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Review

Solid-State Nuclear Magnetic Resonance Spectroscopy: Theory
and Pharmaceutical Applications

David E. Bugay'

The theory of solid-state nuciear magnetic resonance (NMR) spectroscopy is reviewed, with specific
discussions of magnetic interactions in the solid state. Each magnetic interaction (Zeeman, dipole~
dipole, chemical-shift, spin—spin, and quadrupolar) is addressed and manifestations of these interac-
tions in the solid state NMR spectrum are explained. The techniques of high-power decoupling,
magic-angle spinning, and cross-polarization, used to acquire highly resolved solid-state NMR spectra,
are also illustrated. Application of solid-state NMR to pharmaceutical problem solving and methods
development is then briefly reviewed.

KEY WORDS: solid-state nuclear magnetic resonance spectroscopy; cross-polarizatvion/magic-angle
spinning (CP/MAS); theory and pharmaceutical applications.

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy in
pharmaceutical research has been used primarily in a clas-
sical, organic chemistry framework. Typical studies have
included (a) the structure elucidation of compounds, (b) in-
vestigating the chirality of drug substances, (c) the determi-
nation of cellular metabolism, and (d) protein studies, to
name but a few. In each case, solution phase NMR has been
utilized. Although ~90% of the pharmaceutical products on
the market exist in the solid form, solid-state NMR is in its
infancy as applied to pharmaceutical problem solving and
methods development.

Drugs may exist in more than one polymorphic form (1).
These forms sometimes display significant differences in sol-
ubility, bioavailability, processability, and physical/chemical
stability (2). The study of the solid state of a pharmaceutical
compound must take place not only at the bulk level, but
also in the dosage form. Sometimes the extreme conditions
of processing the formulation into the dosage form can alter
the solid (3) or increase its interaction with excipients (4).
Therefore, solid-state analytical techniques are important to
characterize pharmaceutical solids.

With recent advances in NMR hardware and software
development, the acquisition of high-resolution, multinu-
clear NMR spectra of pharmaceutical solids is now possible.
Some of the advantages that exist for NMR in the solution
phase exist in the solid state as well. Unfortunately, the
same solution-phase disadvantages exist for solid-state
NMR, in addition to the fact that magnetic interactions are of
a much larger magnitude in the solid state than in the solu-
tion phase. However, these disadvantages may be overcome
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by specific data acquisition techniques which yield highly
resolved solid-state NMR spectra. Solid-state NMR is a non-
destructive, multinuclear technique that has the ability to
probe the chemical environment of each nucleus. Addition-
ally, it is a quantitative technique that may be used in con-
junction with other solid-state techniques such as thermal
gravimetric analysis, microscopy, infrared spectroscopy,
differential scanning calorimetry, and X-ray diffraction tech-
niques (single crystal and powder) for the investigation of
pharmaceutical solids.

This Review provides a basis of theory for solid-state
NMR, in addition to a brief review of current pharmaceutical
applications.

SOLID-STATE NMR THEORY

Conventional utilization of solution-phase NMR data
acquisition techniques on solid samples yields broad, fea-
tureless spectra (Fig. 1A). The broad nature of the signal is
due primarily to dipolar interactions, which do not average
out to zero in the solid state, and chemical shift anisotropy
(CSA), which again is a function of the fact that our com-
pound of interest is in the solid state. Before one describes
the two principal reasons for the broad, featureless spectra,
it is important to understand the main interactions that a
nucleus with a magnetic moment experiences when situated
within a magnetic field in the solid state. In addition, mani-
festations of these interactions in the solid-state NMR spec-
trum need to be discussed.

The principal interaction is the Zeeman interaction
(H,), which describes the interaction between the magnetic
moment of the nucleus and the externally applied magnetic
field, B, (tesla). The nuclear magnetic moment, p (ampere
meter?), is proportional to the nuclear spin quantum
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Fig. 1. Solid-state >C NMR spectra of didanosine (VIDEX—ddI)
acquired by (A) conventional solution-phase pulse techniques, (B)
high-power proton decoupling only, (C) high-power proton decou-
pling and magic-angle spinning (5 kHz), and (D) high-power proton
decoupling combined with magic-angle spinning (MAS) and cross-
polarization (CP). In each case, 512 scans were accumulated.

number (I) and the magnetogyric ratio (y; radian tesla ™'

second '), Eq. (1). Thus, the Zeeman interaction occurs
only with nuclei which possess a spin greater than zero and
yields 21 + 1 energy levels of separation v, = yBy/2w. Equa-
tion (2) describes the Hamiltonian where v, is the corre-
sponding Larmor frequency. The interaction is linear with
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the applied magnetic field, thus giving the impetus to man-
ufacture higher-magnetic field spectrometers, since a larger
separation of energy levels leads to a greater population dif-
ference and a subsequent increase in the signal-to-noise ratio
(S/N) within the measured spectrum. Since the Zeeman in-
teraction incorporates the magnetogyric ratio, a constant for
each particular nucleus, the resonant frequency for each nu-
cleus is different at a specific applied magnetic field (Table
I). The magnitude of the Zeeman interaction for a *C nu-
cleus in a 5.87-T magnetic field is 62.8 MHz. Small pertur-
bations to the Zeeman effect are produced by other interac-
tions such as dipole-dipole, quadrupolar, shielding, and
spin-spin coupling. Typically, these small perturbations are
less than 1% (<600 kHz) of the Zeeman interactions, which
range in frequency from 10° to 10° Hz.

