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We describe the application of a recently developed two-dimensional nuclear magnetic resonance 
(2D NMR) technique, variable-angle correlation spectroscopy, to the analysis of molecular motions 
in complex unlabeled solids. This technique separates the broad anisotropic chemical shift line 
shapes of nuclei in a sample according to the isotropic shift of each site. It can therefore be used to 
characterize molecular reorientations by monitoring the changes that these processes introduce in 
the resolved powder patterns as a function of temperature. Using the t3C NMR anisotropies of 
dimethylsulfone as a test case, we explored the potential applications of following such an approach. 
It was found that in contrast to what happens in nonexchanging systems, the anisotropic line shapes 
resolved by the variable-angle technique on an exchanging solid are different from line shapes that 
at similar temperatures can be recorded from a nonrotating sample. An explanation for these 
differences is presented, and the complete theory required to extract kinetic and geometric 
information from the experimental 2D line shapes is introduced and illustrated with computer 
simulations. The capability of this approach to analyze motions in complex systems is further 
demonstrated with a natural-abundance r3C variable-temperature NMR analysis of L-tyrosine ethyl 
ester; a reorienting compound possessing up to 11 inequivalent carbon sites in the solid phase. 

I. INTRODUCTION 

In contrast to what happens in solution-state NMR, 
where the chemical shifts of individual sites are an exclusive 
function of their average electronic environments, peak po- 
sitions in solid-state NMR spectra also depend on the relative 
orientation of a nuclear site with respect to the external mag- 
netic field.’ This dependence gives rise to the well-known 
spin-112 chemical shift anisotropy (GA) powder patterns, 
resulting from the superposition of NMR signals arising 
from all possible orientations present in a polycrystalline or 
amorphous solid sample.” These line shapes offer a valuable 
tool for detecting and characterizing the presence of molecu- 
lar reorientations in a solid.3,4 Indeed, dynamic processes 
will introduce time variations in the resonance frequencies of 
the exchanging chemical sites, that can in turn affect the fine 
structure observed in a powder pattem.5 The changes which 
occur in these spectra as a function of reorientational rates 
are reminiscent of the behavior observed in dynamic solution 
NMR,6 the time scale of the solid-state NMR experiments 
being determined by the chemical shift separation due to the 
effects of the anisotropy between different orientations re- 
lated by the dynamic process. Thus, when motional rates are 
much smaller than the frequency breadth of the CSA, spec- 
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Dreyfus New Faculty Awardee (1992-1997). 

tral line shapes carry little kinetic information. As the mag- 
nitude of the CSA and of the exchange rates become compa- 
rable however, in the so-called intermediate exchange 
regime, a series of significant line shape distortions occur 
from which both kinetic as well as mechanistic information 
about the nature of the motion can be determined. 

In spite of its recognized usefulness and simplicity, the 
application of this type of line shape analysis to the evalua- 
tion of dynamic processes in solids has remained relatively 
uncommon!‘7-‘1 This is in sharp contrast with other experi- 
ments involving chemical shift analyses of spin-l/2 nuclei, 
such as magic-angle spinning (MAS) NMR,” which have 
achieved a much more widespread acceptance.t3 Problems in 
the application of CSA-based analyses are not completely 
surprising when considering that broad anisotropic line 
shapes usually exceed the isotropic chemical shift differ- 
ences among inequivalent sites. Then, as the number of dif- 
ferent resonances increases, static line shape experiments 
rapidly loose most of their chemical resolution as well as the 
possibility of yielding clearly resolved changes in the indi- 
vidual powder patterns. These facts have confined dynamic 
CSA analyses to the study of either chemically simple or 
isotopically enriched systems; in most cases however, the 
technique is usually at a spectroscopic and/or synthetic dis- 
advantage with respect to analogous proton or deuterium 
NMR approaches.‘4T15 .,_ 

