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Purpose. The application of solid-state nuclear magnetic resonance for
the quantitation of relative amounts of delavirdine mesylate (DLV-M)
polymorph and/or pseudopolymorph in their binary mixtures is
presented.

Methods. *C CP (cross-polarization)/MAS (magic angle spinning)
NMR techniques-were employed for quantitation.

Results. '*C CP/MAS NMR spectra of three DLV-M solid forms (VIII,
XI, and XH) revealed distinct differences in chemical shifts and peak
splitting characteristics. Resonances of isopropyl methyl carbons of
DLV-M were diagnostic of each form; resonance intensities were uti-
lized to determine the composition of two series of DLV-M solid form
mixtures (VIII and XI; XII and XI) over a dynamic concentration range
(1-50%). The empirical detection limit of form VIII, or XII, in a
dominant form XI environment was about 2--3% (w/w). Quantitations
were obtained using appropriate analytical procedures, which took
into account the differences of Ty and T, between the two forms.
Quantitative results obtained using either the peak area or peak height
were examined, and, in general, were satisfactory.

Conclusions. The methodology and analytical procedure developed in
this study are generally applicable to quantitative analysis using '*C
CP/MAS NMR for pharmaceutical solids, including bulk drug sub-
stances, and dosage forms. Reliable measurement of NMR relaxation
times (T ) and CP rate constants (Tcy) of individual forms is a critical
component in this application.

KEY WORDS: polymorph; pseudopolymorph; solid-state nuclear
magnetic resonance; *C CP/MAS NMR; relaxation times.

INTRODUCTION

Polymorphism is a major issue in the pharmaceutical
industry, where health and safety legislation is becoming
increasingly stringent, because different polymorphs usually
show different drug release profiles in vivo. Delavirdine mesy-
late (DLV-M) (structure shown below) is a potent non-nucleo-
side reverse transcriptase inhibitor being developed for the
treatment of Acquired Immune Deficiency Syndrome (1-2).
DLV-M crystallizes in a variety of solid modifications (3).
Forms VIII, XI, and XII are all crystal forms of this chemical
entity. Both forms VIII and XI are nonhygroscopic anhy-
drates, while form XII is a pseudopolymorph which may
contain non-stoichiometric amounts of solvent or water (3).
Form XI is the preferred solid form for formulation because
of its superior thermodynamic stability and acceptable
bioavailability.
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Identification and characterization of DLV-M polymorphs
and pseudopolymorphs were a critical component of the formu-
lation development for delavirdine mesylate. Inappropriate
polymorphs or pseudopolymorphs of DLV-M need to be
detected, quantified, and controlled during manufacturing. Solid
state 3C NMR spectroscopy is one of the major analytical
techniques in the characterization of pharmaceutical solids (4-
9). 13C spectra acquired using a combination of cross-polariza-
tion (CP) for sensitivity enhancement, with magic-angle
spinning (MAS) and high power proton decoupling for resolu-
tion enhancement, have been extensively used to identify and
characterize pharmaceutical polymorphs in bulk drug sub-
stances and dosage forms (4-9). There are a number of signifi-
cant advantages which make '*C CP/MAS NMR particularly
well suited for investigating polymorphism in pharmaceuticals.
First, it has been demonstrated that the chemical shift of poly-
morphs is sensitive to molecular conformation and chemical
environment in the crystal lattice (4-9). Second, the investiga-
tion of polymorphism can be performed at either the drug
substance or the dosage form stage (4,6,8,9). This ability allows
one to investigate polymorph phase interconversion under vari-
ous processing techniques (e.g., dry blending, Iyophilization,
tableting, and fluidized-bed granulation). Third, the signal inten-
sity of a particular resonance in a NMR experiment can be
directly related to the number of nuclei producing it under
appropriate experimental condition and analytical procedures
without calibration efforts (10). Despite a number of publica-
tions describing the use of solid-state NMR for polymorphic
characterization, the majority have dealt with qualitative studies
only briefly alluding the possibility of quantitative analyses
(4-9). There have been few quantitative studies of pharmaceuti-
cal polymorphs reported (11).

