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Abstract: Glassy pharmaceuticals, characterized by excess thermodynamic properties, are
theoretically more soluble than their crystalline counterparts. The practical solubility advantage
of the amorphous form of celecoxib (CEL) is lost due to its proclivity to lose energy and undergo
solvent-mediated devitrification. Theoretical assessment of solubility advantage using differences
in isobaric heat capacities (C,) revealed a 7—21-fold enhancement in the solubility of the
amorphous form over that of the crystalline state of CEL. The present study attempts to unveil
these differences between experimental and theoretical solubility using thermodynamic
parameters such as free energy, enthalpy, and entropy. Amorphous CEL exhibited 1.3—1.5
times enhancement in C, over that for the crystalline form. The zero and critical molecular mobility
regions, represented by Kauzmann temperature (Tx) and glass transition temperature (7g), were
found to lie near 246 and 323 K, respectively, for amorphous CEL. The fictive temperature (T5),
an indicator of the configurational entropy of glass, was determined for glassy CEL, signifying
the retention of considerable molecular mobility in the glassy phase that may favor nucleation
even below Tg. Further, the estimation of various thermodynamic quantities and strength/fragility
parameters (D= 11.5 and m = 67.0) postulated the classification of glassy CEL into moderately
fragile liquid, as per Angell's classification. A comprehensive understanding of such thermody-
namic facets of amorphous form would help in rationalizing the approaches toward development
of stable glassy pharmaceuticals with adequate solubility advantage.
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Introduction glassy systems with excess thermodynamic properties relative
The solubility of a molecule contributes critically toward ~ to the crystalline state, like enthalpy, entropy, and free energy
its “drugability”, by influencing the dissolution and bio- that contribute to higher solubility.
availability (BA), especially in the case of biopharmaceutics ~ Apart from solubility gain, the excess properties invoke
classification system (BCS) class Il and 1V drugs. The solid the nonequilibrium glassy phase to reestablish energetic
state (crystalline or amorphous) of a drug molecule can equilibrium with its surroundings. The Kauzmann temper-
significantly affect its dissolution rate, claiming solid-state ature denotes the point of zero molecular mobility, while
manipulation as a viable avenue for dissolution rate enhance-fictive temperature is an indicator of considerable configu-
ment! The disorderliness in molecular arrangement bestows
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rational entropy &onf) and molecular mobility of nonequi-  found to provide amorphous CEL with high8gtvalue com-
librium systems below the glass transition temperatlige ( pared to that obtained at lower cooling rates. The chemical
When the temperature approaches the glass transition regionstability of quench-cooled product was assessed by HPLC
the average molecular relaxation timg typically follows analysis, wherein the peak purity was above 99.99%.
a non-Arrhenius temperature dependence that may allow a DSC Analysis.The DSC analyses were performed using
large increase in molecular mobility, with a little rise in  a Mettler Toledo DSC 8Z1(Mettler Toledo, Switzerland)
temperature in the region just abovi.® Contrary to instrument, operating with STARoftware version 5.1, and
structural relaxation in the solid phase, higher crystallization equipped with an intracooler. The samples-88mg) were
kinetics in the presence of a dissolution medium favors rapid analyzed under a dry nitrogen purge (80 mL/min) in sealed
devitrification of these high-energy disordered glassy systemspinholed aluminum pans at a heating rate of 5 K/min, unless
into lower energy ordered crystalline states. This solvent- otherwise specified. The instrument was calibrated for
induced rearrangement of molecular order is a major causetemperature and heat flow using high-purity standards of
of disparity between theoretically possible and experimentally indium and zinc.
achievable solubility gains for amorphous sottds. Measurement of C, Using Modulated DSC (MDSC).
The present study attempts to evaluate these thermody-The C, for the crystalline and amorphous CEL were
namic differences between the stable Crystalline and thedetermined using a modulated temperature program in the
metastable amorphous phase of celecoxib (CEL), a BCS claspsc instrument, employing a period of 60 s, a temperature
Il drug® (low solubility and high permeability). The amor-  amplitude of+0.5 K, and an underlying heating rate of 1
phous form of CEL is known to provide initial enhancement K/min. Samples weighing about-% mg were sealed in
in SO|Ubi|ity,6’7 but its rapid solvent-mediated reversion to pinho|ed aluminum pans and ana|yzed under a dry nitrogen
the Crystalline form results in loss of SO|Ubi|ity advantage. purge (80 m|_/m|n) Thé:p values of the Samp|es were then
Using thermodynamic tools, it is possible to predict the obtained by deconvoluting the total heat flow curve into
solubility gain of the amorphous form over the crystalline nonreversing and reversing signals, using commercial soft-
state. The investigation of the temperature dependence ofyare (Mettler Toledo STAR Software, Mettler Toledo,
structural flexibility for amorphous CEL, in terms of isobaric = Switzerland). The instrument was calibrated @y using
heat capacity@y), enthalpy ), entropy §), and Gibb’s free  glumina. TheC, values of the crystalline and amorphous
energy (), is one of the major aims of this study. CEL were measured over a temperature range from 15 K
Categorization of glassy CEL into strong/fragile classification pelow Ty to 25 K aboveT,. The mean results of triplicate
using thermodynamic data is likely to provide further determinations are reported.
explanations to its abridged stability and solubility advantage. Solubility Determination. The temperature dependence
of aqueous solubility of amorphous CEL was studied at 308,
318, 328, 338, and 348 K. An excess quantity of freshly
prepared, powdered and sieved (BSS No. 60, mesh size 250
um) sample was placed in 15 mL screw-capped glass vials
containing 5 mL of distilled water, preequilibrated to the
desired temperature. The vials were mechanically shaken in
a shaker water bath (Julabo SW 23, Seelbach, Germany) at
200 rpm. At specified time intervals, samples= 3) were
withdrawn, filtered, and analyzed for drug content at 252
nm spectrophotometrically (Perkin-Elmer, Lambda 20), after
appropriate dilution.

