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Abstract: We discuss the potential use of relaxation times toward the resolution of inequivalent chemical
sites in the NMR spectroscopy of powdered or disordered samples. This proposal is motivated by the
significant differences that can often be detected in the relaxation behavior of sites in solids, particularly
when focusing on NMR observations of quadrupolar nuclei possessing different coordination and/or dynamic
environments. It is shown that in these cases the implementation of a non-negative least-squares analysis
on relaxation data sets enables the bidimensional resolution of overlapping powder line shapes, even when
dealing with static samples. In combination with signal-enhancement methodologies such as the quadrupolar
Carr—Purcell Meiboom—Gill train, such relaxation-assisted separations open up valuable routes toward
the high-resolution characterization of systems involving insensitive (e.g., low-y) nuclei. The principles and
limitations of the 2D NMR approach resulting from these considerations are discussed, and their potential
is exemplified with a variety of static and spinning investigations. Their extension to other nuclear systems
where spectral resolution is problematic, such as protons in organic solids, is also briefly considered.

Introduction dominate the central-transition spectroscopy of half-integer
qguadrupolar nuclei, where they will often broaden resonances
by several kHz. Driven by the need for techniques capable of
facilitating the study of these nucteand thereby of the
numerous technologically important materials in which they
participatél~13—new technigues were introduced during recent
years for improving both the resolution and the sensitivity of
qguadrupolar NMR. The former include methods such as
dynamic-angle spinning, multiple-quantum MAS (MQMAS),
and satellite-transition MAS, techniques which can afford liquid-
like NMR spectra by incorporating into conventional MAS
additional manipulations of the spins’ evolutiéit® Central
among the latter has been the implementation of €Rurcell
Meiboom-Gill (CPMG) echo train¥-?%in conjunction with the
signal’s acquisition, an approach that under suitable conditions
can enhance the normal single-pulse sensitivity achievable per
unit time by an order of magnitudé- 23

A distinctive challenge of nuclear magnetic resonance (NMR)
experiments on solid samples is the achievement of spectral
resolution. Whereas liquid-phase molecules undergoing fast
isotropic tumbling lead to sharp and well-resolved NMR peaks,
sites from solids yield broad resonances that usually overlap
with one anothet:? This line broadening originates from the
anisotropy of the nuclear spin interactions, and it can impose
severe sensitivity and resolution penalties on the spectroscopy.
Averaging away the anisotropic parts of the spin interactions
has consequently been a topic of continuous investigation in
high-resolution solid-state NMR:* Foremost among the strate-
gies proposed to retrieve narrow peaks from solids is magic-
angle-spinning (MAS), a relatively simple mechanical procedure
capable of removing all anisotropies that transform as second-
rank tensor§:5 On the other hand, it is well-known that by itself
MAS is unable to average away certain anisotropies, such as
the second-order quadrupole line broadening that often arises Frydman, LAnnu. Re. Phys. Chem2001, 52, 463.
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Though highly significant, these advances in resolution and 7 encoding the spins’ relaxation behavior. Given their additional
sensitivity do not yet offer a general, ideal route to the study of dependence on the acquisition tih@ncoding the spins’ evolution
half-integer quadrupolar nuclei in solids. The resolution en- frequencies, such 2D set of signals can be described as
hancement methods, for instance, applicable as they are to a
wide variety of species, are usually associated with losses that
make them ill-suited to study systems characterized by poor ) o . .
signal-to-noise ratios (S/N). Quadrupolar CPMG, on the other I(v,R) is a distribution separating the quadrupolar powder line shapes

