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Homonuclear radio frequency-driven recoupling in rotating solids
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We discuss several aspects of homonuclear recoupling and longitudinal exchange using
rotor-synchronized spin echo sequences in solid state magic-angle spinning~MAS! experiments.
These include the accurate measurement of weak dipole–dipole couplings between rare spins, the
behavior of dipolar trajectories in multiple spin environments, and chemical shift correlation
spectroscopy via polarization exchange. To describe dipolar trajectories accurately, we adopt an
approach to the simulation of these experiments which includes finite pulses and the influence of
coherence decay. The latter effect becomes competitive with the strength of weak couplings in many
experiments, and a simple empirical approach is outlined for the selection of decay parameters.
Dipolar trajectories are shown to be dominated by the largest couplings in multiple spin systems via
comparison of two and three interacting spins. Two-dimensional correlation spectroscopy based on
dipolar exchange among proximate nuclei is illustrated with a uniformly15N,13C-labeled sample of
the tetrapeptide achatin-II~Gly-L-Phe-L-Ala-L-Asp!. In addition, a frequency-selective approach to
recoupling dipolar interactions among homonuclear spins is introduced; selective approaches have
possible utility in examining weak dipole–dipole couplings in the presence of strong interactions.
© 1998 American Institute of Physics.@S0021-9606~98!00622-9#
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I. INTRODUCTION

Dipole–dipole couplings are an important avenue for
vestigating molecular structure via distance measurem
between or among nuclear spins.1,2 The magnitudes of rela
tively large dipole–dipole interactions are sometimes
vealed directly in one-dimensional~1D! solid state NMR
spectra.3 However, weak dipole–dipole couplings, whic
contain important information about relatively long intern
clear separations, are frequently obscured by larger inte
tions in the spin Hamiltonian, and in these cases it is nec
sary to apply special techniques to enhance and observ
weaker interactions selectively. In static samples, various
proaches to enhancing dipole–dipole couplings in the p
ence of other interactions have been developed for b
homonuclear4 and heteronuclear interactions.5–8 Solid state
NMR spectra, however, are often acquired with magic-an
spinning ~MAS! in order to improve sensitivity and
resolution.9–11 This method employs mechanical rotation
eliminate dipole–dipole couplings and other second-rank
isotropic interactions. In order to measure the attenuated
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polar couplings, they must be reintroduced into MAS expe
ments with rotor-driven12–14 or rf-driven recoupling
techniques.1,2

The recoupling of heteronuclear interactions in rotati
samples is relatively straightforward to achieve withp pulse
sequences.15,16 The spin Hamiltonian for coupled homo
nuclear spins, however, is complicated by the noncomm
tion among the chemical shifts of the nuclei and th
dipole–dipole interactions.17 For weak couplings, the chemi
cal shift interactions dominate, and recoupling~in the ab-
sence of radiofrequency irradiation! occurs only at specia
‘‘rotational resonance’’ conditions, where the chemical sh
difference between two spins matches a multiple of the sp
ning frequency,Dd5mv r .12–14 Rotational resonance pro
vides a means of accurately measuring distances in th
cases,1,18,19 most conveniently for spins with significan
~.50 ppm! chemical shift differences.

Homonuclear recoupling with less sensitivity to th
chemical shift is desired for many applications, such as d
tance measurements between spins of small~,50 ppm!
chemical shift differences and correlation spectroscopy
multiple spins over a broad range of chemical shifts.20,21 To
achieve this goal it is necessary to spoil the coherent ave
ing of MAS by imposing additional modulations on the sp
Hamiltonian with multiple pulse rf irradiation.2 The general
approach employs applications of rotor-synchronizedp
and/or p/2 pulses,21–25 continuous ~windowless! phase-
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switched rf fields,26–28 or combinations of the two29,30 to
recouple dipolar interactions. In the more recent exp
ments,26–28,30 recoupling occurs independent of chemic
shift terms, albeit with some sensitivity to rf pulse imperfe
tions.

On the other hand, multiple pulse sequences based op
pulses are very robust with respect to rf errors, yet have s
remaining dependence on the chemical shift differen
among spins. These experiments, monitoring either
transverse23 or longitudinal evolution21,31 of spin magnetiza-
tion, have been applied to several biophysic
applications.32–34 Furthermore, as shown here, the rf-driv
recoupling ~RFDR! approach ofp pulse longitudinal ex-
change is a promising method to measure very long inte
clear distances accurately, and it is easily integrated into t
dimensional correlation NMR with multiply13C-labeled
samples.21,33 In particular, this general approach tolerat
pulse errors, and the data is easy to simulate and inter
under typical MAS conditions with the methods describ
below.

Here we consider the general theory ofp pulse recou-
pling in greater detail using the average Hamiltonian the
~AHT! described by Bennettet al.21 and also introduce ap
proaches to handling empirically observed signal losse
the interpretation of exchange data. In addition, the two s
and three spin systems are examined to consider the i
ence of multiple spin couplings in exchange experimen
Under most conditions, the largest dipolar interactions do
nate the observed dipolar evolution and obscure the di
impact of weak dipolar couplings.18,19,78 Therefore, the ob-
served two-dimensional correlation spectra acquired w
this approach and similar nonselective recoupling meth
are the result of exchange among spins through their lar
dipolar couplings arising from the proximity of neare
neighbors. This phenomenon has been demonstrated
MELODRAMA double-quantum recoupling in multi-spi
systems.18~b!,26 In some cases, it may be desirable to obse
the weaker couplings more directly, and a promising
proach is to apply frequency-selective recoupling sequen
A method for selective recoupling has already been dem
strated for homonuclear spin systems by application
ramped rf fields18 and for heteronuclear spins with mult
pulse methods.35,36 Here a similar method, based onp
pulses, is introduced.

The application of homonuclear recoupling has a pro
ising future in applications to nonoriented biological samp
and other systems. The RFDR experiment has already b
utilized to examine the retinal-Schiff base linkage32 and Asp-
retinal distances in bacteriorhodopsin34 and the analysis o
highly 13C-enriched chlorophyll/water aggregates using tw
dimensional correlation spectroscopy.33

II. THEORY

A. Average Hamiltonian description of spin echo
recoupling

Nuclear spin evolution under rotor-synchronizedp pulse
sequences can be treated most straightforwardly by the
struction of an effective Hamiltonian, which determines t
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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time evolution operator over multiples of the basic cyc
time tC . In the case of ideald-function p pulses, an effec-
tive Hamiltonian can be calculated analytically from eith
average Hamiltonian theory ~AHT!37,38 or Floquet
theory.39,40 Rotor-synchronized rf pulses contribute a tim
dependence to all spin operators when viewed in the togg
frame.37 In the context of this modulation, the influence
the relatively large chemical shift interactions on the we
dipolar couplings among dilute spins leads to the partial c
cellation of their coherent averaging by MAS. In Floqu
theory, the recoupling effect is manifest by block diagon
ization of the Floquet Hamiltonian with respect to the chem
cal shift terms, an operation which can be perform
analytically.40

In the context of AHT, the fact that the chemical sh
terms are a cyclic interaction in the rf toggling frame is us
to define a second toggling frame, where the AHT appro
mation is applied only to the remaining part of the intern
spin Hamiltonian. The additional terms are the dipolar co
plings, which are assumed to be small in the limitiHDitC

,1, tC51/vC . Under these conditions, the first term of th
Magnus expansion provides an adequate expression fo
effective dipolar coupling, as well as insight into the mech
nism of dipolar recoupling. Sincep pulses have no direc
effect on the homonuclear dipole–dipole coupling, the re
troduction of the dipolar interaction between two spins
sults only from the modulation of the spin operators by t
difference between their chemical shift interactions and fr
finite pulse effects.20

In rotational resonance experiments,12–14 dipolar recou-
pling occurs at the special conditionsDd5mv r . When the
resonance conditions are satisified, the relative phase a
mulated from the chemical shift interactions cancels a
multiples of the rotor cycle. At the same time, the combin
time dependence of magic angle spinning and spin oper
precession under the chemical shift difference leads to
structive interference and dipolar recoupling. Away from t
rotational resonance conditions, the phase arising from
chemical shift evolution fails to cancel over the cycle tim
and quenches dipolar evolution. It is difficult to define
dominant cyclic interaction away from rotationa
resonance,40 and therefore Floquet theory is particularly us
ful in determining the nature of the spin dynamics und
more general circumstances.41–43

In the case of spin echo sequences under MAS,44 the
timings of the pulse cycle are constrained by definition
result in the refocusing of the chemical shift interaction
which are eliminated at multiples of the cycle time,tC . In
rotating solids, the combined time dependence of the am
tude modulation by MAS and the rotations of spin operat
by rf pulses must be considered, and rotor synchronizatio
required in order to guarantee periodicity of the overall tim
dependence of the system. Figure 1~a! illustrates one class o
spin echo sequences for MAS applications, which empl
onep pulse perN rotor periods and promotes refocusing
the signal after 2N rotor periods.44 The basic sequence usin
N51 has been used to generate dipolar recoupling in tra
verse SEDRA23 and longitudinal RFDR21,31 experiments.

