
m
h
f
e
c
e
p
b
d
i
c

m

r
N
N
e
i
d
k
r
t
e
c
m
e
i
a
m
w

i

9

t
1

Journal of Magnetic Resonance140,131–140 (1999)
Article ID jmre.1999.1827, available online at http://www.idealibrary.com on
Experimental Aspects of Multidimensional Solid-State
NMR Correlation Spectroscopy

A. Ramamoorthy,1 C. H. Wu,2 and S. J. Opella3

Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104

Received November 18, 1998; revised May 27, 1999
rize
tat
tion
oa
ion
cle
Th
tha
era
ad
th

co
lac
hif
ad
hi
ult

d state
N ng
f ency
r nter-
n lied
m and
p from
t
a of
t t
o ple-
m clear

ro-
n ple
p
L d
d LF
e
w the
e oss-
p side
e olar
c
t hen
p ime
p s of
i ne-
t ls
a d in
h
a eri-
m LF
a lim-
i

sion
s he
r the

lar
c MA
( ulse

Che

o,

hem
, P
The experimental parameters critical for the implementation of
ultidimensional solid-state NMR experiments that incorporate

eteronuclear spin exchange at the magic angle are discussed. This
amily of experiments is exemplified by the three-dimensional
xperiment that correlates the 1H chemical shift, 1H–15N dipolar
oupling, and 15N chemical shift frequencies. The broadening
ffects of the homonuclear 1H–1H dipolar couplings are sup-
ressed using flip–flop (phase- and frequency-switched) Lee–Gold-
urg irradiations in both the 1H chemical shift and the 1H–15N
ipolar coupling dimensions. The experiments are illustrated us-

ng the 1H and 15N chemical shift and dipolar couplings in a single
rystal of 15N-acetylleucine. © 1999 Academic Press

Key Words: spin exchange at the magic angle; Lee–Goldburg;
ultiple pulse; PISEMA; HETCOR.

INTRODUCTION

It is generally more difficult to resolve and characte
esonances from individual molecular sites with solid-s
MR experiments than it is with the corresponding solu
MR experiments. This is because of the severe line br
ning that results from the operative nuclear spin-interact

ncluding chemical shift and homonuclear and heteronu
ipolar couplings, in the absence of motional averaging.
ey to obtaining high-resolution solid-state NMR spectra
eveal the spectral parameters resulting from the spin-int
ion of interest without interference from excessive linebro
ning from the same or different spin-interactions lies in
oncept and practice of selective averaging (1). In most imple-
entations of selective averaging, the unwanted spectros
ffects of the spin-interactions are either suppressed or p

n another frequency dimension. For example, chemical s
nd heteronuclear dipolar coupling frequencies can be re
easured with separated-local-field (SLF) spectroscopy, w
as the first and remains the definitive example of the m

1 Present address: Biophysics Research Division and Department of
stry, The University of Michigan, Ann Arbor, MI 48109.

2 Present address: Quantum Magnetics, 7740 Kenamar Ct., San Dieg
2121.

3 To whom correspondence should be addressed at Department of C
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s9104. Fax: (215) 573-2123. E-mail: opella@sas.upenn.edu.
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imensional approach to selective averaging in solid-
MR spectroscopy (2). Each heteronuclear dipolar coupli

requency resolved on the basis of chemical shift frequ
eflects the internuclear distance and orientation of the i
uclear vector with respect to the direction of the app
agnetic field for a particular molecular site. Accurate
recise measurements of the dipolar coupling frequencies

he interactions between a dilute spin (e.g.,13C or 15N) and
bundant spins (1H) are complicated by the residual effects

he very strong homonuclear1H–1H dipolar couplings in mos
rganic and biomolecules. Therefore, it is essential to im
ent an effective method of suppressing the homonu

