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Solid-state NMR is a mature field with many applications. This
review covers the period from early 2005 to March, 2008. A search
of the literature showed that there were at least 3100 articles
published that contain some emphasis on solid-state NMR. We
do not pretend to make a complete or exhaustive review of all of
these; rather we have attempted to highlight some reports that
seem to indicate the broad sweep of solid-state NMR at this time.
In this review, therefore, you should expect the choice of examples
to be incomplete, and it is quite possible that another reviewer
could have chosen other equally appropriate examples. With a
field as wide as this one has become, there are multiple special
reviews. One may find published reviews on subjects as diverse
as applications of solid-state NMR to material science, polymer
chemistry, biomolecular solids, and inorganic solids (I-4). In
addition, there are always reviews in such series as Specialist
Periodical Reports and Progress in Nuclear Magnetic Resonance
Spectroscopy that may cover the solid-state techniques.

METHODOLOGY AND TECHNICAL
DEVELOPMENTS

One of the major concerns in solid-state NMR is quantification
of spectra, both relative quantification and absolute quantification.
Factors such as efficacy of cross-polarization in experiments using
that procedure or uniform excitation across very broad line shapes
affect quantification, but other factors also determine the ability
to quantify solid-state NMR with precision. Some of these factors
have been addressed recently, including sample location in the
coil, rotor packing design, as well as the ERETIC method for
absolute quantification using an external signal (5, 6). A quantita-
tive cross-polarization (QUCP) scheme has been proposed for
quantitative analysis in cross-polarization magic angle spinning
(CPMAS) spectroscopy (7). The problems with obtaining relative
quantitation of broad 2°”Pbh NMR resonances of lead-containing
materials in a mixture have been discussed and a proposed
scheme for obtaining relative quantification has been demon-
strated on model mixtures (8).

A consideration in working with biological samples has been the
heating of the sample when subject to the radio frequency fields
associated with NMR spectroscopy. Heating of biological solid
samples in a high magnet field (and therefore at high frequencies)

10.1021/ac800573y CCC: $40.75 © 2008 American Chemical Society
Published on Web 05/15/2008

has been discussed (9). Attempts at reducing, eliminating, or
ameliorating heating caused by the electric fields impinging on a
biological solid sample have been reported (10, 11). Such problems
will no doubt continue to be the subject of further investigations.

One problem with biological samples is often caused by the
lack of large amounts of the material. The design of a microvolume
coil to allow detection of a biological solid available in limited
quantities was described (12, 13). In other cases, the problem is
not limited amounts of material but some special requirement of
the biological system for a specific geometry or size. For example,
a large-volume flat coil has been described that is useful for
detection of *°N in oriented membrane proteins (14). To improve
efficiency in such high-throughput applications in the pharma-
ceutical industry, a CPMAS probe that handles seven samples
simultaneously has been developed and demonstrated (15). To
improve magnetic field stability, and therefore resolution, an
attempt to introduce a transmission-line lock probe using D,0O as
the lock solvent in a high-resolution solid-state NMR experiment
(16) has been reported.

A significant line of development in solid-state NMR is the ever-
increasing rate at which the sample can be spun. These very fast
spinning experiments often “undo” some effects that are important
to the execution of the experiment, such as reduction of dipolar
coupling between carbons and protons. In addition, the faster
speeds often come at the price of reduced volume and therefore
reduced sample size. To utilize the increased spinning rates
accessible in some modern MAS probes and retain the essence
of signal enhancement by cross-polarization, dipolar recoupling
schemes have been developed and heteronuclear decoupling
schemes have been modified. As one example, a recent report
indicates that one can still achieve relatively good sensitivity with
recoupling experiments under very fast MAS in paramagnetic
systems (17, 18). Indirect-detection 2D heteronuclear correlation
spectra obtained under conditions of very high rotation frequency
have been reported (19). Other recently reported schemes include
dipolar recoupling enhanced by amplitude modulation (DREAM)
(20), radio frequency-driven recoupling (RFDR) at high MAS
frequency (21), and triple oscillating field technique (TOFT) (22).
The advantage of the use of reduced-volume samples is that one
may often use lower radio frequency power in the smaller coils,
which avoids some complications engendered by application of
high radio frequency power.