In order to describe the effect of rotor-synchronizedp
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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pulses on a two spin system, the internal time-depend
Hamiltonian

H~ t !5d1~ t !I z11d2~ t !I z2

1d12~ t !$2I z1I z22I x1I x22I y1I y2%, ~1!

is transformed into a toggling frame defined by the action
the rf pulses. For anya5x,y,z and b5x,y, an instanta-
neousp pulse has no effect on the bilinear spin operator

exp$ ip~ I b11I b2!%I a1I a2 exp$2 ip~ I b11I b2!%5I a1I a2 ,
~2!

but it flips the sign of the operatorsI z1 and I z2

exp$ ip~ I b11I b2!%I z j exp$2 ip~ I b11I b2!%52I z j . ~3!

Consequently, after the toggling frame transformation of
Hamiltonian, H̃(t)5U rf

21(t,0)H(t)U rf(t,0), whereU rf(t,0)
5T exp$2i*0

t dt Hrf(t)%, the Hamiltonian can be written in
the convenient form

H̃~ t !5d1~ t !F~ t !I z11d2~ t !F~ t !I z2

1d12~ t !$2I z1I z22I x1I x22I y1I y2%, ~4!

where the functionF(t) is equal to11 after an even numbe
of p pulses have been applied and21 following an odd
number.

The commutation relations among various terms in
Hamiltonian45,46 which were valid before the transformatio
into the toggling frame continue to hold in the new referen
frame. In particular, the Hamiltonian can be written as
sum of two commuting termsH̃(t)5H̃0(t)1H̃1(t) in the
following way:14

H̃0~ t !5 1
2$d1~ t !1d2~ t !%F~ t !@ I z11I z2#1d12~ t !•2I z1I z2 ;

~5!

FIG. 1. RFDR pulse sequence for spin echo recoupling, with onep pulse
applied perN rotor periods in a one-dimensional inversion exchange exp
ment. The standard RFDR experiment is performed withN51 andn50.
Pulses during mixing are phase cycled according to theXY-16 scheme~Ref.
61!. The frequency-selective analog of the mixing sequence employs a
zero value forn. For two-dimensional chemical shift correlation spectro
copy, an evolution period is inserted~between the13C CP pulse andp/2
storage pulse! and the inversion period removed.
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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H̃1~ t !5 1
2$d1~ t !2d2~ t !%F~ t !@ I z12I z2#

2d12~ t !@ I x1I x21I y1I y2#. ~6!

With this division of the Hamiltonian, the time evolution o
the system overtC can be expressed as follows:

U~tC,0!5U rf~tC,0!expH 2 i E
0

tC
dt H̃0~ t !J T

3expH 2 i E
0

tC
dt H̃1~ t !J . ~7!

SinceH̃0(t) is self-commuting at all times, as well as ind
pendent of the other terms in the spin Hamiltonian, its tim
evolution is evaluated in the absence of the Dyson tim
ordering operatorT.

Under modulation by MAS, the term involvingH̃0(t)
straightforwardly cancels after multiples of the rotor perio
Likewise, the pulse sequence is chosen to have the cy
propertyU rf(tC,0)561. The termH̃1(t), however, fails to
commute with itself at different times and therefore exhib
more complicated spin dynamics.17

In order to obtain a spin echo following some cycle tim
tC5nt r , the time evolution operator for the chemical sh
term of the isolated single spins must vanish

T expH 2 i E
0

tC
dt d j~ t !F~ t !I z jJ 51. ~8!

Because the chemical shift Hamiltoniansd j (t)F(t)I z j are
self-commuting at different times, the complete refocus
of signals from an uncoupled spin system is obtained un
the following condition for the formation of a complete sp
echo:

E
0

tC
dt d j~ t !F~ t !50. ~9!

When this condition holds, the time evolution operator
volving H̃0(t) in Eq. ~7! is eliminated, and the complete tim
evolution for the spin system reduces to the form

U~tC,0!5T expH 2 i E
0

tC
dt H̃1~ t !J . ~10!

To address the homogeneous dynamics arising fr
H̃1(t), it is useful to divide the Hamiltonian further into
chemical shift difference termH̃CS,1(t) and an interaction
term H̃D,1(t)

H̃CS,1~ t !1H̃D,1~ t !5 1
2$d1~ t !2d2~ t !%F~ t !@ I z12I z2#

2dl2~ t !@ I x1I x21I y1I y2#. ~11!

This Hamiltonian can be written more conveniently by usi
the the operators of the 23 subspace for the two s
problem,45,46

I x
235@ I x1I x21I y1I y2#,

I y
235@ I x1I y22I y1I x2#, ~12!

I z
235 1

2@ I z12I z2#.

i-

n-
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These operators obey the usual commutation relations
angular momentum operators,@ I a ,I b#5 i I g , where~a,b,g!
is a cyclic permutation of (x,y,z), and their use leads to
concise expression forH̃1(t)

H̃1~ t !5H̃CS,1~ t !1H̃D,1~ t !

5$d1~ t !2d2~ t !%F~ t !I z
231dl2~ t !I x

23. ~13!

It is also useful to define a phase factorx(t)
5*0

t dt$d1(t)2d2(t)%F(t), which characterizes the evolu
tion of the chemical shift difference term in the togglin
frame. Since the chemical shift terms are not necessa
small compared to the rotor frequency, it is not valid in t
most general case to apply AHT directly to Eq.~11!. Instead,
the time evolution operator is again rearranged as follow

U~tC,0!5UCS,1~tC,0!3T expH 2 i E
0

tC
dt H5 D,1~ t !J

5exp$2 ix~tC!I z
23%3T expH 2 i E

0

tC
dt d12~ t !

3@ I x
23 cosx~ t !1I y

23 sin x~ t !#J . ~14!

A second toggling frame H5 D,1(t)5UCS,1
21 (t,0)H̃D,1(t)

UCS,1(t,0) is defined in order to isolate the influence of t
chemical shift difference contribution. Under any spin ec
sequence~for the moment disregarding error terms! the
phasex(tC)50, leaving only the dipolar couplingH5 D,1(t),
which reflects the combined influences of magic angle sp
ning, rf pulses, and chemical shift interactions.

In order to solve for the homogeneous dynamics
H5 D,1(t), it is necessary to apply either numerical calculatio
or an analytical approximation such as the Magn
expansion.37,38 In the case of ‘‘dilute’’ spins, such as13C,
15N, or 31P, the homonuclear dipolar coupling constant b
tween two spins is at most several kHz, so the dipolar c
plings are relatively weak compared to typical spinning f
quencies. In such cases, the zeroth order ave
Hamiltonian treatment is sufficient. However, in the case
protons, the AHT approach is applicable only to pairs
well-separated atoms. The chemical shift interaction of e
spin j has a time-independent isotropic contribution, as w
as an oscillating term arising from the chemical shift anis
ropy ~CSA!17,44

d j~ t !5 d̂ j@m50#1 (
m522,mÞ0

m512

d̂ j@m#~a j ,b j !

3exp$ im~v r t1g j !%; ~15!

which depends on the Euler angles (a j ,b j ,g j ) of the indi-
vidual crystallites with respect to the rotor axis frame. T
dipolar couplingd12(t), whose orientation is defined by th
polar angles~u,f! of the internuclear vector in the roto
frame,44 is fully amplitude modulated and vanishes ov
multiples of the rotor cycle

d12~ t !5 (
m522,mÞ0

m512

d̂12@m#~u!exp$ im~v r t1f!%, ~16a!
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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di j 5 2
m0

4pS g ig j\

r i j
3 D , ~16b!

d̂i j @6m#~u i j !5 1
2di j Gumu , ~16c!

G052
~3 cos2 um21!

2

~3 cos2 u i j 21!

2
, ~16d!

G152 3
4 sin 2um sin 2u i j , ~16e!

G252 3
4 sin2 um sin2 u i j . ~16f!

The AHT result for the generalized echo sequence of onp
pulse perN rotor periods is the following, neglecting th
CSA:

H5 D,1
~0! 52d̄12I x

2352 1
2d̄12@ I 11I 221I 21I 12#, ~17!

where the effective coupling constant~in angular units! has
the following form in terms of the isotropic shift differenc
Dd5 d̂1@0#2 d̂2@0#:

d̄125
2

p (
m51,2

d̂12@m#~u!cos~mf!H Dd/v r

m22~Dd/v r !
2J

3~21!m21
1

N
sinH pN

Dd

v r
J . ~18!

Using the basic sequence of onep pulse per rotor period
whereN51, strong recoupling is obtained in the neighbo
hood of the principal rotational resonance conditionsDd
5mv r with m51 andm52.21,23,31

For all N, at exact rotational resonance,Dd5mv r , and
the average Hamiltonian reduces to the form2

H5 D,1
~0! 52d̂12@m#~u!cos~mf!I x

23. ~19!

