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a b s t r a c t

Ketoprofen is a well known nonsteroidal anti-inflammatory drug (NSAID) with analgesic and antipyretic 
effects. It acts by inhibiting the body’s produc tion of prostaglandin. The molecular mobility of amorphous 
ketoprofen has been investigated by broadband dielectric spectroscopy (BDS) covering wide temperature 
and frequency range. Multipl e relaxation processes were observed. Besides the primary a-relaxation, one 
secondary relaxation, c-have been identified. The c-process visible in the dielectric spectra at very low 
temperature is non-JG relaxation, and has an activation energy E = 37.91 kJ/mo l typical for local mobility.
Based on Ngai’s coupling model smaller n or a larger Kohlrausch exponent (1 � n) of the a-relaxation
associated with larger sb (Tg). In the case of ketoprofen we conclude that the secondary relaxation (b)
emerging from intermolecular motions, is hidden under the dominant a-peak. The temperature depen- 
dence of the relaxation time of the a-process can be described over the entire measured range by a single 
Vogel–Fulcher–Tammann (VFT) equation. From VFT fits, the glass transition temperature (Tg) was esti- 
mated as 267.07 K, and a fragility or steepness index m = 86.57 was calculated, showing that ketoprofen 
is a fragile glass former. Our differential scanning calorimetry (DSC) study shows that ketoprofen is a non- 
crystallizing compound. To confirm the hydrogen bond patterns of ketoprofen FTIR spectroscopy was 
applied in both crystalline and amorphous phases. Solubility test performed at 37 �C proved that amor- 
phous phase is more soluble than the crystalline phase.

� 2013 Elsevier B.V. All rights reserved.

1. Introductio n

Ketoprofen is a nonsteroida l anti-inflammatory drug (NSAID)
with analgesic and antipyreti c effects. It acts by inhibiting the 
body’s production of prostaglandin (Tripathi, 2008 ). Among the 
pharmaceuti cal drugs about 40% are found to be poorly water sol- 
uble, which results in inadequate bioavailabili ty (Lipinski, 2002 ). In
order to induce the effect of the drug fully, the dose of the used 
drug will be kept in higher level during manufactur ing. To improve 
the bioavailability and solubility of active pharmac eutical ingredi- 
ents (APIs) is a challenging task of a pharmac eutical scientist.
Dantuluri et al., pointed out that nanocrystal line solid dispersion 
(NCSD) is a best alternative for poorly water soluble drugs. NCSDs 
can be prepared by annealing of amorpho us solid dispersion to in- 
crease the solubility and bioavailability (Dantuluri et al., 2011;
Gupta et al., 2004; Hancock and Zografi, 1997; Hancock and Parks,
2000; Shawn et al., 2005 ).

Amorphous solids are characterized by short range order and 
have different physical properties than that of their crystalline 

equivalent; they have high internal energy, enthalpy and specific
volume. Because of these reasons they have enhanced dissolution 
rate and bioavaila bility, but their higher molecula r mobility will 
reduce the shelf life of the amorphous drug during processing 
and storage i.e., there is greater tendency for devitrification of
the drug (Alie et al., 2003; Gupta and Bansal, 2005; Yu, 2001; Mak- 
ower and Dye, 1956 ). Moreover it is easier to make tablets out of
amorpho us pharmaceuti cals and can avoid the use of excipients,
which is used for making the drugs into tablet form (Kaminski
et al., 2010 ).

Recent reports shows that molecular mobility is responsible for 
the instability of the amorphous phase (Aso et al., 2000; Bhugra 
and Pikal, 2007; Grzybowska et al., 2010; Shamblin et al., 1999;
Zhou et al., 2002 ). Significant amount of molecula r mobility has 
been reported even 25 K below the glass transition temperat ure 
(Tg) which results in slow crystallization of indometh acin (Andro-
nis and Zografi, 1998; Imaizum i and Nambu, 1980 ). This shows 
that storage of an amorpho us drug below Tg is not safe to avoid 
crystallization. Because of this reason preparation of the drugs in
the amorphous form for commercial use is very limited, even 
though it is economical (Kaminski et al., 2010; Zhou et al., 2008 ).

In amorphous state different relaxation phenomena can be ob- 
served due to the increase in viscosity when temperature decreases.
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a-relaxation is found to be present above Tg and considered as the 
slowest one due to the cooperative rearrangement of molecules 
(Wu, 1991 ). In the case of ibuprofen a less intense process named 
as Debye process was observed at frequencies lower than that for 
the a-process (Bra ´ s et al., 2008 ). Below Tg various other relaxations,
often called the secondary relaxations are observed (Capacciol i
et al., 2008; Shahin Thayyil et al., 2008 ). So it is important to under- 
stand the molecular dynamics in the glassy state of this pharmaceu- 
tical system for getting predictable stability.

We have used differential scanning calorimetry (DSC) to find
the glass forming ability of this sample. DSC is used to study ther- 
mal properties of drugs in the crystalline and amorpho us form 
(Crowley and Zografi, 2001; Hancock and Parks, 2000 ). Broadband 
dielectric spectroscopy (BDS) is an effective tool to probe the 
molecular dynamics in the molten, supercoo led, and glassy states 
of APIs in a wide range of frequencies (f = 109 to 10�2 Hz), at differ- 
ent thermod ynamic conditions (P, T) and was recently employed in
pharmaceuti cal research (Bra ´ s et al., 2008; Johari et al., 2005; Sail- 
aja and Shain Thayyil, 2012 ).

