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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

J. D. Gross, P. R. Costa, and R. G. Griffin
Francis Bitter Magnet Laboratory and Department of Chemistry, MIT, Cambridge, Massachusetts 02139

~Received 8 December 1997; accepted 26 January 1998!

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 spinning~MAS!. The techniques employ 2p/5 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. ©1998 American Institute of Physics.@S0021-9606~98!00717-X#
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INTRODUCTION

Solid-state NMR is an invaluable tool for the study
molecular structure and dynamics. Systems which are d
cult to characterize by more conventional techniques, suc
x-ray crystallography and solution NMR, provide a stro
motivation for the application and further development
NMR methods that accurately measure structural feature
the solid state. Furthermore, the anisotropic interacti
amongst and between nuclei in rigid solids contain a we
of information on the bond orientations and interatomic d
tances. However, in powder samples, these interactions y
broad features and render the spectra of multiple resona
difficult to disentangle.

Special line narrowing techniques such as magic-an
spinning ~MAS!1,2 and dipolar decoupling3,4 are capable of
producing high resolution spectra rivaling the quality
those obtained in solution NMR, but at the loss of inform
tion on anisotropic interactions. There are a number of p
cedures designed to reintroduce anisotropic interact
within the framework of MAS so that orientation depende
information may be measured with the site resolution p
vided by the isotropic shift. Specific methods have been
signed to recouple the chemical shift anisotropy~CSA!5–11 in
addition to isolated pairs of heteronuclear and homonuc
dipolar coupled spins for quantitative measurements.12 Ide-
ally, complete isotopic enrichment of molecules with nuc
that are amenable to NMR would provide a route to to
structure determination. Unfortunately, the existing meth
ology is prone to complications arising from strongly hom
nuclear dipolar coupled spin networks. The dynamics of
recoupled interaction of interest may be influenced or e
quenched by incompletely averaged homonuclear dipola
teractions thereby precluding quantitative analysis.13

The above problems are particularly acute when mea
ing heteronuclear dipolar interactions between the rare
7280021-9606/98/108(17)/7286/8/$15.00
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abundant spins. It is well known that such heteronuclear c
plings can be measured with reasonable accuracy if meas
are taken to decouple the homonuclear dipolar couplings
tween abundant spins. Most experiments to date are t
dimensional in nature and employ homonuclear decoup
schemes such as MREV-814,15 during the indirect dimension
where rotational sideband manifolds reflect the strength
the heteronuclear dipolar interaction.16 The use of such mul-
tiple pulse sequences is a quite general approach for mea
ing CH and NH dipolar couplings and has found recent u
in correlating these interactions to measure torsion an
across HCCH17 and HNCH18 spin topologies. Unfortunately
as the ratio of spinning speed to dipolar coupling is
creased, information on the dipolar interaction is lost. In a
dition, the efficiency of homonuclear decoupling of the abu
dant spins is compromised as the cycle time of the M
approaches that of the multiple pulse sequence.19 A method
has been designed to overcome these shortcomings and
been applied in the context of torsion angle measuremen20

The advantages of fast MAS~defined here to be whenv r

.d/3, whered is multiple-pulse scaled dipolar coupling o
CSA andv r is the MAS rate! are clear since both sensitivit
and resolution are increased in the directly detected dim
sion of these experiments. This is due to the fact that un
conditions of fast MAS, the intensity of the rotational sid
bands is folded into the centerband thereby reducing ove
between sideband manifolds~for the case of multiple sites!
while maximizing signal intensities.

A more subtle problem results when attempts are m
to measure CSAs in uniformly enriched samples with C
recoupling schemes developed for noninteracting spin s
tems. Techniques such as the 4-p pulse sequence10 or rotary
resonance recoupling11,21–23 work well in a natural abun-
dance environment where the dipolar couplings betw
neighboring spins may be neglected. The introduction
non-negligible dipolar interactions through uniform labelin
6 © 1998 American Institute of Physics
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7287J. Chem. Phys., Vol. 108, No. 17, 1 May 1998 Gross, Costa, and Griffin
poses a problem since most sequences designed to rec
the CSA also recouple both homo- and heteronuclear dip
couplings. The noncommutation between the recoupled C
and dipolar interactions introduces dipole-dependent C
dynamics which often complicate quantitative measu
ments.

