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Novel procedures for the spectral assignment of peaks in high-
resolution solid-state *C NMR are discussed and demonstrated.
These methods are based on the observation that at moderate and
already widely available rates of magic-angle spinning (10-14 kHz
MAS), CH and CH, moieties behave to a large extent as if they were
effectively isolated from the surrounding proton reservoir. Dipolar-
based analogs of editing techniques that are commonly used in liquid-
state NMR such as APT and INEPT can then be derived, while
avoiding the need for periods of homonuclear "H-"H multipulse
decoupling. The resulting experiments end up being very simple,
essentially tuning-free, and capable of establishing unambiguous

distinctions among CH, CH,, and —C—/—CH; carbon sites. The
principles underlying such sequencels were explored using both
numerical calculations and experimental measurements, and once
validated their editing applications were illustrated on a number
of compounds.  © 2001 Academic Press
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1. INTRODUCTION

The advent of cross polarization (CP), magic-angle spinni

that rely on scalar C—H interactions in order to differentiate
among CH groups and those that operate on the basis
heteronuclear dipolar couplings. The former were demol
strated early on and, based largely on modified solutic
dephasing techniques, shown to be particularly efficient whe
dipolar couplings are substantially reduced by molecular m
tions (10—-12. More recently Lesaget al. have shown that,
using highly efficient homonucledH—H decoupling and het-
eronuclear MAS averaging, sudkbased strategies could also
be extended to ordinary rigid solid2Q, 22.

Spectral editing alternatives have also relied on the use
dipolar couplings. Particularly important among these tecl
nigues is the dipolar-dephasing experiment, which easily di
ferentiates resonances of nonprotonated and methyl carb
from those of CH and CHby introducing a short interval
without "H decoupling prior to the signal’s acquisitioB, @, 9.
The first group of sites can be further distinguished by the
different chemical shift parameters, yet differentiating methin
from methylene groups by this approach has remained
enduring challenge. Probably the most robust alternative hit

e one exploiting the different rates 6€ cross-polarization/

(MAS), and efficient forms of proton decoupling has made th
acquisition of°C solid-state NMR spectra with high sensitivity . ; .
and high resolution routinel£5). Nevertheless, whereas nu—lg’ 23, 29. Although widely applicable, such editing protocols

merous techniques have been proposed to assign peak§t'g1 rretqwre a Etre]cc?[tlrk])ratlon ﬁarsiteid or]: mocrj]el crft)implorungs
solution™®C NMR spectra, mainly on the basis of heteronucledy €' 10 account for the pecufiarities ot each particular expe
ental setup. Methods have also been proposed for discri

J couplings 6, 7), these principles have not found a direct"" .
; . ting between CH and CHyroups based on the differences
I h f solids. Th hf h . .
extrapolation to the case of solids. The search for methods ts own by their heteronuclear local field spectt8<15, 2).

ill facili h iti f high- lutiort® lid NMR : .
will facilitate the editing of high-resolutiortC solid §uch approaches have been demonstrated in both uni-

spectra_, particularly when dealing With_complex. biologigal qp'dimensional versions, and although promising, their routir
synthetic systems, consequently remains a topic of active é—e did not become Wiaespread This is probabiy a combin

search §-24. Broadly speaking, the methods that have bect? ult of the slight differences between the groups’ heter

pursued in this area can be divided into two categories: thd$e . . : :
nuclear couplings and of the need to achieve a proper isolati

of these groups via efficient homonuclé&—"H decoupling.
! Presented in part at the 41st Rocky Mountain Conference, Denver, CO,|t has recently been shown that a very nearly ideal short-ter

