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Purpose. To quantify the effects of the ratio of indomethacin to Neusilin US2 and the processing

humidity on the amorphization kinetics, stability and nature of the interaction.

Materials and Methods. A porcelain jar mill with zirconia balls was used to affect conversion of the

physical mixtures (48 g) of indomethacin and Neusilin US2 (in the ratios 1:1 to 1:5) to amorphous states

at room temperature (25-C) employing either 0% RH or 75% RH. The percent crystallinity in the

samples was determined from ATR-FTIR scans chemometrically. The physical stability of these co-

ground amorphous powders was evaluated at 40-C/75% RH and 40-C/0% RH.

Results. The lower the ratio of indomethacin to Neusilin US2, the faster is the amorphization during co-

grinding. Higher humidity facilitates amorphization with a more pronounced effect at the lower ratio of

indomethacin to Neusilin US2. There is further amorphization of some of the partially amorphized

samples on storage at 40-C/75% RH for 3 months. Hydrogen bonding and surface interaction between

metal ions of Neusilin US2 and indomethacin can explain changes in the FTIR spectra.

Conclusions. The processing humidity and the ratio of indomethacin to Neusilin US2 are important

factors to be considered to affect amorphization during ball milling. Amorphous indomethacin can be

stabilized by co-grinding with Neusilin US2.
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INTRODUCTION

The increase in the number of poorly water soluble drug
candidates has heightened interest in methods to improve
water-solubility. There are several physical approaches which
have been employed to improve drug solubility such as size
reduction, melt adsorption (1), melt quenching (2), solvent
deposition (3), spray drying (4), and freeze drying (5). These
techniques often lead to the formation of amorphous solids.
The key reason to form amorphous drugs is to increase the
solubility and therefore the bioavailability of the poorly water-
soluble compounds. Hancock and Parks (6) found that the
experimental solubilities of the amorphous solids are at
least 2Y4 times greater than their crystalline counterparts.
Watanabe et al., reported higher apparent equilibrium
solubility of indomethacin co-ground with silica (7). There
have been reports of increased solubility of indomethacin
when spray dried with silica (8) and when co-ground with
crospovidone (9). However, Yang et al., reported that the
enhancement of drug dissolution by interaction with silicates
is drug and silicate specific (3).

Co-grinding drugs with excipients has been employed for
making amorphous solids. Watanabe et al., showed that amor-
phization of indomethacin could be achieved by milling it
with polyvinylpyrrolidone or silica (10). Ali et al., used a vibra-
tion mill to prepare amorphous co-ground mixtures of flufe-
namic acid with amorphous calcium silicate and silicon-dioxide
(11). Volatile compounds such as naphthalene, d-camphor and
p-cresol amorphized reported lost their volatility when co-
ground with microcrystalline cellulose (MCC) (12). Amor-
phization of ibuprofen, sulfathiazole, phenothiazine, acridine,
chloranil and vitamin K3 has been achieved by co-grinding
with polyvinylpyrrolidone (13Y15). Amobarbital amorphized
in the presence of variety of excipients such as carbon black,
ethyl cellulose, precipitated silica and activated charcoal (16).
A variety of excipients such as b-cyclodextrins, dextrans, chitin,
chitosan, gelatin, polyethylene glycol, methyl cellulose, hy-
droxy propyl cellulose, calcium silicate and silicon dioxide used
to amorphize structurally diverse drugs resulted in various
degrees of amorphization (8Y18).

The amorphous solids generally revert to their lower
energy, more stable, crystalline forms. There have been con-
tradictory reports in the literature regarding the physical stabi-
lization of amorphous solids using silicates. Kinoshita et al.,
showed that melt adsorption of a drug on Florite (amorphous
calcium silicate) led to the formation of its amorphous state
which was stable for 3 days at 60-C/80% RH and at least
2 years at ambient temperature and humidity (1). Watanabe
et al., however, reported the reversion of amorphous indo-
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methacin co-ground with silica at 30-C/11% RH in 10 days
(2). Gupta et al. found that the amorphous drugs formed by
co-grinding with Neusilin US2 (magnesium aluminometasili-
cate) were physically stable for at least 4 weeks at 40-C/75%
RH (19).

