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Polarization inversion spin exchange at the magic angle
(PISEMA) [J. Magn. Reson. A 109, 270 (1994)] is an important
experiment in NMR structural characterization of membrane pro-
teins in oriented lipid bilayers. This paper presents a theoretical
and experimental study of the spin dynamics in PISEMA to
investigate the line-narrowing mechanism. The study focuses on
the effect of neighboring protons on the spin exchange of a
strongly coupled spin pair. The spin exchange is solved analyti-
cally for simple spin systems and is numerically simulated for
many-spin systems. The results show that the dipolar couplings
from the neighboring protons of a strongly coupled spin pair
perturb the spin exchange only in the second order, therefore it has
little contribution to the linewidth of PISEMA spectra in compar-
ison to the separated-local-field spectra. The effects from proton
resonance offset and the mismatch of the Hartmann–Hahn con-
dition are also discussed along with experimental results using
model single-crystal samples. © 2000 Academic Press

Key Words: spin exchange; PISEMA; line narrowing; multiple
pin effect.

1. INTRODUCTION

Nuclear spin dipolar couplingDij 5 (m 0g ig jh/8p 2r ij
3)

2(cosu ij ) depends not only on the internuclear distancer ij ,
but also on the orientation of the internuclear vector to
applied magnetic field,u ij . For polycrystalline samples, t
superposition of the dipolar coupling overu ij yields the well
known Pake pattern (1) from which the internuclear distan
can be measured. For oriented samples, the dipolar coupl
a spin pair with known bond length, e.g.,13C–1H and 15N–1H,
yields directly the orientation of the bond vector to the m
netic field. For the measurement of the heteronuclear cou
proton homonuclear decoupling is required as the spin
usually strongly interacts with a proton coupling network2).
Furthermore, the separated-local-field (SLF) experiment
separate heteronuclear dipolar coupling by chemical shift
two-dimensional (2D) spectrum and the dipolar coupling
numerous spin pairs can be measured from a single 2D e
iment (2–4).
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Heteronuclear dipolar coupling can also be meas
through the transient oscillation of spin exchange indu
by the flip-flop terms,H Si 5 D Si (S1I 2

i 1 S2I 1
i )/ 2, of the

dipolar Hamiltonian (3, 5). The polarization inversion sp
exchange at the magic angle (PISEMA) experiment6)
combines the spin exchange scheme and the frequ
switched Lee–Goldberg (FSLG) proton homonuclear de
pling sequence (7, 8) and it achieves an order of magnitu
in line narrowing over the SLF experiment. The line n
rowing dramatically improves the spectral resolution
quired to resolve the large number of chemical site
complex systems and the PISEMA experiment has
successfully applied in the structure determination of m
brane proteins in oriented lipid bilayers (9 –11).

Several mechanisms contribute to the line narrowin
the PISEMA experiment. It has been attributed that
decay of spin exchange is governed by the spin–la
relaxation time in the rotating frame,T1r, which is usually
much longer thanT2 (6). The study here focuses on t
dipolar couplings from the neighboring protons and t
contribution to the linewidth in PISEMA and SLF spec
In the SLF experiment, each of these protons adds a spl
to the dipolar spectrum and the superposition of var
weak couplings from numerous surrounding protons e
tively broadens the spectral lines. In the PISEMA exp
ment, the linebroadening effect from neighboring proton
not straightforward. In the flip-flop form, the dipolar co
plings from various protons do not commute [H Si, H Sj] Þ 0
and the spin exchange cannot be generally solved for
tiple spin systems. In the following, the spin exchang
simple XH, XH2, XH3 (X 5 13C or 15N) spin systems i
treated analytically and computer simulations are use
study the spin exchange in many-spin systems. The
parison between the resulting PISEMA spectra and
corresponding SLF spectra reveals drastic differences in
broadening between the two experiments. The effects
the proton resonance offset and the mismatch of the H
man–Hahn condition are also studied along with experim
tal results using model single-crystal samples.
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137SPIN DYNAMICS OF PISEMA IN MULTIPLE SPIN SYSTEMS
2. THEORY

2.1. Spin Hamiltonian

In a NMR experiment, the spin Hamiltonian generally c
sists of the interaction with the applied radiofrequency (
magnetic field and the internal Hamiltonian of the spin
tems,

