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Purpose. To establish if FT-Raman spectroscopy can be used to quanti-
tate the degree of crystallinity in a model compound.

Methods. Mixtures containing different proportions of amorphous and
crystalline indomethacin were prepared. Using the peak intensity ratio
1698 cm ™! (crystalline) to 1680 cm™' (amorphous), a correlation curve
was prepared. This correlation curve was validated by testing further
samples of known composition. Partially crystalline indomethacin was
prepared by milling crystalline indomethacin.

Results. A linear correlation curve was obtained across the entire range
of 0-100% crystallinity. Using this method, it was possible to detect
down to either 1% amorphous or crystalline content. The largest errors
were found to result from inhomogeneities in the mixing of the calibra-
tion and validation samples. The spectra of the mechanically processed
samples were similar to the spectra of the calibration samples, and the
degree of crystallinity could be estimated in these samples.
Conclusions. FT-Raman spectroscopy is a potentially useful method
to complement existing techniques for the quantitative determination
of crystallinity.

KEY WORDS: FT-Raman spectroscopy; indomethacin; crystallin-
ity; quantitation.

INTRODUCTION

Many pharmaceutical processing operations including
milling and compaction can introduce disorder into crystalline
materials. The extent of this disorder can range from local
surface disorder to complete disruption of the lattice. The cre-
ation of amorphous material may be problematic resulting in
increased solubility and hygroscopicity in addition to changes
in mechanical and flow properties and a decrease in chemical
stability. However, in some instances, these properties that the
amorphous state confer may be advantageous and it is often
desirable to produce and maintain the amorphous state. Thus
the increased initial solubility can enhance bioavailability of
poorly water soluble drugs whilst the addition of sugars as
lyoprotectants during the freeze-drying of proteins requires the
additive to be in the same amorphous phase as the protein in
order to be effective.

Many techniques may be utilised to detect, quantitate and
characterise the amorphous state (1,2). For quantitative mea-
surements, x-ray diffraction, moisture sorption and microcalori-
metry are currently the most widely utilised methods (2-5).
Techniques which enable the detection and quantitation of low
percentages of amorphous material (less than 5%) are of particu-
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lar interest as are those which are amenable to in situ and on-
line testing.

FT-Raman spectroscopy has recently been successfully
used to quantitate mixtures of polymorphs, utilising distinct
spectral peaks characteristic of each form (6) or factor analysis
techniques (7,8). This method has been advocated for such
studies since the analysis time can be very rapid and no sample
preparation is required. In theory, it can be applied to the
quantitation of amorphous content if the spectra of the amor-
phous and crystalline phases are sufficiently different, as has
been recently suggested (6).

Previous work in this laboratory has involved the spectro-
scopic characterisation of the crystalline and amorphous forms
of indomethacin (9). Indomethacin, a poorly water soluble
hydrophobic molecule, can easily be prepared as the amorphous
phase by quench cooling of the melt. The amorphous and stable
crystalline v polymorph can be distinguished by FT-Raman
spectroscopy and it was thus of interest to determine if this
method could be used for the quantitation of amorphous or
crystalline content. In this work, mixtures of amorphous and
v crystalline indomethacin (hereafter referred to as crystalline
indomethacin) were prepared in known ratios and an equation
which allowed calculation of the percentage crystallinity from
measured spectral intensity ratios was generated. This equation
was used to estimate the extent of crystallinity in validation
mixtures and in milled samples.

MATERIALS

Indomethacin,  1-(p-chlorobenzoyl)-5-methoxy-2-meth-
ylindole-3-acetic acid, as the vy crystal form, was obtained from
Sigma Chemical Co. This material was in the form of a fine
powder which could be passed through a 150 wm sieve and it
was assumed that this material was 100% crystalline. Amor-
phous indomethacin was prepared by melting crystalline indo-
methacin at 165°C for 5 minutes and quench cooling in liquid
nitrogen. The amorphous material was warmed to room temper-
ature under vacuum to prevent atmospheric moisture condensa-
tion on the sample, lightly pulverised to a fine powder (<150
pm) and stored over phosphorous pentoxide at —20°C.