This work focuses on the detection and quantitation of
relative amounts of a minor DLV-M polymorphic form (VIII)
or pseudopolymorphic form (XII) in a major form (XI) environ-
ment using 3C CP/MAS NMR. These binary mixtures of DLV-
M solid forms were prepared and examined by *C CP/MAS
NMR techniques to study quantitative reliability of the tech-
nique. It is our intent to develop appropriate solid-state NMR
methods to investigate pharmaceutical materials of broad inter-
est (e.g., polymorphs, pseudopolymorphs, solvates, excipients,
dosage forms, etc.). With inherently good signal dispersion and
detectability, as demonstrated in this study, '*C CP/MAS NMR
techniques are extremely valuable for both qualitative and quan-
titative characterization of pharmaceutical solids.

0724-8741/96/0700-1095$09.50/0 © 1996 Plenum Publishing Corporation
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MATERIALS AND METHODS

Forms VIII, XI, and XII of DLV-M were isolated in the
research laboratories of Pharmacia & Upjohn, Inc. Two series
of DLV-M binary mixtures were prepared and examined: a
series of mixtures of forms VIII and XI and a series of mixtures
of forms XII and XI. These mixtures were prepared by weighing
and blending the parent lots of a pure form. The mass fraction
of form VIII, or XII, in the mixtures with form XI is denoted
by either wyy™, or wxy™* (%, w/w). About 200 mg of
each sample was packed into a zirconium dioxide rotor (7 mm
diameter) for CP/MAS NMR measurement.

A Bruker MSL-200 NMR spectrometer with an Oxford
wide-bore (89 mm) magnet was used. The static field of the
superconducting magnet was 4.7T, the spectrometer operated
at 50.3 MHz for 3C and 200.055 MHz for 'H. A doubly tuned,
single-coil CP/MAS double gas bearing type probe (Bruker)
was employed. The magic angle was adjusted using a KBr
sample (12), which afforded a spinning angle of 54.7° * 0.3°.
Hartmann-Hahn matching was optimized using admantane and
kept for subsequent DLV-M experiments. 'H decoupling was
applied with an on-resonance 'H RF field of 72 kHz. The
samples were usually spun at a spinning speed of 3.5 kHz or
4.5 kHz = 2Hz, which was sufficient to suppress the spinning
side bands due to methyl groups (used for quantitation).

Proton spin-lattice relaxation times in the laboratory frame
(T,1), proton spin-lattice relaxation times in the rotating frame
(Tpn), and the heteronuclear cross-polarization transfer rate
constants (Tcy) were measured through CP/MAS related pulse
sequences via the detection of carbon signals (13). A 'H flipback
pulse sequence was employed (13) and the repetition time

Gao

between successive sampling pulses was 5 sec. The acquisition
parameters were: spectral width, 20 kHz; contact time, 2 ms;
and 3.5 ps 90° 'H pulse. Each spectrum was obtained with 2K
data points, zero filling to 8K with 20 Hz line broadening prior
to Fourier transformation. '*C chemical shifts were calibrated
indirectly to the higher field adamantane peak (29.5 ppm relative
to tetramethylsilane). All curve fitting and plotting were per-
formed with SigmaPlot 5.1.

RESULTS AND DISCUSSION

13C CP/MAS NMR of DLV-M Solid Forms

The 3C CP/MAS NMR spectra of DLV-M forms XI, VIII
and XII, are shown in Figures 1A-1C, respectively. Notable
differences are observed among the spectra. Form XII exhibits
more resonances than forms VIII and XI, and the resonances
of form XII are also significantly broader. In particular, the
form XII spectrum (Figure 1C) exhibits a singlet at 19.1 ppm,
and a doublet at 21.2 and 22.2 ppm in the upfield region (15-30
ppm). In contrast, an unique resonance is observed at 17.3 ppm
for form VIII (Figure 1B) while a distinct 20.2 ppm resonance
is only observed for form XI (Figure 1A). Both forms VIII and
X1 show carbon resonances at 23.9 ppm. All these resonances
were assigned to the isopropyl methyls through the application
of interrupted decoupling. The variation of the chemical shift
of the isopropyl methyls among the three forms results from the
differences of molecular conformation and packing; a detailed
analysis of '*C CP/MAS NMR features of these forms will be
given in a separate report (14).
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Fig. 1. '*C CP/MAS NMR spectra of forms (A) XI, (B) VIII, and (C) XII. Spectra were obtained using contact time = 2 ms; spinning

rate = 4.5 kHz; and scan number = 640.



