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Abstract

Simulations and experiments on simple oriented systems have been used to estimate the relative ratio of cross-peak to axial-peak
intensities in 2D-SLF experiments based on dipolar oscillations during cross-polarization (CP). The density matrix prior to dipolar evo-
lution is considered and for an isolated spin pair, it is shown that direct calculations of the ratios match well with simulations and exper-
imental results. Along with the standard CP pulse sequence, two other pulse sequences namely CP with polarization inversion (PI-CP)
and another novel variation of the standard CP experiment (EXE-CP) reported recently have been considered. Inclusion of homonuclear
dipolar coupling has been observed to increase the axial-peak intensities. In combination with Lee-Goldburg (LG) decoupling, exper-
iments on an oriented liquid crystalline sample have been carried out and the performance of the pulse schemes have been compared. The
applicability of the new pulse sequence for different samples and different nuclei is discussed. Such studies are expected to lead to a better

understanding of the experiments and to the design of useful pulse sequences.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Measurement of heteronuclear dipolar couplings by the
use of dipolar oscillations observed during cross-polariza-
tion [1] incorporated into 2D-SLF experiments [2] has
become one of the important methods of structural eluci-
dation of oriented molecules. Both nematic liquid crystals,
which orient in a magnetic field and membrane peptides
and proteins, which are aligned either by magnetic fields
or by macroscopic means have been extensively studied
by this technique [3-7]. In this method spin evolution dur-
ing polarization transfer gives rise to the dipolar cross-
peaks, which for a two spin system can be understood to
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arise from evolution under mutually commuting zero-
and double-quantum sub-spaces [8]. Under conditions of
exact Hartmann-Hahn match, the evolution in the zero-
quantum sub-space alone contributes to the dipolar
cross-peak while the evolution in the double-quantum
sub-space contributes only to the axial-peak. Increasing
the cross-peak intensity enhances the sensitivity of the
experiment, while suppression of the axial-peak enables
resolution of cross-peaks arising from small dipolar cou-
plings. This requires that the initial density matrix is essen-
tially of zero-quantum in nature which can, for example, be
achieved by polarization inversion (PI) [9]. Subsequently,
the dipolar oscillations are monitored with the removal
of the homonuclear dipolar couplings by a suitable decou-
pling scheme. An example of such a combination of the
above two features is the PISEMA experiment [10].
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Thus the protocol for the design of these class of exper-
iments consists of two parts namely the preparation of the
initial density matrix prior to the #; evolution and the pulse
sequence during the dipolar evolution during the ¢, period.
The latter part of such experiments, where the actual polar-
ization transfer through heteronuclear dipolar couplings
takes place while homonuclear dipolar couplings are
removed has received considerable attention. Several pulse
sequences that are aimed at aspects such as better homonu-
clear decoupling efficiency and reduced sample heating and
off-set effects have been proposed [11-17]. Detailed descrip-
tions of the procedure to be adapted for setting up of such
experiments are also available [18]. However very little
attention has been paid to the initial preparation of the
density matrix. Polarization inversion prior to dipolar evo-
lution is generally accepted as the standard protocol.
Though PI was known for a long time and has been used
in a number of situations [19-26] to the best of our knowl-
edge there are very few studies in the context of the mea-
surement of dipolar coupling through the SLF
experiments [9]. There have also been very few reports of
investigation of alternate methods of preparation of the ini-
tial density matrix [27].

In this article we present quantitative comparison of
the relative ratio of cross-peak to axial-peak intensities
in three different experiments. Two of these are the stan-
dard Hartmann-Hahn cross-polarization (CP) and the
polarization inversion cross-polarization (PI-CP) experi-
ments. The third one is a modified CP experiment in
which an initial 90° pulse on the X-nucleus is added to
the standard H-H cross-polarization and involves the
equilibrium magnetization of the X-nucleus in the CP
process [27]. These three experiments differ in the pre-
paration of the initial density matrix. During the subse-
quent evolution period one may use any of the
heteronuclear polarization transfer protocols based on
spin exchange combined with a suitable homonuclear
decoupling sequence such as the FSLG sequence used
in PISEMA [10] and its variants [11-15] or the sequence
used in SAMMY [16,17]. In this presentation we have
used either LG or FSLG decoupling wherever necessary.
We present results of simulation carried out using
SIMPSON [28] and experimental results on oriented
13C labeled chloroform and dichloromethane samples.
A discussion of the effects of homonuclear coupling on
the spectrum is also presented. Application of these pulse
sequences to the nematic liquid crystal 4-n-pentyl-4’'-
cyanobiphenyl (5CB) and to a single crystal of [15]
labeled N-acetyl leucine, provides comparisons in terms
of practical utility of the sequences.