Complications due to extensive peak over-rap’ could be 
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avoided if one were to monitor the powder pattern variations 
introduced by dynamics from CSA line shapes that are re 
solved according to the isotropic shifts of individual chemi- 
cal sites. It is possible to achieve such separation by relying 
on 2D NMR techniques; i.e., by implementing an experiment 
where the broad powder patterns carrying the motional infor- 
mation for each site in the molecule appear separated along a 
second isotropic high-resolution frequency dimension. Dif- 
ferent approaches have been proposed for obtaining this kind 
of spectra.‘6-24 Most of them involve the acquisition of a 
bidimensional data set as a function of two time variables; a 
time t, encoding the effects of the anisotropic chemical 
shifts, and a time ti encoding the evolution due to the isotro- 
pic interactions. We have recently proposed an alternative 
technique to achieve this goa1.22,25 It involves the acquisition 
of time-domain data arising from a macroscopically rotating 
solid-state spin system as a function of a single acquisition 
time t, using the angle p of sample rotation with respect to 
the external magnetic field as a second spectroscopic vari- 
able. The phase 4 accumulated by nuclear magnetizations in 
such an experiment can then be written as 

lb op(k1-12) -io 

44P.t) = q*t+ de,+)*p2(cos Pjt, (1) 

where oi and ma( 8,4) are the isotropic and anisotropic fre- 
quencies of the spins in different crystahites, and 

FIG. 1. (A) 2D VACSY isotropic-anisotropic 13C NMR correlation spec- 
trum of hexamethylbenzene. The 1D trace on the left shows the projection 
along the isotropic axis, referenced to b,=O ppm. Thirty-one time-domain 
signals were acquired as a function of the spinning angle ,L? for 
-0.5~Pz(cos p)~O.S, and interpolated over a 256X64 data points grid 
before Fourier transformation. The two tallest peaks correspond to the 
methyl- and quatemary-carbon resonances; the remaining peaks are spin- 
ning sidebands. (B) Comparison between the powder line shape extracted at 
the isotropic frequency of the aromatic carbons (continuous line), and a CSA 
pattern simulated using the single-crystal parameters reported for the site at 
room temperature (dashed line) (Ref. 26). 

Pz(cos p> = (3 cos2 p- 1)/2 c4 

is the second-order Legbndre polynomial of cos ,f?. Changing 
the spinning axis ,L3 scales the relative contribution of the 
anisotropic components to the total evolution undergone by 
each spin. Isotropic and anisotropic chemical shifts can 
therefore be correlated by Fourier analysis of the variable- 
angle spinning data set S(p,t), regarded as an implicit func- 
tion of the “extraction vector” [t,P,(cos pjt]: II. EXPERIMENT 

nism involved in the VACSY procedure; nevertheless, we 
show that when all due considerations are taken into account, 
experimental VACSY results cannot only be successfully ra- 
tionalized but also used to extract kinetic and geometric in- 
formation about molecular dynamics over a wide range of 
exchange rates. 

l(WirmJ= SI 
S(/3,t)eXp{--i[bJi*t+ti, 

. P?_(cos /3)t]}dt d[P2(cos #@t-J. (3) 

We have discussed elsewhere in detail convenient ways 
of evaluating this integral.22 Figure 1 illustrates the .type of 
spectrum that the resulting variable-angle correlation spec- 
troscopy (VACSY) approach yields for a solid sample, using 
powdered hexamethylbenzene as an example. By selecting 
from these 2D 13C NMR spectra slices at the isotropic shifts 
wi of the different sites, the full anisotropic line shapes that 
would arise from a static sample can easily be extracted. 

Both from a sensitivity as well as from an experimental 
point of view, VACSY appears as a robust technique for 
extracting static-like powder patterns from multisite systems. 
We decided therefore to explore the potential applications of 
the technique to dynamic CSA analyses of motional pro- 
cesses in solids: the present study reports on the results of 
such investigations. We found that in contrast to what is ob- 
served in the case of nonexchanging solids, the anisotropic 
line shapes that VACSY affords when an exchange process in 
the intermediate regime is involved are different from those 
arising under similar conditions from a nonspinning pow- 
dered sample. This discrepancy is originated by the mecha- 

Chemical samples employed throughout the present 
work were purchased from Aldrich; they all possessed a 
natural isotopic abundance and were used without further 
purification. t3C NMR experiments were carried out on a 
home-built spectrometer at a Larmor frequency of 75.78 
MHz, and in all cases involved the use of standard 13C cross- 
polarization techniques from protons.” Samples were spun 
in 7 mm Doty Sci. rotors at rates of 3-5 kHz using a spin- 
ning assembly installed in a double-resonance single-coil 
home-made probehead. This system is equipped with a 
Whedco Inc. stepping motor that, commanded by the spec- 
trometer pulse programmer, controls the angle p that the 
axes of both the sample spinning and the irradiation/ 
observation coil subtend with the external magnetic field.28 
High-power decoupling fields are essential for retrieving un- 
distorted CSA line shapes from protonated solids reorienting 
in the intermediate exchange regime.29 Harmann-Hahn 
matching conditions were therefore achieved using over 300 
W in both the transmitter and decoupler channels, corre- 
sponding to proton nutation rates ranging between 93 and 55 
kHz (depending on the angle of sample spinning). 