We introduce a radio frequency pulse sequence tha
multaneously recouples the heteronuclear dipolar interac
and/or CSA of the irradiated spin while ensuring that t
homonuclear dipolar couplings between the irradiated sp
are effectively averaged to zero. The techniques utilize
frequency switched Lee–Goldburg~FSLG!24–26 scheme for
homonuclear decoupling. Efficient heteronuclear/CSA rec
pling is achieved by employing fivefold symmetric pha
shifts27 of the FSLG scheme over one rotor period. T
methods proposed here allow measurement of the CSA
heteronuclear dipolar couplings even when the ratio of sp
ning speed to dipolar couplings is large. Relatively rap
MAS does not compromise the dipolar decoupling due to
short cycle time of the FSLG scheme. We refer to the me
ods as Tilted Cn (TCn) in analogy with previous sequence
proposed by Leeet al.27

PHYSICAL PICTURE

The basis of the recoupling schemes presented he
given by the averaging of spin interactions that occurs w
a system of spin-1/2 nuclei is exposed to a strong rf field
from resonance. In this case, the rotating frame Hamilton
may be partitioned

H5H Int1H rf,eff ~1!

with

H rf,eff5DvI z1exp@2 i I zf#v1I x exp@ i I zf#, ~2!

where the internal part,H Int , is given by the spin interaction
~the conventional secular terms which commute withI z!, and
the large external part consisting of the effective rf fie
H rf,eff containing an offset component parallel to the lon
tudinal axis of the rotating frame and an rf component in
transverse plane with the phasef. This partitioning of inter-
actions affords a simple physical picture of the effect of
effective field on the spin interactions. The internal Ham
tonian is rotated about the effective rf field at a rate given
the effective field strength. If the effective field is inclined
the magic-angle with respect to thez axis, the spin operator
of H Int rotate at the magic-angle@see Fig. 1~a!, left#. The
homonuclear dipolar coupling, which is characterized a
tensor of rank two with respect to spin rotation, is then a
eraged to zero~with the proviso that the effective field
strength is large relative to the size of the dipolar inter
tions!. This situation of Lee–Goldburg~LG! decoupling24

can be thought of as magic-angle spinning in ‘‘spin spac
In contrast, the chemical shift interactions, tensors of ra
one, are only scaled in magnitude with the new direction
the interaction along the effective field@Fig. 1~a!, right#.

The introduction of magic-anglesamplespinning does
not complicate the above picture provided that the ti
scales of sample rotation and spin rotation are drastic
different. Typically, the size of the effective field may b
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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arranged to be at least an order of magnitude greater than
sample spinning speed so that averaging may be consid
separately. Although the spin-part of the chemical shift a
heteronuclear dipolar coupling transforms as a tensor of r
one, the spatial part of these interactions transforms a
second rank tensor with respect to sample rotation, and
magnitude of the residual chemical shift~and heteronuclea
dipolar coupling! are modulated upon the introduction o
MAS. It is illustrative to decompose the residual interactio
depicted in Fig. 1~a!, into longitudinal and transverse com
ponents. The MAS modulation of the residual transverse s
component is depicted in left panel of Fig. 1~b!. During the
course of a rotor period the size of the component~symbol-
ized by a bold arrow! along thex axis is sinusoidally modu-
lated.~The MAS modulation of the longitudinal compone
follows a similar trajectory.! The decomposition of thex
component into counterrotating components~symbolized by
dashed arrows! is also depicted. Over one rotor period, th
anisotropic interactions are completely averaged leaving

FIG. 1. ~a!-left: Direction of the effective rf field in the rotating frame. In
tilted interaction frame defined by the effective rf field, the spin operat
are time dependent and rotate aboutH rf,eff , and whenu is chosen equal the
magic-angle, the homonuclear dipolar coupling is averaged to zero.~a!-
right: Rank one interactions are averaged with new direction along the
fective field.~b!-left: MAS modulation of the projection of the residual ran
one interaction into the transverse plane. Timest0 , t1 , and t2 and corre-
sponding vectors correspond to different points in MAS cycle. Dashed
rows correspond to the decomposition of the MAS modulation into coun
rotating components.~b!-right: Result of shifting the azimuthal angle,f, of
the basic FSLG cycle in steps of 2p/5 over one rotor period. Change i
direction of rf field is coincident with MAS modulation of counter-rotatin
components and a recoupling is observed~c! Direction of average Hamil-
tonian for the complete TCn cycle. The coefficients C and S correspond
cos(u) and sin(u), respectively. The most efficient recoupling occurs wh
the effective field is completely transverse~when the isotropic parameter
are set to zero or negligible in size relative to the recoupled interaction
interest!.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7288 J. Chem. Phys., Vol. 108, No. 17, 1 May 1998 Gross, Costa, and Griffin
hind the unmodulated isotropic components along thex and
z axis of the rotating frame. Improved averaging throu
sample and spin rotation has been the basis for several
niques aimed at obtaining high-resolution isotropic chem
shift correlation28 or optimized coherence transfer schem
in which the deleterious effects of homonuclear dipolar c
plings are eliminated.29–31