Dipole~dipole interaction is the direct magnetic cou-
pling of two nuclei through space. This interaction may in-
volve two nuclei of equivalent spin, or nonequivalent spin,
and is dependent upon the internuclear distance and dipolar
coupling tensor. Additionally, the total interaction, labeled
Hyp,, is the summation of all possible pairwise interactions
(homo- and heteronuclear). It is important to note that the
interaction is dependent on the magnitude of the magnetic
moments which is reflected in the magnetogyric ratio and on
the angle (8) that the internuclear vector makes with B,.
Therefore, this interaction is significant for spin Y2 nuclei
with large magnetic moments such as 'H and °F. Also, the
interaction decreases rapidly with increasing internuclear
distance (r), which generally corresponds to contributions
only from directly bonded and nearest neighbor nuclei.
Equation (3) describes the dipolar interaction for a pair of
nonequivalent, isolated spins I and S. Since the dipolar cou-
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pling tensor, D, contains a (1 — 3 cos? 8) term, this interac-
tion is dependent on the orientation of the molecule. In so-
lution-phase studies where the molecules are rapidly tum-
bling, the (1 — 3 cos? 8) term is integrated over all angles of
6 and subsequently disappears. Within solid-state NMR, the
molecules are fixed with respect to By, thus the (1 — 3 cos®
6) term does not approach zero. This leads to broad reso-
nances within the solid-state NMR spectrum since dipole—
dipole interactions typically range from 0 to 10° Hz in mag-
nitude.

In the case of pharmaceutical solids which are domi-
nated by carbon and proton nuclei, the dipole—dipole inter-
actions may be simplified. The carbon and proton nuclei may
be perceived as ‘‘dilute’” and ‘‘abundant’” based upon their
isotopic natural abundance, respectively (Table I). Homo-
nuclear "*C-3C dipolar interactions essentially do not exist
because of the low concentration of 1*C nuclei (natural abun-
dance of 1.1%). On the other hand, 'H-'*C dipolar interac-
tions contribute significantly to the broad resonances, but
this heteronuclear interaction may be removed through sim-
ple high-power proton decoupling fields, similar to solution-
phase techniques.
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Table I. NMR Frequency Listing
Sensitivity NMR frequency (MHz) at a field (T) of
Natural

Isotope Spin abundance Rel.? Abs.? 2.35 5.87 11.74
1H 723 99.98 1.00 1.00 100.00 250.00 500.00
2H 1 1.5 x 1072 9.65 x 1073 1.45 x 1075 15.35 38.38 76.75
10 B 3 19.58 1.99 x 102 3.90 x 1073 10.75 26.87 53.73
11B 32 80.42 0.17 0.13 32.08 80.21 160.42
13C ¥ 1.11 1.59 x 1072 1.76 X 107* 25.14 62.86 125.72
14 N 1 99.63 1.01 x 1073 1.01 x 1073 7.22 18.06 36.12
15N 2 0.37 1.04 x 1073 3.85 x 10°¢ 10.13 25.33 50.66
170 512 3.7 x 1072 2.91 x 1072 1.08 x 1073 13.56 33.89 67.78
19F Y2 100.00 0.83 0.83 94.08 235.19 470.39
23 Na 32 100.00 9.25 x 1072 9.25 x 1072 26.45 66.13 132.26
25 Mg 5/2 10.13 2,67 x 1073 271 x 1074 6.12 15.30 30.60
27 Al 52 100.00 0.21 0.21 26.06 65.14 130.29
29 Si 173 4.7 7.84 x 1073 3.69 x 1074 19.87 49.66 99.33
3P Y 100.00 6.63 x 1072 6.63 x 1072 40.48 101.20 202.40
338 3/2 0.76 2.26 x 1073 1.72 x 107° 7.67 19.17 38.35
35C1 32 75.53 470 x 1073 3.5 x 1073 9.80 24.50 48.99
37 Cl 32 24.47 271 x 1073 6.63 x 1074 8.16 20.39 40.78
39K 32 93.1 5.08 x 107* 473 x 1074 4.67 11.67 23.33
41 K 3/2 6.88 8.40 x 1077 5.78 x 10~¢ 2.56 6.40 12.81
43 Ca 7/2 0.145 6.40 x 1073 9.28 x 10~¢ 6.73 16.82 33.64
67 Zn 52 4.11 2.85x 1073 1.17 x 107¢ 6.25 15.64 31.27
79 Br 32 50.54 7.86 x 1072 3.97 x 1072 25.05 62.63 125.27
81 Br 32 49.46 9.85 x 1072 4.87 x 1072 27.01 67.52 135.03
127 1 52 100.00 934 x 1072 9.34 x 1072 20.00 50.02 100.04
195 Pt 73 33.8 9.94 x 1073 336 x 1073 21.50 53.75 107.50

2 Determined for an equal number of nuclei at a constant field.
% Product of the relative sensitivity and natural abundance.