August 1999; Poster 298, heteronuclear local field evolution can actually be achieved
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’?to available for achieving a methine/methylene distinction |
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epolarization from and to protons in these moieti&6—
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this feature and discusses a number of alternatives that enalifmle—dipole interactions were neglected during periods
its use to achieve a simple and clear differentiation amo@V decoupling. With these considerations in mind the densi
C/CH,, CH, and CH groups based on the different local fieldnatrix for each single crystallite was propagated as a functic
behavior of the*C spins. The methods that are thus derived acé the editing timet, and acquisition time,, and the resulting
again based on differences in the heteronuclear dipolar evasignals were subsequently integrated ove83® («, B, V)
tions characterizing these groups, but unlike previous tegiewder orientations. In a majority of the plots illustrated belov
nigues they do not require multiple-pulse or CP precalibréhese signals are shown after Fourier transformation against
tions. They do, however, require controlling the relative ratithat is at the frequency position of the isotropi€ peak being
between the effectivé’C—"H dipolar couplingwe, and the considered, with the indirect evolution tine expressed as a
spinning rate, a manipulation that, as is here demonstrated, &action of the rotor period’,. Finally, and as reported in the
be simply implemented with the aid of a few pulses. The following paragraphs, the evolution of isolated CH and homc
novel forms of spectral editing that follow from these considiuclear-decoupled CHgroups could also be calculated by &
erations are illustrated on a variety of natural-abundance simple powder integration of the analytical signal expression

ganic compounds. leading to results that were analogous to those of the compls
numerical propagations but requiring much shorter comput
2. EXPERIMENTAL AND NUMERICAL METHODS tional times.

All experiments in this study were performed at room tem-
perature and a 7.1-T laboratory-built NMR spectrometer. This
instrument was controlled by a Tecmag, Inc., acquisition SyEocal Field Spectroscopy without Homonuclear Decoupling
tem and used a laboratory-built doubly tuned probe equipped
with a 3.2-mm Chemagnetics MAS spinning unit. For carrying As mentioned, heteronucle&iC—H local field experiments
out the measurements rotors were packed with between 10 aad serve as useful starting points for solid-ph&&z spectral
15 mg of sample. All chemicals were purchased from Sigmaediting: major differences exist between the dephasing rates
natural isotopic abundance and used without further purific@H,/C and other protonated carbon, while more subtle effects c
tion with the exception of vitamin B, which was recrystal be brought to bear in order to distinguish CHs from SHrhe
lized from ethanol before investigation. In all experimenttter usually require (i) homonuclear decoupling to ensure tf
continuous wave decoupling with a field strength/27 ~ isolation and ideal spin evolution within these groups and (ii)
150 kHz was applied to the protons during tH€ signal choice of spinning rate that maximizes the contrast between f
acquisition period. When necessary, CP with an RF strengthrefatively similar ®*C—'H dipolar evolutions exhibited by these
about 100 kHz was applied on the proton channel, whilet&ao groups. In a recent investigation on the behavior of multisp
ramped RF field was applied at tH&C frequency with its systems subject to increasingly higher MAS rates, we have sho
central amplitude matched to obtain an optimum sighaP@. both numerically and experimentally that the need for homc
The duration of ther pulses required in some of the sequencesiclear decoupling is lifted once sample spinning rates reddh
described below was set at 3.5 for the'H and**C channels. kHz, provided that thé’C signals are probed for relatively short
Further details about the pulse sequences that were introdupedods of time (one to two rotor period25). The apparenbc,,
are given in the corresponding paragraphs and figure legenasuplings defining the local field evolution will then correctly

Numerical spin evolution calculations were carried out ireflect the internuclear C—H distance while being free from ur
unison with the experiments in order to guide their design awdrtainties related to multiple-pulse scaling factors and yield i
monitor the relevance of the various parameters that are farmation that may be used in quantitative structural or dynam
volved. All simulations were performed using custom-writtedeterminations.

C codes running on a HP 9000/800 mainframe computer,This feature could in principle be exploited toward the imple
where they lasted from a few seconds to a few minutes. Theentation of simple, multiple-pulse-free, spectral editing protc
systems typically considered were random powders of isolateals. This, however, is complicated by the conflicting demands
C—'H or *H-"C-'H moieties, the latter with a H-C—H anglehaving a nimble control on thec/w, ratio in order to better

of 109.5°. For these simulations a “direct” method was usedistinguish CHs from Ckb, while at the same time keeping the
which integrated the equation of motion for the full spirspinning at rates, = wcy/2 in order to allow for the neglect of

density matrix over the duration of the MAS NMR pulsghe internuclearH—"H couplings. A solution to this conflict is

sequence using sufficiently small time incremefits Calcu- offered by the 2 and 4 coupling amplification sequences re-
lations could account for heteronucle8C—'H and home cently described by Honet al.,and which on the basis of a few
nuclear*H-"H dipolar coupling Hamiltonians, as well as foradditionalr pulses allow one to double or quadruple the appare
isotropic and anisotropic chemical shifts. Throughout thesipolar coupling defining the heteronuclear MAS spin evolutiol
computations, RF pulses were considered idefahctions and (27, 28. Such protocols, initially demonstrated in the presence