However, it is also possible to reintroduce anisotro
interactions of interest while decoupling the homonuclear
polar interaction by imposing a second modulation onto
LG ~or FSLG! decoupling scheme. For example, the TCn
sequences presented here employn consecutive 2p/n phase
shifts of the FSLG cycles within one rotor period. In th
case, shifts in the radio frequency phase are manifeste
phase shifts of the residual rank 1 spin tensors~chemical
shift and heteronuclear dipolar coupling terms!. The radio
frequency phase shift corresponds to a change in the
muthal angle orienting the transverse component of the
sidual spin tensor with respect to the rotating frame@see Fig.
1~b!, right#. In this way, the modulation imposed by pha
shifting the FSLG cycles interferes with the MAS modul
tion of residual anisotropic interactions and a ‘‘recoupling
is observed. Since the rf phase shifts do not modulate
longitudinal spin component, the anisotropic interactio
along thez axis are averaged by MAS. Similarly, the isotr
pic terms corresponding to the transverse component are
eraged by rf phase shifts since they are not modulated
MAS. Therefore, the recoupled Hamiltonian neatly conta
information on isotropic interactions along thez axis and
anisotropic interactions in the transverse plane.

THEORY

The general scheme for TCn is outlined in Fig. 2~a!.
Figures 2~b!–2~e! illustrate three possible implementation
for measuring heteronuclear dipolar (IS) couplings and a
single implementation of TCn for CSA recoupling in homo-
nuclear dipolar coupled spin networks. For heteronuclear
polar recoupling the TCn sequence is applied to the abunda
I spin, typically1H, andS spin transverse magnetization
allowed to evolve under the recoupledIS interaction as de-
scribed below. These experiments may be performed
one or two dimensional fashion depending on the numbe
sites to resolve and whether or not refocusing of theS spin
CSA is required. The constant-time implementation re
cuses theS spin chemical shift and is particularly usef
when probing multiple sites over a broad spectral range.
rare spin TCn CSA recoupling sequence is depicted in F
2~e! and is strictly two dimensional in nature. Thep/2 pulse
after cross-polarization generates longitudinal magnetiza
which evolves under the recoupled CSA prior to thep/2
pulse required to monitor evolution.

In the following treatment only the irradiated spins a
considered: The Hamiltonian consists of the chemical sh
homonuclear dipolar couplings, and the rf field terms. T
results obtained for the recoupled chemical shift will then
extended to cover heteronuclear dipolar interactions. Foll
ing the notation in Leeet al.,27 the pulse sequences present
here containn subcycles TCp with p50,...,n21 timed so as
to be contained inN rotor periods. The length of each cyc
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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tc is Nt r /n, the time required for two 2p rotations about the
effective rf field,ve

I 5ADv21v1
2, with Dv as a resonance

offset, v1 the nutation frequency, andv Irr
I left as an adjust-

able parameter wherev Irr
I !Dv, v1 @see Fig. 2~a!#. Given

the above, the TCn sequences must satisfy the conditio
ve

I 52nv r /N. If the TCn sequence is initiated at timet0, the
pth rf cycle TCp runs between time pointstp

0 and tp11
0 with

tp
05t01ptC . The relevant Hamiltonian for thepth subcycle,

obtained by subsequent transformations where the Ha
tonian is rotated about they axis of the rotating frame
through the angleu5tan21(v1/Dv) followed by transforma-

FIG. 2. General scheme for TCp subcycle~a! and pulse sequences for TCn
recoupling.~b! One dimensional sequence for measuring heteronuclea
teractions.~c! Two dimensional implementations, without isotropic chem
cal shift refocusing and~d! with constant time implementation.~e! Two
dimensional implementation for CSA recoupling. Thin and thick black re
angles correspond top/2 andp pulses, respectively.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tion to an interaction frame defined by the effective rf fie
is

HT~ t !5(
Q

(
lm lm

(
m8

vlm lm
T,Q ~ t2tp

0!dm8,m
~l!