Konno et al. have reported spontaneous amorphization
of crystalline drugs stored (as a physical mixture) with silica
(20). Since the amorphous form of the drug is associated with
higher energy than its crystalline counterpart, spontaneous
amorphization is an intriguing phenomenon. Attempts have
been made to correlate the amorphization of the drugs by
co-grinding, simple mixing and fusion with the porous nature
of the excipients (21,22). Kim et al. used porous and non-
porous silicas to make amorphous solids by physical mixing
and fusion. They suggested that amorphization and the
subsequent stabilization of the amorphous state is dependent
upon the porosity of the silicate (21). However, the silicates
used in their study differed from each other with respect to
pH and surface area as well as porosity.

Neusilin US2 is amorphous magnesium aluminometasil-
icate with a high specific surface area (300 m2/g) (23). Like
many complex silicates, the surface of Neusilin US2 has
different types of silanols, which make it a potential proton
donor as well as a proton acceptor. The hydrogen bonding
potential of silanols on Neusilin US2 (19,24,25) and of silicas
(2,26,27) in general, has been reported. The hydrogen bonding
interaction between drugs and silanols seems to be facilitated
during co-grinding (2,19).

In the present study, we report on the effects of the
ratio of indomethacin to Neusilin US2 and the processing
humidity on the amorphization kinetics during co-grinding.
The percent crystallinity of the resulting co-ground powders
was monitored by attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy. Changes in the
ATR-FTIR spectra also provided insight into the nature of
the indomethacin-silicate interaction. The physical stability
of the co-ground powders was studied at 40-C/75% RH
and 40-C/0% RH.

MATERIALS

Indomethacin USP, 1-(p-chlorobenzoyl)-5-methoxy-2-
methylindole-3-acetic acid, as the g-polymorph, was purchased
from Spectrum Chemicals (New Brunswick, NJ). Neusilin
US2, amorphous magnesium aluminometasilicate, was
obtained as a gift sample from Fuji Chemicals (Englewood,
NJ).

METHODS

General Description of the Co-Grinding Process

A rolling jar mill (Model #202421, Paul O. Abbe Inc.,
Little Falls, NJ) consisting of a cylindrical porcelain jar (outer
diameter = 5.25^; internal volume = 1,000 ml) and zirconia
balls (outer diameter = 0.25^) was used to affect conversion
of the physical mixtures of indomethacin and Neusilin US2.
The cylindrical jar was filled with zirconia balls up to 600 ml
of its total internal volume which gives a ball charge of
õ40% v/v. The gasket between the lid and the jar ensured a
well-sealed system during co-grinding. The speed of rotation

of the cylindrical jar was 85 rpm. In each experiment 48 g
of powder (indomethacin-Neusilin US2) was added to the
jar. This jar milling process is a much less energy intensive
in comparison to high energy ball milling. No increase in
the temperature was noted within the sensitivity of T1-C
during the grinding process.

All co-grinding experiments were performed in triplicate
at room temperature utilizing the two processing humidities.
At 0% RH, the porcelain jar, zirconia balls and Neusilin US2
were stored in an oven at 175-C for 24 h followed by equi-
libration at room temperature at 0% RH in a glove box for
24 h. Indomethacin was equilibrated at room temperature
at 0% RH in a glove box for 36 h. Nitrogen gas was
purged in the glove box to maintain 0% RH. At 75% RH,
indomethacin, Neusilin US2, porcelain jar and zirconia
balls were equilibrated at room temperature at 75% RH in
a glove box for 36 h using a saturated NaCl solution to
maintain 75% RH. The humidity inside the glove box was
monitored using a hygrometer (Model LAM 880D, Mannix,
Lynbrook, NY).

