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Tilted n-fold symmetric radio frequency pulse sequences: Applications
to CSA and heteronuclear dipolar recoupling in homonuclear
dipolar coupled spin networks
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We describe new solid-state NMR methods for measuring the magnitude of the chemical shift
anisotropy(CSA) and/or the heteronuclear dipolar coupling in the presence of homonuclear dipolar
coupled spin networks under magic-angle spinnifAS). The techniques employ®25 phase

shifts of a frequency switched Lee—Goldburg irradiation scheme which recouples the CSA and/or
the heteronuclear dipolar coupling while simultaneously decoupling the homonuclear dipolar
interactions. The induced spin dynamics are sensitive to the magnitude of the CSA and its
asymmetry and may be implemented under conditions where the MAS rate exceeds the size of the
anisotropic interactions. These approaches could find use in measurements of the magnitudes and
relative orientations of CSA and/or heteronuclear dipolar couplings to extract torsion angles in
uniformly labeled systems. €998 American Institute of Physids50021-960808)00717-X

INTRODUCTION abundant spins. It is well known that such heteronuclear cou-
plings can be measured with reasonable accuracy if measures
Solid-state NMR is an invaluable tool for the study of are taken to decouple the homonuclear dipolar couplings be-
molecular structure and dynamics. Systems which are diffitween abundant spins. Most experiments to date are two-
cult to characterize by more conventional techniques, such aimensional in nature and employ homonuclear decoupling
x-ray crystallography and solution NMR, provide a strongschemes such as MREVM8® during the indirect dimension
motivation for the application and further development ofwhere rotational sideband manifolds reflect the strength of
NMR methods that accurately measure structural features ithe heteronuclear dipolar interactithThe use of such mul-
the solid state. Furthermore, the anisotropic interactionsiple pulse sequences is a quite general approach for measur-
amongst and between nuclei in rigid solids contain a wealthing CH and NH dipolar couplings and has found recent use
of information on the bond orientations and interatomic dis-in correlating these interactions to measure torsion angles
tances. However, in powder samples, these interactions yielgcross HCCH and HNCH? spin topologies. Unfortunately,
broad features and render the spectra of multiple resonances the ratio of spinning speed to dipolar coupling is in-
difficult to disentangle. creased, information on the dipolar interaction is lost. In ad-
Special line narrowing techniques such as magic-angledition, the efficiency of homonuclear decoupling of the abun-
spinning (MAS)"? and dipolar decoupliritf are capable of dant spins is compromised as the cycle time of the MAS
producing high resolution spectra rivaling the quality of approaches that of the multiple pulse sequéfie® method
those obtained in solution NMR, but at the loss of informa-has been designed to overcome these shortcomings and has
tion on anisotropic interactions. There are a number of propeen applied in the context of torsion angle measureniénts.
cedures designed to reintroduce anisotropic interaction$he advantages of fast MA&lefined here to be whea,
within the framework of MAS so that orientation dependent> /3, where§ is multiple-pulse scaled dipolar coupling or
information may be measured with the site resolution pro-CSA andw, is the MAS rat¢ are clear since both sensitivity
vided by the isotropic shift. Specific methods have been deand resolution are increased in the directly detected dimen-
signed to recouple the chemical shift anisotré@BA)°'in  sion of these experiments. This is due to the fact that under
addition to isolated pairs of heteronuclear and homonuclearonditions of fast MAS, the intensity of the rotational side-
dipolar coupled spins for quantitative measureméhtsle-  bands is folded into the centerband thereby reducing overlap
ally, complete isotopic enrichment of molecules with nucleibetween sideband manifold®r the case of multiple sitgs
that are amenable to NMR would provide a route to totalwhile maximizing signal intensities.
structure determination. Unfortunately, the existing method- A more subtle problem results when attempts are made
ology is prone to complications arising from strongly homo-to measure CSAs in uniformly enriched samples with CSA
nuclear dipolar coupled spin networks. The dynamics of theaecoupling schemes developed for noninteracting spin sys-
recoupled interaction of interest may be influenced or eveems. Techniques such as therfulse sequenc¢®or rotary
quenched by incompletely averaged homonuclear dipolar inresonance recoupliny?~2 work well in a natural abun-
teractions thereby precluding quantitative analysis. dance environment where the dipolar couplings between
The above problems are particularly acute when measumeighboring spins may be neglected. The introduction of
ing heteronuclear dipolar interactions between the rare andon-negligible dipolar interactions through uniform labeling
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poses a problem since most sequences designed to recouple (a) |

