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bstract

Physical and thermal properties of glyceryl behenate (Compritol® 888 ATO) used as sustained-release matrix in pharmaceutical applications
re studied by coupled time-resolved synchrotron X-ray diffraction and Differential Scanning Calorimetry combined with Infrared Spectroscopy.
ith these techniques, all polymorphs formed in glyceryl behenate, analyzed as received and after various thermal treatments from quenching to

low crystallization, are characterized. By using different well-controlled mixtures of mono-, di- and tribehenate, we identify each lamellar phase

bserved in the glyceryl behenate. Finally the influence of the crystallization rate on the formation of preferential conformations was also analyzed
n order to bring insights into the polymorphism of glyceryl behenate. By changing the crystallization rate of the sample, it was shown that one can
avor the formation of preferential polymorphs in the sample. In particular the crystallization at 10 ◦C/min seems to be well adapted for producing
single lamellar phase with a period of 60.9 Å while a crystallization rate of 0.4 ◦C/min produces three different lamellar phases.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Glycerides are a family of molecules used in the field of phar-
aceutics as excipient mainly for solid dosage forms. Among

hem, Compritol® 888 ATO (glyceryl behenate, an atomized
ixture of mono-, di- and tribehenate of glycerol) was first

ntroduced on the pharmaceutical market as a solid-phase lubri-
ant for tablet formulations (Jannin et al., 2003; N’Diaye et al.,
003). That excipient consists of a mixture of mono-, di- and
ribehenate of glycerol (18%, 52% and 28% in weight, respec-
ively) and presents a drop point ranging from 69 ◦C to 74 ◦C
nd a hydrophilic–lipophilic balance value of 2 (HLB is used
s a measure of the polarity of the surface-active molecule).
ore recently, this mixture of glycerides has been designed to
rovide sustained release of drugs. Such release would not be
btained from more defined compound like pure di- or triglyc-
ride. Hence, over the past decade, glyceryl behenate has been
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sed for controlled-release applications by direct compression
nd more recently by: hot-melt coating (Barthélémy et al.,
999; Faham et al., 2000a,b), melt granulation or pelletization
Hamdani et al., 2002; Zhang and Schwartz, 2003) or the forma-
ion of solid–lipid nanoparticles (Freitas and Muller, 1999). This
lyceride mixture is known to exhibit a complex polymorphism
epending on many parameters such as crystallization rate or
emperature of storage (Hamdani et al., 2003). As drug release
epends on the stability of the crystalline structures formed, it is
f prime importance to characterize any possible structural evo-
ution of the excipient. Therefore, a description of the various
tructures formed as a function of time and temperature varia-
ions, is necessary both for the pharmaceutical science as it is
inked to drug and excipient polymorphism and for a more gen-
ral understanding of the thermal and structural behaviors of the
lyceride mixtures (Small, 1986; Gunstone and Padley, 1997)
hich is also widely used in food and cosmetics. It is worth
o remember that glycerides are naturally abundant molecules
sed for energy storage as well as building molecules in living
ystems. The mono-, di-, triglyceride mixture naturally results
f lipase action and is of biological importance. Therefore, the

mailto:jean-blaise.brubach@synchrotron-soleil.fr
dx.doi.org/10.1016/j.ijpharm.2006.11.057
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ig. 1. Monobehenate (a), dibehenate (b) and tribehenate (c) of glycerol, the c
larity the hydrogen atoms are not represented.

olid mixtures obtained with the long chain fatty acid are espe-
ially interesting candidates for controlled release of drugs. The
mount of monoglycerides which are lyotropic molecules should
e adjusted in these Generally Recognized As Safe (GRAS)
ixtures to obtain the release expected.
Crystallization of glycerides has been the subject of an

xtensive literature exploiting the description of a variety of
xperimental tools (Pascher et al., 1981, 1992; Pascher, 1996;
oto et al., 1995; Di and Small, 1993). Such abundance of

ources is related with the wide range of glycerides made from
aturated or unsaturated acids, short or long chain acids, even or
dd carbon numbered, mixed acid chains or mono acid chains,
tc.