1H–1H dipolar couplings without drastically scaling the hete
uclear dipolar couplings of interest. A variety of multi
ulse sequences, including WAHUHA (3), MREV-8 (4), and
ee–Goldburg off-resonance irradiation (5), have been applie
uring the t 1 interval of conventional two-dimensional S
xperiments to suppress homonuclear1H–1H dipolar couplings
hile the heteronuclear dipolar couplings are effecting
volution of the dilute spin magnetization generated by cr
olarization. All of these procedures have the undesirable
ffect of significantly scaling down the heteronuclear dip
ouplings when applied during a conventionalt 1 period. Fur-
her, an implicit requirement of the SLF experiment, w
erformed at high fields, is the need for an additional t
eriod to refocus the chemical shift of the dilute nucleu

nterest (6), and this can result in a substantial loss in mag
ization due to the shortT2 relaxation times in some crysta
nd most biopolymers. Similar difficulties are encountere
eteronuclear chemical shift correlation experiments (7–9). As
result, the initial three-dimensional solid-state NMR exp
ents (10, 11) based on conventional two-dimensional S
nd heteronuclear correlation (HETCOR) experiments had

ted applicability to proteins.
In contrast, experiments based on polarization-inver

pin-exchange (12–18) take advantage of the spin-lock in t
otating frame to reduce the effects of spin-diffusion among

1H nuclei with minimal scaling of the heteronuclear dipo
ouplings. For example, we have shown that the PISE
polarization inversion spin exchange at the magic angle) p

m-

CA

is-
A

equence is highly effective at suppressing the effects of the
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132 RAMAMOORTHY, WU, AND OPELLA
omonuclear1H–1H dipolar couplings while scaling the he
ronuclear dipolar couplings by only 0.82 (19). As a result, th
ffective resolution in the heteronuclear dipolar frequency
ension of PISEMA spectra is vastly improved compare

hat in SLF experiments employing conventionalt 1 evolution
f the dipolar frequencies, regardless of which homonu
ecoupling sequence is applied to the1H resonances durin

hat interval. A family of double- and triple- resonance pu
equences incorporating SEMA (spin exchange at the m
ngle) have been developed; they enable the measureme
orrelation of multiple frequencies in single-crystal (20–24)
nd oriented samples (25–33) and the characterization of t
hemical shift and dipolar coupling interaction tensors in s
ing (34, 35) and stationary (36–38) powder samples. In a
lications to oriented samples of15N-labeled peptides an
roteins, the1H chemical shift,1H–15N heteronuclear dipola
oupling, and15N chemical shift frequencies provide resolut
mong backbone amide sites, as well as the spectral para
sed to determine the orientations of peptide planes wit
pect to the direction of the applied magnetic field (27, 28, 31).
t is possible to obtain completed resolved spectra of unifo

15N-labeled proteins with this approach that provide suffic
rientational constraints information to determine the th
imensional structures of proteins (28). Triple resonance ve
ions of these experiments are applicable to applicable to13C-
nd15N-labeled proteins (23, 24, 29) and give opportunities fo
aking sequential resonance assignments and measuri
itional structural parameters for backbone and side c
ites.
Off-resonance continuous1H irradiation is remarkably e

ective at suppressing homonuclear1H–1H dipolar couplings
5). It was cast in terms of the coherent averaging theor
ultiple pulse experiments by Mehring and Waugh (39), and

urther developed by Griffin and co-workers (40, 41). Lee–
oldburg experiments involve the application of RF irra

ion, B1, at an off-resonance frequency,Boff, to establish a
ffective field at the magic angle,um, 54.7° with respect to th

FIG. 1. Vector diagrams that illustrate the effects of Lee–Goldburg i
agic angle.
xternal magnetic field,Bo. The efficiency of the procedure isa
i-
o

ar

e
ic
and

-
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ad-
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mproved by the implementation of the (phase- and freque
witched) flip–flop Lee–Goldburg pulse sequence where
irection of the effective field is alternated every 2p rotation

iation on magnetization. A. Direct application for decoupling. B. Spin-loe

FIG. 2. Pulse sequence diagrams. A. One-dimensional cross-polariz
. Two-dimensional PISEMA. C. Two-dimensional HETCOR.X, 2X, Y, 2Y
pecify quadrature phases.1LG, 2LG specify positive and negative freque
ies that fulfill the Lee–Goldburg condition.p/2 corresponds to a 90° pulseu
orresponds to 35.3° pulse, andum corresponds to a 54.7° pulse. Quadra
etection can be accomplished with appropriate phase cycling of the puP1
rrad
nd the receiver (45).
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133EXPERIMENTAL ASPECTS OF MULTIDIMENSIONAL SOLID-STATE NMR
41). This is straightforward to implement with modern f
uency synthesizers, although Mehring and Waugh previo
sed an external dc field to create the appropriate offset38).
ince flip–flop Lee–Goldburg is a windowless sequence,
urement of its line-narrowing efficiency by observing
ignal stroboscopically after each cycle is not possible
imple one-dimensional experiments. However, this ca
eadily accomplished in two-dimensional experiments. W
mplemented directly, both Lee–Goldburg and flip–flop L
oldburg sequences suppress the1H–1H dipolar couplings an
cale the frequencies associated with other interactions, in

