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The thermal stability and thermodynamics of gabapentin (GBP) in the solid state were investigated by
DSC and TG techniques, and FTIR microspectroscopy. The detailed intramolecular lactamization process
of GBP to form gabapentin-lactam (GBP-L) was also determined by thermal FTIR microspectroscopy. GBP
exhibited a DSC endothermic peak at 169 °C. The weight loss in TG curve of GBP suggested that the evapo-
ration process of water liberated via intramolecular lactamization was simultaneously combined with the
evaporation process of GBP-L having a DSC endothermic peak at 91 °C. A thermal FTIR microspectroscopy
clearly evidenced the IR spectra at 3350 cm~! for water liberated and at 1701 cm~! for lactam structure
formed due to the lactam formation of GBP. This study indicates that the activation energy for combined
processes of intramolecular lactamization of GBP and evaporation of GBP-L was about 114.3 4+ 23.3 kj/mol,
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DSC but for the evaporation of GBP-L alone was 76.2 4+ 1.5 k]J/mol. A powerful simultaneous DSC-FTIR com-
TG bined technique was easily used to quickly examine the detailed kinetic processes of intramolecular
DSC-FTIR cyclization of GPB and evaporation of GBP-L in the solid state.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Gabapentin (GBP) with a trade name of Neurontin® is exten-
sively used for the treatment of convulsive-type cerebral disorders,
such as epilepsy, hypokinesia and cranial trachoma [1]. GBP has
also shown a pain-relieving property for management of the neu-
ropathic pain of patient [2]. Moreover, the anti-anxiety activity
of GBP in treating neurodegenerative diseases like Alzheimer’s
is also demonstrated [3]. Since GBP is structurally related to the
neurotransmitter of y-aminobutyric acid (GABA), thus it has been
designed as a GABA-mimetic agent to freely cross the blood-brain
barrier, resulting in higher level of GBP in the brain for treatment
of partial seizures [4,5].

Although GBP is very soluble in water and well absorbed, it is
susceptible to degradation into an impurity known as gabapentin-
lactam (GBP-L) via intramolecular cyclization [6]. This GBP-L
product has been found to cause a higher toxicity than GBP [7]. As
impurity, the presence of lactam in GBP pharmaceutical products
during the manufacturing process and/or storage condition should
be limited or prevented, though GBP-L is currently under investiga-
tion for its pronounced neuroprotective activity and neurotrophic
effect [8,9]. The chemical structures of GBP and GBP-L are compared
in Fig. 1.
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Recently, solid-state chemistry of drug is of growing impor-
tance in the pharmaceutical industry for developing the useful
API (active pharmaceutical ingredient) of drug and stable dosage
forms [10-12]. It has been reported that GBP exists as a zwitterion
in the solid state and also exhibits different polymorphs [13-15].
Until now, however, only a few reports describing the solid-state
thermal stability of GBP [14,16]. The thermodynamics and detailed
kinetic process of lactamization of GBP in the solid state are unclear.
The aim of this study was to investigate the solid-state physico-
chemical properties and lactamization of GBP by using differential
scanning calorimetry (DSC), thermogravimetric (TG) analysis and
Fourier transform infrared (FTIR) microspectroscopy. Furthermore,
a novel simultaneous DSC-FTIR combined technique was also used
to elaboratively explore the process of lactamization of GBP. The
kinetics and activation energies of GBP in the solid state during the
processes of intramolecular lactamization and thermal stability of
GBP-L were also determined by TG analysis.

2. Materials and methods
2.1. Materials

A pharmaceutical grade of gabapentin (GBP, Batch No. PN63415,
Sun Pharma. Ind. Ltd., Gujarat, India) was kindly supplied by Orient
Europharma Co. Ltd. (Taoyuan, Taiwan, ROC) and used without fur-
ther purification. This commercial API of GBP used in this study was
proven to be a polymorphic form II [15,17]. An analytical reagent
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Fig. 1. The chemical structures of GBP and GBP-L.

grade of KBr cubic crystal (5 mm x 5mm x 5mm, Jasco Co., Tokyo,
Japan) was cut into thin plate-like pieces for use.