H 5 HRF 1 H int. [1]

For anS spin interacting with a group of proton (I ) spins, the
internal Hamiltonian includes the chemical shift, the het
nuclear dipolar coupling, and the homonuclear dipolar
pling among theI spins,

H int 5 HCS 1 HSI 1 HII ,

HCS 5 DvSSz 1 O
i

Dv I
i I z

i ,

HSI 5 O
i

DSi2SzI z
i ,

HII 5 O
i,j

Dij@2I z
i I z

j 2 ~I 1
i I 2

j 1 I 2
i I 1

j !#, [2]

whereDij 5 (m 0g ig jh/8p 2r ij
3) P2(cosu ij ) are the dipolar cou-

ling frequencies. The RF Hamiltonian can be generally w
en as

HRF 5 v1S~coswSSx 1 sinwSSy!

1 O
i

v1I~ cosw II x
i 1 sinw II y

i !, [3]

wherev 1S 5 2gSB1S andv 1I 5 2g IB1I represent the applie
RF irradiation with phasewS and w I to the S and I spins
espectively.

The PISEMA pulse sequence shown in Fig. 1 combine
requency-switched Lee–Goldberg sequence (7, 8) with the
artmann–Hahn cross polarization (12, 13) for measuring th

spin exchange under proton homonuclear decoupling. D
the FSLG sequence, the1H effective field is tilted by th
requency offset. It is convenient to rotate the reference fr
hrough substituting the spin operatorsI x

i 3 cosuMI x
i 1 sinuM

I z
i , I y

i 3 I y
i , I z

i 3 cosuMI z
i 2 sinuMI x

i such that the effectiv
field is along thez axis. In this tilted frame, the RF Hamiltoni

ecomes

HRF 5 s~t!~v1SSz 1 O
i

v I
effI z

i !, [4]

wherev I
eff 5 2g IBI

eff. The sign,s(t), denotes the inversion
-
)
-

-
-

t-

e

ng

e

the effective fields of theI andS spins by the frequency a
phase shift. Under strong RF irradiation, the internal
Hamiltonian is truncated by the RF Hamiltonian and only
terms which commute with the RF Hamiltonian remain in
average Hamiltonian. Thus, the off-resonant1H RF irradiation
scales the proton chemical shift by cosuM,

HCS 5 O
i

cosuMDv I
i I z

i , [5]

and the homonuclear dipolar interaction byP2(cosuM),

HII 5 O
i,j

P2~cosuM! Dij@2I z
i I z

j 2 ~I 1
i I 2

j 1 I 2
i I 1

j !#. [6]

The homonuclear dipolar coupling becomes zero whenI
spin effective field is at the magic angle, tanuM 5 v 1I /Dv I 5

FIG. 1. (a) PISEMA pulse sequence. (b)1H effective field during FSLG
homonuclear decoupling sequence. (c) Phase ramp which can be u
generate the FSLG sequence.
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138 ZHEHONG GAN
=2. The repeated inversion of theH effective field with an
nterval t 5 2p/=v 1I

2 1 Dv I
2 further suppresses the hig

order terms in the average Hamiltonian of the FSLG p
sequence (8). Figure 1 also shows the phase ramp wh
generates the FSLG decoupling sequence. A frequency s
equivalent to a time-dependent RF phase,w I(t) 5

0
t Dv I(t9)dt9.
The heteronuclear dipolar interaction remains when the

plitudes of two effective fields are near the Hartmann–H
conditionv 1S 5 v I

eff. The dipolar Hamiltonian takes the fli
flop terms and it is scaled by sinuM,

HSI 5 O
i

sinuMDSi

~S1I 2
i 1 S2I 1

i !