: . f the different sites that are present in th mpl rding to their
hand, works best when applied on static systems affected by (€ different sites that are present in the sample according to the
. . ? relaxation rate®R, and in the present instance constitutes the 2D data

severe inhomogeneous quadrupolar broadening,

. . . " . a scenariQe being sought. The-encodedG function in eq 1 describes the
where achieving site resolution is unlikely. In the course of |4axation process that is followed; i.€5(R) = exp[—Rt] when

carryi_ng out vgrious _experiments on hal_f-integer quadrupolar measuring an exponential decay 6(Rz) = 1 — exp[-Rt] when
nuclei, and while looking for ways to alleviate these challenges, dealing with a saturation-recovery behavior. Inverting eq 1 to extract
our attention was called by a distinctive behavior that we believe I1(v,R) from Sz,t) can formally be summarized by a Fourier transform
offers a valuable alternative to enhancing spectral resolution in of Sagainst, which extracts the frequency distributions that are present,
either spinning or static solids. This arises from the highly followed by an inverse Laplace transform againsthich finds the
heterogeneous longitudinal relaxation behavior displayed by rates contributing to the spins’ relaxation at a particular frequency within
quadrupolar nuclei, wherd@; values differing by orders of  the powder pattern:

magnitude are often observed between chemically inequivalent
sites. This heterogeneity within the crystalline lattice can be 2
traced to the highly local nature of the quadrupolar relaxation ) , o ) )
process, dependent mostly on the degree of electronic symmetry Despite the procedure’s apparent simplicity, the last inversion
surrounaing a spin and on the dynamics occurring within the constitutes a main challenge in the relaxation-assisted separation of

| , di icinity. Wh bined with th peaks. By contrast to the extraction of frequencies via Fourier analysis,
nucleus’ immediate vicinity. en combined with the con-  hich is a well-behaved operation, the inversion of a real decaying

veniently shorfl; values that quadrupole nuclei usually possess fynction to extract multiple decay rates is remarkably unstable.

in solids, this feature opens up a route for the discrimination of Numerous strategies have consequently been proposed to implement a
inequivalent sites based on their spin relaxation behavior ratherrobust numerical inversion of exponential recovery data in terms of

than on their isotropic shifts. The following section describes their rate component§:36 For the purpose of the present exploratory

the numerical and experimental methodologies that were study, we decided to assay what is perhaps the simplest of these
employed to test this relaxation-assisted separation (RAS) of strategies, based on a non-negative least-squares (NNLS) fitting of the
solid-state NMR resonances; subsequent sections illustrate andelaxation data. Such analysis employed as input the purely absorptive

assess the results achievable by this type of strategy unde'powder pattern®(v,r) measured throughout the recovery series, and
various conditions modeled the relaxation behavior for each individual frequemcy

according to an idealized sum

St = f f I(v,R) explivt] G(R7)dvdR 1)

T (x)

FT(t) LT
St7) — P(v,t) — I(v,R

Numerical and Experimental Methods
Pv7) = Z ARIG(RT) ®3)
Though the systematic use of relaxation time differences has to the
best of our knowledge not been employed for enhancing the resolution
of solid-state quadrupolar NMR spectra, the separation of structures A«(R) describes here the (positive) contribution that each particular rate
based on their dynamic behavior is common in many areas of magneticR makes to the frequency’s relaxation, and its determination lies at the
resonance. The selective contrast according to relaxivity or diffusivity core of the NNLS search. To find these preexponential coefficients, a
characteristics of otherwise isochronous water signals serves as a routinéange of potential relaxation rates was thus defined, subdivided into
diagnostic tool in magnetic resonance imagif§.NMR applications ann-dimensional grid (usually consisting of 50 or 100 logarithmically
of two-dimensional diffusion-ordered spectroscopy (2D DOSY) have SPacecR values), and used to calculatd @(R;7)}1<in Set of matrix
also become common in the discrimination of liquid-state resonances €xponents. The NNLS routine provided by the Matlab 6.2 software
arising from chemical mixtures according to their originating Package (The MathWorks Inc.) was then used to search, for zach
compound®-2 Relaxation differences have also been recently exploited Value, then-th dimensionalA = A,(R) vector that minimized the
to separate’3C CPMAS NMR resonances arising from different —deviation
polymorphs as well as to probe dynamics within the context of 2D
chemical exchang®:3! On exploring the potential extension of the
principles underlying these techniques to the resolution enhancement
of solid-state quadrupolar NMR, an approach similar to that involved
in 2D DOSY was adopted. The separation of sites according to their

of = Z[P(V,T) - Z AG(R,7)] “

The amplitude vectors leading to the smallesteviations for each

relaxation characteristics begins in the resulting protocol with the
collection of a normal set of NMR signals, as a function of a parameter
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particularv value were then assembled in a row-by-row fashion to
construct the complete 20v,R) RAS spectrum. The accuracy of this
multiexponential fitting is actually dependent on the manner the
experimentat-values are chosen. In the present study, these times were
sampled according to the logarithmic recige= tmin20~M, where M

