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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 spiM#®) 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 unifofiNy**C-labeled sample of

the tetrapeptide achatin{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 Physids$0021-960808)00622-9

I. INTRODUCTION polar couplings, they must be reintroduced into MAS experi-

. . _ _ _ ments with rotor-drivetf** or rf-driven recoupling
Dipole—dipole couplings are an important avenue for in-tgchnjqued:2

vestigating molecular structurg via distanc_e measurements The recoupling of heteronuclear interactions in rotating

between or among nuclear .spr‘n%]'he magnitudes of rela-  gamples is relatively straightforward to achieve witipulse

tively large dipole—dipole interactions are sometimes re'sequence%B'lﬁ The spin Hamiltonian for coupled homo-

vealedagdlrectly In one-d|m§n3|onaJ_LD) solid St_ate NMR_ nuclear spins, however, is complicated by the noncommuta-

spectra. However, weak dipole—dipole couplings, which tion among the chemical shifts of the nuclei and their

contain important information about relatively long internu- . . . : . .
. . dipole—dipole interaction¥’. For weak couplings, the chemi-
clear separations, are frequently obscured by larger interac-

tions in the spin Hamiltonian, and in these cases it is necesc—al shift interactions dominate, and recoupliig the ab-

sary to apply special techniques to enhance and observe tﬁgnce of radiofrequency irradiatipnccurs only at special

weaker interactions selectively. In static samples, various ap_rotatlonal resonance” conditions, where the chemical shift

proaches to enhancing dipoledipole couplings in the presJifference between two spir;_sl‘r‘natche_s a multiple of the spin-
ence of other interactions have been developed for botRiNd frequency.Ad=me,. Rotational resonance pro-
homonucledr and heteronuclear interactio€ Solid state ~ Vides @ means of accurately measuring distances in these
NMR spectra, however, are often acquired with magic-angIé:as’eslfl&19 most conveniently for spins with significant
spinning (MAS) in order to improve sensitivity and (=50 ppm chemical shift differences.

resolution? ** This method employs mechanical rotation to ~ Homonuclear recoupling with less sensitivity to the
eliminate dipole—dipole couplings and other second-rank anchemical shift is desired for many applications, such as dis-
isotropic interactions. In order to measure the attenuated diance measurements between spins of sr&ab0 ppm

chemical shift differences and correlation spectroscopy of
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MA 02115, achieve this goal it is necessary to spoil the coherent averag-
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switched rf field$®=28 or combinations of the mf33°to  time evolution operator over multiples of the basic cycle
recouple dipolar interactions. In the more recent experitime 7. In the case of ideab-function 7r pulses, an effec-
ments2®~283 recoupling occurs independent of chemicaltive Hamiltonian can be calculated analytically from either
shift terms, albeit with some sensitivity to rf pulse imperfec-average Hamiltonian theory (AHT)*"*® or Floquet
tions. theory3%4% Rotor-synchronized rf pulses contribute a time
On the other hand, multiple pulse sequences based on dependence to all spin operators when viewed in the toggling
pulses are very robust with respect to rf errors, yet have somigame?’ In the context of this modulation, the influence of
remaining dependence on the chemical shift differenceshe relatively large chemical shift interactions on the weak
among spins. These experiments, monitoring either theipolar couplings among dilute spins leads to the partial can-
transvers® or longitudinal evolutiof** of spin magnetiza- cellation of their coherent averaging by MAS. In Floquet
tion, have been applied to several biophysicaltheory, the recoupling effect is manifest by block diagonal-
applications’*~** Furthermore, as shown here, the rf-driven ization of the Floquet Hamiltonian with respect to the chemi-
recoupling (RFDR) approach of# pulse longitudinal ex- cal shift terms, an operation which can be performed
change is a promising method to measure very long internuanalytically*°
clear distances accurately, and it is easily integrated into two-  |n the context of AHT, the fact that the chemical shift
dimensional correlation NMR with multiply'*C-labeled  terms are a cyclic interaction in the rf toggling frame is used
sample$™®® In particular, this general approach toleratesto define a second toggling frame, where the AHT approxi-
pulse errors, and the data is easy to simulate and interpregation is applied only to the remaining part of the internal
under typical MAS conditions with the methods describedspin Hamiltonian. The additional terms are the dipolar cou-
below. plings, which are assumed to be small in the liffitp] 7¢
Here we consider the general theory @fpulse recou- <1, 7.=1/wc. Under these conditions, the first term of the
pling in greater detail using the average Hamiltonian theoryMagnus expansion provides an adequate expression for the
(AHT) described by Bennett al”* and also introduce ap- effective dipolar coupling, as well as insight into the mecha-
proaches to handling empirically observed signal losses ifjsm of dipolar recoupling. Sincer pulses have no direct
the interpretation of eXChange data. In addition, the two Sp”éffect on the homonuclear dip0|e_dip0|e Coup"ng' the rein-
and three spin systems are examined to consider the inflyroduction of the dipolar interaction between two spins re-
ence of multiple spin couplings in exchange experimentssyits only from the modulation of the spin operators by the
Under most conditions, the largest dipolar interactions domigifference between their chemical shift interactions and from
nate the observed dipolar evolution and obscure the diregfyite pulse effect&?
impact of weak dipolar coupling$:**"®Therefore, the ob- In rotational resonance experimehts* dipolar recou-
served two-dimensional correlation spectra acquired Witrb”ng occurs at the special conditiodss=me, . When the
this approach and similar nonselective recoupling methodgssonance conditions are satisified, the relative phase accu-
are the result of exchange among spins through their largeghyjated from the chemical shift interactions cancels after
dipolar couplings arising from the proximity of nearest myitiples of the rotor cycle. At the same time, the combined
neighbors. This phenomenon has been_ der_nonstra_\ted_ Witfine dependence of magic angle spinning and spin operator
MELODR@'\Z/LA double-quantum recoupling in multi-spin yrecession under the chemical shift difference leads to de-
systems*"?n some cases, it may be desirable to observeyciive interference and dipolar recoupling. Away from the
the weaker couplings more directly, and a promising apyotational resonance conditions, the phase arising from the
proach is to apply frequency-selective recoupling sequencegnemical shift evolution fails to cancel over the cycle time
A method for selective recoupling has already been demonsnq quenches dipolar evolution. It is difficult to define a
strated for homonuclear spin systems by application ofj,minant cyclic interaction away from rotational

ramped rf fieloglisand for heteronuclear spins with multi- 1o56nanc4% and therefore Floguet theory is particularly use-
pulse methods™™ Here a similar method, based om ¢, in determining the nature of the spin dynamics under

puls_?s, IS m'i_rodl_Jced.f h | ing h more general circumstancé&s*3
e application of homonuclear recoupling has a prom- |, the case of spin echo sequences under Magie

ising future in applications to nonorien_ted biological Samplestimings of the pulse cycle are constrained by definition to
a’?‘?‘ other syste-ms. The RFDR e>.<per|mer?t has already be?@sult in the refocusing of the chemical shift interactions,
utilized to examine the retinal-Schiff base linkdgand Asp- | it 2re eliminated at multiples of the cycle fime. In

retinal distances in bacteriorhodop¥irand the analysis of rotating solids, the combined time dependence of the ampli-

H 13 ; .
h!ghly .C-ennched ghlorophyll/water aggregates using tWo-y, 4o modulation by MAS and the rotations of spin operators
dimensional correlation spectroscaply.

by rf pulses must be considered, and rotor synchronization is
required in order to guarantee periodicity of the overall time
II. THEORY dependence of the system. Figufe)lllustrates one class of
spin echo sequences for MAS applications, which employs
one 7 pulse pem rotor periods and promotes refocusing of
the signal after Rl rotor periods'* The basic sequence using
Nuclear spin evolution under rotor-synchronizegulse =~ N=1 has been used to generate dipolar recoupling in trans-
sequences can be treated most straightforwardly by the corerse SEDRA® and longitudinal RFDR3! experiments.
struction of an effective Hamiltonian, which determines the  In order to describe the effect of rotor-synchronized

A. Average Hamiltonian description of spin echo
recoupling
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e , . Ha(t)=3{8:(1) = S()} (D[ 11— 5]
H cP CW Decoupling Decoupling
—d(O[xal g2t 1yaly2l. (6)
1 2 w2 N With this division of the Hamiltonian, the time evolution of
C cP RFDR Mixing i) the system overc can be expressed as follows:
Inversion

/ \ U(TC,O)ZUrf(TC,O)eXp{ i forcdt ﬁo(t)}T
T T T T xexp —i frcdt ﬁl(t)]. (7
IR {1

SinceHy(t) is self-commuting at all times, as well as inde-
Nt, N1, N1, N7, pendent of the other terms in the spin Hamiltonian, its time
evolution is evaluated in the absence of the Dyson time-
FIG. 1. RFDR pulse sequence for spin echo recoupling, with omeilse ordering operatof .
applied pem rotor periods in a one-dimensional inversion exchange experi- . . P
ment. The standard RFDR experiment is performed Wthl andn=0. ,Under modulation by MAS, th? term mVONmUO(t) .
Pulses during mixing are phase cycled according todlel6 scheméRef. s;ralghtforwardly cancels after multlples of the rotor perlod._
61). The frequency-selective analog of the mixing sequence employs a nor-ikewise, the pulse sequence is chosen to have the cyclic
zero value fo:ni_ For tw_o-ddi‘m(?nsio?efttlj cthemicat\L;};gt ggrrelelltion sgt:/cztros- propertyU «(7c,0)= = 1. The termH,(t), however, fails to
copy, an evolution period is insertdtetween pulse an s . . e
storage pulseand the inversion period removed. commute W|Fh itself qt dn‘ferem times and therefore exhibits
more complicated spin dynamics.
In order to obtain a spin echo following some cycle time
Tc=n7,, the time evolution operator for the chemical shift
pulses on a two spin system, the internal time-dependenerm of the isolated single spins must vanish
Hamiltonian

e

F A2l 1l 22— Txal ko= lyaly2} (1) Because the chemical shift Hamiltoniadx(t)®(t)l,; are
fself-commuting at different times, the complete refocusing
of signals from an uncoupled spin system is obtained under
the following condition for the formation of a complete spin
echo:

is transformed into a toggling frame defined by the action o
the rf pulses. For anyw=x,y,z and 8=X,y, an instanta-
neouss pulse has no effect on the bilinear spin operators

explim(l g1 +1g2)H aal a2 €XP{ =1 7(1 g1+ 1 g2)} =1 a1l a2, Tc
) fo dt &,(t)d(t)=0. ©)

but it flips the sign of the operatots; and|
P g P 2 2 When this condition holds, the time evolution operator in-

exp{im(l g1+ 12}, exp{—im(l g1 +15)}=—1,. (3)  volving ﬁo(t) in Eq. (7) is eliminated, and the complete time