2. Theory

We begin by considering the equilibrium magnetization
of both the I and S spins and then analyze how they con-
tribute to the magnetization in the zero- and the double-
quantum sub-spaces that determine the relative ratio of
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Fig. 1. Equilibrium populations for two dipolar coupled 7 and S spins.

the cross-peak to axial-peak intensities. Fig. 1 presents
two dipolar coupled spins 7 and S with equilibrium popu-
lations of the respective « and f states being N}, Nj, and
N3, Njj. We assume that the 7 and S spins have equal abun-
dance. For natural abundance Carbon-13 or Nitrogen-15
this would amount to considering only those protons (/
spins) having a 'C or N (S spins) as a coupled partner.
We then have,

N, +Ny=N;+Ny=N (1)
Let
N, —Nj =n; and N}, — N}y = ng (2)

In equilibrium and under high temperature approximation,
let

Baliog (3)

np Y

We can divide this population distribution into sub-popu-
lations of the double- and zero-quantum states as,
Double-quantum :

NS N
Nm:NIX—z dN :NIX—/ 4
‘ « X 5 and Ny =Ny x — (4)

Zero-quantum :

Nj N3
— A B _ AL o
Naﬁ—Naxﬁ andN,;u_NﬂxW (5)

S . L NS
Here, NW represents the fraction of S spins in state « and
represents the fraction in state f3, such that
S S
N, +Ny

NW+NM;:N2><——

=M ©)

Similarly,

o

Npy + Ny =N,

B NM(-’-N/;;{:NS,

Ny +Ngpg = N;
(7)

The double- and zero-quantum magnetizations given by
M;* and M," are proportional to (N,,— Ngz) and
(N,s — Npg,), respectively.
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Leaving out the proportionality constants, we write,

I77S 1 A7S
NNy — NyN,

MézNoc/f_Nﬁoc:Tv (8)
I A7S I A7S
ME=N. — N = NNy — NNy 9)
z o BB N
1

M3 + M3 = [NL(NS + N§) = Nj(VS + )|

=Nl - N, =M, (10)
Similarly,
M3 — M4 = NS — N§ = Mg (11)

Here, M; and Mg are the magnetizations corresponding to
I and S spins, respectively. From Egs. (8) and (9), the ratio
of cross-peak intensity arising from zero-quantum magne-
tization to the axial-peak intensity arising from double-
quantum magnetization is obtained as,

1 Nng; - Nf;Ni

LN NN "

Rzgpg =

where the factor % has been introduced since in the 2D-SLF
experiment, the cosine modulation of the ZQ magnetiza-
tion gives rise to two cross-peaks in the F; dimension.
The above expression can be used to estimate the relative
ratio of cross-peak to axial-peak intensities for three differ-
ent cross-polarization pulse schemes shown in Fig. 2.