Frequently, one finds in the literature of solid-state NMR
reports of modifications of existing experimental protocols or
conditions that enhance the analysis or isolate factors contributing
to the spectrum. For example, a recent report indicates that fast
adiabatic pulses are useful for very fast MAS experiments (23).
These types of pulses are also reputed to have potential applica-
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tions for paramagnetic systems having very large shift anisotropies
(23). The application of selective pulses such as a general 180°
pulse has been employed in some cases to improve performance,
as was noted in the multidimensional spectra of a protein (24).
Radio frequency pulse schemes that work with fast MAS to obtain
high-resolution 'H spectra have been described (25). A sequence
has been demonstrated to selective three-spin coherences in solid-
state °C spectra, which allows one to select out methylene
resonances (26). A new double quantum solid-state NMR pulse
sequence for measuring *C—13C spin—spin coupling constants
was reported (27). An analogue of the bilinear rotation decoupling
(BIRD) sequence in liquid-state NMR was reported to select
satellite signals due to scalar coupling to spin-'/, isotope in
experiments on solids (28). Two-dimensional homonuclear cor-
relation and separated-local-field experiments have been demon-
strated for the case in which strong homonuclear dipolar couplings
are present (29). Dipole—dipole interactions between 'H and low-y
nuclei have been studied with a newly proposed 2D sequence that
suppresses '"H—'H dipolar interactions (30). The polar inversion
spin exchange at magic angle (PISEMA) method for determining
the structure of an oriented membrane protein has been reviewed
(31). The measurement of multiple carbon—nitrogen distances
in solids containing these nuclei at natural abundance has been
demonstrated with a rotary resonance echo saturation pulse
double resonance (R-RESPDOR) experiment (32). A new pulse
sequence for constant-time homonuclear dipolar recoupling has
been introduced (33). The influence of heteronuclear decoupling
on symmetry-hased homonuclear recoupling has been examined
(34). A theoretical bimodal-Floquet approach to the description
of amplitude-modulated decoupling and recoupling in solids has
been reported (35, 36). A spin-state-selective coherence-transfer
experiment has been demonstrated that improves resolution of
13C spectra of solids (37). A potentially important technological
demonstration of a method to enhance a solid-state NMR signal
has been the development of polarization transfer from unpaired
electrons in the neighborhood of the nucleus (38). The technology
and some examples are reported. A means of monitoring the
spinning axis in experiments in which the sample is spun,
involving attachment of a Hall effect magnetic flux sensor to the
spinning housing, has been demonstrated to be sensitive to the
orientation of the stator in the magnetic field (39).

MATERIALS AND NANOTECHNOLOGY

Solid-state NMR spectroscopy is ideal for studies of materials
that are of the order of atomic distances or slightly larger, making
it a tool that can characterize materials at nanoscale dimensions.
For example, multinuclear (*°F, 1*°La, °Sc, and *'P) NMR studies
of lanthanum fluoride capped particles (40) were used to dem-
onstrate the uniformity of capping of these particles with organic
species. Similarly, detailed solid-state 1*C and "N NMR spectra
showed structural differences between granules and nanofibers
(41). 3C CPMAS NMR was combined with Raman spectroscopy
to study fluorinated single-walled carbon nanotubes, and the
unusual chemical shift was confirmed by calculation and the data
were shown to be in agreement with Raman, IR, XPS, and other
spectroscopic analyses (42). In studies of nanodiscs, discoidal
nanoscale self-assembled lipid/protein particles, NMR analysis
supported a belt model structure for these materials (43). The
mobile and reactive hydride ligands coordinated to ruthenium
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nanoparticles have been observed using solid-state and gas-phase
NMR (44). The structure of surface-immobilized peptides on gold
nanoparticles has been described by the NMR determination of
their Ramachandran angles (45). Analysis of proton conductivity
in titanate nanotubes with a variety of techniques has been aided
by solid-state NMR studies of the protons that indicated the nature
of proton mobility as a function of treatment of the material (46).