METHODS

X-ray Powder Diffraction

X-ray powder diffraction patterns of crystalline and amor-
phous indomethacin were obtained using a PadV scintag scan-
ning x-ray powder diffractometer (Scintag Inc., Santa Clara,
California) as described in more detail previously (2). A step
size of 0.05 degrees 26 with a count time of 1.5 seconds was
used over the 26 range 10-40°.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry measurements were car-
ried out in aluminum pans with a pinhole lid using a Seiko
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Mixing of Samples

Known ratios of amorphous and crystalline indomethacin
were prepared by geometrically mixing a total weight of 500
mg in a Wig-L-Bug (Crescent Dental Mfg. Co., Lyons, IL)
stainless steel mixing capsule without the ball. This procedure
was not found to influence the crystallinity of the crystalline
material as monitored by comparing the enthalpy of fusion of
the crystalline material before and after agitating in the mixing
capsule. The entire sample was transferred to a sealed glass
vial of approximately 1 cm diameter and stored at —20°C at
0% RH until analysis was performed.

Milling of Samples

Milled samples were prepared by grinding 500 mg of
crystalline indomethacin in the Wig-L-Bug stainless steel mix-
ing capsule with a metal milling ball for 5, 15 and 30 minutes.

FT-Raman Spectroscopy

FT-Raman spectra were collected on a Bruker RFS 100
FT-Raman system with a near infrared Nd:YAG laser operating
at 1064 nm. The laser was focused on the sample as an approxi-
mately 1 mm spot with a power of around 450 mW and a liquid
nitrogen-cooled germanium detector was used. Back scattered
radiation at an angle of 180° was collected and the Stokes
scattering is reported. 100 scans over the wavenumber range
4000-50 cm™! at a resolution of 4 cm™! were averaged for
each sample. The powders were analysed in sealed thin-walled
glass vials.

Estimation of Assay Errors

The following parameters were investigated in order to
evaluate potential sources of error and are based in part upon
those suggested by Bugay et al. who investigated errors associ-
ated with the quantitation of polymorphs using diffuse
reflectance infrared spectroscopy and x-ray powder diffrac-
tion (10).

(a) Laser power—three consecutive scans were obtained
from a 55% crystalline sample at laser powers of 225, 450 and
900 mW.

(b) Instrument variability—a sample composed of 55%
crystalline indomethacin was placed in the instrument and 10
consecutive scans were obtained without removing the sample.

(c) Sample homogeneity—samples composed of 55%
crystalline indomethacin was placed in the instrument, scanned,
removed and shaken prior to rescanning. A total of 5 scans were
obtained for each of 6 samples. The range in the crystallinity
measured for the 30 samples was determined. It should be noted
that there is a contribution from sample positioning to the error
determined for sample homogeneity.

(d) Overall method error—6 independent mixtures con-
taining 55% crystalline indomethacin were prepared and each
scanned 5 times, shaking after each analysis. The relative stan-
" dard deviation of the method RSD(%) at this composition was
calculated from:

SD*100
- M
X

RSD(%) =

where SD is the standard deviation and X is the mean.
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RESULTS

Characterisation of the Reference Materials

Figure 1 shows the X-ray powder diffraction patterns for
the samples of indomethacin used in the study and taken to
represent 100% amorphous and 100% crystalline materials. The
X-ray diffraction pattern of the amorphous material shows no
evidence of crystalline peaks. The diffraction pattern for the
crystalline vy polymorph of indomethacin is in good agreement
with that published previously (11).

On analysis by DSC, the amorphous material exhibited a
glass transition temperature at 45°C. Crystalline indomethacin
showed no evidence of a glass transition and underwent fusion
at 161°C (peak temperature) with a fusion enthalpy of 109
J/g. These results are in excellent agreement with previous
studies on the characterisation of indomethacin (11,12) and
confirm the essentially amorphous and crystalline nature of the
reference materials.

Construction of a Correlation Curve

The Raman spectra of crystalline and amorphous indo-
methacin are shown in Figure 2. The differences in the spectra
have been discussed previously (9). For quantitative analysis
it is necessary to identify peaks characteristic of each form;
the benzoyl carbonyl vibrations fulfill this criteria as can be
seen from Figure 3. Crystalline indomethacin has a carbonyl
peak at 1698 cm™! whilst that of amorphous indomethacin
appears at 1680 cm™!. These peaks were used for quantita-
tive analysis.

