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Abstract

19F solid-state nuclear magnetic resonance (NMR) was investigated as an analytical technique to quantify the
amorphous phase in a fluorine-containing pharmaceutical candidate. The crystallinity of Compound 1 was
calculated using two '°F T, relaxation-based methods. The first method employs both the pure amorphous
and the crystalline reference standards while the second method is model independent and utilizes a
single standard. The '°F solid-state NMR results were confirmed with powder X-ray diffraction methods.
From X-ray diffraction data, two linear calibration curves were obtained from blends of crystalline and
amorphous Compound 1: one is based on the total integrated intensity of selected diffraction peaks and
the other on the total intensity of the amorphous halo at 24 positions that have no interference from
crystalline diffraction peaks. The crystallinity of Compound 1 after compaction calculated by both
19F solid-state NMR methods was in excellent agreement with the results from the X-ray calibration
curves. '°F solid-state NMR was shown to be a powerful technique in determining the amount of amor-

phous phase present in a pharmaceutical solid.
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Introduction

The majority of active pharmaceutical ingredients used in
solid dosage formulations are crystalline solids. The crys-
talline state is a thermodynamically stable state compared
to the disordered amorphous state, in which the geometry
and symmetry are frustrated at the molecular levell.
Although the amorphous state is thermodynamically
unstable and in theory will eventually relax and crystal-
lize, kinetically stable amorphous forms can be induced
by various processes and can coexist with the crystalline
phase for a variable period of time?. Common pharma-
ceutical processes that may induce amorphorization
include milling, grinding, desolvation, and compaction®-
6. The higher free energy of the amorphous form often
results in higher solubility, dissolution rate, hygroscopic-
ity, and solid-state reactivity that may in turn affect the
performance of the solid dosage formulation*"8, It is

therefore important to monitor and control the amount of
amorphous phase formed during processing. The most
widely marketed solid dosage form is a tablet. As compac-
tion can induce amorphorization, it is necessary to exam-
ine the crystallinity of compacted drug substances in the
early stages of solid dosage formulation development. If
reduction in crystallinity is observed after compaction,
quantification of the amount of amorphous phase is criti-
cal for quality and process control.

Among various analytical techniques that have been
used for quantitation of the amorphous phase in pharma-
ceutical solids, powder X-ray diffraction (XRD) has been
one of the most widely attempted because of the accessi-
bility of instrumentation in laboratories, relative simplic-
ity, short data collection time, and its capability of direct
detection of molecular order or lack thereof in solids®.
However, disadvantages of using quantitative XRD
include microabsorption, preferred orientation, complex
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scattering patterns, and incompatibility with excipients.
In addition, careful sample preparation and large sample
sizes are generally required for XRD methods. Though
other techniques do not directly ‘see’ the molecular pack-
ing in solids as XRD does, they may provide other various
advantages over diffraction methods in quantifying amor-
phous content'®!!, A combination of methods is useful in
determining the accuracy of the quantitation results.

Solid-state nuclear magnetic resonance (NMR) is
becoming increasingly important in the characterization
of pharmaceutical solids'>!3. Most crystallinity quantifi-
cation work done to date in the pharmaceutical field has
concentrated on applications of 3C solid-state NMR, as
carbon is one of the most ubiquitous nuclei in drug
substances'*1®, 13C-based quantitation methods have
relied on either least squares type analysis or measure-
ment of relaxation parameters to be used in combina-
tion with peak areas. Gustafsson et al.'* and Lefort
etal.!’® used least squares analysis to estimate the
amount of the amorphous phase in mixtures containing
both amorphous and crystalline phases. This method
requires both amorphous and crystalline standards.
Offerdahl et al.'® measured the relaxation constants per-
tinent to cross polarization experiments and used this
information in combination with the integrated peak
area of selected chemical shifts to estimate the amount
of different neotame polymorphs present in a sample.
This method is attractive as it does not require standards
if the '3C spectrum shows sufficient chemical resolution.