Experimental Section

Materials. The crystalline form of CEL was purchased
from Unichem Laboratories Ltd., Raigad, India.

Preparation of Amorphous CEL. Amorphous CEL was
prepared by melting the crystalline drug in a stainless steel
beaker over a hot plate-448 K) and quench cooling over
crushed ice. For determination Gf, amorphous CEL was
prepared within the differential scanning calorimeter (DSC)
instrument. A weighed amount of crystalline CEL, sealed
in a pinholed aluminum pan, was heated to 448 K at a heating
rate of 20 K/min, held for 2 min at 448 K, and then immed-

iately cooled to 298 K at-20 K/min. This cooling rate was Results and Discussion

Thermal Response of Crystalline and Amorphous CEL.

(3) Ediger, M. D.; Angell, C. A.;; Nagel, S. R. Supercooled liquids  As reported earlietDSC analysis of crystalline CEL showed
and glasses). Phys. Cheml99§ 100 13200-13212. a single sharp fusion endotherm in the temperature range

(4) Hancock, B. C.; Parks, M.'What is the true solubility advantage 434-438 K. On the other hand, quench-cooled amorphous

©) fg;ar:;:pgof.pC:Lmsﬁel,iﬂncgsﬁzgésegz (;fl)q i;,\ij?foé'resk CEL exhibited a glass transitioh event (on3gt= 324 K)
C.J: Ye'm, B,;’Maziiszj T. J_;’Cook, C. S.: ;{arim, A. Pharma- followed by a recrystallization exotherm in the temperature
cokinetics of celecoxib after oral administration in dogs and range 372378 K and a broad fusion endotherm in the
humans: Effect of food and site of absorptidnPharmacol. Exp. temperature range 434141 K. The quench-cooled product
Ther. 2001, 297, 638-645. . . was found to be chemically stable. The transition of a glassy

(6) Chawla, G.; Gupta, P.; Thilagavathi, R.; Chakraborti, A. K., gampla into the supercooled liquid stateTgtsignifies the
Bansal, A. K. Cha_racterlzatlon of solid-state forms of celecoxib. gain of molecular mobility leading to crystallization, which

) Efréf,'k;ﬁ'a,:"'Rs_f':é?f;ﬁg;,,308,%33;@%”, s.. Pawar, A. p. depends on the energetics of molecules to form an ordered
Preparation and characterization of glassy celecdibg Dev. lattice. The crystallization tendency of the amorphous CEL

Ind. Pharm.2003 29, 739-744. was assessed in terms of the reduced crystallization temper-
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Table 1. Thermodynamic Parameters for a Range of Structurally Diverse Pharmaceutical Glass-Formers