The two peaks are not completely resolved as a conse-
quence of the broadening of the carbonyl peak in the amorphous
spectrum. Therefore the contribution of the amorphous peak to
the crystalline peak intensity and vice versa must be taken into
account. Kontoyannis ez al. (13) recently developed a method
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Fig. 1. X-ray diffraction patterns of crystalline and amorphous indo-
methacin taken to represent 100% crystalline and 100% amorphous
starting materials.
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Fig. 2. FT Raman spectra of crystalline and amorphous indomethacin.

for the quantitative analysis of calcium oxalate hydrates using
Raman spectroscopy, where the characteristic peaks of each
hydrate are not completely resolved. This method can be applied
to the quantitation of the amorphous-crystalline system under
investigation, as follows. The measured intensity of a Raman
line, I(v) can be given by equation 2:

I(v) = LLKw)C (2

where I, is the intensity of the excitation laser line, v-is the
Raman shift, K(v) is a factor which includes the overall spectro-
photometer response, the self absorption of the medium and
molecular scattering properties of the medium and C is the

1698
crystalline
20% amorphous
50% amorphous

80% amorphous

W B OB

1680

mw/

1760 1740 1720 1700 1680 1660 1640
Wavenumbers (1/cm)

Fig. 3. FT Raman spectra of the carbony! stretching region of mixtures
of amorphous and crystalline indomethacin.

concentration of the species of interest. The ratios of the K
factors can be considered to be dependent only on the scattering
parameter associated with each band (13).

The ratio of the intensities of the crystalline and amorphous
peaks, IR, is described by:

1(1:698 B XCKC1698 + XaKal,698

R=——=—
1;680 Xc 1680 + XaKAGSO

3

where the contribution of the amorphous peak to the measured
intensity of the crystalline peak and vice versa is taken into
account. The subscript denotes the form of the material (c for
crystalline and a for amorphous), x is the mole fraction of each
form present.

The ratios K180/K 6%8 and K1698/K 6% were calculated from
the spectra of crystalline and amorphous indomethacin, respec-
tively, and values reported represent the arithmetic mean of 10
measurements. K!939/K!®: was calculated to be 0.052 and
KI198/K 1680 (5 be 0.401. The ratio K!5®/K!6°® represents the
contribution of the crystalline component to the region of the
spectrum where the amorphous peak intensity is measured.
Since this value is only 0.052 for the pure crystalline material,
the contribution to the measured peak intensity of the amor-
phous component will be relatively minor in the mixtures
reflecting the narrow half-height width of the crystalline peak
and that little spectral overlap occurs. In contrast the higher
value of the analogous ratio for the amorphous material,
K1698/K 1% indicates that the contribution of the broad amor-
phous peak to the observed crystalline peak in mixtures will
be larger.

These values can be substituted into equation 4 (derived
from equation 3) which can then be used to calculate the ratio
K1698/K 1680,

KI®(R*0.052 — 1) 1
KR — 0401)

“
XC

The IR values were determined from mixtures containing
known ratios of crystalline and amorphous indomethacin over
the composition range 0~100% crystalline. A plot of (x.—1)
(IR—0.401) versus x.(0.052*IR—1) is shown in Figure 4. The
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Fig.4. Plotof (x, — 1)(Ir-0.401) vs. x(0.052*1,— 1) where X, represents
the mole fraction of crystalline component and Ir is the intensity ratio
of the Raman band at 1698 cm™! to that at 1680 cm™.

data were fitted using least squares analysis and the slope of
the line (correlation coefficient 0.993), equal to K$®8/K.680,
was determined to be 2.72. This value can be used to rewrite
equation 4 as follows:

Ir — 0.401

Xe = D.850Ir + 2.316 )

Equation 5 thus enables the percentage crystallinity to
be determined from a knowledge of the intensity ratio of the
amorphous and crystalline peaks. Figure 5 shows a plot of
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5. Correlation curve for mixtures of crystalline and amorphous
indomethacin.
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the calibration data illustrating the relationship between the
calculated and known crystallinity. This plot can be fitted by
least squares analysis to a straight line which has a slope of
1.01, an intercept of —0.01 and a correlation coefficient of
0.9996, demonstrating the validity of equation 5.