1

FIG. 3. NMR spectra of a single crystal of15N-acetylleucine. A. One
pectrum. C. Two-dimensional1H/15N HECTOR spectrum.
ng H chemical shift and heteronuclear dipolar couplings bt
ly

a-

h
e
n
–

d-

he factor cos(54.7°)5 0.58. The relatively large scaling fac
s a limitation of Lee–Goldburg sequences when applied du
he evolution period for1H chemical shift or heteronucle
ipolar couplings in the pulse sequences for conventional

idimensional experiments. Notably, the scale factor is a m
ore favorable 0.82 when the Lee–Goldburg irradiatio
pplied as part of SEMA sequences (19). The scaling and lin
arrowing of Lee–Goldburg irradiation have been analyze
variety of experimental conditions (42).
Thus, the flip–flop Lee–Goldburg procedure can be in

orated into multidimensional solid-state NMR experimen

ensional15N chemical shift spectrum. B. Two-dimensional1H/15N PISEMA
-dim
ywo distinct ways. In the two-dimensional HETCOR experi-
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134 RAMAMOORTHY, WU, AND OPELLA
ent, it is implemented duringt 1 in order to suppress hom
uclear dipolar couplings while measuring the1H chemica
hift frequencies (20, 43); here the magnetization evolves in
ilted frame, as shown in Fig. 1A. In SEMA sequences (19), it
s used to lock the1H magnetization along the magic angle
hown in Fig. 1B. The SEMA sequences are highly effec
ecause1H–1H dipolar couplings are suppressed and the1H
hemical shift does not evolve during the spin-lock inter
he oscillating frequency,V, and the frequency of the hete
uclear dipolar coupling between two nuclei (S 5 1

2 and I 5

FIG. 4. Pulse sequence diagrams for the experimental procedures u
ffect transfer of magnetization between1H and 15N nuclei. The letters corre
pond to the plots in Fig. 5. A. Conventional cross-polarization (CP). B
ith Lee–Goldburg irradiation. C. Polarization-inversion of the1H magneti-
ation following the CP sequence. D. CP with WIM-24 irradiation. E. CP
EMA. F. PISEMA.
) are related by
e

l.

V 5 ~g IgSh/r IS
3 !@3 cos2~u ! 2 1#sin~e I!sin~eS! [1]

5 kg IgSh/r IS
3 @3 cos2~u ! 2 1#, [2]

herek 5 sin(e I) 3 sin(eS) is the scaling factor for the mag
ngle spin locking sequences;e I andeS define the directions o

he effective spin locking fields for the I (1H) and S (15N or 15C)
uclei, with respect to the external magnetic field. In b

to

P

FIG. 5. Plots of the amplitude corresponding to magnetization as a
ion of the length of the transfer interval. The letters correspond to the
equences in Fig. 4.

TABLE 1
Experimental Parameters for an Arbitrary Orientation of the
AL Single Crystal Measured from the Three-Dimensional NMR
pectrum

Molecule
d15N

(ppm)a
DNH

(kHz)
d1H

(ppm)b

a 171.0 8.42 4.8
b 172.5 7.42 4.0
c 200.5 18.58 1.1
d 208.0 17.58 1.0

a Relative to (15NH4)2SO4.
b
 Relative to TMS.
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135EXPERIMENTAL ASPECTS OF MULTIDIMENSIONAL SOLID-STATE NMR
ISEMA and SEMA experiments,e I 5 54.78 andeS 5 908
nd, therefore,k is 0.82.u defines the direction of the I–S bo
ith respect to the magnetic field;r IS is the separation betwe

he I nucleus and the S nucleus (the bond length).