= (N — 1)In(2)/In(@maxTmin) depends on the total number of recovery
times{z}1<j<=n employed, as well as on the minimum and maximum
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recovery timesmin, Tmax>’ We also found it convenient to define this
interval by following the literature suggestiafin ~ 0.2Rnax Tmax ~
5/Rmin; Rmin @andRmax being the rates of the slowest and fastest relaxing
sites in the sample. A

The algorithm of the preceding paragraph was tested on a variety ( )
of model compounds usirf§Na (a 100% natural abundance spBi2 1s
with 9 x 1072 receptivity),3*Cl (a 76% natural abundance spi8/2
with 3 x 1078 receptivity) and®Mg (a 10% natural abundance spin
—5/2 with 2 x 10* receptivity, monitored after enrichment to 90%)
as targets of investigation. Static and spinning experiments were
recorded either at 7.1 T using a laboratory-built console equipped with
a widebore Magnex magnet, or at 14.1 T using a Varian/CMX
InfinityPlus console equipped with a widebore Oxford magnet. In all
cases, 4 mm double-resonance Varian/CMX MAS probeheads were
used. These experiments focused on certHR < +1/2 transitions
and involved fitting saturation-recovery data, even if preliminary
calculations revealed that fits would have had greater accuracy upon
inputting inversior-recovery data. This was done due to the difficulty
in achieving a homogeneous inversion of the central transition
guadrupole line shapes, affected as they were by orientation-dependent
nutation effect$:® Data collection along the direct domain was carried NazCO3 N
out using a either single-pulse or a train ofr-pulse echoes; further

15

1
23Na Frequency (kHz)

details are described below. Preliminary proton relaxation measurements — N
discriminating sites according to their distinctive rotating-frame decay I \\W\\
rates were also assayed, as is also described below. © W\\\\\
Results .\\
4\E___-:——*'
We begin by discussing 2D RAS NMR results obtained on — ———
systems made by mixing simple single-site compounds whose 07 Relam,,-o,,(}'g]ag,e (s1)

!ndlwdualzllsne shapes could be a priori characterized. Figure 1 Figure 1. Comparison between the conventional (A) and 2D RAS NMR
illustrates®*Na NMR results observed on a powdered sample spectra (B) arising from a 1/1 mixture of p&OYNa&CO; powders. All
made up from a 50% w/w mixture of sodium sulfate and sodium data were recorded on a static sample at 14.1 T (158.7 MHz Larmor

: ; ; ii ; frequency). The RAS spectrum arose from a saturation-recovery experiment
carbonate. The static spirecho line shape arising from this employing 20t recovery times logarithmically spaced between 0.04 and

mixture at 7.1 T consists of a Siljgle featureless peak (Figure 40 s, with 64 scans recorded for eactialue. As for all experimental data
1A), broadened by a combination of homonuclear dipolar sets described in this work, 100 logarithmically spaced relaxation Rites
couplings and second-order quadrupole effects. Yet a 2D RAS were used in the NNLS fitting of the recovery data. For the 256 frequency-

. iep . . . . domain points usually involved in the experiments, such procedures then
approach finds no difficulties in separating the two sites demanded 300f processing timema 2 GHz Pentium IV-based PC. The