The three-dimensional magnetic shielding by the sur-
rounding electrons is an additional interaction that the nu-
cleus experiences in either the solution or the solid state.
This chemical shift interaction (Hcg) is the most sensitive
interaction to changes in the immediate environment of the
nucleus and provides the most diagnostic information in a
measured NMR spectrum. The effect originates from the
small magnetic fields that are generated about the nucleus by
currents induced in orbital electrons by the applied field.
These small perturbations upon the nucleus are reflected in
a change in the magnetic field experienced by the nucleus.
Therefore, the field at the nucleus is not equal to the exter-
nally applied field and hence the difference is the nuclear
shielding, or chemical shift interaction [Eq. (4)]. It is impor-
tant to note the orientation dependence of the shielding con-
stant, o, and the fact that shielding is proportional to the
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applied field, hence the need for chemical shift reference
materials such as tetramethylsilane.

Solution-state NMR spectra yield “‘average’ chemical
shift values which are characteristic of the magnetic envi-
ronment for a particular nucleus. The average signal is due to
the isotropic motion of the molecules in solution. In other
words, B, ‘‘sees” an average orientation of a specific nu-
cleus. For solid-state NMR, the chemical shift value is also
characteristic of the magnetic environment of a nucleus, but
normally, the molecules are not free to move. It must be kept
in mind that the shielding will be characteristic of the nucleus

Hqg = 'ylhf - g -Eo

in a particular orientation of the molecule with respect to B,
Therefore, a specific functional group oriented perpendicu-
lar to the magnetic field will give a sharp signal characteristic
of this particular orientation (Fig. 2A). Analogously, if the
functionality is orientated parallel to B, then a sharp signal
characteristic of that orientation will be observed (Fig. 2B).
For most polycrystalline pharmaceutical samples, a random
distribution of all orientations of the molecule will exist. This
distribution produces all possible orientations and is thus
observed as a very broad NMR signal (Fig. 2C). The mag-
nitude of the chemical shift anisotropy is typically between 0
and 10° Hz.

Two additional interactions experienced by the nucleus
in the solid state are spin—spin couplings to other nuclei and
quadrupolar interactions, which involve nuclei of spin
greater than %. Spin-spin (Hgc), or J coupling, originates
from indirect coupling between two spins by means of their
electronic surroundings and are several orders of magnitude
smaller (possibly 0-10° Hz, typically only several kHz) than
dipole interactions. Although J coupling interactions occur

He=17-§ ®)

in both the solid and the solution state, these couplings are
typically used in solution-phase work for conformational
analysis (5). Quadrupolar interactions (Hy,) arise from dipo-
lar coupling of quadrupolar nuclei, which display a non-

Ho=1-0-T ©6)

spherically symmetrical field gradient, with nearby spin-¥2
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Fig. 2. Schematic representation of the >*C NMR signal of a single
crystal containing the functional group A-B, oriented (A) perpen-
dicular to the applied field and (B) paralle! to the applied field. The
lineshape in (C) represents the NMR signal of a polycrystalline sam-
ple with a random distribution of orientations yielding the chemical
shift anisotropy pattern displayed.

nuclei. The magnitude of the interaction is dependent upon
the relative magnitudes of the quadrupolar and Zeeman in-
teractions and may completely dominate the spectrum (0-10°
Hz), but since pharmaceutical compounds are primarily hy-
drocarbons, quadrupolar interactions typically do not inter-
fere.

Summarizing the interactions, the isotropic motions of
molecules in the solution state yield a discrete average value
for the scalar spin—spin coupling and chemical shift interac-
tions. For the dipolar and quadrupolar terms, the average
obtained is zero, and the interaction is not observed in so-
lution-phase studies. In sharp contrast, interactions in the
solid state are orientation dependent, subsequently produc-
ing a more complicated spectrum, but one that contains
much more information. In order to yield highly resolved,
““solution-like” spectra of solids, a combination of three
techniques is used: dipolar decoupling (6), magic-angle spin-
ning (7,8), and cross-polarization (9). The remaining portion
of this section discusses the three techniques and their sub-
sequent effect upon measured spectra of pharmaceutical
compounds which are dominated by carbon nuclei.

Dipolar Decoupling

Discussed earlier was the fact that high-powered proton
decoupling fields can eliminate the heteronuclear 'H-'C di-
polar interactions that may dominate a solid-state NMR
spectrum. The concept of decoupling is familiar to the solu-
tion-phase NMR spectroscopist but needs to be expanded
for solid-state NMR studies. In solution-phase studies, the
decoupling eliminates the scalar spin-spin coupling, not the
dipole-dipole interactions (this averages out to zero due to
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isotropic motions of the molecules). Irradiation of the sam-
ple at the resonant frequency of the nucleus to be decoupled
(B, field) causes the z component of the spins to flip rapidly
compared to the interaction one wishes to eliminate. Scalar
interactions usually require 10 W of decoupling power or
less. In pharmaceutical solids work, decoupling is used pri-
marily to remove the heteronuclear dipolar interactions be-
tween protons and carbons. The magnitude of the dipolar
interaction (~50 kHz) usually requires decoupling fields of
100 W and subsequently removes both scalar and dipole in-
teractions. Even with the use of high-power decoupling,
broad resonances still remain, due principally to chemical
shift anisotropy (Fig. 1B).

Magic-Angle Spinning

Molecules in the solid state are in fixed orientations with
respect to the magnetic field. This produces chemical shift
anisotropic powder patterns for each carbon atom since all
orientations are possible (Fig. 2). It was shown as early as
1958 that rapid sample rotation of solids narrowed dipolar-
broadened signals (7). A number of years later, it was rec-
ognized that spinning could remove broadening caused by
CSA vyet retain the isotropic chemical shift (8).