3. RESULTS
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FIG. 1. Pulse sequences employed for the 2x, and 4« amplifications
of the effective’*C—H local fields in MAS NMR experiments.
100 50 ) 50 1o0-100  -50 o 50 100
'H-*H decoupling, were adopted for the present study in combi Frequency (kHe) Frequency (kitz)
nation with unassisted MAS NMR. The resulting fiee evolu- L-Cysteine, CH peak
tion local field pulse sequence, together with sabd & vari-
ants, is presented in Fig. 1. As described by Henhgl. in their
original study, these sequences rely on the time reversalthat
pulses can impart on the dipolar spin evolution if applied at time
t, into the rotor periodr, (28). For instance, given §C—"H spin 1 1 Ix sequence LlJ LL
pair subject to a dipolar coupling.,, and spinning at a rate,, the UL
2x sequence produces for each crystallite in the sample a dynamic
evolution phase,
L-Alanine, CH peak L-Cysteine, CH peak
10 Lo~ 4x sequence
;T a
< A 7 700 5o 0 so 100 00 0 6 50 160
k4 0 o Frequency (kHz) Frequency (kHz)
g “ DDpg “ o L]
% ° ° FIG. 3. Comparison between the experimental dipolar sideband patter
% A e 4 afforded by the CH groups in-alanine and.-cysteine and their the best fit
] AR 0 00220,% o simulations. Experimental spectra were obtained from the dipolar dephasi
Lt I N o 0.04 IRy e curves displayed in Fig. 2 using a processing procedure similar to that ¢
o °f° °® N\, scribed in Ref. 25). The unscaled®C—"H dipolar coupling parameters used in
T T the simulations were 21 kHz faralanine and 22 0.5 kHz forL-cysteine.
0 Rotor fraction (¢)/Ty ) 0 Rotor fraction (t;/Ty )
FIG. 2. Local field dephasing behavior displayed by methine peaks under

the action of the & (), 2x (4), and 4« (O) pulse sequences sketched in Fig.
1, for L-alanine and.-cysteine samples. The solid lines represent best fit
simulations assuming isolatédC—'H pairs and awcy/2m = 22 + 1 kHz
(internuclear distance of 1.12 0.01 A). A 0.33-ms exponential decay was
applied to the simulatedxlcurves in order to account for the experimental
relaxation. The actual relativ@N ratios shown by the various sequences were
1 (1x), 0.84 (%), and 0.53 (4).

(b(ﬂ- @ tll WcH;, (,l),»)

_2¢(tl' WcH, (J)r)
—d(t, 2wcy, @)
_¢(2t11 WcH;s (l)r/ 2)

[1]

In essence, this strategy allows one to mimic a situation whe
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L-Cysteine, CH2 peak CH3, Simulations than in the X spectrum, an analysis of whether the former wil
! ! yield a more reliable coupling information under these spir
ning conditions involves several additional considerations ar
is therefore far from trivial 29).
A Also worth investigating is the behavior displayed by meth
y ylene groups when acted upon by these sequences. At st
a B © here is the question of to what extent one needs to consider |
o ve o Mnrzzmerer 'H-"H intramoiety coupling when trying to properly describe
0 ° ’ 0 - the *C local field MAS evolution of this group. Toward this
end Fig. 4 presents the experimental behavior observed
0 Rotor fraction (t,/Te) 0 Rotor fraction (t1/Ty) L-cysteine’s methylene site and the results expected if tl

various pulse sequences were applied on, Gidups that are

FIG. 4. Dipolar evolution behavior displayed by methylenes under th : Ay ;
effects of the pulse sequences sketched in Fig 1. Left: Comparison between&f?ee from or SUbleCt to homonucledH—"H interactions. As

experimental & (0) and 4 (O) dipolar dephasing data farcysteine and Can be apprec_iat(_ad from the right-hand simulations in Fig: ‘
best fit simulations calculated for isolatéti—-*C—'H systems with C-H the best quantitative agreement between the two sets of sin