Lipid polymorphism is due to the numerous lateral packing
ossible of fatty acid chains specifically designated as sub �, �,
′ and � (Jackson and Lutton, 1950; Larsson, 1966; Chapman,
962), each of them corresponding to a particular lateral organi-
ation of the hydrocarbon chains. In short: the most stable phase
s the � variety for pure monoacid saturated triglyceride (TAGs),
nd the �′ phase for a mixture of fatty acids with long chains
De Jong and Van Soest, 1978), whereas the most stable phase
or 1,2-diacyl-glycerol is �′ while the � variety is observed for
,3-diacyl-glycerol (Kodali et al., 1990). A longitudinal stacking
f the molecules in layers results of lateral packing. The stack-
ng of lipid layers ranges from 1 to 6 chain layers with bilayers
r trilayers, noted 2L or 3L, respectively, being the most fre-
uently observed stacking. The crystalline phase is noted 2L�
or alpha bilayers lateral packing and 3L� for beta trilayers
ateral packing. As a consequence of the diversity of possible
tructures formed, glycerides mixtures may exhibit a complex
olymorphic behavior and the different structures developed
y samples as a function of temperature or time are still
nknown.
In this study, the structure and the polymorphic evolutions
f glycerides mixtures, widely employed in controlled release
ormulations have been characterized by use of coupled X-
ay Diffraction and Differential Scanning Calorimetry. X-ray

D
p
a
a

able 1
omposition in monobehenate, dibehenate and tribehenate of each sample

Monobehenate (%)

ompritol® 888 ATO 18
ibehenate rich (Dibrich) 10
ribehenate rich (Tribrich) 12.6
onobehenate rich (Monobrich) 88

ribehenate 0
and oxygen atoms are represented by black and white dots, respectively. For

iffraction allows the study of the structure corresponding to
oth short reticular distances between hydrocarbon chains (lat-
ral packing is observed in WAXS region) and long spacing
longitudinal stacking is observed in SAXS domain). Using
emperature and enthalpy of transition measurements, DSC
ighlights energetic phenomena occurring during the heating
r the cooling of the sample. By coupling these two techniques,
e can link structural changes to phase transitions (Brubach et

l., 2004). In addition, Infrared Spectroscopy has been used to
etermine chain positioning and conformation of glycerides at
he molecular level.

The aim of this study is to evidence all possible polymorphs
f Compritol® 888 ATO existing at room temperature for var-
ous rates of crystallization using simultaneous recordings of
SC coupled with SAXS and WAXS as a function of tempera-

ure from the same sample. The formation of these polymorphic
orms will then be related to specific composition of Compritol®

88 ATO.

. Materials and methods

Compritol® 888 was supplied by Gattefossé S.A.S, Saint
riest, (France) as an atomized (ATO) powder. Compritol® 888
TO is synthesized by esterification of glycerol with behenic
cid (C22 fatty acid) and therefore consists of a mix of monobe-
enate (Fig. 1a), dibehenate (Fig. 1b) and tribehenate (Fig. 1c)
f glycerol, the diester fraction being predominant. Samples of
onobehenate, dibehenate and tribehenate were also provided

y Gattefossé S.A.S, Saint Priest, France (see Table 1).
X-ray diffraction measurements were performed at the D22

eam line of the synchrotron storage ring LURE-DCI, Univer-
ity of Paris Sud, Orsay, France. The D22 beam line allows high
uality recording with low noise. Moreover SAXS, WAXS and

SC measurement data are collected simultaneously for sake of
hase accuracy. The position sensitive linear detectors of SAXS
nd WAXS were calibrated, respectively, with silver behenate
nd tristearin (SSS) (Keller et al., 1998). All figures are presented

Dibehenate (%) Tribehenate (%)

52 28
79 11
47.1 39.9
11 0.3
0 100
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s functions of the scattering vector, q (Å−1) = (2π/d (Å)) and
he sample temperature (◦C).