The concept of magic-angle spinning arises from the un-
derstanding of the shielding constant, o [Eq. (4)]. This con-
stant is a tensor quantity and, thus, can be related to three
principal axes where g; is the shielding at the nucleus when

3
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B, aligns along the ith principal axis, and 8, is the angle this
axis makes with B,. Under conditions of mechanical spin-
ning, this relationship becomes time dependent and a (3 cos?
6 — 1) term arises. By spinning the sample at the so-called
““magic angle’’ of 54.7°, or 54°44', this term becomes zero
and thus removes the spectral broadening due to CSA (Fig.
1C), providing that the sample rotation (kHz) is greater than
the magnitude of the CSA (kHz).

CSA may range from 0 to 20 kHz so our spin rates must
exceed this value or spinning side bands are observed. Fig-
ure 3A displays the solid-state >!P NMR spectrum of fosino-
pril sodium (Monopril), a novel ACE inhibitor (10), acquired
under proton decoupling and static spinning conditions. At a
relatively low spin rate of 2.5 kHz, broadening due to CSA is
removed and the center band and side bands appear (Fig.
3B). As the sample is spun at higher rates (Figs. 3C and D),
the side bands become less intense and move out from the
center band. Even at a spin rate of 6 kHz (maximum spin
rate for the probe/instrument used), the CSA is not com-
pletely removed (Fig. 3E). Although fast enough spin rates
may not be achieved to remove CSA totally for specific com-
pounds, slower than optimal rates will still narrow the reso-
nances. Spinning side bands, at multiples of the spin rate,
will complicate the spectrum, but they can be easily identi-
fied by varying the spin rate and observing which signals
change in frequency. In addition, specific pulse sequences
may be used to minimize the spinning side bands (11). While
increasing the magnetic field strength increases the signal-
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Fig. 3. Solid-state >'P NMR spectra of fosinopril sodium acquired
under single-pulse, high-power proton decoupling and various con-
ditions of magic-angle spinning: (A) static, (B) 2.5 kHz, (C) 4.0 kHz,
(D) 5.0 kHz, and (E) 6.0 kHz. The isotropic chemical shift is des-
ignated by an asterisk.

to-noise ratio (Zeeman interaction), it also increases the
CSA, since this interaction is field dependent [Eq. (4)]. Uti-
lizing today’s high-field spectrometers (>4.7 T), spinning
side bands may exist but can be identified and used to gain
additional information or be potentially eliminated if neces-
sary.

The techniques of magic-angle spinning and heteronu-
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clear dipolar decoupling produce solid-state NMR spectra
which approach the linewidths and appearance of solution-
phase NMR spectra. Unfortunately, there is an inherent lack
of sensitivity in the general NMR experiment because of the
nearly equivalent population of the two spin states for spin-
¥ nuclei. In addition, the sensitivity of the experiment is
decreased with pharmaceutical compounds since they are
composed primarily of carbon atoms where the *C observ-
able nuclei have a natural abundance of only 1%. The long
relaxation times of specific carbon nuclei also pose a prob-
lem since quick, repetitive pulsing cannot occur. The tech-
nique of cross-polarization provides a means of both signal
enhancement and reduction of long relaxation times.

Cross-Polarization

The concept of cross-polarization as applied to solid-
state NMR was implemented by Pines et al. (9). A basic
description of the technique is the enhancement of the mag-
netization of the rare spin system by transfer of magnetiza-
tion from the abundant spin system. Typically, the rare spin
system is classified as '*C nuclei and the abundant system as
"H spins. This is especially the case for pharmaceutical sol-
ids and the remaining discussion of cross-polarization fo-
cuses on these two spin systems only.

Figure 4 describes the cross-polarization (CP) pulse se-
quence and the behavior of the 'H and *C spin magnetiza-
tions during the pulse sequence in terms of the rotating frame
of reference (12). Step 1 of the sequence involves rotation of
the proton magnetization onto the y' axis by application of a
90° pulse (rotating-frame magnetic field B,). Subsequent
spin-locking occurs along y’ by an on-resonance pulse along
y' for a specific period of time, z. At this point, a high degree
of proton polarization occurs along B,y which will decay
with a specific time referred to as T, . As the "H spins are
locked along y’, an on-resonance pulse, B,, is applied to the
13C spins. The '3C spins are also ‘‘locked’’ along y’ and
decay with the time T ¢, (step 2). By correctly choosing the
magnitude of the spin-locking fields B,y and B,(, the Hart-
mann-Hahn (13) condition [Eq. (8)] will be satisfied and
transfer of magnetization will occur from the 'H spin reser-
voir to the '>C spin reservoir.

Y1y Biu = Y13, B¢ )

Once this equality is obtained by the correct spin-locking
fields, the dilute '>C spins will take on the characteristics of
the more favorable 'H system. In the end, a maximum mag-
netization enhancement equal to the ratio of the magnetogy-
ric ratios may be achieved (yg/vc). Once the carbon magne-
tization has built up during this ‘‘contact period’’ (¢), B,¢ is
switched off and the carbon free induction decay recorded
(step 3). During this data acquisition period, the proton field
is maintained for heteronuclear decoupling of the 'H-">C
dipolar interactions. Step 4 involves a standard delay period
in which no pulses occur and the two spin systems are al-
lowed to relax back to their equilibrium states.