distances of 1.14 A and all mutual couplings active (solid lines). Rightations is actually observed for the conventionalskequence,
oo Posacan P cotpings s s i Reras forthe 2and & sequences he modelbasetl slely o
(), );x (A),pand & ((g) sequences and thepde?)hasing that would result Beteron_UCIear co_uplmgs pl‘ed_ICtS al slightly more pronounc
intramoieity homonuclear interactions were neglected (solid lines). ephasing than its more realistiel~'H coupled counterpart.
These differences, however, are minor, and at these fast st
ning rates neither model deviates substantially from the behe
the apparent dipolar coupling constant has been doubled ior,that is observed experimentally.
conversely, where the effective spinning rate has been halvedFor the sake of completion, Fig. 5 presents the experimen
To obtain a 4« amplification ofwc, the spin evolution needs todipolar dephasing behavior that is observed over one rot
be extended over two rotor cycles angulses applied at times period with the X, 2x, and 4 local field sequences for the
t,, T,, andt, + T,. Notice that the assumption of isolatechonprotonated and methyl carbon sites of the alanine a
*C—'H heteronuclear spin pairs implies thatpulses can be cysteine samples. Also shown in the figure are the best fits
applied on either®C or *H channels; the sequences in Fig. these curves to the dephasing behavior expected fi aite
exploit this feature and distribute the pulses so as to avaidupled to a singléH. When compared with the previous
potential complications that could arise from a net isotropic anethine and methylene curves, such carbon sites are evider
anisotropic*®*C chemical shift evolution. characterized by weake#c,; coupling constants. Notably,
Figure 2 illustrates the heteronuclear local field evolutiortbese effective couplings are not identical, with the -@kbup
that were observed using these Bx, and 4« sequences over showing a stronger coupling than its carbonyl counterparts.
a single rotor period G= t; = T, for the methine moieties of these differences were to prove sufficiently general they cou
L-alanine and-cysteine polycrystalline samples spinning at 14e used for distinguishing C and Gldroups on the basis of
kHz. Also shown for comparison are the dephasing curves thiageir respective heteronuclear local fields.
can be expected from the ideal operation of these sequences on
a **C—H two-spin system characterized by a coupling that 1 atanine, CH; peak  L-Alanine, CO peak  L-
best fitted the experimental data. The overall agreement be- — T .
tween the experimental behavior and the two-spin expectatiofis [\
is very good. Besides an obvious amplification of the effectiv§
wcy coupling constants, thex2and 4x experimental data also §
differ from their Ix counterparts in a somewhat smaller overalp
intensity (resulting from increasingly longer periods withou§
'H decoupling) and in having equal signal magnitudes at & o . r
0 andt, = T, (a result of their constant-time nature). Figure 3 Rotor fraction (t1/Ty) Rotor fraction (t1/Ty) ' ® Rotor fraction (t/Ty)
compares the local field MAS NMR spectra that can be ob-gi. 5. Dipolar dephasing curves observed for the methyl group
tained from these experimental dephasing curves against ideahnine and for the carbonyl groupsehlanine and -cysteine as function
spectra calculated on the basis of CH pairs whose effecti#felephasing time and for the various pulse sequences sketched in Fig) 1 (
coupling constants have been doubled or quadrupled. Aga_]ii‘t (A) 2%, (O) 4x. The solid lines represent the best fit curves assumin

th I t betw : t and tati isolated C—H pairs and a simplex Hephasing experiment. THEC—'H cou
€ overall agreement between experiment and expecta Io%li‘r?gs assumed in the various @kimulations werevc./27 = 10, 22, and 36

very good. It is worth noticing that, although the number Qfiz, respectively; the couplings used for thalanine CO simulations were
significant sidebands in thex2and 4k experiments is larger 5.6 and 17, and those for thecysteine CO were 5.5 and 22 kHz.

Relative Intensity (a. u.)
-]

Cysteine, CO peak
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A
Monoethyl Fumarate Vitamin B2
CPMAS
B CH’s + CHp
H ‘ Normal CH's + CHz
Dipolar Il {1 RV
Dephased
C
4x Dipolar
U Dephased
1 T T T T T ] T 1 T T T T
200 100 0 150 100 50 0
13C shift (ppm) 13C shift (ppm)

FIG. 6. Comparisons among the CPMAS, standard dipolar-dephased xatigatar-dephased spectra observed for monoethyl fumarate and for vitamin |
samples spinning ab,/27m = 12 kHz. The number of scans used in the various experiments were 32, 64, and 768 for the monoethyl fumarate, and 204¢
and 12288 for vitamin B.