Validation of the Correlation Curve

One way of determining the validity of the calibration data
is to test samples of known composition which were not used
in the calculation of the values in equation 5. It is also of
interest to probe the ability of this method to measure small
percentages of both crystalline and amorphous components.
The relationship between the calculated crystallinity, deter-
mined using equation 5, and the actual crystallinity for the
validation samples across the entire composition range is shown
in Figure 6. The data are linear with a slope of 1.008 and an
intercept close to zero at —0.0139, indicating that the assay is
reasonably rugged and that the calculated and input crystallinity
values are in good agreement. These data are presented in more
detail in Table 1. Here the mean values, standard deviations
and range of the data are shown. It is apparent that it is possible
to detect and quantitate both small percentages of amorphous
and of crystalline material in addition to mid-range composi-
tions. The range of the data is quite large indicating that several
measurements must be averaged in order to accurately predict
the composition. Thus there is an improvement in accuracy of
the measured crystallinity value on increasing the number of
measurements from 5 (one sample) to 15 (three independent
samples) or even 30 (six independent samples). The source of
these errors are explored in more detail below.

One State Versus Two State Model

It has been pointed out that the use of physical mixtures
of amorphous and crystalline materials represent a two state
model such that each particle is entirely amorphous or entirely
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Fig. 6. Validation curve for mixtures of crystalline and amorphous
indomethacin.
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Table 1. Comparison of Known Crystallinity and Measured Crystallin-
ity for Samples Across the Range of 99-1% Crystallinity Illustrating
the Standard Deviation (Parentheses) and Range of the Data

Actual Crystallinity Measured Crystallinity Experimenta] Range

99 98.7 (0.3) 99.2-97.9
98 97.7 (0.6)° 98.6-96.1
97 96.5 (1.2)° 97.7-94.0
93 93.5 (0.9)° 94.5-91.8
96 96.3 (0.9 97.1-94.8
75 73.6 (2.3) 75.9-70.1
55 54.0 (4.0)° 62.544.8
25 21.3 (1.5 22.9-19.1
7 5.9 (0.6)° 6.8-5.3
3 22 (0.4 2.6-1.6
2 1.0 (0.4) 1.35-0.05
1 0.9 (0.2) 1.05-0.64

@ 3 samples, 5 runs each.
b 1 sample, S runs.
¢ 6 samples, 5 runs each.

crystalline, whereas in mechanically processed samples, materi-
als are likely to exist in an intermediate, partially crystalline
state, termed the one state model (14). It is therefore of interest
to investigate the ability of Raman spectroscopy to detect the
degree of order in mechanically processed samples. Following
the milling of crystalline indomethacin, the intensity at 1680
cm™! increased indicating that amorphous material had been
formed as a result of the milling process. After milling for
5, 15 and 30 minutes, the resultant FT-Raman spectra were
comparable to those obtained from the calibration samples with
no changes in peak positions noted. It should be noted that
milling reduces the particle size of the sample and this can also
influence the intensity measurements. This effect of particle
size was not evaluated in this study. The degree of crystallinity,
estimated using equation 5, was observed to decrease with
increased milling time and was estimated to be equivalent to
binary mixtures containing 85.0% (85.3-84.8), 77.5% (78.5-
76.0) and 63.5% (61-65.5) crystalline component after 5, 15
and 30 minutes of grinding, respectively. The data are the
arithmetic mean of 5 determinations and the values in parenthe-
ses represent the range of the data.

Estimation of Detection and Quantitation Limits

The limit of detection of amorphous material in a crystal-
line sample was estimated by calculating 3 standard deviations
of the crystallinity value determined using equation 5 for pure
crystalline sample (15). The standard deviation for 10 measure-
ments of pure crystalline indomethacin was 0.2% giving a lower
limit of detection of 0.6%. The limit of quantitation can likewise
be estimated by calculating 10 standard deviations resulting in
a value of around 2%. The standard deviation for the measure-
ment of the pure amorphous component was also 0.2% so
similar values for the detection and quantitation levels of crys-
talline material can be estimated. From the experimental data
shown in Table | a limit of detection of around 1% amorphous
or crystalline content would seem reasonable and is fairly close
to the estimated value, however the variation in the data
obtained for the mixtures suggests that the estimate of the limit
for quantitation is too low.