Preparation of Melt-Quenched Amorphous Indomethacin

The melting point of the g-polymorph of indomethacin is
162-C (28). The amorphous state of g-indomethacin was pre-
pared by melting indomethacin at 168-C and holding the melt
at 168-C for 2 min followed by quench-cooling in liquid nitrogen.
The amorphous state was confirmed by absence of birefrin-
gence under cross-polarized light and by powder X-ray dif-
fraction (PXRD) studies.

Powder X-Ray Diffraction (PXRD) Studies

X-ray diffraction patterns of pure crystalline g-indometh-
acin, melt-quenched amorphous indomethacin and indo-
methacin co-ground with Neusilin US2 were obtained using
a diffractometer (Model D5005, Bruker AXS Inc., Madison,
WI) using CuK! radiation, a voltage of 40 kV, and a current
of 40 mA. The scanning rate was 20/min over a 2q range of
10Y400 with a sampling interval of 0.020.

Quantification of Indomethacin Crystallinity in the Presence
of Neusilin US2 using Attenuated Total Reflectance Fourier
Transform Infrared (ATR-FTIR) Spectroscopy

Co-grinding indomethacin with Neusilin in the ratio 1:5
at 75% RH completely amorphized indomethacin in 5 days.
Further co-grinding for an additional 5 days did not result in
any change in crystallinity of indomethacin. Therefore, indo-
methacin co-ground with Neusilin US2 in the ratio 1:5 at
75% RH for 10 days was used as a standard for co-ground
amorphous indomethacin. Mixtures of this co-ground amor-
phous indomethacin and crystalline indomethacin (0, 10, 30,
50, 70, 90 and 100% w/w crystallinity) with Neusilin US2 in
the weight ratio of indomethacin to Neusilin US2 1:5 were
used to generate a standard curve. All samples were
prepared in triplicate. One hundred scans were recorded
and averaged on an IR spectrophotometer (Model Magna IR
560, Nicolet Instruments Technologies Inc.,Westbury, WI)
with golden gate ATR assembly equipped with diamond-
ZnSe crystal using OMNIC\ software. The scans were
collected at 1 cmj1 resolution over a wave number region
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4000Y650 cmj1 using a mercury-cadmium-telluride (MCT)
detector. Dry CO2 free air was purged throughout data
acquisition. A chemometric technique (partial least squares)
was utilized to generate the standard curve using TQ-
ANALYST\ software. Each infrared (IR) spectrum obtained
was corrected for baseline and divided by the height (intensity)
of the peak at 1477 cmj1. The changes in the regions
1727Y1700, 1492Y1479, 1476Y1463 and 1367Y1356 cmj1 were
used to quantify percent crystallinity. The standard curve was
validated and cross-validated to check its accuracy and
precision. The predicted and actual percent crystallinities of
the validation samples along with the standard deviations are
given in Table I. Content uniformity of the standards was
confirmed for samples corresponding to 10, 50 and 90%
crystallinity. The standard deviation among samples with-
drawn from the top, middle, and bottom of the sampling vials
ranged from 0.2 to 1.2% crystallinity.

Investigation of the Effect of Ratio of Indomethacin
to Neusilin US2

Powder mixtures of indomethacin to Neusilin US2 (n =
3) in ratios of 1:0.1, 1:0.15, 1:0.3, 1:0.5, 1:1, 1:2, 1:3, 1:4 and 1:5
by weight were co-ground at 75% RH condition. The powders
were sampled every 2 h for 6 h followed by every 6 h for
24 h followed by every 24 h for 3 days and then at suitable
time points until complete amorphization of indomethacin
was achieved. The samples were analyzed by ATR-FTIR
and PXRD as described above.

Investigation of the Effect of Processing Humidity

Powder mixtures of indomethacin to Neusilin US2 (n = 3)
in ratios of 1:1, and 1:5 by weight were co-ground at 0% RH
condition for 3 days. The powders were sampled every 2 h for
6 h followed by every 6 h for 24 h and then every 24 h until
3 days of co-grinding. Quantification of the percent
crystalline fraction remaining in the samples was performed
chemometrically using ATR-FTIR.

