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Abstract: Stabilization of an amorphous solid against devitrification can be achieved using
additives that interact specifically with the parent molecule, and restrain it from rearranging into
a crystal lattice. The amorphous form of celecoxib (CEL) was stabilized by poly(vinylpyrrolidone)
(PVP), both in the solid state and during dissolution. A comprehensive characterization of
CEL—PVP binary amorphous systems by thermal, spectroscopic, and computer simulation
techniques provided greater insight into the molecular interaction between the two species. PVP
antiplasticized the amorphous CEL, thus raising its glass transition temperature (74) and restricting
the molecular mobility. The Ty, values for CEL—PVP binary amorphous systems of varying
composition showed positive deviation from those predicted through the Gordon—Taylor/
Kelley—Bueche equation, thus indicating a molecular interaction between CEL and PVP. This
was further substantiated by shifts observed in DSC melting endotherms of CEL, and FTIR
bands for C=0 stretching vibrations in PVP for CEL—PVP binary amorphous systems. Computer
simulation showed stronger H-bonds between amido protons of CEL and carbonyl O of a
monomeric unit of PVP, compared to those observed in pure amorphous CEL. These molecular
interactions between CEL and PVP supported the stabilizing action of PVP for the amorphous
form of CEL.
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Introduction mobility of molecules, even below the glass transition

The amorphous state of solids is characterized by short-temperature Tg),? favoring structural relaxation to release
range molecular order in contrast to their ordered crystalline €nergy, and return to a thermodynamically stable crystalline
counterparts, and their greater disorder translates thermody-Phase. These phase transformations involve altered molecular
namically into higher enthalpy, entropy, and free enérgy. arrangements in the two solid states: crystalline and amor-
The metastability of these phases is associated with continualPhous.

Stabilization of amorphous solids can be conferred through

*To whom correspondence should be addressed. Mailing ad- Various approaches, viz., (i) storage at a temperature favoring
dress: Department of Pharmaceutical Technology (Formula- Z€r0 molecular mobility[To; (ii) antiplasticization with the
tions), National Institute of Pharmaceutical Education and help of highTy additives; and (iii) specific interactions with
Research (NIPER), Sector 67, Phase X, S.A.S. Nagar, Punjab-additives, resulting in reduced molecular flexibilftut of
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these three approaches, the first one has limited utility, due Preparation of Amorphous Systems of CEL.Amor-
to the requirement of subambient storage conditions for mostphous CEL and CEEPVP binary amorphous systems of

of the pharmaceuticals. Additives play a significant role, in
terms of both stability and solubility of amorphous solids.
An ideal mixture of drug with higiTy additive raises th&g

varying composition were prepared by heating the crystalline
drug or its physical mixture with PVP, respectively up to
175 °C, followed by quench cooling of their melt over

of the amorphous form of the drug with subsequent stabiliza- crushed ice. The CELPVP physical mixtures were prepared
tion. Further, any specific interaction between the drug and by dissolving the components in dichloromethane, so as to

additive would discourage the rearrangement of drug mol-

allow their mixing at a molecular level, followed by solvent

ecules, thus retaining their disordered structure in the glassyevaporation under heat and vacuum. No visible sign of

state.
The amorphous form of celecoxib (CEL), a biopharm-

degradation was observed in quench-cooled samples, and the
purity of the amorphous samples was established by high-

aceutics classification system (BCS) class Il drug, was found performance liquid chromatography. Samples were analyzed

to provide an initial increase in solubility over its crystalline
form, but a rapid devitrificatiori,both on storage and during
dissolution, resulted in a loss of solubility advantage. On

immediately after preparation, after due protection from
atmospheric moisture.
Differential Scanning Calorimetry (DSC). The calori-

the other hand, thermodynamic principles predicted a nearly metric response of different samples was measured using a

7—21-fold solubility advantage for this moderately fragile
liquid (D = 11.5 andm = 67.0)°> The zero and critical
molecular mobility regions, represented by the Kauzmann
temperatureTx) andTg, respectively, were found to lie near
—27 and 50°C for amorphous CEL, suggesting the use of
additives for stabilizing the amorphous form for meaningful
time scales.