2
. [7]

mall mismatch of the Hartmann–Hahn condition can be t
nto account by a mismatch term in the RF Hamiltonian.
hase and frequency switching alters the sign,s(t), and it

averages the mismatch term after a complete FSLG cyc
Fig. 1a, a 90°–uM pulse is applied immediately before

volution period in the PISEMA pulse sequence. This pul
sed to maximize the difference of polarization between tS

and theI spins for spin exchange,

s~0! } Sz 2 Fz. [8]

In the SLF experiment, the heteronuclear dipolar coup
takes the 2SzI z

i term and it is scaled by cosuM with the FSLG
sequence used for homonuclear decoupling,

H SI
SLF 5 O

i

cosuMDSi2SzI z
i . [9]

.2. Spin Exchange in a Two-Spin System

First we consider the spin exchange in an isolated two
S system. The evolution under the heteronuclear dipolar
ling HSI 5 sinuMDSI (S1I 2 1 S2I 1)/ 2 can be obtaine

analytically,

s~t! 5 e2iHSI ts~0!eiHSI t}~Sz 2 I z!cos~sinuMDSIt!

1 i ~S1I 2 2 S2I 1!sin~sinuMDSIt!. [10]

hus the dipolar coupling converts the difference in pola
ion into two-spin orderSxI y 2 SyI x. The spin exchange lea
to the signal

s~t! 5 Tr@Szs~t!# 5 s~0!cos~sinuMDSIt!, [11]

hich yields a doublet separated by 2sinuMDSI in the frequenc
domain.

The treatment of the two-spin system can be extended
e
h
t is

-
n

n
e

In

is

g

in
u-

-

he

Liouville space such that the relaxation effect from the la
can be considered. The base operators,B1 5 (Sz 2 I z)/ 2,
B2 5 (S1I 2 1 S2I 1)/ 2, andB3 5 2i (S1I 2 2 S2I 1)/ 2, are
sufficient to describe the evolution in the Liouville space un
the Hamiltonian,H 5 HSI 1 HCS,

d

dt
ai~t! 5 O

i

Wijaj~t!, [12]

Wij 5
Tr $iH @Bi, Bj# 1 BiĜBj%

Tr $Bi
2%

5 F 2R1 0 sinuMDSI

0 2R2 2Dv I cosuM

2sinuMDSI Dv I cosuM 2R3

G . [13]

In Eqs. [12] and [13],ai(t) are the expansion coefficients of
density operator andĜ is the relaxation superoperator (14).
Along the diagonal of the rate matrix,R1 is the rate constant f
the decay of spin polarization,Sz 2 I z, andR2 5 R3 is the rate
constant for the decay of two-spin coherences. A simple
tion can be obtained whenR1 ' R2 5 R,

s~t! 5 s~0!Fsin2j 1 cos2j cosSsinuMDSI

cosj
tDGe2Rt, [14]

where tanj 5 Dv IcosuM/DSIsinuM. The proton resonan
offset introduces a constant component, sin2j, in the time
domain signal which corresponds to a central peak in
dipolar spectrum. The offset also changes the oscillation
quency to=(sinuMDSI)

2 1 (Dv IcosuM) 2 and it makes th
splitting larger. The transient oscillation of spin exchang
damped byR. In addition to the spin–lattice relaxation in t
rotating frame,T1r, of theS spin, the spin diffusion among t
protons also contributes to the rate constants. Depending
homonuclear decoupling efficiency, proton spin-diffus
caused by the residual homonuclear coupling can be
dominant in the contribution to the damping of spin excha

2.3. Spin Exchange in a Many-Spin System

Spin exchange in two kinds of many-spin systems wil
treated analytically: anSI2 three-spin system and anS spin
oupled toN magnetically equivalentI spins. For theSI2

three-spin system,HSI is a sum of the heteronuclear dipo
couplings from the two protons,

HSI 5 sinuMFS1

~DS1I 2
1 1 DS2I 2

2 !

2

1 S2

~DS1I 1
1 1 DS2I 1

2 !G . [15]

2
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139SPIN DYNAMICS OF PISEMA IN MULTIPLE SPIN SYSTEMS
For the matrix presentation of the Hamiltonian, the proton
states, sinau1 2& 2 cosau2 1&, u1 1&, sinau1 2& 1 cosau2 1&,
nd u2 2& with tana 5DS2/DS1 are chosen as the base kets.
spin operators inHSI can then be explicitly written as

DS1I 2
1 1 DS2I 2

2

ÎD S1
2 1 D S2

2 5 3
0 0 0 0
0 0 1 0
0 0 0 1
0 0 0 0

4 ,

DS1I 1
1 1 DS2I 1

2

ÎD S1
2 1 D S2

2 5 3
0 0 0 0
0 0 0 0
0 1 0 0
0 0 1 0

4 . [16]

The Hamiltonian contains only the elements within the thrI
spin states:u1 1&, sinau1 2& 1 cosau2 1&, u2 2&. The
orresponding 33 3 subspace can be expressed by a
perator,F 5 1. Therefore, the dipolar Hamiltonian can

rewritten as

HSI 5 sinuMÎ~D S1
2 1 D S2

2 !/ 2
~S1F2 1 S2F1!