With medicinal chemists routinely incorporating fluo-
rine atoms in development candidates to increase per-
meability, the '°F nucleus has become more available for
pharmaceutical solid-state NMR characterization
work!?. The high gyromagnetic ratio and 100% natural
abundance of !°F allow for high sensitivity that is
required to quantify low amorphous content or to inves-
tigate low drugload formulations. It has also been shown
that '9F solid-state NMR is exceptionally powerful in dis-
tinguishing amorphous and crystalline forms in both
bulk and formulation samples'’. Using the '°F nucleus
can be advantageous over the more common *C nucleus
in oral formulations as excipient components also con-
tribute to the '3C spectrum. In addition, the required
sample size is typically smaller than that required by
techniques such as powder XRD. Despite the advantages
offered by F solid-state NMR, the utilization of '°F
nuclei for crystallinity quantification in pharmaceutical
solids has been scarce if not absent from literature.

In this work, the crystallinity reduction of a pharma-
ceutical development compound after compaction was
quantified using '°F solid-state NMR. In principle, any of
the quantitative *C-based methods discussed earlier
can be applied to "F-based quantitation. However,
unlike 3C because of the 100% natural abundance of
9F, cross polarization is typically not necessary for the

YF nucleus, which makes quantitation much more
straightforward. In this work, two 'F solid-state NMR
methods were used: one is based on utilizing two refer-
ence standards and the other based on a single standard
approach. Both methods directly exploit the spin lattice
relaxation time (7)) difference between the crystalline
and amorphous phases, which is not practically applica-
ble to '3C solid-state NMR because of the low sensitivity
of 13C nucleus and the necessity of cross polarization.
The single standard approach uses a simple T filter
experiment to selectively monitor the signal from either
the crystalline or the amorphous phase. This selected
signal can then be directly related to the amount of the
phase being observed as '°F-based experiments are fully
quantitative. In addition, the single standard method is
more robust to day-to-day instrument fluctuations and
to improperly calibrated pulses. To our knowledge, this
method has not been exploited in pharmaceutical litera-
ture for the quantitation of phases. This work demon-
strates the quantification of compaction-induced
crystallinity reduction by applying °F solid-state NMR
technology. The accuracy of the 'F NMR quantification
is confirmed with the more established analytical tech-
nique of powder X-ray diffraction.

Experimental section

Materials

Crystalline and amorphous Compound 1 were obtained
from the Chemistry Process Research and Development
Department of Amgen Inc. (Thousand Oaks, CA, USA)
with greater than 98% purity. Hexane was purchased
from Aldrich (Milwaukee, WI, USA) and was used without
further purification. The received crystalline Compound
1 material is assumed to be 100% crystalline and the
amorphous Compound 1 is assumed to be 0% crystalline.

Sample preparation

Appropriate amounts of 100% and 0% crystalline Com-
pound 1 were weighed out to generate standard curves.
The amorphous material was ground with a mortar and
pestle prior to mixing. Mixing and further particle size
homogeneity were achieved by slurrying each parent
material or blending with hexane at ambient tempera-
ture. The slurries were filtered, dried over nitrogen, and
passed through a 200-mesh sieve. To ensure that recrys-
tallization or change of crystallinity of Compound 1 in
hexane had not occurred, the supernatant of the hexane
slurry was analyzed for its Compound 1 level using
high-performance liquid chromatography (HPLC).

A Carver hydraulic press and a flat-faced die set of
5 mm diameter were used to prepare 100-mg tablets of



crystalline Compound 1. The tablets were compacted to
566 MPa with a dwell time of 20 seconds. For crystallin-
ity measurements, tablets were crushed with a spatula
and sieved through a 200-mesh sieve.

I9F solid-state NMR

The °F solid-state NMR experiments were performed on
a Briikker DSX-500 MHz NMR spectrometer using a
Briiker 4-mm double resonance broadband MAS probe.
The samples for '9F NMR experiments were packed in
4-mm zirconia rotors with vespel endcaps and a spin-
ning speed of 14 kHz was employed for all measure-
ments. A 7/2 pulse length of 4 us and a recycle delay of 15
s were employed for all measurements. Depending on
the experiment, 32-64 transients were collected for signal
averaging. '9F T, relaxation data were obtained using a
standard inversion recovery pulse sequence with a ©
pulse length of 8 ps. All spectra were referenced to
poly(tetrafluoroethylene) (Teflon®), which was assigned
to a chemical shift of -122 ppm.