The entire CP pulse sequence provides two advantages
for the solid-state NMR spectroscopist: significant enhance-
ment of the rare spin magnetization and reduction of the
delay time between successive pulse sequences since the
rare spin system takes on the relaxation character of the
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Fig. 4. The top diagram represents the pulse sequence for the cross-polarization
experiment, whereas the bottom diagram describes the behavior of the 'H and *C
spin magnetizations during the sequence. The steps in the two diagrams corre-

spond to each other and are fully explained in the text.

abundant spin system. Signal enhancement (magnetization
enhancement) for less sensitive nuclei is immediately appar-
ent from the CP process. Less obvious is the fact that the
rare spin system signal is not dependent on the recycle time
in step 4 (regrowth of carbon magnetization), but on the
transfer process in step 2 and the relaxation behavior of the
proton spin system in step 4. Since the single spin lattice
relaxation time of the proton system is typically much
shorter than the carbon system (1’s to 10’s versus 100’s of
seconds), the delay time is much shorter. This corresponds
to a greater number of scans per unit time yielding better
S/N.

Throughout the cross-polarization pulse sequence, a
number of competing relaxation processes are occurring si-
multaneously. The recognition and understanding of these
relaxation processes are critical in order to apply CP pulse
sequences for quantitative solid-state NMR data acquisition
or ascertaining molecular motions occurring in the solid
state.

Relaxation

Familiar to most chemists is the notion of spin-lattice
relaxation (14). Labeled as 7T,, the spin-lattice relaxation
time is defined as the amount of time for the net magnetiza-
tion (M) to return to its equilibrium state (M,) after a spin
transition is induced by a radiofrequency pulse. The “‘lat-
tice’’ term originates from the idea that the spin system gives
up energy to its surroundings as it tries to reestablish spin

oy 1 ,
at_Tl(Z o) )]

equilibrium. The process of transferring spin energy to other
modes of energy may be classified as relaxation mechanism.
For 7, in solids, all of the following mechanisms may con-

tribute: dipole—dipole (T,pp), spin rotation (T,5g), quadru-
polar (T,q), scalar (T;5¢c), and chemical shift anisotropy
(T,csa)- The simple inversion-recovery pulse sequence may
be used to measure T, times for solid-state samples (15). In
the use of simple high-powered decoupling, single-pulse se-
quences for quantitative NMR studies, the inversion-
recovery pulse sequence may be used to determine 7,’s of
interest. A multiple of five times 7, may then be incorpo-
rated as the recycle time between successive pulses assuring
sufficient time for the magnetization to return to equilibrium.
In this way, the NMR signal observed is truly representative
of the number of nuclei producing it.

To understand the cross-polarization process, two other
rate processes must be defined: (a) spin-lattice relaxation in
the rotating frame (7',,) and (b) the cross-polarization relax-
ation time (T¢y). The spin-lattice relaxation in the rotating
frame characterizes the decay of magnetization in a field B,
which is normally much smaller than the externally applied
field B,. In steps 1 and 2 of the CP sequence (Fig. 4), the
carbon and proton spin systems are locked by the applica-
tion of fields B,;; and B, and each system decays with its
characteristic time. Figure 5 represents a thermodynamic
model for the relaxation processes during CP. During con-
tact between the two spin systems, magnetization is trans-
ferred at the rate Ty;. Since competing relaxation processes
are occurring, the following conditions must be met to obtain
a spectrum by CP: T\ > Ty = Ty ,5 > CP time > Ty It
is apparent that for quantitative NMR studies of solids by
CP, the individual relaxation processes must be measured to
assure that the signal is truly proportional to the amount of
species present.

With an understanding of magnetic interactions in the
solid state, inherent relaxation processes, and experimental
techniques to overcome these difficulties, Schaefer et al.
acquired the first “‘liquid-like’” NMR spectrum of a solid by
CP/MAS techniques (16). Before a review of recent applica-
tions of CP/MAS NMR to the pharmaceutical sciences, the
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brief Experimental section details some important informa-
tion regarding practical solid-state NMR.

EXPERIMENTAL

Manufacturers of today’s modern NMR spectrometers
normally offer a number of different models of instruments
that are capable of measuring solid-state NMR spectra. Usu-
ally, a dedicated solid-state NMR instrument is available
along with solution-phase models which are capable of solids
work with the purchase of an additional solids accessory
package. For any pharmaceutical company that is contem-
plating the purchase of an NMR for solids work, it is this
author’s opinion that a dedicated solid-state NMR instru-
ment be purchased. Although this is not the venue to discuss
the criteria for purchasing a solid-state NMR instrument, it is
appropriate to comment briefly on instrumentation, types of
samples that may be investigated, and a series of standard
compounds that may be used for spectral referencing, MAS
setting, and optimization of cross-polarization.

The basic components of the solid-state spectrometer
are the same as the solution-phase instrument; data system,
pulse programmer, observe and decoupler transmitters,
magnetic system, and probes. In addition, high-power am-
plifiers are required for the two transmitters and a pneumatic
spinning unit to achieve the necessary spin rates for MAS.
Normally, the observe transmitter for >*C work requires
broadband amplification of approximately 400 W of power
for a 5.87-T, 250-MHz instrument. The amplifier should have
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triggering capabilities so that only the radiofrequency (rf)
pulse is amplified. This will minimize noise contributions to
the measured spectrum. So that the Hartmann-Hahn condi-
tion may be achieved, the decoupler amplifier must produce
an rf signal at one-fourth the power level of the observe
channel for carbon work.