RESULTS AND DISCUSSION

One- and two-dimensional experimental NMR spectra
ained from a single-crystal sample of15N-acetylleucine (NAL
sing the pulse sequences diagrammed in Fig. 2 are sho
ig. 3. The one-dimensional15N chemical shift spectrum o

ained with the conventional cross-polarization pulse sequ
hown in Fig. 3A has four15N resonances, two of whic
artially overlap. The linewidths of these resonances are a
ppm when adequate1H decoupling is applied during da

cquisition. The resonances are resolved because the u
rientations of the amide groups in the four molecules o
nit cell of the single crystal result in different15N chemica
hift frequencies. The two-dimensional1H–15N heteronuclea
ipolar coupling/15N chemical shift spectrum obtained us

he PISEMA pulse sequence is shown in Fig. 3B. The
idths in the dipolar dimension are approximately 200
hich reflects the highly effective decoupling of1H–1H homo-
uclear interactions by the flip–flop Lee–Goldburg irradia

n this procedure. One of the major disadvantages of con

FIG. 6. Three-dimensional1H chemical shift/15N/1H–15N heteronuclea
ipolar coupling/15N chemical shift correlation spectrum of a single crysta

5N-acetylleucine.
ional SLF experiments can be loss of magnetization due toT2 o
-

in

ce

ut

que
e

-
,

n-

elaxation duringt 1, especially if a15N chemical shift refocus
ng interval is utilized. In contrast, in PISEMA experimen
he magnetization is always locked in the rotating frame w
ts slower decay reflects the generally longerT1r relaxation
imes.

The indirectly detected free induction decays from the
ronuclear dipolar coupling oscillations shown in Fig. 5 w
btained by applying the heteronuclear spin exchange
equences shown in Fig. 4. This comparison demonstrate
he various schemes for homonuclear1H–1H decoupling affec
he heteronuclear1H–15N dipolar interaction. In Figs. 5B an
D, Lee–Goldburg and a windowless version of an isotr
ultiple pulse sequence (WIM-24) (8, 43), respectively, ar
sed for homonuclear1H–1H decoupling and to lock the1H
agnetization along the effective field direction. The RF fi

trength in the15N channel is matched to the effective field
he 1H channel during the mixing period. These procedure
dequate for determining the dipolar oscillations assoc
ith the 15N resonance labeleda (Table 1), which correspon

o a heteronuclear dipolar coupling of 17.58 kHz. The go
o implement a pulse sequence, which minimizes the scali
he 1H–15N dipolar coupling frequencies with maximum su
ression of the homonuclear1H–1H dipolar couplings. Thi
ould enable the observation of oscillation of the15N magne

ization with a frequency corresponding to the scaled1H–15N
ipolar coupling as a function of the mixing time. Ho
ver, it is well known that the buildup of magnetizat
uring conventional on-resonance spin-lock cross-polariz
eaches a steady state due to the effects of1H–1H spin diffusion
n most chemical and biochemical samples, after the in
trong dipolar oscillations. Results using Lee–Goldburg
esonance irradiation are generally better than those obt
ith polarization-inversion cross-polarization and WIM-
lthough the results of WIM-24 for smaller dipolar couplin

or example, the15N resonances labeleda andb, are better tha
hose with larger dipolar couplings, such as those labeledc and
. In pulse sequences with longer cycle times, the oscilla
ue to larger dipolar couplings cannot be sampled corr
ecause they are aliased. Thus, there are advantages to
omonuclear decoupling pulse sequences with short

imes. This becomes even more important when larger1H–13C
ipolar couplings are examined (24).
The data show that the SEMA and PISEMA pulse

uences, which have the same favorable scaling factor,
n significant extensions of the dipolar free induction dec
he dipolar oscillations typically last 4 ms after the15N mag-
etization is spin-locked. In practice, a 10-ms spin lock of

15N magnetization with phase-alternated RF irradiation re
n the loss of only 5% of the initial magnetization. T
ompares to a loss of roughly 10% of the magnetization
ontinuous irradiation under the same conditions. Contin
nd flip–flop1H Lee–Goldburg irradiation result in loses of
nd 20%, respectively, over 10 ms. This suggests that the

f magnetization and damping of the dipolar oscillations ob-
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136 RAMAMOORTHY, WU, AND OPELLA
erved with mixing times longer than 4 ms in PISEMA exp
ments are not due to inefficiencies of the individual spin-l
rocedures. While there may be some loss of magnetiz
ue to imperfect synchronization of the phase and frequ
hifts in the1H RF irradiation and the phase shifts in the15N RF
rradiation, the loss of magnetization duringt 1 could also
eflect effects of the couplings of the15N and its attached1H
ith more distant hydrogens. In NAL there are several hy
ens, in addition to the directly bonded one, within 3 Å of the
mide15N, that could contribute to the damping of the dipo
scillations. Alternatively, the damping could result from
naveraged higher order terms of the homonuclear1H–1H