In contrast, the analogous Hamiltonian in the absence op
pulses does not depend on the azimuthal anglef about the
rotor axis2

H5 D,1
~0! 52d̂12@m#~u!I x

23. ~20!

From a physical viewpoint, the anglef is expected to appea
in the result, since it represents the phase difference betw
the pulse sequence and the rotationally induced oscillatio
the spin interactions. One consequence of this phase de
dence is thatp pulse recoupling is less efficient than rot
tional resonance over a powder distribution of crystallit
With increasingN, as illustrated in Fig. 2, the nonvanishin
homonuclear coupling is recovered with an increasingly n
row bandwidth in the vicinity of the rotational resonan
conditions.

The double toggling frame approach reveals two ba
conditions for recoupling by rotor-synchronized sequen
consisting only ofp pulses:~1! the coherent averaging of a
chemical shift interactions and~2! the recovery of a nonzero
dipolar coupling from destructive interference between MA
and the motion of the flip–flop operator under the
modulated chemical shifts. In order to fulfill the second co
dition, the term exp$ix(t)% must exhibit some nonzero Fourie
component at frequenciesv r or 2v r . For example, although
eightp pulses per rotor period promotes the formation of
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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echo every rotor period, it does not recouple interactions
the limit of d-function p pulses.20 In the regime where the
spinning speed dominates the CSA, it is reasonable to
glect it in calculating the effective Hamiltonian. With slo
spinning, however, the coupling constant becomes a func
of the rf-modulated CSA terms, and its influence can be
cluded within the same framework. However, it is more co
venient in practice to explore the impact of finite CSA te
sors using simulations.

B. Longitudinal exchange and zero-quantum filtering
experiments

In the two spin case, as indicated by Eq.~17!, a mixing
sequence based onp pulses recouples only the flip–flop po
tion of the dipole–dipole coupling, while the rest of the i
teraction,d12(t)•2I z1I z2 , vanishes exactly over each roto
cycle.14 Under these conditions, transverse magnetization
dergoes dephasing,23 but not exchange21

r~t!5I x1 cos$d̄12t/2%12I z1I y2 sin$d̄12t/2%. ~21!

Under d-function p pulses, or in the absence of rf pulse
exchange of transverse magnetization is forbidden over m
tiples of the rotor period, since only the flip–flop portion
the spin–spin interaction is recovered. Therefore, in orde
use p pulse recoupling in two-dimensional spectrosco
with transverse mixing,p/2 pulses must be applied for co
herence transfer.47 On the other hand, the flip–flop couplin
directly couples longitudinal polarizations

r~t!5I z1 cos2$d̄12t/2%1I z2 sin2$d̄12t/2%

1@ I y1I x22I x1I y2#sin$d̄12t% ~22!

which implies that longitudinal exchange is the most con
nient and straightforward means of acquiring tw
dimensional spectra withp pulses. In addition, the spin tra
jectory develops twice as rapidly in longitudinal exchan
compared to the evolution in transverse dephasing, so lo
tudinal experiments are highly advantageous for the exa

FIG. 2. Relative magnitude of the effective dipole–dipole coupling us
various values ofN for the m51 Fourier component of the recoupled in
teraction, according to Eq.~18!, as a function of the relative chemical shi
difference in units of the spinning frequency,Dd/v r . The m52 Fourier
component~not shown! demonstrates similar behavior peaked around
valueDd/v r52.
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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nation of weak interactions.2 In one-dimensional RFDR ex
periments, the corresponding trajectory begins with a stat
inverted relative polarization31

r~t!5 1
2@ I z12I z2#cos$d̄12t%1@ I y1I x22I x1I y2#sin$d̄12t%.

~23!

At any point in the longitudinal trajectory, the zero
quantum~ZQ! coherence@ I y

235I y1I x22I x1I y2# can be elimi-
nated by briefly removing the proton decoupling field, whi
destroys all spin coherences with transverse character.
though the ZQ coherences are not directly observable, t
elimination during the exchange trajectory has a direct
pact on the subsequent spin dynamics. In the limit of v
rapid decay of zero-quantum coherences, little ZQ cohere
is present at all times, and accordingly no change in
dipolar evolution is observed. On the other hand, if its dec
rate is negligible, the trajectory of Eq.~23! is modified as
follows:

Dr~t11t2!5 1
2@ I z12I z2#sin$d̄12t1%sin$d̄12t2%

1@ I y1I x22I x1I y2#sin$d̄12t1%cos$d̄12t2%,

~24!

whereDr(t11t2) signifies the difference between the de
sity matrix obtained with and without the removal the tw
spin coherences at timet1 . This experiment has two appli
cations. First, it provides corroboration that the effective d
cay parameters for the spin coherences are being sele
appropriately for simulations of the experimental data, sin
these parameters, together with the dipolar coupling c
stant, reflect how much zero-quantum coherence is pre
during the trajectory. A second application of this approa
is the filtering of signals via the ZQ coherences. Clearly,
signal is obtained from the difference trajectoryDr(t1

1t2) when the coupling constantd12 vanishes, soDr(t1

1t2) provides a filtered signal which is maximized whe
t1'1/d12 andt15t2 .

C. Computational methods for magic-angle spinning
and relaxation

In analyzing the evolution of signals under spin echo a
other recoupling sequences,1,2 analytical approximations pro
vide a basic understanding of the experiments, but for m
thorough investigations it is often valuable to perform ex
calculations on small sets of coupled spins. In particular,
subtle features of dipolar spin evolution arising from fin
pulse effects, higher order contributions to the effect
Hamiltonian, and imperfect experimental conditions can
explored with numerical simulations. The essential featu
of a spin dynamics calculation in the time domain are
construction of the Hamiltonian, the exponentiation of t
Hamiltonian to obtain the time evolution operator, and
nally the propagation of the density matrix from a give
initial conditionr~0!.14,48Other computational approaches
the periodic excitation of spin systems include Floqu
theory, which operates essentially in the frequency domai43

and a mixed approach introduced recently by Levitt and
workers, where the time and frequency domain approac
are combined.49

e

 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



on

i
c
an
cu

al

ef
to

in
a
b
ta
le

iz
i-
p
th
t

e
tio
m

tin
re
on
g
-
pl
th

in
in

e
es
ul
th
ry
i-

nc
vo
ct
en

a

o-

es-
s.
n

-

in
nec-
ost

the

o
as

t of
n
as

al-
with

a-
to
is

cts
n-
ex-
i-

tors
ef-
nd

9468 J. Chem. Phys., Vol. 108, No. 22, 8 June 1998 Bennett et al.
With a time-dependent Hamiltonian, the time evoluti
operatorU(t,0) is divided into short time stepsDt, during
which it is a reasonable approximation to regard the Ham
tonian as time independent.50 To calculate the macroscopi
signal from a polycrystalline solid, the spin trajectories of
isotropic ensemble of crystallite orientations must be cal
lated in order to compute the integral

^^A~ t !&&powder5
1

8p2 E
0

2pE
0

pE
0

2p

da db

3sin b dg ^A~ t;a,b,g!&, ~25!

where ^A(t;a,b,g)& is the expectation value of the sign
obtained from a crystallite with Euler angles~a,b,g! relating
the orientation of its molecular axis system to the rotor r
erence frame. The necessity of calculating the spin trajec
for a large number of crystallite orientations~>100! is the
major motivation for optimizing computational efficiency
MAS applications. Numerous recent proposals have
dressed the efficiency with which powder averaging may
performed.51–54 These methods reduce the number of to
crystallites which must be calculated to ensure a given to
ance for precision and systematic error.

In addition, there are several means of efficiently util
ing computer time for calculating the time evolution of ind
vidual crystallites. These approaches are frequently ap
cable and can of course be used in conjunction with
aforementioned powder averaging schemes. First, when
Hamiltonian is periodic, the time evolution operator is r
quired only over one period, and the corresponding evolu
of the density matrix can be calculated by applying the sa
operator repeatedly. This approach is useful in calcula
the evolution of nuclear spins under rotor-synchronized
coupling sequences with stroboscopic sampling. A sec
opportunity arises when the spin Hamiltonian is block dia
onal. In many experiments, such asp pulse exchange spec
troscopy, periods of free evolution occur between the ap
cation of rf pulses. In these cases, the diagonalization of
Hamiltonian matrix is simplified during portions of the sp
trajectory. The internal spin Hamiltonian for the two sp
system consists of a 4 by 4 matrix with at most a 2 by 2
block in the case of two homonuclear coupled spins,14 which
can be diagonalized analytically.

