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Abstract

The objective of this study was to investigate the reasons for the difference in physical stability of two amorphous cefditoren
pivoxil samples that had been prepared using spray drying at inlet-air temperaturé€qs-A) and 100C (SD-B). The two
samples appeared amorphous by powder X-ray diffraction and had indistinguishable glass transition temperatures. Despite the
fact that glass transition is often regarded as an indicator of the stability of amorphous forms, crystallisation was observed for
SD-A, but not for SD-B, during storage at 80 and 81% relative humidity (RH). Gravimetric water sorption data demonstrated
very similar water sorption until high RH values, at which point SD-A sorbed more water than did SD-B. The values of the
dispersive, acidicKa) and basicKp) components of surface energy of the spray-dried samples were obtained using inverse gas
chromatography (IGC), in the dry state and after equilibration with different RH environments. The data showed that the two
amorphous samples had different surface properties and that the effect of sorbed water on these samples was also different. It is
concluded that the two samples did not have long-range order, but had differences in the orientation of molecules at the surface,
which were significant enough to alter the stability when the samples were stressed with water vapour and high temperature
storage. IGC proved a valuable tool with which to study changes in the surface properties of amorphous materials.
© 2004 Elsevier B.V. All rights reserved.
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spontaneously. The transition from the amorphous to 2.2. Preparation of spray-dried solids
the crystalline form will depend on the molecular mo-
bility, which is related to the glass transition temper- Three hundred grams of cefditoren pivoxil was dis-
ature {Ty). Many amorphous materials are plasticised solvedin 18ldichloromethane. The solutionwas spray-
by sorbed water. Once incorporated into the amorphous dried using an L-8 spray-drier (Ogawara, Japan) with
region, water can increase the free volume and lead toinlet-air temperatures of either 40 or 100. The sup-
enhance molecular mobility within the amorphous ma- ply rate of the solution was 100 ml/min. The rotation
terial, causing crystallisation. speed of the atomizer was 15,000 rpm.
Inverse gas chromatography (IGC) can give infor-
mation on the relative exposure of particular functional 2.3. Physicochemical stability study under high
groups on the surface of solid materials, due to electron relative humidity
acceptor and donor propertigsrimsey et al. (2002)
have demonstrated that the acidic and basic parameters The spray-dried samples (150 mg) were stored at
of saccharides determined by IGC, reflect the concen- 60°C and 81% RH (saturated solution of potassium
tration of hydroxyl groups exposed on their surface. chloride) for eight weeks. The changes in crystallinity
Furthermore, IGC can be used to determine the elec- were evaluated using powder X-ray diffraction.
tron acceptor and donor properties on the surface of
solid materials at various relative humidities (RHs), to 2.4. Powder X-ray diffraction
explore the extent of the interaction between the sur-
face and waterSunkersett et al. (200ave demon- Powder X-ray diffraction patterns were obtained
strated that the specific energies of adsorption of polar using an X-ray diffractometer (model RINT 2200,
probes (—AGiP) for paracetamol and carbamazepine Rigaku, Japan) by using a scintillation counter, Gu K
change as RH is raised and the particular interaction radiation (40 kV, 20 mA), and a symmetrical reflection
sites of water molecules on the surface have been iden-goniometer at a scanning spe€ddin between 2=5
tified using a combination of IGC and molecular mod- and 40.
elling.
In this study, it is hypothesised that changes in 2.5. Inverse gas chromatography
molecular mobility of amorphous materials, which
will be enhanced by water sorption, will bring about Experiments were performed using IGC (Sur-
changes in concentrations of the functional groups ex- face Measurement System Ltd., UK). Approximately
pressed on the solid surface. 600 mg of spray-dried samples were packed into the
Two amorphous forms of cefditoren pivoxil, an silanised glass column (Surface Measurement System

oral cephalosporin antibiotic, were prepared using
spray drying at different inlet-air temperatures, and
then differences in their crystallisation behaviour dur-
ing storage at 60C and 81% RH were investigated
using powder X-ray diffractometry. The objective

Ltd., UK) of size 6 mmo.d., 3mmi.d. and 300 mm long
by vertical tapping. Progress was monitored visually
whilst tapping for at least 15 min. Tapping continued
until there were no visible cracks, hollows or channels
in the body of the powder. Both ends of the columns

of the study was to investigate the reasons for the were loosely stopped with silanised glass wool. The

observed differences in the physicochemical stabil-
ity.