2
. [17]

In the case of anSspin coupled toN proton spins with an equ
coupling frequency, the heteronuclear dipolar coupling H
iltonian can also be expressed in the form of Eq. [17] withF up
to N.

The spin exchange under the Hamiltonian,HSI 5
D(S1F2 1 S2F1), can be obtained analytically for arbitra
F. The Hamiltonian is diagonalized in the following eig
states with their corresponding eigenvalues,

uaf & · · ·
uam& 6 ubm 2 1&

Î2
· · · ub 2 f &,

0 · · · 6 DÎ~ f 1 m!~ f 2 m 1 1! · · · 0, [18

where ua& and ub& represent the twoS spin states andm runs
from 2f 1 1 to f for theF spin. The spin operators which a
elevant to the spin exchange have matrix elements exclus
ithin the pairs of eigenstates, (uam& 6 ub m 2 1&)/=2,

~Sz!m 5 30
1

2
1

2
04 , ~Fz!m 5 3m 2

1

2
2

1

2

2
1

2
m 2

1

2
4 ,

~HSI!m 5 DÎ~ f 1 m!~ f 2 m 1 1! F1 0
0 2 1G . [19]

Therefore, the evolution of theS spin magnetization has t
following oscillating components:
in

e

in

-

ly

O
m52f11

f

Tr $~Sz!me2i ~HSI!mt @~Sz!m 2 ~Fz!m#ei ~HSI!mt%

5 O
m52f11

f

2 cos~DÎ~ f 1 m!~ f 2 m 1 1!t!. [20]

n the case of theSI2 three-spin system,F 5 1, the two
scillating components,m 5 0, 1, have the same frequen

s~t! 5 s~0!cos@~sinuMÎD S1
2 1 D S2

2 !t#. [21]

Fourier transformation of the signal yields a doublet s
ated by 2sinuM =DS1

2 1 DS2
2 . For a rapid rotating meth

group, the heteronuclear dipolar Hamiltonian can be expre
in a subspace of anS spin coupled to anF 5 3

2 spin and two
subspaces of anS spin coupled to anF 5 1

2 spin. From Eq
[20], the spin exchange in theF 5 3

2 space has two frequenci
=3sinuMD (m 5 3

2, 21
2) and 2sinuMD (m 5 1

2), with an
amplitude ratio of 2:1. In theF 5 1

2 subspaces, the sp
exchange has one frequency, sinuMD. Therefore, the PISEM
spectra of a methyl group shows six peaks in Fig. 2.

3. RESULTS AND DISCUSSION

Figure 2 shows the comparison between PISEMA and
spectra ofSI, SI2, andSI3 spin systems. For an isolated s
pair, the two experiments yield similar spectra differing o
by the scaling factor which favors PISEMA by tanuM 5 =2.
For anSI2 group, the SLF spectrum shows four peaks co-
sponding to the four spin states of the two protons; howe
the PISEMA spectrum remains as a doublet with splitt
2sinuM=DS1

2 1 DS2
2 . The spectra are also different between

two experiments for a methyl group. The splitting in theSI2

case can be used to estimate the effect from one neighb
proton to the PISEMA spectrum of a strongly coupled
pair. The neighboring proton does not cause any addit
splitting and, whenDS1 @ DS2, it merely perturbs the splittin
by (DS2

2 / 2DS1)sinuM, which is a second-order effect.
Figure 3 shows the simulations of spin systems with u

five protons and it further demonstrates the difference in
broadening from neighboring protons between the PISE
and the SLF experiments. In the simulations,DS1 5 10 kHz
represents a typical strongly coupled spin pair and va
weak dipolar couplings are used to simulate the effect from
neighboring protons. The weak dipolar couplings cause m
plets in the SLF spectra and they broaden the dipolar spe
of the DS1 5 10 kHz spin pair. In contrast, the PISEM
spectra are merely perturbed by the various weak coup
The linewidth of the doublet remains narrow and spe
expansion is required to see the multiple spin effect in Fi
The center frequency of the multiplet is slightly shifted by
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140 ZHEHONG GAN
weak couplings. The shift, estimated at about¥ i.1 (DSi/
2DS1)sinuM, makes the apparent splitting slightly larger, an
could have an effect on the measurement of dipolar split
The addition of weakly coupled protons also causes s
peaks near the zero frequency in the PISEMA spectra.