Spectral Editing via Dipolar Dephasing Further calculations reveal that even at the point of maximul
13 1 H A .
For the purpose of dipolar-based editing, the main spectrog_ H dipolar dephasing, corresponding at moderate MA

scopic conclusions that follow from the previous paragraph arr%tes to a rotor fraction /T, = 0.5, interrupted decoupling

that at MAS ratesw,/27m = 10 kHz a reliable heteronuclearStOIOS being a clear assignment technique whemthév, ratio
IH_1C |ocal field evolution can be retrieved without homodrops below 2-3. These considerations are validated by t

nuclear*H—H decoupling and that, if so desired, the apparefiPerimental results in Fig. 6, which show how dipolar
strength of thewe,, heteronuclear coupling can be doubled df€Phased spectra become contaminated with considera
quadrupled using simple experimental strategi€snversely, CH,- and CH-derived “cross-talk” when acquired at rates e>
if instead of acting as a coupling amplification these sequen&&£ding 12 kHz. By contrast, a much cleaner editing results
are viewed as dividing the effective spinning rates by factors Bpder the same sample spinning conditions, couplings &
2 or 4, these principles imply that effective spinning rates @&nplified by factors of 2 or 4 prior to the acquisition; the
low as 2.5 kHz can be imposed on the evolution of isolated CRQttom row of Fig. 6, for instance, illustrates how a properl
CH, systems in a simple manner. As an illustration of thiined 4 dipolar dephasing experiment (sequence in Fig.

applications that these principles may have on spectral editingth t; = 0.4 T,) yields solely nonprotonated and methyl
consider the conventional dipolar dephasing experiment, whicarbons with a selectivity comparable to that observed und
by introducing a short period of interrupted decoupling prior tslower spinning conditions.

acquisition helps identify CH/Ckresonancesd). As spinning  As mentioned, the minor yet noticeable differences reveale
rates are increased the dephasing and ensuing suppressidsyothe heteronucleal’C dephasing curves of methines anc
these resonances stop being complete; this can be appreciatesihylenes can be exploited for distinguishing the resonanc
for example, from the 2 curves shown in Figs. 2 and 4 for theof these two groups. These dipolar-based analogs of the

free dipolar evolution of modefC—'H and *C—'H, systems. tached proton test (APT) experiment were thus explored
N . . . . . decade ago by Sethi, who demonstrated that in the absence
umerical simulations reveal that a nearly continuous scaling of the ’ . o .
apparentyey/e, ratio can actually be implemented with this type of sequence§omonuclear interactions a distinction between CH and Ct
by replacing ther pulse manipulations with shorter pulse angles. groups would result if the effectivercy/w, ratio were set at
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A B
Ix-based editing 4x-based editing
90° 90° 180° I 180°
I 1H.1H dec [
1H H cP 5 Decouple CP 11> I =119 Decouple
180° 180°
15C / J Acquisition /I I VAcquisition
] '
Rotor g * a 1ol * .
0 T, 2T, 0 T 2T,
10 —— L0 —
3 «—e— CH3 (no 'H-1H couplings) / y —CHy(mo 1H-1H couplings) J
= ~ ——~= CHj (with 'H-1H couplings) )
2 1\ ! 4 ’
g \ Editing Region /
i 0.0 AY P < = ~ 7 0.0
g ~ S~
T T T T
0 Rotor fraction (t1/Ty) 1 0 Rotor fraction (t1/Ty ) 1

FIG. 7. Comparison between (A) the spectral editing pulse sequence proposed by 1Sgthin (the basis of MAS at 2 kHz and homonucléat—"H
decoupling and (B) axXdipolar editing sequence applied under fast MAS (curves calculated f2rr = 14 kHz). Shown underneath each sequence are tt
corresponding dipolar dephasing curves calculated for isolated methine and methylene groups; both approaches can differentiate ChhdietieCithen
t,/T, =~ 0.25 on the basis of the peaks’ opposite phases.