T Ty Te (Te — Ty AC)s Tk Ty — Tk
drug Mwa (K) (K) Tl Ty (K) (Tm — Tg) J/g°K) (K) (K) D m
acetaminophen? 151.16 442 296 1.49 343 0.32 0.64 236 60 9.3 79.5
celecoxib® 381.38 435 323 1.35 363 0.36 0.26 246 7 115 67.0
diazepam? 284.74 398 315 1.26 na¢ na 0.46 249 66 10.0 78.1
felodipinef 384.26 416 317 1.31 na na 0.40 247 70 10.0 69.5
fenofibrate? 360.84 353 253 1.40 313 0.60 0.45 204 49 8.8 83.4
flopropione¢ 182.17 452 335 1.35 389 0.46 0.70 269 66 9.0 80.5
glibenclamide” 494.00 450 331 1.36 na na 0.45 261 70 10.0 76.7
griseofulvin® 352.77 494 364 1.36 406/ 0.32 0.36 272 92 12.0 61.2
hydrochlorthiazide” 297.73 547 385 1.42 na na 0.31 292 93 12.0 67.9
indomethacin 357.80 435/ 323k 1.35 370K 0.42 0.37 240/ 83 8.9m 43.3
nifedipined 346.34 445 322 1.38 391 0.56 0.27 228 94 15.0 54.3
phenobarbitald 232.24 448 319 1.40 430 0.86 0.46 246 73 11.0 70.2
polythiazide” 439.87 493 346 1.42 na na 0.34 270 76 10.0 70.2
probucol” 516.84 399 295 1.35 na na 0.27 222 73 12 58.0
ritonavir? 720.96 395 323 1.22 o o 0.55 275 48 6.4 107.3
temazepam? 300.74 392 339 1.16 na na 0.42 239 100 15.0 52.8

@ Molecular weight.  Reference 8. ¢ Current work. 9 Reference 9. € Data not available. f Reference 10. 9 Reference 11. " Reference 4.
Reference 12. / Reference 13. K Reference 14.  Reference 15. ™ Reference 16. " Reference 17. © No crystallization.
ature, Tc — T)/(Tm — Tg)® (WhereT, and T, stand for peak The reduced crystallization temperature facilitated the
crystallization and melting temperatures, respectively), which comparison of ease of crystallization for compounds with
represents a normalized measure of departure of compoundlifferentTgs. Out of the 16 drugs compared, acetaminophen
from Tq for spontaneous crystallization. This value was found and griseofulvin were found to have the fastest crystallization
to be 0.36 for amorphous CEL, signifying its moderate tendencies and phenobarbital was found to have the slowest,
tendency toward spontaneous crystallization. A comparisonwith ritonavir exhibiting no crystallization. These results
of different thermodynamic measures was attempted with clearly depict the significant role of departuresigland T,
various structurally diverse pharmaceutical glass-formers from Ty in the crystallization of amorphous compounds. On
(Table 1) reported in the literature. the other hand, a greater entropic barrier to crystallization
has been postulated as the major cause for physical stability
(8) Zhou, D.; Zhang, G. G. Z.; Law, D.; Grant, D. J. W.; Schmitt, E.  Of the amorphous form of ritonavi.
A. Physical stability of amorphous pharmaceuticals: Importance  C,, of Crystalline and Amorphous CEL. For C, deter-
of configurational thermodynamic quantities and molecular mobil- mination, amorphous CEL was prepared in situ in the DSC
ity. J. Pharm. Sci2002 91, 1863-1872. N ~ instrument, as detailed above. The thermal response of this
(9) Mooter, G. V. d.; Augustijns, P.; Kinget, R. Stability prediction g5 mple during heating rescan at 20 K/min exhibited a single

of amorphous benzodiazepines by calculation of the mean lass transition event overlapping with an enthalpy recove
relaxation time constant using the Williams-Watts decay function. 9 ppINg Py ry

Eur. J. Pharm. Biopharm1999 48, 43-48. event. The differences in the thermal response of quench-
(10) Kerc, J.; Srcic, S.; Mohar, M.; Smid-Korbar, J. Some physico- cooled and in situ prepared amorphous CEL can be attributed

chemical properties of glassy felodipiriat. J. Pharm.1991, 68, to partially crystalline nature of the former due to relatively

25-33. inferior cooling of the melt and exposure to atmospheric

(11) Aso, Y.; Yoshioka, S.; Kojima, S. Relationship between the "hymidity conditions, leading to crystallization during DSC
crystallization rates of amorphous nifedipine, phenobarbital, and analysis

flopropione, and their molecular mobility as measured by their In order to separate the two concomitantly occurrin
enthalpy relaxation antH NMR relaxation timesJ. Pharm. Sci. P y 9