Selection of a stabilizer for the amorphous form should

DSC instrument (821 Mettler-Toledo GmbH, Schwerzen-
bach, Switzerland), operating with STABRoftware version
5.1, and equipped with an intracooler. The samples
(35 mg) were analyzed under dry nitrogen purge
(80 mL/min) in sealed and pinholed aluminum pans at a
heating rate of 5C/min, unless specified otherwise.
Adsorbed moisture can significantly affect thig of
amorphous solids. To prevent such a possibility, determi-

be guided by structural aspects wherein the functional groupsnation of T, was done by DSC analysis from Z& to

of a stabilizer molecule should be able to interact with those
of drug molecules, and block the interaction sites, thus
retarding self-association of drug molecules into its crystal-
line form. Comparison of various additives for their stabiliz-
ing action showed poly(vinylpyrrolidone) (PVP) to maxi-
mally reduce the mobility of CEL molecules trapped in
amorphous forni. A CEL—PVP (4:1 w/w) binary amorphous
system also provided nearly a 6.3-fold solubility advantage
over crystalline CEL. This contribution to enhanced solubil-
ity was specific to the amorphous form of the drug as a
physical mixture of crystalline CEL and PVP showed poor
solubility, similar to crystalline drug. The present study was

175°C at 20°C/min for samples prepared within the DSC
instrument, as reported previoushll determinations were
made in triplicate. The instrument was calibrated for tem-
perature and heat flow using high purity standards of
4-nitrotoluene, indium, and zinc. Thi, has been reported
as the midvalue of the glass transition evditas the onset
crystallization temperature, an@l, as the peak melting
temperature.

Fourier Transform Infrared (FTIR) Spectroscopy. The
FTIR spectra were recorded on a FTIR multiscope spectro-
photometer (Perkin-Elmer, Buckinghamshire, U.K.) equipped
with spectrum v3.02 software, by a conventional KBr pellet

aimed at exploring the molecular-level interactions between method. Liquid samples were taken neat on KBr disks. Al

CEL and PVP to understand their role in enhancing stability
and solubility of amorphous CEL.

Experimental Section

Materials. CEL was purchased from Unichem Laborato-
ries Ltd., Raigad, India. PVP (K 29/32) andmethyl-2-
pyrrolidone (NMP) were obtained from ISP Technologies,
NJ.

(4) Chawla, G.; Gupta, P.; Thilagavathi, R.; Chakraborti, A. K
Bansal, A. K. Characterization of solid-state forms of celecoxib.
Eur. J. Pharm. Sci2003 20, 305-317.

(5) Gupta, P.; Chawla, G.; Bansal, A. K. Physical stability and
solubility advantage from amorphous celecoxib: The role of
thermodynamic quantities and molecular mobilijol. Pharm.
2004 1, 406-413.

(6) Kakumanu, V. K.; Bansal, A. K. Enthalpy relaxation studies of
celecoxib amorphous mixturd8harm. Res2002 19, 1873-1878.

(7) Gupta, P.; Kakumanu, V. K.; Bansal, A. K. Stability and solubility
of celecoxib-PVP amorphous dispersions: A molecular perspec-
tive. Pharm. Res2004 21, 1762-1769.

determinations were made in triplicate.

Molecular Modeling Studies. Molecular interactions
between CEL and PVP were investigated by computer
simulation of CEL andN-vinyl-2-pyrrolidone (NVP), the
monomeric unit of PVP, by a molecular silverware method
using the Sybyl 6.8 program (Tripos, Inc., MO) running on
a Silicon Graphics onyx workstation. The CEL starting
ensemble was built from available crystal data. Random
arrangement of molecules to simulate the amorphous form
was modeled by subjecting 18 molecules of CEL to energy
optimization using the MMFF94 force fidldintil gradient
convergence of 0.05 kcal/mol was reached. Out of the
optimized model, 9 CEL molecules were randomly extracted
and subjected to energy optimization in the presence of 18
molecules of NVP. This finally optimized model of CEL

(8) Halgren, T. A. Merck molecular force field. I. Basis, form, scope,
parameterization, and performance of MMFF94Comput. Chem.
1996 17, 490-519.
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(b) Figure 2. DSC thermograms of crystalline CEL, amorphous

CEL, CEL—PVP binary amorphous systems of varying PVP

Figure 1. Chemical structures of (a) CEL and (b) PVP. content, and PVP.

and NVP molecules was investigated for interactions between q lecules like aimalink f ide%ind thacifi
the two species. This procedure was analogous to that “:jg mobecu fss K€ gmalin€,furosemide,”indomethacir,
previously followed for studying molecular interactions of and probucot.