It is sometimes necessary to include the effects of coh
ence decay in numerical simulations of spin trajectori
With an exponential model of the decay rates, these calc
tions require the construction of a supermatrix acting on
set of spin coherences,55 greatly increasing the necessa
computational effort. The Liouville supermatrix, whose d
mensionality spans the square of the number of cohere
participating in the trajectory, includes the simultaneous e
lution under both the spin Hamiltonian and relaxation effe
within an exponential framework. The time-dependent d
sity matrix can be expanded in a convenient orthonorm
basis set of Hermitian spin operators as follows:

r~ t !5(
m

am~ t !Am, ~26!
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where orthogonality is defined in the sense: Tr$Am* An%
5dmn .56 The generalized Liouville equation including exp
nential relaxation toward equilibrium has the form

d

dt
r~ t !52 i @H~ t !,r~ t !#2G$r~ t !2req%. ~27!

With suitable phase cycling, however, it is usually unnec
sary to includereq in the analysis of recoupling experiment
Without req, Eq. ~27! can be written more conveniently i
terms of the operator expansion

ȧm~ t !5(
n

$2 i Tr$Am@H~ t !,An#%2Gmn%an~ t !. ~28!

With the definition of the matrix elementsLmn(t)
5Tr$Am@H(t),An#%, the Liouville equation can then be for
mally integrated as follows:

am~t!5(
n

FT expH E
0

t

dt~2 iL ~ t !2G!J G
mn

an~0!.

~29!

With the division of the interval~0,t! into short time steps
Dt such thattk5kDt andtn5t, the integration of the Liou-
ville operator requires the exponentiations ofM by M ma-
trices, whereM is the number of coherences participating
the trajectory. For instance, a total of 15 coherences are
essary to span the density matrix for two spins in the m
general case.

However, the coherent part of the problem, namely,
exponentiation of the series of matrices$2 iL (tk)Dt%, re-
quires only the construction ofU(tk ,tk21), which is of
much lower dimensionality, e.g., 4 by 4 complex for tw
spins. In addition, the relaxation process is often taken
time independent and diagonal in a particular basis se
spin coherences.57 Consequently, the evolution operator ca
be divided into its coherent and incoherent components
follows:

T expH E
0

t

dt~2 iL ~ t !2G!J
5exp$2 iL ~tn21!Dt%3exp$2GDt%

3exp$2 iL ~tn22!Dt%3exp$2GDt%

3¯3exp$2 iL ~t0!Dt%3exp$2GDt%, ~30!

which converges in the limitDt→0. Because the Hamil-
tonian is time-dependent under MAS and rf pulses, it is
ready necessary to concatenate the operators obtained
short time stepsDt, and consequently no further comput
tional sacrifice is introduced by applying this approach
relaxation. In fact, the time step required for convergence
generally unchanged with the addition of relaxation effe
in practical MAS applications. On the other hand, if the i
ternal Hamiltonian were time-independent as in solution
periments, it would be more computationally efficient to d
agonalize the entireM by M matrix just once in order to
describe the spin trajectory. The choice of basis opera
$Am% can be adjusted to obtain maximum computational
ficiency for a given problem. It is generally most natural a
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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convenient to calculate exp$2iL(tk)Dt% and exp$2GDt% in
different basis sets: the former in the spin eigenstatesz
angular momentum and the latter in terms of prod
operators.55 Following the construction of the evolution op
erators for each time step, they must be transformed into
same basis set. For a time-independent relaxation oper
this operation can be performed once for the relaxation p
cess.

For the recoupling problem discussed here, the spin
namics calculations used to interpret the dipolar trajecto
include empirical estimates of the decay of spin coheren
within an exponential model. The observed disappearanc
coherences in MAS experiments on highly rigid solids
dominated in many cases by insufficient proton decoupli
which leads to essentially irreversible losses of spin coh
ences possessing transverse character. A similar analys
spin trajectories has already been useful in quantitatively
derstanding the observed dipolar trajectories in heteronuc
recoupling experiments.36

In dipolar trajectories, differential rates of decay amo
the various coherences perturb the trajectories, particul
when the decay rates are comparable to the magnitude o
dipolar coupling.14 Kubo and McDowell have introduced ap
proximations of the decay rates of two spin coherences
MAS experiments as the sum of the relevant single s
rates,58 a valid approach in the limit where the time
dependent fields causing the disappearance of the signa
independent at each spin. For example, if the spin cohere
I z1 is taken to disappear exponentially with decay const
Gz1 , and the decay constant ofI x2 is Gx2 , then the corre-
sponding decay parameter for the two spin coherenceI z1I x2

is the sum$Gz11Gx2%. In the numerical simulations of lon
gitudinal exchange discussed here, this approximation is
plied to all of the spin coherences.

D. Influence of finite pulses on spin echo recoupling

In multiple pulse recoupling experiments, the influen
of finite pulses is twofold. First, the refocusing of single sp
coherences must be robust with respect to errors suc
resonance offsets, rf inhomogeneity, and other factors.
example, in the absence of dipole–dipole couplings, the s
echo pulse sequences applied in these experiments mu
cover all magnetization in the presence of resonance off
up to approximately'20%–40% and rf inhomogeneity o
roughly 65%–10% of the rf field strength. This compens
tion is a necessary but not sufficient condition for quant
tive results. A second goal of compensated sequences
generate an effective dipolar coupling which is insensitive
errors in the rf pulses and mechanical rotation.

In the case ofp pulse spin echoes, two general a
proaches to the problem of single spin compensation are
MLEV cycles ~i.e., XXXX and its expansions!59 and XY
24 ~i.e., XYXY with its expansions,XY28, XY216,
etc.!.60,61 These cycles are experimentally similar in perfo
mance with the exception of situations with significant fix
pulse amplitude imbalances among the phases.61 However,
with digitally controlled quadrature circuits in modern
transmitters, the amplitude imbalances can routinely be
Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP
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The MLEV cycles have been applied primarily to window
less proton decoupling in solution NMR spectroscopy. H
we show theoretically that the MLEV andXY cycles are
compensated to similar order in the case of long ‘‘window
between the pulses, but that in the windowless case MLE
generally superior. For this reason, theXY sequences are no
likely to compete with the MLEV expansions in continuou
wave applications. However, in the more general case
long inter-pulse windows, their performance is quite simi
for single spin recovery with respect to resonance offsets
rf inhomogeneity. In the limit of short windows, the perfo
mance of these sequences has been investigated with Flo
theory.63

The treatment discussed here applies to the case
sample spinning under two conditions: The first is thatt r

@tp , so that the resonance offsetd(t) is essentially time-
independent during the brief pulse intervaltp , and the sec-
ond is that the pulses are applied only at points in time wh
the offset recurs repeatedly to the same value~i.e., at times
separated by multiples oft r!. The class of echo sequence
where thep pulses are applied everyN rotor periods pos-
sesses this property. These sequences cannot compensa
pulse errors which change from the application of one pu
to the next. Including these effects, the Hamiltonian for
single spin has the form

H5H01H15v rf I x1$dI z1Dv rf I x%, ~31!

during the application of anX pulse, but onlyH5dSz during
the free evolution between the pulses, whered represents the
deviation of the spin frequency from resonance andv rf is the
rf field strength. TheDv rf term represents the deviation i
the rf field from its nominal value. Although AHT cannot b
applied for the entire cycle timetC , it is valid for small
pulse errors during the pulse timetp when v rf @d, Dv rf .
Through ordersH̃D

(0) and H̃D
(1) , the time evolution operato

for the X pulse can be conveniently approximated
O(error2)

UX~tp,0!'exp$2 iv rftpI x%exp$2 i ~H̃1
~0!1H̃1

~1!!tp%

5exp$2 ipI x%expH 2 i F S Dv rf2
1

2

d2

v rf
D tpI x

2
2

p S 11
Dv rf

v rf
D tpI yG J . ~32!

In terms of the phasec which is accumulated betwee
the pulses,c5d(tw2tp), and with the convenient defini
tions

a5
4pd

v rf
H 11

Dv rf

v rf
J ; b5pH 2

d2

2v rf
2 1

Dv rf

v rf
J , ~33!

the net rotation error through lowest order following th
completeXYXYcycle reduces to the form

U~tC,0!5exp$1 i @~b22a2!cosc22ab sin c#I z%. ~34!

This expression is obtained via the analytical recombinat
of all consecutive rotations in the pulse cycle with retenti
of the leading order from the Baker–Campbell–Hausdo
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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expansion for recombining small rotations.64,65The condition
U(tC,0)561 holds for an ideal echo sequence, where
apparent spin evolution occurs over the cycle. Sincec can
assume any value for long windows, the resonance of
effect most generally enters in second orderO(d2/v rf

2) as a
rotation about thez axis, although the performance is com
pensated toO(d3/v rf

3) when c5(2n11)p/2. In other
words, the compensation inXYXY benefits from the phas
evolution during the windows. Since the rotation error
oriented along thez axis, the performance of the sequence
worse for transverse magnetization than for recovery of l
gitudinal magnetization. The analogous expression
XXX̄X̄ ~i.e., MLEV-4! is

U~tC,0!5exp$1 i @~a22b2!sin c22ab cosc#I z%. ~35!