The use of spin-!/, nuclei other than *H and **C can be found
in many of the recent uses of NMR spectroscopy in the solid state.
For example solid-state '*Cd NMR has been used to characterize
some insoluble Cd-containing complexes (47). In another study,
combined ““Se, 113Cd, and N analyses were used to investigate
Zn(II), Cd(I), and Hg(I) complexes of thiourea and selenourea
(48). Similarly 'P, "’Se, 1'*Cd, and '*°Hg solid-state NMR studies
have examined dichalcogenoimidodiphosphonato complexes of
the form M[N((iPr),PSe),], where M = {Zn, Cd, Ng} (49).
Calculations with density functional theory of the shifts in MAS
spectra of organometallic complexes and metalloporphyrins show
that these calculations can give good agreement with experimental
results (50). Such calculations have shown great promise in
predicting the properties of systems with heavy metals in them.

A recent suggestion is that a kind of crystallography can be
performed by measuring NMR parameters that specify structural
constraints. To carry out this protocol, one would require a large
number and variety of measurements, as well as theoretical
support for the predictions of crystallographic parameters from
calculations to predict the NMR parameters as a function of these
structural features. In a recent report, the three-dimensional
structure of f-1-aspartyl-L-alanine was determined, using a back-
calculation technique to predict proton spin diffusion data (51).
The analysis was done on a powder, rather than a single crystal.
The resulting averaged structure compared favorably with the
known crystal structure. In a study combining solid-state NMR,
X-ray diffraction, and quantum chemical calculations, hydrogen
bonding in histidine dipeptides has been studied (52). The results
suggest that the 3C resonance parameters of some sites may be
particularly sensitive to the local environment, allowing these to
be used as indicators of changes, for example when a drug
molecule interacts with these kinds of structures.

PHARMACEUTICAL CHEMISTRY

Characterization of solid pharmaceutical preparations is a major
area of study, since many drugs rely on slightly different forms
of a chemical to achieve efficacy. Treatments of the material may
cause changes, both wanted and unwanted, that affect these
materials. Solid-state NMR spectroscopy is beginning to be used
in addressing some of these questions, as recent general-interest
articles (53, 54) and a review of solid-state NMR analysis in drug
design and discovery for membrane-embedded targets (55) have
demonstrated. One area in which NMR demonstrates a strength
is the identification of conformational polymorphism, as demon-
strated by studies of the forms of 5-methyl-2-[ (2-nitrophenyl)-
amino]-3-thiophenecarbonitrile (56). The relationship between
molecular structure features and crystal polymorphism has been
studied by solid-state NMR for 24 local anesthetics (57). Poly-
morphism of the low-dose solid formulation of the steroidal drug,
Org OD 14, was studied with *C NMR by specific labeling to
enhance the sensitivity (568). Quantification of the forms of the
sweetener, neotame, with various carbon NMR techniques was



demonstrated on mixtures (59). Amorphous and crystalline
materials could be distinguished, and standard materials were
found to be mixtures of the forms. A discussion of the effects of
various NMR parameters on quantification accompanies the
measurements. Variable temperature *C CPMAS was used to
examine the polymorphic forms of two drug molecules, in-
domethacin and nifedipine (60). *C NMR studies of Nystatin in
a cast film of an ethylene vinyl acetate copolymer complemented
other studies of the time release of the drug from this matrix (61).
The structure and dynamics of the drug trifluoroperazine in
dimyristoylphosphatidylcholine has been studied by classical solid-
state NMR measurements of *C—H dipolar couplings at natural
abundance (62). The results provide insight into absorption,
distribution, and metabolism of the drug molecule in this material.
Of particular interest was the ability to suggest the positioning of
the drug due to coupling to paramagnetic Mn(II) ions that
selectively broadened the *C peaks (62).