CEL with N,N-dimethylformamideN,N-dimethylacetamidé, Commercially_,_ NVP_iS ayai_lable as a liquid (Merck,
and megluminé. Germany), stabilized witiN,N'-di-secbutyl-1,4-phenylene-

diamine. Due to possible interference of this stabilizer in
the FTIR spectrum, NMP, a structural analogue to NVP, was
used since it is available in pure form. NMP (MW 99.13)
was used in the present study to model the participation of
the —C=0 group of PVP* in H-bonding with the—NH,
group of CEL.

Thermal Transitions in CEL —PVP Binary Amorphous
SystemsThe effect of PVP on the thermal response of CEL
was studied by comparing the DSC thermogram of amor-
phous CEL with that of CEEPVP binary amorphous
systems of varying composition (Figure 2). All systems,
except with 20% w/w PVP, exhibited a common trend of
glass transition event, followed by exothermic transition and
endothermic events. At 20% w/w PVP, no exothermic
transition was observed (explained later). These thermal
transitions can have a significant bearing on the molecular-
qevel interaction of the drug with the additive.

Effect on Glass Transition. Mixing of amorphous com-
ponents at the molecular level results in production of an
amorphous phase, the properties of which can be related to
the properties of individual components (e.§,) and its

Results and Discussion

Structural Attributes of CEL and PVP. The chemical
structures of CEL and PVP are shown in Figure 1. CEL is
chemically designated as 4-[5-(4-methylphenyl)-3-(triflu-
oromethyl)-H-pyrazol-1-yllbenzenesulfonamide (MW 381.38)
and is a diaryl-substituted pyrazole class of compound.
Structural inspection of CEL reveals that its amido protons
(H atoms covalently bonded to N, an atom of greater
electronegativity than C) are the only potential electron-
accepting centers, whereas the sulfonyl O, the N atoms of
the pyrazole ring, and the F atoms of the trifluoromethyl
group are the three electron-donating centers. The amido N,
however, loses its electron-donating capability due to de-
localization of its electrons over neighboring O atoths.
These electron-accepting and -donating centers are th
potential sites for H-bonding in and among CEL molecules.

PVP (K 29/32) is chemically 1-ethenyl-2-pyrrolidinone
homopolymer (weight average MW 58 000) composed of a
hydrophobic backbone with a hydrophilic side group. It lacks
acidic protons, but contains two electron-donating centers
(the —C=0 group and the N atom of the pyrrole ring). The
—C=0 group of PVP is considered to be the most favorable (12) Hosono, T.; Tsuchiya, S.; Matsumaru, H. Model of interaction
site for interaction due to the steric constraints on the N of ajmaline with polyvinylpyrrolidoneJ. Pharm. Sci198Q 69,
atom?! Various reports have cited the complexation led 824-826.

- . . (13) Doherty, C.; York, P. Evidence for solid- and liquid-state
stahilizing action of PVP for amorphous forms of various interactions in a furosemide-polyvinylpyrrolidone solid dispersion.

J. Pharm. Scil1987, 76, 731-737.
(9) Gupta, P.; Bansal, A. K. Molecular interactions in celecoxib-PVP- (14) Taylor, L. S.; Zografi, G. Spectroscopic characterization of

meglumine amorphous systeth.Pharm. Pharmacol2005 57, interactions between PVP and indomethacin in amorphous mo-
303-310. lecular dispersion?harm. Res1997 14, 1691-1698.
(10) Adsmond, D. A.; Grant, D. J. W. Hydrogen bonding in sulfon- (15) Broman, E.; Khoo, C.; Taylor, L. S. A comparison of alternative
amides.J. Pharm. Sci2001, 90, 2058-2077. polymer excipients and processing methods for making solid
(11) Molyneux, PWater-Soluble Synthetic Polymers: Properties and dispersions of a poorly water soluble drugt. J. Pharm.2001,
Behavior; CRC Press: Boca Raton, FL, 1983. 222 139-151.
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composition. The molecular interaction between the drug and 180 -
the additive can influence theify.'® A stronger bonding
between unlike molecules raises thgrom a value expected 155 4
from ideal mixing'’ due to the reduced mobility of molecules
in the complexed state. THg of amorphous CEL and PVP O 130 4
was found to be 58.1 and 1687, respectively. Ideal =
molecular-level mixtures of these two components can be ,_5 105
expected to exhibily values intermediate of their original
values, with a highefy for amorphous CEL due to the 80 -
antiplasticization by PVP.
CEL—PVP binary systems of varying composition showed 55
a single content-dependef, the value of which was 0 20 40 60 80 100
between those of the individual components, thereby estab- PVP Content (% wiw)