I
the CSA also recouple both homo- and heteronuclear dipolar ZG\/H Z\
couplings. The noncommutation between the recoupled CSA H, ri.eff A 0
and dipolar interactions introduces dipole-dependent CSA | Int /

>
N

dynamics which often complicate quantitative measure-
ments.

We introduce a radio frequency pulse sequence that si-
multaneously recouples the heteronuclear dipolar interaction
and/or CSA of the irradiated spin while ensuring that the '
homonuclear dipolar couplings between the irradiated spins
are effectively averaged to zero. The techniques utilize the
frequency switched Lee—Goldbut§SLG)?*~26 scheme for
homonuclear decoupling. Efficient heteronuclear/CSA recou-
pling is achieved by employing fivefold symmetric phase
shifts?’ of the FSLG scheme over one rotor period. The
methods proposed here allow measurement of the CSA and
heteronuclear dipolar couplings even when the ratio of spin- (c) |
ning speed to dipolar couplings is large. Relatively rapid
MAS does not compromise the dipolar decoupling due to the
short cycle time of the FSLG scheme. We refer to the meth-
ods as Tilted @ (TCn) in analogy with previous sequences
proposed by Leet al?’

Do
/" Re(®2)S

[ 1021
|, ImG@e)s
PHYSICAL PICTURE FIG. 1. (a)-left: Direction of the effective rf field in the rotating frame. In a
@ed interaction frame defined by the effective rf field, the spin operators

Th is of the r ling schemes presented here |
e basis of the ecoupling schemes prese ted here are time dependent and rotate abbig.«, and wheng is chosen equal the

given by the averaging of spin interactions that occurs Whem,agic-angle, the homonuclear dipolar coupling is averaged to Ze¥o.

a system of spin-1/2 nuclei is exposed to a strong rf field fafight: Rank one interactions are averaged with new direction along the ef-

from resonance. In this case, the rotating frame Hamiltoniaifective field.(b)-left: MAS modulation of the projection of the residual rank
it one interaction into the transverse plane. Tingst;, andt, and corre-

may be part|t|0ned sponding vectors correspond to different points in MAS cycle. Dashed ar-

H=H i+ H off ) rows correspond to the decomposition of the MAS modulation into counter-
' rotating componentsb)-right: Result of shifting the azimuthal anglé, of
with the basic FSLG cycle in steps ofr25 over one rotor period. Change in
direction of rf field is coincident with MAS modulation of counter-rotating
Hier=Awl,+exd —il ,¢]o,l exdil ,¢], (2) components and a recoupling is obseryedDirection of average Hamil-

. . . . tonian for the complete Ti€cycle. The coefficients C and S correspond to
where the |nt.ema| part i, is given .by the spin mtgracuons cos(¥) and sing), respectively. The most efficient recoupling occurs when
(the conventional secular terms which commute Wjthand  the effective field is completely transveréghen the isotropic parameters