2.1. Standard CP

Fig. 2a is the standard cross-polarization sequence. In
this scheme, the equilibrium proton I-spin polarization
evolves during ¢, giving rise to the dipolar oscillations
monitored during #, with S spin signal. The dipolar oscilla-
tion is visualized by considering the I, magnetization in the
tilted rotating frame as a double-quantum (DQ) density
matrix %(IZ + S2) and a zero-quantum (ZQ) density matrix
%(IZ — S2) [8]. Under exact Hartmann—-Hahn match and
high rf power, the DQ density matrix remains essentially
unaltered, giving rise to the axial-peak in the 2D spectrum
and the ZQ term oscillates as %(IZ — Sz)cos(dt;), where d is
the dipolar coupling. Together they give an .S spin evolu-
tion given by %SZ(I — cos(d#;)). The Fourier transform
then yields the dipolar peaks in the F; dimension. The rel-
ative intensities of the cross-peak to the axial-peak depends
on the ratio of the ZQ population difference to the DQ
population difference as represented by (N,z — Ng,) and
(Nsy — Npp), respectively. In this case the initial 90° pulse
is only on the 7 spin, in contrast to the pulse scheme shown
in Fig. 2b. Hence the polarization of the S spin in the By
magnetic field is not used and in the tilted rotating frame
the o and f states of S are equally populated. Therefore
N3 = Nj = 4. Hence from Egs. (8) and (9),

N, = Nj

N“ﬁ_Nﬁ:x:Nm_Nﬁﬁ: 3

(13)

a 90
Y
g Decoupling
13, Y
Acquisition
6
—_—
b 90
Y
1 .
H Decoupling
90 _
Y
13 .
C Acquisition
t
_—
c 90x
Y Y
'H Decoupling
13c Y -Y
Acquisition
T t
_—

Fig. 2. (a) Conventional CP pulse sequence with dipolar evolution during
t; period. (b) EXE-CP pulse sequence which includes an additional 90°
pulse on carbon (S spin) in the CP sequence. The phase of the pulse is
opposite to that of the 90° pulse on proton (/ spin) (c) PI-CP pulse
sequence with an initial cross-polarization period 7 to achieve exclusively
initial ZQ density matrix at the start of #; period.

Therefore, the cross-peak has half of the axial-peak inten-
sity and Rzgpg = 0.5.

2.2. Equilibrium X-nuclear-polarization enhanced
cross-polarization (EXE-CP)

Fig. 2b is a modification to the standard CP pulse
sequence wherein an initial 90° pulse is added to the S spin
also [27]. This introduces the equilibrium S magnetization
in the cross-polarization process. However, the phase of
the 90° pulse is such that the combined density matrix in
the tilted rotating frame enhances the zero-quantum part
of the density matrix in comparison to the double-quantum
part, as described below.

Using Egs. (1)—(3),

NS+ N3 =N
N, — Nj = k(N}, — Np)
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we get,
N + k(N! — N
f:y (14)
N—k(Ni—N’)
Nj = ——5—" £ (15)

In Fig. 2b, because the S spin is polarized in a sense oppo-
site to that of the 7 spins during the spin-lock period, the
labels o and S get interchanged for the S spin. So Egs.
(14) and (15) are modified as,

_N_k(Ni_NI;)

S b
=— ~* P 1
N+ k(N — N!
; — M (17)
2
Substituting the above in Egs. (8) and (9),
1
M = (VN5 — NGNS)
1
:5(N§ - Np)(1 +k)
1
ME = (VINS — NjVY)
1
— (VL= Np)(1 = k)
11+%
R == 1
2000 =5 7% (18)

For carbon with k ~ 1, Rzqpq = 0.83.

In other words, the cross-peak intensity in a 2D-SLF
experiment increases by 25%. whereas, the axial-peak
intensity goes down by the same amount resulting in a
67% relative enhancement of cross-peak to axial-peak.
That this produces perceptible and desirable effect on the
2D-SLF spectrum is illustrated in the experimental section.

2.3. Cross-polarization with polarization inversion (PI-CP)

Fig. 2cincludes an initial '*C polarization period z, during
which the proton bath consisting of the rest of the protons
polarize the two spins /and Ssuch that the S spin population
matches that of the I spin. Therefore at the end of the
polarization period () and at the beginning of the polariza-
tion inversion period (z;), when the labels o and f of the S
spin are interchanged, the populations are given by,

N, =Nj and Ny =N,

From Egs. (8) and (9), the DQ and ZQ magnetizations are
given by,

I 1
M =0and M3 = (N7 = (V)] =N =N (19)

Comparing Eqgs. (19) and (13), there is a twofold increase in
the intensity of the ZQ magnetization, whereas the initial
DQ magnetization is zero. This should result in the com-
plete absence of the axial-peak with Rzgpg tending to a
very large number. In practice, there are other factors that

contribute to the axial-peak, such as the presence of homo-
nuclear couplings among protons. In the subsequent sec-
tion we present experimental results and simulations that
confirm the above observations.