lishing the drug-additive miscibility. These experimentally
determinedT, values were compared with theoretically F/gure 3. Influence of PVP content on Tg,, values of
predicted values using the Gordefiaylor/Kelley-Bueche ~ CEL—PVP binary amorphous systems. The solid line repre-
(G-T/K-B) equation31® The equation is based on the sents.the prediction pf the Gordon—Taylor/Kelley—Bueche
additivity of free volumes of the individual components equation; the dotted line represents the measured values.
characteristic of ideal mixing, and is given by the expression
experimentally,, values were nearly similar, while positive
w, Ty + Kw, T, deviation was observed at higher PVP content 20
Ton = T w, +HKw, @) 80% w/w). This deviation offy , values indicated specific
interaction between CEL and PVP, noticeable at intermediate
where numerals in the subscript represent the two compo-content of PVP.
nents, andv is the weight fraction of the components. The ~ Mixing of a small amount of a macromolecule like PVP
constanK, a measure of interaction between the components, With an amorphous small molecule like CEL will introduce

can be approximated using ed, a considerable excess free volume in the system. Despite
intermolecular interaction and subsequent influence on
ACp2 lowering the free volume, this might not result in consider-
K~ 2 able decrease in free volume of the mixture, which has been
AC I ) . .
P observed as minimal difference in predicted and measured

_ , Ty Values at 10% w/w PVP content. Similarly, addition of
whereAG, denotes the change in heat capacityfatThe o/ evels of CEL to PVP (as with 80% wiw PVP content
goodness of fit of experimental data to the G-T/K-B equation ;. 1o cgl—pvp binary system) is probably much less
indicates the ideality of mixing of the two components, and gy nive in terms of influencing the net free volume of the
also provides a predictive tool for assessing the effect of iy,re Thus. considerable deviations can be expected at

dlffe-rept Iefvels ,c:jf 0?% cr?mpongnt .cf)_n tITjg ﬁOf the other.h intermediate content of PVP, which provides excessive
Deviation from ideal behavior signifies differences in the - yitterences in free volumes of each component. This non-

strength of intermolecular interactions between individual ideality of mixing at intermediate PVP content is a result of

comppnents”and thqse of thel blefnd. The predl_cted anda lower free volume of binary system from that possible on
experimentally determinet,,, values for CEL-PVP binary ideal mixing, due to the higher strength of interaction

systems_ of_varying composition qre plotted agginst PVP between CEL and PVP than the arithmetic mean of bond
content in Figure 3. Thesk,, values increased continuously strengths of individual components. Similar behavior has

with increasing PVP content, due to the antiplasticizing effect been reported for mixtures of PVP and MK-0591, an
of PVP. At 10% w/w PVP content, the predicted and investigational drug?

For mixing to occur, the Gibb’s free energy of mixing
(16) Okhamafe, A.; York, P. Thermal characterization of drug/polymer (AGmix) must be negativé?
and excipient/polymer interactions in some films coating formula-
tion. J. Pharm. Pharmacol1989 41, 1-6. AG
(17) Shamblin, S. L.; Taylor, L. S.; Zografi, G. Mixing behavior of
colyophilized binary systemd. Pharm. Scil998 87, 694—701.
(18) Gordon, M.; Taylor, J. S. Ideal copolymers and the second-order
transitions of synthetic rubbers 1: Non-crystalline copolymers.
J. Appl. Chem1952 2, 493-498.
(19) Kelley, F. N.; Bueche, F. Viscosity and glass temperature relations (21) Khougaz, K.; Clas, S.-D. Crystallization inhibition in solid

