Available online at www.sciencedirect.com

sc.ence@n.“cm

PRESS Journal of Magnetic Resonance 163 (2003) 46-55

ACADEMIC

JMR

Journal of
Magnetic Resonance

www.elsevier.com/locate/jmr

Separated local field spectroscopy of columnar and nematic
liquid crystals

Sergey V. Dvinskikh,** Herbert Zimmermann,® Arnold Maliniak,* and Dick Sandstrém?®

& Division of Physical Chemistry, Arrhenius Laboratory, Stockholm University, SE-10691 Stockholm, Sweden
® Department of Biophysics, Max-Planck-Institut fir Medizinische Forschung, Jahnstrasse 29, D-69120 Heidelberg, Germany

Received 21 November 2002; revised 21 January 2003

Abstract

We are in this work comparing the efficiencies of various ' H-'3C separated local field (SLF) experiments when applied to co-
lumnar and nematic liquid crystals. In particular, the performances of the conventional SLF, proton-detected local field (PDLF),
and polarization inversion spin exchange at the magic angle (PISEMA) methods in terms of spectral resolution, robustness, and
ability to measure long-range couplings are investigated. The PDLF sequence provides in most cases the best dipolar resolution.

This is especially obvious for weakly coupled 'H-'>C spin pairs.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Two-dimensional (2D) separated local field (SLF)
NMR spectroscopy is one of the most powerful tech-
niques to measure and assign heteronuclear dipolar
couplings. In macroscopically oriented samples, which
include single crystals, liquid crystals, and biomolecules
in lipid bilayers, magic-angle spinning (MAS) is not
required for obtaining high spectral resolution. For
these samples, site-resolved dipolar splittings can be
observed in 2D SLF experiments without the compli-
cations imposed by MAS. A variety of SLF methods
have been introduced. In the conventional SLF tech-
nique [1] with homonuclear 'H-'H interactions sup-
pressed, the rare spins (usually '3C) evolve under the
influence of dipolar local fields produced by the sur-
rounding protons. This results often in crowded and
poorly resolved multiplet spectra. Recently, more ad-
vanced NMR experiments have been developed which
yield simpler spectra with higher resolution [2-10].
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In proton-detected local field (PDLF) techniques [2-6,
11,12] the spectra are governed by simple two-spin in-
teractions because the dipolar field is probed at the
abundant spins ('H) rather than at the rare spins. This
results in a dramatic spectral simplification as compared
to the situation in traditional SLF spectroscopy since
the PDLF spectra consist of a superposition of doublets.
Another popular method is the polarization inversion
spin exchange at the magic angle (PISEMA) experiment
[8]. This sequence combines flip-flop, frequency- and
phase-switched Lee—Goldburg homonuclear decoupling
[13-15] with cross-polarization (CP). In PISEMA, the
dipolar couplings are measured through the transient
oscillations taking place during the CP process.
Numerous local field studies of molecular structure
and ordering in partially oriented media have been pub-
lished since the first report in 1979 [16]. Oriented ther-
motropic liquid crystals have been investigated by both
traditional SLF spectroscopy (see reviews [17,18], and
references therein) and by PDLF experiments [2,4-6,19—
22]. Studies of lyotropic phases by SLF [23] and PDLF
methods [2,3,24-26] have also been presented. The
PISEMA technique has often been used in conforma-
tional studies of biomolecules oriented in liquid-crystal-
line lamellar environments [10,27-38]. Experiments in
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thermotropic liquid crystals based on similar principles as
PISEMA have also been reported [39,40]. Recently,
various local field methods were applied to columnar
mesophases [41].

In this work we compare the efficiencies of various
'H-13C separated local field experiments when applied
to columnar and nematic phases. In particular, the
performances of the conventional SLF, PDLF, and PI-
SEMA methods in terms of spectral resolution, ro-
bustness and ability to measure long-range couplings are
investigated. Potential problems due to radio-frequency
(RF) heating are also addressed.