Quantitative 3*C CP/MAS NMR Method

The NMR spectra indicate that several resonances can be
used to differentiate DLV-M solid forms and, therefore, to iden-
tify and quantify the minor form in the presence of a major
form. As discussed above, the methyl resonances at 17.3 and
19.1 ppm are diagnostic of forms VIII and XII, respectively,
whereas the 20.2 ppm resonance is unique to form XI. Utilizing
these characteristic 1*C resonances, determination of the compo-
sition of DLV-M polymorph and/or pseudopolymorph mixtures
using solid-state NMR is feasible.

NMR Relaxation Behavior

Several characteristic parameters of the system must be
explicitly determined in order to obtain quantitatively reliable
13C CP/MAS NMR spectra, Proton spin-lattice relaxation times
in the laboratory frame, Ty, were a determining factor govern-
ing the repetition rate of CP/MAS NMR experiments performed.
Substantially different T,y values (average over several '*C
resonances) are observed among DLV-M solid forms: 1.34 *
0.03 s for form XI; 1.87 = 0.04 s for form VIII; and 1.03 *
0.08 s for form XII. In principle, a repetition time of five X
T,n is needed. Further examination of spectral intensities of
individual DLV-M forms using different repetition times (5
to 20 s) by employing a flipback pulse showed insignificant
variations (~5% with scans =600). Therefore, a repetition time
of 5 s was uniformly employed in this study, greatly reducing
data acquisition times.

Additional critical parameters were the heteronuclear
cross-polarization rate constant, Tcy, and the proton spin-relax-
ation time in the rotating frame, Ty u. Tcy is important for
setting the optimal contact time (T =~ 10 Tcy) of the CP/MAS
NMR experiment. Further, both Tcy and T4 have a significant
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influence on quantitation (vide infra). Tcy and T,y were deter-
mined via the carbon resonance detection through the spin-lock
experiment as a function of the contact time in the CP/MAS
NMR experiment. Peak intensity was then fitted to theoretical
models describing the crosspolarization kinetics. A commonly
accepted model has been given by Mehring (15-17) and is
shown in Eq. 1:

of YH U -
M ('YC)I:CXP( TIpH) exp( TCH)]
I(t) = M

Ten

] — ——

TI pH

where I(1) is the peak intensity for each '*C resonance at variable
contact time (1), y is the gyromagnetic ratio, and M is the
thermal equilibrium value of the *C magnetization. Typn and
Tcy are usually simultaneously obtained through a three-param-
eter M°, T, o> Tcy) non-linear least squares fit to Eq. 1 (15-17).

The 3C CP/MAS NMR spectra of each DLV-M form were
recorded as a function of varied contact time. The resonance
intensities of the methyl groups of these forms are plotted
against the contact time (1) in Figure 2. For each form, only
two '*C resonance intensity-contact time curves are selectively
presented for illustration. As shown in Figure 2, the increase
in *C intensities for shorter contact times (1 < 2 ms) is due
to Tcy effects, whereas the decrease in intensities for longer
contact times is due to T,y effects. The interrelation between
these two competing mechanisms ultimately governs the kinet-
ics of magnetization built-up in the CP experiment.

An unrestricted fit of the experimental data to Eq.1 was
conducted to extract T,y and Tcy (15-16). The T,y values of
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Fig. 2. Evolution of !*C peak intensities of forms XI (O 20.2/@ 23.9 ppm), VIII ((J 17.3/M8 23.9 ppm)
and XII (A 19.1/A 22.2 ppm) as a function of the contact time. The solid curves are the best fit to Eq. 1.
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the isopropyl methyls are: T, ,4(XI) = 447 = 80 ms; T, ,4(VIID)
=234 * 25ms; and T ,,x(XII) = 27.5 = 2.8 ms. As an uniform
T,y is observed in each form, essentially a single T,y (with a
standard deviation of 10%) is also observed using other '3C
resonances for individual forms XI, VIII, and XII. This is
expected since protons exhibit fast spin diffusion in the solid
state, and the proton relaxation reservoirs reequilibrate with the
same time constant, resulting in a common T,y for each form
(15-16). The Ty values of the isopropyl methyls are: Tey(XI)
= 0.20 = 0.02 ms; Tcxy(VIID) = 0.20 = 0.02 ms; Tey(XID) =
0.16 = 0.02 ms. These constants are very similar, as expected
(15). In contrast, the T,y of form XII is significantly shorter
than those of forms VIII and XI, whereas a small difference is
observed between T4 values measured for forms VIII and XI.