The probehead achieves variable-temperature operation 
by heating the supplies of both the bearing and drive gas 
lines to the desired temperature with a dual set of heater 
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180 ‘jlip 108 ‘reorientation 

FIG. 2. Reorientations in solid DMS. 180” flips along the main molecular 
symmetry axis exchange the relative orientations of the carbon sites (filled 
circles, left) at temperature-dependent rates k=5.44X 1013 exp( -7601/T) 
Hz. These molecular motions result in mutual 108” rotations of the 13C 
chemical shift tensors around their x axes, as illustrated by the scheme on 
the right. 

coils. Dried air was used for the experiments performed 
above room temperature; precooled gaseous nitrogen was 
supplied for the low-temperature measurements. Gas tem- 
peratures were monitored by a low-noise stainless steel ther- 
mocouple placed at the entrance to the pressurized chamber 
of the spinning assembly, and were kept constant within less 
than 1 “C throughout the 2D signal acquisitions using a 
home-built system based on an Omega Inc. proportional con- 
troller. Absolute temperatures inside the spinning rotor were 
calibrated vs the thermocouple reading by analyzing the line 
shape of an off-magic angle spinning sample and are consid- 
ered accurate within + 1.5 “C; details about this procedure 
will be reported elsewhere. NMR data were collected using a 
Tecmag Inc. signal acquisition system interfaced to a Macin- 
tosh Quadra computer. All the required post-acquisition pro- 
cessing and spectral simulations were carried out on the 
same computer using home-written C-language programs. 

III. RESULTS 

A. VACSY line shapes in the intermediate exchange 
regime: A test study 

In order to evaluate the potential usefulness of VACSY 
for investigating molecular motions we focused our attention 
on dimethylsulfone (DMS); a compound which since ini- 
tially studied by Solum et al” has served extensively as a 
model system for dynamic solid-state NMR analyses. DMS 
(Fig. 2) possesses two chemically equivalent carbon sites 
whose CSA pattern can be clearly discerned in a normal 
13C static cross-polarization experiment. Upon increasing 
temperatures DMS molecules start to undergo 180” reorien- 
tations about their main symmetry axes; rotations which pro- 
duce well-defined changes in the 13C NMR powder line 
shapes. From the latter both the kinetics and geometries in- 
volved have been accurately extracted, thus providing us 
with a model case of solid-state dynamics where all the pa- 
rameters involved are known. 

FIG. 3. 2D VACSY 13C NMR spectra (real part only) obtained on a DMS 
powder sample as a function of temperatures. Time-domain data were re- 
corded using 31 spinning angles distributed over a -0.5 G P,(cos p)<O.5 
range, chosen so as to afford equal spectral widths (10 kHz) along both 
frequency domains. Shown to the left of each 2D plot are the isotropic 
projections of the spectra; smaller peaks flanking the main resonances are 
spinning sidebands. 

Figure 3 illustrates a series of 2D VACSY NMR spectra shapes in multisite systems. A close examination of the an- 
obtained on a sample of DMS as a function of temperature. isotropic line shapes that can be resolved from the 2D NMR 
All spectra show an isotropic dimension whose resolution spectra however, reveals that the well-defined singularities 
remains similar to the one observed under MAS conditions, which develop in these DMS powder patterns as tempera- 
and a cross peak whose anisotropic line shape shows a tures increase do not match the changes that are observed for 
marked temperature dependence. The simultaneous fulfill- a static sample at similar temperatures (Fig. 4). Moreover, 
ment of these two conditions ensures the potential applica- the two experiments seem to be sensitive to different NMR 
tion of this technique to the study of dynamic CSA line time scales. At room temperature for instance the static 
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ID Static ID Static 
Experimental Simulated 

20 VACSY 
Experimental 

FIG. 4. Comparison between the experimental *3C IWR Iine shapes re- 
corded on a static DMS sample as a function of temperatures (left-hand 
column), simulated distributions of the static experimental spectra calculated 
using the corresponding literature parameters (center column), and aniso- 
tropic slices that at similar temperatures can be extracted from the experi- 
mental 2D VACSY NMR spectra (right-hand cohmm). Simulations were 
obtained from time-domain calculations as described in Ref. 3 using the 
geometric, kinetic, and chemical shift parameters reported by Solum et al. 
(Ref. 10). The exchange rates that were used are indicated to the right of 
each simulation; corresponding experimental temperatures are shown on the 
left. In all cases the frequency origin was placed at the center of mass of the 
powder line shapes; 

sample still shows spectra with little evidence of molecular 
reorientations, whereas the VACSY patterns are already con- 
siderably distorted due to the effects of motions. On the other 
hand, the 2D experiment yields a motionally averaged pat- 
tern at temperatures (-55 “C) for which static line shapes 
are still well in the intermediate exchange regime. 