Microcalix version 2.0 has been used for DSC measurements
Keller et al., 1998). Briefly, samples were prepared by intro-
uction of a fixed amount (20–25 mg) of sample powder in
calibrated Lindeman glass capillary (GLAS-Muller, Berlin).
SC temperature was standardized using lauric acid second
elting as previously described (Hernquist and Larsson, 1982).
-ray data have been analyzed using a subroutine developed
nder Igor 4.1 by F. Artzner.

The IR transmission spectra of the sample were recorded
sing a Bomem DA8 Fourier transform spectrometer, under
acuum, at the SIRLOIN beam line (Roy et al., 1995, 1998;
athis et al., 1998) at super-Aco synchrotron ring, LURE, Uni-

ersity of Paris Sud, Orsay, France. The Mid-infrared region
500–9000 cm−1) was investigated thanks to a globar source, in
ombination with a KBr beam splitter and a MCT wide range
etector. Spectra were recorded with a resolution of 2 cm−1 with
00 scans per spectrum and no mathematical correction (e.g.,
moothing) was performed. Transmission measurements of both
eference and sample were recorded using a variable path cell
quipped with two 0.5 mm thick diamond windows. The sam-
le was melted at 90 ◦C and then crystallized at 0.4 ◦C/min to
0 ◦C. Infrared spectra were recorded every 10 min from 77 ◦C
o 22 ◦C at 0.4 ◦C/min.

. Results and discussion

.1. Structural and thermal studies of glyceryl behenate
Glyceryl behenate was first analyzed during heating at
.4 ◦C/min without any special thermal treatment (as received).
ig. 2 represents the evolution of the position and the inten-

ig. 2. DSC recording and SAXS evolution during the first heating of a sample of
lyceryl behenate mixture analyzed as-received at 0.4 ◦C/min. Circles indicate
he position (in q (Å−1) and d (Å)) and the intensity (size of the symbol) of
ach peak observed in SAXS. DSC recording (and DSC signal ×10) recorded
imultaneously is superimposed to help the interpretation of SAXS data. Inset:
AXS pattern at T = 10 ◦C.
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ity (size of the symbols) of each diffraction peak observed in
AXS together with DSC recording (full line) in the temperature
omain 10 ◦C ≤ T ≤ 90 ◦C. The useful domain of the scattering
ector q (Å−1) ranges from 0.085 Å−1 to 0.42 Å−1.

The DSC recording observed on slow heating of stabilized
ompritol® sample shows a main sharp melting endotherm at
bout 70 ◦C. This sharp peak is preceded by a broad endotherm
preading from about 35 to about 60 ◦C.

At T = 10 ◦C (inset of Fig. 1), a single lamellar phase is
bserved with Bragg reflections in the positional ratio 1:2:3
orresponding, respectively, to q (Å−1) values at 0.101 Å−1,
.201 Å−1 and 0.302 Å−1 (respectively, 61.8 Å, 31.3 Å and
0.8 Å). The relative intensity of each peak, with the first order
ore intense than the third order, itself more intense than the

econd order, corresponds to a lamellar phase of 61.8 Å under
2L conformation of molecules (see drawing in the inset of

ig. 2).
No change in position and width is observed until the temper-

ture reaches 39.5 ◦C from where a regular shift toward higher
(Å−1) values is observed, corresponding to a decrease of the

amellar long distance from 61.8 Å to 60.4 Å for the main peak.
his is followed from Tonset = 49 ◦C by a regular increase of this

ntensity of the line (around +28%) which reaches a maximum
t T = 67 ◦C. Finally at Tonset = 71 ◦C, the complete melting of
he sample is observed.