The line-narrowing mechanism in PISEMA can be
plained by the truncation of the weak dipolar couplings f
the neighboring protons by the much larger dipolar Ham
nian of the strongly coupled spin pair. In the SLF experim
the heteronuclear dipolar coupling Hamiltonians from var
protons commute with each other and no truncation t
place. Each addition of a proton causes a splitting with
dipolar coupling frequency. In the PISEMA experiment,
flip-flop terms of the dipolar Hamiltonian do not commute w
the dominant term from the strongly coupled spin pair. T
the weak coupling terms from the neighboring protons
effectively truncated resulting in much narrower lines in c
parison with that in the SLF experiment.

Figure 4 shows the spectrum of a glycine single-cry
sample to demonstrate the PISEMA experiment of a2

group. The unit cell of the single crystal has four molec
which are related in pair by inversion symmetry (15), therefore
there are two magnetically inequivalent methylene and
boxyl sites in the single-crystal sample. The spectrum in F

top to bottom, for 2-, 3-, 4-, 5-, and 6-spin systems. The spectra were
oupling,HSLF 5 ¥ i cosuMDSi2SzI z

i andHPISEMA 5 ¥ i sin uMDSi (S1I 2
i 1 S2I 1

i )/ 2
, the expansions near the main doublet and the central region are plott
FIG. 2. Simulations of SLF (left) and PISEMA (right) spectra ofSI, SI2,
andSI3 spin systems. The frequency axes are scaled by cosuM and sinuM in the

LF and PISEMA spectra, respectively, because of the FSLG1H homonuclea
ecoupling.
FIG. 3. Comparison of (a) SLF and (b) PISEMA spectra simulated, from
umerically using the Hamiltonian including only the heteronuclear dipolar c

with the coupling frequenciesDSi listed in the figure. In the PISEMA spectra
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141SPIN DYNAMICS OF PISEMA IN MULTIPLE SPIN SYSTEMS
shows doublets along thev1 dimension for CH2 groups and
is in agreement with the results from the theory and
simulations. Along thev2 dimension, the methylene peaks
split into triplets due to the dipolar coupling to the nearby14N
pin. The spacings within a triplet are slightly different du
he large 14N quadrupolar interaction (16–25). The 13C–14N
dipolar coupling frequency, however, can be measured
the splitting between the two outer peaks, because the se
order quadrupolar effects are the same for them 5 11, 21
14N spin states.

The spectra of methyl-a-D-glucopyranoside in Fig. 5 dem
onstrate the effect of line narrowing to the spectral resolu
of a system with many sites. The four inequivalent molec
per unit cell cause 28 lines for the single-crystal sample. M
peaks that are overlapped in the SLF spectrum becom
solved in the PISEMA spectrum. In the PISEMA spectrum
peaks with smaller splittings show more complicated lines
than the peaks with larger splittings. This difference co
from the fact that the truncation becomes less effective w
the dipolar couplings from neighboring protons are compa
to that of the13C–1H spin pair.

FIG. 4. 2D PISEMA spectrum of a glycine single crystal at an arbit
crystal orientation. The inset shows the spectral region of the meth
groups. The spectrum was acquired at room temperature on a 300-MHz
Avance DMX spectrometer equipped with a 4-mm MAS probe operat
static mode. The1H RF field,gB1I / 2p, was set to 100 kHz during a 1-ms cr
polarization and thet 2 period and was lowered to 82 kHz during thet 1 period.
The 13C RF field, gB1S/ 2p, was 100 kHz, satisfying the Hartmann–Ha
ondition during both the cross polarization and thet 1 period for spin ex-
hange. For better timing control of the phase and frequency shift, the
equence was implemented by the RF phase ramp shown in Fig. 1c us
aveform generator of the spectrometer. The generated frequency sh
etermined by the slope of the phase ramp,Dv I 5 (62pcosuM)/t. A total of
4 t 1 increments were acquired for the 2D experiment with 128 scans for