Any spectrometer system capable of doing complicated
two-dimensional NMR work will have a sufficient data sys-
tem and pulse programmer. The selection of the magnetic
field strength is probably the hardest decision in the pur-
chase process. Sensitivity and resolution improve with in-
creasing field strength, yet spinning side bands are more
prevalent. The intended use of the spectrometer system
must be considered in the decision process for the correct
magnetic field strength. The probes for solid-state NMR
work are much different than their solution-phase counter-
parts. The typical solid-state NMR probe includes the stan-
dard irradiation and receiver electronics for the experiment,
yet must include the hardware for magic-angle spinning.
Normally, a double air bearing design is used for magic-angle
spinning. This standard design permits high-speed spinning
(3.5-5.0 kHz) with the ability for multinuclear data acquisi-
tion within a variable temperature range (normally 77-400
K). The rotors which contain the sample are constructed of
zirconium oxide with either Kel-F caps for ambient temper-
ature studies or boron nitride caps for variable temperature
work. Depending upon the compressibility of the powdered,
pharmaceutical sample, anywhere from 200 to 400 mg of
sample is required to fill the rotor. In the Materials Science
NMR laboratory at Bristol-Myers Squibb, a large number of
nontraditional samples have been investigated by solid-state
NMR (Table II). The main limitation is the ability to balance
the rotor so that high-speed spinning may take place.

Although a series of standard referencing compounds
has not been established for solid-state NMR, as opposed to
solution-phase studies (17), a series of unofficial standard
samples is currently being used (18). Table III lists a series of
compounds, their intended use, and appropriate references
further detailing their intended uses and limitations.

APPLICATIONS

The most widely used application of solid-state NMR in
the pharmaceutical industry is in the area of polymorphism,
or pseudopolymorphism. The ability of a molecule to crys-
talize in more than one form is defined as polymorphism,
whereas the ability to crystalize in more than one form based

Table II. Various Types of Pharmaceutical Samples Investigated by Solid-State NMR Spectroscopy

Sample NMR nucleus Brief description of studies

Bulk drug 3¢, 3tp, BN, Mg, *Na Solid-state structure elucidation, drug—excipient interaction studies (variable
temperature), (pseudo-)polymorphic characterization at the qualitative and
quantitative level, investigation of hydrogen bonding with salt compounds

Excipients BC, Mg, ®Na Determination of the degree of cross-linking for polymer systems, drug-excipient
interaction studies (variable temperature), (pseudo-)polymorphic characterization
at the qualitative and quantitative level

Capsules 13¢C, 3tp Identifying residue from dissolution baths, drug—capsule interaction studies

Tablets BC, 31p Drug-excipient interaction studies, (pseudo-)polymorphic characterization at the

qualitative and quantitative levels
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Table III. Reference Samples for Solid-State NMR
Compound name Intended use Ref. no.
Adamantane (C,oH,¢) External referencing for **C spectra, optimizing Hartmann-Hahn match, linewidth
measurement, sensitivity measurement 19
Hexamethylbenzene (C,,H;5) Optimizing Hartmann-Hahn match 19
Glycine (C,H;0,N) External referencing for '*C spectra, sensitivity measurement, magic-angle setting
for 13C experimentation 19
Ammonium phosphate
(NH,H,PO,) monobasic External referencing for *'P spectra 19
Potassium bromide (KBr) Magic-angle setting for >C experimentation 20
ZNP,? Zn[S,P(OC,H;),], Magic-angle setting for >'P experimentation 21
Samarium acetate tetrahydrate
(CH;C0O,)3Sm - 4H,0 13C CP/MAS chemical-shift thermometer 22
TTAA? >N CP/MAS chemical-shift thermometer 23

¢ Zinc(II) bis(0, O'-diethyldithiophosphate).

% 1,8-Dihydro-5,7,12,14-tetramethyldibenzo(b,i)-1,4,8,11-tetraazacyclotetradeca-4,6,11 ,13-tetraene-'’N, [tetramethyldibenzotetra-

aza(14)annulene].

on the solvation state of the molecule is termed pseudopoly-
morphism. The use of solid-state NMR for the investigation
of polymorphism is easily understood based on the following
model. If a compound exists in two, true polymorphic forms
labeled A and B, each crystalline form is conformationally
different. This means, for instance, that a carbon nucleus in
form A may be situated in a slightly different molecular ge-
ometry as compared to the same carbon nucleus in form B.
Although the connectivity of the carbon nucleus is the same
in each form, the local environment may be different. Since
the local environment may be different, this leads to a dif-
ferent chemical shift interaction for each carbon and, ulti-
mately, a different isotropic chemical shift for the same car-
bon atom in the two different polymorphic forms. If one is
able to obtain pure material for the two forms, analysis and
spectral assignment of the solid-state NMR spectra of the
two forms can lead to the origin of the conformational dif-
ferences in the two polymorphs. Solid-state NMR is thus an
important tool in conjunction with thermal analysis, optical
microscopy, IR spectroscopy, and powder and single-crystal
X-ray crystallographic techniques for the study of polymor-
phism.