Interestingly, the order of compensation is essentially
same for arbitraryc, although the performances ofXYXY
and XXX̄X̄ differ substantially for particularly value ofc.
However, in the windowless limit wherec→0, the XXX̄X̄
cycle is clearly better because the residual error from
offset, for instance, isO(d3/v rf

3). A second result of this
analysis is that there appears to be no other four pulse c
with the property of general tolerance to imperfections
pulse rotations.60

In order to obtain terms of cubic and higher orders in
rotation error, the AHT treatment of the imperfections duri
the pulses must be calculated through higher order—or a
natively the error can be derived with exact analytic calcu
tions. The recombination of small rotation operators can li
wise be pursued through higher orders. The extension of
basic sequences to eight pulses,61 XYXY→XYXY YXYX
andXXX̄X̄→XXX̄X̄ XX̄X̄X, cancels the lowest order term
alongz given by Eqs.~34! and ~35!, but it leaves a smalle
rotation error about an axis within the transverse plane. T
deviation is in turn eliminated by expansions to 16 pu
cycles via inversion of all phases.

Although XY cycling does not generally improve th
recovery of single spin magnetizations in longitudinal e
change experiments relative to using MLEV, theXY cycles
remain highly preferable because of their influence on
form of the effective dipole–dipole coupling. In particula
with the neglect of the chemical shift interactions, the effe
tive dipolar coupling usingXXX̄X̄ takes on the following
form after averaging over both mechanical rotation and
pulses in the limittp!t r :

H5 D,1
~0! 52

3

4 H tp

t r
J d12~t r /2!@2I z1I z22I x1I x22I y1I y2#

2
3

4 H tp

t r
J d12~t r /2!@ I x1I x22I y1I y2#. ~36!

The second term contributes a double quantum operator
is eliminated through zeroth order by the application of
equal number ofX and Y p pulses during the full pulse
cycle.66 For example, using any of theXY sequences or an
expansion of MLEV such asXXX̄X̄ YȲȲY, the pure zero-
quantum~i.e., flip–flop! form of the effective Hamiltonian
can be maintained with finite pulses, which is a desira
feature in 1D and 2D RFDR experiments. However, sin
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the expansions of theXY24 sequence in addition provide a
excellent means of refocusing single spin errors, they
clearly the best choice for these experiments. For relativ
large dipole–dipole couplings and weakp pulses, the first
term of Eq.~36! can be fairly significant and leads to signifi
cant exchange in strongly coupled spin systems~e.g., in two-
dimensional exchange spectroscopy of highly13C-enriched
materials!.

E. Effect of insufficient proton decoupling

A simple model which is useful in understanding th
influence of proton decoupling on the performance of ap
pulse consists of the basic Hamiltonian

H5v I I x1vSSx1dIS•2I zSz , ~37!

wherev I and vS are the rf field amplitudes applied to th
heteronuclear spin pair. TheS spin, whose echo intensity i
observed, is coupled to theI spin viadIS . With sample ro-
tation, this discussion applies to the case wheret r@tp . Al-
though the decoupling fieldv I is typically applied continu-
ously, theS spin rf field is active only for a short timetp in
order to stimulate ap pulse rotation. During these interval
the decoupling efficiency is generally reduced because
interference between the two fields. Moreover, in the cas
strong 1H–1H interactions, spin coherences involving th
protons experience irreversible dephasing within a short t
interval,56,67 strongly limiting the efficiency of phase
alternated echo sequences in compensating for insuffic
proton decoupling. Consequently, it is important to app
strong decoupling on the short time scaletp .

The mechanism of decoupling degradation can be un
stood by examining the time evolution operator during t
short intervaltp when theS spin pulse is applied. The spi
operators are transformed into the toggling frame in orde
investigate their joint behavior under the two rf fields. T
evaluate the time evolution operator, the AHT approximat
is employed under the reasonable assumption that bot
fields dominate the dipolar coupling

U~tp,0!'exp$2 iv ItpI x%exp$2 ivStpSx%

3exp$2 iH̃ D
~0!tp%, ~38!

where

H̃D
~0!5

1

tp
E

0

tp
dt dIS•2Ĩ z~ t !S̃z~ t !. ~39!

The evaluation of Eq.~39! leads to the following expression
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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H̃D
~0!5dIS•I zSzH sin$~v I1vS!tp%

~v I1vS!tp
1

sin$~v I2vS!tp%

~v I2vS!tp
J

1dIS•I zSyH 12cos$~v I1vS!tp%

~v I1vS!tp

2
12cos$~v I2vS!tp%

~v I2vS!tp
J 1dIS

•I ySzH 12cos$~v I1vS!tp%

~v I1vS!tp

1
12cos$~v I2vS!tp%

~v I2vS!tp
J 1dIS

•I ySyH sin$~v I1vS!tp%

~v I1vS!tp
2

sin$~v I2vS!tp%

~v I2vS!tp
J .

~40!

Three particular cases deserve attention. First, when
rf fields are matched in amplitude at the Hartmann–Ha
~HH! condition vS5v I ,68 the coherent averaging effect
spoiled by interference between the simultaneous mod
tions of theI andS spin operators. This resonance conditi
is fulfilled in cross polarization experiments69 in order to
permit rotating frame magnetization exchange. In order
minimize dephasing of the signal in spin echo experime
this HH conditionvS'v I must clearly be avoided.70 How-
ever, in the case of ap pulse applied to theS spin, where
vStp5p, an especially large mismatch is required in ord
to reduce signal losses to an acceptable level. For examp
v I52vS , then the dipole–dipole interaction is still no
eliminated

H̃D
~0!52

2

3p
dIS •I zSy1

4

3p
dIS•I ySz . ~41!

In order to eliminateH̃D
(0) over the course of ap pulse, the

conditionv I53vS must be fulfilled, leading toH̃D
(0)50.64,71

In contrast, over an entire 2p rotation,v I52vS is sufficient
to ensureH̃D

(0)50. Although sharp resonance effects are n
observed in practice because of strong proton-proton inte
tions and sample spinning, this simple model implies t
additional decoupling power is required for the case ofp
pulses compared to windowless13C rf excitations which
switch phase less frequently.26,28 Over a single cycletp of
the decoupling field such thatv Itp52p, the coupling van-
ishes in the absence of theS spin rf field. Since the efficiency
of the decoupling field is therefore reduced roughly acco
ing to the expressionv I→v I2vS , it is necessary to apply
particularly strong proton rf fields during double resonan
echo experiments to minimize the decay ofS spin coher-
ences. According to Eq.~40!, the signal losses should b
reduced continuously as the decoupling field and the r
v I /vS are increased in the limitv I@vS .

As will be demonstrated below, it is possible to achie
this limit under some experimental conditions, in which ca
the rates of coherence loss are extremely small. Howeve
is not always possible to achieve vanishly small relaxat
rates, either due insufficient available decoupling power
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the presence of molecular motion. Therefore, the quantita
interpretation of recoupling experiments usually requires
corporation of the time scale of coherence losses into
merical calculations.14 To account for the attenuation of co
herences, the exponential framework for describ
coherence decay is employed in thep pulse recoupling simu-
lations. An effective rate of decayGp , which is taken to be
the same for the longitudinal and transverse spin magne
tions, is chosen to describe dephasing from heteronuc
couplings and random fluctuations in mechanical rotat
and rf power. Likewise, an effectiveT2 is also selected to
match the observed rates of decay in transverse echo re
ery experiments. The exponential model accounts for the
served multiple pulse echo intensities reasonably well
polycrystalline solids, and it provides a route to incorpor
ing these influences explicitly into the analysis of dipo
evolution.

F. Frequency-selective experiments

It is desirable in some cases to perform recoupling
periments with frequency selectivity. Rotational resonanc
frequency selective in that recoupling occurs only for chem
cal shift differencesDd such thatDd5mv r . The selectivity
is useful in reducing coupling to the background spins and
providing reference trajectory data without dipolar evolutio
An additional possible application of frequency-selective
quences is the direct examination of smaller couplings in
presence of larger ones in isotope-enrich
materials.18,19,35,36,78Furthermore, the basic rotational res
nance exchange experiment has some disadvantages
cause of the overlapping sideband manifolds between nu
at rotational resonance, it is sometimes difficult to invert o
spin selectively, and sidebands appear at potential cross
positions in two-dimensional experiments. Here we int
duce a multiple-pulse experiment for frequency selectivity
homonuclear spins which is based onp pulse sequences.

The selective sequence in Fig. 1 includes rot
synchronized periods of delay between sets of four rec
pling pulses. For delays of lengthnt r , the average Hamil-
tonian of Eq.~17! is modified as follows:

H5 D,1
~0! 5

n

41n H Dd2
m

n
v r J I z

232
4

41n
d̄12I x

23. ~42!