approximately 6 15). The rationale underlying this approachated such predictions with the aid of relatively slow MAS
can be appreciated from the ideal dipolar dephasing plotsrates (,/2m ~ 2 kHz) and of a BLEW-12 multiple-pulse
Fig. 7A, which show how under such conditions a dephasimgpmonuclear decoupling sequence which scalgdby a fac

periodt, ~ 0.2 T, will lead to a small positive methylenetor of ~0.58. The considerations of the previous paragray
signal =+0.1 of its initial amplitude) and to a larger negativaallow one to extend this type of editing to faster spinning
methine peak (amplitude-—0.2). The same study corrobo-conditions, while at the same time lifting the need for multiple

A
L-Alanine L-Cysteine L-Ala-Gly Monoethyl Fumarate
s co CHy CH
CH CH CH’s CH» 3
CHz co’s
Co
CH
co CHa
CO
CH3 CO
B co
HZN—CH—COOH HN—CH-COOH H{*J-(EH—CO-NH‘ CH,-COOH
éH] H, CH,
H
CH3

CH

T T T
200 100 7 200

13C shift (ppm)

CH
CHY
T T T T T
100 0
13C shift (ppm)

200

100
13C shift (ppm)

[y

T
100
13C shift (ppm)

T
200

FIG. 8. Comparison between the (A) CPMAS and (B) dipolar-edited spectra obtained applying the pulse sequence shown in Fig. 7B to a numbe
common organic compounds. A distinction is possible between the positive methylene signals and the negative ones from methiseecttd were acquired
using 10 times as many scans as their conventional counterparts. Datalforine and.-cysteine were acquired at/27 = 14 kHz, whileL-ala-gly and
monoethyl fumarate data were acquired at 12 kHz.
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wy2n =10 kHz wy/2n= 14 kHz

CH
Rotor fraction (1} /Ty)

CH2
(neglecting 'H-1H couplings)
Rotor fraction (6 /Ty)

=

Rotor fraction (/T;)

CH2
(including 'H-1H couplings)

o3

i 0 g »_ro s - o i X%
Rotor fraction {!‘;'JT,-J 0 Rotor fraction (ltfﬂ}] 1 0 Rotor fraction ((?f[' )

Rotor fraction (& /Ty)

FIG.9. S(t3, t2) maps calculated for a solid-state INEPT transfer sequence (Eq. [2]) at four different MAS speeds. The top row shows the CH signal 1
map, the center row shows the signal transfer for g Gtdup where'H—"H dipolar couplings have been neglected, and the bottom row illustrates the tran:
for a CH, system whose homonucleti—"H interactions are taken into account. Notice that the gray scales refer only to absolute intensities within the
with the darkest shades indicating a larger deviation from Ai@l.signals are positive along thé + t} = T, anti-diagonal, with absolute maxima occurring
towardt? = t? = T,/2 at the highest spinning speeds. Negative values occur alorg thet? diagonal for values of? andt} close to zero off,.

pulse'H-"H decoupling. Indeed, given the usual range of statgave the expected editing results without requiring any re
heteronuclear couplings in CHs and &H21-24 kHz) and the “tuning” to speak of.

spinning rates required for effectively isolating these groups

(10-14 kHz), it follows that a ¥ amplification of the hetero- ghecira| Editing via Coherent Polarization Transfer

nuclear couplings will bring about the corré@icy/w,)er ~ 6

ratio required by this form of APT editing. This premise is Although conceptually and technically simple, the APT dis
supported by*C dephasing curves calculated under such coarimination between CH and GHgroups that was just de
ditions for CH and CH groups (Fig. 7B). Notice that for the scribed suffers from two basic drawbacks which are alreac
latter moieties, the main effect resulting from including aevident in the dephasing plots presented in Fig. 7. One is t
intraresidue*H-'H coupling is a minor attenuation in thelargely attenuated signals with which the method operat
overall extent of the®*C dephasing, which in terms of editing(~10-20% whert,/T, ~ 0.2) and which in turn explain the
further helps to discriminate their signals from the negativarder-of-magnitude increase that is required in the number
methine peaks. From a practical standpoint several expestans to match the signal-to-noise ratio observed using cc
ments were assayed to test these predictions (Fig. 8); theywvahtional CP. The second (and related) drawback arises frc
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the relative similarity between the dephasing curves of the tv MAS INEPT profiles for L-Alanine CH peak
groups. As a result of this, even minor variations in th 0 L
strengths of thé’C—H dipolar couplings can make the dephas 05
ing curves of both moieties look similar, complicating the-
potential applications of the APT spectral editing to systen £
undergoing molecular motions such as synthetic and biopol‘§
mers. |