Measurements of Ty, T)pn, and Tcy of individual DLV-
M forms in the mixtures were conducted in similar fashion
utilizing their characteristic resonances. These measurements
explored whether the characteristic cross-polarization and
relaxation kinetics of each form were altered by mixing. Such
measurements revealed that the Ty, Tcy, and T,y of forms
VIII, XII, and XI in their 50% mixtures, respectively, remain
virtually unchanged. This result suggests that the crystalline
domain integrity of each form was properly maintained in the
mixtures and not affected by blending and mixing. Nuclei
within different domains, which act as isolated spin reservoirs,
maintain their own characteristic spin kinetics. This is an
important observation which supports the quantitation proce-
dure discussed below.

Quantitation Using '*C Intensity

Since '3C resonance intensities of CP/MAS NMR spectra
are governed by CP kinetics and proton relaxation processes
as discussed above, reliable quantitation can only be achieved
by taking into account the difference of CP and relaxation
parameters of the resonances of interest (17-19). For a binary
system, quantitation results can be expressed as a ratio between
two components. Ratioing Eq.1 between polymorphs A and B,
we obtain Eq. 2:

(1 - Té”) [exp(——T—) - exp(—L ]
My Tt Tu Tu) | L(7)

My (Tl . « \] @
Tll;pH €Xpi —pr{ — €Xp _TT(}H
_ g b
M Ig()
@
I—Z/é—ﬂ [ex ——T—)—ex —L]
o\ The) TR ) TR TR
A/B — (l _ IE{{_) N .
T[l;pH [exp(—ﬁ—p;) - CXp(—T—/éH):l
3)

where 7, I(1), and M are the same as defined previously in
Eq. 1; the subscripts, A or B, refer to the two polymorphs A
or B, respectively; and the term F,5 is defined in Eq. 3. Note
that MO represents the absolute number of carbon atoms of
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each form. Therefore, Eq. 2 accounts for the '*C intensity
difference of two solid forms in a mixture as a result of their
differences in Tcy and T,y and correlates the quantitative
information, M%,/M%; with the measurable resonance intensity
ratio, I/Ig. Knowing Tcy, and T,y of each form and the contact
time (7), the term F, is readily computed for quantitation
purposes.

Quantitation of Form VIII and XI Mixtures

As discussed above, form VIII shows a unique resonance
at 17.3 ppm and form XI exhibits a unique resonance at 20.2
ppm while the resonance at 23.9 ppm is shared by both forms.
Figure 3 shows the '*C CP/MAS NMR spectra of the expanded
region of the binary mixtures as a function of form VIII content.
(Spectra are only shown up to 15% form VIII due to space
limitation.) The empirical detection limit of form VIII in a form
XI dominated environment is about 2% (Figure 3); this is
derived from the detectable appearance of the 17.3 ppm reso-
nance at this concentration level (notice that at 1% level, the
17.3 ppm peak is not detectable), which is primarily determined
by the signal-to-background-ratio (SBR).

Composition of the binary polymorph mixtures can be
directly determined utilizing the peak intensities and Eq. 2.
Since the Tcy values are similar and the T, 4 values are not
dramatically different between forms VIII and XI, the factor
Fynyxi is essentially unity. This represents the simplest situation
since the mole ratio between forms VIII and XI in the mixture,
MOy/MP;, equals to their intensity ratio, Tyy/Tx.