Simultaneously, for the WAXS domain (Fig. 3a and b), at
= 10 ◦C, the two strong peaks corresponding to short spacing

t 1.5 Å−1 and 1.65 Å−1 (respectively, 3.8 Å and 4.2 Å) indi-
ate the presence of a sub α phase (Jackson and Lutton, 1950;
hapman, 1962; Kodali et al., 1990) in the lateral packing of
hains. This less ordered phase develops a pseudohexagonal
attice which is similar to the packing of the orthorhombic per-
endicular subcell of the �′ phase of TAGs (Jackson and Lutton,
950; Chapman, 1962). As the temperature is raised, a regular
hift toward the low q values of the line at 1.65 Å−1 can be
oticed. This shift starts at about 35 ◦C and develops up to about
0 ◦C (Fig. 3, top). It corresponds to the very broad low-enthalpy
ransition observed on the DSC curve. At T > 55–60 ◦C, only a
ingle strong short spacing is observed at 1.50 Å−1 (4.18 Å).
his strong wide angle diffraction line indicates the formation
f a hexagonal packing also noted �. Therefore, these struc-
ural changes are interpreted as a sub � to � transition similar
o that observed in alcanes (Doucet et al., 1981; Small, 1986).
his progressive transition leads to the small endothermic event
preading in the range 35–60 ◦C described above. It is worth
o note that this transition precedes the decrease of the lamellar
eriod from 61.8 Å to 60.4 Å and the increase of 28% of the peak
ntensity.

Finally, at Tonset = 71 ◦C, the melting of the sample corre-
ponds to the complete disappearance of the peak at 1.50 Å−1

nd the appearance of a broad short spacing centered at 4.6 Å
haracteristic of the liquid phase.

As established previously, the glyceryl behenate mixture

nalyzed as received develops a lamellar phase of 61.8 Å with
2L conformation and a pseudo-hexagonal subcell noted sub
at ambient temperature. This conformation can be related

o the composition of Compritol® 888 ATO which includes



J.B. Brubach et al. / International Journal of Pharmaceutics 336 (2007) 248–256 251

Fig. 3. Evolution of WAXS patterns with the temperature shown together with
DSC recording for (a) the first fusion (c) the crystallization (e) the second fusion
of an untreated sample of glyceryl behenate at 0.4 ◦C/min. (b, d, f) Position and
i
t

a
a
a
i

Fig. 4. Evolution of position and intensity (size of the symbol) of each line
observed in SAXS during the crystallization of the sample at 0.4 ◦C/min. Inset
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corresponds to the transition from one single short spacing at
ntensity (size of the symbol) of each peak observed in WAXS for the same
emperature events.

pproximately 52% of dibehenate. Such conformation has

lready been observed in 1,2-diglycerides with long fatty
cid chains such as C22 and C24 by Kodali et al. (1990) and
n monoglycerides as 1-monostearin and 1-monopalmitin by

1
1
�

AXS pattern at T = 10 ◦C. DSC curve recorded simultaneously and its different
teps noted 1–4 are shown for comparison with SAXS evolution.

utton and Jackson (1948). Upon melting, the long spacing
f this lamellar phase is found to decrease in size from 61.8 Å
o 60.4 Å and to adopt a hexagonal packing noted �. Both
onformations are the most stable phases and therefore the most
rdered ones. The apparently reversible transition observed
etween sub � and � is similar to that of alcanes rather than
hat observed for glycerides (Doucet et al., 1981; Small, 1986)
ince no signature of a �′ phase characterized by three strong
hort distance peaks at 4.3 Å, 4.15 Å and 3.75 Å is observed
Kodali et al., 1990). Moreover, no particular signatures of the
ribehenate, which represents approximately 28% (mass ratio)
f the sample, are observed by X-ray diffraction or DSC.