Polarization transfer schemes offer an alternative route %M
spectral editing, which ends up alleviating both of these prol«
lems. Such methods constitute the basis of the standard
quences employed for liquid-statéC assignment purposes ( {
(INEPT, DEPT), and the well-defined dipolar evolution char
acterizing CH groups under moderately fast MAS experi %3
ments may enable their simple extension to the analysis 3
solids. An initial assay on the potential of these sequences w<
carried out by calculating thEC signals that will result from
the action of the INEPT sequence

Relative [ntensity
(=]
=]

(m/2),= 15— (7] 2),, (72) (o 1] (2]

; . e . Rotor fraction (t;/Ty) ) Rotor fraction (t,/Ty)
in the absence ofH,*C chemical shift interactions. These 1

experiments have in principle three variables that could helpFIG. 10. Selected profiles observed for the solid-state INEPT transfe
distinguish CH from CH groups:ti‘ tf (with 0 = t2 tf =T, within L-alanine’s CH group ab,/27m = 14 kHz. The solid lines are simula
1 - 1 - . 1, . _ .
as a result of the dipolar evolution’s periodicity) and th&ons that assumed'&C—"H coupling constanie,/2m = 20.9 kHz. The insets
. . TR . exemplify the slices shown by each plot within the context of theeD), t7)
effective wei/o, ratio. If "H—"H interactions are neglected, thg,,,,
polarization transfer function characterizing each type of group

can be analytically calculated; for methines this will be given

by the average over they(B, y) powder angles of and at the moderately fast spinning rates that are relevant
this study 10 kHz), the main consequence of introducing
@ (aah these homonuclediH—"H couplings is a slight magnification
Sey(t2, th) = sinj wey(t)dt - Sinj wey(t)dt, of the apparenivc,/w, ratio.
0 (8 When considering potential practical applications of thes

[3] sequences, there are two regions in these 2D polarizatic
transfer maps that appear particularly interesting. One arises
the w,/27m = 20 kHz fast-spinning regime, where settitfg~
T,/4 andt® ~ 3T,/4 enables a coherent transfer'sf — **C
polarization with relatively good efficiency (30—40%) for both
. methine and methylene groups. Given the challenges faced
. 1t CP sequences at such high spinning speeds, this could
wen,()dt- sin f wen,(1)dt useful for achieving an enhancement of the dilute spin sighal
4 The other regime of interest, relevant in the spectral editir
t24td scenario that is being here considered, arises whér ~
X cos J
t

whereas for methylene groups ¢HY, the transfer will arise
from

a b
ty

SCHz(t;:JLla EL)) = Sinj

0

wep (D) dt. [4] 6—8 kHz. Here the 2[¥(t}, t}) maps show that choosir§ =
a t? = T,/2 can yield a polarization transfer 60% for CH
' groups, while having a negligible efficiency in polarizing the
e%'é'z groups (regardless of whethd—"H couplings are taken
into account). Furthermore, this selective polarization transf
is expected to occur over a relatively broad range of dipol:

R]uplings, 0.3= w/wey = 0.5, thus reducing the editing’s

Figure 9 presents the powder-averaged intensities of th
resulting signals as a function ffandt? for a fixedwcn/2m =
21 kHz dipolar coupling and for various values of therates.
Also shown are the 2D maps that under these conditions cof
be calculated via Complete propagations of the, Grdups that “In fact, the potential of such coherence-transfer schemes in combinati