Physical Stability of Stored Samples

Samples co-ground to various extents of amorphization
were studied to evaluate the effect of incomplete versus com-
plete amorphization on physical stability of the co-ground
powders. Samples co-ground at 75% RH were stored in open
glass vials in jars in an oven (Model 1350 FM, VWR
Scientific Products, Cornelius, OR) maintained at 40-C for
3 months. A saturated NaCl solution was used to maintain
75% RH in the jars. The samples co-ground at 0% RH
condition were stored in open vials in jar in oven
maintained at 40-C for 6 months. Phosphorous pentoxide
was used to maintain 0% RH in those jars. Samples were taken
periodically and analyzed for percent crystallinity by ATR-
FTIR. PXRD of the initial and stored co-ground powders
were compared to evaluate corresponding changes in X-ray
diffraction pattern.

RESULTS AND DISCUSSION

Evaluation of Amorphized Indomethacin
by PXRD and FTIR

Figure 1A shows the X-ray powder diffraction patterns
of crystalline indomethacin, melt-quenched amorphous indo-
methacin, co-ground amorphous indomethacin and Neusilin
US2. The diffraction peaks for crystalline indomethacin are
in accordance with the g-polymorph (28). A broad halo at õ20-
2q for both melt-quenched indomethacin as well as co-ground
indomethacin confirmed their amorphous nature. Preliminary
experiments were performed to evaluate the feasibility of using

Table I. Actual and Predicted Percent Crystallinity of the Validation

Samples

Percent crystallinity of

prepared mixtures Predicted percent crystallinity*

5 4.7 (0.4)

20 19.6 (2.0)

40 42.0 (0.6)

80 80.6 (2.3)

* Crystallinity was predicted using a standard curve generated using a

partial least squares algorithm on ATR-FTIR spectra. Standard
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Fig. 1. (A) Powder X-ray diffraction (B) ATR-FTIR scans of: (a) Crystalline indomethacin (b) Amorphous indomethacin (melt-quenched)

(c) Amorphous indomethacin (co-ground at 75% RH with Neusilin US2 in the ratio 1:5 for 5 days) (d) Neusilin US2.
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powder X-ray diffraction (PXRD) as a technique for quanti-
fication of the percent crystallinity of indomethacin in the
mixture of indomethacin and Neusilin US2 (magnesium
aluminometasilicate). The results (Fig. 2) indicated significant
attenuation of the X-ray diffraction intensity of crystalline
indomethacin by Neusilin US2. For example, PXRD scans
could not differentiate 1 day co-ground indomethacin from
2 days co-ground indomethacin. Thus PXRD lacked sensi-
tivity required for quantification of crystalline fraction of
indomethacin in the presence of the amorphous silicate.

The FTIR scans of crystalline indomethacin, melt-
quenched amorphous indomethacin, co-ground amorphous
indomethacin and Neusilin US2 are shown in Fig. 1B.
Indomethacin exists as dimers in both crystalline and melt-
quenched amorphous states. The dimer peak for crystalline
and melt-quenched amorphous state of indomethacin is at
1710j1 and 1704 cmj1, respectively, while the benzoyl carb-
onyl peak occurs at 1690j1 and 1676 cmj1, respectively. In
addition the melt-quenched amorphous indomethacin
exhibits the free acid carbonyl peak at 1735 cmj1. These
findings are consistent with previous reports (29). For co-ground
amorphous indomethacin, the peaks corresponding to the di-

mer as well as the free acid carbonyl were absent. Thus ATR-
FTIR technique differentiated between the two states of
amorphous indomethacin that both appeared X-ray amor-
phous (Fig. 1B) The inability to differentiate between the
two types of amorphous states coupled with the poor sensi-
tivity of PXRD led us to utilize attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy to
quantify percent crystallinity of indomethacin in mixtures
with Neusilin US2. The ATR-FTIR technique proved to be
a more sensitive for quantification of crystalline fraction of
drug. Figure 2 shows that FTIR was far better at distinguish-
ing between the various degrees of amorphization during
grinding. Furthermore, Neusilin US2 does not absorb in the
carbonyl region of the FTIR spectrum. These two observations
may lead to the increased sensitivity of FTIR over PXRD in
the presence of the amorphous silicate.