AHpi — TAS, 3)

mix —

where AHnix and ASyx are the enthalpy and entropy of
mixing, respectively, at temperaturé The three main

for polymer diluent systemsl. Polym. Scil961 50, 549-556. dispersions of MK-0591 and poly(vinylpyrrolidone) polymers.
(20) Couchman, P. R.; Karasz, F. E. A classical thermodynamic J. Pharm. Sci200Q 89, 1325-1334.

discussion on the effect of composition on glass-transition (22) Patterson, D.; Robard, A. Thermodynamics of polymer compat-

temperaturesMacromoleculesl97§ 11, 117-119. ibility. Macromoleculesl978 11, 690-695.
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Table 1. Effect of PVP Content on Crystallization Exotherm and Melting Endotherms in CEL—PVP Binary Amorphous
Systems?@

melting
crystallization peak 1 peak 2
PVP content
(% wiw) Tc (°C) AH; (J/9) Tm (°C) AHm (J/g) As Tm (°C) AHm (J/9) As
0 96.3+0.3 535+ 1.0 165.9 + 0.1 86.8 £ 0.3 29+03
5 101.9+0.1 479+ 05 149.0 + 0.5 21.2+0.9 42+04 161.6 + 0.2 454+ 0.6 38+04
10 111.0+ 0.4 26.7+0.4 1491+ 0.1 314+06 3.8+0.3 160.1 +£ 0.5 19+01 35+0.2
20 155.3+0.1 05+0.1 25+04

2 Values are reported as mean + SD, n = 3.

thermodynamic effects that contribute G« through barbitone-PVP system$’ signifying the tendency toward
influencingAHmix andASyx are (i) the combinatorial entropy  generation of amorphous dra@®VP complex. On the
of mixing, (ii) the free volume effect, and (iii) the intermo-  contrary, the high-melting peak showed a decrease in both
lecular interactions. For high molecular weight polymers, the T, (165.9-155.3 °C) and AH,, (86.8-0.5 J/g) with an
combinatorial entropy gain is insufficient to achieve misci- increase in PVP content from 0% to 20% w/w. This peak
bility, and it is considered that miscibility can only be could be from the initially remaining crystalline fraction of
achieved through specific interactiof’sSpecific interactions ~ CEL in the binary system, which got reduced with an
such as H-bonding can lead to a significant negative increase in PVP content. These shifts in the melting
contribution to AGnix. Thus, for high molecular weight endotherr®f?” of CEL in the presence of PVP strongly
polymers, such a specific interaction is deemed to be suggest molecular-level interaction between the two species.
necessary to obtain a stable mixture. Similar thermal behaviors were exhibited by a spray-dried
Effect on Crystallization and Melting. The exothermic hydroflumethiazide-PVP systen?® substantiating the drug
transitions for a drugadditive amorphous system could PVP complex formation.
correspond to the amorphous solidification of the drug in  Further, the asymmetry indexAd?® of these melting
additive and/or to the beginning of the formation of a endotherms was measured as an indicator of molecular
complex?® The T, as such, corresponds to a temperature interactions.
favoring spontaneous crystallization of the amorphous phase

(i.e., molecular mobility permits nucleus growth, resulting _ [(Tons = T (Tena = Tl ceL - additve amorphous st 4y
in evolution of _heat)z'4 [(Tons_ Ti)/(Tend B Ti)]crystalline CEL
DSC analysis of amorphous CEL showed thig at
96.3 °C and theT,, at 165.9°C_:. Inclusion of PVP in the Referring to the DSC ploffons (Onset temperature) is the
amorphous system of CEL raised fReand lowered th@n, temperature of the intercept between the base line and the

value. As detailed in Table 1, the increase in PVP content tangent to the descending part of the graph at its inflection
up to 10% w/w in CEL-PVP binary systems resulted in an  point, andTeng (endset temperature) is the same, but refers
increase ofT; and a corresponding decrease in enthalpy of to the rising part of the calorimetric peak. The temperature
crystallization AHc) of amorphous CEL, signifying the  T;is of the interception point of the two previous tangents,
crystallization inhibitory activity of PVP. At and above and its value is the same as or very closeTtp Melting
20% w/w PVP, no exothermic peak was observed, implying endotherms for all CELPVP binary systems were signifi-
the lower limit of PVP suitable for preventing devitrification  cantly asymmetric, wittAs values higher than 1 (Table 1),
of amorphous CEL. After the crystallization event, two signifying their skewness toward lower temperatures, com-
endothermic peaks were observed at temperatures lower than
that for melting of pure CEL. The enthalpy of meltingfﬂm) (25) Corrigan, O. |.; Sabra, K.; Holohan, E. M. Physicochemical
of lower melting peak Tr, = 149 °C) increased from 21.2 properties of spray dried drugs: phenobarbitone and hydro-
to 31.4 J/g on increase in PVP content from 5% to 10% w/w. flumethiazide Drug Dev. Ind. Pharm.1983 9, 1—20.