2.2. Sample preparation

The GBP-L was prepared by directly heating the GBP sample to
176 °Cin DSC system (DSC-910, TA Instruments Inc., New Castle, DE,
USA), and then cooling to 25 °C. Different pretreated samples of GBP
were respectively prepared by preheating GBP powder to different
prescribed temperatures (147-197 °C) in this DSC system, and then
slowly cooling to 25 °C by using a refrigerated cooling system. The
evaporated GBP-L after DSC determination was also collected from
the top place of DSC furnace.

2.3. Analytical identification

All the GBP and GBP-L samples were determined using Fourier
transform infrared (FTIR) microspectroscopy (Micro FTIR 200, Jasco
Co., Tokyo, Japan) with 2KBr method (sample was sealed within
two KBr pellets) by transmission technique [18,19], and also mea-
sured by differential scanning calorimetry (DSC, TA Instruments
Inc., New Castle, DE, USA) at a heating rate of 3 °C/min with an open
pan system in a stream of N, gas from 30 to 260 °C. FTIR spectra
were generated by co-addition of 256 interferograms collected at
4cm~! resolution. Temperature and heat flow of DSC system were
calibrated by standard indium sample. Thermogravimetric (TG)
analysis (TGA-951, TA Instruments Inc., New Castle, DE, USA) was
also carried out by using the different heating rates (2-15 °C/min) to
measure the weight loss of GBP and GBP-L samples. All the thermal
analyses were highly reproducible in terms of shape and thermal
transition values for three runs.

2.4. Study of DSC-FTIR combined technique

Another trace of each GBP or GBP-L sample was directly pressed
on one piece of KBr pellet (1KBr method) or sealed within two
pieces of KBr pellets (2KBr method) by a hydraulic press under
200kg/cm? for 15s to form a disc [18,19]. Each disc was placed
onto a micro hot stage (DSC microscopy assembly, FP 84, Mettler,
Greifensee, Switzerland). The DSC microscopy assembly was then
directly placed on the stage of a FTIR microscopic spectrometer with
a mercury cadmium telluride (MCT) detector in the transmission
method (DSC-FTIR combined technique). The system was oper-
ated in transmission mode. The temperature of the DSC microscopy
assembly was monitored with a central processor (FP 80HT, Met-
tler, Switzerland), and its heating rate was maintained at 3 °C/min

under 25-28 °C[65-75% RH condition. Each sample disc was equili-
brated to the starting temperature (30 °C) and then heated to 200 °C.
The thermal-responsive IR spectra were simultaneously recorded
during heating [18,19].

3. Results and discussion
3.1. Thermal analysis of GBP and GBP-L

The DSC and TG curves of GBP powder are shown in Fig. 2A. Obvi-
ously, one predominant endothermic peak at 169 °C with enthalpy
0f56.47 £ 2.21 kJ/mol may be attributed to the melting of GBP[6,16].
Another two small endothermic peaks at 156 and 207 °C were also
observed. The former could be due to a solid-state change, but
the latter was attributed to the complete loss of drug. Two steps
of weight loss before and after 176 °C were also observed in TG
curve. The first-step of weight loss from 160 to 176 °C was about
25.54%, but the second-step of weight loss from 176 to 200°C was
67.68%. The residual amount was about 6.78%, which was also com-
pletely vanished after 260 °C. This weight loss was due to one of
the following mechanisms: sublimation, evaporation or decompo-
sition. When preheating the GBP powder to 176 °C and then cooling
to 25°C, the DSC and TG curves of this 176 °C-preheated sample
are indicated in Fig. 2B. It is apparent that only an endothermic
peak was found at 91°C with enthalpy of 20.07 4+ 0.89 kJ/mol in
the DSC thermogram. This temperature was just identical to the
melting point of y-lactam form of GBP [6,16], suggesting the for-
mation of GBP-L via intramolecular cyclization of GBP was occurred
after heating GBP sample to 176 °C. Beyond 93 °C, the weight loss
was begun and about 98.08% of weight loss was obtained within
93-200°C. The weight loss was completed after 260 °C. Since the
weight loss was beyond the melting point of 91 °C, thus it might
possibly relate to the evaporation process, rather than sublimation.
At the same time, a thin plate of crystal habit was found in the top
place of DSC or TG analytical system. This thin plate crystal form
evaporated was proven to be a GBP-L, similar to the report of GBP-L
[20]. This implies that the GBP-L was first formed after heating the
GBP to 176 °C, and then the GBP-L was evaporated with the increase
of temperature. In the process of GBP-L formation, the intramolec-
ular cyclization might be occurred in the GBP structure to liberate
one molecule of water, as shown in Scheme 1. However the weight
loss in first-step of Fig. 2A was larger than that of the weight loss
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Fig. 2. DSC thermogram and TG curve of GBP (A) and GBP-L (B) powders.
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Scheme 1. The proposed pathway for intramolecular lactamization of GBP in the solid state.

of one molecule of water, implying that the evaporation process of
water liberated was simultaneously combined to the evaporation
process of GBP-L.