For weak dipole–dipole couplings, efficient recoupling a
dipolar exchange occur only at modified pseudorotatio
resonance conditionsDd5(m/n)v r . For cases wherem/n
is not an integer, frequency selectivity occurs away from
conventional rotational resonance conditions. The appro
of adding delays between units of pulse cycles is a fa
general means of introducing frequency-selectivity into m
tiple pulse MAS experiments.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Approach to measuring weak dipole–dipole
couplings

A primary experimental consideration in attempting
measure weak dipole–dipole couplings with RFDR is t
minimization of signal loss due to insufficient1H decou-
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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pling. Although effective relaxation rates can easily be m
sured and included in numerical simulations~vide infra!,
rapid signal loss obscures weak coupling information a
reduces the precision with which distance measurements
be performed. The experiments presented in Fig. 3 illust
that signal losses due to insufficient decoupling can be
most entirely eliminated by appropriate mismatch of the
field amplitudes. Here we examine the13CH2 signal of
@2-13C,15N#glycine, which serves as an excellent test ca
for decoupling because both the heteronuclear and ho
nuclear couplings are large~;20 kHz!.72,73

This sample is particularly difficult to decouple, b
separate experiments indicate that under otherwise iden
conditions, the directly observed13C linewidth converges to
a constant value~with the lower bound determined byB0

inhomogeneity and other inhomogeneous broadening! as the
on-resonance cw1H decoupling field is raised to;130–140
kHz. Furthermore, we do not observe an experimentally
nificant ~;0.5 Hz! narrowing observed upon increasing t
field from 140 to 250 kHz.74 This suggests a complete d
coupling of the1H–13C interactions, which is desireable i
the periods betweenp pulses in order to separate the sign
loss due to interference effects alone. Therefore in the
periments here~Fig. 3! we employ a large~150 kHz! 1H
decoupling field between the13C p pulses. The remaining

FIG. 3. Experimental determination of magnetization loss under longit
nal mixing. Total13C magnetization is monitored as a function of13C rf field
~for the p pulses! and 1H decoupling field~during thep pulses!. The 1H
decoupling field between pulses is 150 kHz. Mixing time is 12.8 ms~64 t r

at 5.000 kHz MAS! with onep pulse per rotor period. Curves are norma
ized to the signal obtained without a mixing period~CP andp/2 pulses
alone!. ~a! Plotted as a function of1H rf amplitude.~b! Same data as~a!, but

plotted as a function of the1H to 13C rf amplitude ratio. Whenv1

1H/v1

13C

>3, then minimal13C magnetization is lost due to depolarization to1H ~see
discussion in the text!.
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loss mechanisms are limited to~1! depolarization due to the
interference effect,~2! relaxation through pathways which d
not involve the protons~the ‘‘true’’ T2 in the limit of infinite
decoupling, which is greater than 100 ms, as indicated
95% echo refocusing at 12.8 ms under optimal decoup
conditions!, and~3! 13C pulse errors.

The presentation of Fig. 3~b! shows that the 3:1 mis
match is a necessary but not sufficient condition for minim
signal loss. For example, at the lowest13C field shown here
~25 kHz!, a steep ascent in echo intensity is observed as
1H field is raised to;75 kHz; then the intensity increases
a slower rate until the1H field approaches the 130–140 kH
limit. When the 3:1 mismatch already implies a1H field of
.130–140 kHz, the secondary effect is not significant. N
that although the total signal loss at the higher13C fields~71
and 100 kHz! with a mismatch of 2–3 is not dramatic, a
additional consideration is that the total depolarization c
tact time is inversely proportional to the13C field ~because
the number ofp pulses is constant!, so therate of polariza-
tion decay is well approximated by a function of mismat
alone.

Computationally, the results of Fig. 3 can be describ
by a coherent three-spin model72 in which all spin coher-
ences involving the protons are eliminated between13C p
pulses ~simulation data not shown!. This is a reasonable
physical model because in most organic samples estimate
the correlation time for coherence decay within the pro
reservoir (tc,30ms) are much shorter than the length of t
rotor period~in this case,t r5200ms!.67 The simple three-
spin model~without elimination of proton coherences b
tweenp pulses! predicts coherent behavior, such as refoc
ing of 1H–13C antiphase coherences via theXY-16 13C phase
cycling and MAS averaging, which is not observed under
experimental conditions discussed here. Due to the comp
ity introduced by the large13C–1H and 1H–1H couplings,

additional resonance effects~wherev1

1H/v1

13C52n11, n.1!
predicted by the zero-order theory of Eq.~40! ~and in Ref.
71! do not lead to dramatic behavior in practice. Such effe
may be more readily observed at high MAS rates or
samples where the1H–1H couplings are weaker.

In experiments where the infinite decoupling limit is n
practical, due to the combination of probe limitations a
larger 1H frequency offsets encountered at higher magne
field, a compromise must be achieved which avoids the st
descent in echo intensity caused by the interference eff
This usually implies raising the1H decoupling field during
the pulses alone to the maximum level which the probe
safely tolerate, and then strictly obeying the 3:1 mismatch
setting the13C p pulse. Such an approach was used in
experiments described below, which were performed
probes with limited available1H decoupling power.

As we demonstrate in@2-13CH2,15N#glycyl@1-13COOH#
glycine hydrochloride monohydrate, it is still possible to a
quire quantitative data under these circumstances. T
sample provides a suitable test case for measuring w
homonuclear dipole–dipole couplings with longitudinalp
pulse exchange. Its crystal structure is known from neut
diffraction,75 and the labeled spin pair has an interatom
separation of 4.56 Å, corresponding to a coupling constan

i-
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80 Hz. Figure 4 illustrates longitudinal exchange trajector
for glycylglycine at 9 kHz spinning speed. To interpret t
data with numerical simulations, parameters are chose
match the experimental rates of decay without inversion
the carbonyl spin magnetization. For each nucleus, a si
parameter is selected to characterize signal losses ar
from each appliedp pulse. An effectiveT2 is also chosen for
each spin based on transverse echo experiments, as de
strated in Fig. 5. This decay process represents the obse
rate of additional decay which occurs during periods of f
evolution between the pulses during the echo cycle. T
single spin decay parameters are then extended to
coupled spin coherence based on the assumption of unc
lated fields.58 Within this model, the simulations include de
cay processes for all coherences and the effects of fi
pulses.

In the glycylglycine sample, which is 10% diluted i
natural abundance material, intermolecular couplings
also expected to influence the experimental exchange tra
tories. The crystal structure indicates three significant c
plings among separate molecules, with distances 4.26, 4
and 4.71 Å, corresponding to dipolar interactions of simi
magnitude to that of the intramolecular separation of 4.56
The use of a second moment expansion is helpful in deriv
an empirical correction for the intermolecular effects.76 The
longitudinal exchange trajectory of spin 1 proceeds as
lows at times which are short relative to the inverse of
couplings:

FIG. 4. RFDR inversion exchange results for@2-13CH2,15N#glycyl-
@1-13COOH#glycine hydrochloride monohydrate~internuclear13C–13C dis-
tance of 4.56 Å! at 9.00 kHz spinning speed.13COOH signal intensities are
indicated by circles,13CH2 by squares. The solid lines are correspondi
numerical simulations, as described in the text, with finite pulse effe
considered; the dotted lines are curves simulated withd-function pulses.~a!
Standard RFDR mixing.~b! RFDR with decoupling turned off at 10.67 m
for two rotor periods, for elimination of zero-quantum coherence.
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^^I z1~t!&&'12
1

4 H ^d̄12
2 &1 (

j Þ1,2
^d̄1 j

2 &pj J t2, ~43!

where the outer bracketŝ̄ & indicate averaging over the
powder distribution. The parameterspj represent the popu
lations of the intermolecular13C spins. The following rela-
tionship can then be applied to correct the trajectories for
influence of intermolecular interactions

x12
observed~t!5x12

actual~t!1 (
j Þ1,2

x1 j
actual~t!pj , ~44!

where ^^I z1(t)&&512x12(t). In the case of the glycylgly-
cine experiment, Eq.~44! implies that the true extent of ex
changex12

actual(t) is overestimated by about 39% at ea
point. The experimental points shown in Fig. 4 have be
corrected accordingly, leading to good agreement with
simulated finite pulse trajectory with a coupling constant
85 Hz, which implies an underestimate of 0.1 Å in the inte
nuclear distance. Without the intermolecular correction
the data, the experimental results imply a coupling cons
of '95 Hz, which underestimates the interatomic separa
in the molecule by 0.3 Å, a significant error.

ts

FIG. 5. Echo decay signals of the13CH2 resonance of glycine where

v1

1H/v1

13C'3 (1H rf field is 70 kHz and13C rf field is 24 kHz!: ~a! decay of
longitudinal polarization;~b! decay of transverse magnetization. The tran
verse decay is somewhat more rapid because of insufficient proton de
pling between the pulses and, in principle, slowT2 relaxation.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Figure 4~b! also shows the somewhat modified exchan
trajectory which is obtained when the system is perturbe
10.67 ms by the elimination of the ZQ coherences throu
the interruption of proton decoupling. The simultaneo
agreement of the simulations with the experimental point
both the casest150 ms andt1510.67 ms provides confir
mation that the empirical choice of decay parameters
scribes the nonreversible dephasing of zero-quantum co
ences accurately. In the limit of very fast ZQ dephasi
removal of the transverse coherences at 10.67 ms would
no effect on the exchange trajectory. A second application
this approach is the filtering of signals via the ZQ coh
ences. The difference between the exchanged spectra
and without ZQ interruption at 10.67 ms recovers about 1
of the total signal, which provides a way to obtain the ze
quantum filtered spectrum.