] ] evolution for the spin system reduces to the form
Consequently, after the toggling frame transformation of the

Hamiltonian,ﬁ(t)zUr}l(t,O)H(t)Urf(t,O), where U 4(t,0) U 0=T —'chdt Tt 10
=T exp[—i[id7H(7)}, the Hamiltonian can be written in (re.0=T exp —i 0 (O (10)

the convenient form . -
To address the homogeneous dynamics arising from

ﬁ(t):(‘)‘l(t)(b(t)|zl+ S,() P (1)1, ﬁl(t), it is useful to divide the Hamiltonian further into a
chemical shift difference terntcg;(t) and an interaction
FdiA{21 4l o= Tl o= 1yl ya}s (4) term Hp (1)

where the functionb(t) is equal to+1 after an even number = ot _1
: . H t)+Hp 1(t)=3{81(t) = Sx(t) }D (D[ 1|
of 7 pulses have been applied anrdl following an odd csi(D)+Ho {(01=2{1(1) = (VP (V[11 2]
number ] ] ] ] _dIZ(t)[|x1|x2+|yl|y2]- (11)
N The c.:on:_meutat!on relat|on§ among various terms n theThis Hamiltonian can be written more conveniently by using
amiltoniarf®*® which were valid before the transformation -
: . . . the the operators of the 23 subspace for the two spin
into the toggling frame continue to hold in the new reference

45,46
frame. In particular, the Hamiltonian can be written as theproblem,
fsu”rn of two c&mmuting termsi () =H(t) + Hy(t) in the 12%= [l xa+ lyaly2l,
e 2=l b, 12
Ho(t)=3{61(t) + S2(t)} (1) 1,1+ 1 ]+ dyp(t) - 21 1 5 23 1
(5) 17°=3ll1—12]
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These operators obey the usual commutation relations fawhere
angular momentum operatofd,, ,l g]=il ,,, where(a,8,7)

v LA
is a cyclic permutation ofx,y,z), and their use leads to a dj= _Z_O Mﬁ) (16b)
concise expression fatl;(t) ™ T
ﬁl(t):ﬁcs’l(t)"f"HVDYl(t) dlj[im](alj): %dIJG‘m‘ ’ (160)
={81() = SO} P(DI 2+ (D1, (13 G — C°§2‘9m‘1) 3 C°§2‘9ii - (164

It is also useful to define a phase factor(t)
= [4d7{81(7) — 8,(7)}®(7), which characterizes the evolu- Gy=— ¢ sin 26, sin 26;;, (168
tion of the chemical shift difference term in the toggling _ .
frame. Since the chemical shift terms are not necessarily Go= 3 sin’ O, sirt* ;. (160)
small compared to the rotor frequency, it is not valid in theThe AHT result for the generalized echo sequence of @ne
most general case to apply AHT directly to Efj1). Instead, pulse perN rotor periods is the following, neglecting the
the time evolution operator is again rearranged as follows: CSA:

HO = —dyd 2= = 3dy 1 4l o+1 41 5], (17)

where the effective coupling constaiim angular units has
the following form in terms of the isotropic shift difference

=exp{ —ix(re)I X T exp[ i f:dt dift)  AS=5,[0]- ,[0]:

U(7e,00=Ucgi(7c,0X T EXp[ i chdt ﬁm(t)}
0

X[ cos x(t) +13 siw(t)]}. (14 1277 &, S MO0 M) | G 2
A second toggling frame l—z|D,1(t)= Ugél(t,O)’I:ID,l(t) X (—1)m1 % sin| aN i_é] (18)

Ucsa(t,0) is defined in order to isolate the influence of the
chemical shift difference contribution. Under any spin echoUsing the basic sequence of omepulse per rotor period
sequence(for the moment disregarding error termthe  whereN=1, strong recoupling is obtained in the neighbor-

phasey(7c)=0, leaving only the dipolar couplinthDyl(t), hood of the principal rotational resonance conditiahé
which reflects the combined influences of magic angle spin=mw, with m=1 andm=221233!
ning, rf pulses, and chemical shift interactions. For all N, at exact rotational resonanaeé=mw, , and

_In order to solve for the homogeneous dynamics ofthe average Hamiltonian reduces to the form
Hp 4(t), itis necessary to apply either numerical calculations =0)_ A 23

orDJ:Em) analytical agproxiFr)Tl?a};ion such as the Magnus Hp1= —did ml(9)cosmep)1 . (19)
expansiort/*® In the case of “dilute” spins, such aSC,  In contrast, the analogous Hamiltonian in the absence of
5N, or 3P, the homonuclear dipolar coupling constant be-pulses does not depend on the azimuthal agghbout the
tween two spins is at most several kHz, so the dipolar courotor axi$

plings are relatively weak compared to typical spinning fre- = -

guencies. In such cases, the zeroth order average H<E)f{>1: _dlim](e)lia' (20
Hamiltonian treatment is sufficient. However, in the case ofFrom a physical viewpoint, the anglgis expected to appear
protons, the AHT approach is applicable only to pairs ofin the result, since it represents the phase difference between
well-separated atoms. The chemical shift interaction of eackhe pulse sequence and the rotationally induced oscillation of
spinj has a time-independent isotropic contribution, as welkhe spin interactions. One consequence of this phase depen-
as an oscillating term arising from the chemical shift anisot-dence is thatr pulse recoupling is less efficient than rota-

ropy (CSA)M* tional resonance over a powder distribution of crystallites.
m=+2 With increasingN, as illustrated in Fig. 2, the nonvanishing
8(t)=8,[m=0]+ > silml(e;,B;) homonuclegr co_upllng Is r_eqovered with an increasingly nar-
m=-2m+0 row bandwidth in the vicinity of the rotational resonance
X expim(w,t+ 7))} (15) conditions.

The double toggling frame approach reveals two basic
which depends on the Euler angles;(8;,v;) of the indi-  conditions for recoupling by rotor-synchronized sequences
vidual crystallites with respect to the rotor axis frame. Theconsisting only ofr pulses:(1) the coherent averaging of all
dipolar couplingd;,(t), whose orientation is defined by the chemical shift interactions an@) the recovery of a nonzero
polar angles(6,¢) of the internuclear vector in the rotor dipolar coupling from destructive interference between MAS
frame* is fully amplitude modulated and vanishes overand the motion of the flip—flop operator under the rf-
multiples of the rotor cycle modulated chemical shifts. In order to fulfill the second con-
m=+2 dition, the term exf x(t)} must exhibit some nonzero Fourier

dot)= AL ml( 9 exlim(w.t+ (16 component at frequencies, or 2w, . For example, although
12t mz%m#O idml(o)explimot+ )}, (163 eight 7 pulses per rotor period promotes the formation of an
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nation of weak interactiorfsin one-dimensional RFDR ex-
periments, the corresponding trajectory begins with a state of
inverted relative polarizatich

p(7)=13[1,1—15]cod o7} + [l y1l o= Ll yo]sin{d 57}
(23
At any point in the longitudinal trajectory, the zero-
quantum(ZQ) coherencg®=1yl,,—1ly,] can be elimi-
nated by briefly removing the proton decoupling field, which
destroys all spin coherences with transverse character. Al-
5 though the ZQ coherences are not directly observable, their
elimination during the exchange trajectory has a direct im-
FIG. 2. Relative magnitude of the effective dipole—dipole coupling using pact on the subsequent spin dynamics. In the limit of very

various values ofN for the m=1 Fourier component of the recoupled in- ; _ ;
teraction, according to Eq18), as a function of the relative chemical shift rapid decay of zero-quantum coherences, little ZQ coherence

difference in units of the spinning frequency6/w, . The m=2 Fourier '5_ present at_a” _t'mes= and accordlngly no Change in the
component(not shown demonstrates similar behavior peaked around thedipolar evolution is observed. On the other hand, if its decay

valueAdlw,=2. rate is negligible, the trajectory of E§23) is modified as
follows:

o ) ) ) Ap(71+15) =31 1~ ]sin{d 1,7} sin{d 75}
echo every rotor period, it does not recouple interactions in o —
the limit of &function 7 pulses® In the regime where the +[y1l o= laalyzlsin{di,r fcoqdy,7o},
spinning speed dominates the CSA, it is reasonable to ne- (24)

glect it in calculating the effective Hamiltonian. With slow hereA ionifies the diff b he d
spinning, however, the coupling constant becomes a functio"€réAp(71+ 75) signifies the difference between the den-
sity matrix obtained with and without the removal the two

of the rf-modulated CSA terms, and its influence can be in~™ h . hi . h i
cluded within the same framework. However, it is more con-SP!N coherences attims . This experiment has two appli-

venient in practice to explore the impact of finite CSA ten-cations. First, it provides corroboration that the effective de-
sors using simulations cay parameters for the spin coherences are being selected

appropriately for simulations of the experimental data, since

these parameters, together with the dipolar coupling con-

stant, reflect how much zero-quantum coherence is present
B. Longitudinal exchange and zero-quantum filtering during the trajectory. A second application of this approach
experiments is the filtering of signals via the ZQ coherences. Clearly, no

In the two spin case, as indicated by E#j7), a mixing signal is obtained from the difference trajectoyp(m,
sequence based enpulses recouples only the flip—flop por- + 72) When the coupling constant;, vanishes, sa\p(7;
tion of the dipole—dipole coupling, while the rest of the in- = 72) provides a filtered signal which is maximized when
teraction,d;(t) - 21 »41,,, vanishes exactly over each rotor T1~1/d;; and 7= 7,.
cycle!* Under these conditions, transverse magnetization un-

dergoes dephasirfg,but not exchand@ C. Computational methods for magic-angle spinning
and relaxation

Coupling Amplitude

2 3
Relative Chemical Shift

= dyprl2) + in{dy,7/2}. . . . .
P(7)= 1 CO8d1a7/2} 21l SIN{a7/2} 21) In analyzing the evolution of signals under spin echo and