It is possible to rationalize both time scale and line shape 
differences between static and VACSY results, by consider- 
ing the ways in which motional processes interact with the 
operation of the latter technique. 2D VACSY NMR corre- 
lates isotropic and anisotropic chemical shifts by changing 
their relative contributions to the total time evolution under- 
gone by spin coherences. These variations are achieved by 
selecting appropriate spinning axes p, which in turn scale all 
the anisotropies by equal factors P,(cos fl) [see Eq. (l)]. As 
recently discussed by Schmidt and Vega however, these 
“scaling-only” considerations are no longer valid when mo- 
lecular reorientations take place.30 Since dynamic solid-state 
NMR line shapes depend on the ratio between the rate of 
reorientation to the width of the CSA, changing the effective 
frequency separation among exchanging sites by means of 
variable-angle spinning will also affect the overall time scale 
ofthe dynamic NMR experiment. Thus, even at constant rates 
of motion, powder patterns recorded at different angles of 
macroscopic spinning may reflect all regimes of dynamic 
solid-state NMR. An example of this kind of behavior is 
illustrated in Fig. 5, which shows how the variable-angle 

I . , n I 
5 (spectfal&i&lGP~5 

FIG. 5. Variations expected in the 13C chemical shift line shapes of fast- 
spinning DMS sample as a function of P,(cos /3). The plots were simulated 
assuming an exchange rate of 1 Hz (T= 3 3 “C). The overall variable-angle 
spinning scaling is compensated by appropriate changes in the frequency 
axis; note however how CSA patterns evolve from slow- into intermediate- 
and on to fast-exchange regime line shapes as Pa(cos p) approaches zero. 

spinning line shapes of a site exchanging with the structural 
and kinetic parameters of DMS can be expected to change as 
a function of Pz(cos p). The final anisotropic line. shapes 
appearing in 2D VACSY correlation spectra result from a 
weighted-average of these distorted patterns; it is therefore 
not surprising that in the presence of dynamics the VACSY 
CSA line shapes depart from those observed for a static 
sample, showing an enhanced sensitivity towards slower mo- 
tional reorientation rates when compared with the 
P,(cos pj = 1 static case. 

In spite of these differences, anisotropic line shapes 
originating from 2D VACSY correlation experiments carry at 
least as much kinetic and geometric information as those 
available from static sample measurements. To extract such 
information however, it is necessary to take into account 
both the molecular details of the exchange process as well as 
the experimental angles of sample spinning involved in the 
2D acquisition setup. Calculation of anisotropic VACSY line 
shapes can then proceed by simulation of the complete 2D 
variable-angle time-domain data set arising from the ex- 
changing powder at a given rate, followed by the same bidi- 
mensional interpolation and Fourier processing that is ap- 
plied on the experimental data. Slices extracted from such 
2D simulated sets at the isotropic frequency of the site can be 
safely compared with the experimental dynamic CSA line 
shapes. We carried out this type of simulation on a system 
exchanging with structural and kinetic parameters identical 
to those reported for DMS; the rate-dependent anisotropic 
line shapes thus obtained show an excellent agreement with 
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FIG. 6. Comparison between the expkrimental (left-hand column) and simu- 
lated (right-hand column) VACSY 13C anisotropic powder patterns of DMS. 
Experimental line shapes were extracted from the 2D distributions shown in 
Fig. 3. Simulated line shapes were calculated as described in the text using 
identical angular and processing parameters as those involved in the coilec- 
tion of experimental data; the exchange rates used in these &ulations are 
shown to the right of each plot. 

the experimental 13C VACSY patterns observed as a function 
of temperature (Fig. 6). 