contributing to this static line shape (Figure 1B), even if the similar curvatures that the two RAS-resolved line shapes show ifviRg
sites’ apparent relaxation parameters are not extremely different.plane are suggestive of a common artifact, which could be compensated
An interesting feature illustrated by this 2D spectrum is a slight PY placing the skyline projections of the individual powder patterns at the
dependence of the apparent relaxation rate observed for each ©ra9¢ relaxation rate exhibited by each site (C).
of the sites, on the resonance frequency within the powder
pattern. This behavior is suggestive of an anisotropy in the spin €xperiments. When focusing on lowgmuclei, however, gains
relaxation which, though only a minor complication toward have been shown from the implementation of CPMG on the
achieving resolution for this particular sample, could complicate duadrupole’s central transitiGi. 2 Since facilitating high-
2D RAS experiments on other systems. Yet the fact that the resolution studies that rely on this approach is one of the main
apparent frequency dependence appears correlated for the twdorces driving the present study, we explore next the application
sites in the mixture, lead us to believe that its origin is numerical Of such strategy t§°Cl NMR, a moderately insensitive spin
and not physical. Indeed as we further detail below, common Probe. The large quadrupole moment and small magnetogyric
experimental artifacts may result in such systematic curving of ratio of this chlorine isotope (the most sensitive of #el/
the data upon using the NNLS processing routine. To deal with *’Cl pair) implies that a considerable second-order quadrupole
such effects a simple post-NNLS numerical procedure was broadening may occur even when dealing with fairly symmetric
developed, that accounted for this artifact by computing the €lectronic environments. Such was indeed the situation encoun-
various relaxivity values contributing to each particular fre- tered upon exploring the line shapes arising from amino acid
quency and assigning them to the average relaxation rate ofand peptide hydrochloridé8;* ornithine and lysine hydro-
each site (Figure 1C). In essence, no serious complication thatchloride powders, for instance, originate central transition line
could be unambiguously ascribed to relaxation anisotropy was Widths of~50 kHz even at the intense field used here for their
observed in the various samples investigated during the coursestudy (14.1 T). Such large line widths would make their peak
of this study. separation impractical by most spinning-based methodologies
Multisite samples involving nuclei with good receptivity such currently available. By contrast, resolution of these sites is
as?3Na can be analyzed appropriately using single sgicho

(38) Bryce, D. L.; Gee, M.; Wasylishen, R. H. Phys. Chem. 2001 105
10413.
(37) Hinton, D. P.; Johnson, C. S. Phys. Chem1993 97, 9064. (39) Medek, A.; Frydman, L. Unpublished results.
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(A)
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Figure 3. Comparison between conventional (A) and 2D RAS NMR spectra
(B) acquired for MGATP/BPA at 14.1 T. Data were recorded at a 36.6
MHz Larmor frequency utilizing MAS at 10.0 kHz, a 10 kHz spectral width,
andH decoupling during the acquisition. The RAS spectrum arises from
a saturation-recovery experiment employingzli@covery times, logarith-
mically spaced between 2 and 500 ms (256 transients recorded for)each
An averaging procedure following the NNLS fit of the data lead was also
used in this case.

recovery series of powder patterns ready to be fitted (Figure
50 2B). NNLS analysis of the individual frequency points within
these line shapes followed by the averaging correction men-
tioned in the preceding paragraph yields clearly resolved powder
(D) patterns (Figure 2C), for the otherwise seriously overlapping
resonances of the two salts. The powder patterns that can be
resolved in such manner can be successfully compared with
the second-order static patterns arising from the individual
components of this mixture (Figure 2D), thus suggesting 2D
Ornithine-HCl RAS as a useful alternative not only for the separation but also

7 14

50 0
35Cl Frequency (kHz)

Lysine-HCI

for the spectroscopic characterization of different sites.
50 0 50 The potential of this new approach was also explored toward
35Cl Frequency (kHz) the characterization of the ternary magnesium(ll), adenosine-

Figure 2. Processing stages involved in the relaxation-based separation of 5'-triphosphate, bis(2-pyridylamino) (for short, MgGATP/BPA)
the overlapping second-order quadrupolar patterns arising from a 1/1 nucleotidic complex. This sample possesses two distinct metal
L-ornithineL-lysine hydrochloride mixture, analyzed as a static powder at qordination environments in its unit cell: one where the Mg
14.1 T (58.8 MHz35CI Larmor frequency). (AF°CI CPMG echo trains ) . . .