the large external part consisting of the effective rf field,are set to zero or negligible in size relative to the recoupled interactions of
Hy.of CONtaining an offset component parallel to the longi-"e"es*
tudinal axis of the rotating frame and an rf component in the
transverse plane with the phageThis partitioning of inter-
actions affords a simple physical picture of the effect of thearranged to be at least an order of magnitude greater than the
effective field on the spin interactions. The internal Hamil-sample spinning speed so that averaging may be considered
tonian is rotated about the effective rf field at a rate given byseparately. Although the spin-part of the chemical shift and
the effective field strength. If the effective field is inclined at heteronuclear dipolar coupling transforms as a tensor of rank
the magic-angle with respect to theaxis, the spin operators one, the spatial part of these interactions transforms as a
of H,, rotate at the magic-anglesee Fig. 1a), left]. The  second rank tensor with respect to sample rotation, and the
homonuclear dipolar coupling, which is characterized as anagnitude of the residual chemical shiind heteronuclear
tensor of rank two with respect to spin rotation, is then av-dipolar coupling are modulated upon the introduction of
eraged to zerowith the proviso that the effective field MAS. It is illustrative to decompose the residual interaction,
strength is large relative to the size of the dipolar interac-depicted in Fig. (8), into longitudinal and transverse com-
tions). This situation of Lee—GoldburgLG) decoupling®  ponents. The MAS modulation of the residual transverse spin
can be thought of as magic-angle spinning in “spin space.”component is depicted in left panel of FigbL During the
In contrast, the chemical shift interactions, tensors of rankcourse of a rotor period the size of the compon@ymbol-
one, are only scaled in magnitude with the new direction ofized by a bold arroyalong thex axis is sinusoidally modu-
the interaction along the effective fielfig. 1(a), right]. lated.(The MAS modulation of the longitudinal component
The introduction of magic-anglsamplespinning does follows a similar trajectory. The decomposition of the
not complicate the above picture provided that the timecomponent into counterrotating componetggmbolized by
scales of sample rotation and spin rotation are drasticallgashed arrowsis also depicted. Over one rotor period, the
different. Typically, the size of the effective field may be anisotropic interactions are completely averaged leaving be-
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hind the unmodulated isotropic components alongxtaand (a) o o

z axis of the rotating frame. Improved averaging through

sgmple a}nd spin rota_tiqn ha; been thg ba§is for §everal f[ech- T, = AG + mllrr AG + w;rr
nigues aimed at obtaining high-resolution isotropic chemical P —

shift correlatioR® or optimized coherence transfer schemes
in which the deleterious effects of homonuclear dipolar cou- ¢ P q)P tn
plings are eliminated®-3! -
However, it is also possible to reintroduce anisotropic
interactions of interest while decoupling the homonuclear di-
polar interaction by imposing a second modulation onto the (b)

LG (or FSLG decoupling scheme. For example, thenrC H
I cP

0<-]

1l
P4
5|3

sequences presented here emplagonsecutive zr/n phase
shifts of the FSLG cycles within one rotor period. In this
case, shifts in the radio frequency phase are manifested as
phase shifts of the residual rank 1 spin tens@isemical

shift and heteronuclear dipolar coupling teyjm¥he radio Y |/
frequency phase shift corresponds to a change in the azi-
muthal angle orienting the transverse component of the re-
sidual spin tensor with respect to the rotating frdisee Fig. (c)
1(b), right]. In this way, the modulation imposed by phase ™H I_ITC o fredredredred- |
shifting the FSLG cycles interferes with the MAS modula- S A==
tion of residual anisotropic interactions and a “recoupling” “
is observed. Since the rf phase shifts do not modulate the c |/| WA
longitudinal spin component, the anisotropic interactions t, t,
along thez axis are averaged by MAS. Similarly, the isotro-
pic terms corresponding to the transverse component are av-

TCo| TC4|TC,| TCs| TC,[TC, [

?
<
?

TPPM

(d)

eraged by rf phase shifts since they are not modulated by H IC_F.ITcolTC1|TC2| - Tow | ow [ e
MAS. Therefore, the recoupled Hamiltonian neatly contains

information on isotropic interactions along thkeaxis and ) |/|

anisotropic interactions in the transverse plane. WM

B — t1 D — |—CET— t1>
: : : t,—=

THEORY CTors

The general scheme for TCis outlined in Fig. 2a).
Figures 2b)—2(e) illustrate three possible implementations (®)
for measuring heteronuclear dipolarS) couplings and a ‘Hm ow |
single implementation of T& for CSA recoupling in homo-
nuclear dipolar coupled spin networks. For heteronuclear di- |, 2