2. Pulse sequences

In the conventional SLF sequence, shown in Fig. 1a,
CP-enhanced '*C magnetization is allowed to evolve
under the 'H-'3C heteronuclear dipolar couplings dur-
ing the variable evolution period #;. A 3C 180° pulse is
applied at #; to refocus the '3C chemical shift interac-
tion. The signal is finally observed during the detection
period as it evolves under the '*C chemical shift inter-
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Fig. 1. Pulse sequences for 2D dipolar local field spectroscopy. All
experiments correlate scaled 'H-'3C dipolar couplings during #; evo-
lution with 13C chemical shifts during detection. (a) Conventional SLF
spectroscopy. (b) PDLF spectroscopy. (c) PISEMA spectroscopy.

action and 'H heteronuclear decoupling. A constant-
time version [42] of this experiment was also employed.
In this case, the total evolution time t in the indirect
dimension is kept constant and proton heteronuclear
decoupling is applied during the interval t—; with a 3C
180° pulse inserted at /2.

In the PDLF experiment (see Fig. 1b) 'H magneti-
zation is allowed to evolve under the local field of rare
13C spins during #;. A pair of 180° pulses is applied si-
multaneously at ¢; /2 to refocus 'H chemical shifts while
retaining the 'H-'3C couplings. The signal is then
transferred to '*C via CP and finally detected under 'H
heteronuclear decoupling.

In both SLF and PDLF spectroscopy it is necessary
to remove ' H-'H homonuclear dipolar couplings during
the evolution period ¢;, and we have compared the effi-
ciencies of several homonuclear decoupling sequences
including MREV-8 [43,44], BLEW-12 [45], and BLEW-
48 [45]. For our samples using the SLF approach it was
found that the sequences BLEW-12 and BLEW-48
performed equally well and provided slightly higher
resolution than MREV-8. While better performance is
in general expected for the long cycle BLEW-48 se-
quence [45], the resolution is limited by the intrinsic
complexity of the SLF dipolar spectrum. The highest
resolution in the PDLF spectra was observed for
BLEW-48. In order to increase the spectral width in the
dipolar dimension of 2D PDLF spectra, the evolution
period was incremented in steps of half of a full BLEW-
48 cycle time.

The PISEMA pulse sequence is shown in Fig. lc.
After standard 'H-'3C CP, the 'H magnetization is
aligned at the magic angle to the static magnetic field
by means of a 'H 35° pulse. Then follows the SEMA
evolution period in #; where the 'H magnetization is
spin locked by off-resonance flip-flop Lee-Goldburg
irradiation [13-15], and matched by a phase-alternated
BC spin-lock field. The dipolar couplings are moni-
tored through the oscillations resulting from coherent
energy transfer between 'H and 'C spins during #.
As shown in Fig. Ic, 180° pulses may be inserted in
basic SEMA cycle to refocus dephasing due to phase
transients [9].

In all 2D experiments, the TPPM heteronuclear de-
coupling scheme [46] was used during the detection pe-
riod. Only cosine-modulated data sets were collected in
t; yielding symmetric spectra in the dipolar dimension.

The multiple-pulse scaling factor k for the PDLF
sequence was calibrated by observing the scaling of the
'H frequency offset under BLEW-48 irradiation in a
HETCOR-type experiment [5]. The experimental value,
0.420, is in good agreement with the theoretical coun-
terpart 0.424 [45]. For the SLF method using BLEW-12
and for PISEMA the theoretical values for the scal-
ing factor, 0.475 [45] and 0.816 [8], respectively, were
assumed.
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3. Results

We now describe and analyze the 2D spectra ob-
tained using the above-mentioned NMR methods. Two
discotic samples, hexapentyloxy-triphenylene (THES)
and 1,2,3,5,6,7-hexaoctyloxy-rufigallol (RufH8O), were
studied. The molecular structures of these compounds
are shown in Figs. 2a and b. The THES sample was
deuterated in the aliphatic side chains and RufH80O was
3C enriched to 10% in the o methylene positions.