The intensity measurements should, strictly speaking, use
the integrated peak area rather than the peak height since differ-
ent degrees of line broadening may be involved in resonances
of each polymorph. The peak areas of 17.3 ppm (form VIII)
and 20.2 ppm (form XI) of the CP/MAS NMR spectra of the
mixtures (Figure 3) were measured. The mixture composition
determined by '3C CP/MAS NMR is defined as wyyNMR (%)
representing the mole fraction of form VIII in the mixture and
obtained by the following equation:

M(l)/lll
MO
WilR = ———.100% )
1+ MVIII
MY

where the subscripts, VIII or XI, refer to form VIII or XI,
respectively. Note that there is no fitting coefficient in this
expression. The compositions, wyy;"MR, are reported in Table
1 and plotted against the known mass fraction of the mixture,
wyn™, in Figure 4. A linear correlation between wy VMR
and wy™° was obtained over the wide range of the mixture
composition examined (2-50%, w/w). Also note that the errors
of absolute quantitation (the differences between wy;; "R and
wy™) are usually within 1-2% (Table 1). A linear least
square analysis yielded a slope of 0.972 * 0.026, an intercept
of 0.112%, and the coefficient of determination (R?) of 0.999.

Estimation of the peak intensity by measurement of the
peak height is also in wide use. Peak height is more readily
measurable than the peak area (especially true when the peaks
of two forms are not well resolved; vide infra). Since similar
linewidths were observed for 17.3 ppm and 20.2 ppm reso-
nances (best evidenced by an equal peak height in the mixture
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Fig. 3. Expanded region of '>C CP/MAS NMR spectra of form VIII and XI mixtures with
the mass fraction of form VIII indicated. Spectra were obtained using contact time = 2
ms; spinning rate = 3.5 kHz; and scan number = 1200.

containing 50% form VIII, not shown in Figure 3), their peak
height ratio was deemed equivalent to the peak area ratio. The
values of wy;;"MR, similarly derived using the peak height of
the *C resonances and Eq. 4, are also reported in Table | and
plotted against the mass fraction of the mixture, wy;™, in
Figure 4 for comparison. Again, a good agreement with the
mass fraction of the mixture was achieved and also with the
quantitation using peak area. Linear least square analysis to
this plot yielded a slope of 0.998 = 0.035, an intercept of
0.239%, and the coefficient of determination (R?) of 0.998
(Table 1).

Alternatively, the mixture composition can be determined
by comparing the peak intensity of form VIII to the peak
intensity representing both forms VIII and XI. This approach
offers advantages especially when the diagnostic resonances
due to different polymorphs substantially overlap. Again, the
17.3 ppm resonance intensity was used to represent the amount
of form VIII. The 23.9 ppm resonance is shared by both forms

and its intensity was assumed to represent the total amount of
DLV-M. Both peak area and peak height were utilized for
quantitation, and the results are reported in Table 1. Applications
of linear least square fit to both plots yield a slope of 0.979 =
0.026, an intercept of —0.092%, with R?> = 0.999 for quantita-
tion using the peak area; and a slope of 1.072 * 0.080, an
intercept of 1.074%, with R? = 0.994 for quantitation using
the peak height.

Quantitation of Form XII and XI Mixtures

In contrast to quantitations of form VIII and XI mixtures,
determination of the composition of form XII and XI mixtures
presents a more challenging case. The dramatic difference
of T,,us between forms XII (Ty,4 = 27.5 ms) and XI (T4
= 447 ms) yields a value of 1.08 for Fyyx; according to Eq.
3. The value of Fyx; implies that the peak intensity of the
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Table 1. Compositions of Form VIII and XI Mixtures of DLV-M Determined Using '*C Resonances (Either the Peak Area or the Peak Height
as Indicated) and the Statistical Information of the Linear Least Square Analysis

Mixture Wyn™* (%) Wyn"™R (%) Wyn™® (%) Won™® (%) Wy™® (%)
Reference Figure 4 Figure 4 not shown not shown
Method Avi/Ax® Hyp/Hy,” Ay Avigs xi” Hyy/Hy+ xi

2.0 2.7 2.7 2.2 2.6

3.0 2.8 2.8 3.0 33

5.0 5.4 5.4 4.8 6.3

10.0 94 10.2 9.1 11.8

15.0 14.5 15.6 14.2 185

19.9 20.2 20.3 19.9 248

250 24.0 24.0 24.4 26.4

50.0 487 50.5 48.9 54.0
intercept (%) 0.112 0.239 —0.092 1.074
slope 0972 0.998 0.979 1.072
SD of slope 0.026 0.035 0.026 0.080
R? 0.999 0.998 0.999 0.994
ESD (%) 0.444 0.601 0.389 1.371

@ A: the '3C resonance peak area.
¢ H: the "*C resonance peak height.

methyl group of form XI is substantially greater than the
peak intensity of the counterpart of form XII on an equal
mole basis.