: ; ; C l/ITC |TC |TC |Tc |TC |TC II

polar recoupling the T@ sequence is applied to the abundant o v e sl el o va,
| spin, typically'H, andS spin transverse magnetization is
allowed to evolve under the recouplé8 interaction as de-
scribed below. These experiments may be performed in gG. 2. General scheme for TGsubcycle(a) and pulse sequences for iC
one or two dimensional fashion depending on the number ofecoupling.(b) One dimensional sequence for measuring heteronuclear in-
sites to resolve and whether or not refocusing of ﬂ‘ﬂi{)in teractions.(c) Two dimensional implementations, without isotropic chemi-

. . . . . cal shift refocusing andd) with constant time implementatiorte) Two
CSA is required. The constant-time implementation refo- g andd) e ne

dimensional implementation for CSA recoupling. Thin and thick black rect-

cuses theS spin chemical shift and is particularly useful angles correspond te/2 and pulses, respectively.

when probing multiple sites over a broad spectral range. The

rare spin T@ CSA recoupling sequence is depicted in Fig.

2(e) and is strictly two dimensional in nature. The2 pulse

after cross-polarization generates longitudinal magnetization is N7, /n, the time required for two 2 rotations about the

which evolves under the recoupled CSA prior to the2  effective rf field, o,= VA w?+ ?, with Aw as a resonance

pulse required to monitor evolution. offset, w; the nutation frequency, and,rr left as an adjust-
In the following treatment only the irradiated spins areable parameter where|,<Aw, o, [see Fig. 2)]. Given

considered: The Hamiltonian consists of the chemical shiftsthe above, the T€ sequences must satisfy the condition

homonuclear dipolar couplings, and the rf field terms. Thew!a=2nwr/N. If the TCn sequence is initiated at tint&, the

results obtained for the recoupled chemical shift will then bepth rf cycle TQp runs between time poinl‘% andtO +1 With

extended to cover heteronuclear dipolar interactions. FoIIovvt =t%+ p7c. The relevant Hamiltonian for theth subcycle

ing the notation in Leet al,?” the pulse sequences presentedobtalned by subsequent transformations where the Hamil-

here contaim subcycles T@ with p=0,...n—1 timed so as tonian is rotated about thg axis of the rotating frame

to be contained il rotor periods. The length of each cycle through the angl@=tan (w,/Aw) followed by transforma-

TPPM

L, t
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tion to an interaction frame defined by the effective rf field, The dynamics of the irradiated spins are calculated using

is coherent averaging theoty Using the first level of approxi-
mation, the zeroth-order average Hamiltonian is calculated
> 0l (t—- t)d(” L(0) first over thepth subcycle to be
Q NaTm 7 Aulm p
xexgli2m(Nm—u")p/nV]'S 3) HFO)—E > 2 odndl (6)
) Aulm '
where xexfi2m(Nm—u")p/nIV]:S (13)
TQ_ _
Vi =exdilyOIVy,, exil il o] @ ith the amplitude
and
Q _ -1
W S = 0RAN(~ O)exiTi(~ 1) Suwlr] S NG REE a9
Xexdima,(7+t%)] (5 Equation(13) illustrates the response of the spatial and spin

rotational components to the phase shifts of the rotor and rf
between successive subcycles of the pulse sequence. For the
TCn sequences a relationship linking the symmetry numbers
of the tilted pulse sequencé&(n) with the rotational com-
ponents ',m) may be derived by calculating the zeroth-
order average Hamiltonian over the total cycle through

with d™, as a reduced Wigner function. The expongnnh

(5) is zero for the first half of the subcycle and unity for the
second half, accounting for the inversion of the effective
field which occurs every half subcycle. In E®), Q refer-
ences the type of interactid®@=i for chemical shift andj