Both THES and RufH8O form hexagonal columnar
phases over a wide temperature range [47,48]. The phase
transition temperatures are indicated in Fig. 2. In the
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Fig. 2. Molecular structures of: (a) chain-deuterated hexapentyloxy-
triphenylene (THES), (b) 1,2,3,5,6,7-hexaoctyloxy-rufigallol (Ruf-
H80), and (c) 4-n-pentyl-4’-cyanobiphenyl (5CB). The phase diagrams
of these compounds are also included: S, Dy, N, and I stand for solid,
hexagonal columnar, nematic, and isotropic liquid phases, respectively.

mesophase, the molecules undergo fast reorientation
about the columnar axes. The experiments discussed
below were carried out on stationary samples oriented in
the magnetic field of the NMR spectrometer by slowly
cooling from the isotropic phase. This procedure results
in a distribution of domains in which all columns are
aligned perpendicular to the magnetic field.

In addition to the discotic samples, we have also
studied the mesogenic molecule 4-n-pentyl-4'-cyanobi-
phenyl (5CB, see Fig. 2¢) in the nematic phase which
orients spontaneously along the magnetic field of the
spectrometer.

3.1. THES

Fig. 3a shows the conventional proton-decoupled 3C
CP spectrum of chain-deuterated THES in the columnar
phase. The three non-equivalent core carbons produce
the aromatic signals. The previously reported [47]
spectral assignment indicated in Fig. 3a is confirmed by
the 2D PDLF experiment discussed below. The quintet
with intensity distribution 1:2:3:2:1 in the aliphatic re-
gion corresponds to the o carbon signal split by dipolar
couplings to the deuterons in the o methylene group.
The remaining methylene signals are not resolved due to
multiple dipolar couplings to 2H spins.

Dipolar cross-sections extracted from 2D SLF,
PDLF, and PISEMA spectra of THES are shown in Fig.
3b. The strong coupling between C, and its directly
bonded proton is well resolved in all sub-spectra with
splittings of 9.10, 9.40, and 9.40 kHz (corrected for the
multiple-pulse scaling) for the SLF, PDLF, and PI-
SEMA experiments, respectively. The resolution of the
main dipolar coupling in the PDLF and PISEMA slices
of C4 is comparable with linewidths of 260 and 190 Hz,
respectively. The corresponding dipolar linewidth in the
conventional SLF spectrum is around 700 Hz. Note also
that the C4 PDLF cross-section displays a clearly re-
solved smaller splitting of 730 Hz which can be ascribed
to the dipolar coupling to the next nearest proton Hs
in the triphenylene core. This coupling is also seen in
the SLF spectrum of C4 as a 740 Hz fine splitting of the
main doublet. No analogous feature is observed in
the C4 PISEMA slice.

The PDLF experiment provides superior resolution
for the slices through C; and C4,. Two doublets with
splittings equal to 1260 and 620 Hz are observed in the
Cy4, cross-section, while the sub-spectrum through C;
exhibits one splitting of 1350 Hz. These doublets arise
from the dipolar couplings 'Hs—'3Cy,, '"Hs—'3Cy,, and
'"H4—13C;, respectively. The zero-frequency peaks origi-
nate from unresolved long-range heteronuclear cou-
plings. Only partially resolved dipolar doublets are
observed in the conventional SLF spectra with splittings
of around 1500 and 1300 Hz for C4, and Cj, respec-
tively. The corresponding cross-sections through the 2D



S.V. Duvinskikh et al. | Journal of Magnetic Resonance 163 (2003) 46-55 49

200 180 160 140 120 100 80
ppm

PDLF PISEMA

MMLJLM
o Mk

5 -4
(m /27c)/o 475 (kHz)

(@,/2m)/0. 420 (kHz)

(u) /27c)/0 816 (kHz)

Fig. 3. NMR spectra of chain-deuterated THES in the columnar phase at 110 °C. (a) Carbon-13 CP spectrum. (b) Dipolar cross-sections through 2D
SLF, PDLF, and PISEMA spectra. Note that the w; frequency axes are corrected by the multiple-pulse scaling factors. The CP contact time was 2 ms
in the PDLF experiment. The PISEMA spectrum was obtained without the refocusing 180° pulses in the SEMA cycle. The 2D spectra were acquired
using 80 #; increments of 79.2 us (SLF), 100 #; increments of 158.4 us (PDLF), and 100 ¢ increments of 65.2 us (PISEMA).