~u!

3exp@ i2p~Nm2m8!p/n#Vlm8
T,Q ~3!

where

Vlm8
T,Q

5exp@ i I Yu#Vlm8
Q exp@2 i I Yu# ~4!

and

vlm lm
T,Q ~t!5v lm

Q dm0
~l!~2u!exp@ i ~21!Smve

I t#

3exp@ imv r~t1t0!# ~5!

with dmm8
(l) as a reduced Wigner function. The exponentS in

~5! is zero for the first half of the subcycle and unity for th
second half, accounting for the inversion of the effect
field which occurs every half subcycle. In Eq.~3!, Q refer-
ences the type of interaction~Q5 i for chemical shift andi j
for the dipolar interaction!, l characterizes the rank of th
interaction with respect to spin rotations,m8 is the spin ro-
tational component ranging fromm852l¯l, l is the rank
of the interaction with respect to sample rotation andm is the
spatial rotational component ranging fromm5 l,...,2 l.27 The
definitions for the irreducible tensor operators of rank o
are given by

V10
j 5I jz ~6!

and

V161
j 57221/2I j

6 ~7!

while for rank two tensors

V20
jk5621/2~3I jzI kz2I j•I k!, ~8!

V261
jk 57221~ I j

6I kz1I jzI k
6!, ~9!

and

V262
jk 5221I j

6I k
6 ~10!

with the relevant spatial components defined for the an
tropic chemical shift~assuming axial symmetry for conve
nience!,

v2m
j 5v0d1

j d0m
~2!~bPR

j !dm0
~2!~bRL!exp~ imgPR

j ! ~11!

and dipolar coupling

v2m
jk 561/2bjkd0m

~2!~bPR
jk !dm0

~2!~bRL!exp~ imgPR
jk !, ~12!

whered1
j v0 is the chemical shift anisotropy of spinj and

bjk52S m0

4p D g jgk

r jk
3 \

is the dipolar coupling constant between spinsj andk. The
Euler anglesbPR and gPR correspond to the polar and az
muthal angles of the chemical shift or dipolar coupling te
sor in the rotor frame whilebRL is the inclination of the rotor
with respect to thez axis of the laboratory frame.
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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The dynamics of the irradiated spins are calculated us
coherent averaging theory.19 Using the first level of approxi-
mation, the zeroth-order average Hamiltonian is calcula
first over thepth subcycle to be

H̄r
T~0!5(

Q
(

lm lm
(
m8

v̄lm lm
T,Q dm8,m

~l!
~u!

3exp@ i2p~Nm2m8!p/n#Vlm8
T,Q ~13!

with the amplitude

v̄lm lm
T,Q 5tc

21E
0

tc

vlm lm
T,Q ~t!dt. ~14!

Equation~13! illustrates the response of the spatial and s
rotational components to the phase shifts of the rotor an
between successive subcycles of the pulse sequence. Fo
TCn sequences a relationship linking the symmetry numb
of the tilted pulse sequence (N,n) with the rotational com-
ponents (m8,m) may be derived by calculating the zerot
order average Hamiltonian over the total cycle through

H̄T~0!5n21(
r51

n21

H̄p
T~0!

5(
Q

(
lm lm

(
m8

v̄lm lm
T,Q dm8,m

~l!
~u!Vlm8

T,QE@~Nm2m8!/n#,

~15!

where the functionE(x) is unity if x is an integer or zero
otherwise. The functionE(x) in Eq. ~15! results from the
fact that interactions which survive the average over a s
cycle are further modulated by the index, (Nm2m8)/n
through Eq.~13!. If the index is equal to an integer, a st
tionary term results, the corresponding interaction survi
the final average, and a recoupling effect is observed.

If ve
I @v r ,udm0

~l!~2u!v lm
Q u:

v̄lm lm
T,Q 5dm0tC

21E
0

tc

vlm lm
T,Q ~t!dt, ~16!

and in this case, Eq.~13! takes the form:

H̄T~0!5(
Q

(
lm8 lm

v̄l0lm
T,Q dm8,0

~l!
~u!Vlm8

T,QE@~Nm2m8!/n#.