2. Materials and methods

2.1. Materials

Crystalline cefditoren pivoxil was synthesised at
Meiji Seika Kaisha Ltd. (Japan).

conditioning of the column packed with the sample
powder was carried out at 303 K. The RH was initially
0% and was increased at increments of 10% up to 90%
and then was decreased at decreases of 10% to 0%,
the equilibration time at each RH was 40 min, which
gave rise to a flat response on the thermal conductiv-
ity meter, indicating equilibration. Methane was used
for the inert referencer-decanen-nonanen-octane,
n-heptane and-hexane were used to determine the
dispersive surface energies, acetone and ethyl acetate
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were employed to probe the acidic nature of the sur- tained from the literatureGutmann, 1978; Riddle and
face, and chloroform was employed to determine the Fowkes, 1990
basic nature of the surface. The gas flow rate used was
10 ml/min. Each probe was injected three times to give 2.8. Differential scanning calorimetry (DSC)
a measure of the reproducibility.
The DSC study was performed using a DSC 7
2.6. Determination of dispersive surface energies ~ (Perkin-Elmer, USA) under a nitrogen gas flow using
aluminum pans with non-hermetically sealed lid and a
The retention times for a homologous series of heating rate of 10C/min. The sample weights in the
alkane probes were used to calculate the dispersive sur-Study were about 5mg. For the calibration of enthalpy
face energies of spray-dried samples. The equations fordetermination, indium of 99.99% purity was used. The
this analysis have been firmly established for some time Onset temperature of the baseline shiftin the DSC trace
(Condor and Young, 197%&nd have been reproduced Was determined as a glass transition temperature.
recently byColumbano et al. (2003pata were treated
exactly as described jfanirsek and Buckton (2003) ~ 2-9. Water vapour sorption and desorption
with dispersive energies calculated from the gradient of analysis
a plot of RTIn Vy, versusa(yP)Y/2, whereR is the gas _
constant]T the absolute temperaturg, the net reten- A microbalance system (model SGA-100, VTI,
tion volume,a the surface area of the probe molecule USA)was used for determination of water vapour sorp-
andyP is the dispersive surface energy of the probe. 0N and desorption isotherms at 30. Spray-dried
The values of andyP were obtained from the litera- ~ Samples (50 mg) were placed on the microbalance pan

tures Schultz et al., 1987; Nardin and Papirer, 1290 and were dried at 60C until equilibrium was reached
(i.e. the weight change for 5 min was less than 0.01%).

The RH was initially 0% and was increased at incre-
ments of 5% up to 95% and then was decreased at

0, 0,
The retention behaviour of polar probes on the decreases of 5% down to 5% RH.

RTIn Vy, versusa(yP)Y2 plot, results in responses that
are located above the line drawn through the alkane
probe results. The vertical distance between the data
points of the polar probes and the alkane line gives
the specific energy of adsorption- AG”B). Accord-

ing to theGutmann (1978)acid—base concept, liquids
are characterised as an electron donor or base number
(DN) and an electron acceptor or acid number (AN).
AN was corrected to take into account dispersive con-
tributions byRiddle and Fowkes (199} give AN".
The value of—AG”B has been related to the acidic
or electron accepting paramet&,() and the basic or

electron-donating parameted) as described in Eq. initial samples showed halo patterns and were conse-

(1) qguently regarded to be amorphous. The patterns of SD-
—AG"B = KADN + KpAN* (1) A showed sharp diffraction peaks, due to some crys-

tal formation after four weeks’ storage. The extent of

By measuring the value of AG*B for polar probes, crystallinity was largely unchanged following storage

alinear plot of—~AG"B/AN" versus DN/AN was ob-  from four to eight weeks. The SD-B sample showed
tained. The values &5 andKp of spray-dried samples  a halo pattern even after storage for eight weeks, with
were determined from the gradient and intercept of the no signs of crystallisation, consequently the two spray-
line, respectively. The values of DN and ANere ob- dried samples had very different physical stability.