200Q 89, 408-416. thermodynamic events (glass transition and enthalpy relax-
(12) Elamin, A. A.; Ahlneck, C.; Alderborn, G.; Nystrom, C. Increased  ation) and to get a true estimate Gf, MDSC analyses of
metastable solubility of milled griseofulvin, depending on the crystalline and amorphous forms of CEL were performed.
formation of a disordered surface structurg. J. Pharm.1994 The values ofC, for both the samples varied with increase
111, 159-170. _ o in temperature (Figure 1), with higher values for amorphous
(13) Yoshioka, M.; Hancock, B. C.; Zografi, G. Crystallization of oy The variation was gradual for the crystalline form

indomethacin from the amorphous state below and above its glassthrou hout the temperature scale studied. which was in shar
transition temperaturel. Pharm. Sci1994 83, 1700-1705. 9 P ’ P

(14) Yoshioka, M.; Hancock, B. C.; Zografi, G. Inhibition of in-
domethacin crystallization in poly(vinylpyrrolidone) coprecipitates. (16) Andronis, V.; Zografi, G. Molecular mobility of supercooled

J. Pharm. Scil995 84, 983-986. amorphous indomethacin, determined by dynamic mechanical
(15) Shamblin, S. L.; Tang, X.; Chang, L.; Hancock, B. C.; Pikal, M. analysis.Pharm. Res1997, 14, 410-414.

J. Characterization of the time scales of molecular motion in (17) Crowley, K. J.; Zografi, G. The use of thermal methods for

pharmaceutically important glassdsPhys. Chem. B999 103 predicting glass-former fragilityThermochim. Act2001, 380,

4113-4121. 79—-93.
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Figure 2. Configurational heat capacity of CEL as a function

Figure 1. Plot of heat capacity vs temperature for crystalline of temperature.

and amorphous CEL. The broken lines have been drawn to
guide the measurement of C,,,, and AC,. given by

contrast to the amorphous form showing a characteristic step- Co, = CS — Cf) 1)
change around a temperature of 320 K, with thermal

overshoot in the temperature range 3335 K. The height  \yhere 2 and C° are the measured heat capacities of the
of this thermal overshoot response is directly proportional amorphgus andpcrystalline forms, respectively. Tge, for

to the heat capacity change Bt (AC)*® and, in tumn, the  CEL followed minimal variation in the glassy region, unti
fragility (discussed later) of an amorphous substance. TheT, \hen a sharp increase was observed over the glass transi-
Ty of amorphous CEL was estimated to be 323 K, the tjon region, followed again by a plateau in the supercooled

temperature at half-height of the stepwise chang€in liquid region (Figure 2). These results are indicative of a
Amorphous CEL showed nearly £-3.5 times enhance-  sharp increase in molecular specific volume aroigda
ment inC, values within temperature range of 32829 K, thermodynamic necessity. As an experimentally accessible

indicating its fragile naturé? High fragility of amorphous  thermodynamic quantityC, is an important parameter for
solids is usually associated with greater metastability, free characterization of the amorphous stteOf particular
energy, thermodynamic activity, and corresponding solubil- interest isC,,, which is governed by the temperature
ity. The high C, values of the amorphous form are a dependence ofo and, thus, nonvibrational molecular
contribution of marked changes in molecular mobility due mopility. As glass is not in thermal equilibrium, the measured
to additional degrees of freedom, which results in nondirec- C, does not represent a true thermodynamic property and,
tional, noncovalent interactions in the sample when in the thys, is regarded as an “apparent” or “effectiv@; only 15
supercooled liquid region abovi.?* The AC}? provides a Thermodynamics in the Quasi-Equilibrium Glassy
relative measure of number of accessible molecular confor- State. According to the well-established thermodynamic
mations atTy and, therefore, may be helpful in predicting relationship between amorphous and crystalline phases, the
the ease of crystallization. A comparison with other phar- entropy of a liquid decreases more rapidly than that of a
maceutical glass-formers (Table 1) showed flopropione with crystal, with the decrease in temperature. Theref&gg; of
the highest (0.70) and CEL with the lowest (0.26F extrapolated quasi-equilibrium glass vanishes at a finite
value. This increase mcgg will lead to more stable glass  temperature. Extrapolation to temperatures below this point
with both reduced enthalpy and entropy that contribute to would lead to an unfeasible result of disordered supercooled
free energy in opposite directions. The contribution of liquids having lower entropy than the ordered crystals. This
enthalpy outweighs entropy, which might not result in a temperature of “entropy crisis” is termed the Kauzmann
tangible solubility advantage for amorphous CEL. temperatureTx).?? In reality, the entropy crisis is avoided
Configurational heat capacityCf,,,), a thermodynamic by the ergodicity-breaking &. At T« and below, rotational
measure of temperature-induced structural changes, isand diffusive motions are improbable, even over extremely
long time scales.
(18) Pikal, M. J.; Chang, L. L; Tang, X. C. Evaluation of glassy-state A rough estimate off is given by
dynamics from the width of the glass transition: Results from
theoretical simulation of differential scanning calorimetry and Tg
comparisons with experimerit. Pharm. Sci2004 93, 981-994. Ty = T (2)
(19) Angell, C. A. Relaxation in liquids, polymers and plastic crystals m
strong/fragile patterns and problends.Non-Cryst. Solid4991,
131-133 13-31.
(20) Angell, C. A. The old problems of glass and the glass transition
and the many new twist®roc. Natl. Acad. Sci. U.S.A995 92, (21) Privalko, V. P. Excess entropies and related quantities in glass-
6675-6682. forming liquids.J. Phys. Chem198Q 84, 3307-3312.