~17!

In this limit, if u is chosen to be the magic-angle,v̄l0lm
T,Q

50 for l52, and the homonuclear dipolar interactions a
eliminated to zeroth-order over the individual subcycle
This result is expected as each subcycle represents the F
sequence applied with a different azimuthal angle,f, of the
effective field. The rotational symmetry of the Hamiltonia
requires that the FSLG decoupling be invariant tof as is
demonstrated here. Equally important is the fact that the
plitude ~14! corresponding to the chemical shift and hete
nuclear dipolar interactions~both l51! is not drastically
reduced foru554.74°. In contrast ifu590° the homo-
nuclear dipolar interactions (l52) are scaled by21/2 while
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7290 J. Chem. Phys., Vol. 108, No. 17, 1 May 1998 Gross, Costa, and Griffin
the shifts and heteronuclear interactions are reduced to
zero over a subcycle as in the sevenfold symmetric sequ
~C7!.27

In the C7 sequence the symmetry numbers of the p
sequence (N,n) are chosen such thatN52 andn57 so that
the residual chemical shift anisotropy is averaged over
total cycle while only the components (m8,m)52,1 and
22,21 are selected for efficient double quantum recoupli
In general, the average Hamiltonian may be engineered
that the recoupled interaction contains a reduced orie
tional dependence if the symmetry numbers,N and n, are
chosen such that only terms for which (m8,m) and (2m8,
2m) survive the total average through Eq.~15!. When the
homonuclear dipolar interactions are effectively decoup
the remainingm8561 terms correspond to the CSA an
heteronuclear dipolar coupling. The scaling of the recoup
interactions is minimized by choosing them51 component.
Accordingly, for N51 rotor period, the (m8,m)5(1,1) and
(21,21) components are selected ifn.3 ~see Table I!.
@For N52 rotor periods, (m8,m)51,1 and21,21 are se-
lected only ifn55.# The final result, expressed in the rota
ing frame, forN51, n55, including both the chemical shif
and heteronuclear dipolar coupling is

H̄T~0!5F v̄1020
T,I cosuI Z1v̄1021

T,I sin u

2
I 11v̄10221

T,I sin u

2
I 2G

12F v̄1020
T,IS cosuI Z1v̄1021

T,IS sin u

2
I 1

1v̄10221
T,IS sin u

2
I 2GSZ . ~18!

The isotropic terms arev̄1020
T,IS5pJIS cosu, the scaled hetero

nuclearJ coupling, andv̄1020
T,I 52pd̄0

I cosu, the average off-
set from resonance~mean offset!, whered̄0

I is defined as the
sum of the mean frequency of irradiation,v̄ Irr

I /2p, and the
offset of the rf carrier from theI spin resonance (d0

I ) in the
absence of irradiation. The recoupled anisotropic interacti
are written

v̄1021
T,Q 5v̄10221

T,Q* 52CQ
15

16p
cosu sin 2bPR

3sin 2bRL$exp@2 ip/10#1 i %

3exp@ i ~v r t
01gPR

0 !# ~19!

TABLE I. Symmetry table form8561 andN51 rotor period.

m m8561 Nm2m8

2 1 1
2 3

1 1 0
2 2

0 1 21
2 1

21 1 22
2 0

22 1 23
2 21
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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with the definitionsCIS5bIS and CI5d1
I v0 . The direction

of average Hamiltonian~18!, defined by the relationship be
tween spin components in the rotating frame, is determi
by the isotropic parameters in addition to the anglegPR @see
Fig. 1~c!#. In general the direction of the effective fields co
responding to the chemical shift and dipolar coupling ter
in ~18! will not be parallel resulting in noncommuting spi
interactions. In this case the dynamics would depend on
isotropic parameters in addition to the size and relative
entation of the CSA and dipolar coupling tensors. Howev
the mean offset may be set to zero and, neglecting the sc
coupling, the outstanding issue is the relative alignment
tween the principle axis systems of the chemical shift a
dipolar tensors since the remaining terms in Eq.~18! do not
commute with each other for different phase anglesgPR . In
the case of CSA recoupling, any heteronuclear dipolar c
plings that are simultaneously reintroduced may be dec
pled. For the case of13C–1H recoupling where1H is irradi-
ated, it is safely assumed that the CSA does not effect
dynamics since the magnitude of the13C–1H dipolar interac-
tion is typically an order of magnitude larger. Thus for th
most interesting cases it is possible to arrange matters so
the CSA and dipolar recoupling may be performed indep
dently. For u5bRL5tan21

&, the magnitude of the re
coupled interaction is written

uH̄Q
T~0!u5CQ

5&

24p
A52A5 sin 2bPR ~20!

with Q5I or IS assuming the isotropic parameters,v̄1020m
T,Q ,

are zero. The anisotropic interactions are scaled by 0.15 f
their static value and the magnitude of the recoupled in
action is independent ofgPR .