B. Molecut& dynamics in multisite systems: Tyrosine 
ethyl ester 

An important advantage of using the 2D isotropic- 
anisotropic correlation technique for investigating molecular 
motions resides in its potential to analyze systems possessing 
several inequivalent chemical sites. To explore this aspect of 
natural-abundance 13C VACSY NMR we decided to investi- 
gate the dynamic process occurring in tyrosine ethyl ester. As 
initially noticed by Griffin and co-workers,3* the 13C CP- 
MAS NMR spectra of this crystalline solid show a marked 
dependence on temperature. Whereas spectra recorded below 
0 “C clearly exhibit one isotropic peak for each of the 11 
inequivalent carbon sites in the molecule, a dynamic process 
makes the protonated phenyl carbons ortho to both the hy- 
droxyl and the alkyl groups equivalent as temperature is in- 
creased (Fig. 7). The splittings observed at low temperature 
are characteristic of an -OH group whose fast .rotation around 
the C-O bond is quenched in the solid. In crystalline com- 
pounds such as the one under consideration, where dynamic 
processes rarely disturb the translational symmetry of the 
lattice, the merging of peaks observed as temperature in- 
creases can originate either from the onset of 180” rotations 
of -OH groups around their C-O bonds, from synchronized 
H...O-H...O-F?H-O...H-O... intermolecular i hydrogen 
transfer processes, or from sudden 180” reorientations of the 
phenyl rings about their par-u axes. These three kinds of pro- 
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HO 3 

FIG. 7. Variable-temperature 13C CPMAS NMR spectra of tyrosine ethyl 
ester, showing the thermally activated coalescence of the protonated aro- 
matic carbon resonances. Assignments correspond to the positions indicated 
in the chemical structure shown on the top; unmarked resonances corre- 
spond to spinning sidebands. 

cesses cannot be unambiguously distinguished by monitoring 
the changes in the isotropic 13C NMR chemical shifts of the 
molecule. The last type of dygamic dkhayior however, com- 
mon in both crystalline and polymeric materials, can be dis- 
criminated from the others by measuring the variations tak- 
ing place in the CSA parameters of the protonated aromatic 
c,wbons. Indeed, processes involving hy.+oxyl group dynam- 
ics .will change-‘&e anisotropic shifts of these sites by an 
*ou@ cqmp.Table to the splittings observed in the low- 
temperature MAS spectra (-3 ppm); phenyl ring reorienta- 
tions on the other hand, will be associated with much larger 
changes (-50 p@&&ing from the mixing of the in-plank 
cqmponents of their CSA~tensors. We therefore decided to 
further investigate the nature of the molecular motions oc- 
curring in tyrosine ethyl ester, by analyzing the changes ob- 
served in the isotropically resolved powder patterns of these 
carbons as a function of temperature. 

A 2D VACSY 13C NMR spectrum recorded on the ester 
at low temperature is shown in Fig. 8; a listing of the corre- 
sponding CSA parameters is presented in Table I. In order to 
disregard possible intei-ferences f%m peak‘ jc attention was 
focused on peak e, the clearly resolved signal arising from 
the carbons ortho to the methoxy group. For these sites, the 
CSA VACSY line shapes illustrated on the left-hand column 
of Fig. 9 were obtained as a function’ of temperature. The 
averaging observed among the least shielded components of 
the chemical shift tensor as temperature increases is diagnos- 
tic of 180” ring flip rotations; a possibility which we further 
explored by comparing the experimental VACSY results with 
the simulated line shapes which can be expected for this kind ..- - 
of r&ion. To carry out these sunulations the principal 
shielding components available ‘from experimental low- 
temperature 13C anisotropic line shapes.were used. Follow- 
ing single-crystal and theoretic+, guidelines we placed the 
most shielded component of this tensor (z axis) perpenhicu- 
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FIG. 8. 2D isotropic-anisotropic 13C NMR correlation spectrum of tyrosine 
ethyl ester at 0 “C. 256 data points were acquired in 3 1 time-domain experi- 
ments for spinning axes p spanning the range -0.25<Ps(cos flcO.25, 
and interpolated over a 256X64 time-domain grid. The sampIing setup that 
was used afforded an isotropic spectral width of 25 kHz and an anisotropic 
window of 50 kHz; the resulting digital resolution was not high enough to 
resolve the four signals observed in Fig. 7 for the protonated aromatic car- 
bons. Peak assignments on the projection shown on the left correspond to 
the molecular structure shown in Fig. 7. 

lar to the aromatic ring, and the least shielded direction b 
axis) along the C-H bond (Fig. 9, top scheme). The effects 
of 180” ring flip motions were then taken into account by 
assuming mutual exchange processes between two classical 
sites whose CSA frequencies are related by 120” rotations of 
their tensors about the z axes. Complete dynamic VACSY 
time-domain simulations were carried out as described 
above, by integrating the signals arising from the exchanging 
sites over a solid sphere as a function of the macroscopic 
spinning angles /I that were used to record the experimental 
data. Spectra calculated in this way using the appropriate 
rates of exchange (Fig. 9, right-hand column) reproduce the 
main features observed in the experimental temperature- 
dependent VACSY line shapes, thus lending support to the 
presence of ring-flip dynamic processes for tyrosine ethyl 
ester in the solid phase. 