2.7. Determination of acidic and basic parameters

3. Results and discussion

3.1. Physical stability study under high relative
humidity and temperature

Two spray-dried cefditoren pivoxil samples that
were prepared using spray drying at inlet-air temper-
atures of 40 and 10CC, were designated as SD-A
and SD-B, respectively. The powder X-ray diffraction
patterns of the spray-dried cefditoren pivoxil stored
at 60°C and 81% RH are shown iRig. 1 Both the
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Fig. 1. Powder X-ray diffraction patterns of spray-dried cefditoren mic event (melt) at 216C followed by an exother-
pivoxil stored at 60C and 81% RH: (a) SD-A and (b) SD-B. mic peak (cEIecor)nposition) was obserz//ed for the crys-
. . B talline cefditoren pivoxil. An exothermic event due to
One possible reason for changes in stability could ¢y tajiisation has previously been observed at22
be retent_lon of dlchlorometha_ne (the solvent used_ N tor partially amorphous cefditoren pivoxil prepared by
spray drying). The amount of dichloromethane remain- 4inding Ohta et al., 1999 however, this was not seen
ing in SD-A and SD-B was determined by gas chro- ¢, these spray-dried samples. For the spray-dried ma-
matography as 157 and 382 ppm, respectively, and theeja| the only thermal event was the glass transition
remaining levels were acceptably low. As SD-B was (SD-A and SD-B being 107.4 and 107®, respec-
more physically stable and had marginally more re- el Consequently, both of the spray-dried samples

Fained §plvent it can be concluded that the diffe_re_nf:es were physically stable during the heating in the DSC,
in stability was not a consequence of any plasticising \yith no tendency to crystallise. This indicates an ab-

effect of residual organic solvent. sence of crystalline seeds (no melt observed, and unlike

the milled material which was largely amorphous, but
3.2. Physicochemical stability study under dry which retained seeds, there was no crystallisation re-
conditions sponse).

The combination of X-ray and DSC data is indica-
The DSC traces of crystalline and dry spray-dried tive of two spray-dried samples that are amorphous,
cefditoren pivoxil are shown iirig. 2 An endother- with no detectable crystallinity and with essentially the
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same glass transition temperature, but which have un- changes in crystallinity, or more likely that the different
explained differences in stability. amorphous forms have different morphologies, giving
rise to changes in the ability for water to absorb.

3.3. Water vapour sorption and desorption
isotherms 3.4. Changes in dispersive surface energy with
varying relative humidity

The water vapour sorption and desorption isotherms
of spray-dried cefditoren pivoxil at 3@ are shown in The changes in dispersive surface ener@)(of
Fig. 3. The sorption data are similar until high RH val- spray-dried cefditoren pivoxil with varying RH at
ues after which there is a greater extent of sorption for 303 K are shown irfig. 4 It can be seen ifrig. 4that
SD-A. The percentage of mass increase at 95% RH when dry and when sorbing at low RH there are differ-
(whilst greater for SD-A) was ca. 3% for both sam- ences in dispersive energy between samples A and B,
ples; this is much lower than the uptake seen for more but that at higher RH the measured values are similar.
hydrophilic amorphous samples (often around 20% up- This is indicative of a difference in surface nature for
take). Hysteresis between sorption and desorption pro-the dry material, due to the orientation of molecules at
cesses was found for both of the spray-dried samples, the particle surface. The values;eg during the water
and the area enclosed between sorption and desorptiordesorption process were smaller than those in the wa-
events for SD-A was greater than that for SD-B. It is ter vapour sorption process for both of the spray-dried
reasonable to conclude that the extent of water sorp- samples. We have demonstrated that the presence of
tion is large enough to indicate that some sorption has sorbed water decreases the value/@ffor an amor-
occurred, but sufficiently low to indicate limited access phous cefditoren pivoxil prepared by grinding, which
of water vapour into the amorphous mass. is believed to be due to water shielding the highly en-