Effect of Ratio of Indomethacin to Neusilin US2
on Amorphization Kinetics during Co-Grinding

Indomethacin was co-ground with Neusilin US2 in a
1:5 weight ratio at 75% RH. Figure 2 shows that the
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crystallinity of indomethacin decreased with time of co-
grinding. Complete amorphization of indomethacin was
achieved by co-grinding with Neusilin US2 for 5 days. A
stability-indicating HPLC assay on a sample of indomethacin
co-ground with Neusilin US2 in the ratio 1:5 for 12 days
(more than twice the time for complete amorphization)
showed 97.4% indomethacin remaining. So, it is unlikely that
the 2.6% of degradation products affects the amorphization
process or FTIR spectra significantly. While complete
amorphization of indomethacin co-ground in 1:5 mixture
with Neusilin US2 was achieved in 5 days, no amorphization
was achieved by grinding indomethacin in the absence of
Neusilin US2 for 14 days either at 75% RH or at 0% RH. In
the absence of Neusilin US2, recrystallization of any disor-
dered indomethacin due to low Tg (42-C) and long grinding
time (14 days) is possible. However, Neusilin US2 appeared to
stabilize any amorphous indomethacin formed during co-
grinding. It is also possible that amorphization of indometh-
acin by co-grinding with Neusilin US2 could be mediated by
vapor-phase transport of the drug to the surface of Neusilin
US2 as found by other investigators (20). In either case, the
presence of Neusilin US2 is key to the stable amorphization
that we observe. It is also worth noting that there was
significant densification of the powder on co-grinding
indomethacin with Neusilin US2 along with a reduction of
specific surface of the powder from 300 initially to 30 m2/g
after 5 days of co-grinding.

The plots of percent crystallinity versus time for various
ratios of indomethacin to Neusilin US2 co-ground at 75%
RH are shown in Fig. 3a and b. Amorphization is faster in the
presence of larger proportions of Neusilin. A faster initial

amorphization rate (within the first 6 h) followed by slower
amorphization kinetics was observed when the amount of
Neusilin was greater (Fig. 3a). This two step amorphization
was also reported by Kim and co-workers when a low melting
point (õ53-C) NSAID was gently mixed with porous silica
and stored at 25-C (21). Biphasic amorphization suggests a
change in the mechanism of interaction of the drug with the
silicate. An examination of the Bgoodness of fit^ parameters
for each FTIR spectrum with the standards (crystalline and
co-ground amorphous indomethacin) showed no significant
differences in fit parameters as a function of co-grinding
time. This initial examination by FTIR did not reveal any
differences in the interactions of indomethacin with Neusilin
US2 in the fast and slow amorphization phases. The
possibility of high and low energy sites on silicates will be
investigated. It should be noted that this biphasic amorphiza-
tion behavior was not observed when lower amounts of
Neusilin were co-ground with indomethacin (Fig. 3b).

The time taken to achieve 0% crystallinity increased
from 5 to 10 days as the ratio of indomethacin co-ground with
Neusilin US2 was changed from 1:5 to 1:0.5. The dependence
of amorphization time on indomethacin to Neusilin US2 ratio
is a key factor in optimizing both the formulation and pro-
cessing time to reliably produce X-ray amorphous indometh-
acin using Neusilin US2. Degradation, as determined by a
stability-indicating HPLC assay on a sample of indomethacin
co-ground with Neusilin US2 in the ratio 1:0.5 for 17 days
(70% longer than the time for complete amorphization)
was below the limits of detection, so the phenomenon is not
complicated by chemical degradation. A critical ratio of
indomethacin to Neusilin US2 above which complete
amorphization is not possible appears to lie between 1:0.3
and 1:0.5 (Fig. 3b). This ratio is a measure of the total
amorphization capacity of the Neusilin US2 (including the
apparent Bhigh energy sites^ occupied initially and the re-
maining sites on the silicate that are more slowly filled as-
suming an adsorption mechanism).