The present study gives an insight to the molecular mechanism 
involved in the amorphous state of this anti-inflammatory drug 
ketoprofen, which is selected as a model compound for our study 
over a wide temperat ure (193.15–343.15 K) and frequenc y range 
(10�2 to 107 Hz). The complete relaxation spectra show a-relaxa-
tion above Tg and one secondary relaxation c below Tg. The BDS 
investigatio ns were complemen ted with DSC, infrared spectros- 
copy, to get the clear picture of molecular dynamics. To the best 
of our knowledge, this is the first attempt to describe the molecular 
mechanism s of amorpho us ketoprofe n.

2. Materials and methods 

2.1. Material 

Ketoprofen, a white crystalline powder was purchase d from Sig- 
ma Aldrich (purity P98%). Ketoprofen is chemical ly described as
(RS) 2 – (3-benzoylphenyl)-propionic acid. Its empirical formula 
is C16H14O3 and molecular weight is 254.28 g mol �1. The chemical 
structure is shown in Fig. 1. The purchased material was used with- 
out further purification.

2.2. Methods 

2.2.1. Differential scanning calorimet ry (DSC)
Calorimetric response of the sample was measured using a DSC 

instrument (821e Mettler-T oledo GmbH) operating with STAR e

software version 9.1 and equipped with an intra cooler. The instru- 
ment was calibrate d using indium. The sample of 4.5530 mg was 
analyzed under dry nitrogen purge (50 ml/min) in a sealed pinhole 
aluminum pan. The sample was heated from room temperat ure to
110 �C and held for 5 min, subsequent ly it was cooled to (�50 �C)
and held for 15 min, then it was again heated to 115 �C and a con- 
stant heating and cooling rate of 10 �C/min was used. Thermograms 
were collected during heating. Melting point was determined as

onset of the endotherm ic peak, whereas Tg was measured as the on- 
set of the glass transition.

2.2.2. Fourier transform infrared (FTIR) spectroscopy 
FTIR spectra were collected on a FTIR microscop e (Perkin Elmer,

Model: Synthesis Monitoring System) for amorphous system and 
FTIR (Nicolet instruments corporation USA Model MAGNA 550)
for crystalline state.

2.2.3. Broadband dielectric spectroscopy (BDS)
The complex dielectric function e�(f) = e0(f) – ie00(f) (f = fre- 

quency, e0 = real part, e00 = imaginary part of permittivity) of keto- 
profen was measured at ambient pressure using Novo-Control 
GMBH alpha analyzer (Hundsangen, Germany) over a wide fre- 
quency range of 10�2 to 107 Hz. The temperature was controlle d
by nitrogen gas cryostat with temperature stability better than 
0.1 K. The sample was placed between two stainless steel elec- 
trodes of the capacitor with a gap of 0.20 mm and diameter 
30 mm. Teflon was used as the spacer. In order to study the molec- 
ular dynamics of the sample in the supercoo led and glassy state,
the sample was held for 20 min at 383 K slightly above Tm to en- 
sure complete melting. Dielectric measure ments were performed 
after its vitrification by fast cooling (10 K/min) from a few degrees 
above the melting point. The dielectric spectra were collected in a
wide range of temperature from 193.15 K to 343.15 K in different 
steps: 193.15–263.15 K in steps of 10 K, whereas in temperat ure 
range from 263.15 K to 303.15 K in steps of 2 K, 303.15–323.15 K
in steps of 4 K and from 323.15 to 343.15 K in steps of 10 K.

2.2.3.1. Data analysis. Dielectric spectra were analyzed using Win- 
FIT V3.2 program provided by Novocontro l. The equation used is
Havriliak –Negami (HN) function (Havriliak and Negami, 1967;
Bra ´ s et al., 2008; Kalinovskay a and Vij, 2000; Wojnarowska et al.,
2010) together with an ionic conductivity term:

e�ðxÞ¼e0 � ie00 ¼�i
r0

e0x

� �N

þ e1þ
X

k

De
ð1þðixsHNkÞaHNk ÞbHNk

 !" #
ð1Þ

The first term denotes the conductivity effects (r0/e0x) and added 
to the imagina ry part of the fit function, r0 is the conduct ivity 
due to the translatio nal motion of the ions and e0 is the dielectric 
permi ttivity of vacuum. After a fit is complet e the conduct ivity term 
can be subtrac ted from fit function of the measured data. N is the 
expone nt related to the ionic conduct ivity of the sample which is
due to the mobility of ions. Second term is the HN function. Where 
k sums over different relaxatio n processes, x is the angular fre- 
quency, sHN is the charac teristic relaxation time which is related 
to the frequency of maximal loss fmax, e is the dielect ric strength ,
e1 the high frequency limit of the real part e0(x); aHN, bHN are the 
shape parameter s. For secondary relaxatio n process, bHN = 1, and 
the HN function reduces to Cole–Cole function. The relaxatio n time 
s can be calculate d by using the equation given below:

s ¼ sHN � sin
aHNp

2þ 2bHN

� �� ��1=aHN
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aHNbHNp
2þ 2bHN
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2.2.4. Solubility measurement 
Solubility measure ments of crystalline and amorphous ketopro- 

fen were performed at 37 �C in ethanol which is found to be the 
solvent of ketoprofe n according to Indian Pharmacopoei a (2010).Fig. 1. The chemical structure of ketoprofen.
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