For the two-reference method, pure crystalline and
pure amorphous relaxation data were fitted to the
monoexponential equation =1, + p»e’t 'l where I,
p, and T are the parameters to be fitted to obtain the T;
relaxation of the pure materials. Using the T; relaxation
times and constants obtained from the pure crystalline
and amorphous fits (Iy, T)o, Po Tia Pa), crystallinity of
the crushed tablets was determined by fitting the exper-
imental relaxation data to the biexponential equation

I=Iy+ap,-e"'Tic 4 (1—a)e™'/ s, where o. is the crystal-
linity to be fitted. For the single standard method, the

I9F resonance peak at a delay time = 1.31 s was directly
integrated.

X-ray diffraction

Powder patterns were recorded with a PANalytical
X'Pert PRO X-ray powder diffractometer equipped with
a multiple-wire-type detector. The diffractometer
employs Ni-filtered Cu Ko radiation at 45 kV, 40 maA,
a divergence slit of 1/4°, and an antiscatter slit of 1/2°.
The samples were analyzed with a step size of 0.0084°
and sampling time of 0.674 seconds per step. The cali-
bration and performance of the instrument was
checked daily using NIST Silicon standard SRM 640c.

A backloading sample holder of 16 mm diameter and
2.4 mm depth was used to ensure consistent packing and
sample volume. The holder was placed against a stand
with a level surface, and the powder sample was filled from
the back, such that the powder surface was flat and flush
with the front of the holder. For each sample, the X-ray dif-
fraction was measured in triplicate, and the sample was
repacked and newly mounted for each measurement.
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The powder patterns were fitted to pseudo-Voigt pro-
files using commercially available peak fitting software.
The integrated intensities of seven characteristic peaks
(at 15.7°,16.0°, 17.0°, 17.4°, 17.5°, 18.9°, and 19.3° 26) for
the crystalline Compound 1 were summed. A linear
regression was applied to the relative intensity as a
function of percent crystallinity. For the baseline inten-
sity standard curve, the powder patterns were
smoothed with five-point moving averages. To account
for background X-ray scattering contribution from the
sample holder, the diffraction from an empty sample
holder was collected. The background intensity was
subtracted from the baseline intensity of each powder
pattern. A second standard curve was generated using
the sum of the baseline intensities at 15.2°, 16.5°, 18.4°,
and 19.9° 26, where crystalline Compound 1 does not
diffract.

Results and discussion

As the samples were prepared from hexane slurries, the
possibility of recrystallization and hence change of crys-
tallinity of Compound 1 in hexane needs to be ruled
out. After the 0% crystalline Compound 1 sample was
prepared in hexane slurry, the HPLC analysis of the
supernatant resulted in 200 ppm of Compound 1 in
hexane. With such low solubility, slurrying Compound 1
in hexane is believed to have resulted in minimal
recrystallization.

I9F solid-state NMR

The 'F solid-state NMR spectra of four standard
blends of Compound 1 (100%, 50%, 25%, and 0%
crystalline) and the crushed tablets are shown in
Figure 1. As expected, the full width at half maxi-
mum of the crystalline peak is smaller when com-
pared to that of the amorphous peak (because the
amorphous material samples all possible orienta-
tions). Accordingly, the '°F resonance peak broad-
ens as the amorphous content of the blends
increases. As the full width at half maximum of the
I9F resonance of crushed tablets is between that of
50% and 100% crystalline Compound 1, the crystal-
linity of the crushed tablets is estimated to be some-
where between 50% and 100%.