B. Influence of multiple spin interactions

In Fig. 6, the longitudinal exchange trajectories betwe
the carbonyl and methyl nuclei in@1,3-13C,15N#D,L– and
@1,2,3-13C#L –alanine are compared using the 1D RFD
pulse sequence. In the first case, exchange occurs via

FIG. 6. One-dimensional inversion exchange data at 4.80 kHz spin
speed for~a! @1,3-13C,15N#D,L–alanine and~b! @1,2,3-13C#L–alanine, illus-
trating the influence of thea-13C on observed exchange rates using RFD
with onep pulse per rotor period. In both cases, the13COO2 resonance was
inverted and rotor-synchronized exchange monitored. In case~a!, the effects
of finite pulses and coherence decay are included in the same simulatio
the three spin case~b!, the effects are considered separately for compu
tional convenience.
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weak two-spin coupling of 475 Hz.32 In the second trajec-
tory, however, exchange occurs much more rapidly as a
sult of the additional pathway involving exchange of pola
izations via the intervening labeleda-13C. In fact, the
simulated three-spin trajectories are essentially identical w
the deletion of the weakerb-13C to CO2 coupling~not shown
for clarity!. The exchange process is dominated to a go
approximation by the;2 kHz interactions among the di
rectly bonded nuclei,18,19,77,78and proceeds coherently rath
than rapidly approaching equilibrium.79

The finite pulse simulation for the three spin system w
MAS andp pulses is in excellent agreement with the expe
mental trajectories at short time. However, since the emp
cal losses of signal are not included, disagreement arise
longer times. Ad-function simulation for the three spin sys
tem including signal losses within the same model as ab
reproduces the decay more accurately at longer times
both alanine simulations, it is necessary to include explic
the anomalously shortT1 of 70 ms for the methyl13C of
alanine. Since its decay rate is very short compared to th
of the other nuclei, the methyl group relaxation directly a
fects the spin dynamics and cannot be removed by
simple renormalization. In problems involving peptides a
proteins in lipids, where dipole–dipole couplings are motio
ally averaged to some degree and where relaxation is o
more rapid than in the rigid samples discussed here, the n
to include coherence decay due to molecular motion is lik
to arise frequently in practice, and can be considered c
putationally in the manner discussed here.

C. Frequency-selective homonuclear recoupling

Similar trajectories for@1,3-13C,15N# –alanine using the
frequency-selective RFDR approach illustrate that the ad
tion of time delays can quench dipolar evolution away fro
the resonance conditions. As in similar heteronucl
experiments,35,36 selective approaches have potential for t
examination of weak couplings in multiple spi
environments.19,78 In Fig. 7~a!, two rotor periods are placed
between sets of four rotor periods, during whichXY-4 sub-
cycles are completed. For this sequence, recoupling occu
the experimental spinning frequency of 4.98 kHz, whe
Dd5(5/2)v r . However, as shown in Fig. 7~b!, this evolu-
tion is largely quenched when the delay consists of only o
rotor period. With a delay oft r , recoupling occurs only a
the ordinary rotational resonance conditions. At the re
nance condition, the small shift between the data and
numerical simulations arises from the finite13C linewidths in
the sample~approximately 50 Hz!, which contribute small
offsets from resonance that slightly quench exchange. T
behavior is typical of experiments which depend upon sa
fying a sharp resonance condition, such as rotatio
resonance.14,18

D. Two-dimensional correlation spectroscopy

Two-dimensional~2D! correlation spectra based on th
recoupled interactions among neighboring13C spins can be
acquired withp pulse longitudinal exchange because Ze
man polarizations are directly coupled via the zero-quant

g

. In
-

 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



be

an

b

ft
l-
so
c

ee
so
n

om

a
er

g
t
n
he
S
ther

gh

ond
e do

the
red
ctive

de-
shift

er,
ing
er-
tal

ates

ed
lds.
the

f

ra

e

ine
so
h-

sts

Hz

oss

-

gle

lse

9475J. Chem. Phys., Vol. 108, No. 22, 8 June 1998 Bennett et al.
coherences.21 This is illustrated~Fig. 8! in a 2D spectrum of
the tetrapeptide achatin-II~Gly-Phe-Ala-Asp!.80 The rela-
tively short mixing time of 1.55 ms produces crosspeaks
tween all directly bonded nuclei, includinggPhe to the Phe
aromatic ring~not shown!. Only correlations within the Phe
ring are not evident, due to the degeneracy in shifts
possibly motional effects.

Several interesting features of the spectrum are nota
First, v-13C to a-13C and in one case~Asp! b-13C to g-13C,
correlations produce the largest crosspeaks~30%–50% of the
diagonal!, owing to the proximity of these chemical shi
differences to them51 rotational resonance condition. A
though RFDR is most efficient in general at recoupling re
nances separated approximately by rotational resonance
ditions ~e.g., v-13C to a-13C at this MAS rate!, one- and
two-bond exchange also occurs in 1.55 ms betw
sidechain13C signals, because of differences in CSA ten
orientations among nearby resonances, as well as the fi
pulse recoupling effect described by Eq.~36!. The latter ef-
fect dominates as the spinning speed increases, which
creases the number of pulses applied per unit time. S
sidechain correlations~e.g.,aAsp–bAsp, aPhe–bPhe! are sub-
stantially weaker~10%–20% of diagonal! than the backbone
correlations because the chemical shift differences are sm
however, they are still easily distinguishable from the int

FIG. 7. Frequency-selective RFDR trajectories of@1,3-13C,15N#D,L–alanine
employing~a! two rotor periods of delay~n52 in Fig. 1! with exchange at
4.985 kHz spinning speed, whereDd5(5/2)v r , and~b! one rotor period of
delay ~n51 in Fig. 1!, which attenuates dipolar exchange. Finite pu
simulations are indicated by the solid lines.
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residue (v i2a i 11) crosspeaks which arise at longer mixin
times ~not shown; a weakvPhe–aAla crosspeak rises jus
above the lower contour threshold in the spectrum show!.
The aAla–bAla correlation is an intermediate case where t
chemical shift difference is a substantial fraction of the MA
rate, and therefore the crosspeak is larger than the o
sidechain correlations.

As the Asp motif illustrates, the rate of transfer throu
directly bonded13C–13C interactions is dominant, with a
three-bond intraresidue correlation (vAsp–gAsp) easily dis-
cerned at contour levels where the interresidue three-b
correlations are not. We should emphasize that in no cas
direct crosspeaks arise via weaker~,500 Hz! couplings
when multistep transfers through intervening larger~500–2.2
kHz! couplings are feasible. Direct measurement of
weaker couplings requires the recoupling effect to be tailo
so that the strong couplings are quenched, as in the sele
sequence.18,19,78

In cases where uniformity of crosspeak intensities is
sired, sequences which are less sensitive to chemical
differences, such as DRAWS,27,81 MELODRAMA,26 and
RIL30,82may be used for correlation spectroscopy. Howev
RFDR presents a very practical means of perform
13C–13C correlation spectroscopy because of its robust p
formance with respect to pulse errors, minimal loss of to
polarization, and applicability at very high MAS rates~we
have successfully performed such experiments at MAS r
of up to 19 kHz!. In addition, the RFDR sequence~in the
appropriate MAS regime! is ideally suited for emphasizing
backbone13C–13C correlations in peptides and proteins.

IV. EXPERIMENTAL AND NUMERICAL PROCEDURES

A. Experimental details

Experiments were performed with custom-design
NMR spectrometers and probes at several magnetic fie
Features common to all experiments discussed here are
application ofXY-16 phase cycling61 and maintenance o
rotor-synchronization within65 Hz with commerical spin
rate controllers~Doty Scientific, Columbia, SC! unless indi-
cated otherwise.

The 1H and 13C field-dependent echo intensity spect
presented in Fig. 3 were acquired at 198.8 MHz1H fre-
quency~50.0 MHz 13C!. A custom-designed triple resonanc
transmission line probe with a 5 mm Chemagnetics~Fort
Collins, CO! spinner module was used. The transmission l
design allows the tuning circuit voltages to be minimized
that maximum decoupling fields are not limited by hig
voltage breakdown of circuit components.83–85 The maxi-
mum decoupling field achievable with this probe for bur
of .25 ms is;300 kHz with;1 kW input power. Experi-
ments presented in Fig. 3 were carried out at 5.000 k
MAS rate with a total of 64p pulses~12.8 ms mixing time!,
and the intensities normalized to that acquired with cr
polarization andp/2 pulses alone.