CATALYSIS AND SURFACES

Molecules at surfaces, such as one finds in a heterogeneous
catalytic sample or an intercalated material, often have very
different electronic environments, a fact reflected in the NMR
spectra obtained for materials in such environments. Applications
of MAS NMR to in situ studies of heterogeneous catalysis have
been discussed recently in two general papers (63, 64). Surface
ethoxy intermediates were captured by the in situ CPMAS
approach (65). Arrangement, conformation, and mobility of
surfactant molecules intercalated in montmorillonite have been
examined by solid-state NMR methods (66). The dynamics along
the chain, as examined by relaxation times, is seen to depend on
concentration, indicating a relation between structure and mobility.
The structure of the solid substrate, such as an aluminophosphate,
can be studied with solid-state NMR, as a recent report indicates
(67). In these experiments, both rotational echo double resonance
(REDOR) and transfer of populations double resonance (TRAP-
DOR) techniques were applied to anionic aluminophosphates to
determine the Al/P ratio. The authors conclude that the TRAP-
DOR experiment provides more detailed structural information
on this system than other techniques. In a similar kind of
experiment REDOR was used to determine the location and acid
strength of protons on a Keggin structure from its effects on the
NMR spectroscopy of adsorbed acetone (68).

QUADRUPOLAR NUCLEI

The NMR of quadrupolar nuclei in the solid state continues
to grow, as techniques to excite and analyze the spectra have been
developed. Since a large portion of the nuclei in the periodic table
have isotopes that are NMR-active quadrupolar nuclei (I > 1/,),
the development of techniques to address the spectroscopy of
these elements adds to the capabilities of studying a wider range
of chemical problems than one could study with spin-'/, nuclei.
Two recent reviews (69, 70) provide information on obtaining
structural information from the spectra of these quadrupolar
nuclei, including examples from applications to minerals, ceramics,
and microporous solids. A review that deals exclusively with the
quadrupolar halogen nuclei, Cl, Br, and I, has also appeared (71),
including a large amount of data gleaned from the literature.

A wide variety of applications can be envisioned for quadrupolar
NMR. For example, the calcium sites of hyroxyapatite have been

studied by solid-state “*Ca NMR triple quantum magic angle spinning
(3QMAS) and '"H—**Ca REDOR methods (72). >V NMR, together
with density functional theory (DFT) calculations, allowed a descrip-
tion of the vanadium environment in V (V) O,—dipicolinate complexes
(73) and crystalline vanadium oxides (74). Pressure-induced struc-
tural changes in a B;Os glass have been investigated using 'B NMR
(75). The first solid-state *'Xe spectrum of a xenon-containing
material, for the perxenate anion, has been reported (76). The
combination of the two NMR-active isotopes of xenon *Xe (I="1/5)
and *Xe (I =3/,) was exploited to characterize the xenon magnetic
shielding and quadrupolar interactions for two sodium perxe-
nate salts. Quadrupolar multiple-quantum magic angle spinning
(MQMAS) spectra of 27Al spectra at an ultrahigh magnetic filed
strength of 21.8 T demonstrate that the sensitivity and resolution
are enhanced at the higher field (77). Enhanced S/N for the
quadrupolar-spin-!/, heteronuclear chemical shift correlation (HET-
COR) experiment has been demonstrated when a soft pulse added
mixing (SPAM) is incorporated in the traditional experiment (78).
A three-dimensional homonuclear/heteronuclear correlation experi-
ment between a quadrupolar nucleus (*’Al) and a spin —!/, nucleus
('P) in solid ALPO-14 that makes use of the sole scalar J-coupling
has been reported (79, 80). From the results of 1”0 NMR spectros-
copy of an ion-hinding model peptide taken at 19.6 T, ion binding
was found to be almost 1 order of magnitude greater than hydrogen
bonding (81).