The CP/MAS NMR spectra of these mixtures are shown
in Figure 5. The diagnostic peaks of form XII (19.1 ppm and
21.2/22.2 ppm) (vide supra) are close to the diagnostic peaks
of form XI (20.2 ppm and 23.9 ppm), and they are not fully
resolved in the spectra of the mixtures. In particular, the carbon
resonances of form XII are not directly observable even at
moderate concentrations in the mixtures (<20%) (Figure 5).
Only at relatively high concentrations (>20% form XII), do
the 19.1 and 21.2/22.2 ppm resonances of form XII appear as
shoulders on the sides of the dominant 20.2 and 23.9 ppm peaks
(form XI). Therefore, a different approach was developed to
extract form XII peak intensities. A difference spectrum was
obtained by subtracting the spectrum of pure form XI (Figure
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Fig. 4. The mixture composition, expressed as wy;;"™R (%), represent-
ing the mole fraction of form VIII in its mixtures with form XI, plotted
against the mass fraction of form VIII, wyy™*. The compositions are

determined utilizing either the peak area () or the peak height (0).

1A) from each spectrum of the mixture (Figure 5). Difference
spectra are shown in Figure 6 and exhibit characteristic features
of pure form XII (being a criterion for adjustment of the subtrac-
tion) provided that form XI peaks are exactly cancelled out.
Similar to form VIII and XI mixtures, the “visual” detection
limit of form XII in the dominant form XI environment using
3C CP/MAS NMR is about 3% (Figure 6) due to the SBR
limit (S/N =~ 2).

Determination of the mixture composition is, therefore,
obtained through measurements of the peak area of 19.1 ppm
in the difference spectra (Figure 6), representing the amount of
form XII, and measurements of the peak area of 20.2 ppm in
the original spectra of the mixture (Figure 5), which inevitably
includes the contribution of 19.1 ppm resonance and represents
the total amount of DLV-M. The mixture composition deter-
mined by NMR is defined as wx;"MR (%), representing the
mole fraction of form XII, and obtained by using a slightly
different analytical procedure:

WAMR = —-—Al&'—— 100%
X M%y + MY
Fxumilxn
= 100%
Fximlxn + Ixy
L
=~ Fypmr| = ]100% )
Larexa

where the subscripts, XII and XI, are referred to forms XII and
XI, respectively. Eq. 5 is an extension of Eq. 2, which correlates
MO /(M%;; + M%) with the measurable peak intensity ratio,
Ixu/(lxu + x[). Notice that the term FX[I/XI (: 1 08) that appears
in the denominator is treated as unity for simplification. In
principle, this simplification may only introduce significant
errors of the quantitation at high concentrations of form XII
(>25%). The values of wy"MR, thus obtained, are reported in
Table 2; the absolute quantitation error was usually within 2%.
A linear least square analysis yields a slope of 0.955 * 0.092,
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Fig. 5. '°C CP/MAS NMR spectra of form XII and XI mixtures with the mass fraction of form X1I indicated. Spectra
were obtained using contact time = 2 ms; spinning rate = 4.5 kHz; and scan number = 640.

an intercept of 0.258%, and the coefficient of determination
R? = 0.993.