All one-dimensional~1D! exchange experiments pre
sented here were recorded at 317.4 MHz1H frequency~79.9
MHz 13C! using double resonance probes for magic-an
spinning employing commerical spinning assemblies~Doty
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 8. Two-dimensional13C–13C chemical shift correlation spectrum and chemical structure of@U-13C,15N#achatin-II. RFDR mixing time is 1.55 ms~16 p
pulses!. Countour levels are logarithmically spaced from 2% to 100% of the maximum peak height. The asterisk indicates a sideband manifold.
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Scientific, Columbia, SC!. In the 1D exchange trajectories,
is necessary to make corrections to the integrated intens
for the imperfect creation of an inverted state of relat
polarization ~about 5% error usually!, and in addition the
contribution from uncoupled background spins must be s
tracted from the experimental data.

The 1D experiments in Fig. 4 were performed at 9 k
spinning frequency using a 5 mm high-speed stator from
Doty with p pulse lengths of 15.6ms for 13C and 5.6ms for
1H ~89 kHz!, corresponding to an amplitude mismatch
2.8. The chemical shift difference between the 1-13CO2 and
4-13CH2 resonances is 10.28 kHz. In the alanine experime
in Fig. 6, the mixingp pulses employed were 20.0ms, with
a 1H p pulse of 6.2ms ~81 kHz!, and the spinning speed wa
4.80 kHz. The alanine experiments in Fig. 7 were perform
at 4.98 kHz with 18ms p pulses on13C. In the single spin
glycine echo trajectories~Fig. 5!, the spinning speed wa
4.80 kHz.

In the two-dimensional RFDR spectrum of achatin, t
1H frequency is 397.8 MHz~100.0 MHz for13C!; the spin-
ning frequency was 10.309 kHz65 Hz. A triple resonance
transmission line probe with 4 mm Chemagnetics spin
module was used. During the mixing period~1.55 ms, 16p
pulses!, continuous wave~cw! 1H decoupling was imple-
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mented, with an amplitude of 110 kHz between pulses rai
to 150 kHz during the pulses to achieve the appropriate
mismatch with the 10.0ms 13C p pulses. TPPM decoupling73

at a reduced field amplitude~80 kHz, 5.8ms pulse width and
total phase difference of 15°! was used during the evolutio
and acquisition periods. The phase cycling method of Ru
and co-workers was used for pure phase detection in e
dimension.86

The polycrystalline samples of@1,3-13C,15N#alanine,
@1-13C#glycine and @2-13C,15N#glycine, and
@2-13CH2,

15N#glycyl@1-13COOH#glycine hydrochloride
monohydrate were diluted tenfold in natural abundance m
terial to reduce the influence of intermolecular dipole–dip
interactions, and recrystallized by slow evaporation from w
ter. Labeled amino acids were purchased from Cambri
Isotope Laboratories~Andover, MA!. The tetrapeptide
achatin-II ~Gly-L-Phe-L-Ala-L-Asp!80,87,88 was synthesized
via solution methods, which in this case provided far grea
coupling efficiency and purity than solid phase metho
Free amino acids were protected with 9-fluoren
methoxycarbonyl and then converted to their correspond
fluorides,89 which were used in the stepwise solution synth
sis. This method is efficient with high coupling yield, avoid
potential difficulties with racemization, and allows purific
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tion with one-step preparative HPLC. The lyophilize
U-13C,15N-achatin powder was packed in a 4 mmChemag-
netics rotor for NMR experiments.

B. Numerical simulations

In the case of doubly labeled alanine, a decay param
is chosen to account for the losses of longitudinal spin
larizations during thep pulses, and an effective zero
quantum relaxation time of 32 ms is extracted from the tra
verse echo trajectories and included in the basic
frequency-selective experiments. Using the known dipo
couplings, thed-function pulse calculations for the three-sp
alanine case include the longitudinal losses within a sim
framework and omit the additional transverse decay ra
Because the spinning rates of 4.80 and 4.98 kHz are r
tively slow compared to the CSA tensor parameters, th
are included in the numerical simulations. For L-alanine,
orientations of the CSA tensors in the crystal reference fra
are known from single crystal NMR studies90 and explicitly
included in the three spin calculations, while the CSA orie
tations for D,L-alanine are estimated from those of the
alanine case. The two spin alanine trajectories fit an inter
clear distance of 2.51 Å, which is 0.01 Å shorter th
obtained from crystallographic studies.91

For glycylglycine, the anisotropic chemical shifts of th
COOH resonance~principal values of2150.9,236.1, and
16.6 ppm! are included in the calculations. However, for t
the a-13C, only the isotropic shift~68.6 ppm! is included
because the CSA is quite small relative to the 9 kHz spinn
speed. Although the trajectories are virtually insensitive
the orientation of the CSA in the molecular reference fram
again because of fast MAS, it is included as estimated fr
the known molecular orientations of carboxyl CSA tens
derived from single crystal studies.92 During the pulses, the
decay parametersGCOOH524 s21 and GCH2

5357 s21 are
chosen based on the data acquired without inversion~not
shown!, while the single spin effective transverse decay ra
are GCOOH524 s21 and GCH2

58 s21 during periods of free
evolution between the rf pulses. These rates are consis
with minimum observed linewidths, which imply true tran
verse relaxation rates ofG<31 s21 in these rigid systems
With the correction of the experimental points for the ov
estimate of exchange from intermolecular couplings~as dis-
cussed above!, the results fit a coupling constant of 85 H
quite well, as illustrated.

V. CONCLUSIONS

The recoupling of homonuclear interactions using s
echop pulse sequences and the observation of 1D and
exchange is a simple and accurate means of determinin
ternuclear separations and correlations in many cases. It
vantages in measuring weak two-spin couplings include
erance of the results with respect to rf pulse errors, suc
the rf inhomogeneity~up to at least 5% in these experimen!
and large CSA tensors, as well as the simplicity of analy
and implementation of experiments and analysis. For w
couplings, thed-function simulations are reasonably accura
and particularly easy to perform computationally using
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approach to estimating signal losses described here. C
pared to rotational resonance, two advantages of this me
are that~1! inhomogeneous line broadening does not red
exchange or complicate its analysis,1 and ~2! spin inversion
can be performed straightforwardly away fro
rotational resonance conditions. Compared to transve
approaches,23,47,93 longitudinal evolution is twice as rapid
implying that longer internuclear distances can be examin
and it is more straightforward to apply to two-dimension
correlation spectra. Although spin echo recoupling is m
efficient near them51 andm52 rotational resonance con
ditions, this range is quite suitable for many13C spectra,
which correspond to a similar dispersion at typical magne
field strengths. In the 2D experiments strong correlations
observed particularly betweenv-13C and a-13C signals.
Consequently,p pulse recoupling is a convenient way
obtaining two-dimensional correlation spectra, where s
polarization exchange proceeds via dispersion of magne
tions among neighboring spins.

In cases involving one, two, or three spins, numeri
calculations including exponential signal losses are in qu
titative agreement with the experimental data. Using t
type of analysis, RFDR is applicable to the measuremen
distances up to at least 4.56 Å for nuclei with significa
chemical shift differences. In the regime of relatively fa
spinning, RFDR results also do not depend on the detail
the CSA tensors. However, in order to achieve accuracy
0.1 Å, which is often required in elucidating peptid
structure,1 corrections are necessary for any intermolecu
couplings, as well as the inevitable signal decays during
multiple pulse train, and signals from background spins
should be stressed that observed signal loss rates which
fer among the spin coherences do not cancel from the dip
spin dynamics14 and must be included in the analysis in cas
where the differential decay rates are comparable to
dipole–dipole couplings. Although these problems should
greatly reduced with improved probe technology and dec
pling methods,73,74 it may be necessary to include coheren
decay due to molecular motion in many interesting syste

As is now well-known18,19,26,78and demonstrated by th
three-spin results, exchange with non-selective recoup
sequences proceeds via the strong dipole–dipole coupling
the system. Therefore, in two-dimensional correlation sp
tra, the migration of spin polarizations occurs via pathwa
dominated by the nearest neighboring dipole-coupled sp
In this way, a wealth of information concerning the molec
lar framework of molecules is obtained. However, for app
cations where the isolation of the weak couplings is parti
larly desired, the application of frequency-selectivep pulse
sequences offers an additional approach to selective ho
nuclear recoupling for cases where rotational resona
conditions18,19,78cannot conveniently be fulfilled. The zero
quantum dephasing experiment also illustrates the pote
for efficiently filtering coupled spin signals with coupling
<100 Hz.
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