Thus, this endothermic peak could be attributed to melting (26) Mura, P.; Faucci, M. T.; Parrini, P. L.; Furlanetto, S.; Pinzauti,
of the CEL—PVP complex formed during DSC heating scan, S. Influ_ence of the preparation method on the physicochemical
which was abolished at 20% w/w and above PVP content. properties of ketoprofen-cyclodextrin binary systenhst. J.

o . Pharm.1999 179 117-128.
Similar features have been reported for spray-dried pheno-(27) Mura, P.; Faucci, M. T.; Manderioli, A.; Bramanti, G. Influence

of the preparation method on the physicochemical properties of

(23) Bogdanova, S.; Sidzhakova, D.; Karaivanova, V.; Georgieva, S. binary systems of econazole with cyclodextrifgt. J. Pharm.
Aspects of the interactions between indomethacin and nicotin- 1999 193 85-95.
amide in solid dispersion$nt. J. Pharm.1998 163 1-10. (28) Bonora, S.; Fini, G.; Piccirilli, B. DSC study on the interaction
(24) Nordwall, H. J. d.; Staveley, L. A. K. The formation and between bis-2-(ethylhexyl) phthalate and otleephthalic acid
crystallization of simple organic and inorganic glassBsns. esters and dipalmitoyl phosphatidylcholine liposondesherm.
Faraday Soc1956 52, 1207-1215. Anal. Calorim.200Q 61, 731-743.
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Figure 4. Heat of melting of CEL—PVP binary amorphous
systems of varying composition.

pared with that for crystalline CEL. This indicated a greater
strength of interactiol between CEL and PVP than within
the individual components.

The AHn, of CEL, as determined for various CEIPVP

composition with maximal solubility gain for amorphous
CEL,’ there was a negligible shift in the position of this band,
indicating the absence of H-bonding between CEL and PVP.
However, structurally, CEL and PVP present a possibility
of intermolecular H-bonding. The possible reason for failure
of FTIR spectroscopy in detecting the H-bonding could be
a marked difference in the number of molecules of CEL and
PVP available for interaction. PVP is a polymeric compound
with a large number of monomers, each possessin@zr

O group. Thus, a greater number-e€=0 groups of PVP
molecules in comparison toNH; groups of CEL can raise
the possibility of a large number of nonbondedC=0
groups than the H-bonded ones, which was seen as a
negligible shift in the O stretching vibration band.

In order to prove this hypothesis, the overlapping bands
of “bonded” and “nonbonded™C=0 groups were resolved
by FTIR analysis of CEEPVP binary systems with low
PVP content. The perfect mixing of a low amount of PVP
with CEL in the binary systems was assured by the
observance of a single glass transition event during the DSC
analysis of these samples. The FTIR spectra of CEVP

binary systems, was plotted (Figure 4) against CEL Comentbinary systems with low PVP content (Figure 5a) showed

in the binary system. Extrapolation of the glotesulted in
determination of the theoretical CEL solubility in PVP to

be about 80.82% at its melting point, which represented a

1.2:1.0 molar ratio of drug to each PVP subunit for formation
of glass solutio®! Thus, a CEI=PVP (4:1 w/w) binary
system that showed maximal solubility enhancerhean

dissolved in solid carrier, thus favoring rapid dissolution in
aqueous milieu.
Spectral Variations in CEL —PVP Binary Amorphous

the shift of the GO stretching vibration band from
1663 cm* at 1% w/w PVP content to 1655 crhat 0.25%
w/w PVP content, possibly due to an increase in the number
of bonded G=O groups, hinting toward hydrogen bonding
between the-C=0O group of PVP and-NH, group of CEL.