PISEMA spectrum exhibit complex lineshapes which
are difficult to analyze. It was also found that these
spectra are highly sensitive to the 'H carrier offset, and
whether or not the refocusing 180° pulses are inserted in
the SEMA cycle.

The one-bond 'Hy—'3Cy4 dipolar coupling is readily
interpreted in terms of molecular ordering. If we take
into account the orientation of the columnar phase, the
core splitting Av may be written as [18]

1
AV: ‘2SDCH , (1)
where
to Ycyuh
Dceyg = —— —— 2
cH 8n2 iy (2)

is the 'H-'*C dipolar coupling constant, S is the orien-
tational order parameter, and rcy is the spin-spin
distance. The other symbols have their usual meanings
[42]. Using a heteronuclear spin-spin distance of rcy =
1.09A, a value of Dcy = —23.3kHz is obtained. The
'H,~13C, dipolar splitting in the C,4 cross-section is equal
to 9.40 kHz (see Fig. 3b), and employing Eq. (1) we find
that the order parameter is 0.81 at 110°C. The contri-
bution from the small isotropic Jcy coupling (of the
order of 150 Hz) was neglected in this calculation. This
order parameter in combination with standard bond
lengths may be used to estimate the dipolar splittings
1H5—13(:4, lI‘I4—13C4a, 1H5—13C4a, and 1H4—13C3, and
employing Eq. (1) once more we find the following
values: 680, 1190, 590 and 1320 Hz, respectively. These

numbers are in good agreement with the observed
splittings in the PDLF spectrum (730, 1260, 620, and
1350 Hz, respectively, see above) and verify the assign-
ment of the aromatic '3C NMR signals. Since weak di-
polar couplings originate from indirectly bonded nuclei,
the corresponding Jcy couplings are small (typically
below 15Hz) and can be neglected.

One may argue that the high dipolar resolution ob-
served for THES is a consequence of the low proton
concentration in this heavily deuterated liquid crystal.
Therefore, we are presenting local field spectra of fully
protonated samples below.

3.2. RufH80

Fig. 4a shows the proton-decoupled '*C CP spectrum
of RufH80-10%-!3C,, in the columnar phase. The core
and o methylene resonances were assigned by a variety
of NMR techniques, and the details of these measure-
ments will be presented in a forthcoming communica-
tion.

Dipolar cross-sections from a 2D PDLF spectrum of
RufH80-10%-!3C, obtained at 85°C are shown in Fig.
4b. Each slice consists of a superposition of doublets due
to the pair-wise 'H-!*C couplings. In order to facilitate
the observation of weak spin—spin interactions, the
spectrum was obtained by using a relatively long (4 ms)
CP contact time. The spectral resolution is high for both
aromatic and aliphatic signals with dipolar linewidths
comparable to those obtained for chain-deuterated
THES. The splittings in the aromatic region result from
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Fig. 4. Spectra of RufH80-10%-13C,, in the columnar phase at 85°C.
(a) Carbon-13 CP spectrum. (b) Dipolar cross-sections through a 2D
PDLF spectrum. Note that the w; frequency axis has been corrected
by the multiple-pulse scaling factor. The CP contact time was 4 ms.
The 2D spectrum was acquired using 100 ¢, increments of 158.4 ps. The
assignment of C; and C; is uncertain.

couplings between core carbons and Hys. As expected,
the C4 slice exhibits the largest splitting (9.04 kHz) due
to the one-bond 'Hy4—'3Cy dipolar interaction, and using
Eq. (1) we obtain an orientational order parameter of
0.78 at 85°C. Several smaller splittings of the core sig-
nals are also visible in Fig. 4b. In particular, we observe
splittings for resonances Cs, Cy4,, and C;y with values of
1240, 1290 and 710 Hz, respectively. The calculated
counterparts, using standard values for bond lengths
and an order parameter of 0.78, are 1190, 1260 and
710 Hz, respectively. For the remaining core carbons the
calculated splittings are <200 Hz, and are consequently
not resolved in the experimental sub-spectra.