The utilization of peak heights for quantitation was also
examined. Again, the 19.1 ppm peak height observed in the
difference spectra (Figure 6) represented the amount of form
XII, whereas the 20.2 ppm peak height in the original spectra
of the mixtures (Figure 5) represented the amount of form XI,

rather than the total amount of DLV-M. This condition applied
because the two resonances were reasonably resolved, and their
peak heights did not significantly interfere with each other.
This approach eliminated tedious peak area measurements with
less operator dependent baseline determination and phase
adjustment (vide infra). However, the 19.1 ppm resonance of
form XII is slightly broader than the 20.2 ppm resonance of
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Fig. 6. Difference '*C CP/MAS NMR spectra of form XII and XI mixtures with the mass fraction
of form XII indicated. These spectra were obtained by subtracting the spectrum of form XI (Figure
1A) from the corresponding CP/MAS NMR spectra of the mixtures shown in Figure 5. Note that

different scales are used.

form XI, primarily assumed to result from differences in crystal
packing (14). Therefore, the peak height ratio was not equivalent
to the peak area ratio. A proportionality constant, k, was empiri-
cally determined using Eq. 6 that correlated the peak height
ratio with the peak area ratio for the pair of resonances of forms
XII and XI:

AXI HXI

where A refers to the peak area and H the peak height. The
constant k was essentially an indicator reflecting the relative
broadness of the pair of resonances. The value of k (= 1.074)
was best obtained from the measurements of both peak areas
and peak heights observed in the difference spectra of form XI
(not shown) and form XII (Figure 6), respectively, from the
49.7% mixture spectrum. Assuming k remains essentially

unchanged in all these mixtures, values of wy;NMR were

obtained using Eq. 2, 4, and 6, and are also reported in Table
2. Applying linear least square fit of wx;"MR vs. wy™* gave
a slope of 0.960 * 0.067, an intercept of 0.331%, and a coeffi-
cient of determination R? of 0.996.

Alternatively, peak heights of the 22.2 ppm resonance
(form XII) and the 23.9 ppm resonance (form XI) can also be
used for quantitation. These results are also reported in Table
2 for comparison. This approach gave similar result with compa-
rable precision (linear least square fit: slope = 0.963 * 0.071,
intercept = 0.742%, and R? = 0.996).

Quantitation Errors

Errors in quantitative analysis using '*C CP/MAS NMR
can arise from several sources excluding the experimental
errors: (i) poor signal-to-noise (s/n) ratios, especially for the
low concentrations of minor polymorphic form in the mixtures;
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Table 2. Compositions of Form XII and XI Mixtures of DLV-M Deter-
mined Using *C Resonances (Either the Peak Area or the Peak Height
as Indicated) and the Statistical Information of the Linear Least Square

Analysis

wxumass WX"NMR WXuNMR Wx"NMR

Mixture (%) (%) (%) (%)
Method Axu/Axu+xi® Hy/Hx,” Hy/Hy P

1.9 —_ —_ —

3.0 3.6 3.0 33

5.0 5.8 49 5.7

9.9 9.7 99 9.6

149 11.9 13.3 15.5

19.9 20.7 21.0 19.0

249 23.7 25.0 26.7

49.7 48.0 475 48.0
intercept(%) 0.258 0.331 0.742
slope 0.955 0.960 0.963
SD of slope 0.092 0.067 0.071
R? 0.993 0.996 0.996
ESD (%) 1.398 1.021 1.082

4 A: the "*C resonance peak area.
b H: the '*C resonance peak height.

(ii) improper phase adjustment; and (iii) improper baseline
correction.

Poor s/n may be partially compensated by extensive signal
averaging with a relatively large number of accumulated scans
(>1000) (20). Although the s/n of the '>C CP/MAS NMR
spectrum may be slightly improved by acquiring significantly
more scans, the visual detection limit (ca. 2-3%) of the minor
form in the two cases seems not affected.

Although peak area, in principle, best represents the inten-
sity and, therefore, the analytical quantity, peak area is often
greatly affected by the phase adjustment and baseline correction,
which are usually subjective and operator dependent. Phase
adjustment is a critical element, especially for computing the
difference spectra. A statistical average of several measurements
(n = 3) of the same peak area, which involve different degree
of plot expansion and base line correction, usually minimizes
subjectivity and improves quantitative precision. However,
experience suggests that measurement of the peak height
appears to be less sensitive to the phase adjustment than the
peak area. Furthermore, peak height measurements are more
straightforward and probably less operator-dependent than peak
area measurements. Conversely, peak height based quantitation
may yield results with somewhat lower precision. Errors in
measurements of the peak area or peak height are the key source
of quantitation error. Partially because (ii) and (iii) are more
difficult to control over a wide region of the spectrum, reason-
able quantitative results are best obtained by selecting well-
resolved resonances of the same type within a limited spectral
region and using the peak height if appropriate.