t 1 increment and a 1-s delay between scans. The single crystal, about 23 2 3
mm in size, was grown from slow evaporation of an aqueous solution
e

o

m
nd-

n
s
y

re-
e
e
s
n
le

The match of the Hartmann–Hahn condition is critical
spin exchange. In the PISEMA experiment, the effective fi
are repeatedly inverted and the alternation of the sign,s(t), in
the RF Hamiltonian averages the mismatch of the two effe
fields. PISEMA spectra with a mismatch of RF fields up to

FIG. 5. (a) SLF and (b) PISEMA spectra of a methyl-a-D-glucopyrano
side single crystal at an arbitrary crystal orientation. The SLF spectrum
acquired using the pulse sequence of 2D exchange experiment modi
applying FSLG1H homonuclear decoupling during thet 1 period. The PISEMA
spectrum was acquired using the pulse sequence in Fig. 1. In the SLF sp
the inclusion of chemical shift makes the dipolar spectra alongv1 nonsym-
metric. A 7-mm MAS probe was operated in the static mode for the mea
ment. The maximum RF field,gB1/ 2p, was 62 kHz. Other experimen
details are described in Fig. 4. A total of 32t 1 increments were acquired for
2D PISEMA spectrum with 32 scans for eacht 1 increment and a 20-s de
between scans.
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142 ZHEHONG GAN
kHz were recorded (spectra not shown) and it was found
the mismatch has little effect on the dipolar splitting. T
proton resonance offset, however, is not averaged by the F
sequence and remains effective. Figure 6 shows a peak
PISEMA spectrum in Fig. 5b with various1H RF frequencies
The dipolar splitting clearly shows a small quadratic de
dence on the1H resonance offset which is in agreement w
the oscillation frequency of spin exchange in Eq. [14], app
imated asDS1sinuM 1 (cos2uM/ 2DS1sinuM) Dv I

2. The fre-
uency offset also increases the constant component in th
xchange and it causes the drop in intensity of the doub
hown in Fig. 6.
The comparison between the PISEMA and the SLF ex
ents has been discussed so far only for static samples

wo experiments have been combined with magic angle sa
pinning (MAS) for better resolution and sensitivity. Un
AS, the information on dipolar coupling can be extrac

rom the spinning sideband intensities (26–28). In the SLF
xperiment, the heteronuclear dipolar Hamiltonian mutu
ommutes at any time during the sample rotation. The br
ning from the heteronuclear dipolar coupling isinhomoge
eous,a term used by Maricq and Waugh, and MAS
ffectively narrow the lines even with the spinning rates lo

han the heteronuclear coupling (29). In the PISEMA experi
ent, the broadening from the heteronuclear coupling bec
omogeneousas the flip-flop dipolar Hamiltonian does n
ommute as the sample rotates. The difference in line b
ning in the SLF and PISEMA spectra of rotating sample
urrently under investigation.

4. CONCLUSION

It has been shown that the neighboring protons
strongly coupled spin pair have little effect on the l
broadening in PISEMA spectra. The line narrowing is o
inated from the truncation of the weak dipolar coupli
from neighboring protons by the dominant flip-flop coupl

FIG. 6. An array of contour plots of the peak at 112 ppm in Fig.
howing the dependence of the PISEMA splitting on the1H RF frequency.
at

LG
the

-

-

pin
as

ri-
he
le

r
d

ly
d-

n
r

es

d-
is

a

-
s

term of the strongly coupled spin pair. This truncation ef
is absent in the SLF experiment. In the PISEMA exp
ment, the mismatch of the Hartmann–Hahn conditio
compensated but the1H resonance offset and the multip
spin effect can distort the dipolar spectra particularly
spin pairs with small dipolar couplings. Despite these
fects, the narrow linewidth dramatically increases the r
lution of the PISEMA experiment and facilitates the use
heteronuclear dipolar coupling not only for orientatio
information but also for resolving spectral overlap along
dipolar dimension of the 2D experiment.
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