The extent of amorphization during the initial fast amor-
phization phase increased with increasing level of Neusilin
US2 suggesting a capacity of the presumably high energy sites.
Table II shows the capacity of Neusilin US2 to rapidly amor-
phize indomethacin appears to be about 1Y2 g of indometh-
acin per 10 grams of Neusilin US2 regardless of the initial ratio.
The determination of both the critical ratio beyond which
complete amorphization does not occur and the fast amor-
phization capacity further aid in the optimization of formu-

Table II. Ratio of Indomethacin to Neusilin US2 and the Amount of

Indomethacin Amorphized at 6 Hours of Co-Grinding

Ratio*

Indomethacin

(g)

Neusilin

US2 (g)

Amorphized

indomethacin

at 6 h (g)

Amorphized

indomethacin

(g)/Neusilin

US2 (g)**

1:5 8.0 40.0 4.64 0.12 (0.01)

1:4 9.6 38.4 3.55 0.09 (0.03)

1:1 24.0 24.0 6.24 0.26 (0.05)

1:0.5 32.0 16.0 1.28 0.07 (0.06)

* Ratio of indomethacin to Neusilin US2.
** Standard deviation of three batches.
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Fig. 4. The effect of humidity on amorphization kinetics upon co-grinding indomethacin to Neusilin

US2 in the ratio: (a) 1:1 (b) 1:5 Key: 0% RH 75% RH.
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lation design and reduction in processing time of the co-
ground drug silicate mixtures.

Effect of Processing Humidity on Amorphization Kinetics
during Co-Grinding

The effect of processing humidity on amorphization kinet-
ics during co-grinding indomethacin with Neusilin US2 in the
ratio 1:1 and 1:5 is shown in Fig. 4a and b. The results indi-
cate facilitation of amorphization at higher humidity. The
effect is more pronounced at the lower ratio of indomethacin
to Neusilin US2. Water is known to act as a plasticizer and
increase the mobility of amorphous solids, usually causing
reversion to lower energy crystalline forms (30,31). However,
since the present system is not a neat amorphous system,
moisture may simply increase the mobility of indomethacin
(32), thereby facilitating its interaction with Neusilin US2.
Since there is no apparent reversion to the crystalline state
during processing, one might conjecture that the co-ground
amorphous (presumably Neusilin-bound) state is a lower free
energy state than the crystalline state. However, preliminary
studies show that solubility of the co-ground amorphous indo-
methacin is higher than crystalline indomethacin. Watanabe

and co-workers similarly reported enhanced solubility of indo-
methacin co-ground with Aerosil-200 (7).

It should be noted that sometimes during co-grinding,
the powder formed a cake at one end of the jar or the other,
rather than remaining in the interstices between the zirconia
balls. When it appeared, the cake was broken by applying
gentle pressure with a spatula before co-grinding further.
Cake formation was, however, not dependent on the process-
ing humidity or the ratio of indomethacin to Neusilin US2. No
significant differences in amorphization kinetics were noted
for those samples in which there was cake formation.
Konno and co-workers suggested that the amorphization of
drugs was mediated by vapor phase mass transfer (20). This
mechanism is further supported by the spontaneous amor-
phization of drugs physically mixed with silicates reported by
Kim et al. (21) and Gupta et al. (19). The lack of a significant
change in amorphization kinetics associated with cake forma-
tion in the present system also suggests that the amorphization
could be mediated at least in part by vapor phase mass
transfer. However, if vapor phase mass transfer alone were
the sole means of amorphization, it is unlikely that the
humidity would have resulted in an increase in amorphization
kinetics. Indeed, Gupta and co-workers found that humidity
increased the amorphization of ketoprofen physically mixed
with Neusilin US2. They suggested that water was the
medium for amorphization even in the static sample, presum-
ably by particleYparticle surface migration of drug. Thus,
three pathways for amorphization are possible: 1) plasticiza-
tion of transiently amorphous drug to allow easier mechanical
transfer of drug to the silicate; 2) vapor-phase mass transfer;
and 3) particleYparticle surface migration of drug to the
silicate.