The 3C chemical shifts of the o methylene groups
indicate that the side chains are structurally and/or
dynamically nonequivalent (see Fig. 4a) [41]. This non-
equivalence manifests itself also in the 'H,~*C, cou-
plings: the largest dipolar splitting in the o3 slice
is 6.90kHz, while the splittings for the other two
o methylenes are much smaller (cf. Fig. 4b).

Representative cross-sections of RufH80-10%-!13C,,
obtained at 85°C using the SLF, PDLF, and PISEMA
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Fig. 5. Dipolar slices through 2D SLF, PDLF and PISEMA spectra of
RufH80-10%-13C,, in the columnar phase. All w; frequency axes have
been corrected by the multiple-pulse scaling factors. The CP contact
time was 2ms in the PDLF experiments. The PISEMA spectra were
obtained without the refocusing 180° pulses in the SEMA cycle. (a)
Spectra obtained at 85°C. The constant-time version of the SLF se-
quence was employed. The signal from the aromatic C4 carbon has a
rapid 7, decay, and was therefore recorded using a short constant-time
delay (t/2) of 1.9ms (corresponding to, in total, 16 # increments of
118.8 us). The o methylene signals were recorded with /2 = 7.9 ms
(100 #; increments of 79.2ps). The 2D PDLF and PISEMA spectra
were recorded with 100 # increments of, respectively, 158.4 and
65.2 ps. (b) Spectra obtained at 40 °C. The constant-time SLF sequence
was used with /2 =2.4ms (60 7 increments of 39.6us). The 2D
PDLF and PISEMA spectra were recorded with 64 7, increments of,
respectively, 158.4 and 32.6 ps. In the lineshape simulations (thin lines),
the '"H-'C dipolar couplings D; and D, were set to 3.4 and 5.0 kHz,
respectively.

methods are shown in Fig. 5a. The spectral resolution of
the PDLF sequence is better than those of the other
experiments. As expected for a CH, group, the main
feature of the a3 SLF slice is a 1:2:1 triplet with line
splittings equal to 2D (where D = 3.40kHz is the re-
sidual one-bond '"H-"3C coupling). In accordance with
theory [2,49], the PDLF and PISEMA spectra of o
exhibit doublets with splittings of 2D and 2v/2D, re-
spectively. Each component in the a3 SLF triplet is in
turn split by the core proton Hy into a doublet with a
separation of 660 Hz. This coupling also explains the
inner splitting of 640 Hz in the PDLF cross-section.
Note that the PISEMA experiment is insensitive to weak
'H-13C dipolar interactions in the presence of stronger
ones (see, e.g., the a3 slice in Fig. 5a). Weak couplings
merely cause small peak shifts, line broadening and
zero-frequency artifacts [49].

The strong 'Hy4—'3C4 dipolar coupling is well resolved
in all spectra with a splitting of 9.04 kHz for both the
SLF and PDLF slices. A slightly larger splitting of
9.40kHz is observed in the PISEMA spectrum. The
discrepancy between these numbers probably stems
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from a combination of the 'H resonance offset effect and
the influence from long-range heteronuclear couplings in
the PISEMA experiment (see below).

At lower temperatures, the local field NMR spectra
of RufH80-10%-'3C, exhibit some unexpected features.
This is illustrated in the top row of Fig. 5b which shows
o3 slices obtained at 40 °C. Two doublets are observed in
the PDLF cross-section, while the PISEMA spectrum
consists of only one doublet. The SLF slice is composed
of four signals. These lineshapes may be explained by
assuming that the two CH bond vectors in the oj
methylene group have different orientations with respect
to the core rotation axis. This results in two non-
equivalent dipolar couplings, D; and D,, within the o
methylene fragment, and leads to two doublets in the
PDLF experiment. This model also accounts for
the doublet-of-a-doublet feature in the SLF slice and the

single PISEMA doublet with a splitting of 2,/D? + D3
[49]. As shown in the bottom row of Fig. 5b, simulations
based on this model are in agreement with the experi-
mental lineshapes. The implications of these non-

equivalent couplings in terms of molecular structure are
addressed elsewhere [41].