Under &-function 7 pulses, or in the absence of rf pulses, other recoupling sequenct$analytical approximations pro-
exchange of transverse magnetization is forbidden over mukide a basic understanding of the experiments, but for more
tiples of the rotor period, since only the flip—flop portion of thorough investigations it is often valuable to perform exact
the spin—spin interaction is recovered. Therefore, in order t@alculations on small sets of coupled spins. In particular, the
use 7 pulse recoupling in two-dimensional spectroscopysubtle features of dipolar spin evolution arising from finite
with transverse mixingz/2 pulses must be applied for co- pulse effects, higher order contributions to the effective
herence transféY. On the other hand, the flip—flop coupling Hamiltonian, and imperfect experimental conditions can be

directly couples longitudinal polarizations explored with numerical simulations. The essential features
— L — of a spin dynamics calculation in the time domain are the
p(7) =17 co${d1,r/2}+1,, siP{dy,7/2} construction of the Hamiltonian, the exponentiation of the

_ Ay Hamiltonian to obtain the time evolution operator, and fi-
Tlhyahe = bal yzJsinidaer} @2 nally the propagation of the density matrix from a given
which implies that longitudinal exchange is the most convednitial condition p(0).24*8 Other computational approaches to
nient and straightforvard means of acquiring two-the periodic excitation of spin systems include Floquet
dimensional spectra withr pulses. In addition, the spin tra- theory, which operates essentially in the frequency dorfain,
jectory develops twice as rapidly in longitudinal exchangeand a mixed approach introduced recently by Levitt and co-
compared to the evolution in transverse dephasing, so longiworkers, where the time and frequency domain approaches
tudinal experiments are highly advantageous for the examiare combined?
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With a time-dependent Hamiltonian, the time evolutionwhere orthogonality is defined in the sense:{N“‘i’*A”}
operatorU(7,0) is divided into short time steps7, during =5, .%® The generalized Liouville equation including expo-
which it is a reasonable approximation to regard the Hamilnential relaxation toward equilibrium has the form
tonian as time independett.To calculate the macroscopic q
signal from a polycrystalline solid, the spin trajectories ofan % = —iTH) . o()1=T{o(t) — 2
isotropic ensemble of crystallite orientations must be calcu-  dt Pt [H©,p O] TP~ peg- @7

lated in order to compute the integral With suitable phase cycling, however, it is usually unneces-

sary to includepqin the analysis of recoupling experiments.

1 2@ (m (27 . . . .
At) _ f J f da d Without peq, Eq. (27) can be yvntten more conveniently in
(A powse™ g2 o JolJo A terms of the operator expansion

Xsin B8 dy (A(t;,8,v7)), 25 .
gy Aty 29 an(0)=3 {~1 THATH(U. A} ~Tdan().  (28)

where (A(t;a,3,7)) is the expectation value of the signal o _

obtained from a crystallite with Euler anglés,8,y) relating ~ With the definition of the matrix elements ()

the orientation of its molecular axis system to the rotor ref-= T{A™[H(t),A"]}, the Liouville equation can then be for-

erence frame. The necessity of calculating the spin trajectorfpally integrated as follows:

for a large number of crystallite orientatiofs100) is the .

major motivation for optimizing computational efficiency in an( T)ZE T exp{ J dt(—iL(t)—F)]

MAS applications. Numerous recent proposals have ad- " 0

dressed the efficiency with which powder averaging may be (29)

performed’~>* These methods reduce the number of totalwith the division of the interval0,r) into short time steps

crystallites which must be calculated to ensure a given tolera r such thatr,= kA r and 7,,= 7, the integration of the Liou-

ance for precision and systematic error. ville operator requires the exponentiationsMfby M ma-

In addition, there are several means of efﬁCiently UtiliZ'triceS, whereM is the number of coherences participaﬁng in
ing computer time for calculating the time evolution of indi- the trajectory. For instance, a total of 15 coherences are nec-
vidual crystallites. These approaches are frequently appliessary to span the density matrix for two spins in the most
cable and can of course be used in conjunction with theyeneral case.
aforementioned powder averaging schemes. First, when the However, the coherent part of the problem, namely, the
Hamiltonian is periodic, the time evolution operator is re-exponentiation of the series of matricgsiL (r)A7}, re-
quired only over one period, and the corresponding evolutiogyuires only the construction ol (7,,7_4), which is of
of the density matrix can be calculated by applying the samenuch lower dimensionality, e.g., 4 by 4 complex for two
operator repeatedly. This approach is useful in calculatingpins. In addition, the relaxation process is often taken as
the evolution of nuclear spins under rotor-synchronized retime independent and diagonal in a particular basis set of
coupling sequences with stroboscopic sampling. A secondpin coherence¥. Consequently, the evolution operator can

opportunity arises when the spin Hamiltonian is block diag-pe divided into its coherent and incoherent components as
onal. In many experiments, such aspulse exchange spec- follows:

troscopy, periods of free evolution occur between the appli-
cation of rf pulses. In these cases, the diagonalization of th% exp{ det(—iL(t)—F)]
Hamiltonian matrix is simplified during portions of the spin 0

trajectory. The internal spin Hamiltonian for the two spin
system consistsfaa 4 by 4 matrix with at mos a 2 by 2

an(0).

mn

=exp{—iL(m,— ATt Xexg{—T'A7}

block in the case of two homonuclear coupled spfshich xXexp{—iL(7,_2)Ar}Xexp{—T A7}
can be diagonalized analytically. .
It is sometimes necessary to include the effects of coher- X xXexp{—iL (7o) A7} X exp{ —T'A 7}, (30)

ence decay in n_umerical simulations of spin trajectories,ich converges in the limin7—0. Because the Hamil-
With an exponential model of the decay rates, these calculggian is time-dependent under MAS and rf pulses, it is al-
tions require the construction of a supermatrix acting on thge 4y necessary to concatenate the operators obtained with
set of spin coherencés,greatly increasing the necessary short time steps\7, and consequently no further computa-
computational effort. The Liouville supermatrix, whose di- tional sacrifice is introduced by applying this approach to

mensionality spans the square of the number of coherenceg|yation. In fact, the time step required for convergence is

participating in the trajectory, includes the simultaneous evoganerajly unchanged with the addition of relaxation effects

lution under both the spin Hamiltonian and relaxation effectqn practical MAS applications. On the other hand, if the in-
within an exponential framework. The time-dependent denyg a1 Hamiltonian were time-independent as in solution ex-

sity matrix can be expanded in a convenient ?rthonormaberiments, it would be more computationally efficient to di-

basis set of Hermitian spin operators as follows: agonalize the entird! by M matrix just once in order to

describe the spin trajectory. The choice of basis operators

m . . : X )

p(H)=D a (H)A™, (26) {_A_ } can be aquusted to obtaln_ maximum computational ef

m ficiency for a given problem. It is generally most natural and
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convenient to calculate ekpiL(n)A7 and exp—T'A7} in duced to less than 0.1% and phase errors to less thaf?0.1°.
different basis sets: the former in the spin eigenstates of The MLEV cycles have been applied primarily to window-
angular momentum and the latter in terms of productess proton decoupling in solution NMR spectroscopy. Here
operators® Following the construction of the evolution op- We show theoretically that the MLEV andY cycles are
erators for each time step, they must be transformed into theompensated to similar order in the case of long “windows”
same basis set. For a time-independent relaxation operatdretween the pulses, but that in the windowless case MLEV is
this operation can be performed once for the relaxation progenerally superior. For this reason, %¥ sequences are not
cess. likely to compete with the MLEV expansions in continuous-
For the recoupling problem discussed here, the spin dywave applications. However, in the more general case of
namics calculations used to interpret the dipolar trajectorie$ong inter-pulse windows, their performance is quite similar
include empirical estimates of the decay of spin coherencef®r single spin recovery with respect to resonance offsets and
within an exponential model. The observed disappearance ¢f inhomogeneity. In the limit of short windows, the perfor-
coherences in MAS experiments on highly rigid solids ismance of these sequences has been investigated with Floquet
dominated in many cases by insufficient proton decoupling'Eheory533
which leads to essentially irreversible losses of spin coher- The treatment discussed here applies to the case of
ences possessing transverse character. A similar analysis g#mple spinning under two conditions: The first is that
spin trajectories has already been useful in quantitatively un® 7, so that the resonance offséft) is essentially time-
derstanding the observed dipolar trajectories in heteronucledidependent during the brief pulse intervg|, and the sec-
recoupling experiment®. ond is that the pulses are applied only at points in time where
In dipolar trajectories, differential rates of decay amongthe offset recurs repeatedly to the same vdlue, at times
the various coherences perturb the trajectories, particularigeparated by multiples of,). The class of echo sequences
when the decay rates are comparable to the magnitude of thihere thew pulses are applied evely rotor periods pos-
dipolar coupling'* Kubo and McDowell have introduced ap- Sesses this property. These sequences cannot compensate for
proximations of the decay rates of two spin coherences ifulse errors which change from the application of one pulse
MAS experiments as the sum of the relevant single spirfo the next. Including these effects, the Hamiltonian for a
rates’® a valid approach in the limit where the time- single spin has the form
dependent fields causing the disappearance of the signals are ., _ _
ind%pendent at each spin. For exrfmpple, if the spin co%erence H=HotH1=wq 1, H{dlF Awn 1, @D
|, is taken to disappear exponentially with decay constanduring the application of aK pulse, but onlyH = 6S, during
I',;, and the decay constant of, is I'y,, then the corre- the free evolution between the pulses, whérepresents the
sponding decay parameter for the two spin coherépdg,  deviation of the spin frequency from resonance ands the
is the sum{I",;+T',,}. In the numerical simulations of lon- rf field strength. TheA w,; term represents the deviation in
gitudinal exchange discussed here, this approximation is aghe rf field from its nominal value. Although AHT cannot be
plied to all of the spin coherences. applied for the entire cycle timec, it is valid for small
pulse errors during the pulse timg when w; >3, Aw.
Through orderH® andHY’, the time evolution operator
D. Influence of finite pulses on spin echo recoupling for the X pulse can be conveniently approximated to

In multiple pulse recoupling experiments, the influenceO(error)
of finite pulses is twofold. First, the refocusing of single spin : L TI0) L T
) U (75,0)~expf — | —i(HO+H
coherences must be robust with respect to errors such as x(7p,0)~ xR —lgTpl fexp{—i(H} 1) 7o}

resonance offsets, rf inhomogeneity, and other factors. For 1 62
example, in the absence of dipole—dipole couplings, the spin =exp—i W'x}exﬁ’[ —i (Awrf_ 2 w—) Tplx
echo pulse sequences applied in these experiments must re- 4

cover all magnetization in the presence of resonance offsets 2 Awy

up to approximately=~20%-40% and rf inhomogeneity of T 1+ wy Toly| (- (32

roughly =5%—10% of the rf field strength. This compensa-
tion is a necessary but not sufficient condition for quantita-
tive results. A second goal of compensated sequences is f