759

Sources of Error

1t was found that little error was introduced into the mea-
surement by changing the laser power with values over the
range 54.4-56.6% crystallinity being determined. Although the
peak height ratios change very little the absolute intensities do
increase with an increase in laser power. Instrument fluctuations
were measured by comparing consecutively acquired spectra
and found to vary between 55.8 and 56.3% crystallinity. Sample
heating is a well known problem associated with laser Raman
spectroscopy. The reproducibility of the results both on raising
the laser power and on scanning the same spot 10 times consecu-
tively in a mixture of amorphous and crystalline indomethacin
suggests that in this instance any heat supplied to the sample
by the laser does not result in crystallisation of the amorphous
component. It should be noted that errors associated with the
measurement of the peak heights contribute to all of the
errors discussed.

The largest source of error appears to be in the homogene-
ity of mixing during the preparation of samples with the crys-
tallinity values measured for 30 samples ranging between 44.8
and 62.5%. This can be seen in more detail from Table 2 which
compares mean values and standard deviations obtained from
repeat scans on the same sample, shaken in between analyses,
with those obtained from independently prepared samples. The
mixtures were 55% crystalline. The variation in results from
analysing different regions of one sample 5 times is comparable
to that obtained from analysing 6 samples once and the mean
values are also comparable. Thus the source of variation can
be attributed to non homogeneities of mixing within a sample
rather than non-reproducibilities in the preparation of the inde-
pendent samples. The overall method error was estimated from
the data in Table 2. This error includes any error in the sample
preparation as well in the analysis of the samples. The mean
of the 30 data points in Table 2 was calculated to be 54% with
a standard deviation of 4% resulting in an overall method RSD
value of 7.3% at this composition. However, it can be seen
from Table 1 that the RSD will be dependent on the composition
of the sample since the standard deviations show no discernible
trends with the crystallinity.

DISCUSSION

The ability of this method to quantitate the degree of order
in the model system examined suggests that Raman spectros-
copy would be a useful technique to complement existing meth-
ods. The other techniques measure various properties of the
amorphous or crystalline states with the lower limits of detection
varying from method to method. For example in X-ray diffrac-
tion, the average degree of crystalline order is measured with
a lower limit of detection for amorphous content of around
10% (2). In contrast techniques such as water vapor sorption
and isothermal microcalorimetry rely on the higher energy state
associated with the disordered phase and can detect as low
as 1% disorder (2,16). Raman spectroscopy, like IR, provides
molecular information about both the crystalline and the amor-
phous phases as are, with no phase transformation being
required for analysis. Previous studies have found a good corre-
lation between the degree of crystallinity measured by infra
red spectroscopy and X-ray diffraction (4). It appears from the
results of this study that it is possible to measure not only mid
range levels of crystallinity but also low percentages of both
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Table 2. Inter and Intra Sample Variation for a Nominally 55% Crystalline Sample

A B C E F Mean SD
1 59.7 50.0 522 54.0 55.5 46.6 53.0 4.5
2 52.7 58.0 53.0 55.4 44.8 54.6 3.1 4.5
3 53.7 53.5 62.5 54.5 54.5 52.5 55.2 3.7
4 57.5 53.8 56.9 522 55.2 59.6 55.9 2.7
5 53.8 47.7 55.7 522 49.5 59.1 53.0 4.1
Mean 55.5 52.6 56.1 53.8 51.9 54.5 54.0 1.6
SD 3.0 4.0 4.1 1.4 4.6 53 1.4

Note: The letters A-F represent 6 independently prepared samples whilst the numbers 1-5 represent the scan number for scans obtained from
the same samples where the sample is shaken in between scans. SD refers to the standard deviation of the data.

crystalline and
Spectroscopy.

Raman spectroscopy has both potential advantages and
disadvantages as a technique for measuring the degree of disor-
der. One advantage is that no sample preparation is necessary,
thus the likelihood of inducing phase changes through pro-
cessing is reduced. However, the laser can cause heating of the
sample which could result in crystallisation if care is not taken.
Accessories which cool the sample may be used if this is found
to be a problem.