: ) i . A further confirmation of this interaction and ruling out of
be interpreted as a glass solution, wherein the drug is

these spectral changes, being only a “dilution effect”, was
done by performing a study on a CEL and NMP system
(reported later in the text). NMP was chosen as a model
monomer of PVP. Below 0.25% w/w PVP content in the

SystemsVibrational spectroscopy has been extensively used cg| —pyp binary system, the=€0 stretching vibration band
to investigate interactions between the components of solid\y 55 |ost due to the lower content of PVP.

dispersiong3-1521.32The mixing of two components at the

molecular level is expected to cause changes in their

oscillating dipoles, which will manifest itself as changes in

The bandwidth at half-height of the C=0 stretching
vibration of PVP was further measured as an indicator of
heterogeneous species contributing to the BFAndhe

the frequency and bandwidth of interacting groups in the 5 qwidth for pure PVP was found to be 198.7 émwhile

spectrunts

it varied from 33.4 to 19.5 cnt (Figure 6) for CEL-PVP

The FTIR spectrum of PVP showed a strong band at pinary systems of PVP content from 1.00% to 0.25% wiw.

1663 cm! characteristic of €O stretching vibration. In the
case of the CELPVP (4:1 w/w) binary system, the

(29) Kim, K. H.; Frank, M. J.; Henderson, N. L. Application of
differential scanning calorimetry to the study of solid drug
dispersionsJ. Pharm. Sci1985 74, 283-289.

(30) Theeuwes, F.; Hussain, A.; Higuchi, T. Quantitative analytical
method for determination of drugs dispersed in polymers using
differential scanning calorimetryl. Pharm. Scil974 63, 427—
429.

(31) Corrigan, O. I.; Holohan, E. M. Amorphous spray-dried hydro-
flumethiazide-polyvinylpyrrolidone systems: physicochemical
properties.J. Pharm. Pharmacol1984 36, 217—221.

(32) Matsumoto, T.; Zografi, G. Physical properties of solid molecular
dispersions of indomethacin with poly(vinylpyrrolidone) and poly-
(vinylpyrrolidone-co-vinyl-acetate) in relation to indomethacin
crystallization.Pharm. Res1999 16, 1722-1728.

(33) Silverstein, R. M.; Webster, F. Xspectrometric Identification of
Organic Compoundslohn Wiley & Sons: Singapore, 2002.

This substantiated that higher PVP content led to a greater
probability of nonbonded-C=0 groups, which reduced to
only bonded ones at lower PVP content. This further
indicates toward inequivalence in the number of “bonded”
and “nonbonded™—C=0 groups present at different PVP
content in the CEEPVP binary systems. Due to strong
absorbing tendencies ofC=O0 group, these shifts of
H-bonded states were not resolvable at higher PVP content.

Amorphous CEL shows a shift to higher wavenumber for
the N—H stretching vibration band, and to lower wave-
number for the SO stretching vibration banticompared
with crystalline CEL. These spectral shifts indicate alteration
of intermolecular H-bonding betweenN—H and —S=0

(34) Taylor, L. S.; Zografi, G. Sugar-polymer hydrogen bond interac-
tions in lyophilized amorphous mixtureg. Pharm. Sci.1998
87, 1615-1621.

VOL. 2, NO. 5 MOLECULAR PHARMACEUTICS 389



articles

Gupta et al.

CEL- Crystalline €-

CEL- Amorphous €----

CEL-PVP (99.75:0.25) €

CEL-PVP (99.50:0.50) €

CEL-PVP (99.25:0.75) €

CEL-PVP (99.00:1.00) €

(a) 1663
CEL-NMP
NMP
1658 (b)
1671

Figure 5. FTIR spectra in C=0 stretching vibration region
for (a) crystalline CEL, amorphous CEL, CEL—PVP binary
amorphous systems of varying PVP content, and PVP and
(b) NMP and a CEL—NMP (1:1 molar ratio) binary system.

groups of CEL in crystalline and amorphous phases. Even
at the lowest content (0.25% w/w) of PVP in the CEL
PVP binary system, the bands offl and S=O stretching
vibrations for CEL were observed at positions characteristic
for amorphous CEL. These results implied that CERVP
binary amorphous systems consisted of CEL-CEL as well
as CEL-PVP in H-bonded states. The existence of
H-bonding between CEL and PVP can thus have strong
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Figure 6. FTIR bandwidth at half-height for C=0 stretching
vibration of PVP in CEL—PVP binary amorphous systems of
varying composition.

implications on limiting the molecular motions of the drug
in the amorphous state, and maintaining its physical stability.