3.3. 5CB

Fig. 6a shows the proton-decoupled '3C spectrum of
5CB in the nematic phase. The peak assignment was
taken from the literature [17]. Dipolar cross-sections
using the three local field methods are displayed in Fig.
6b. The PDLF experiment provides again superior
spectral resolution with dipolar linewidths one order of
magnitude smaller than those observed in the SLF slices.

The conventional SLF cross-sections in Fig. 6b re-
semble previously reported SLF dipolar spectra ob-
tained under off-magic-angle spinning (OMAS)
conditions [6]. It is clear that this method only resolves
the largest couplings.

PDLF spectra of 5CB have in the past been acquired
under both static [4] and OMAS conditions [4-6], with
results similar to the one shown in the central column of
Fig. 6b. The dipolar resolution is, however, somewhat
better in our experiment compared to those reported
previously. This probably stems from (i) the use of the
more efficient BLEW-48 irradiation instead of the
MREV-8 sequence [4,5], (ii) the use of higher decoupling
power in BLEW-48 irradiation as compared to [6], and
(ii1) the absence of the dipolar scaling due to the sample
spinning. In addition to the large dipolar splittings, a
number of smaller ones is also resolved in each '*C cross-
section. The assignment of some of these long-range
couplings has been reported elsewhere [4-6,19]. Note
that the resolution in the PDLF spectrum is high for both
the aromatic and aliphatic regions in spite of large dif-
ferences in the dipolar splittings and 'H chemical shifts.
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Fig. 6. NMR spectra of SCB in the nematic phase at 20 °C. (a) Carbon-
13 spectrum obtained by single pulse excitation. (b) Dipolar cross-
sections through 2D SLF, PDLF, and PISEMA spectra. The w;
frequency axes have been corrected by the multiple-pulse scaling fac-
tors. The CP contact time was 1 ms in the PDLF experiment. The
PISEMA spectra were recorded with the refocusing 180° pulses in the
SEMA cycle. The aromatic and aliphatic PISEMA signals were
obtained from two separate experiments in which the 'H resonance
offset was optimized for either the aliphatic or the aromatic signals.
The 2D spectra were acquired with, respectively, 80 #; increments
of 48.0us (SLF), 100 # increments of 192.0 us (PDLF), and 100 ¢
increments of 40.75 us (PISEMA). Note that the scale of the frequency
axis of the PDLF spectrum is expanded by a factor of 2 compared
to those of SLF and PISEMA.

In order to obtain reasonable resolution in the PI-
SEMA slices it was necessary to perform two separate
experiments in which the 'H resonance offset was
optimized for either the aliphatic or the aromatic
signals. A few of the biphenyl resonances in the PI-
SEMA cross-sections exhibit dipolar linewidths that are
comparable to those observed in the PDLF experiment.
However, the resolution in the chain region of the
PISEMA spectrum is clearly inferior as compared to
the PDLF experiment. A drawback associated with
PISEMA spectroscopy is that a '*C spin coupled to
two non-equivalent protons produces a single doublet

with a splitting of 2,/D? + D3. This property makes it
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impossible to extract the two individual dipolar cou-
plings. In contrast, such a three-spin system yields in
PDLF spectroscopy two doublets with splittings equal
to 2D and 2D;, respectively. An example of this kind of
spin cluster was already encountered in the low-tem-
perature spectra of RufH8O (see Fig. 5b). The same type
of behavior is observed in, e.g., the PDLF and PISEMA
slices through the Cj; site in 5CB (see Fig. 6b). In ac-
cordance with theory [49], the methyl signal in the PI-
SEMA spectrum consists of three doublets with relative
splittings of 1:1/3:2.

The one-bond couplings obtained from the three 2D
local field spectra are in good agreement with each other.
For example, the strong 'H,—'*C, dipolar interaction
estimated from SLF, PDLF, and PISEMA cross-sec-
tions are Av/4 =4.60, Av/2 =4.68, and Av/(2\/2) =
4.55kHz, respectively, where Av denotes the distance
between the outer peaks in the corresponding spectra.