Statistical results of the linear least squares analyses for
all quantitation results discussed above are summarized in
Tables 1-2. The estimated standard deviation of the linear least
squares analysis, ESD, is defined by Eq. 7:

MR _ esn2 2
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The sum extends over n observations; wN™R is the composition
determined by NMR; and w** is the estimated fraction by the
linear least squares fit for each mixture. The ESD term provides
a gross overall estimate of the precision regarding the quantita-
tion using *C CP/MAS NMR. In addition, ESD term appears
to have a larger capacity to differentiate the quality of the fit
of different analytical approaches than other statistical terms.

Comparing the ESDs reported in Table 1 for the quantitation
of forms VIII and XI mixtures, similar ESDs of wy"MR (0.44
to 0.60%) were achieved using either the peak area ratio or the
peak height ratio for the 17.3/20.2 ppm pair of resonances, repre-
senting Iyvi/Ix;. A larger ESD (1.37%) was obtained when the
peak height ratio for the pair of 17.3/23.9 ppm, representing Hyyy/
(Hvimex1), was used for quantitation; a smaller ESD (0.38%) was
obtained using the peak area of the same peaks. These results
suggest that better precisions can be achieved using peak area
measurements. However, for quantitations of forms XII and XI
mixtures, a slightly larger ESD (1.40%) is observed using the
peak area compared to the ESDs (1.02-1.08%) using the peak
height (Table 2). The difference in this case was presumably
attributed to the overlapping of resonances of the two forms,
causing larger errors in peak area measurements due to spectral
subtraction inefficiency. In such cases, measurements of peak
height appear to provide better precision than measurements of
peak area due to less subjectivity. In general, the ESDs of the
quantitation of forms XII and XI mixtures (Table 2) are two to
three fold larger compared to the ESDs of the quantitation of form
VIII and XI mixtures (Table 1) using the same approach. This is
most likely attributed to the two factors: (i) the interference of
the intensity measurement of analytical peaks due to substantial
overlapping, and (ii) the dramatically different relaxation times
between the two components.

Empirical detection limit using 3*C CP/MAS NMR in these
two cases was estimated to be 2-3%. Assuming that the detection
is limited by background noise, the detection limit, DL (w/w, %),
of form VII, or form XII, in a form XI dominated environment
can be calculated by the SBR/RSDB(relative standard derivation
of the background) analysis (21):

Go

D; = k-0.01-RSDB SBR ®)
Where RSDB is expressed as a percentage and SBR is associated
with concentration Cy yielding a net analyte signal. In this work,
SBR =~ 2 was used when C; =~ 2% (form VIII), or 3% (form
XII), and RSDB =~ 30%; k = 3 was used as generally recom-
mended (21). Thus, the calculated detection limit was 1% for form
VI, or 1.5% for form X1I, which was in reasonable agreement
with the “visual” detection limits.

CONCLUSIONS

This study demonstrates that '*C CP/MAS NMR has the
ability to differentiate pharmaceutical polymorphs and pseu-
dopolymorphs, and to quantitate reliably the relative amounts of
each form in their mixtures in a rapid and non-destructive manner.
The greatest advantage of this technique lies in the unambiguous
identification of the minor pelymorphic or pseudopolymorphic
form in the dominant environment of the other form with empirical
detection limits about 2-3%. Based upon the cross-polarization
and relaxation kinetics considerations, appropriate analytical pro-
cedures were developed for '*C CP/MAS NMR. Quantitative
results using *C intensities indicate a linear correlation with the
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mass fractions of these mixtures over a wide concentration range
(2-50% of the minor form). In this application, no calibration
efforts are needed; however, a reliable measurement of NMR
relaxation times (T,u, Tiw) and heteronuclear CP rate constant
(Tcn) is a critical requirement of the method. The analytical proce-
dure for C CP/MAS NMR developed in this study may be
generally applicable for quantitative analysis of pharmaceutical
solid mixtures (i.e., bulk drugs, dosage forms), provided that dis-
tinctly resolved NMR resonances of each form are observed and
their relaxation behaviors are well characterized.
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