FIG. 7. Two-dimensional HETCOR planes extracted from the thre
eteronuclear dipolar coupling frequency from one molecule ofN-acetylleuc
ipolar Hamiltonian with flip–flop Lee–Goldburg irradiation. B
-
k
on
cy

-

r

Correlation of 1H and 15N chemical shift frequencies
emonstrated in the two-dimensional spectrum in Fig. 3C1H

inewidths on the order of 0.8 ppm are associated with the15N
esonances that have 1–3 ppm linewidths in this single-cr
ample. Notably, the1H chemical shift frequency associa
ith each15N chemical shift frequency is different. Also n

able, at some orientations of the crystal, poorly resolved15N
ines can be differentiated by their1H chemical shifts. Th
EMA mixing sequence leads to in-phase magnetization t

ers from the1H directly bonded to the15N that are selectiv
nd without phase anomalies regardless of the length oft 1

nterval. Flip–flop Lee–Goldburg irradiation is preferable

imensional data set shown in Fig. 6. Each plane is associated with1H–15N
.

e-d
R-24 during thet 1 interval of HETCOR experiments because
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137EXPERIMENTAL ASPECTS OF MULTIDIMENSIONAL SOLID-STATE NMR
f its more favorable scaling factor and shorter cycle time.
ycle times of the multiple pulse sequences are crucial wh
arge spectral width of protons has to be covered withp/2 pulse
idths .3 ms, which is typically the case for biological sa
les in relatively large samples in high field magnets.
A three-dimensional correlation spectrum of a single-cry

ample of NAL is shown in Fig. 6. The three-dimensional p
equence is similar to that used for the two-dimensi
ETCOR sequence shown in Fig. 2C except that the SE
ixing interval is incremented to generate the heteronu
ipolar coupling frequency dimension. Two-dimensio
lanes extracted from the three-dimensional data set are s

1

FIG. 8. Two-dimensional PISEMA planes extracted from the three-di
requency from one molecule ofN-acetylleucine.
n Figs. 7 and 8. Figure 7 contains two-dimensionalH chem- a
e
a

l
e
al
A
ar
l
wn

cal shift/15N chemical shift spectra for the four different1H–
15N dipolar coupling frequencies and Fig. 8 contains t
imensional 15N chemical shift/1H–15N dipolar coupling
pectra for the four different1H chemical shift frequencies.
The three-dimensional spectrum in Fig. 6 illustrates the

egree of selectively that can be obtained by implemen
ffective homo- and heteronuclear decoupling procedures

ng multiple incremented intervals. In most applications,
specially to uniformly isotopically labeled proteins, it is c
ial that the optimal phase- and frequency-switched irra
ions be selected and optimized. Many of the parameters t
nd optimized for this class of solid-state NMR experim

nsional data set shown in Fig. 6. Each plane is associated with the1H chemical shif
me
re illustrated in this Article. Carefully set-up flip–flop Lee–
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138 RAMAMOORTHY, WU, AND OPELLA
oldburg irradiation is a remarkably flexible tool for perfor
ng selective averaging in multidimensional solid-state N
xperiments.

EXPERIMENTAL

The experiments were performed on a homebuilt N
pectrometer with a 12.9-T wide-bore Magnex 550/89 ma
he probe had a single 5-mm-ID solenoidal coil double-tu

o the 550- and 55.7-MHz resonance frequencies of the1H and
15N nuclei.

The sample was a 28-mg single crystal of15N-acetylleucine
hich was prepared by acetylation of 99% enriched15N-L-

eucine (Isotec, Miamisburg, OH) with acetylanhydride in
rated NaOH solution followed by crystallization from aq
us solution. The crystal was placed at an arbitrary orient

n the coil and the measurements were made at ambient
erature. The structure of this crystal form of NAL was de
ined by X-ray diffraction and found to have four uniq

FIG. 9. A. Pulse sequence diagram for the experimental procedure u
easure the scaling factor for the flip–flop Lee–Goldburg irradiation. B.
f the observed (scaled) frequency as a function of the actual offset
ample of liquid water.
olecules in the unit cell. l
t.
d