Fig. 4 presents the crystallization of Compritol® 888 ATO
bserved on cooling at 0.4 ◦C/min after having been maintained
0 min at 90 ◦C. Four thermal events noted 1–4 occur before the
omplete crystallization of the sample and can be attributed to
he formation of specific structures. At Tonset = 72.5 ◦C, a first
ingle lamellar phase of 65.1 Å is formed (Step 1 on DSC record-
ng). Then, at Tonset = 71.5 ◦C, the peak diffraction splits in two
eaks corresponding to two lamellar phases with 61.0 Å (major
ne) and 66.8 Å long spacing (Step 2).

At Tonset = 68.5 ◦C, a third lamellar phase with a long period
f 59.9 Å can be observed (Step 3). The long period of each
amellar phase is deduced from the position of its third order
ue to the small difference of size between the different lamellar
hases (inset of Fig. 3).

From T = 68.5 ◦C to the last thermal events at T = 38.5 ◦C,
he two long distances of these lamellar phases gradually
ncreases: the first lamellar phase passing from 61.0 Å to 61.8 Å
t T = 38.5 ◦C, the second one passing from 59.9 Å to 60.9 Å
t approximately T = 27 ◦C (Step 4). Finally at T = 10 ◦C, three
amellar phases of 66.8 Å, 61.8 Å and 60.9 Å are observed in the
ompritol® 888 ATO sample.

For the WAXS domain, this last thermal event at T = 38.5 ◦C
.5 Å−1 (4.2 Å) to two strong short spacings at 1.5 Å−1 and

.65 Å−1 (respectively, 3.8 Å and 4.2 Å) corresponding to a
→ sub � transition. We can then attribute this transition to
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ig. 5. Evolution of the peak positions in WAXS and DSC curves obtained
imultaneously during the first and the second fusion of glyceryl behenate
ixture.

he stabilization of the long spacing of the two lamellar phases
t 60.9 Å and 61.8 Å.

The sequence of transitions observed upon cooling is
eversible during the second heating of the sample, except for
he lamellar phase at 65.1 Å which is not observed before the
rst complete melt of the sample, whereas this long distance has
een observed to be the first to crystallize.

Moreover, for the WAXS domain, the temperature of the sub
→ � transition is different for the first and the second fusion

f the sample (Fig. 5). A large gap is observed between these
wo transitions: occurring at T = 49 ◦C for the first fusion and
= 30 ◦C for the second fusion. We can link this observation to

he formation of a second variety sub � noted sub �2 presenting a
ower temperature of transition to a � variety than the variety sub
1 observed during the first fusion. This new “sub �2” can also
e associated to the new lamellar phase of 60.9 Å observed dur-
ng the crystallization of glyceryl behenate mixture. Therefore,
wo lamellar phases, 61.8 Å and 60.9 Å, presenting two different
ubstructures, respectively, sub �1 and sub �2 exist after crystal-
ization. The third lamellar phase of 66.8 Å, minor in proportion
ith respect to the relative intensity of the diffraction peak, may
evelop an hexagonal subcell or � variety, as its long distance
iffraction peaks presents no modification in position width and
ntensity.

Fig. 6 presents the thermal and structural evolution of the
lyceryl behenate mixture during the first and the second fusion
f the same sample at a heating rate of 2 ◦C/min.

During the second fusion of the sample, because of the higher
ate of heating employed, the two thermal events corresponding
o the transition from the sub �1 and the sub �2 varieties to,
espectively, the �1 and �2 varieties are clearly observable. In
oth cases, the � variety corresponding to a hexagonal subcell
s the most stable variety observed at high temperature. After
rystallization three lamellar phases presenting three different

ong spacings are observed.

Compritol® 888 ATO is synthesized by esterification of glyc-
rol with behenic acid (C22 fatty acid) and therefore consists of
mix of mono-, di- and tribehenate, the diester fraction being

i
i
p
T

ig. 6. DSC curves and structural changes observed in SAXS and WAXS during
he first and the second fusion of crystals of glyceryl behenate mixture.

redominant. Such composition may explain the complex poly-
orphic behavior of the sample. Therefore we can assume that

he crystallization behavior may reflect the competition between
ach species within glyceryl behenate mixture.