N

This gives a value offx near 240 K for amorphous CEL.
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Direct experimental determination dfx is hindered by c —cd
kinetic restrictions, which lead to inaccessibility of an yCp= (6)
equilibrium supercooled liquid afk. It can only be fairly GG

estimated from thermodynamic principfg324Estimation
of Tk can be either entropy-base®i§) or enthalpy-based
(Tkn), with Txs being the favorably accepted determinant of

temperature corresponding to achievement of a minimum,

limiting value of molecular mobility?

1 AHm)
T

®)

where |, g, and x denote the equilibrium supercooled liquid,
glass, and crystalline states, respectively. The valu®, af

egs 5 and 6 was calculatedigt Values ofyC, can be used

to characterize the temperature dependence of relaxation
times of real glasses, or “fragility”, whereC, = 1
corresponds to a “strong” glass ap@, = 0 corresponds to

a “fragile” glass. The value gfC, for amorphous CEL was
found to be 0.46, indicating its moderately fragile behavior.

Its estimation requires a knowledge of the temperature The value ofT; relates theS.on of equilibrium supercooled

dependence o, which follows a hyperbolic relation in
the supercooled liquid state of small organic moleciffes.

_K
Peont B T

4

The validity of eq 4 for CEL was established by plotting
Coon 1 VST (data not shown), which resulted in a nearly zero
slope value. Thdks for amorphous CEL was calculated to
be 246 K, quite close to an earlier predicted value of 240 K.
The value ofTkx was 77 K belowTy, indicating a moderately
fragile behavior. This is contrary to the generally accepted
“Ty — 50 K” rule as the predictor of temperature of negligible
molecular mobility. Thély — Tk values for other pharmaceu-
tical glass-formers fall in the range 4800 K (Table 1),
signifying the importance of molecular conformations in the
relaxation process of metastable solid-state forms. Tihe

stands as a good estimate for how far a liquid can conceiv-
ably be supercooled before the glass transition must inter-

vene, becausg x Tk. Thus, Tk marks the lower limit tdly
obtainable at different cooling rates for supercooled liquids.

liquid to that of a nonequilibrium system havingSa of
equal value at lower temperature. The practical utility of
characterizing a glass in terms of isis that it allows the
molecular mobility to be estimated from excess enthalpy or
entropy present in a gladsThus, T, being independent of
heating rates encountered in DSC, can serve as a reliable
quality control tool for amorphous pharmaceuticil3he

T¢ values of glassy CEL were calculated for the range of
temperatures bounded Ay < T; < Ty (Figure 3). Below

Tg, Tt is always greater thah representing enough molecular
mobility of a glass relative to supercooled liquid that may
favor crystallization. In a previous study on physical stability
of amorphous CEL at aging temperatufi@) (equivalent to
298 K and 0% RH? increase in relaxed enthalpy was
observed with time, signifying sufficient molecular mobility
favoring crystallization below. This is due to a lower value
of 14 K for Tg — Tt in comparison to the higher value of 29
K for Ty — T, representing higlont belowT,. Thus, instead

of remoteness fronTy, the magnitude of difference in the
value of T; from Ty should act as a better guide of storage

Also, Tk represents a conservative maximum storage temperatemperature for reducing molecular mobility of glassy
ture for amorphous pharmaceutical formulations, and may pharmaceuticals.

be considered to be a region of critical molecular mobility
for such systems.