Fig. 3 shows the representative FTIR spectra of GBP, GBP-L
(176 °C-preheated sample) and the evaporated GBP-L after DSC
determination. The raw material of GBP existed as a large rod
shaped crystal, but the evaporated GBP-L was found to be a thin
plate shaped crystal similar to other report [20]. Since GBP displays
a zwitterion in the solid state [13,21], thus there was no IR peak
absorption in the usual —NH stretching (3500-3300cm™!) but it
exhibited an IR band absorption in the region of 3100-2800 cm™!
due to the —NH3* stretching vibration [22]. The peak at 2150 cm™!
was corresponded to the distinct side chain and/or CN stretch-
ing vibration. In the region of 1700-1500cm~", the IR band could
be assigned as the ionized asymmetric carboxylate (1615cm=1)
and NH3* deformation vibration (1567 (shoulder) and 1547 cm™1),
respectively. From 1500 to 1350cm™!, these bands corresponded
also to the asymmetric carboxylate band and/or CH, deformation
band. Below 1350 cm™!, these peaks might be used as a fingerprint
of GBP. On the other hand, both GBP-L samples exhibited many
sharp IR spectral peaks after intramolecular cyclization of GBP. It
is evident that several characteristic absorption bands at 3202 (NH
stretching), 3098, 2928, 2871 (CH stretching), 2845, 1699 (C=0
stretching cyclic), 1678, 1492, 1452 (CH bending), 1420, 1379, 1330
and 1273 (CN stretching) cm~! were observed in the IR spectra of
both GBP-L samples. The IR spectrum of GBP-L formed in this study
was markedly consistent with the IR spectrum of GBP-L synthesized
at 3204, 3098, 2928, 2870, 2844, 1699, 1675, 1493, 1452, 1420 and
1380 cm~! [23], confirming that GBP-L (176 °C-preheated sample)
and the evaporated GBP-L after DSC determination prepared in this
study was a pure GBP-L compound.

In order to examine the process of GBP-L formation, different
GBP samples were respectively pre-heated to each prescribed tem-
perature by using DSC system, cooled it to 25 °C, and then reheated
to 260°C. The DSC curves of the first- or second-heating GBP sam-
ples are shown in Fig. 4. The relationship between the ratio of
enthalpy change and temperature is also indicated in Fig. 4. The
ratio of enthalpy change in Fig. 4 refers to the ratio of peak enthalpy
at 169 °C for each reheated sample to that of 56.47 & 2.21 k]/mol
of intact GBP or at 91°C for each reheated sample to that of
20.07 4+ 0.89 kJ/mol of GBP-L evaporated. It clearly shows that before
147 °C there was no GBP-L formation, and the enthalpy did not
change. Once the GBP was preheated to 166 °C and then reheated,
a small peak at 150°C was observed. This peak might be pre-
sumably due to the sample interaction with the molten GBP-L,
which would also influence the enthalpy ratio results. The ratio
of enthalpy change was slightly reduced beyond 154 °C but exten-
sively decreased after 160 °C. At the same time, the formation of
GBP-L was markedly obtained by increasing the ratio of enthalpy
change of lactam formation due to intramolecular cyclization. At
169 °C, the formation of GBP-L reached to a plateau state and then
reduced, due to the evaporation of GBP-L. Since GBP displays a zwit-
terion in the solid state [13,21], the lactam formation of solid-state
GBP might be proposed by the negatively charged carboxyl group in
the zwitterion state attacking the protonated amino group of GBPL,
as shown in Scheme 1 [23].