Quadrupolar constants tend to be very sensitive to the local
electronic environment. This accounts for the recent trend to use
the NMR spectroscopy of these nuclei to probe electronic
structure. Examples in the recent literature include a study of
diamagnetic octacyanomolydate ions using Mo NMR (82), a
study of local symmetry in polycrystalline copper dialkyldithio-
phosphate clusters using ®>Cu NMR (83), a study of alkali—DNA
interactions using 2>Na NMR (84, 85), a study that distinguishes
the two possible calcium sites in hydroxyapatite using “*Ca NMR
with dipolar dephasing (86), and a study of the metal ion site in
vanadium-chloroperoxidase using °*V NMR (87). A wide-ranging
9Nb solid-state NMR study of inorganic niobates with different
oxygen coordination demonstrates the variation of quadrupolar
constants and chemical shielding constants with local environment
in these systems (88). Rb NMR spectroscopy was used to
characterize the rubidium ion environment when they are in a
complex formed by self-association of guanosine 5-monophos-
phate with 5-fert-butyl-dimethylsilyl-2’,3-O-isopropylidene gua-
nosine in a G-quadraplex (89), where the NMR spectroscopy
shows that there are two different binding sites for the rubidium
ion. *K chemical shift and quadrupolar parameters of several
crown-ether-based complexes, determined at fields as high as 21.1
T, have been reported (90). The advantage of higher field is clearly
shown in this type of study of quadrupolar nuclei.

Sensitivity enhancement of noninteger quadrupolar nuclei in
powders being spun at the magic angle has been demonstrated
through single-sweep irradiation at a satellite transition spinning
sideband, use of hyperbolic secant pulses, and multiple pulse
excitation (91-93). Several methods based on MQMAS and
satellite transition magic angle spinning (STMAS) for half-integer
quadrupolar nuclei have been compared theoretically and experi-
mentally, and suggestions for the proper use of each for particular
situations have been made (94).
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BIOMOLECULES

Several reviews and general-interest articles on the kinds of
information one can obtain about protein dynamics from solid-
state NMR (95-99) have appeared, including one on sensitivity
enhancement methods in solid-state NMR of biological materials
(97) and one on studies of enzyme function (99). Another review
focuses on the use of °F as a probe of the structure of
biomembranes (100). Another focuses on the combination of
dynamics and static features of NMR spectra to determine features
of protein structure (10I). Another reviews solid-state NMR
studies of bone, bone mineral, and collagen (102). The use of
numerical tools from simulating the chemical shift tensor for
design of solid-state NMR experiments in bimolecular systems
has also been reviewed (103). The prevalence of reviews shows
that solid-state NMR is being widely used to probe bhiological
systems. There has been a trend toward treating solid-state and
liquid-state NMR spectroscopies of supramolecular and bimolecu-
lar systems in common when working on these systems (104).

A wide variety of NMR investigations have dealt with NMR
assignments in a variety of systems. The *C and *N chemical
shifts assignments of several proteins and enzymes have been
reported (105-112). Solid-state NMR spectroscopy has been
applied to the characterization of recent and archeological wood
materials (113), Australian spider silks (114), cellulose materials
(115), flagelliform silks (116), and plant materials (117).

While the NMR spectroscopy of solid materials is difficult, the
procedures for creating biologically significant samples are also
an important consideration in developing an appropriate experi-
ment. Protocols of preparation of stable bicelle samples containing
transmembrane peptides appropriate to MAS spectroscopy have
been described (118-120). Obtaining and examining uniformly
13C- and N-labeled ubiquitin (121, 122) and polypeptide phos-
pholamban (123) are examples that demonstrate various solid-
state NMR methods in three-dimensional structural determina-
tions, including a discussion of the solid-phase protein preparation
on the quality of the spectra (121). Methods for structural
investigations of G protein-coupled receptors have also been
presented (124).

A major impact of solid-state NMR, particularly of spin-'/;
nuclei, has been in specifying structural features of a biological
system. In one report (125), the use of anisotropic chemical shift
parameters of carbon, along with calculations to predict these
parameters, was suggested as a means to determine geometry
and structure in proteins and peptides. A similar proposal to use
the parameters of uniformly enriched proteins and peptides for
structural specification provides chemical shift assignment strate-
gies and structure determinations of enriched proteins (126). In
the case of bicelles containing the antimicrobial peptide (KIGAKI)3
and cholesterol, **C—'H heteronuclear dipolar interactions were
used to specify topology and structure in this membrane-mimetic
system (127). A classical example of the study of structure is the
use of solid-state NMR to probe the structure of amyloid fibrils
associated with Alzheimer’s disease (128-135).