Rating at Fragility Index. An increment inA(:;g for
amorphous CEL is a reflection of its fragile nature. The

Another important parameter useful in Understanding the fragmty Concept proposed by Angé‘ﬂdagsiﬁes ||qu|ds as

dynamics of glasses is the fictive temperaturg, (which is

strong or fragile, on the basis of either the differences in

the temperature at which an equilibrium system has the sam&emperature dependencewbr the magnitude of change in
thermodynamic properties as a glassy system at experimental;, at T,. Structurally, fragile liquids are so flexible that,

temperature):?®

1S, 171G,

T, T

1
T, (5)

where

(22) Kauzmann, W. The nature of the glassy state and the behavior of

liquids at low temperature€€hem. Re. 1948 43, 219-256.

(23) Angell, C. A.; Smith, D. L. Test of the entropy basis of the Vogel-
Tamman-Fulcher equation. Dielectric relaxation of polyalcohols
near Tg.J. Phys. Chem1982 86, 3845-3852.

(24) Alba, C.; Busse, L. E.; List, D. J.; Angell, C. A. Thermodynamic
aspects of the vitrification of toluene, and xylene isomers, and
the fragility of liquid hydrocarbonsJ. Chem. Phys199Q 92,
617-624.

(25) Hodge, I. M. Strong and fragile liquigsa brief critique.J. Non-
Cryst. Solids1996 202 164-172.

410 MOLECULAR PHARMACEUTICS VOL. 1, NO. 6

with little thermal excitation, they reorganize to structures
that fluctuate over a wide variety of molecular arrangements
and coordination states. Strong liquids, on the other hand,
have a built-in resistance to structural change, and their
vibrational spectra and radial distribution functions show little
reorganization despite wide variations of temperature. The
major significance of substance fragility lies in the deter-

(26) Hancock, B. C.; Shamblin, S. L. Molecular mobility of amorphous
pharmaceuticals determined using differential scanning calorim-
etry. Thermochim. Act2001, 380, 95-107.

(27) Craig, D. Q. M.; Royall, P. G.; Kett, V. L.; Hopton, M. L. The
relevance of the amorphous state to pharmaceutical dosage
forms: glassy drugs and freeze dried systdntsJ. Pharm.1999
179 179-207.

(28) Kakumanu, V. K.; Bansal, A. K. Enthalpy relaxation studies of
celecoxib amorphous mixturd8harm. Res2002 19, 1873-1878.
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Figure 3. Predicted fictive temperatures for amorphous CEL
as a function of temperature.

mination of its chemical, physical, or mechanical stability
with changing temperature.

According to “rule of thumb” for fragility determination,
Tw/Tg > 1.5 signifies strong, an@i/Tyg < 1.5 signifies fragile
liquids. Within the homologous series of glass-formers, the
values of T,/Ty are sensitive to subtle functional group
substitutions that affect intermolecular interactiétishe T,/

Ty value of 1.35 calculated for amorphous CEL indicates its
moderately fragile nature, which is in concordance with the
results obtained fromyC,. Comparison with other pharma-
ceutical glass-formers showed this ratio to lie in the range
1.16-1.49, postulating the moderately fragile behavior of
pharmaceuticals.

The Voget-Tamman-Fulcher equation in modified form
describes the relationship betweeandT in the supercooled

region,
B DT,
T=T1p€eX T——TO

whererty, D, andTy are constantgy being the time scale of
vibrational motionsp being the strength parameter, and
representing thd at whicht becomes infinite, signifying
negligible molecular mobility. Fragility is also a function of
To/Tg, a determinant of departure of glass from Arrhenius
behaviori® This ratio lies between 0 (strong) and 1 (fragile)

(1)

substances.
_ D(Ty/Ty)
(In 10)[1 — (TYT I

(8)

A larger m value indicates rapidly changing dynamics at
Ty equating to “fragile” behavior. To calculabg a minimum
value calledmy,, must first be defined:

oy
Min = (In 10)[1 — (Ty/T)]

9)

For amorphous CELm was calculated to be 67.0, with
Mmin Of 16.0. These results further strengthened the moder-
ately fragile behavior of amorphous CEL. As compared in
Table 1, theD values of all pharmaceutical glass-formers
varied from 6.4 to 15.0, whilen values varied from 43.3 to
107.3. Fragility denotes the temperature dependen&gpf
of glasses and is a measure of how much ex&ssis
present in the glass. In terms of pharmaceutical stability, the
knowledge of these strength parameters provides an estimate
of degree of undercooling necessary foto exceed the
expected storage time.