EXPERIMENTAL AND NUMERICAL PROCEDURES

All experiments were performed on a 9.4 T magn
equipped with a custom-built spectrometer console and H
triple resonance transmission line probe. The spinning ra
were either 8 or 10 kHz~controlled to within 2 Hz! and in all
cases ramped cross polarization32 was employed to increas
sensitivity and to ensure reproducibility of signal enhan
ments over long time scales. For the TC5 sequence prese
here, the tilt angle was 54.74°. Accordingly, the offs
and nutation frequency were chosen to satisfy,u
5tan21(v1/Dv), and produce an effective field that is 1
times the spinning speed. The mean frequency of irradia
was varied empirically by adjusting the parameterv Irr

I /2p in
steps of 1 kHz, in order to optimize recoupling efficien
~see Discussion below.! The TPPM decoupling scheme wa
employed during acquisition4 ~where applicable! with rf field
strengths of 80 kHz,f510 or 15°, andtp55.8ms. CW
decoupling was utilized during thet1 period of the TC5 CSA
recoupling sequences with a field strength of 125 kHz
avoid signal losses due to interference between CW dec
pling and TC5 mixing. For the 2D experiments, 64t1 points
where collected by incrementing the evolution period
units of one subcycle. The resulting data were zero-filled
512 points prior to real 2D Fourier transformation. In a
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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cases 10 and 100 Hz of line broadening were added to
direct and indirect dimensions, respectively. The nutat
frequency employed was measured from a 2p pulse length.

Numerical lineshape simulations were performed usin
program written in C that computes the spin dynamics of
IX2 system of spin-1/2 nuclei exposed to MAS and an ar
trary rotor synchronized pulse cycle. Numerical integrat
of the equations of motion33 are achieved through standa
methods and powder averaging was performed using
method of Cheng and Suzukawa.34 For each crystal orienta
tion, the propagator was calculated over one rotor per
The cyclic nature of the rf pulse sequence and the periodi
of MAS allow the time development of the initial conditio
to be evaluated by successive application of the propaga
Time domain data corresponding to each crystal orienta
were weighted and coadded prior to real Fourier transfor
tion for numerical line shape analysis.

RESULTS AND DISCUSSION

Results demonstrating the effectiveness of the TC5
coupling sequence on13Ca labeled alanine~obtained from
Cambridge Isotope Labs, Woburn MA! are depicted in Fig.
3. These data were acquired with the application of the
quence depicted in Fig. 2~c!. The top curve was acquire
with FSLG irradiation and serves as a control since minim
decay should be observed in the limit of efficient hom
nuclear decoupling. As expected, small amplitude rotatio
echoes are observed since the spinning speed is very nea
FSLG scaled dipolar coupling. Upon introduction of th
2p/5 phase shifts between subsequent FSLG subcyc
strong oscillations occur due to the recoupled13C–1H inter-
action as depicted in the bottom trace. A real Fourier tra
formation of the data illustrates the contrast in informati
content between the low amplitude rotational sidebands
duced by free evolution under fast MAS and recoupled po
der line shape obtained upon application of TC5@see Figs.
4~a! and 4~b!#. The full-width-at-half-height~FWHH! of the
spectrum displayed in Fig. 4~a! is on the order of severa
hundred Hz~see below! and places a lower limit on the ef

FIG. 3. Experimental results for TC5 CH recoupling (N51) for 13C en-
riched Ca alanine obtained with sequence depicted in Fig. 2~c! Top trace:
FSLG control experiment, obtained withfp as a constant phase 0. Botto
trace: obtained with 2p/5 phase shifts of basic FSLG subcycle~b!. Experi-
mental conditions:v r /2p510.0 kHz, d0