In terms of the phase which is accumulated between
Be pulsesy= 5(7,— 7p), and with the convenient defini-

generate an effective dipolar coupling which is insensitive tdions
errors in the rf pulses and mechanical rotation. A7 Awy 8 Aoy
In the case ofmr pulse spin echoes, two general ap- a= + ;o b=mi o=+ , (33
o fom 2w o

proaches to the problem of single spin compensation are the
MLEV cycles (i.e., XXXX and its expansion® and XY  the net rotation error through lowest order following the
-4 6(ci>'561" XY XY with its expansions,XY—8, XY—16, completeXY XY cycle reduces to the form

etc).””"°* These cycles are experimentally similar in perfor- -~ o o .

mance with the exception of situations with significant fixeg” (700 =R Hil(b"=a%)cosy—2absiny]l}. (34
pulse amplitude imbalances among the ph&Sétowever, This expression is obtained via the analytical recombination
with digitally controlled quadrature circuits in modern rf of all consecutive rotations in the pulse cycle with retention
transmitters, the amplitude imbalances can routinely be reef the leading order from the Baker—Campbell-Hausdorff
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expansion for recombining small rotatio¥f€° The condition  the expansions of théY—4 sequence in addition provide an
U(7c,0)==1 holds for an ideal echo sequence, where naexcellent means of refocusing single spin errors, they are
apparent spin evolution occurs over the cycle. Siicean  clearly the best choice for these experiments. For relatively
assume any value for long windows, the resonance offsdarge dipole—dipole couplings and weakpulses, the first
effect most generally enters in second or@¥i5%/ w?) as a  term of Eq.(36) can be fairly significant and leads to signifi-
rotation about the axis, although the performance is com- cant exchange in strongly coupled spin systéeng., in two-
pensated toO(8% w3) when ¢=(2n+1)x/2. In other dimensional exchange spectroscopy of highig-enriched
words, the compensation XY XY benefits from the phase material3.

evolution during the windows. Since the rotation error is

oriented along the axis, the performance of the sequence is

worse for transverse magnetization than for recovery of lon-

gitudinal magnetization. The analogous expression for

XXXX (i.e., MLEV-4) is E. Effect of insufficient proton decoupling

U(7¢c,0)=exp{+i[(a?—b?)sin y—2ab cos ]l ,}. (35) A simple model which is useful in understanding the

. . , influence of proton decoupling on the performance of a
Interestingly, the order of compensation is essentially th‘?)ulse consists of the basic Hamiltonian

same for arbitraryy, although the performances &fY XY

and XXXX differ substantially for particularly value of.

However, in the windowless limit wherg¢—0, the XXXX H= o+ 0sS,+ds-21,S,, (37
cycle is clearly better because the residual error from the

offset, for instance, i©(63/w;°}). A second result of this

analysis is that there appears to be no other four pulse cyclghere w, and wg are the rf field amplitudes applied to the
with the property of general tolerance to imperfections inheteronuclear spin pair. TH& spin, whose echo intensity is
pulse rotation§? observed, is coupled to tHespin viad,s. With sample ro-

In order to obtain terms of cubic and higher orders in thetation, this discussion applies to the case wheeer,. Al-
rotation error, the AHT treatment of the imperfections duringthough the decoupling field, is typically applied continu-
the pulses must be calculated through higher order—or alteigusly, theS spin rf field is active only for a short time, in
natively the error can be derived with exact analytic calculaprder to stimulate ar pulse rotation. During these intervals,
tions. The recombination of small rotation operators can likethe decoupling efficiency is generally reduced because of
wise be pursued through higher orders. The extension of thiterference between the two fields. Moreover, in the case of
basic sequences to eight pulSes{Y XY—XYXY YXYX  strong 'H-!H interactions, spin coherences involving the
and XXXX— XXXX XXXX, cancels the lowest order term protons experience irreversible dephasing within a short time
alongz given by Egs.(34) and(35), but it leaves a smaller interval>®®” strongly limiting the efficiency of phase-
rotation error about an axis within the transverse plane. Thiglternated echo sequences in compensating for insufficient
deviation is in turn eliminated by expansions to 16 pulseproton decoupling. Consequently, it is important to apply
cycles via inversion of all phases. strong decoupling on the short time scajg

Although XY cycling does not generally improve the The mechanism of decoupling degradation can be under-
recovery of single spin magnetizations in longitudinal ex-stood by examining the time evolution operator during the
change experiments relative to using MLEV, K& cycles  short intervalr, when theS spin pulse is applied. The spin
remain highly preferable because of their influence on theperators are transformed into the toggling frame in order to
form of the effective dipole—dipole coupling. In particular, investigate their joint behavior under the two rf fields. To
with the neglect of the chemical shift interactions, the effec-evaluate the time evolution operator, the AHT approximation
tive dipolar coupling usingK XXX takes on the following is employed under the reasonable assumption that both rf
form after averaging over both mechanical rotation and rffields dominate the dipolar coupling
pulses in the limitr, <7, :

= 3 T . .
Hpi=—7 [Tp}dn( 7/2)[21 2122~ lalxe~ lyalye] U(7p O~ exp —ioml dexp —iwsmpSd
r ~
- Xexp{—iHY 7.}, (38)
2 [?p} dil 7/2)[Nxal k2= 1yaly2]. (36)
:
The second term contributes a double quantum operator th¥here
is eliminated through zeroth order by the application of an
equal number oiX and Y = pulses during the full pulse
66 : ~ 1 T ~ o~
cycle’® For example, using any of th€Y sequences or an HO == Pdt dis- 21 () S,(1). (39)

expansion of MLEV such aX XXX YYYY, the pure zero- 7o Jo

quantum(i.e., flip—flop form of the effective Hamiltonian

can be maintained with finite pulses, which is a desirable

feature in 1D and 2D RFDR experiments. However, sinceThe evaluation of Eq39) leads to the following expression:
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~0 sif(w+ wg) 7} sinf{(w;— wg) 7p} the presence of molecular motion. Therefore, the quantitative
H(D):d|5' IZSZ[ (o +wg) 7 (01— w97 interpretation of recoupling experiments usually requires in-
s bose corporation of the time scale of coherence losses into nu-
1—cod(w,+ wg) Tp} merical calculation$? To account for the attenuation of co-
+tdis 125y (+wg) T, herences, the exponential framework for describing
coherence decay is employed in thgulse recoupling simu-
_ 1-cof(w— w97} +d lations. An effective rate of decdy,, which is taken to be
(0= wg) T S the same for the longitudinal and transverse spin magnetiza-

tions, is chosen to describe dephasing from heteronuclear

.|ysz(1_cos{(w'+w5)7”} couplings and random fluctuations in mechanical rotation
(0 + wg) 7y and rf power. Likewise, an effectivé, is also selected to
1—cos(w;— wg) 7p) match thg observed rates of depay in transverse echo recov-
— +ds ery experiments. The exponential model accounts for the ob-
(&~ wg)7p served multiple pulse echo intensities reasonably well in
I [Sin{(w|+ws) Tp} sin{ (o, — wg) Tp}] polyfr:ystal!ir}? solids, andllit.t{;urqvi[detsha routle tp inc;odrporlfalt—
: - icitly in nalysi i r
y (0 + 03) 7 (0 — w97 ing these influences explicitly into the analysis of dipola
evolution.
(40)

Three particular cases deserve attention. First, when th'(:e' Frequency-selective experiments

rf fields are matched in amplitude at the Hartmann—Hahn It is desirable in some cases to perform recoupling ex-
(HH) condition ws= w, ,% the coherent averaging effect is periments with frequency selectivity. Rotational resonance is
spoiled by interference between the simultaneous moduldrequency selective in that recoupling occurs only for chemi-
tions of thel andS spin operators. This resonance conditioncal shift difference\ 8 such thatA §=mw, . The selectivity

is fulfilled in cross polarization experimefitsin order to s useful in reducing coupling to the background spins and in
permit rotating frame magnetization exchange. In order tqroviding reference trajectory data without dipolar evolution.
minimize dephasing of the signal in spin echo experimentsAn additional possible application of frequency-selective se-
this HH conditionwg~w, must clearly be avoidetl. How-  quences is the direct examination of smaller couplings in the
ever, in the case of a pulse applied to th& spin, where presence of larger ones in isotope-enriched
wsTp=, an especially large mismatch is required in ordermaterials:®*%3>3¢."8ryrthermore, the basic rotational reso-
to reduce signal losses to an acceptable level. For example,iiance exchange experiment has some disadvantages. Be-
w=2wg, then the dipole—dipole interaction is still not cause of the overlapping sideband manifolds between nuclei

eliminated at rotational resonance, it is sometimes difficult to invert one
spin selectively, and sidebands appear at potential cross peak

ﬁ(O):_id N Sy+id 1., (41) positions in two-dimensional experiments. Here we intro-

D 3 1S Y 3y IS YT duce a multiple-pulse experiment for frequency selectivity in

L~ homonuclear spins which is based arpulse sequences.
In order to eliminateH {5 over the course of a pulse, the The selective sequence in Fig. 1 includes rotor-
conditionw, = 3wg must be fulfilled, leading t¢1 (DO):Q-G_A'” synchronized periods of delay between sets of four recou-
In contrast, over an entirer2rotation, w; = 2ws is sufficient  pling pulses. For delays of lengthr, , the average Hamil-
to ensureH,(DO):O. Although sharp resonance effects are nottonian of Eq.(17) is modified as follows:

observed in practice because of strong proton-proton interac- n -
tions and sample spinning, this simple model implies that |f|<DO>l:_ ‘Ag_ — wr)@?»_ dyol 23, (42
additional decoupling power is required for the casemnof 44N n 4+n

pulses compared to windowlessC rf excitations which  For weak dipole—dipole couplings, efficient recoupling and
switch phase less frequenfly”® Over a single cycler, of  dipolar exchange occur only at modified pseudorotational
the decoupling field such thai; 7,=2, the coupling van-  resonance condition §=(m/n)w,. For cases wherev/n
ishes in the absence of tlSespln rf field. Since the efficiency is not an integer, frequency selectivity occurs away from the
of the decoupling field is therefore reduced roughly accordronventional rotational resonance conditions. The approach
ing to the expressiom|— w| — ws, it is necessary to apply of adding delays between units of pulse cycles is a fairly

particularly strong proton rf fields during double resonancegeneral means of introducing frequency-selectivity into mul-
echo experiments to minimize the decay ®fspin coher- tjple pulse MAS experiments.