recorded during the course of a saturation-recovery experiment involving IS Octahedrally coordinated to six oxygen atoms coming from
307 values logarithmically spaced between 1 and 1000 ms, with 1024 scansphosphates groups in inequivalent ATP molecules, and another
C?”T]Cf%(gé?f ean of ltheser:ecovew tilmes-f(B) Sarfluration-fecovefy profile where the Mg is octahedrally bound to six oxygens coming from
of the powder line shape resulting from the separation, Fourier s 40 : : L .
processing and recombination of the individual CPMG echoes. (C) Averaged waters of hydr_atloﬁ. These wo sites glye origin to overlapping
2D RAS spectrum arising from the NNLS processing of the saturation- Ce€Ntral transition powder patterns, which though not resolvable
recovery data, separating the lysine powder pattern from its ornithine by MAS (Figure 3A) can be separated by MQMAS NMR
counterpart. For further comparison the spectra in (D) illustrate the static, acquisitions. The different coordination environments of the two
1H-decoupled powder line shapes that could be observed for the individual Mg sites, coupled to the importance that the relatively mobile

amino acids under similar experimental conditions. ; - - =
waters of hydration usually have in determining splattice

straightforward after only a few hours of data acquisition using "€laxation in crystalline solids, make out of this complex a
the RAS-based strategy. Figure 2 summarizes selected processsUitable candidate for testing the RAS protocol. A static
ing stages involved in such B-based analysis. These begin €Xperiment was thus assayed ona ;unably crystalhzeo! sample
with the acquisition of several CPMG free-induction decays as Where the complex's magnesium sites had been enriched to
a function of the recovery timethat follows an initial saturation ~ ~90%. Although considerably strong signals were obtained from
sequence (Figure 2A). This experimental data set is then such system using a static CPMG sequence in cqmbmano_n with
processed by separating the various echo signals, adding therr%H decoupling, problems arose from the relatively intense signals
up fC_)I’ each in(_jiViduaIT Value_’ We_ig_hting‘ Zero_f_i”ing' anq (40) Cini, R.; Burla, M. C.; Nunzi, A.; Polidori, G. P.; Zanazzi, P.Jx Chem.
Fourier processing them. All this originates a quality saturation- Soc, Dalton Trans.1984 2467.
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Figure 4. Comparison between conventional (A) and 2D RAS {Bya = —CHz-
NMR spectra collected for NdCMP(8)-7H,O at 7.2 T (79.9 MHz Larmor
frequency). Acquisition of the RAS data was made on a static powdered
sample using a laboratory-built NMR spectrometer and the following

conditions: 70 kHz spectral widtAH decoupling during the acquisition,

22 7 recovery times logarithmically spaced between 0.025 and 25 s, and
700 scans for each For the sake of clarity, this stack plot is shown without
implementing the averaging procedure that follows the NNLS processing.

emerging in this case from the magnesium forming part on the
probehead’s unenriched background. Background signals were
by contrast negligible upon analyzing the nucleotide under MAS,
which was therefore incorporated into the measurements. Figure
3B illustrates the 2D RAS separation that could then be achieved
for the two sites in the nucleotide. Though the powder line
shapes arising from such separation were not as featured as those
in the 3°Cl analysis, sites could still be clearly resolved within

a fraction of the time it took us to setup and collect an analogous
MQMAS-type experiment. Furthermore, this 2D RAS result
indicates that the site with largest quadrupole coupling of the = > >

pair is also the one characterized by the faJterelaxation; 0 1H p,equg,,cy (kHz)

since itis reasonable to e_XpeCt such fast-relaxmg site to be theFigure 5. Exploitation of Ty, relaxation rate differences in the Lee
one coordinated by the six water molecules, this corroborates goldburg frame, toward the resolution of inequivaléisites in a powdered

the assignment previously made on the basis of the MQMAS solid. (A) 14.1 T NMR spectrum recorded for a glycine sample at a MAS
anle—stg REDOR experimentél. rate of 14.0 kHz: spinning sidebands are visible in this sgicho
. . . experiment (echo time= 71.4us), but chemical sites are barely resolved.
Though clearly useful in the cases described so far, InStanceS(B) 2D RAS spectrum arising from a data set collected under similar