Stability Studies

Indomethacin co-ground with Neusilin US2 in a 1:1 ratio
at 75% RH condition was stored at 40-C/75% RH. The re-
sults over a period of 3 months of storage are shown in Fig. 5a.
The 1:1 co-ground amorphous indomethacin was stable for
3 months. XRPD of 1:1 co-ground amorphous indomethacin
did not show any peaks in the stored samples, further
confirming the absence of reversion to the crystalline state.
However, samples corresponding to õ30% initial crystallinity
(co-ground for 3 days) showed reversion to õ60% crystallinity
in 1 month and thereafter remained unchanged. The sample
corresponding to õ70% initial crystallinity (co-ground for
12 h) also plateaus around õ60% crystallinity. Samples with
ratios of 1:4 and 1:5 were similarly co-ground at 75% RH
and stored at 40-C/75% RH. However, partially amorphous
1:4 and 1:5 samples showed further spontaneous amorphiza-
tion upon storage. It appears that the ratio of drug to
silicate dictates whether any remaining crystalline drug
serves to seed reversion or is spontaneously amorphized. It
should be noted that the standard deviations of the partially
crystalline samples (Fig. 5) stored at 40-C/75% RH are
higher than the standard deviations inherent in the method
(Table I). The high standard deviation (Table III) is due to
batch to batch variability of percent crystallinity among three
batches. When individual batches were followed (Table III),
the spontaneous amorphization of the 3-day co-ground sample
is unambiguous. Similar spontaneous amorphization has been
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reported for crystalline mixtures of both aspirin and phenac-
etin mixed with Neusilin UFL2 in the ratio 1:4 within 14 days
at 25-C (20). There are no obvious molecular-level expla-
nations for these observations.

The stability data for indomethacin co-ground with
Neusilin US2 in 1:1 ratio at 0% RH and stored at 40-C/0%
RH are shown in Fig. 6. There is a decrease in the crystallinity
of partially amorphized samples on storage for 2 months.
However, between 2 and 6 months, there is an increase in the
crystallinity. It is not clear at this point whether the reversion
to crystallinity is due to the processing condition, the storage
condition, or the initial extent of amorphization.

The powders which were completely amorphous re-
mained stable irrespective of the ratio of indomethacin to
Neusilin US2. This is in contrast to the findings by Watanabe
et al. where reversion of indomethacin co-ground at a ratio of
1:1 with Aerosil-200 (specific surface of 200 m2/g) was observed
at 30-C/11% RH (2). They attributed incomplete grinding to
be the cause of recrystallization whereby the remaining crys-
talline indomethacin served as seeds for recrystallization.
However, in a later study, similarly processed samples were
shown to be fully amorphous by 29Si solid state NMR (7). In
addition, the specific surface and nature of the silicate were
different in those studies than in the present study. Still, it is
notable that Watanabe and co-workers reported 10% reversion
of a presumably completely amorphized sample at 60 days of
storage at 30-C/11% RH, whereas the present findings are no
reversion at 90 days of storage at a more extreme condition
of 40-C/75% RH.

Interaction of Indomethacin with Neusilin US2

ATR-FTIR was used to investigate the interaction be-
tween indomethacin and Neusilin US2. In the region
1727Y1700 cmj1, the absorbance of the dimer peak of indo-
methacin at 1710 cmj1 decreased upon co-grinding. The
dimer peak was absent in completely amorphous indometha-
cin obtained by co-grinding (Fig. 8). Zografi et al., reported
an absence of the peak in the 1710 cmj1 region for the sodium
salt of indomethacin (33,34). A similar absence of the peak in
the 1710 cmj1 region for indomethacin co-ground with Neusilin
US2 might suggest the possibility of salt formation. However,
interactions between tetracycline and metal ions present at
the surface of an aluminum or iron hydrous oxide are well
documented (35). Thus, in the present system, an ion-dipole
interaction (rather than salt formation) between the Mg2+

and/or Al3+ ions at the surface of Neusilin US2 and the car-
boxyl group of the indomethacin could explain the changes in
the 1727Y1700 cmj1 region of the FTIR spectrum. Alter-
natively, the interaction with the carboxyl group could simply
be a hydrogen bond with the silanols that are known to
populate the surfaces of silicates (20). In addition, there
are changes in the 1367Y1356 cmj1 region of the spectrum
(Fig. 8) which have been assigned to the C9H34,35 wagging
(refer to Fig. 7) (36). Interaction of Neusilin with the
carboxyl group (C36) would affect the charge densities of
CYH bonds at C9H34,35, thereby causing the absorbance in