ences. According to Eq40), the signal losses should be
reduced continuously as the decoupling field and the ratiq) EXPERIMENTAL RESULTS AND DISCUSSION

wfos are increased in the ”mb?afs-' ; i 2ueA. Approach to measuring weak dipole—dipole
As will be demonstrated below, it is possible to achlevecc')upp"?lg|s 9 P P

this limit under some experimental conditions, in which case
the rates of coherence loss are extremely small. However, it A primary experimental consideration in attempting to
is not always possible to achieve vanishly small relaxatiormeasure weak dipole—dipole couplings with RFDR is the
rates, either due insufficient available decoupling power ominimization of signal loss due to insufficiedH decou-
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(a) 1004 loss mechanisms are limited () depolarization due to the
] interference effect2) relaxation through pathways which do
c 80 not involve the protongthe “true” T, in the limit of infinite
-% 60_: - decoupling, which is greater than 100 ms, as indicated by
% ] —.0i125/ fgz 95% echo refocusing at 12.8 ms under optimal decoupling
§ 404 —®—40 kHz conditiong, and(3).13C pulge errors. _
s ] ~A—56 kHz The presentation of Fig.(B) shows that the 3:1 mis-
204 —¥—71 kHz . . " L
] —e—100 kHz match is a necessary but not sufficient condition for minimal
01 : : : : : signal loss. For example, at the lowé3€ field shown here
0 50 100 150 200 250 (25 kH2), a steep ascent in echo intensity is observed as the
Decoupling Field, (,)‘1H/ on (kHz) H field is raised to~75 kHz; then the intensity increases at
a slower rate until théH field approaches the 130—140 kHz
(b) 100+ limit. When the 3:1 mismatch already implies'H field of
1 >130-140 kHz, the secondary effect is not significant. Note
c 80 that although the total signal loss at the high& fields (71
S ] g and 100 kHz with a mismatch of 2—3 is not dramatic, an
© 60 - ®~/2r . . . . .
N T @25 KHz additional consideration is that the total depolarization con-
g 40 840 kHz tact time is inversely proportional to tHéC field (because
g —A—56 khz the number ofr pulses is constantso therate of polariza-
20 :::,g':f.z tion decay is well approximated by a function of mismatch
0d alone.
o 1 2 3 4 5 & Computationally, the results of Fig. 3 can be described

by a coherent three-spin modein which all spin coher-
ences involving the protons are eliminated betwé¥
FIG. 3. Experimental determination of magnetization loss under longitudi-pulses (simulation data not shown This is a reasonable
nal m|X|ng Total13C magnetization is monitored as a fUnCthnl& rf field phys|ca| model because |n most Organlc Samples esumates Of
(for the  pulses and "H decoupling field(during the pulses. The 'H 4o -0 relation time for coherence decay within the proton
decoupling field between pulses is 150 kHz. Mixing time is 12.8(6&dsr, .
at 5.000 kHz MAS with one 7 pulse per rotor period. Curves are normal- reserV0|r.(7'c<_ 30 MS) are much shorter than th_e length of the
ized to the signal obtained without a mixing peri¢dP andw/2 pulses  rotor period(in this case,r,=200 ,us).67 The simple three-
alone. (a) Plotted as a function o rf amplitude.(b) Same data al@), ?Ut Spin mode|(With0ut elimination of proton coherences be-
plotted as a function of théH to *3C rf amplitude ratio. WhenulH/wa tween pu|se$ predicts coherent behavior, such as refocus-
=3, then minimal®C magnetization is lost due to depolarization'kb(see ing of tH-%C antiphase coherences via ti¥-16 13C phase
discussion in the text . ) . .

cycling and MAS averaging, which is not observed under the
experimental conditions discussed here. Due to the complex-

pling. Although effective relaxation rates can easily be meaity introduced by the largé*C—'H ?ndllH—lH couplings,
sured and included in numerical simulatiofidde infra),  additional resonance effeo(lwherele/wlsc=2n+ 1,n>1)
rapid signal loss obscures weak coupling information ancpredicted by the zero-order theory of E40) (and in Ref.
reduces the precision with which distance measurements cati) do not lead to dramatic behavior in practice. Such effects
be performed. The experiments presented in Fig. 3 illustratenay be more readily observed at high MAS rates or in
that signal losses due to insufficient decoupling can be alsamples where thEH-'H couplings are weaker.
most entirely eliminated by appropriate mismatch of the rf  In experiments where the infinite decoupling limit is not
field amplitudes. Here we examine tHéCH, signal of practical, due to the combination of probe limitations and
[2-13C ™N]glycine, which serves as an excellent test casdarger*H frequency offsets encountered at higher magnetic
for decoupling because both the heteronuclear and homdield, a compromise must be achieved which avoids the steep
nuclear couplings are large-20 kHz)."%"® descent in echo intensity caused by the interference effect.
This sample is particularly difficult to decouple, but This usually implies raising théH decoupling field during
separate experiments indicate that under otherwise identicéthe pulses alone to the maximum level which the probe can
conditions, the directly observedC linewidth converges to ~ safely tolerate, and then strictly obeying the 3:1 mismatch in
a constant valugwith the lower bound determined b§,  setting the’*C = pulse. Such an approach was used in the
inhomogeneity and other inhomogeneous broadgrasghe  experiments described below, which were performed on
on-resonance cwH decoupling field is raised t&-130—140  probes with limited availabléH decoupling power.
kHz. Furthermore, we do not observe an experimentally sig- As we demonstrate ifi2-13CH,,*N]glycyl[1-3COOH]
nificant (~0.5 H2 narrowing observed upon increasing the glycine hydrochloride monohydrate, it is still possible to ac-
field from 140 to 250 kHZ? This suggests a complete de- quire quantitative data under these circumstances. This
coupling of the'H-13C interactions, which is desireable in sample provides a suitable test case for measuring weak
the periods betweetr pulses in order to separate the signalhomonuclear dipole—dipole couplings with longitudinal
loss due to interference effects alone. Therefore in the expulse exchange. Its crystal structure is known from neutron
periments hergFig. 3 we employ a largg150 kH2 'H diffraction,® and the labeled spin pair has an interatomic
decoupling field between thE&C 7 pulses. The remaining separation of 4.56 A, corresponding to a coupling constant of

. . H o)
Mismatch ratio, w,”/ o,

Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 108, No. 22, 8 June 1998 Bennett et al. 9473

(a) (a)
1.0 10 I )
] ® 1-CO, Resonance | Longitudinal Signal ® CO., Resonance
4 W 4-CH, Resonance CHZR
- 0.8 - m CH, Resonance
S 2 S T 5 | —Simulations
- 3
-_g 0.0: --------- g 0.6 -
g, 1 —— Finite pulse simulation GCJ T
(o] 1 - = = Delta pulse simulation o 0.4 -
S 05 o]
] s i
1.0 0.2 -
0.0 —
R o o B e L A e e AL
0 5 10 15 20 25 30
(b) time (ms)
1.0
1 ® 1-CO, Resonance
1 B 4-CH, Resonance
g 0s] (b)
§ B e s 1.0 ~’
S 0] ] Transverse Signal
2 3 o ® CO, Resonance
5 ] Finite pulse simulation - 0.8 — B CH, Resonance
g 05 - - - Delta pulse simulation g ] ——Simulations
Ty Pl i [
. PP LI x N 06—
] PEE =
-1.0 2 1
L L LN B B B B B B S B E D 0.4
0 10 5 20 g
time (ms) 1
0.2 -
FIG. 4. RFDR inversion exchange results f¢2-13CH,,"*N]glycyl- .
[1-*3co0OH]glycine hydrochloride monohydrat@nternuclear:3C—3C dis- 0.0 1

LA L LB L L B L S L B LB I B B B

tance of 4.56 Aat 9.00 kHz spinning spee®COOH signal intensities are
indicated by circles!3CH, by squares. The solid lines are corresponding
numerical simulations, as described in the text, with finite pulse effects
considered; the dotted lines are curves simulated @ilmction pulses(a)
Standard RFDR mixingb) RFDR with decoupling turned off at 10.67 ms

1y, 3¢ o . . 3 X . i
for two rotor periods, for elimination of zero-quantum coherence. ©1 /‘."1 . 3 (H rf_ f|e|_d Is 70 kHz and™C rf field is 24 kH.z' (_a) decay of
longitudinal polarization{b) decay of transverse magnetization. The trans-

verse decay is somewhat more rapid because of insufficient proton decou-
é)ling between the pulses and, in principle, sldyrelaxation.

0 5 10 15 20 25 30
time (ms)

FIG. 5. Echo decay signals of thECH, resonance of glycine where

80 Hz. Figure 4 illustrates longitudinal exchange trajectorie
for glycylglycine at 9 kHz spinning speed. To interpret the
data with numerical simulations, parameters are chosen to
match the experimental rates of decay without inversion of 1( — _
the carbonyl spin magnetization. For each nucleus, a single ({l(7)))~1— 7 (d2y+ > (d3)pi (43
parameter is selected to characterize signal losses arising 1712
from each appliedr pulse. An effectiveT, is also chosen for
each spin based on transverse echo experiments, as demavhere the outer brackets--) indicate averaging over the
strated in Fig. 5. This decay process represents the observg@wder distribution. The parameteps represent the popu-
rate of additional decay which occurs during periods of fredations of the intermoleculat®C spins. The following rela-
evolution between the pulses during the echo cycle. Thé&ionship can then be applied to correct the trajectories for the
single spin decay parameters are then extended to eadhfluence of intermolecular interactions
coupled spin coherence based on the assumption of uncorre-
lated fields>® Within this model, the simulations include de-
cay processes for all coherences and the effects of finite  x35°°"*{7)=x33"4 )+ > x¥4r)p;, (44)
pulses. 1712

In the glycylglycine sample, which is 10% diluted in
natural abundance material, intermolecular couplings aravhere({l,;(7)))=1—X.5(7). In the case of the glycylgly-
also expected to influence the experimental exchange trajecine experiment, Eq44) implies that the true extent of ex-
tories. The crystal structure indicates three significant couehangex25“?(r) is overestimated by about 39% at each
plings among separate molecules, with distances 4.26, 4.2ppint. The experimental points shown in Fig. 4 have been
and 4.71 A, corresponding to dipolar interactions of similarcorrected accordingly, leading to good agreement with the
magnitude to that of the intramolecular separation of 4.56 Asimulated finite pulse trajectory with a coupling constant of
The use of a second moment expansion is helpful in derivin@5 Hz, which implies an underestimate of 0.1 A in the inter-
an empirical correction for the intermolecular effettdhe  nuclear distance. Without the intermolecular correction to
longitudinal exchange trajectory of spin 1 proceeds as folthe data, the experimental results imply a coupling constant
lows at times which are short relative to the inverse of theof ~95 Hz, which underestimates the interatomic separation
couplings: in the molecule by 0.3 A, a significant error.
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(@) weak two-spin coupling of 475 HZ In the second trajec-
tory, however, exchange occurs much more rapidly as a re-
m CO,Resonance sult of the additional pathway involving exchange of polar-
® CH; Resonance izations via the intervening labeled-°C. In fact, the
simulated three-spin trajectories are essentially identical with
the deletion of the weakg-13C to CQ, coupling(not shown

for clarity). The exchange process is dominated to a good
approximation by the~2 kHz interactions among the di-
rectly bonded nuclef®1®"""®and proceeds coherently rather
than rapidly approaching equilibriuff.