for the dipolar interaction A characterizes the rank of the

interaction with respect to spin rotations, is the spin ro- n-1
tational component ranging from’=—X---\, | is the rank  HT@=p-1>" Hg(o)
of the interaction with respect to sample rotation ami the =1
spatial rotational component ranging fram=1,...,— 1.2’ The
definitions for the irreducible tensor operators of rank one —E E E wmd () (0)V E[(Nm w')in],
are given by Mulm -y
Vig=1j, 6) (15
where the functiorE(x) is unity if x is an integer or zero
and otherwise. The functiorE(x) in Eq. (15) results from the
Vi, = 1271/2|jr (7)  fact that interactions which survive the average over a sub-
- cycle are further modulated by the indexNrh—u')/n
while for rank two tensors through Eq.(13). If the index is equal to an integer, a sta-
VK= 61231 1, —1:-1,) ®) tionary term results, the corresponding interaction survives
jz0kz Tk the final average, and a recoupling effect is observed.
VI =F 2711 gt 130, (9) 1t ol o [dN(— 0wl
and .
VE =270 (10) 03 utm=Suo7c JO oldm(ndr,  (16)

with the relevant spatial components defined for the aniso-
tropic chemical shiftlassuming axial symmetry for conve-
nience,

and in this case, Eq13) takes the form:

. ‘ . . HTO=> 3 &lR.dY (0)V]SE[(Nm=pu')/n].
wbn=wodLd2 Bhr) A3 ( Br)EXHiMYbR) (11) Q aum

17
and dipolar couplin
kp Pind " y In this limit, if 6 is chosen to be the magic-angle, 2,
=620y, dGh( BER A ( BrU XM yER), (12 =0 for =2, and the homonuclear dipolar interactions are

eliminated to zeroth-order over the individual subcycles.

where 53w is the chemical shift anisotropy of spjnand This result is expected as each subcycle represents the FSLG

Mo\ Y% sequence applied with a different azimuthal angleof the
b=~ i r'3k effective field. The rotational symmetry of the Hamiltonian
]

requires that the FSLG decoupling be invariantdiaas is

is the dipolar coupling constant between spjrendk. The  demonstrated here. Equally important is the fact that the am-
Euler anglesBpr and ypg correspond to the polar and azi- plitude (14) corresponding to the chemical shift and hetero-
muthal angles of the chemical shift or dipolar coupling ten-nuclear dipolar interactiongboth A=1) is not drastically

sor in the rotor frame whil@g, is the inclination of the rotor reduced forf#=54.74°. In contrast ifd=90° the homo-
with respect to the axis of the laboratory frame. nuclear dipolar interactions\( 2) are scaled by- 1/2 while
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TABLE |. Symmetry table forw’=+1 andN=1 rotor period. with the definitionsC'S=b,5 and C'= 8, w,. The direction
of average Hamiltonial18), defined by the relationship be-

m p'==x1 Nm—pu' . . . . .
tween spin components in the rotating frame, is determined
2 + 1 by the isotropic parameters in addition to the anglg [see
- 3 Fig. 1(c)]. In general the direction of the effective fields cor-
1 + 0 . . : . .
-~ 9 responding to the chemical shift and dipolar coupling terms
0 i -1 in (18) will not be parallel resulting in noncommuting spin
- 1 interactions. In this case the dynamics would depend on the
-1 + -2 isotropic parameters in addition to the size and relative ori-
y I 72 entation of the CSA and dipolar coupling tensors. However,

the mean offset may be set to zero and, neglecting the scalar
coupling, the outstanding issue is the relative alignment be-
tween the principle axis systems of the chemical shift and
dipolar tensors since the remaining terms in B®) do not
the shifts and heteronuclear interactions are reduced to nea@mmute with each other for different phase angleg. In
zero over a subcycle as in the sevenfold symmetric sequendee case of CSA recoupling, any heteronuclear dipolar cou-
(C7n.%’ plings that are simultaneously reintroduced may be decou-