In this study, inhomogeneities in mixing were found to
be the largest source of error in quantitating the degree of
crystallinity. The preparation of homogeneously mixed stan-
dards for the construction of a calibration curve is obviously
a necessity for any quantitative method. However, different
methods will be sensitive to inhomogeneities over different
scales. The area of the powder bed sampled in Raman spectros-
copy can be small and can lead to sub-sampling. In this study,
the laser beam was defocused to the largest spot size which is
approximately 1 mm for the commercial instrument used. Both
particle size and the homogeneity of mixing will influence how
representative the scan is of the overall mixture. It is easy to
envisage non-representative sampling in powders composed of
large particles (close to dimensions of the laser sampling area),
containing a wide range of particle sizes, or containing clusters
of one component. Bugay et al. (10) utilised an acetone slurry
technique to improve the mixing of two hydrates, however
caution must be applied when dealing with amorphous materials
which may sorb solvents, altering the material properties.
Another approach is detailed by Langkilde et al. (6) who devised
a rotating sample holder, allowing several areas of the powder
bed to be sampled during the course of analysis. This device
was found to provide a spectrum more representative of the
overall composition, in addition to decreasing the likelihood of
sample heating. In this study several spectra were obtained for
each mixture to try and ensure representative sampling. Each
spectrum was obtained after re-mixing the powder by agitation.
However this is not an efficient method compared with a rotat-
ing sample holder and the problems with homogeneity are
reflected in the relatively high standard deviations of the data.
It is therefore envisaged that use of a device which enabled
averaging of data obtained from different parts of the sample
would improve this method substantially and reduce the varia-
tion in results. This in turn would improve the limits of detection
and quantitation since these are dependent on the variation in
the data.

amorphous components using Raman

For samples which have been processed so that amorphous
character has been induced, if each particle has the same degree
of disorder, the small sampling area would be not be problem-
atic. However, it is more likely that a distribution of disorder
is introduced depending on the extent of the particle size reduc-
tion of the individual particles so the above considerations apply.

To date, the influence of particle size on the Raman signal
intensity has not been examined in detail. Initial studies on
inorganic materials indicate that the intensity increases with a
decrease in particle size with changes of the order of 100 wm
resulting in observable differences (17). It would therefore be
cautious to ensure that the particle size distribution of the cali-
bration standards is similar to that of the test samples or that
the influence of particle size variations is evaluated. The particle
sizes of the two powders used to make binary calibration stan-
dards should also be controlled.

There is a great deal of interest currently in utilising analyt-
ical techniques which enable non destructive in situ testing of
raw materials and products in addition to on-line monitoring
of pharmaceutical processes. Near infrared spectroscopy is
receiving a great deal of attention in this capacity (18,19). The
possibilities of using FT-Raman spectroscopy for the analysis
of the active ingredient in an intact dosage form have also been
pointed out; polymeric excipients are generally poor Raman
scatters relative to drug substances (20,21). Since Raman spec-
troscopy can be used in conjunction with fibre optic probes
there are also good possibilities for remote sampling. It is thus
conceivable that this technique could find application for the
on-line analysis of pharmaceutical processes, for example to
assess the impact of a milling stage on the polymorphic form
or crystallinity of a drug.

CONCLUSIONS

A quantitative, non-destructive FT-Raman spectroscopic
method has been developed for the analysis of mixtures of
crystalline and amorphous indomethacin. A correlation curve
was constructed which was linear across the entire composition
range. Using this method, low levels of both amorphous and
crystalline material could be detected in the mixtures. The loss
of crystallinity in mechanically processed samples was also
estimated. This preliminary study suggests Raman spectroscopy
would be a useful method for the quantitation of the degree of
crystallinity and possible advantages and disadvantages have
been discussed. Further investigations are needed to establish
correlations with existing techniques for processed samples
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where the measured response may depend on the property of
the amorphous/crystalline state to which each technique is sensi-
tive. Evaluation of the errors associated with this assay indicates
that the largest source of variation in measurements arises from
inhomogeneous mixing of the amorphous and crystalline com-
ponents in the powder blends. It is considered that the method
would be improved and the variations in data reduced by uti-
lising an alternative sampling technique which averaged data
from different regions of the sample.
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