-
-
n
m-
-

Radiofrequency irradiations with field strengths corresp
ng to 61 kHz were applied at both the1H and the 15N
esonance frequencies. The frequency jumps were647 kHz to
atisfy the Lee–Goldburg off-resonance condition for ho
uclear decoupling. During the spin-lock period of PISE
nd SEMA pulse sequences the15N RF field strength wa

ncreased to 77 kHz to match the effective field strength o
1H RF field strength under these conditions. The chem
hifts of the resonances were referenced to1H of water at 4.8
pm and15N of (NH4)2SO4 at 0 ppm, respectively. The slo
eld drift of the magnet was compensated by supplyin
ontinuous ramp of dc current to the Zo coil of the ro
emperature shims.

Several tune-up pulse sequences are employed to op
he relative phases and amplitudes of the RF irradiation u
he 1H resonance of a sample of liquid water and the15N
esonances of the NAL crystal sample. The synchronizatio
he phase and frequency jumps was checked very care
ower reflections from the probe, as observed on an os
cope with an in-line directional coupler, were minimiz
nder high-power irradiations by careful adjustment of
robe tuning for both on- and off-resonance frequencies.

1H RF power amplifier was tuned so that the amplitude o
utput was the same on- and off-resonance. Differences

1H RF power output as a function of frequency offset resul
shift of the observed1H resonance frequencies in the res

ng two-dimensional HETCOR spectrum. The difference
he net flip angles during the first and second halves of
ee–Goldburg cycle lead to the rotation of the1H transvers
agnetization by a certain angle after each cycle, as if an

to
t
a

FIG. 10. Pulse sequences diagrams for the experimental procedure
o check the performance of the spectrometer. A. Phase-alternated15N spin-

1
ock. B. Phase-alternated and frequency-shifted Lee–GoldburgH spin-lock.
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139EXPERIMENTAL ASPECTS OF MULTIDIMENSIONAL SOLID-STATE NMR
-field was applied, resulting in a uniform shift of the entire1H
pectrum. This can be monitored by observing the1H reso-
ance of water after it evolves under flip–flop Lee–Goldb

rradiation applied during an incremented period in a t
imensional experiment, as shown in Fig. 9. This stage o

une-up procedure is very important in order to measur1H
hemical shifts accurately. In addition, an amplitude mism
uring the Lee–Goldburg cycle results in line broadenin
oth HETCOR and PISEMA spectra due to inefficient ho
uclear1H–1H decoupling and it changes the matching co

ion, which effects the evolution of the heteronuclear dip
oupling frequencies.
The pulse sequence diagrammed in Fig. 9A also enable

1H resonance of water to be used to measure the experim
caling factor of the flip–flop Lee–Goldburg pulse seque
ypically, we find the scaling factor to be 0.55 (with
ncertainty of60.01), compared to the theoretical value
.58 (Fig. 9B) Two-dimensional HETCOR experiments o
ingle crystal of NAL are used to optimize the multiple Le
oldburg parameters.1H linewidths are monitored as the jum

requencies and the cycle times of the sequence are v
nteractively. The linewidths of the1H resonances decrea
ramatically as the optimal Lee–Goldburg conditions are
roached. A control experiment is always performed with

he flip–flop Lee–Goldburg spin-lock irradiation in the1H
hannel of the PISEMA sequence to check the efficiency o

15N spin-lock and to confirm that the15N magnetization doe
ot oscillate as a function of the spin-lock period (Fig. 10
imilarly, the1H magnetization following the initial 90° pre
ration pulse is spin-locked by the flip–flop Lee–Goldb

rradiation and then transferred via cross-polarization to15N
Fig. 10B) to test the efficiency of the1H spin-lock in the
ISEMA experiment. These control experiments are impo
ecause phase transients due to the phase alternation o
ower pulses during the spin-lock result in imperfect s

ocking. Similar errors can also come from imperfections of
F phase shifts. These false oscillations look like extra dip
oupling frequencies in the final spectra; thus the sources
e eliminated during the tune-up procedures. To some e

hese frequencies are unavoidable in PISEMA spectra of
er samples; however, they can almost always be elimin

rom spectra of single crystal and oriented biopolymer s
les. To reduce this problem in powder samples, the PISE
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ephasing magnetization due to the phase transients, w
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