Table III. Percent Crystallinity of Partially Crystalline Indomethacin Co-Ground with Neusilin US2 in the Ratio 1:4 and Stored at 40-C/75%

RH.

Co-grinding time Condition Batch 1 Batch 2 Batch 3 Average

12 h Initial 60 54 58 57 (3)

1 M/40-C/75% RH 44 25 36 35 (10)

3 M/40-C/75% RH 48 31 40 40 (9)

3 days Initial 31 21 26 26 (5)

1 M/40-C/75% RH 23 5 14 14 (9)

3 M/40-C/75% RH 17 7 13 12 (5)

8 days Initial 3 1 1 2 (1)

1 M/40-C/75% RH 0 0 -1 0 (1)

3 M/40-C/75% RH -1 0 0 0 (1)

Standard deviation of three batches is in parentheses.
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1367 Y 1356 cmj1 region to change. This further suggests an
interaction with the carboxyl group.

There is a shoulder in the FTIR spectrum of crystalline
indomethacin at 1471 cmj1 which has been assigned to C12YC17

deformation (Fig. 8) (36). The absorbance of this shoulder
decreased as a function of time of co-grinding. Hy-drogen bo-
nding between the benzoyl carbonyl and silanols of Neusilin
US2 has the potential to affect the charge distribution at
C12YC17. This implies that the benzoyl carbonyl is another
possible site of interaction with Neusilin US2. Furthermore,
the 1492Y 1479 cmj1 region in the FTIR spectrum is attributed
to in plane CYH stretching for C13, C14, C16 and C17 of indo-
methacin (Fig. 7) (36). A change in the absorbance in this
region was also observed upon co- grinding indomethacin
with Neusilin US2 (Fig. 8). This provides additional evidence
for an interaction of silanols of Neusilin US2 with the benzoyl
carbonyl group.

CONCLUSION

Amorphous drugs, while more soluble, are often less
preferred over their crystalline counterparts due to issues of
poor chemical and physical stability. This, in turn, has re-
duced their commercial utility. In the present study various
aspects relating to the successful manufacture of amorphous
drugs have been investigated. Increasing the amount of

Neusilin US2 with respect to indomethacin was shown to re-
duce the amorphization time. Further higher humidity facili-
tated amorphization. Most notably, indomethacin co-ground
with Neusilin in three ratios (1:1, 1:4, and 1:5) were stable
over a period of 3 months at 40-C/75% RH. Thus co-grinding
with Neusilin US2 has been shown as a potential strategy to
manufacture physically stable indomethacin. Several poten-
tial interactions between indomethacin and the surface of
Neusilin are responsible for the physical stabilization of amor-
phous indomethacin co-ground with Neusilin US2.

The spontaneity of amorphization of indomethacin with
Neusilin US2 suggests that the chemical potential of indo-
methacin is lower in co-ground mixtures than in pure indo-
methacin. Therefore, the term Bamorphization^ may not be
appropriate for drug-silicate solid dispersion since the neat
amorphous state is a higher energy state. However, co-ground
indomethacin is X-ray amorphous and leads to higher solu-
bility as compared to crystalline indomethacin; this is consis-
tent with the amorphous form. There are two explanations
in the literature for the phenomenon currently denoted
Bamorphization^ in drug-silicate solid dispersions, adsorption
(2,19,37,38) and confinement in mesopores (21,22). The term
amorphous would certainly be more appropriate for stabili-
zation of disordered drugs in mesopores than simple adsorp-
tion. More research is necessary to clarify the nature of the
co-ground X-ray amorphous state.
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