B . . .
do not neglect homonucledH—"H couplings. As in earlier it even faster spinning rates and REDOR-driven recoupling has recen
examples, it is interesting to note that front°& perspective been exploited in the development of new solid-state HMQC experimadjts (
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A g 1800 90 180 to the absolute efficiencies expected from the polarizatic
wm 4 l,?_,_l Decouple transfer processes, are best fulfiled when experiments e
T80 = carried at moderately fast spinning ratesl@ kHz). Examples
e i "“"‘ﬂg’: of the good agreement which then results between these |
- T, 2T, 3T, larization-transfer expectations and experiments are illustrat
o in Fig. 10, which presents vario@®t?, t?) profiles for the CH
B o s group of alanine.
IH } :‘;_,I I Decouple In order to exploit the dipolar editing possibilities opened u
: T80 T80 by these sequences, it is again convenient to carry out a
15¢ i"?"l :-—r?—)l ’fﬂi’l amplification of thewcy/w, ratio, as this allows one to mimic
s 8 7 27, 3T, the spin evolution expected fos, ~ 6—7 kHz while fulfilling
moderately fast sample spinning conditions. Two experiment
C 2x INEPT-CHy  2x INEPT - CH2 alternatives that combine INEPT coherence transfers, an eff
.. 2x INEPT - CH IH-1H) (with IH-1H)
< o & BB CPMAS INEPT-edited
'1[::- COo
= CH
% . CHz
: :
0 : L-Cysteine ‘
Rotor fraction (f]’ﬂ}} Lo Rotor fraction (ﬁ'-’l}) / Rotor fraction (El‘fl‘,}
D T T T ~ T T T T T T
L-Alanine, CH peak L-Cysteine, CH and CHp peaks 2% 100 o 20 100 0
02 e cors TS CHz CH3
:
% Monoethyl
E Fumarate *
200 Lw"’-
P a Ib T i T T ] i ¥ 1}
A =10 a: CH 200 100 0 200 100 4
v o .o 0: CHa
0 Rotor fraction (§/T;) 10 Rotor fraction (6 /Ty) 1

FIG. 11. (A, B) Pulse sequences explored in the implementationxef 2
INEPT editing. According to the maps in Fig. 9, methylene signals in these
experiments should decay while all other carbons show up with their isotropic
and anisotropic shifts refocused. (C) 2D maps resulting from the rigorous time
propagation of sequence (A) for different Chhodels atw, /27 = 12 kHz and
for a ®*C—"H coupling constantcy/27 = 20.9 kHz. Notice that, except for a

Isotactic
Polypropylene *

reversal in thet} evolution sense, there is a very good match between these 5 36 16 o 30 10
maps and those calculated for the standard INEPT at half the spinning speed CH3

(Fig. 9, left column). (D) Comparisons between the expectations arising from

these 2DS(t3, t7) maps and experiments acquirediealanine and -cysteine co CH

powders. Experimentab@INEPT data for-alanine were collected at,/27 = L-Ala-Gly

14 kHz for both the main4) and the anti-[(J) diagonal. Data for-cysteine co
were acquired ab, /27w = 19 kHz and are shown along the main diagonal for
the CH (1) and the CH peaks (). The solid lines correspond to simulated +
curves. Wby N7
T " T v T T T
0

T T
200

100 100
13C shift (ppm) 13C shift (ppm)

sensitivity toward potential scaling effects of molecular mo- , _ _

. FIG. 12. Comparison between simple CPMAS (left) andIREPT-edit-

tions. . . ed spectra (right column) acquired on a number of different organic con
As was the case for the various methods discussed earligfinds. Arrows in the latter indicate the positions of the missing methyler

we found that all of these predictions, particularly with regargkaks.
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into a range where differences between the evolution of variol
CH, groups are maximized and their simple discriminatiol
enabled. The result is a new set of simple pulse sequences 1
can achieve spectral editing on a range of organic systen
with acceptable signal-to-noise and without requiring extensi
tuneup procedures. Goals demonstrated for such sequer
include an extension of the dipolar-dephasing approach to f
MAS rates, the application of CP/APT-type experiments to th
assignment of methylene and methine resonances, and the
of polarization transfer schemes for achieving a clear CH/CF
discrimination with acceptabl&N and without resorting to
CP. In all of the analyzed cases, the behavior observed exp
imentally correlated very well with theoretical expectation:
derived from numerical computations. Additional extension
of these principles are currently being explored.

INEPT
edited
1 T

T T T T T T
150 100 50
13C shift (ppm)
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tive doubling of the'H—"C local field couplings and an overall
refocusing of the”°C isotropic and anisotropic evolutions, are
shown in Figs. 11A and 11B. The performances of these two
sequences were found to be comparable, yet the version shoy
in Fig. 11A was preferred because of its slightly longer delay
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