Solubility Prediction. Prediction of relative solubility of
amorphous over crystalline CEL was attempted using the
method of Parks and co-worketsThe Gibbs free energy
difference Geon) between the two phases reflects the ratio
of their “escaping tendencies” and is directly proportional
to thermodynamic activity &), which is approximately
proportional to solubility(o), provided laws of dilute solution

apply. Therefore,
RTIn(o—a)
GC

Hence, because the stable crystalline form has the lowest
G, it also has lowest values efando. The Gt is related
to Sonr and enthalpy differenceHong) by

Gconf = Hconf - TS:onf

The values forHeons and Sons are calculated fronily,

conf

G (10)

(11)

and was estimated to be 0.76 for amorphous CEL, substan€nthalpy of melting AHr), entropy of melting 4S,), and

tiating its moderately fragile nature. A largevalue ¢30)
represents “strong” behavior, and lo® value (<10)
represents “fragile” behavidf.The D value for amorphous
CEL, calculated from eq 7 &t = T, after substituting 10+
s, 100 s, and for 7o, 7, andTy, respectively, was found to
be 11.5, further assisting in its positioning into the moderately
fragile class of liquids.

An alternative fragility parametam, defined by eq 8, can

also be used to predict the dynamic behavior of glassy

(29) Angell, C. A.; Sare, J. M.; Sare, E. J. Glass transition temperatures

for simple molecular liquids and their binary solutiods.Phys.
Chem.1978 82, 2622-2629.

(30) Bohmer, R.; Ngai, K. L.; Angell, C. A.; Plazek, D. J. Nonexpo-
nential relaxations in strong and fragile glass formdrs<Chem.
Phys.1993 99, 4201-4209.

C, as follows:
Tm
Heont= AHy — f7C, dT (12)
Tme
Sont= AS, — [ dT (13)
AH_,
AS, = (14)

m

The changes ifdcont, Son, aNd Geons With T for CEL are
depicted in Figure 4. TheéH.n/T curve represents the

(31) Parks, G. S.; Synder, L. J.; Cattoir, F. R. Studies on glass. XI:
Some thermodynamic relations of glassy and alpha-crystalline
glucoseJ. Chem. Physl934 2, 595-598.
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Figure 4. Change in configurational thermodynamic quanti- Figure 6. The van't Hoff plots of crystalline and amorphous
ties of CEL with temperature. CEL.
25 1 ratio for amorphous vs crystalline CEL varied between 7-
and 21-fold in the temperature range 3487 K. These
° 20 values were comparable to those reported for glassy in-
3 domethacirf, a drug with nearly similaifg, Tm, and AHp,
e 15 —e— Predicted
z 5 values.
3 10 ; Solubility Determination. In contrast to the theoretical
s free energy and entropy values, the experimentally deter-
5 mined solubility values were used to find the thermodynamic
— . explanation for the enhanced aqueous solubility of the
0 - ' ' - - amorphous form. The energetics of solubilization was studied
%0 30 %0 B M0 B0 by determining the solubility of crystalline and amorphous
TK) forms of CEL as a function of temperature (two temperatures
Figure 5. Comparison of predicted and observed solubility below and two abov&). As reported earlier for amor_p_hous
ratios of amorphous vs crystalline CEL as a function of system¥ and metastable polymorpP&the peak solubilities
temperature. were taken as the estimates of their solubility. The respective