TABLE I. 13C NMB shielding parameters of Gtyrosine ethyl ester at 0 ‘C. 

Peakb wi= Ao kw) 17 

h 
i 

16.3 8 1.0 
46.1 24 0.3 
59.0 -15 0.2 
64.2 -49 0.3 

116.7.118.2 -91 0.7 
129.0 -115 0.7 
132.1,133.7 -125 0.5 
157.9 -97 0.8 
175.4 82.4 0.1 

“Assumhs h31~1~~~3~ or,, ~,r+~a+~~=O. Principal values are con- 1. 
sidered accurate within -CS ppm. 

‘Peak assignments are as shown in Fig. 7. 
isotropic shifts reported downfield from &,,=O in ppm, calibrated using 
hexamethylbenzene as an external reference. 

“Not resolved in the 2D NMR spectrum due to insufficient digital resolution. 

180 ‘flip I20’reorientation 

= - 

Exverimemtal Simulated 

2kl d ‘20 kr-rz - 

FIG. 9. Comparison between the experimental anisotropic line shape re- 
solved for site e of tyrosine ethyl ester from variable-temperature VACSY 
spectra (left-hand column), and simulated distributions calculated assuming 
180” flips of the aromatic rings taking place at the indicated rates (right- 
hand column). This reorientation brings about 120” rotations of the CSA 
tensors around their z axes as shown in the scheme on the top. Experimental 
spectra were recorded using the VACSY parameters described in Fig. 8. 
Simulations took into account these acquisition parameters as described in 
the text and the exchange rates shown on the right of each plot, chosen to fit 
the experimental data. 

IV. DISCUSSION AND CONCLUSIONS 

In spite of its sensitivity drawbacks, the remarkable ca- 
pabilities of NMR for monitoring the orientation dependence 
of nuclear spin interactions have made from this technique 
one of the leading approaches for probing motional dynam- 
ics in solids. Nevertheless the combination of these capabili- 
ties with the other unique attribute of NMR, its power to 
resolve spectral peaks according to their chemical origin in a 
complex molecule, has remained an elusive goal. Wide- 
spread ways of achieving this kind of resolution have in- 
cluded the use of synthetic isotopic enrichment of a particu- 
lar site with 13C or 2H, ‘**15 as well as the observation of 
second-order relaxation effects on molecular systems where 
first-order anisotropic shifts have been effectively averaged 
out.32,33 The methodology discussed in the present study pro- 
vides an alternative route to solve the conflict between the 
search for high chemical resolution and the maximization of 
the available anisotropic information, by separating these 
two contributions along two orthogonal frequency dimen- 
sions. Although such an approach requires slightly special- 
ized hardware and the implementation of a bidimensional 
NMR experiment, its execution is relatively straightforward 
and readily compatible with both high sample spinning 
speeds and extreme temperatures operations. Extraction of 
dynamic information from VACSY line shapes requires time- 
domain simulations of complete 2b data sets; the methodol- 
ogy of these calculations however, follows directly from uni- 
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dimensional dynamic NMR formalisms which have been 
well-known and documented for years. Still, it would be in- 
teresting to investigate whether some of the alternative tech- 
niques developed ‘for the 2D separation of anisotropic pat- 
terns can yield high-resolution dynamic information without 
suffering from such computational drawback. 

An intrinsic disadvantage of all CSA-based analyses 
compared to, for instance, dynamic deuterium quadrupolar 
NMR, resides in the relative inaccuracy with which the in- 
teraction tensors can be oriented within molecular frames of 
reference. This may circumscribe the application of dynamic 
13C line shape studies to cases similar to the ones described 
in the present work, where literature guidelines on chemical 
shift tensor orientations are highly reliable, or to systems 
where the complementary acquisition of isotropically re- 
solved separated local field spectra is feasible.34 Of course, 
the present technique compensates these disadvantages by 
being fully compatible with the analysis of complex unla- 
beled systems. We therefore trust that this type of isotropic- 
anisotropic 2D correlation techniques will help to extend the 
scope of applications of solid-state NMR to the study of 
different types of dynamic processes in materials. 
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