It has been demonstrated that the area enclosed be-ergetic interaction sites from organic prob&ta and
tween sorption and desorption events and the amount ofBuckton, 2004. Since the amount of water present at
water sorbed at 95% RH become greater with increas- any RH in the desorption process was greater than that
ing amorphous content of cefditoren pivox@lita et in the sorption process for both of the spray-dried sam-
al., 2000Q. The results presented here for water sorp- ples as shown iffrig. 3, the reduction in the value of
tion would therefore suggested that the crystallinity of ySD could also be the result of water blocking sorption
SD-A was lower than that of SD-B, however this is sites on the surface. The extent of depression of the val-
not in keeping with the X-ray and DSC data. It follows ues ofyg’ in the desorption process compared with the
that either the water sorption is better suited to detecting
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sorption process for SD-A was similar to that for SD-
B. The changes in the values pg’ with varying RH
could not thus give an explanation for the difference in
the physicochemical stabilities of the two amorphous
cefditoren pivoxil samples.

3.5. Changes in acidic and basic parameters with
varying relative humidity

The changes in acidid( ) and basicp) parame-
ters of spray-dried cefditoren pivoxil with varying RH
at 303 K are shown ifigs. 5 and grespectively. Hys-
teresis of the value dka andKp between the water

vapour sorption and desorption processes was found for
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between the sorption and desorption events for SD-A
was greater than that for SD-B. The valuesaf and
Kp in the water vapour desorption process for both of
the spray-dried samples were greater than those in the
water vapour sorption process in contrast with the val-
ues Of)/SD, so that the phenomena cannot be explained
by the blocking effect of the sorbed water. Indeed, this
is indicative of greater affinity of the probe, either due
to interactions with the sorbed water or due to accessi-
bility of different sites as a consequence of water exert-
ing a plasticising effect. The differences between SD-A
and SD-B in the dry state and during sorption are mi-
nor ones, consequently this does not in itself provide
an explanation of the differences between these two
materials.

Applying a BET Brunauer et al., 1938pproach,
as reported byfeng et al. (1991)even though BET
defines adsorption and this clearly involves some ab-
sorption) to the water vapour sorption isotherms in
Fig. 3 the inflection point that would be indicative of
“monolayer formation” (ca. 40% RH) is in a similar
position to the jump irKa values Fig. 5). This in-
dicates that the increase in the valuekyf and Kp
for both of the spray-dried samples above 50% RH re-
sulted from enhancing the interaction between probes
and water molecules because of the progressive buildup
of “more loosely bound” water molecules on the
powder.

3.6. Changes in ratio of basic to acidic parameter
with varying relative humidity

both of the spray-dried samples, and the area enclosed

350

(5]
300 OO
g | A 0
> °
Zzsn 63 Ooogo
oz
e anQ A
mn“‘A“
A

0 20 30 40 50 60 70 80 90
Rel ative humidity (%)

150

Fig. 6. Changes in basic parameter of spray-dried cefditoren pivoxil
with varying relative humidity at 303 K:@) SD-A (sorption), )
SD-A (desorption), 4) SD-B (sorption), ) SD-B (desorption).

The changes in the ratio of basic to acidic parameter
(Kp/Ka) of spray-dried cefditoren pivoxil with varying
RH at 303 K are shown iRig. 7. The values oKp/Ka
of SD-A and SD-B at 0% RH in the water vapour sorp-
tion process were 2.39 and 2.11, respectively.