I ,u1u kHz, v1/2p581.65 kHz,
Dv/2p557.73 kHz,v̄ Irr

I /2p55.0 kHz, B059.4 T.
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fectiveness of FSLG decoupling of the1H–1H dipolar inter-
actions in alanine. Furthermore, numerical line shape sim
lations of FSLG decoupling under the conditions presen
here indicate that a FWHH well under 1 ppm is obtaina
with 1H–1H dipolar couplings as large as 10 kHz~data not
shown!. These observations confirm the efficiency of FSL
decoupling when the effective field is ten times the spinn
speed and sufficiently larger than the1H homonuclear dipo-
lar couplings, validating the approximation inherent in Eq
~16!–~17!.

Fits of the experimental lineshapes with numerical lin
shape simulations are presented in Fig. 4. The dashed lin
Fig. 4~c! is a simulation for a model three spin system co
sisting of a13C–1Ha group dipolar coupled to a remote pro
ton 1Hb . There is good agreement between the splitting
served in the experimental data with that given by t
idealized simulations. The solid line in Fig. 4~c! was taken
using the same simulation parameters as the dashed line
with the inclusion of a 1 kHz mean offset. The central pea
results from inefficient recoupling of crystallites oriented
as to have weak dipolar couplings where the dynamics
quenched by a finite mean offset. The orthogonality betw

FIG. 4. Comparison of experimental data from Fig. 3 with numerical lin
shape simulations.~a! Real Fourier transform of FSLG control experimen
~b! Real Fourier transform of experimental data from TC5 on13C enriched
Ca alanine and~c! numerical lineshape simulations with~solid line! and
without ~dashed line! mean offset. Simulation parameters on three spin s
tem CHa with remote proton Hb :v r /2p510.0 kHz, d0,a

I 50 or 1 kHz,d0,b
I

52 kHz, v̄ Irr
I /2p50, v1/2p581.65 kHz, Dv/2p557.73 kHz, bISa

520.3 kHz, bISb53 kHz, d1,a
I 5d1,b

I 2.25 ppm with Euler angles
$aPC ,bPC ,gPC%: $0,109.5,0%,$0,60,0!,$0,109.5,0%,$0,60,0%, respectively, and
B059.4 T.
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spin components corresponding to the mean offset and
anisotropic interactions in the effective Hamiltonian~18! in-
dicates that the dynamics are dependent on the mean o
and may be quenched entirely in the limit where the sca
mean offset is large relative to the size of the recoup
anisotropic interactions.

Experimentally, the central peak remains even if m
sures are taken to ensure that the mean offset is zero.
pirical optimization of the recoupling efficiency is achieve
by minimizing the central peak through adjustment of t
mean frequency of irradiation,v̄ Irr

I . Although the resonance
offset,d0

I , of Ha in alanine was within 1 kHz, optimal recou
pling was observed when the frequency switching took pl
between 62.73 and252.73 kHz which represents a shift o
15 kHz from the nominal values of657.73(61) kHz for
Dv. Numerical simulations indicate that a misadjustment
the nutation frequency from its nominal value results in su
a central peak.~Data not shown.! Others have observed tha
displacements of the mean frequency in FSLG decoup
improve the decoupling performance suggesting a second
eraging of pulse errors.25,26 It may be that a slight departur
of the mean frequency from the nominal value is necess
to compensate for rf inhomogeneity or phase transie
which would be deleterious for both13C–1H recoupling and
1H–1H decoupling.

FIG. 5. Comparison of experimental data corresponding to the carbox
region for ~a! natural abundance glycine and~b! U–13C,15N glycine under
TC5 (N51) CSA recoupling sequence depicted in Fig. 2~e! with numerical
lineshape simulations~c!. Experimental conditionsv r /2p58.0 kHz, d0

I

50.5 kHz, v1/2p565.32 kHz,Dv/2p546.18 kHz,v̄ Irr
I /2p51.0 kHz and

B059.4 T. Numerical lineshape simulations performed with~solid line! and
without ~dashed line! mean offset. Simulation parameters:v r /2p
58.0 kHz, d0