3. Experimental

Experiments have been carried out on an oriented sam-
ple of '3C labeled chloroform oriented in the liquid crystal
N-(p’-ethoxybenzylidine)-p-n-butylaniline (EBBA) at room
temperature on a Bruker DSX-300 FTNMR spectrometer
with a proton resonance frequency of 300.13 MHz and a
13C resonance frequency of 75.47 MHz, using a double res-
onance MAS probe without spinning the sample. The car-
bon spectrum of this sample shown in Fig. 3a is a doublet
with a separation of 7.72 kHz equal to J + 2D, where J is
the indirect spin-spin couplings and D is the dipolar
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Fig. 3. (a) Proton coupled '*C spectrum of '*C labeled chloroform
oriented in the liquid crystal EBBA. (b) 2D-SLF spectrum of chloroform
obtained using the CP pulse scheme shown in Fig. 2a.
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coupling between proton and carbon scaled by the order
parameter along the C—H vector [29]. This sample serves
as a model isolated I-S spin pair. We have also carried
out experiments on '’C labeled dichloromethane
(3CH,Cl,) (DCM) oriented in the liquid crystal EBBA.
In this case the protons have equal coupling to the carbon
and also have a dipolar coupling between themselves and
the spin-system serves as an isolated IS system. The 2D-
SLF pulse scheme shown in Figs. 2a—c have been employed
to record the spectra of the oriented chloroform sample
while the pulse schemes of Figs. 2a and b have been applied
on the oriented DCM sample. Experiments have also been
carried out on an oriented sample of the nematic liquid
crystal SCB at room temperature. In this case the pulse
sequences have been modified to include homo-nuclear
dipolar decoupling during the #; period using the LG
sequence with spin exchange at the magic angle [10]. Typ-
ically the 2D data were acquired with 64 ¢ increments of
65 us each. Recycle delay of 15 s was used to avoid sample
heating. 30 kHz rf was used for both proton and carbon
during cross-polarization and 55 kHz rf was used for pro-
ton decoupling. #; domain data were zero filled to 512
points and the data set of 4096 x 512 were double Fourier
transformed in magnitude mode. An experimental 2D-SLF
spectrum of chloroform obtained using Fig. 2a is shown in
Fig. 3b. In subsequent discussion the cross-section through
the contours is discussed. In order to check the perfor-
mance of the different pulse sequences for nuclei with very
low gyromagnetic ratio, similar experiments involving '°N
have also been carried out on an '°N labeled single crystal

sample of N-acetyl leucine (NAL) on a Varian UNITY
INOVA NMR spectrometer at a proton operating frequen-
cy of 500 MHz.

4. Results and discussion

Figs. 4a—c show simulation results of the 2D-SLF exper-
iments obtained using the programme SIMPSON [28] for
two heteronuclear spins corresponding to the pulse
schemes shown in Fig. 2. Fig. 4a is the F; cross-section cor-
responding to the experiment that utilizes the standard CP
evolution as depicted in Fig. 2a, in which the initial density
matrix is /. Evolution of the spin-locked magnetization
during ¢, gives rise to both cross-peaks and axial-peaks cor-
responding to evolution in the zero- and double-quantum
sub-spaces, respectively. Each of the cross-peak has half
the intensity of the axial-peak as expected based on Eq.
(13). Fig. 4b corresponds to an initial density matrix
17+ 'SSZ, but with the pulse phases adjusted such that
the 7'and S magnetizations are polarized in the opposite
directions durmg spin-lock such that the density matrix
becomes 7; — SZ in the tilted rotating frame. This gives
rise to an addltlonal contribution to the zero-quantum den-
sity matrix and the subsequent evolution enhances the
intensity for the cross-peak while reducing the axial-peak
intensity. For % = 0.25, this gives the intensity ratio pre-
dicted by Eq. (18) The EXE-CP pulse scheme of Fig. 2b
achieves this, as this utilizes the equilibrium magnetization
of both 7 and S spins. The two /2 pulses on both 7 and S
and spin-lock in opposite directions give rise to a higher