.2. Infrared study

Infrared spectroscopy has been extensively used to character-
ze lipids (Yano et al., 1997; Chapman, 1965) and is a powerful
ool for the investigation of the molecular conformation of glyc-
rides as marked changes in the spectra occurs between one
olymorphic form to another. In particular the vibrational bands
f the CH2 groups appear to be sensitive to the crystal structure
f the glycerides.

Fig. 7 presents several vibrational bands of rocking, bending,
agging and twisting of the methylene group (–CH2–) located

n the region between 700 cm−1 and 1500 cm−1, revealing the
tructural changes as the sample is cooled down. These changes
an be related to those observed by X-ray diffraction (Figs. 3c–d
nd 4) for which the same crystallization rate of 0.4 ◦C/min was
sed.

The infrared spectra for T < 71 ◦C is dominated by the
CH2– crystalline structure. The single bands at 1467 cm−1

nd 721 cm−1 are, respectively, characteristics of the CH2
cissoring δ(CH2) and the CH2 rocking r(CH2). For the same
emperature, definite evidence of crystallization of the sample

s observed for the CH2 wagging and twisting modes located
n the 1150–1350 cm−1 region where a number of bands,
roportional to the number of carbon atom in the chain, arise.
hese bands position and shape are usually assigned to the �
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responsible for the formation of a lamellar phase of 60.9 A with
a sub �2 subcell at room temperature (see Fig. 5).

To verify whether the 60.9 Å lamellar phase observed corre-
sponds to the tribehenate fraction, we changed the proportion
ig. 7. Mid infrared spectra recorded during the crystallization at 0.4 ◦C/min b
agging ω(CH2) and twisting τ(CH2), (c) CH2 scissoring δ(CH2).

ubcell corresponding to the hexagonal conformation of the
ubcell (Chapman, 1965; Dohi et al., 2002).

The second series of changes is observed for T < 31 ◦C where
he single bands due to the CH2 scissoring δ(CH2) and the CH2
ocking r(CH2) split into a doublet at 720 cm−1 and 728 cm1

or the rocking mode and at 1464 cm−1 and 1472 cm−1 for the
cissoring mode. Notice that for the same temperature, X-ray
iffraction, revealed the split of the 4.2 Å peak into two peaks at
.8 Å and 4.2 Å. The changes in the IR band shape are commonly
ttributed to a change in the conformation of the methylene chain
o a �′ variety or to a sub � variety as this last type of subcell
resents a packing similar to the orthorhombic perpendicular
ubcell of the �′ variety. Moreover, for the wagging and twist-
ng region, no change is observed in the position, intensity or
hape. Previous studies on this IR region have shown important
hanges in band position and intensity during the transition to a
′ variety from a � variety (Yano et al., 1997; Yano and Sato,
999; Chapman, 1965). Therefore the lack of modification of
hese bands supports a transition from a � variety to sub � vari-
ty. Consequently the sub � variety appears to be intermediate
etween the two varieties � and �′: the subcell structure along
he short axis of the acyl chains is changed into an orthorhombic
erpendicular subcell (like the �′ variety) and the long spacing
ndicates that there is no tilt change along the long axis and con-
equently no modification of the wagging and twisting bands in
he infrared spectra (as in the � variety).

.3. Structural study of various compositions of mono-, di-
nd tribehenate

In order to associate each lamellar phase observed previously
o a particular compound of the Compritol® 888 ATO, several
amples consisting of well-controlled mixtures of mono-, di-

nd tribehenate have been studied (Table 1).