There are a number of significant advantages in the use
of solid-state NMR for the study of polymorphism. As com-
pared to diffuse reflectance IR and X-ray powder diffraction
techniques, solid-state NMR is a bulk technique which does
not have to consider particle size effects upon the intensity
of the measured signal. In addition, NMR is an absolute
technique under proper data acquisition procedures, mean-
ing that the intensity of the signal is directly proportional to
the number of nuclei producing it. By proper assignment of
the NMR spectrum, the origin of the polymorphism can be
inferred by differences in the resonance position for identical
nuclei in each polymorphic form. Finally, the investigation
of polymorphism by solid-state NMR can be performed at
either the bulk drug or the dosage form level. This ability
provides a significant tool for the investigation of polymor-
phic conversion under various processing techniques (e.g.,
various fluidized-bed granulation, dry blending, lyophiliza-
tion, and tableting conditions).

The majority of applications of solid-state NMR used in

the investigation of pharmaceutical polymorphs is performed
in conjunction with other analytical techniques. Byrn et al.
have reported differences in the solid-state NMR spectra for
different polymorphic forms of benoxaprofen and nabilione
and pseudopolymorphic forms of cefazolin (24). Although
single X-ray crystallography was initially used to study the
polymorphs, the solid-state '*C CP/MAS NMR spectrum of
each form was distinctly different. These studies focused
primarily on the bulk drug material, although a granulation of
benoxaprofen was studied. It was concluded that solid-state
NMR could be used to differentiate the form present in the
granulation even in the presence of excipients. In further
studies at Purdue University, the crystalline forms of pred-
nisolone t-butylacetate (25), cefaclor dihydrate (26), and gly-
buride (27) were studied. The five crystal forms of prednis-
olone t-butylacetate were again determined by single X-ray
crystallography and solid-state NMR used to determine the
effect of crystal packing on the *C chemical shifts of the
different steroid forms. Although conformational changes
were observed in the ester side chain by X-ray crystallogra-
phy, no major differences were noted in the NMR spectra,
indicating that the environment remains relatively un-
changed. Significant chemical shift differences were noted
for carbonyl atoms involved in hydrogen bonding. This
theme is consistent in the NMR study of cefaclor dihydrate.
Again, the effects of hydrogen bonding were discernible by
solid-state NMR. The study of glyburide was concerned
principally with the structural conformation of the molecule
in the solution and solid state. The solution conformation
was determined by 'H and '*C NMR and in the solid by
single-crystal X-ray crystallography, IR, and solid-state *C
NMR. The solid-state NMR results suggested that this
method would be useful for comparing solid- and solution-
state conformations of molecules.

In a series of papers by Harris and Fletton, solid-state
NMR has been used to investigate the structure of poly-
morphs. The majority of studies involves X-ray and IR tech-
niques and also addresses the possibility of quantitative mea-
surements of polymorphic mixtures. The three pseudopoly-
morphic forms of testosterone were examined by IR and *C
CP/MAS NMR (28). The two forms of molecular spectros-
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copy were able to differentiate the forms but NMR had the
ability to investigate nonequivalent molecules in a given unit
cell. A series of doublet resonances was noted for a series of
different carbon atoms. This implied that the specific carbon
atom within the molecule may resonate at two different fre-
quencies depending on the crystallographic site of the mol-
ecule. In addition to the hydrogen-bonding explanation of
the crystallographic splittings, the use of NMR to determine
quantitatively the amount of each pseudopolymorph present
in a mixture was addressed. In the study of androstanolone
(29), high-quality '*C NMR spectra were obtained by CP/
MAS techniques and allowed for characterization of the an-
hydrous and monohydrate forms. Again, crystallographic
splittings were noted for the two forms and were related to
hydrogen bonding. An identical approach to study pharma-
ceutical polymorphic structure was used in the investigation
of the two polymorphs of 4’-methyl-2'-nitroacetanilide (30).
An additional study of cortisone acetate (31) by solid-state
NMR revealed differences in the NMR spectra for the six
crystalline forms. Further multidisciplinary approaches to
the physical characterization of pharmaceutical compounds
are detailed in separate studies on cyclopenthiazide (32), the
excipient lactose (33), frusemide (34), and leukotriene antag-
onists MK-679, MK-571 (35), and L-660,711 (36). In each
case solid-state NMR was used in conjunction with other
techniques such as DSC, IR, X-ray diffraction, microscopy,
and solubility/dissolution studies to characterize the poly-
morphic systems fully.

Additional studies of the solid-state structure of drug
compounds by NMR in relation to X-ray crystallographic
data include the compounds mofebutazone, phenylbuta-
zone, oxyphenbutazone (37), and diphenhydramine hydro-
chloride (38). The topic of molecular recognition in which
two molecules associate with specific intermolecular con-
tacts (hydrogen bonding) has utilized NMR and X-ray tech-
niques (39).