In the C7 sequence the symmetry numbers of the pulspled. For the case dfC—H recoupling wheréH is irradi-
sequenceN,n) are chosen such th&l=2 andn=7 so that ated, it is safely assumed that the CSA does not effect the
the residual chemical shift anisotropy is averaged over thelynamics since the magnitude of tH€—*H dipolar interac-
total cycle while only the componentsu(,m)=2,1 and tion is typically an order of magnitude larger. Thus for the
—2,—1 are selected for efficient double quantum recoupling/most interesting cases it is possible to arrange matters so that
In general, the average Hamiltonian may be engineered she CSA and dipolar recoupling may be performed indepen-
that the recoupled interaction contains a reduced orientadently. For =g =tan *v2, the magnitude of the re-
tional dependence if the symmetry numbe¥sandn, are  coupled interaction is written
chosen such that only terms for whicle(m) and (—u’,
—m) survive the total average through Ed5). When the ||TT<0>| =C° ﬂ V5— 15 si

: _ _ )- Q I=CT 5 sin 2Bpr (20

homonuclear dipolar interactions are effectively decoupled
the remainingu’==1 terms correspond to the CSA and with Q=1 or IS assuming the isotropic parameteig3g, »
heteronuclear dipolar coupling. The scaling of the recoupledre zero. The anisotropic interactions are scaled by 0.15 from
interactions is minimized by choosing the=1 component. their static value and the magnitude of the recoupled inter-
Accordingly, forN=1 rotor period, the £’,m)=(1,1) and  action is independent ofpg.
(—1,—-1) components are selectednf>3 (see Table )l
[For N=2 rotor periods, £&',m)=1,1 and—1,—1 are se-
lected only ifn=5.] The final result, expressed in the rotat-
ing frame, forN=1, n=5, including both the chemical shift EXPERIMENTAL AND NUMERICAL PROCEDURES

and heteronuclear dipolar coupling is

All experiments were performed on a 9.4 T magnet

— o [, _;, sineo _., sing equipped with a custom-built spectrometer console and HCN
HT =] w]ppq 08 01 2+ ©1021 75 1"+ w150 1 Nl I triple resonance transmission line probe. The spinning rates
were either 8 or 10 kHzcontrolled to within 2 Hxand in all
o STIS cos 14 STHS sin6 cases rgmped cross poIarizaﬁ%was_ gmployeq to increase
1020 Z7 ®1021 5 sensitivity and to ensure reproducibility of signal enhance-
_ ments over long time scales. For the TC5 sequence presented
s SING here, the tilt angle was 54.74°. Accordingly, the offset
+wige g —5—| (19 . :
2 and nutation frequency were chosen to satisfg,

=tan }(w/Aw), and produce an effective field that is 10
2 times the spinning speed. The mean frequency of irradiation
nucleard coupling, andwg,=2 &, cosd, the average off-  \as varied empirically by adjusting the parametéy/2a in

set from resonancemean offset whered, is defined as the steps of 1 kHz, in order to optimize recoupling efficiency
sum of the mean frequency of irradiatiom,, /27, and the  (see Discussion belowThe TPPM decoupling scheme was

offset of the rf carrier from th¢ spin resonanced,) in the employed during acquisitidriwhere applicablewith rf field
absence of irradiation. The recoupled anisotropic interactionstrengths of 80 kHzg=10 or 15°, andr,=5.8us. CW

The isotropic terms are. yo= mJ,s cosé, the scaled hetero-

are written decoupling was utilized during the period of the TC5 CSA
. 15 recoupling sequences with a field strength of 125 kHz to
0103= 0109 1=—CC Too COS 0 sin 2Bpr avoid signal losses due to interference between CW decou-
T pling and TC5 mixing. For the 2D experiments, §4points
X sin 28r {exd —i7/10]+i} where collected by incrementing the evolution period in
units of one subcycle. The resulting data were zero-filled to
x exli(wt°+ ypg)] (19 512 points prior to real 2D Fourier transformation. In all
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FIG. 3. Experimental results for TC5 CH recoupling 1) for 3C en-

riched C, alanine obtained with sequence depicted in Fig) Zop trace:

FSLG control experiment, obtained with, as a constant phase 0. Bottom

trace: obtained with 2/5 phase shifts of basic FSLG subcy¢®. Experi-

mental conditions:w,/27=10.0 kHz, 8)<|1| kHz, ®,/2w=81.65kHz,

Aw/27=57.73 kHz, 0, /27m=5.0 kHz, B;=9.4 T. (c)

cases 10 and 100 Hz of line broadening were added to the

direct and indirect dimensions, respectively. The nutation

frequency employed was measured frommailse length.

