼ a=T þ b ð7Þ

Here, s is the prospective lifetime and T is thermody-

namics temperature. This equation had also been used to

predict the lifetime of medicines [26]. This equation can be

derived from the reaction rate equation and is a universal

equation. Specifically, a = Ea/2.303 R, and b is a constant

at a given conversion rate a and corresponds to the pre-

exponential factor and the thermal reaction function mode.

The temperature and time under the different heating rate

at a given conversion rate a are obtained by experiments. A

linear relationship is obtained from a plot of the logarithm

of time (log t) versus the reciprocal of temperature 1/T, i.e.,

the Dakin equation. It can be used to speculate the lifetime

of a drug at different temperatures. Using 5 % mass loss as

the lifetime of the drug, some calculated prospective life-

times of CAP are shown in Table 3.

The data in Table 3 indicate that the CAP has poor

thermal stability and that it can be preserved for short-term

storage under normal temperature and air atmosphere. The

temperature should be controlled in the production, drying,

and storage to ensure drug quality.

Conclusions

The thermal analysis for CAP shows that the thermal

decomposition processes of CAP are three-step processes

in both nitrogen and air. There is a melting process before

the decomposition. The infrared spectra, HPLC, and LC–

MS of CAP and its residues at different temperatures

during the pyrolysis processes were determined. The

molecular bond orders for CAP and intermediates were

calculated using an ab initio quantum chemistry method

(GAMESS program), and the thermal decomposition mode

of CAP was discussed. The starting thermal decomposition

step of CAP is to lose the pentyl formate, and the

decomposition process of CAP is a multi-step and multi-

path process. The Ozawa method was used to calculate the

kinetic parameters of the thermal decomposition reaction

of CAP, the apparent activation energy (Ea), and pre-ex-

ponential factor (A). The initial decomposition temperature

in both nitrogen and air is 120 �C. For decomposition in

nitrogen, the activation energy Ea and the pre-exponential

factor A for the initial stages are 105.1 kJ mol-1 and

9.12 9 1011 min-1, respectively. For decomposition in air,

the corresponding Ea and A are 105.1 kJ mol-1 and

9.55 9 1011 min-1, respectively. The calculation shows

that the CAP has a poor thermal stability. It can be pre-

served for short-term storage under normal temperature

and air atmospheres. The temperature should be controlled

in the production, drying, and storage to ensure drug

quality.
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