The '°F T; spin-lattice relaxation data on the crystal-
line-amorphous mixtures and the crushed tablets were
obtained using an inversion recovery sequence. The
crystalline material has a 'F T, of 2.17 s while the amor-
phous material has a T} of 1.33 s. It is typical for the
amorphous material to have a lower T; value when
compared to the crystalline material as it has more
relaxation avenues'®, This difference in T, relaxation
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Figure 1. 1°F NMR spectra of (A) 100%, (C) 50%, (D) 25%, (E) 0% crys-
talline Compound 1, and (B) crushed Compound 1 tablets.

times between the crystalline and amorphous materials
can be exploited for amorphous quantification. Typi-
cally, biphasic systems are expected to display biexpo-
nential relaxation behavior if there is no phase mixing
in the system. It is reasonable to assume the mixtures
are phase separated when considering blends of crys-
talline and amorphous phases as crystallization leads to
phase separation. Figure 2 shows the experimental
relaxation curve of the crushed tablet fitted to a biexpo-
nential relaxation model (R* = 0.998) using the T
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Figure 2. T, relaxation curve of the crushed Compound 1 tablets.
Data are fitted to a biexponential curve with the parameters from
the pure crystalline and amorphous fitting (1, = .999, T, = 2.17,
p.=-1.84, T;,=1.33, p, =—-1.82).

relaxation rates calculated for the pure crystalline and
the pure amorphous material. The crystallinity of
crushed tablets was determined to be 71.0 £ 2.6%. The
error in the calculated crystallinity was propagated from
the error based on signal-to-noise ratio analysis and the
standard errors of the fitted parameters.

A model-independent method was also used to
quantify the crystallinity of Compound 1 in the crushed
tablets. Figure 3 shows the T relaxation curves of
amorphous and crystalline Compound 1 in the range of
0-3 seconds delay time. It is clear from Figure 3 that the
crystalline signal is zero at T, delay of 1.31 s (marked
with an arrow) while there is still significant signal
intensity from the amorphous phase. Therefore, if the
delay time 7 is set to 1.31 s in the inversion recovery
experiment, the signal attributed to the crystalline
phase will be turned off and only amorphous signal will
be detected. Figure 4 shows the '°F spectra of the 100%,
50%, 25%, and 0% crystalline blends and the crushed
tablets using an inversion recovery sequence with the
delay set to 1.31 seconds. The crystallinity of the com-
pacted tablets can then be calculated by direct integra-
tion of the amorphous standard and the crushed
tablets after correction for the weight of sample used in
the experiments. The 50% crystalline standard blend
serves as validation; its crystallinity from this method is
calculated as 51.7%. The crystallinity value of the
crushed tablets using this method was calculated as
72.3 +1.1%, which is in good agreement with the 19p T,
calibration curve-based method. On a different note,
the solid-state NMR methods described here can be
used even in the presence of excipients as '°F nucleus
is selectively being probed.
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Figure 3. T, relaxation curves of amorphous (open circles) and crystal-
line (solid circles) Compound 1 in the range of 0-3 seconds delay time.
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Figure 4. '°F spectra of (A) 100%, (C) 50%, (D) 25%, and (E) 0% crys-
talline blends and (B) crushed tablets at 1.31 seconds delay time.

X-ray diffraction

The X-ray diffraction pattern of the crystalline Com-
pound 1 from 4° to 40° 20 is shown in Figure 5. For quan-
titative analysis of the amorphous content in compacted
tablets, calibration curves were obtained using blends of
known weight fractions of the crystalline phase. In
binary systems consisting of crystalline and amorphous
phases of the same compound, the diffraction intensity
is linearly related to the concentration of the crystalline
phase. A calibration curve can be obtained by plotting
the diffracted intensity of the standard blends as a func-
tion of the weight fraction of the crystalline phase. As
peak intensity is used for the calibration curve, two
major sources of undesirable intensity fluctuations,
microabsorption, and preferred orientation, need to be
reduced. The microabsorption effect is addressed
through controlling the particle size of the powder sam-
ples. Preferred orientation error is reduced by measur-
ing the diffraction in triplicate as well as using the sum of
integrated intensities from several diffraction peaks. In
Figure 5, the range from 15° to 20° 26 contains six to
seven intense diffraction peaks and is therefore a suit-
able range for data collection. The powder diffraction
patterns of 100%, 95%, 90%, 85%, 75%, 50%, 25%, and 0%
crystalline Compound 1 standard blends from 15° to 20°
20 are shown in Figure 6. There are seven intense diffrac-
tion peaks for the 100% crystalline sample, at 15.7°,
16.0°, 17.0°,17.4°, 17.5°, 18.9°, and 19.3° 20. These seven
reflections were fitted to a pseudo-Voigt'® profile to
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Figure 5. X-ray diffraction powder pattern of crystalline Compound
1 from 4° to 40° 26.
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Figure 6. X-ray diffraction patterns of blends of crystalline and
amorphous Compound 1.