3.2. Process determination by simultaneous DSC-FTIR combined
technique

Three-dimensional plots of the FTIR spectra of both GBP and
GBP-L samples prepared by 1KBr or 2KBr method as a function
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Fig. 3. The representative FTIR spectra of GBP (a), GBP-L (176 °C-preheated sample)
(b), and the evaporated GBP-L (c) after DSC determination.
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of temperature are displayed in Fig. 5. Obviously, the thermal-
dependent IR spectral contour of GBP sample prepared by 1KBr
method were changed from 147 °C (Fig. 5A). Several broad IR peaks
at 3150, 1620, 1533, 1456 and 1374 cm~! were also observed from
the IR spectral contour map. These peaks were consistent with that
of the IR spectrum of polymorphic form IV of GBP [15], but grad-
ually disappeared with temperature. The IR spectra corresponding
to GBP-L formed did not find in this IR spectral contour, due to
the quick evaporation of GBP-L from the 1KBr disc once the GBP-
L was formed. Three-step process (<147 °C, 141-189°C, >189°C)
of thermal-related IR spectral changes was obtained for the GBP
sample prepared by 1KBr method. Before first-step of 147 °C, there
was no any alteration for three-dimensional IR spectral map. In
the second-step of 147-184°C range, changes to the correspond-
ing contour map of these IR spectra were observed. Several specific
IR spectral peak intensities were changed markedly. This IR spectral

change was closely related to the corresponding DSC endothermic
peak at 169 °C. Here, a slightly increase in peak intensity at 3150 and
1374 cm~1! was clearly observed by increasing the temperature, but
gradually disappeared from 169 °C. After 184 °C, no sample could
be detected due to complete evaporation.

Fig. 5B shows three-dimensional plots of FTIR spectra of GBP
sample prepared by 2KBr method as a function of temperature
between 4000-2000 and 1800-1000 cm~'. With the increase of
temperature, the IR spectral contour and several specific IR fre-
quencies significantly changed. In particular, two new peaks at
1701 and 3350 (3200-3400) cm~! were clearly evidenced. The for-
mer was assigned to the carbonyl band of lactam formation of
GBP due to intramolecular cyclization; the latter was due to water
liberated from sample after intramolecular cyclization. The persis-
tence of the IR spectra of water ranging from 3200 to 3400 cm™!
was still observed even at higher temperature, this should be
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Fig. 5. Three-dimensional plots of the FTIR spectra of both GBP and GBP-L samples prepared by 1KBr or 2KBr method as a function of temperature. Key: (A) GBP sample
prepared by 1KBr method. (B) GBP sample prepared by 2KBr method. (C) GBP-L sample prepared by 1KBr method.
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attributed to the by-product “water” being tightly sealed within
2KBr pellets. The interaction of water with KBr might shift the peak
from 3500 cm~! (assigned to free water) to a lower wavenumber
(3200-3400 cm™1). By increasing the temperature, however, these
predominant peaks at 1701 and 3350cm™"! also disappeared, due
to the evaporation of water and GBP-L. Five-step process (<126 °C,
126-150°C, 150-161°C, 161-170°C,>170 °C) of thermal-dependent
IR spectral changes of GBP sample prepared by 2KBr method was
also detected. Before first-step of 126 °C, there was no change in
IR spectra. A second-step was formed within 126-150°C, the IR
spectra was similar to that of the IR spectra of second-step of GBP
prepared by 1KBr method, in which the peaks at 3150, 1620, 1533,
1456 and 1374cm~! were observed due to the polymorphic form
IV formation of GBP [15]. Another investigation of the polymorphic
formation and transformation of GBP is currently being carried out
[24]. Further heating (150-161 °C), several new IR peaks at 3350,
1701, 1488, 1451, 1313 and 1250cm~! were found. These peaks
except 3350 cm~! are similar to that of the IR spectra of GBP-L after
heating to 93 °C (Fig. 5C). This step was corresponded to the lac-
tam formation of GBP, in which the peak at 3350 cm~! assigned to
water was evidenced. In the temperature of 161-170 °C, the GBP-L
was markedly evaporated from the crannied KBr disc, leading to the
quick reduction of IR spectral peak intensity. After 170 °C, no sample
could be detected due to complete evaporation. Since the GBP was
sealed within 2KBr pellets, the evaporation of GBP-L formed was
delayed by the tight compact, leading to the temporary observation
from the three-dimensional IR spectral plot of GBP-L. This suggests
that the process of intramolecular lactamization GBP was easily
determined in the GBP sample prepared by 2KBr method rather
than 1KBr method.