Numerical lineshape simulations were performed using a 20 -10 0 10 20

program written in C that computes the spin dynamics of an

IX, system of spin-1/2 nuclei exposed to MAS and an arbi- Wg (kH2)

trary rotor synchronized pulse cycle. Numerical integration 27

of the equations of motidf are. achieved through Star.]dard FIG. 4. Comparison of experimental data from Fig. 3 with numerical line-

methods and powder averaging was performed using th§1ape simulationga) Real Fourier transform of FSLG control experiment.

method of Cheng and SuzukawfaFor each crystal orienta- (b) Real Fourier transform of experimental data from TC5'B enriched

tion, the propagator was calculated over one rotor periodca alanine and(c) numerical lineshape simulations witsolid line) and

The cyclic nature of the rf pulse sequence and the periodicitY"thOUt (da.shed linemean offst.et. Slmglatlon paranl\etfrs on three s;?m Sys-
. s " em CH, with remote proton i:w,/27m=10.0 kHz, §,,=0 or 1 kHz, 6y,

of MAS allow the time deve'lopment' of .the initial condition _, KHz, @ /2m=0, w,/2m=8165kHz, Aw/2m=57.73kHz, e

to be evaluated by successive application of the propagator.o 3 kHz, b,q,=3 kHz, 8 ,=5\,2.25ppm with Euler angles

Time domain data corresponding to each crystal orientatiofapc ., B¢, vpc}: {0,109.5,0,{0,60,0,{0,109.5,0,{0,60,0, respectively, and

were weighted and coadded prior to real Fourier transformaBo=9.4T.

tion for numerical line shape analysis.

fectiveness of FSLG decoupling of thel—'H dipolar inter-
actions in alanine. Furthermore, numerical line shape simu-
Results demonstrating the effectiveness of the TC5 relations of FSLG decoupling under the conditions presented
coupling sequence of*C, labeled alaningobtained from here indicate that a FWHH well under 1 ppm is obtainable
Cambridge Isotope Labs, Woburn MAre depicted in Fig. with *H-H dipolar couplings as large as 10 kHKdata not
3. These data were acquired with the application of the seshowr). These observations confirm the efficiency of FSLG
guence depicted in Fig.(®. The top curve was acquired decoupling when the effective field is ten times the spinning
with FSLG irradiation and serves as a control since minimakpeed and sufficiently larger than thd homonuclear dipo-
decay should be observed in the limit of efficient homo-lar couplings, validating the approximation inherent in Egs.
nuclear decoupling. As expected, small amplitude rotationa{16)—(17).
echoes are observed since the spinning speed is very near the Fits of the experimental lineshapes with numerical line-
FSLG scaled dipolar coupling. Upon introduction of the shape simulations are presented in Fig. 4. The dashed line in
27/5 phase shifts between subsequent FSLG subcycle&ig. 4(c) is a simulation for a model three spin system con-
strong oscillations occur due to the recouplé@—H inter-  sisting of a'*C—H, group dipolar coupled to a remote pro-
action as depicted in the bottom trace. A real Fourier transton *H,. There is good agreement between the splitting ob-
formation of the data illustrates the contrast in informationserved in the experimental data with that given by the
content between the low amplitude rotational sidebands prdéealized simulations. The solid line in Fig(c} was taken
duced by free evolution under fast MAS and recoupled powusing the same simulation parameters as the dashed line but
der line shape obtained upon application of T[8Be Figs. with the inclusion 6a 1 kHz mean offset. The central peak
4(a) and 4b)]. The full-width-at-half-heigh{fFWHH) of the  results from inefficient recoupling of crystallites oriented so
spectrum displayed in Fig.(d is on the order of several as to have weak dipolar couplings where the dynamics are
hundred Hz(see beloyw and places a lower limit on the ef- quenched by a finite mean offset. The orthogonality between