Simulation

a b

L

-5 kHz

-5 kHz 5 0 -5 kHz

Experiment

T

—5 kHz

—5 kHz —5 kHz

Fig. 4. (a—) Simulation results obtained corresponding to pulse sequences of Figs. 2a—, respectively. For b and ¢, % have been taken to be § and 1,
respectively (vide text for details) (d—f). F; cross-sections of 2D-SLF spectrum of chloroform acquired using the pulse sequences shown in Fi 1gs 2a-c,

respectively.
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contribution to the zero-quantum part of the density
matrix and to the cross-peaks as detailed in the theory
section.

Fig. 4c corresponds to the initial density matrix equal to
I, — Sz which corresponds to equal polarization but with
opposite phases for the 7 and S spins. In hetero-nuclear
cases it is achieved by an initial polarization period in
which the S spins attain a population differences equal to
the I spins and a subsequent inversion of the polarization
of the S spins. Such a process is achieved by the PI-CP
pulse-scheme shown in Fig. 2c. Experimental demonstra-
tion of the results is described below.

Figs. 4d and e show cross-sections through the 2D-SLF
spectrum for spectra recorded with the standard CP
sequence of Fig. 2a and the modified EXE-CP sequence
of Fig. 2b, respectively. In Fig. 4d it is observed that the
axial-peak dominates the spectrum, while in Fig. 4e its
intensity is considerably reduced and the cross-peak inten-
sity is enhanced. The ratio Rzgpg is 0.36 and 0.65 for the
two experiments. This is slightly lower than the values of
0.5 and 0.83 expected based on Egs. (13) and (18) and aris-
es because even small mismatch of the Hartmann—-Hahn
condition increases the axial-peak intensity as seen in sim-
ulation and in experiments (results not shown). Results
obtained for the PI-CP experiment of Fig. 2¢ are shown
in Fig. 4f. In this case, the initial polarization at the begin-
ning of the #; period is in the ZQ subspace, which is
achieved for oriented chloroform as follows [30]. The initial
polarization period 7 is adjusted to be equal to 13> Where d
is the proton carbon dipolar coupling obtained from the
spectrum of Fig. 3a. During this period the zero-quantum
component evolves into unobservable magnetization com-
ponents [8], while the double-quantum component remains
unchanged. The subsequent inversion of one of the rf field
directions at the beginning of the #; period, converts the
DQ magnetization to ZQ magnetization. As a result, the
axial-peak arising from time development in the DQ sub-
space is very nearly absent. Thus the results of simulation
and experiment shown in Fig. 4 agree well with those
expected based on considerations of relative populations
of the spin states. They also demonstrate the usefulness
of utilizing the equilibrium population difference of the
X-nucleus.

Chloroform provides an ideal isolated heteronuclear
two spin system. But in other samples with more protons
present, the homonuclear dipolar couplings (Dyy) between
protons provide additional polarization pathways that
increase the non-oscillatory magnetization component.
Hence, even with polarization inversion an axial-peak of
non-negligible intensity appears in the spectrum. This is
illustrated in Fig. 5. Figs. Sa—c present spectra simulated
for dichloromethane (DCM) corresponding to the CP
experiment. They have been obtained for different values
of homonuclear couplings viz. 0, 5 and 8 kHz, respectively,
while the heteronuclear coupling between the carbon and
the protons is retained at 5 kHz. It is observed that the
presence of homonuclear dipolar coupling results in the

Simulation
-5 0 5 kHz -5 5 kHz
b e
-5 5 kHz -5 5 kHz
f
-5 0 5 kHz -5 5 kHz
Experiment