Three-dimensional plots of FTIR spectra of GBP-L sample pre-
pared by 1KBr method as a function of temperature between
4000-2000 and 1800-1000 cm™! is also shown in Fig. 5C. Four-step
(<86°C, 86-93°C, 93-114°C, >114°C) of the thermal-dependent IR
spectral changes of GBP-L was observed. Several specific IR spectral
peaks at 3202, 1699, 1492, 1330 and 1273 cm~! were respectively
shifted to 3234, 1705, 1488, 1313 and 1250cm~! when GBP-L was
heated over 86 °C, this shifting phenomena was due to the thermal
effect and/or chemical/phase changes on the structure of GBP-

L. Moreover, the peaks at 1699 and 3202 cm~! blue-shifted with
increasing temperature might be due to that the hydrogen bonds
had become weaker and longer [25,26]. Beyond 93 °C, these peak
intensities were gradually reduced with temperature. After 114 °C,
the sample was almost completely evaporated.

3.3. Non-isothermal kinetic analysis studied by TG analysis

TG analysis is an optimal method to determine the thermal sta-
bility parameters such as dehydration, sublimation, evaporation
and decomposition by the kinetics of weight loss from samples.
Evaporation is defined as the transition from the liquid phase to
the vapor phase and it can be monitored by determining the weight
loss as the substance goes through the transition. From the result of
Fig. 5B, the processes for water loss from intramolecular lactamiza-
tion of GBP and evaporation of GBP-L were combined together
[14], the combined kinetics of both processes will be examined
by a non-isothermal kinetic analysis. According to non-isothermal
kinetic models, TG analysis was performed by six heating rates at
2, 3,5, 8,10 and 15°C/min. TG curves were shifted to higher tem-
peratures with increasing heating rates (Figs. 6 and 7). Therefore,
Ozawa-Flynn-Wall equation (Eq. (1)) was applied to describe the
overall reactions of intramolecular cyclization of GBP and evap-
oration of GBP-L [27-30]. The data generated could be analyzed
and manipulated by model-free approach to obtain the Arrhenius
kinetic parameter of activation energy (E,). Thus, the E; of non-
isothermally intramolecular lactamization of GBP and evaporation
of GBP-L was calculated as follows:

R | dlogp
E=3 {d(l/T)] M
where B is the heating rate (°C/min), R the gas constant
(8.314]/(molK)), T the absolute temperature (K), b the constant
(0.457) and E, is the apparent activation energy (J/mol).

By plotting the logarithm of the heating rate vs. the reciprocal of
temperature at constant conversion («), the slope of 0.457E,/R for
straight line of this plot was obtained. The apparent E; was calcu-
lated from the slope at different extent of conversion (in the range
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of 0.2 ~a~0.8) using Eq. (1). All the correlation coefficients were
larger than 0.9987. Fig. 6 also shows the dependence of the appar-
ent E, as a function of conversion, its mean value for the combined
reactions of intramolecular cyclization of GBP and evaporation of
GBP-Lwas 114.3 & 23.3 kJ/mol. Fig. 7 displays the dependence of the

apparent E, as a function of conversion for the evaporation kinetic of
GBP-L too. The apparent E, value for the evaporation of GBP-L alone
was 76.2 & 1.5 kJ/molin the range of 0.2 ~ o ~ 0.8. The relatively uni-
form E, values suggests the evaporation of GBP-L was independent
of «, but was clearly different from that of the combined reac-
tions of both intramolecular cyclization of GBP and evaporation of
GBP-L.

4. Conclusions

The thermodynamics and activation energy of GBP in the
solid state were non-isothermally evaluated by DSC and TG tech-
niques. This study clearly indicates that the combined processes of
intramolecular lactamization of GBP and evaporation of GBP-L were
continuously occurred after melting of GBP, in which the apparent
E, of the combined process was about 114.3 +23.3 k]/mol but the
apparent E; of evaporation of GBP-L alone was 76.2 4 1.5 k]/mol.
This combined process could not be separated even with a slower
heating rate. A powerful simultaneous DSC-FTIR combined tech-
nique was easily used to investigate the detailed kinetic processes
of intramolecular cyclization of GPBT and evaporation of GBP-L in
the solid state.
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