All samples were studied by X-ray diffraction in the SAXS
nd WAXS domains. As it was not possible to distinguish the
pecies from the first and the second order of SAXS patterns,

F
a
t

n 77 ◦C and 22 ◦C of glyceryl behenate mixture. (a) CH2 rocking r(CH2), (b)

nly the third order reflexions and above were exploited. Fig. 8
epresents the third order of each lamellar phase in SAXS pattern
btained at 10 ◦C for Compritol® 888 ATO and the three new
amples. Simultaneously, a unique conformation in the WAXS
omain corresponding to a pseudohexagonal subcell (not repre-
ented here) was observed for all samples.

By comparing the position of each diffraction peak, it appears
hat the two lamellar phases observed at 60.9 Å and 61.8 Å dur-
ng the second fusion of Compritol® 888 ATO can be correlated,
espectively, to the sample of tribehenate and Dibehenate rich
Dirich). It can therefore be deduced that the dibehenate within
he Compritol® 888 ATO is responsible for the formation of a
amellar phase of 61.8 Å with a sub �1 subcell at room temper-
ture. And the tribehenate part of the Compritol® 888 ATO is

˚

ig. 8. SAXS recordings obtained at 10 ◦C for Compritol® 888 ATO, tribehen-
te, dibehenate rich and monobehenate rich samples after crystallization. For all
hese samples a sub � subcell was observed at 10 ◦C in the WAXS domain.
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Fig. 9. Comparison of the DSC traces recorded between 0 ◦C and 100 ◦C at
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◦C/min for the untreated Compritol® 888 ATO containing (18%, 52% and
8%) and the tribehenate rich sample containing (12.6%, 47.1%, 39.9%) in
ono-, di- and tribehenate.

n the sample and observed corresponding DSC changes in the
hermal profile. Fig. 9 represents the DSC curves obtained from
wo samples made of 28% (untreated Compritol® 888 ATO)
nd 39.9% (Tribehenate rich) of tribehenate. Indeed as the con-
entration of tribehenate is increased in the sample, the thermal
vent located at Tonset = 65.3 ◦C significantly increase. There-
ore, the thermal event at Tonset = 65.3 ◦C is clearly due to the
usion of tribehenate molecules organized in a 2L lamellar phase
ith a long period of 60.9 Å. In turn, the last thermal event at
onset = 69 ◦C can be associated to the fusion of the dibehenate
raction of the sample.

.4. Influence of the crystallization rate on the structure

The influence of the crystallization rate on the formation
f preferential conformations was analyzed in order to bring
nsights into the polymorphism of Compritol® 888 ATO. For this
urpose, we compared the X-ray diffraction patterns recorded
n SAXS and WAXS domain for three samples held 10 min at
0 ◦C and then crystallized at three different cooling rates. The
rst sample was quenched into liquid nitrogen, the second and

he third one were cooled down to 10 ◦C at respective rates
f 2 ◦C/min and 10 ◦C/min. For the rapid cooling rate, X-ray
iffraction patterns were recorded at 10 ◦C. For the two progres-
ive rates, X-ray diffraction patterns were also collected during
ample cooling (one measurement per minute). Fig. 10 displays
AXS patterns obtained at T = 10 ◦C for the untreated sample
f Compritol® 888 ATO and after crystallization at different
ates. For clarity, only the third order of the diffraction peak is
resented as describe before.

It can be noticed that crystallizations at 2 ◦C/min and
◦C/min lead to the formation of the same two lamellar phases of

1.8 Å and 60.9 Å but in slightly different proportions (Fig. 10).

The crystallization by quenching into liquid nitrogen pro-
uces two lamellar phases of 61.8 Å and 64 Å. In the
rystallization at 1 ◦C/min, the 64 Å phase is the first to crystal-
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ig. 10. SAXS patterns at T = 10 ◦C of the third order of untreated Compritol®

88 ATO and for samples of Compritol® 888 ATO crystallized at cooling rates
f 1 ◦C/min, 2 ◦C/min, 10 ◦C/min and quenched into liquid nitrogen.

ize (Fig. 9). After subsequent cooling it leads to the formation
f lamellar phases at 61.8 Å and 66.5 Å. Both lamellar phases
f 61.8 Å and 64 Å display a sub � subcell (not shown) at wide
ngles.