arise where the relaxation-based separation of powder patterngonditions, upon monitoring théH magnetization remaining after a spin-
is unsuitable. Indeed, just as sites with similar chemical environ- lock delay along the magic-axis. Eighteerdecay times logarithmically
ments may not be resolvable according to their chemical shift fpac.ed between 0.5 and 100 ms were used in the NNLS reconstruction
. ) . . . . ) eading to this contour plot, with 16 phase-cycled scans acquired for each
differences, sites with similar relaxation environments will N0t of theser values. The rate of spin nutation associated to the effective spin-
be distinguishable by their relaxometry characteristics. The two locking field was 70 kHz. (C) Stack plot arising upon subjecting the data
inequivalent sodium sites within the unit cell of }MEMP(3)- set in (B) to the averaging procedure described for the quadrupolar cases.
7H,O furnish an example of such limitations. THéNa
quadrupole coupling constants of the two sites in this deoxy- nucleotide’s static?®Na spin—echo spectrum, nearly no ad-
cytosine salt are considerably different, as one of these resideditional resolution is afforded by a 2B®Na RAS procedure
in a highly asymmetric pentacoordinated environment while the based ofT; discrimination (Figure 4). Also interesting to remark
other one sits in a hexacoordinated, symmetric Bnéet both is the minor cross-talk arising in this 2D spectrum between the
sodium sites partake of the same water-capped, water-bridgedeal peaks and regions of higher relaxivity values, artifacts which
dimer structure, a feature which endows them with similar we believe are a consequence of the small relative intensity that
chemical shifts and, presumably, with nearly identical spin  for each frequency point is displayed by the pentacoordinated
lattice relaxation times. Thus, whereas two very distinct second- site.
order quadrupolar line shapes can be appreciated in the We conclude this experimental account by exploring the
application of 2D RAS-based algorithms to the study of another

(41) Grant, C. V.; Frydman, V.; Frydman, I. Am. Chem. Sd200Q 122 11743. H F A ; P H
(42) Pandit, J.; Seshadri, T. P.; Viswamitra, M.Acta Crystallogr.1983 C39, type of Sp_ln System where ach_levmg site reso_lutlon is often
342. problematic. The case in question involves solid-state proton
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Ri= 151 RB= 1051

12

= —
05 Relaxation Rate (s-1)> 05 Relaxation Rate (s-1)7 05 Relaxation Rate (s-1)

Figure 6. Resolving characteristics of the NNLS fitting procedure, as viewed for different values of the S/N ratio affecting the input relaxation data. All
2D RAS sets were calculated for two equally populated sites possessing different chemical shielding anisotropie8 (gparfor site A, 13 kHz for site

B), and the indicated longitudin&; relaxation rates. The fitting was done assuming 50 logarithmically spRoedues, using as input ideal saturation-
recovery data sets (30 points) to which white noise had been added.