van't Hoff plots are shown in Figure 6. The solubility of

enthalpic driving force for crystallization, while the entropic both the crystalline and the amorphous form increased
barrier is given byS.nr curve. The overall thermodynamic linearly with increase in temperature, signifying the endo-
driving force that balances tht..n; andSons cOmponents is  thermic nature of the solubilization process. The heat of
represented by th&..n/ T curve. The trends in these curves solution (AHs,), as derived from the slope of resultant van't
showed an increase in enthalpic driving force and entropy Hoff plots, was found to be slightly lesser for the amorphous
barrier, and a net decrease in thermodynamic driving force form (AHsq = 26.55 kJ/mol) in comparison to the crystalline
for crystallization in the glassy region (36319 K), followed form (AHso = 27.56 kJ/mol). This is due to the high entropy
by a sharp decrease in these parameters ahpwsignifying difference AS = 1.48 J/kmol) and free energyAG =
the impact of extent of molecular mobility encountered above 569.86 J/mol) available for solution, resulting in ease and
Ty favoring crystallization. Th&,ons is inversely related to  spontaneity of the solubilization process, with high solubility
the probability that molecules will have proper orientation values. These differences may be a result of differences in
and conformation for crystal nucleation. Molecules with van der Waals interaction, the extent of the total energy
lower Sont require less mobility for spontaneous crystalliza- associated with H-bonding in different solid-state forms, and
tion. On the other hand, compounds that are flexible and their vibrational frequencies. But an infinitesimal heat of
can exist in a number of molecular conformations in the transition AHyans= 1.01 kJ/mol) favors rapid devitrification,
supercooled liquid state are expected to exhibit lafye# and loss of solubility advantage experimentally.
values. The aqueous solubility of amorphous CEL was invariably

The predicted solubility ratios for amorphous vs crystalline higher than that of its crystalline counterpart at all the
form are shown in Figure 5. A stepwise change in predicted temperatures studied. As compared in Figure 5, experimen-
solubility ratios were observed &, characteristic of the  tally determined solubility ratios were far less than those
C, change at this temperature. Higher free energy of the predicted. A nearly constant value-1.3) for these experi-
glassy state resulted in high solubility ratios, which decreasedmentally determined solubility ratios denotes the role of
with increase in temperature abovig, with a nearly similar activity coefficients of CEL molecules involved in
logarithmic dependence. This decrease is a result of decline
of Geonr at temperatures abovi, which is an interplay of (32) Vachon, M. G.; Grant, D. J. W. Enthalpy-entropy compensation
enthalpy and entropy. The magnitude of predicted solubility in pharmaceutical solidsnt. J. Pharm.1987, 40, 1—14.
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solubilization of crystalline and amorphous phases. The of the amorphous form over the crystalline form. A rapid
predicted values are practically difficult to achieve due to solvent-mediated devitrification of amorphous CEL, coupled
strong driving force for crystallization in the presence of with moderately fragile behavior, is the cause of these
dissolution media, but they can provide an indication of discrepancies in theoretical and experimental solubility ratios.
theoretical driving force for initial dissolution of amorphous Attempts to stabilize the amorphous CEL, both in the solid
compound under any given conditions. The solvent-mediatedphase and in the presence of dissolution medium, will provide
devitrification of CEL was delayed by poly(vinyl pyrroli-  the real advantage of this high-energy form. Further, these
done) (PVP), when used at 20% w/w content in a €EL  thermodynamic interpretations shall provide useful insights
PVP solid dispersiof? Thus, the dynamics of molecular in designing of physically stable and pharmaceutically
motions favoring rearrangement to gain order are subduedexploitable amorphous systems.

by specific stabilizers, like PVP, which provide enhanced

solid-state stability as well as solubility advantage. Abbreviations Used

Conclusions Cp, heat capacityD, strength parameteG,_,,, configu-
rational heat capacity3, free energyGeon, cONfigurational
ree energyH, enthalpy;Hcont, configurational enthalpym,
ragility parameter;S;on, configurational entropyT, tem-
peratureTo, zero molecular mobility temperatur€;, aging
temperatureT,, crystallization temperaturd, fictive tem-
perature;Ty, glass transition temperatur@i, Kauzmann
temperatureT,, melting temperature;, average molecular
relaxation timeAC}J, heat capacity change at glass transi-
tion temperatureAHn,, enthalpy of meltingAHs,, heat of
solution; AHyans heat of transitionAS,, entropy of melting;
o, solubility.

The amorphous form of a substance possesses exces
thermodynamic properties (enthalpy, entropy, free energy) f
in comparison to its crystalline form. These properties are
useful in estimating the stability as well as the probable
solubility advantage of amorphous forms. The amorphous
form of CEL, with higherC, than the crystalline form,
showed a sharp increase of nearly-1135 times inC, at
Ty On the basis of various indicators of glass fragility, such
as (e — Te)/(Tm — Tg), AC, Ty — T, ¥Cp, T/ Tg, To/Tg, D,
and m, amorphous CEL was categorized into moderately
fragile glass. A comparison with varying pharmaceutical
glass-formers of high structural diversity showed that CEL
exhibited a common trend of moderate fragility. Moreover,
the C,,, of CEL indicated a theoretical possibility of
achievement of #21-fold enhancement in aqueous solubility
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