The finite pulse simulation for the three spin system with
10 l l I : | | | | MAS andfr puls_es isin excel_lent agreement yvith the experij
12 14 18 mental trajectories at short time. However, since the empiri-
cal losses of signal are not included, disagreement arises at
longer times. As-function simulation for the three spin sys-
tem including signal losses within the same model as above
m CO, Resonance reproduces the decay more accurately at longer times. In
: 8& R;:g:::ﬁse both alanine simulations, it is necessary to include explicitly

2 the anomalously shorf; of 70 ms for the methyf*C of
alanine. Since its decay rate is very short compared to those
of the other nuclei, the methyl group relaxation directly af-
fects the spin dynamics and cannot be removed by any
simple renormalization. In problems involving peptides and
proteins in lipids, where dipole—dipole couplings are motion-

——Finite pulse simulation without relaxation ally averaged to some degree and where relaxation is often
»»»»»»»»»» Delta pulse simulation with relaxation

05+

0.0

Magnetization

-0.5 —

~—— Simulations

.8 10
time (ms)

Magnetization

more rapid than in the rigid samples discussed here, the need
T T T T T T T T . to include coherence decay due to molecular motion is likely
2 memsy M to arise frequently in practice, and can be considered com-

putationally in the manner discussed here.
FIG. 6. One-dimensional inversion exchange data at 4.80 kHz spinning
speed for(a) [1,3+3C,'*N]D,L—alanine andb) [1,2,3*3C]L—alanine, illus- ) )
trating the influence of the-13C on observed exchange rates using RFDR C- Frequency-selective homonuclear recoupling

with oner pulse per rotor period. In both cases, tié00™ resonance was — - ; 13~ 15 ; ;
inverted and rotor-synchronized exchange monitored. In @sthe effects Similar trajectories fof1,3 BC’ N]-alanine using the

of finite pulses and coherence decay are included in the same simulations. frequency-selective RFDR approach illustrate that the addi-
the three spin casé), the effects are considered separately for computa-tion of time delays can quench dipolar evolution away from
tional convenience. the resonance conditions. As in similar heteronuclear

experiments ¢ selective approaches have potential for the

. B examination of weak couplings in multiple spin
Figure 4b) also shows the somewhat modified exchangesnyvironmentd®78 In Fig. 7(a), two rotor periods are placed

trajeCtOfy which is obtained when the System is perturbed qgetween sets of four rotor periods' during whi¥N-4 sub-
10.67 ms by the elimination of the ZQ coherences througheycles are completed. For this sequence, recoupling occurs at
the interruption of proton decoupling. The simultaneousthe experimental spinning frequency of 4.98 kHz, where
agreement of the simulations with the experimental points iy 5=(5/2)w, . However, as shown in Fig.(B), this evolu-
both the cases; =0 ms andr;=10.67 ms provides confir- tjon is largely quenched when the delay consists of only one
mation that the empirical choice of decay parameters dergtor period. With a delay of, , recoupling occurs only at
scribes the nonreversible dephasing of zero-quantum coheghe ordinary rotational resonance conditions. At the reso-
ences accurately. In the limit of very fast ZQ dephasingnance condition, the small shift between the data and the
removal of the transverse coherences at 10.67 ms would haygimerical simulations arises from the fin#é€ linewidths in

no effect on the exchange trajectory. A second application ofhe sample(approximately 50 Hg which contribute small
this approach is the filtering of signals via the ZQ coher-gffsets from resonance that slightly quench exchange. This

ences. The difference between the exchanged spectra Wifghavior is typical of experiments which depend upon satis-
and without ZQ Intel’ruptlon at 10.67 ms recovers about 19(y?y|ng a Sharp resonance Condition, such as rotational

of the total signal, which provides a way to obtain the zero-regonancé*:18
guantum filtered spectrum.

B. Influence of multiple spin interactions D. Two-dimensional correlation spectroscopy

In Fig. 6, the longitudinal exchange trajectories between  Two-dimensional2D) correlation spectra based on the
the carbonyl and methyl nuclei if1,3-13C,'>NID,L— and  recoupled interactions among neighborii§ spins can be
[1,2,31%C]L-alanine are compared using the 1D RFDRacquired withs pulse longitudinal exchange because Zee-
pulse sequence. In the first case, exchange occurs via tmean polarizations are directly coupled via the zero-quantum
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(a) residue (;— «; 1) crosspeaks which arise at longer mixing
times (not shown; a weakwpneap, Crosspeak rises just

m CO, Resonance above the lower contour threshold in the spectrum shown
e CH, Resonance The ap,—Baa COrrelation is an intermediate case where the
chemical shift difference is a substantial fraction of the MAS

e o o o o rate, and therefore the crosspeak is larger than the other
sidechain correlations.

As the Asp maotif illustrates, the rate of transfer through
directly bonded®*C-'3C interactions is dominant, with a
three-bond intraresidue correlatiom {s,—yasp) €asily dis-
cerned at contour levels where the interresidue three-bond
A IR AL A T AL L correlations are not. We should emphasize that in no case do
0 5 10 . 15 20 25 30 . . . .
time (ms) direct crosspeaks arise via weaker500 H2 couplings

when multistep transfers through intervening lar@®0-2.2

b kHz) couplings are feasible. Direct measurement of the
(b) weaker couplings requires the recoupling effect to be tailored
B so that the strong couplings are quenched, as in the selective
sequencg®1978
0.5 In cases where uniformity of crosspeak intensities is de-

m CO, Resonance . . . . .
® CH; Resonance sired, sequences which are less sensitive to chemical shift
00 differences, such as DRAWSS! MELODRAMA,?® and
] o RIL3%®2may be used for correlation spectroscopy. However,
E — Simulations . .
. RFDR presents a very practical means of performing
13C13C correlation spectroscopy because of its robust per-

:r_.__.__r_r_._._._.__.——n——l——'- formance with respect to pulse errors, minimal loss of total
"‘°‘1| e T T T T T T polarization, and applicability at very high MAS ratése

0 5 9 e (msis 20 25 have successfully perforrr_ned such experiments at_MAS rates

of up to 19 kHz. In addition, the RFDR sequendm the
FIG. 7. Frequency-selective RFDR trajectorie§hB-13C 15N]D,L-alanine  appropriate MAS regimeis ideally suited for emphasizing

employing(a) two rotor periods of delayn=2 in Fig. 1 with exchange at backbone™*C—'C correlations in peptides and proteins.
4.985 kHz spinning speed, wheteS=(5/2)w, , and(b) one rotor period of

delay (n=1 in Fig. 1), which attenuates dipolar exchange. Finite pulse
simulations are indicated by the solid lines. IV. EXPERIMENTAL AND NUMERICAL PROCEDURES

Magnetization

o
o

L
o
[T IR

——Simulations

Magnetization

A. Experimental details

coherenceé This is illustrated(Fig. 8) in a 2D spectrum of Experiments were performed with custom-designed
the tetrapeptide achatin-Gly-Phe-Ala-Asp.2° The rela- NMR spectrometers and probes at several magnetic fields.
tively short mixing time of 1.55 ms produces crosspeaks beFeatures common to all experiments discussed here are the
tween all directly bonded nuclei, includinge. to the Phe application of XY-16 phase cyclinf and maintenance of
aromatic ring(not shown. Only correlations within the Phe rotor-synchronization withint5 Hz with commerical spin

ring are not evident, due to the degeneracy in shifts andate controllergDoty Scientific, Columbia, SCunless indi-
possibly motional effects. cated otherwise.

Several interesting features of the spectrum are notable. The *H and °C field-dependent echo intensity spectra
First, w-°C to a-1°C and in one caséAsp) B-°Cto y-13C,  presented in Fig. 3 were acquired at 198.8 Mt fre-
correlations produce the largest crosspe8k86—50% of the  quency(50.0 MHz **C). A custom-designed triple resonance
diagonal, owing to the proximity of these chemical shift transmission line probe wita 5 mm ChemagneticgFort
differences to than=1 rotational resonance condition. Al- Collins, CO spinner module was used. The transmission line
though RFDR is most efficient in general at recoupling resodesign allows the tuning circuit voltages to be minimized so
nances separated approximately by rotational resonance cotfrat maximum decoupling fields are not limited by high-
ditions (e.g., »-*°C to a-°C at this MAS rat® one- and voltage breakdown of circuit componefits®® The maxi-
two-bond exchange also occurs in 1.55 ms betweemum decoupling field achievable with this probe for bursts
sidechain'®C signals, because of differences in CSA tensorf >25 ms is~300 kHz with~1 kW input power. Experi-
orientations among nearby resonances, as well as the finitaents presented in Fig. 3 were carried out at 5.000 kHz
pulse recoupling effect described by E§6). The latter ef- MAS rate with a total of 647 pulses(12.8 ms mixing timg
fect dominates as the spinning speed increases, which imnd the intensities normalized to that acquired with cross
creases the number of pulses applied per unit time. Somgolarization andn/2 pulses alone.
sidechain correlation€e.g., @asy—Basp, @phe—Bpnd are sub- All one-dimensional(1D) exchange experiments pre-
stantially weaker10%—20% of diagonalthan the backbone sented here were recorded at 317.4 MiHizfrequency(79.9
correlations because the chemical shift differences are smalHz °C) using double resonance probes for magic-angle
however, they are still easily distinguishable from the inter-spinning employing commerical spinning assemblipsty
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FIG. 8. Two-dimensionat’C—*3C chemical shift correlation spectrum and chemical structuf@gfC ®NJachatin-Il. RFDR mixing time is 1.55 m46 =
pulses. Countour levels are logarithmically spaced from 2% to 100% of the maximum peak height. The asterisk indicates a sideband manifold.