RESULTS AND DISCUSSION
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FIG. 5. Comparison of experimental data corresponding to the carboxylate . ) . ) )

region for (a) natural abundance glycine arib) U-23C N glycine under ~ FIG. 6. Numerical lineshape simulations of _TC{:l) CSA recoupling

TC5 (N=1) CSA recoupling sequence depicted in Fitg)2vith numerical ~ depicting dependence of recoupled powder lineshape on asymmetry param-

[ ; _ I _
lineshape simulationgc). Experimental conditionsw,/27=8.0 kHz, &, eter, 7. Simulation parameterszj'rIZw—lz.S kHZ’I 6o=0kHz, /27
=0.5 kHz, w;/27m=65.32 kHz,Aw/2m=46.18 kHz, 0}, /2m=1.0kHz and ~ —102.1kHz, Aw2m=72.2 kHz, w),/2m=0kHz, & =73 ppm, andB,
Bo,=9.4 T. Numerical lineshape simulations performed wtblid line) and =9.4T. In(@-(f) » is equalto 1.0, 0.8, 0.6, 0.4, 0.2, and 0.0, respectively.

without (dashed ling mean offset. Simulation parameterso, /27
=8.0kHz, 6,=0 or 0.5 kHz, w,/2m=65.32 kHz, A w/27=46.18 kHz, ) ) )
@' /2m=0kHz, 8,=73 ppm, 7' =0.93, andB,=9.4 T. The chemical shift anisotropy may be recoupled and

measured accurately in the presence of homonuclear dipolar

coupled spins using the sequence in Fi¢e)2Samples of
spin components corresponding to the mean offset and theatural abundance and fulf?C, °N labeled glycine(ob-
anisotropic interactions in the effective Hamiltoniélt8) in-  tained from CIL) were recrystallized prior to NMR experi-
dicates that the dynamics are dependent on the mean offsetents. Experimental results using the TC5 sequence of Fig.
and may be quenched entirely in the limit where the scale@(e) with a MAS rate of 8 kHz are depicted in Fig. 5 for the
mean offset is large relative to the size of the recouplectarbonyl group of glycine. Clearly there is good agreement
anisotropic interactions. between the recoupled powder lineshape corresponding to

Experimentally, the central peak remains even if meanatural abundance glycine in Fig.a with fully labeled gly-

sures are taken to ensure that the mean offset is zero. Enine in Fig. %b). Numerical lineshape simulations using an
pirical optimization of the recoupling efficiency is achieved anisotropy of 73.0 ppm ang=0.932° show excellent agree-
by minimizing the central peak through adjustment of thement with the experimental data. Again, the experimental
mean frequency of irradiation?{rr. Although the resonance recoupling efficiency was optimized empirically by varying
offset, &, of H, in alanine was within 1 kHz, optimal recou- the mean frequency of the TC5 irradiation so as to minimize
pling was observed when the frequency switching took plac¢he central peak intensity. The mean frequency employed
between 62.73 and-52.73 kHz which represents a shift of was approximately 1.0 kHz greater than the nominal value.
+5 kHz from the nominal values of 57.73(x 1) kHz for  Although an axially symmetric CSA was assumed during the
Aw. Numerical simulations indicate that a misadjustment oftheoretical treatment for sake of brevityee Eq.(11)], the
the nutation frequency from its nominal value results in sucHineshapes obtained through the TC5 experiment are sensi-
a central peak(Data not shown.Others have observed that tive to both the magnitude of the anisotropy and the asym-
displacements of the mean frequency in FSLG decouplingnetry parameter as depicted in Figga)6-6(f). Unfortu-
improve the decoupling performance suggesting a second awately, the experiment is insensitive to the sign of the
eraging of pulse errorS:?® It may be that a slight departure anisotropy due the intrinsic symmetry of the recoupled pow-
of the mean frequency from the nominal value is necessarger lineshapes.
to compensate for rf inhomogeneity or phase transients Within the framework presented here, where a single
which would be deleterious for botiC—H recoupling and irradiation scheme is employed for recoupling of CSA/
'H-1H decoupling. heteronuclear dipolar interactions, efficient recoupling may
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