obtain the integrated intensity. The calibration curve in
Figure 7 shows the relative sum of the integrated intensi-
ties of the seven peaks averaged over three scans (rela-
tive standard deviation less than 6%) plotted as a
function of the percent crystallinity. A linear calibration
curve of the relative intensity (y) as a function of the per-
cent crystallinity (x) yields a regression equation with a
correlation coefficient of 0.999.

The coherent scattering from the amorphous phase
of the standard blends in Figure 6 gives rise to a diffuse
‘halo.” The intensity of the amorphous halo corrected
from the background is related to the concentration of
the amorphous phase in exactly the same manner as the
intensity of the diffraction peaks is related to the concen-
tration of the crystalline phase. The maximum of the
halo for an amorphous material is dependant on the
radial distribution of the material and is usually in the
range between 15° and 30° 26. In the case of Compound
1, the maximum of the amorphous halo is around 20° 26.
The X-ray diffraction data in Figure 6 was measured in
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Figure 7. Relative integrated X-ray diffraction intensity of selected
peaks of Compound 1 as a function of percent crystallinity. Data are
fitted to a linear curve using a least-squares method. Standard devi-
ations are represented by vertical bars (n = 3).

the range of 15° to 20° 26, which covers part of the amor-
phous halo and is suitable for obtaining a calibration
curve using the intensity of the amorphous halo. Four 26
positions were identified on scattered amorphous halo
without interference from the crystalline phase: 15.2°,
16.5°, 18.4°, and 19.9° 26. The sum of the intensities at
these four positions was averaged over three measure-
ments (relative standard deviation less than 3%) and was
plotted against the weight fraction of crystalline Com-
pound 1. Figure 8 shows the linear calibration curve of
the intensity (y, counts) as a function of the percent crys-
tallinity (x) with a correlation coefficient of 0.999.

The two X-ray calibration curves are obtained from
triplicate measurements with small standard deviations
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Figure 8. Intensity of X-ray scattered by amorphous Compound 1 as
a function of percent crystallinity. Data are fitted to a linear curve
using a least-squares method. Standard deviations are represented
by vertical bars (n = 3).

and are linear with high correlation coefficients. The
extent of the compaction-induced crystallinity reduc-
tion for Compound 1 was analyzed using these two
standard curves. The crystallinity of compacted tablets
was determined to be 75.9 * 1.8% from the diffracted
peak method and 75.0 £ 1.7% from the amorphous halo
method. The error in the calculated crystallinity was
propagated from triplicate measurements and the stan-
dard errors of the calibration curve parameters. Percent
crystallinity from both calibration methods are in excel-
lent agreement with each other and with '9F solid-state
NMR calculated values.

Conclusions

Solid-state 1%F NMR is shown to be a powerful technique
to determine the percent crystallinity of Compound 1, a
fluorine-containing pharmaceutical solid, after compac-
tion. '%F T, relaxation-based methods involving two ref-
erence standards and another using one reference
standard resulted in similar percent crystallinity for the
compacted Compound 1. These results were confirmed
by the more traditional technique of X-ray diffraction, in
which two calibration curves were obtained from the
intensity of diffracted peaks and the amorphous halo.
The combination of multiple methods and techniques
provides higher confidence in the quantification results.
With the increasing number of fluorine-containing
pharmaceutical compounds in development, solid-state
9% NMR is a useful and reliable amorphous quantifica-
tion technique for pharmaceutical scientists.
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