In biological systems, a problem that often limits the spec-
troscopy is the concentration of “rare” spins at natural abundance.
It has been demonstrated by measurements on tyrosine+HCI,
histidine - HCI, and all-C-retinal that chemical-shift tensors at each
carbon site in samples at natural abundance and in uniformly *C-
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labeled material are identical in both kinds of material, even
though the spectra show differences due to different dipolar
couplings (136). Thus, one can use uniformly labeled biomaterials
to enhance signals and be assured that the chemical-shift tensors
are unchanged from their values in materials containing *C at
natural abundance. Of course, one has to deal with the effect of
homonuclear dipolar interactions. In cases where the *C—13C
homonuclear dipolar interactions are present, the homonuclear
decoupling and magic-angle spinning can produce resolution
equivalent to that of materials with '*C at natural abundance,
allowing one to gain the signal enhancement of additional spins
without losing resolution (137). Such techniques are especially
valuable for biomolecular applications. Paramagnetic metal ions
were used to shorten proton Ty and hence enhance the sensitivity
for detection of *3C for ubiquitin and lysozyme (138) and in the
SH3 domain of chicken o-spectrin (139).

Dipolar interactions contain information on structure. For
systems undergoing nonrandom dynamics, the order parameters
describing the motion can be derived from dipolar tensor
measurements. For example order parameters were obtained for
a globular protein from dipolar parameters of a uniformly labeled
ubiquitin sample (140). The order parameters were compared to
those obtained by solution NMR and X-ray crystallography.
Another form of information available from dipolar couplings is
contained in the dynamics of spin-diffusion. Recently, the center-
band-only detection of exchange (CODEX), which is based on
dipolar-driven spin diffusion, has been demonstrated to allow the
measurement of oligomeric number and intermolecular distance
up to the 10 A range in the transmembrane peptide of the M2
protein of the influenza A virus bound to 1,2-dimyristoyl-sn-glycero-
3-phophotidylcholine bilayers (141) and in protegrin-1 integrated
into materials such as palmitoyloleylphosphatidyl ethanolamine
bilayers (142). Dipolar interactions of *C were also used to probe
the binding of D-glucose to the Escherichia coli sugar transport
protein, GalP (143), as well as in the determination of protein
structure refinement of the 1-immunoglobulin binding domain
of protein G (144). Nuclear Overhauser effect (NOE) between a
small organic molecule and phospholipid membranes has been
observed under solid-state MAS conditions (145). A solid-state
delay alternating with nutation for tailored excitation (DANTE)-
REDOR sequence is reported for determining the global second-
ary structure of uniformly labeled protein (146).

The use of multidimensional NMR has provided new ways to
address structural questions, particularly in peptides and proteins.
A 3D and 4D semiconstant-time transferred echo double resonance
(SCT-TEDOR) MAS NMR experiment to measure multiple long-
range dipolar couplings is demonstrated on a uniformly *C- and *°N-
labeled peptide N-acetylvaline and the B1 immunoglobulin-binding
domain of protein G (GB1) (147). The experiment offers gains in
sensitivity over other ways of carrying out the analysis, allowing
measurement of weaker longrange dipolar couplings, and the
experiment is inherently sensitive to methyl resonances. In another
study, 3D J-based MAS experiments carried out on uniformly labeled
GBI are shown to give connectivity information complementary to
the dipolar results (148). The conformational and dynamics changes
of transmembrane domain of the protein M2TMP in the apo- and
amantadine-bound states in lipid bilayers were characterized by MAS
ssNMR methods (149). Double-quantum dipolar recoupling with a



windowless sequence (DQ-DRAWS) has been used to measure
torsion angles in a number of tripeptides (150). The pentameric
structure of the pinwheel topology of phospholamban is verified using
15N chemical shift measurements and *H—'°N dipolar couplings
(151).

CONCLUSION

Reports of solid-state NMR spectroscopy carried out between
2005 and early 2008 show that the technique is widely used. The
array of questions to which it might provide answers is constantly
expanding. The traditional emphasis on development of technol-
ogy and modification of older methods is still present in many
reports on NMR applied to solid materials. A particular theme
has been the application of solid-state NMR techniques to an ever-
widening array of chemical and biological problems.
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