Previously, we have shown that the value<gf/K o
can be used to quantify the crystallinity of a cefditoren
pivoxil sample that had been made amorphous through
milling (Ohta and Buckton, 20Q4due to a reorien-
tation of the functional groups at the surface as the
material became increasingly amorphous. The data in
Fig. 7could therefore either reflect differences in crys-
tallinity between SD-A and SD-B, corresponding to
the results derived from the water vapour sorption and
desorption isotherms, or again simply reflect that these
two amorphous samples have been formed with quite
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24 @ molecules would be sorbed to the most hydrophilic
sites at the initial RH increment, it seems reasonable
to suppose that the most hydrophilic sorption sites on
the surface of spray-dried cefditoren pivoxil are the ex-
posed carbonyl groups.

The values ofKp/Ka for both of the spray-dried

é samples were seen anincrease as RH was dropped from

% o 90% to 10%, followed by a fall on reducing the RH

'

A

o
®

» > @0

» > @0

Q
a
g O o from 0% to 10% during the water vapour desorption
A process. The large decrease on removing the water to

0 10 20 30 40 S0 60 70 80 90 0% RH reflects a change in packing as the water is
Relative humidity (%) removed.

Fig. 7. Changes in ratio of basic to acidic parameter of spray-dried
cefditoren pivoxil with varying relative humidity at 303 K@) SD-A 4. Conclusions
(sorption), (O) SD-A (desorption), &) SD-B (sorption), {) SD-B ’

(desorption). . . . .
Two spray-dried samples, differing in the parame-

ters used during drying, were seen to have very dif-
different molecular orientations at the particle surface. ferent physical stability, whilst both seemingly being
Based on the X-ray and DSC data, which show lack of amorphous and dry.
crystallinity, the second option is more probable. The two samples showed different water sorption
The values oKp/Ka of SD-A and SD-B at 0% RH and desorption properties, reflecting physical differ-
after the water sorption—desorption cycle were both ences in the particles. SD-A was able to sorb more
lower than the values for the original dry materials water than SD-B at high RH, despite the fact that
(Fig. 7), suggesting that the samples had relaxed and the major part of the sorption isotherm was very
reorientated during the experiment. The fact that the similar.
difference was greater for SD-A demonstrated that this ~ The two samples had differencesﬂ@ (with SD-A
sample showed a greater tendency to change duringhaving a lower dispersive surface enerd{p, (where
the experiment. The relaxation of both forms indicates SD-A showed a stronger interaction with the polar
that the two spray-dried materials will both gradually probe) and to some extent witka (but only really
relax to the stable crystalline state. This is taken to im- on the desorption cycle). IGC has clearly shown dif-
ply that the presence of two different properties as a ferences in surface properties, and also provided in-
consequence of processing is simply a consequence offormation on how those differences change with RH.
different extents of disruption of the molecules, rather These differences show that the SD-A and SD-B amor-
than what is now often described as “polyamorphism” phous particles both lack long-range order, but clearly
i.e. we do not believe that two discreet energetic states have different local order of molecules at their sur-
exist, but rather we believe that a continuum of energy faces, which gives rise to a substantial change in
states is possible as the different levels of disruption stability.
revert to the state form. IGC can be sensitive tools for studies of the sur-
The values ofKp/Ka for both of the spray-dried  face nature of amorphous samples, this could be of
samples showed a general decrease as RH was inconsiderable use in the identification of batch-to-batch
creased in the water vapour sorption process, with the variability.
most dramatic fall being between 0 and 10% RH. The
drop in Kp/Ka can be attributed to water preferen-
tially shielding the carbonyl groups that have electron- Acknowledgement
donating nature (this has previously been discussed for
the surface of amorphous cefditoren pivoxil prepared  The authors are grateful to Meiji Seika Kaisha Ltd.
by grinding Ohta and Buckton, 2004 Since water  for financial support.
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