M

-5 0 5  kHz -5 0 5 kHz

Fig. 5. (a—f) Simulation results for an /,S spin system (a—c) correspond to
the initial density matrix being I, and (d—f) correspond to the initial
density matrix being I, — S. The hetero nuclear dipolar coupling d;g is
5 kHz for all the cases. The homonuclear dipolar coupling dj; is 0 kHz (a
and d), 5 kHz (b and e), 8 kHz (c and f). (g and h) F; cross-sections of 2D-
SLF spectrum of DCM obtained using the pulse sequence shown in Figs.
2a and b.

increase in the intensity of axial-peaks. This happens even
with the inclusion of S nuclear polarization as seen in sim-
ulation results shown in Figs. 5d—f, but the increase is less
for smaller values of (Dgy). This is also seen in the exper-
iments with DCM. Fig. 5g shows the spectrum obtained
using the CP experiment while Fig. 5h, recorded using
the EXE-CP pulse scheme shows a significant reduction
of the axial-peak intensity. Inclusion of homonuclear cou-
plings have other effects on the spectra as well. For exam-
ple, the cross-peaks have split into two lines in the spectra
shown in Figs. 5Sg and h. This is also observed in the sim-
ulated spectra shown in Figs. 5b, c, e and f.
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Fig. 6. (a) LGCP (b) EXE-LGCP and (c) PI-LGCP pulse sequences obtained from Figs. 2a, b and ¢ modified to include a LG sequence for homonuclear
decoupling during ¢, period. Experimental results obtained on a sample of the liquid crystal SCB are shown in each case. Molecular structure and the 1D
proton decoupled '*C spectrum of the liquid crystal are shown at the top. Aliphatic and aromatic regions of the spectra are shown separately both in the
1D and 2D-spectra. In the 2D-spectra, the horizontal axis corresponds to the carbon chemical shift in ppm scale and the vertical axis corresponds to the

proton-carbon dipolar coupling in kHz.
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In order to study the performance of the three pulse
schemes in the case of a more complex system, experiments
have been carried out on an oriented sample of the nematic
liquid crystal SCB. In this case the strong homonuclear
dipolar couplings among protons dominate the spectra
and need to be eliminated in order to observe the dipolar
oscillations and the effect of the different initial density
matrices for the spin exchange process. This is achieved
by including Lee-Goldburg decoupling together with
polarization transfer at the magic angle [10,31] for each
of the pulse sequences as shown in Fig. 6. The correspond-
ing 2D spectra obtained are also shown in the same figure.
It is observed that cross-peak intensities obtained with the
LGCP pulse scheme of Fig. 6a are very much less than
those obtained with pulse schemes of Figs. 6b and c.

Cross-sections corresponding to several carbons in 5CB
obtained with the three pulse sequences are presented in
Fig. 7. In the figure, it may be noticed that the relative
cross-peak intensities obtained with the EXE-LGCP pulse
scheme of Fig. 6b is either equal to or higher than those
obtained with the PI-LGCP sequence shown in Fig. 6c.
This is contrary to expectation, but the result can be under-
stood as follows. At the end of the polarization inversion
period, if the initial density matrix is of entirely zero-quan-
tum in nature i.e. of the type, I — S, then the axial-peak
will have the least intensity. On the other hand, if the con-
tact time during PI is short and the S spins are not fully
polarized, then the resulting density matrix will be of the
form, I, — p-S, where p is less than one. Dipolar oscilla-
tions during PI can also result in p less than 1. In these

JMMM Mjh

0 -5 0 -5 0 -5 0 -5 0 -5 0 -5
kHz kHz kHz kHz kHz kHz
J\JL/J\M " "
0 -5 0 -5 5 0 -5 5 0 -5 5 0 -5 5 0 -5
kHz kHz kHz kHz kHz kHz

k%AJwJL

0 -5 0 -5 0 -5 0 -5
kHz kHz kHz kHz
0 -5 0 -5 0 -5 0 -5 0 -5 0 -5
kHz kHz kHz kHz kHz kHz

Fig. 7. F) cross-sections of the 2D-SLF spectra of SCB shown in Fig. 6 for different carbons: (a) « (b) f (c) y