Further, the possibility of interaction betweeiNH, and
—C=0 groups was concluded using NMP as the model of
the —C=0 group. The neat sample of NMP showed a strong
C=0 stretching vibration band at 1671 cin(Figure 5b).
This band shifted to 1658 crhin the case of a CEL-NMP
(2:1 molar ratio) binary system. This result clearly indicated
the H-bonding affinity between the-NH, and —C=0
groups. On the other hand, the=8 stretching vibration band
of CEL was observed at 1346 ci implying its non-
participation in H-bonding. This may be a result of the
plasticizing effect of NMP, a liquid substance that disfavored
the molecular arrangement of CEL in amorphous form.

Computer Simulation of a CEL—NVP Mixture. Com-
puter simulation has been an efficient tool for gaining a
deeper understanding of molecular interactions between drug
and additives>38 It helps in rationalizing the experimental
observations, provides information not amenable to explana-
tion, and even makes predictions concerning the outcome
of future experiments. In this study, computer simulation was
used as an adjunct to the results of FTIR studies, to confirm
the molecular interactions between CEL and PVP. Instead
of building the polymeric structure of PVP, its monomeric
unit, NVP, was investigated for interaction with CEL to assist
the interpretation of data, which could have been difficult
in the polymer due to the presence of multiptecC=0
groups.

Apart from the intermolecular interaction between two
randomly oriented CEL molecules, H-bonding was also
observed between CEL and NVP molecules (Figure 7). The

(35) Piel, G.; Dive, G.; Evrard, B.; Hees, T. V.; Hassonville, S. H. D.;
Delattre, L. Molecular modeling study of beta- and gamma-
cyclodextrin complexes with miconazol&ur. J. Pharm. Sci.
2001, 13, 271-279.

(36) Langer, M.; Holtje, M.; Urbanetz, N. A.; Brandt, B.; Holtje, H.-
D.; Lippold, B. C. Investigations on the predictability of the
formation of glassy solid solutions of drugs in sugar alcohols.
Int. J. Pharm.2003 252 167—179.



Molecular Interactions in CelecoxibPVP Amorphous Systems articles

Figure 7. Stereoview of intermolecular association between CEL and NVP, the monomeric unit of PVP. The H-bonding is
represented by dotted lines between the interacting groups of CEL and NVP.

—C=0 group of NVP H-bonded with the-NH, group of PVP antiplasticized the amorphous CEL, and increased
CEL, forming—N—H-:-O=C— bonds (N\-H---0 2.742 A, the T, of the amorphous system to reduce the molecular
H---O 1.738 A). Amide carbonyl O is a stronger proton motions. Besides this, a specific molecular interaction
acceptor than sulfonyl @,thus leading to a stronger H-bond  petween CEL and PVP was indicated by shifts in DSC
between the-NH, group of CEL and the-C=0O group of  ejting endotherms of CEL, and FTIR bands for the@
NVP. Thus, apart from antiplasticization, this specific stretching vibration of PVP in CELPVP binary systems.

molecular interaction might be an important reason for . . . "
o : Computer simulation of the CEENVP mixture exhibited
stabilization of the amorphous form of CEL in CEPVP H-bonding betweer-NH, and—C=0 groups of CEL and

binary systems, wherein the amorphous form of CEL remains ) . i i i
NVP, respectively. By specifically interacting with CEL,

in complexed form with PVP, restraining it from self- .
association to generate CEL crystal nuclei. PVP arrested the molecular motions, and prevented the
rearrangement of CEL molecules from disordered molecular
Conclusions conformation into a thermodynamically stable, ordered
The higher molecular mobility in the amorphous state crystalline form. Thus, the interaction with PVP renders an
increases the tendency of devitrification, thus negating the €nhanced physical stability to the amorphous form of CEL,
biopharmaceutical advantage of this otherwise beneficial resulting in an obvious solubility advantage.
technology. PVP was found to stabilize the amorphous form
of CEL in the solid state as well as during dissolution. A
specific molecular interaction between thé&lH, group of
CEL and the-C=0 group of PVP, as postulated by thermal,
spectroscopic, and computer simulation studies, was found
to be the major reason behind the formation and performance
of a stable CEE-PVP amorphous system. MP050004G
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