4. Discussion and conclusions
4.1. Resolution of dipolar couplings

For the three liquid-crystalline samples studied in this
work, the PDLF and PISEMA techniques provide sig-
nificantly better spectral resolution as compared to the
conventional SLF sequence. In some cases, the dipolar
linewidths of conventional SLF spectra can be decreased
if a constant-time experiment is performed. Yet, the SLF
resolution cannot compete with that offered by PDLF
and PISEMA. The resolution in the SLF method is
limited by the multiplet-type nature of the SLF dipolar
spectrum where each additional proton contributes with
a successive first-order splitting.

In PISEMA spectroscopy, weak heteronuclear cou-
plings are truncated in the presence of a strongly cou-
pled '"H-'3C spin pair [49]. The remote protons do not
cause any observable splittings of the main doublet but
result merely in small peak shifts, limited line broaden-
ing and zero-frequency signals. The truncation is, how-
ever, less efficient if the couplings are of comparable
magnitude.

The PDLF spectrum is governed by simple two-spin
'H-13C interactions which lead to a superposition of
dipolar doublets. The prerequisite is of course that the
3C spin is rare. Without considering relaxation, the
PDLF technique is therefore expected to produce better
dipolar resolution for multiple-spin systems than PI-
SEMA. The line broadening due to relaxation is,
however, more favorable in PISEMA since the spin-
locked magnetization decays with the time constant T7,,.
In SLF and PDLF, the magnetization decays are gov-
erned by the faster 7, relaxation. Thus, in systems
containing strongly coupled and isolated 'H-'3C spin
pairs the PISEMA method is expected to provide

highest spectral resolution since spin relaxation is the
main source of line broadening. For samples rich in
protons, the PISEMA spectra will broaden due to
multiple dipolar couplings and the resolution may de-
teriorate below the level achieved by the PDLF exper-
iment. Indeed, the best resolution of the one-bond
coupling in chain-deuterated THES was observed in the
PISEMA spectrum. For fully protonated RufH8O and
5CB, however, the PDLF sequence offers comparable
or better dipolar resolution of strong couplings than
that provided by PISEMA.

For long-range couplings the PDLF experiment
yields superior resolution. Weak dipolar interactions
are well resolved in PDLF spectra even in the presence
of the much stronger one-bond couplings. In many
cases, the long-range dipolar splittings can be deter-
mined by direct inspection of the PDLF slices. Another
advantage of this experiment is that the CP contact
time can be adjusted so that the weakly coupled sites
are efficiently polarized. To assign long-range cou-
plings, 3D PDLF-based methods may be employed
[5,19].

The dipolar interactions in liquid crystals are par-
tially scaled by the anisotropic molecular motion and,
therefore, highly effective and robust long cycle time
homonuclear decoupling sequences like BLEW-48 can
be incorporated in the PDLF experiment. However, the
long cycle of this multiple-pulse sequence could, possi-
bly, limit its application in samples with un-averaged
couplings. This is in contrast to the PISEMA experiment
where high resolution is achieved with a much shorter
pulse train.

4.2. Proton resonance offset effects

Since the PISEMA technique is rather sensitive to
the 'H frequency offset [49], it can be difficult to obtain
high dipolar resolution in the aromatic and aliphatic
regions simultaneously due to differences in the 'H
chemical shifts. The scaling factor is also affected by the
offset. For this reason, it may be necessary to perform
several separate PISEMA experiments with the 'H off-
set optimized for the best dipolar resolution in different
spectral parts. In contrast, the BLEW-48 decoupling
sequence used in PDLF is rather tolerant to the 'H
resonance offset. This is illustrated in Fig. 7 which
shows the experimental splitting for the C4 carbon in
THES as a function of the 'H carrier frequency. It
is clear that the PDLF method is less sensitive to vari-
ations in the 'H frequency as compared to PISEMA.
The results of numerical spin dynamics simulations are
also included in Fig. 7, and they support the experi-
mental observations. The smallest dipolar linewidths
were achieved with offsets corresponding to minimum
and maximum scaling factors for PISEMA and PDLF,
respectively.
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Fig. 7. Splittings for the C4 carbon in chain-deuterated THES obtained
at 110°C versus the 'H carrier frequency. Squares and circles indicate
results from PDLF and PISEMA experiments, respectively. The ob-
served dipolar splittings have been divided by the multiple-pulse
scaling factors. Results of numerical simulations are also included
(solid lines), where a 'H4;~13Cy dipolar coupling of 4.70kHz is used
together with the experimental 'H nutation frequencies (see Section 5).