I 50 or 0.5 kHz, v1/2p565.32 kHz, Dv/2p546.18 kHz,
v̄ Irr

I /2p50 kHz, d1
I 573 ppm,h I50.93, andB059.4 T.
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The chemical shift anisotropy may be recoupled a
measured accurately in the presence of homonuclear dip
coupled spins using the sequence in Fig. 2~e!. Samples of
natural abundance and fully13C, 15N labeled glycine~ob-
tained from CIL! were recrystallized prior to NMR experi
ments. Experimental results using the TC5 sequence of
2~e! with a MAS rate of 8 kHz are depicted in Fig. 5 for th
carbonyl group of glycine. Clearly there is good agreem
between the recoupled powder lineshape correspondin
natural abundance glycine in Fig. 5~a! with fully labeled gly-
cine in Fig. 5~b!. Numerical lineshape simulations using a
anisotropy of 73.0 ppm andh50.93.35 show excellent agree
ment with the experimental data. Again, the experimen
recoupling efficiency was optimized empirically by varyin
the mean frequency of the TC5 irradiation so as to minim
the central peak intensity. The mean frequency emplo
was approximately 1.0 kHz greater than the nominal val
Although an axially symmetric CSA was assumed during
theoretical treatment for sake of brevity@see Eq.~11!#, the
lineshapes obtained through the TC5 experiment are se
tive to both the magnitude of the anisotropy and the asy
metry parameter as depicted in Figs. 6~a!–6~f!. Unfortu-
nately, the experiment is insensitive to the sign of t
anisotropy due the intrinsic symmetry of the recoupled po
der lineshapes.

Within the framework presented here, where a sin
irradiation scheme is employed for recoupling of CS
heteronuclear dipolar interactions, efficient recoupling m

te
FIG. 6. Numerical lineshape simulations of TC5 (N51) CSA recoupling
depicting dependence of recoupled powder lineshape on asymmetry pa
eter, h I . Simulation parameters:v r /2p512.5 kHz, d0

I 50 kHz, v1/2p
5102.1 kHz, Dv/2p572.2 kHz, v̄ Irr

I /2p50 kHz, d1
I 573 ppm, andB0

59.4 T. In~a!–~f! h I is equal to 1.0, 0.8, 0.6, 0.4, 0.2, and 0.0, respective
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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take place with the symmetry numbersN51 and n.3 or
N52 andn55. These conditions may offer potential adva
tages because the demands on rf power are smaller. Sp
cally, for TC4 and TC5 (N52) the effective field must be
either 8 or 5 times the spinning speed, respectively. If th
power requirement for effective decoupling of the hom
nuclear interactions is modest, such as in the applicatio
13C CSA recoupling, then the above conditions would of
an advantage for the measurement of smaller CSAs in
case where efficient1H decoupling during mixing is re-
quired. It is well known that signal loss results during mixin
sequences when efforts are not made to avoid a mism
between the rf power levels of the mixing scheme and C
1H decoupling.36,37Symmetry numbers which result in lowe
effective field requirements would allow the appropriate m
match between the1H decoupling and CSA recoupling se
quence that would minimize signal loss from inefficient1H
decoupling. In addition, for the case of a fixed effective fie
direction, lower effective field strengths correspond
smaller nutation frequencies which would translate into
smaller contribution of rf field inhomogeneity errors, and t
increased time required to achieve 2p rotation could poten-
tially reduce the contribution of phase transient errors to
dynamics.

CONCLUSION

The proposed methods contain a general scheme fo
ficient CSA/heteronuclear dipolar recoupling in the prese
of homonuclear dipolar coupled spin networks. The mag
tude of the anisotropic interactions may be extracted fr
recoupled powder line shapes by numerical line shape si
lations, and for the case of CSA recoupling, the line shap
sensitive to the symmetry parameter. The methods repre
an improvement over previous techniques since the dyn
ics of the recoupled interaction are completely separa
from the homonuclear interactions through efficient dipo
decoupling. An additional advantage is realized since m
surements may be made under conditions of fast M
thereby increasing sensitivity and resolution. Application
TC4 or TC5 recoupling should allow experiments that m
sure torsion angles across HCCH17 or HNCH18 spin topolo-
gies to be implemented at higher spinning rates. In addit
the approaches presented here should allow for the mea
ment of torsion angles via CSA correlation in uniformly e
riched samples. Although the sequences presented her
single irradiation schemes, it is possible to extend the Tn
principle to double irradiation schemes which would allo
for generation of heteronuclear multiple quantum cohere
in a fashion that is independent of HH~or CC! dipolar cou-
plings which would be useful in applications of 2D1H–13C
chemical shift correlation.
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