Scientific, Columbia, ST In the 1D exchange trajectories, it mented, with an amplitude of 110 kHz between pulses raised
is necessary to make corrections to the integrated intensitige 150 kHz during the pulses to achieve the appropriate 3:1
for the imperfect creation of an inverted state of relativemismatch with the 10.@s 3C 7 pulses. TPPM decouplirig)
polarization (about 5% error usually and in addition the at a reduced field amplitud80 kHz, 5.8us pulse width and
contribution from uncoupled background spins must be subtotal phase difference of 15%Was used during the evolution
tracted from the experimental data. and acquisition periods. The phase cycling method of Ruben
The 1D experiments in Fig. 4 were performed at 9 kHzand co-workers was used for pure phase detection in each
spinning frequency usga 5 mmhigh-speed stator from dimensiorf®
Doty with 7 pulse lengths of 15.@s for 13C and 5.6us for The polycrystalline samples of1,3+3C ®*NJalanine,
'H (89 kH2), corresponding to an amplitude mismatch of [1-*C]glycine and [2-13C ®N]glycine, and
2.8. The chemical shift difference between thé3CO, and  [2-°CH,,*N]glycyl[1-X*COOH]glycine hydrochloride
4-13CH, resonances is 10.28 kHz. In the alanine experimentsnonohydrate were diluted tenfold in natural abundance ma-
in Fig. 6, the mixingm pulses employed were 2045, with  terial to reduce the influence of intermolecular dipole—dipole
a'H m pulse of 6.2us (81 kH2), and the spinning speed was interactions, and recrystallized by slow evaporation from wa-
4.80 kHz. The alanine experiments in Fig. 7 were performeder. Labeled amino acids were purchased from Cambridge
at 4.98 kHz with 18us = pulses on3C. In the single spin Isotope Laboratories(Andover, MA). The tetrapeptide
glycine echo trajectorie$Fig. 5), the spinning speed was achatin-Il (Gly-L-Phe-L-Ala-L-Asp®878 was synthesized
4.80 kHz. via solution methods, which in this case provided far greater
In the two-dimensional RFDR spectrum of achatin, thecoupling efficiency and purity than solid phase methods.
'H frequency is 397.8 MHZ£100.0 MHz for*C); the spin- Free amino acids were protected with 9-fluorenyl-
ning frequency was 10.309 kHz5 Hz. A triple resonance methoxycarbonyl and then converted to their corresponding
transmission line probe with 4 mm Chemagnetics spinnefluorides® which were used in the stepwise solution synthe-
module was used. During the mixing perigd55 ms, 167  sis. This method is efficient with high coupling yield, avoids
pulses, continuous wave(cw) H decoupling was imple- potential difficulties with racemization, and allows purifica-
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tion with one-step preparative HPLC. The lyophilized approach to estimating signal losses described here. Com-
U-13C 1>N-achatin powder was packed a 4 mmChemag- pared to rotational resonance, two advantages of this method

netics rotor for NMR experiments. are that(1) inhomogeneous line broadening does not reduce
exchange or complicate its analySiand (2) spin inversion
B. Numerical simulations can be performed straightforwardly away from

. rotational resonance conditions. Compared to transverse
In the case of doubly labeled alanine, a decay parameter 34793 . o - .
. . : approache&®*"*3 longitudinal evolution is twice as rapid,
is chosen to account for the losses of longitudinal spin po- . . . .

o ; . implying that longer internuclear distances can be examined,
larizations during thew pulses, and an effective zero-

uantum relaxation time of 32 ms is extracted from the transEind it is more straightforward to apply to two-dimensional
q . . ) . . gorrelation spectra. Although spin echo recoupling is most
verse echo trajectories and included in the basic an

frequency-selective experiments. Using the known di olaéaﬁciCient near then=1 andm=2 rotational resonance con-
q y P : 9 POl3%iions, this range is quite suitable for maA3C spectra,

coupllngs, the§-functlon pulse (_:alc_ulatlons for th_e fchree SPIN hich correspond to a similar dispersion at typical magnetic
alanine case include the longitudinal losses within a similar. : )
. " field strengths. In the 2D experiments strong correlations are

framework and omit the additional transverse decay rates. . 13 13 .
Observed particularly betweem--"C and a-—"C signals.

Because the spinning rates of 4.80 and 4.98 kHz are relac'onsequently,rr pulse recoupling is a convenient way to

tively slow compared to the CSA tensor parameters, thesgbtaining two-dimensional correlation spectra, where spin

s o e e e apgaaZAon eXchange proceeds viadspersin o magnetza
y ions among neighboring spins.

are known from single crystal NMR studi@sand explicitly In cases involving one, two, or three spins, numerical

included in the three spin calculations, while the CSA orien- . . X T X
tations for D.L-alanine are estimated from those of the I__calculatlons including exponential signal losses are in quan

. . ) . S : titative agreement with the experimental data. Using this
alanine case. The two spin alanine trajectories fit an mternut- e of analvsis. REDR is apblicable to the measurement of
clear distance of 2.51 A, which is 0.01 A shorter than .~ ysIS, bp

. : ) distances up to at least 4.56 A for nuclei with significant
obtained from crystallographic studi&s. ) . . .
; . : . . chemical shift differences. In the regime of relatively fast
For glycylglycine, the anisotropic chemical shifts of the spinning, RFDR results also do not depend on the details of
COOH resonancéprincipal values of—150.9,—36.1, and ’

. . . the CSA tensors. However, in order to achieve accuracy of
+6.6 ppm are included in the calculations. However, for the Y

) . . . 0.1 A, which is often required in elucidating peptide
_13 1
the a-™C, only th_e |sqtr0plc Sh'ﬂ(6.8'6 ppM is mcIudgd ._structure! corrections are necessary for any intermolecular

speed. Although the trajectories are virtually insensitive td%ouphngs, as well as the inevitable signal decays during the

) : . multiple pulse train, and signals from background spins. It
the orientation of the CSA in the molecular reference frame'should be stressed that observed signal loss rates which dif-

again because of fast M.AS’ 't. Is included as estimated fron?er among the spin coherences do not cancel from the dipolar
the known molecular orientations of carboxyl CSA tensors__ . . : . .

: . : ) spin dynamic¥' and must be included in the analysis in cases
derived from single crystal studi€éDuring the pulses, the

_ - where the differential decay rates are comparable to the
decay parameterd’coon=245* gnd F9H2:35_7 s a'® " dipole—dipole couplings. AIthyough these problgms should be
chosen based on the data acquired without inver§imt  greatly reduced with improved probe technology and decou-
showr), while the single spin effective transverse decay ratei)“ng method<374it may be necessary to include coherence
are [coor=24s * and 'y, =8 s * during periods of free  gecay due to molecular motion in many interesting systems.
evolution between the rf pulses. These rates are consistent As is now well-knowr®°2678and demonstrated by the
with minimum observed linewidths, which imply true trans- three-spin results, exchange with non-selective recoupling
verse relaxation rates df<31 s in these rigid systems. sequences proceeds via the strong dipole—dipole couplings in
With the correction of the experimental points for the over-the system. Therefore, in two-dimensional correlation spec-
estimate of exchange from intermolecular couplitgs dis-  tra, the migration of spin polarizations occurs via pathways
cussed above the results fit a coupling constant of 85 Hz dominated by the nearest neighboring dipole-coupled spins.

quite well, as illustrated. In this way, a wealth of information concerning the molecu-
lar framework of molecules is obtained. However, for appli-
V. CONCLUSIONS cations where the isolation of the weak couplings is particu-

The recoupling of homonuclear interactions using spinIarly desired, the apphcat_lqn of frequency-selectwepulse
echo 7 pulse sequences and the observation of 1D and o[§equences offers an additional approach to selective homo-

exchange is a simple and accurate means of determining W—UCIC?? g%cg‘ég"”g f(ir cases Wtr;erg rfotlﬁtllogal_”:esonance
ternuclear separations and correlations in many cases. Its a"n |t|on deoh canno con_venufn Iy !TI utl te i th € ziro-t_ |
vantages in measuring weak two-spin couplings include tolguantum dephasing experiment aiso rlustrates the potentia

erance of the results with respect to rf pulse errors, such Jgr efficiently filtering coupled spin signals with couplings

the rf inhomogeneityup to at least 5% in these experiments =100 Hz.

and large CSA tensors, as well as the simplicity of analysis

and implementation of experiments and analysis. For weal?‘cKNOWLEDGMENTS

couplings, thes-function simulations are reasonably accurate ~ The authors wish to acknowledge support of this re-
and particularly easy to perform computationally using thesearch by NIH Grants No. RR-00995, GM-36810, GM-

Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



9478 J. Chem. Phys., Vol. 108, No. 22, 8 June 1998 Bennett et al.

23403, and GM-23289. We also thank Professor Shimofifu. HaeberlenHigh Resolution NMR in Solids: Selective AveragiAga-

Vega for helpful discussions. Andrew E. Bennett would like  demic, New York, 1976 y
to acknowledge predoctoral fellowship support from the Na- > V€92, E. Olejniczak, and R. G. Griffin, J. Chem. Ph§8, 4832

tional Science Foundation, and Janet M. Griffiths receivedoa "schmidt and S. Vega, J. Chem. Phgs, 2655(1992.

postdoctoral fellowship support from the American Canceri). M. Shirley, Phys. Rev. B38 979 (1965.

Society. Chad M. Rienstra is a Howard Hughes Medical In-"D. R. Dion and J. O. Hirschfelder, Adv. Chem. Phgs, 265 (1976.

stitute Predoctoral Fellow. 43y, Zur, M. H. Levitt, and S. Vega, J. Chem. Phy&8, 5293(1983.

4E. T. Olejniczak, S. Vega, and R. G. Griffin, J. Chem. Pt8/. 4804
(1984.

4SA. Wokaun and R. R. Ernst, J. Chem. Phgg, 1752(1977).

463, Vega, J. Chem. Phy&8, 5518(1978.