In contrast, the crystallization at 10 ◦C/min leads to the for-
ation of a single 60.9 Å lamellar phase. Consequently this

ate of crystallization seems to be well adapted for producing
single lamellar phase. However, a peculiar behavior can be

bserved upon careful examination of the sample fast crystal-
ization (Fig. 11). The crystallization firstly produces a lamellar
hase under a � subcell at T = 76 ◦C (d = 59.5 Å), then the cool-
ng of the sample to 63 ◦C at 10 ◦C/min leads to the transition
rom the � to a �′ subcell characterized by three diffraction peaks
t 4.45 Å, 4.2 Å and 3.94 Å. For this subcell, a new lamellar long
eriod of 60.2 Å is observed. Surprisingly, this lamellar phase
escribed as a more stable subcell (Small, 1986; Jackson and
utton, 1950) transits at 42 ◦C to an apparently less stable sub-
ell (d = 60.9 Å) noted sub �. No further change in the subcell
r the long period of the lamellar phase of 60.9 Å is observed
ntil the sample reaches 10 ◦C.

Table 2 summarizes the various conformations and phase
ransitions observed in Compritol® 888 ATO as a function of
he crystallization rate (from quenching into liquid nitrogen to
◦C/min). Each lamellar phase is attributed to a particular type
f glycerides present in Compritol® 888 ATO.

The crystallization rate of the glyceryl behenate mixture
ppears to be the main factor that governs the adoption of a
articular structure. For slow crystallization rates, each glyc-
ride will crystallize separately and will produce a complex
atrix containing several lamellar phases which could present

everal rates of drug release. Therefore such thermal treatment
s not suitable for the production of pharmaceutical solid dosage
orm. Inversely a crystallization rate of 10 ◦C/min or more will
avor the formation of a unique lamellar phase dominated by the

riglycerides part of the sample together a pseudo-hexagonal
ubcell noted sub � imposed by the diglycerides (Kodali et al.,
990) and the monoglycerides (Lutton and Jackson, 1948). At
he beginning of the crystallization the long and short range
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Fig. 11. SAXS and WAXS patterns obtained during the crystallization of Compritol® 888 ATO between 90 ◦C and 10 ◦C at 10 ◦C/min.

Table 2
Conformations and phase transitions observed in Compritol® 888 ATO as a function of the crystallization rate
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onformation is given by the triglyceride part of the sample as
videnced by the lamellar phase of 60.9 Å observed with a �
ubcell and with a �′ subcell under 63 ◦C. Under 42 ◦C, the
iglyceride part, predominant in proportion (52%), governs the
rystallization of the sample and, the period of 60.9 Å is con-
erved for the lamellar long spacing with a sub � conformation.

. Conclusion

The combination of X-ray diffraction at both small and wide
ngles with DSC and infrared spectroscopy at various tempera-
ure and phase has enabled us to characterize all the polymorphs
isplayed by Compritol® 888 ATO, taken as a typical glyceryl
ehenate mixture. The description of the polymorphism of this
xcipient is of paramount importance for pharmaceutical science
ince drug release control is closely linked to excipient structure.
e have shown that the formation of the different phases is dom-
nated by the thermal history (time and temperature) as well as
y the sample composition.

By changing the crystallization rate of the sample, we have
hown that we can favor the formation of preferential poly-

C

C

orphs in the sample. Namely, the crystallization at 10 ◦C/min
eems to be well adapted for producing a single lamellar phase of
single 60.9 Å. For this rate, however, we have evidenced a spe-
ific behavior of the sample which present a complex structural
volution during the crystallization passing from a � variety to
�′ variety (at T = 63 ◦C) and finally to a sub � variety at 10 ◦C.
he fast cooling of glyceryl behenate mixture leads to single
etastable form which could be exploited for constant and well

ontrolled drug release.
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