In further studies of polymorphism by solid-state NMR,
conversion from one solid-state form to another by ultravi-
olet irradiation (40) and variable-temperature techniques (41)
are outlined. In the first study, NMR was employed to follow
the chemical transformation within the organic crystals of
p-formyl-trans-cinnamic acid (p-FCA). A photoreactive
B-phase may be crystallized from ethanol, whereas a photo-
stable y-phase is produced from acetone. After irradiation of
the B-phase with UV radiation, and subsequent acquisition
of the solid-state *C NMR spectrum, the photoproduct was
easily identified by NMR. The second conversion study (41)
investigated the four forms of p-amino-benzenesulfonamide
sulfanilamide (a, B, <y, and 8). The first three forms were
fully investigated by solid-state **C NMR and X-ray crystal-
lography techniques. Subsequent variable-temperature stud-
ies monitored the interconversion of the a and  forms to the
v form. Coalescence of some NMR signals in the y form also
suggested that phenyl ring motion occurred within the crys-
tal. Conclusions from the study indicated that solid-state
NMR had the ability to differentiate pharmaceutical poly-
morphs, determine asymmetry in the unit cell, and investi-
gate molecular motion within the solid state.

In a number of the publications describing the use of
solid-state NMR for polymorphic characterization, the ma-
jority of the work has dealt with qualitative studies with brief
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references to the possibility of quantitative analysis. An ex-
cellent guide to the utilization of magic-angle spinning and
cross-polarization techniques for quantitative-solid state
NMR data acquisition has been outlined by Harris (42). As
mentioned before under Solid-State NMR Theory, in order
to acquire solid-state NMR spectra in which the signal in-
tensities truly reflect the nuclei producing them, data acqui-
sition parameters such as recycle time, pulse widths, cross-
polarization time, Hartmann-Hahn match, and decoupling
power must be explicitly determined for each chemical sys-
tem. In Harris’s article, the problems of solid-state NMR
acquisition techniques as applied to quantitative measure-
ments are addressed. Additionally, errors in the setting of
the magic angle, Hartmann-Hahn match, and cross-
polarization mixing time are discussed in relation to obtain-
ing quantitative NMR results.

Quantitative solid-state *C CP/MAS NMR has been
used to determine the relative amounts of carbamazepine
anhydrate and carbamazepine dihydrate in mixtures (43).
The *C NMR spectra for the two forms did not appear dif-
ferent, although sufficient S/N for the spectrum of the anhy-
drous form required long accumulation times. This was de-
termined to be due to the slow proton relaxation rate for this
form. Utilizing the fact that different proton spin-lattice re-
laxation times exist for the two different pseudopolymorphic
forms, a quantitative method was developed. The dihydrate
form displayed a relatively short relaxation time permitting
interpulse delay times of only 10 s to obtain full-intensity
spectra of the dihydrate form while displaying no signal due
to the anhydrous form. By utilizing an internal standard (gly-
cine) and the differences in the relaxation rate of the two
forms, the peak area of the dihydrate could be measured and
related through a calibration curve to the amount of anhy-
drous and dihydrate content in mixtures of carbamazepine.

The conformational analysis of a number of pharmaceu-
tical compounds has been studied by *C NMR. The !*C
CP/MAS NMR spectra of the three different forms of tartaric
acid are reported in Ref. 44. The optically pure (+ ) form, the
racemic form (%), and the meso-tartaric acid form all dis-
played unique *C NMR spectra. The possibility of the quan-
titative determination of optical purity and other physical
properties determined by solid-state NMR is briefly dis-
cussed. A more complete study of conformational analysis
by solid-state NMR is given by Diaz et al. for the compound
methionine (45). Solid-state NMR results indicated that each
crystalline form of DL-methionine consisted of a single con-
former. Further NMR results, in conjunction with X-ray
data, suggested that the L- or D-methionine crystal contains
two different conformers in one unit cell.

Quantitative solid-state *'P NMR has been applied to
the enantiomeric purity of organophosphorus compounds
(46). The *'P MAS NMR spectra of N-[(diphosphono)meth-
yl]-3-isobutylthiomorpholine displayed identical spectra for
the (+) and (—) enantiomeric forms. The racemate, on the
other hand, displayed a distinctly different spectrum as ex-
pected. Based upon the resonance positions and spinning
side band intensity, the enantiomeric purity could be deter-
mined with an accuracy better than 1% by >'P MAS NMR.
Similar results were also determined for a second organo-
phosphorus compound.

Finally, a series of papers has been published on the
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solid-state NMR spectra of a number of analgesic drugs.
Jagannathan recorded the solid-state **C NMR spectrum of
acetaminophen in bulk and dosage forms (47). From the so-
lution-phase NMR spectrum, assignments of the solid-state
NMR resonances could be made in addition to explanations
for the doublet structure of some resonances (dipolar cou-
pling). Spectra of the dosage product from two sources in-
dicated identical drug substances but different levels of ex-
cipients. The topic of drug-excipient interactions was ad-
dressed by solid-state '*C NMR in the investigation of
different commercially available aspirin samples (48,49). In
each commercial aspirin product, the only difference in the
measured NMR spectrum was due to variations in the ex-
cipients, indicating that there were no interactions between
the drug and the excipients under dry blending conditions.
After lyophilization of two of the products, one aspirin sam-
ple did show a different NMR spectrum, indicating possible
interaction during lyophilization or conversion to a different-
solid state form during processing.

The multinuclear technique of solid-state NMR has
been applied primarily to the study of polymorphism at the
qualitative and quantitative levels. Although the technique
ideally lends itself to the structure determination of drug
compounds in the solid state, it is anticipated that in the
future, solid-state NMR will be routinely used for method
development and problem-solving activities in the analytical/
materials science/physical pharmacy area of the pharmaceu-
tical sciences.
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