470. Weintraub, S. Vega, C. Hoelger, and H. H. Limbach, J. Magn. Reson.,
Ser. A110, 12 (1994.

1J. M. Griffiths and R. G. Griffin, Anal. Chim. Acta83 1081 (1993.
2A. E. Bennett, R. G. Griffin, and S. Vega, NMR Basic Principles and
Progress33, 1 (1994.

3G. E. Pake, J. Chem. Phyks, 327 (1948. 8
“H. van Willigen, R. G. Griffin, and R. A. Haberkorn, J. Chem. PH&. 49‘]' S. Waugh, J. Magn. Resds0, 30 (1982.

5855 (1977. M. Eden, Y. K. Lee, and M. H. Levitt, J. Magn. Reson., Ser120, 56

5B. Herzog and E. L. Hahn, Phys. Rel03 148(1956. 50(1996-
M. E. Stoll, A. J. Vega, and R. W. Vaughn, J. Chem. PH§5, 4093 F. S. deBouregas and J. S. Waugh, J. Magn. R&®r280(1992; S. A.
Smith, T. O. Levante, B. H. Meier, and R. R. Erndtjd. 106 75

(1976.
"R. K. Hester, J. L. Ackerman, B. L. Neff, and J. S. Waugh, Chem. Phys. (1994.

Lett. 36, 1081 (1976). 51|, Andreozzi, M. Giordano, and D. Leporini, J. Magn. Reson., Set0A
8R. A. Haberkorn, R. E. Stark, H. van Willigen, and R. G. Griffin, J. Am. 166 (1993.

Chem. Soc103 2534(1981). 523. M. Koons, E. Hughes, H. M. Cho, and P. D. Ellis, J. Magn. Reson., Ser.
9E. R. Andrew, A. Bradbury, and R. G. Eades, Nat(irendon 182, 1659 A 114, 12 (1995.

(1958. 3D, M. Wang and G. R. Hanson, J. Magn. Reson., SeL.1& 1 (1995.
101, J. Lowe, Phys. Rev. Let®, 285(1959. 54M. Bak and N. C. Nielsen, J. Magn. Resdr25, 132 (1997).
113, Schaefer and E. O. Stejskal, J. Am. Chem. $8¢1030(1976. 5R. R. Ernst, G. Bodenhausen, and A. Woka#minciples of Nuclear
2B, H. Meier and W. Earl, J. Am. Chem. Sat09, 7937(1987). Magnetic Resonance in One and Two Dimensi@@krendon, Oxford,
18D, p. Raleigh, M. H. Levitt, and R. G. Griffin, Chem. Phys. L6, 71 1987.

(1988. %M. Mehring, Principles of High Resolution NMR in SolidSpringer-
M. H. Levitt, D. P. Raleigh, F. Creuzet, and R. G. Griffin, J. Chem. Phys. Verlag, Berlin, 1983

92, 6347(1990. 57C. P. SlichterpPrinciples of Magnetic Resonan¢®pringer-Verlag, Berlin,
5M. G. Munowitz and R. G. Griffin, J. Chem. Phy&s, 2848(1982. 1990.
'°T. Gullion and J. Schaefer, J. Magn. Res8i, 196 (1989. %A, Kubo and C. A. McDowell, J. Chem. Soc. Faraday Trads. 3713
M. Maricq and J. S. Waugh, J. Chem. Phy8, 3300(1979. (1988.

'®(a) P. R. Costa, B. Q. Sun, and R. G. Griffin, J. Am. Chem. Sk %\ H. Levitt, R. Freeman, and T. Frenkiel, J. Magn. Resb@, 157
10821(1997; (b) B.-Q. Sun, C. M. Rienstra, P. R. Costa, J. R. William- (1982.

son, and R. G. Griffin, J. Am. Chem. Sdt19 8540(1997). 60 A, Maudsley, J. Magn. ResoB9, 488 (1986
19 : s I . s .
P.R. Costa, Ph.D. thesis, Mass. Inst. Tech,, 1996. 617, Gullion, D. B. Baker, and M. S. Conradi, J. Magn. Res88, 479
203, H. Ok, R. G. S. Spencer, A. E. Bennett, and R. G. Griffin, Chem. Phys. (1990.
ZlLett. 197, 389(1992. o 62D, J. Ruben(private communication
A. E. Bennett, J. H. Ok, R. G. Griffin, and S. Vega, J. Chem. PBs. 635 gchmidt and S. Vega, Ist. J. CheBg, 215(1992.
228624(1992' 64A. E. Bennett Ph.D. thesis, Massachusetts Institute of Technology,
R. Tycko and G. Dabbagh, Chem. Phys. L&f3 461 (1990. 1995
27, Gullion and S. Vega, Chem. Phys. Lel94, 423(1992. 65y |1
! . ' Y. Liand J. N. S. Evans, J. Magn. Reson., Serl¥6, 150(1995.
243. M. Joers, R. Rosanske, T. Gullion, and J. R. Garbow, J. Magn. ResongeA_ E. Bennett. J. H. Ok R. G. G?iffin and S. Vega,38rd éxpe?imental
ZSSer. A106, 123(1994. . NMR ConferencéAsilomar, CA, 1992.
C. A. Klug, W. Zhu, M. E. Merritt, and J. Schaefer, J. Magn. Reson., Ser.syD L. VanderHart, W. L. Earl, and A. N. Garroway, J. Magn. Resb
A 109 134(1999. 361 &198]) » W. L. ) - N. y, J. Magn. .
ZGB..Q_. Sun, P. R. Costa, D. A. Kocisko, P. T. Lansbury, Jr., and R. G'BSS. R Hart.mann and E. L. Hahn, Phys. R&28 2042(1962).
Griffin, J. Chem. Phys102 702 (1993. %9A. Pines, M. G. Gibby, and J. S. Waugh, J. Chem. P§@. 569

27D. M. Gregory, D. J. Mitchell, J. A. Stringer, S. Kiihne, J. C. Shiels, J.

(1972.
(Cl"’ggga”’ M. A. Mehta, and G. P. Drobny, Chem. Phys. L2468 654 70\, "5" \ e D, 3. Ruben, and R. G. Griffin, J. Chem. PI§@. 1729
' (1984).

28Y. K. Lee, N. D. Kurur, M. Helmle, O. G. Johannessen, N. C. Nielsen, and
M. H. Levitt, Chem. Phys. Let242 304(1995.

7. Fujiwara, A. Ramamoorthy, K. Nagayama, K. Hioka, and T. Fujito
Chem. Phys. Lett212, 84 (1993.

1y, Ishii, J. Ashida, and T. Terao, Chem. Phys. Le#6 439 (1995.
2U. Haeberlen, NMR Basic Principles and Progr2s§s143(1990.
" 73A. E. Bennett, C. M. Rienstra, M. Auger, K. V. Lakshmi, and R. G.

30\, Baldus, M. Tomaselli, B. H. Meier, and R. R. Ernst, Chem. Phys. Lett. 74Griffin, J. Chem. Phys103, 6951 (1995. o o
230, 329(1994. C. M. Rienstra, A. E. Bennett, B. Q. Sun, and R. G. Griffimanuscript in

31D, K. Sodickson, M. H. Levitt, S. Vega, and R. G. Griffin, J. Chem. Phys. 75preparatior)1 _
98, 6742(1993. T. F. Koetzle, W. C. Hamilton, and R. Parthasarathy, Acta Crys28B

2. M. Griffiths, K. V. Lakshmi, A. E. Bennett, J. Raap, C. M. Vander- 75509 (1e7a.
wielen, J. Lugtenburg, J. Herzfeld, and R. G. Griffin, J. Am. Chem. Soc.._Y- Pan, T. Gullion, and J. Schaefer, J. Magn. Re€i7.330(1990.

116, 10178(1994). 7(a) M. Munowitz, Mol. Phys.71, 959(1990; (b) B. H. Meier, Adv. Magn.
33G. J. Boender, J. Raap, S. Prytulla, H. Oschkinat, and H. J. M. de Groot, Opt. Reson18, 1 (1993.
Chem. Phys. Lett237, 502 (1995. 8p. R. Costa, B.-Q. Sun, and R. G. Grifiimanuscript in preparation

33 M. Griffiths, A. E. Bennett, J. Herzfeld, and R. G. Griffmanuscriptin ~ "°R. Bruschweiler and R. R. Ernst, J. Magn. Resb®4, 122 (1997.
80T, Ishida, Y. In, M. Inoue, Y. Yasuda-Kamatani, H. Minakata, T.

preparation
%A, E. Bennett, L. R. Becerra, and R. G. Griffin, J. Chem. PHyx) 812 Iwashita, and K. Nomoto, FEBS LeB07, 253-256(1992.

(1994. 81D, M. Gregory, M. A. Mehta, J. C. Shiels, and G. P. Drabny, J. Chem.
%A, E. Bennett, C. M. Rienstra, P. T. Lansbury, Jr., and R. G. Griffin, J. Phys.107, 28—42(1997.

Chem. Phys105, 10289(1996. 82M. Baldus and B. H. Meier, J. Magn. Resd28 172(1997.
37U. Haeberlen and J. S. Waugh, Phys. RE¥5, 453 (1969. 83R. A. McKay, U.S. Patent #4,446,431984.

Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 108, No. 22, 8 June 1998 Bennett et al. 9479

843, M. Holl, R. A. McKay, T. Gullion, and J. Schaefer, J. Magn. Re®sh.  8N. C. Chaturvedi, W. D. Fuller, and D. F. Sigler, Biopolym@2z 2157

620(1990. o (1983.
%R. A. McKay (private communication %A, Naito, S. Ganapathy, K. Akasaka, and C. A. McDowell, J. Chem. Phys.
86D, J. States, R. A. Haberkorn, and D. J. Ruben, J. Magn. Ré&286 74, 3190(1981).

(1982. '

9IM. S. Lehmann, T. F. Koetzle, and W. C. Hamilton, J. Am. Chem. .
87T. Ishida, Y. In, M. Doi, M. Inoue, Y. Yasuda-Kamatani, H. Minakata, T. S. Lehmann, oetzle, and W. C. Hamilton, J Chem. Soc

Iwashita, and K. Nomoto, Int. J. Pept. Protein R&8,. 258 (1992. 9294’ 2657(1972).
88y, Kamatani, H. Minakata, T. Iwashita, K. Nomoto, Y. In, M. Doi, and T. 93W' S. Veeman, Prog. NMR Spectrosi, 193 (1984.
Ishida, FEBS Lett276, 95 (1990. O. Weintraub and S. Vega, J. Magn. Resb@5, 245 (1993.

Downloaded 31 Oct 2001 to 18.165.0.69. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