NMR, where peaks arising from inequivalent sites are often relaxation measurements with a simple route to separate the
broadened by an extensive network of dipetpole interac- sites’ resonances. Chemical differences are also reflected along
tions. Fast MAS will narrow these dipole-broadened reso- the frequency axes of the now resolved MAS line shapes, with
nances;%4344yet given the currently achievable rates of sample the center-of-mass of the amino peak appearing ca. 5 ppm higher
spinning, resolving peaks arising from inequivalent sites still than that of the methylene. Further examples on the application
requires the application of additional multiple-pulse se- of this strategy, which though relying solely on moderate MAS
quences: 64345 Relaxation times might again be invoked to rates avoids multiple-pulse sequences altogether, will be dis-
resolve overlapping resonances in this case, with the addedcussed elsewhere.
advantage that the data fits will benefit from the superior S/N
that is usual in proton spectroscopy. The extensive network of piscussion
homonuclear interactions present in conventional organic/
biological solids will actually tend to homogenize tfig and The results presented in the previous section indicate that
T, times of individual proton sites, thus making the kind of relaxation-based measurements constitute a promising alternative
measurements that were described on quadrupoles nonspecificoward the resolution of inequivalent sites in solids. Simulta-
On the other hand, relaxation times monitored within an neously, however, these results open up a number of questions
interaction-frame that is inclined at the magic-angle with respect regarding the generality of the method. Most important among
to the spinsZz quantization axis will enjoy from a considerable  these are (i) how different need relaxation parameters be to allow
decoupling among neighboring sites, giving the method a chancefor a successful RAS-based analysis, (ii) how sensitive is the
to achieve resolution among these. A simple option to achieve method to instrumental instabilities, and (i) how many over-
a separation based on the relaxation characteristics ofindividual|apping powder patterns can the method resolve. These are
chemical sites is thus offered by measuringunder so-called  gctually complex issues, interdependent on one another: in-
Lee-Goldburg conditions®4’ Figure 5 illustrates results ob-  strumental instabilities may compromise the number of sites
tained on the basis of this premise; it compares the standardinat can be resolved, numerous sites may only become amenable
single-pulse'H MAS trace obtained on a powdered glycine 5 separation provided that their relaxation parameters are
sample, against uncorrected and averaged 2D RAS spectragnsiderably different, etc. Furthermore, it is evident that an
reconstructed from this relaxation process. As can be appreciatedaccurate' guantitative answer to these queries will also be highly
from these results the very different mobility characterizing dependent on the method that is employed for the numerical
groups in this molecule lead toCH,— Ty, times ca. an order  gpajysis of the data, among which the Matlab-based NNLS
of magnitude longer than those of theNHs", providing routine that was assayed in this study ranks probably as most
) basic. Yet it is perhaps because of its lack of sophistication,
(43) Hafner, S.; Spiess, H. WConcepts Magn. Resof998 10, 99. o . . ..
(44) Ray, S.; Vinogradov, E.; Boender, G.-J.; Vega) SMlagn. Reson199§ that it is worth exploring the conservative assessments arising

135, 418. . . . . )
(45) Maciel, G. E.; Bronnimann, C. E.; Hawkins, B. L.Aglvances in Magnetic when using this proce§5|ng rOl,'Itme' We therefore decided to
Resonance: The Waugh Symposiumarren, W. S., Ed.; Academic  evaluate the approach’s potential by focusing on a number of
Press: San Diego, CA, 1990; Vol. 14; p 125. ; i
(46) Lee. M- Goldburg, W. IPhys. Re. 1968 140, 1261. synthetlc d_ata sets, _Whert_e the apparent reIaX|y|ty, nu_mber of
(47) Haeberlen, U.; Waugh, J. Bhys. Re. 1969 185, 420. sites, and kinds of artifacts involved could be easily manipulated.

F J. AM. CHEM. SOC.



NMR Spectroscopy of Static Solids ARTICLES

10 . noted as the number efandR values incorporated into the fit
(A) (B) were increased

e @ A second aspect that was explored meant to address the
. effects introduced on the 2D spectra by artifacts which are

/ 0 common in static solid-state NMR acquisitions. These included

spectral distortions arising due to the spectrometer’s deadtime,

e as well as common baseline artifacts such as DC offsets or tilts.

2D RAS simulations then predict that for a typical S/N of 100

dephasing effects will have no appreciable consequences,

whereas baseline distortions may affect RAS fits even if

T ' ' ' L ' ! i ! relatively small. Among the changes that are then observed count

17 (© ] (D) some of the main artifacts detected during the course of our

¥ —y experiments (Figure 7), including a curvature of the spectral
éﬁ ridges from their ideaR values that becomes more noticeable
0 toward the edges of the powder patterns, and which could easily
be confounded with an anisotropy in the relaxation times.

A final aspect that we decided to probe was the method’s
separation performance when it comes to dealing with more
than two sites. In this connection we observe that, although the
0 0 NNLS algorithm can detect a high number of inequivalent sites
within its range ofR-fitting if given noiseless input data set,
this ability degrades as S/N decreases. Figure 8 illustrates this
Figure 7. Effects introduced by frequency-domain baseline distortions on featur,e with Z,D RA,S analyses of a model containing three
the NNLS fitting procedure, as viewed for two sites possessing simulation in€quivalent sites. Itis to be noted, however, that some of these
and processing parameters as in the center panel of Figure 653000, S/N limitations can be compensated by the incorporation of
Ri's of 1 and 5 5* respectively). (A) Distortion-free benchmark. (B) Contour adgitional points into the relaxation data set being fitted. This
:ﬁ;)tjilg]nugmafst%rn;p?rl]sggsi;D((é) bgz%l'geagﬁ;etf;%glggg '5D/f: O;ﬁ?; characteri_st_ic will actually be highly sensitive on the_ method
superimposed on an additional baseline tiltied.5%. (D) Same as B for ~ used for fitting the data; we thus defer a full analysis on the