(d) o (e) 2 (f) 2’ (g) 3 (h) 3’ carbons. Columns

one, two and three correspond to spectra obtained with the pulse sequences shown in Figs. 6a, b and c, respectively.
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Fig. 8. "H-!°N 2D-SLF spectra of a single crystal of °N labeled N-acetyl
leucine obtained using (a) EXE-SEMA and (b) PISEMA pulse sequences.
There are four molecules in the unit cell which give rise to four different
5N resonances with different "H-">N dipolar couplings.

cases the axial-peak intensity will be higher and the perfor-
mance of the experiment with PI is degraded. Earlier exper-
iments with PI on the same sample report a better axial-
peak suppression [13,14], where a longer contact time of
4 ms has been used [14] in comparison to 1 ms used here.
Thus, EXE-LGCP seems to perform better than PI-LGCP
when the polarization inversion time is short. Since rf irra-
diation used during the preparation period in the case of
EXE-LGCP is negligible this could offer an advantage over
polarization inversion based methods in terms of lower
sample heating. Further refinement of the pulse schemes,
where frequency switched LG (FSLG) decoupling replaces
the LG decoupling in the #; period in Fig. 6c leads to the
well-known PISEMA scheme. A similar modification on
Fig. 6b may be called EXE-SEMA. Implementation of
these experiments on 5CB gave results similar to those
depicted in Figs. 6 and 7. It may be mentioned that since

the EXE-CP experiment uses the direct polarization avail-
able from the By field for both the nuclei, it is necessary
that the relaxation time of the nuclei involved is short. In
the case of liquid crystals, the '*C relaxation time was esti-
mated to be of the order of a few hundreds of milliseconds
and hence the new pulse scheme is found to be effective. We
have also carried out the EXE-SEMA experiment for the
case of a very low y nucleus such as '>N by implementing
it on a sample of '°N labeled N-acetyl leucine. In this case
the direct polarization available from the By field for the X-
nucleus is small and hence its contribution to the zero-
quantum magnetization is also small which will result in
a higher axial-peak intensity. This is observed to be so as
illustrated in Fig. 8 which also shows the PISEMA spec-
trum for comparison. The PISEMA spectrum (Fig. 8b) is
found to provide a higher cross-peak intensity than EXE-
SEMA spectrum (Fig. 8a).

5. Conclusions

2D-SLF experiments based on dipolar oscillations dur-
ing cross-polarization constitute an important class of
experiments for structure and dynamics studies of orient-
ed biological and liquid crystalline systems. In order to
estimate the relative ratio of cross-peak to axial-peak
intensities in these experiments simulation and simple ori-
ented systems have been used. In this presentation we
have utilized '*C labeled chloroform to study dipolar
oscillations in oriented static samples. Quantitative esti-
mates of the contribution from the initial density matrix
prior to f; evolution to the cross- and axial-peaks for
an isolated heteronuclear spin pair have been obtained
for three different experiments. These agree well with
spectra obtained by simulation and with experiments.
Additionally, the role of homonuclear dipolar coupling
has been studied by considering a simple system of two
equivalent / spins coupled to an S spin. It is shown that
homonuclear dipolar couplings contribute to increasing
the axial-peak intensity at the expense of cross-peaks,
emphasizing the usefulness of homonuclear dipolar decou-
pling sequences. The new pulse sequence EXE-CP, pro-
posed recently and which employs a pair of 90° pulses
with opposite phases on 7 and S spins prior to #; evolu-
tion and the PI-CP sequence have been further investigat-
ed in combination with homonuclear dipolar decoupling
sequences. The new sequence would be useful, where it
is essential to reduce the rf energy input into the sample
during the initial preparation period. However, the appli-
cability of the scheme which utilizes X-nucleus polariza-
tion in the By field is limited by the following two
factors namely, (i) the relaxation time of the X-nucleus
which will determine the repetition rate between scans
and the duration of the experiment and (ii) the gyromag-
netic ratio of the X-nucleus—the ones with a smaller val-
ue will have very little direct polarization available. These
aspects have been illustrated with studies on different sys-
tems using two different heteronuclei.
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