a —0.5% DC baseline offset. Notice the similarity between the edge limits of the method until additional processing approaches are
distortions in panels B and C and those observed in experimental data setsassayed
(Figures 1B and 4B). '
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L . Conclusions
As an initial test, we explore the method’s ability to resolve

two inequivalent sites, when viewed as a function of the peaks’ The results described throughout the course of this work
difference in relaxation rates and as a function of the overall demonstrate the worthwhileness of exploring relaxation-based
quality of the data. For the sake of simplicity, two inequivalent strategies, as they apply to the enhancement of resolution in
sites affected by a static shielding anisotropy were assumed.solid state NMR. Among the main features of these strategies
From these tests it could be concluded that the relaxation ratesare the simplicity of the experiments they entail, the relatively
between the sites to be resolved may differ by a factordf short times associated with their setting up and data collection,
when dealing with an excellent S/N (Figure 6), with a larger and the ease with which resonances can be resolved in certain
difference desirable for the kind of S/N characterizing our cases where no realistic alternatives exist for achieving this aim.
experimental acquisitions (S/N 100). Though short of ideal,  Still, it is apparent that separating inequivalent sites via an
and liable to degrade when dealing with sites with very unequal inversion of the relaxation data into a new “spectral” dimension
populations, this kind of resolution opens up a comfortable will only be feasible if a few basic conditions are met. One is
window for the analysis of a wide variety of solids. It should that the relaxation parameters of the various sites that are to be
also be mentioned that an increase in noise immunity was alsocharacterized should be substantially different. Although this

S/N = 100 S/N = 1000 S/N = 10000

7 7 7 7 7 7
0. . 14 0. . 14 0. . 14
2Relaxatlon Rate (s-1) 2Rela,\catzon Rate (s-1) 2Rela.xatmn Rate (s-1)

Figure 8. SIN dependence of results afforded by the NNLS analysis as applied toward the resolution of three inequivalent powder patterns. These were
assumed to possess shielding spans of 13, 11, and 8 kHz, and relaxation rates of 1, 3, dncbdfestively (i.e., left-most panel in Figure 6, plus an
additional site in the middle). Other simulation and fitting parameters were as in Figure 6.
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is not always the case for a particular relaxation measurement,Given the promise carried by the incorporation of relaxation
the possibility arises to introduce meaningful differences by parameters into the tool kit available for improving resolution
switching observable (e.g., froffy to Ty,) or via changes in in solids NMR, such additional processing refinements appear
the sample’s temperature. A second condition that needs to belikely.

met is the availability of high-quality data, a demand which is

aided by the simple and efficient type of experiments that ~Acknowledgment. We are grateful to Profs. M. Neeman
relaxation measurements usually involve. Finally, a successful (Weizmann Institute) and C. S. Johnson (University of North
implementation of 2D RAS NMR requires the availability of a  Carolina) for insight about non-Fourier processing methods and
robust data processing program. The kind of analysis carried to Dr. V. Frydman (Weizmann Institute) for the enrichment and
out in the present study is in actuality fairly simple; intriguing crystallization of the ATP sample. This work was supported
therefore, is the possibility of assessing other, more sophisticatedoy a Philip M. Klutznick Fund for Research (Weizmann
LT-type processing routines to improve the capabilities of the Institute) and by the Israeli Science Foundation (Grant No. 296/
method. In fact, the incorporation of minor modifications into 01). A.L. is also grateful to the Feinberg Graduate School of
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most commercial NMR instrumentation would probably enable

a much wider assessment and utilization of this kind of analysis. JA021173M
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