4.3. Radio-frequency heating effects

Limiting the RF heating is important for liquid
crystals. Excessive heating can lead to changes of the
long-range orientational order, and may even induce
phase transitions [50]. The heating effect per unit time is
most severe for the PISEMA method where simulta-
neous high-power irradiation in two RF channels is re-
quired during 7. On the other hand, the high scaling
factor in PISEMA results in a relatively short evolution
time and therefore in less severe overall sample heating.
Moreover, due to the short cycle time of the SEMA
sequence, the RF power can be significantly reduced
while still maintaining a sufficiently wide spectral width
in the dipolar dimension. In practice, we found that the
resolution in the aromatic region of 5CB is not affected
if the SEMA RF fields are lowered from around 60 to
30kHz. However, this reduction of field strengths
strongly degrades the dipolar resolution for the aliphatic
carbons.

All measurements in this work were performed under
static (non-spinning) conditions. Previously, local field
spectroscopy of liquid crystals has often been combined
with off-magic-angle spinning [2,4-6,17-22]. The rapid
mechanical sample rotation aligns the director either
along or perpendicular to the spinning axis, and leads to
scaling of all anisotropic spin interactions [17]. The ad-
vantage of OMAS is that lower decoupling fields can be
used in order to reduce RF heating. Unfortunately,
there are also some inherent drawbacks associated with
sample spinning: (i) the dipolar splittings become smal-
ler and this often result in resolution losses and (ii) po-
tential scaling errors are introduced [4,5]. The dipolar
resolution is indeed better in the static PDLF spectrum
of 5CB shown above as compared to previous results
where PDLF experiments were performed under OMAS
conditions [6]. Due to the high viscosity, flat tempera-

ture dependence of the order parameter and wide tem-
perature range of the mesophase, RF heating causes less
problems for columnar phases than for nematic phases.
The maximum RF heating observed in this work was in
the PISEMA experiment in 5CB, and amounted to ap-
proximately 2 °C.

To summarize, we have in this paper studied the
performances of the conventional SLF, PDLF and PI-
SEMA methods in various liquid-crystalline systems. It
has been shown that the dipolar resolution in the PDLF
and PISEMA spectra is up to one order of magnitude
better as compared to that observed in conventional
SLF experiments. Moreover, the PDLF approach pro-
vides in general simpler spectra with higher resolution
than those produced by PISEMA. This is particularly
clear for weakly coupled spin pairs. The weak sensitivity
to 'H resonance offsets also favors the PDLF technique
(at least when PDLF is combined with BLEW-48 ho-
monuclear decoupling). The NMR experiments may be
performed under stationary conditions with modest
sample heating. The advantage of static experiments is
that the resolution and accuracy of the measured dipolar
couplings is improved as compared to acquiring the
local field spectra under OMAS.

5. Experimental

Isotopically labeled THES and RufH8O were syn-
thesized according to previously described procedures
[51]. The nematic liquid crystal 5SCB was obtained from
Merck and used without further purification.

All NMR experiments were performed at a mag-
netic field of 94T on a Chemagnetics Infinity-400
spectrometer equipped with a 6 mm double-resonance
MAS probe. Ramped 'H-'3C cross-polarization [52]
(except for the PDLF sequence where constant-ampli-
tude CP was employed) with nutation frequencies of
approximately 50kHz, and contact times of 1-3ms
was used.

For homonuclear decoupling by BLEW sequences in
the SLF and PDLF experiments, the RF field strength
was set to yBy/2n = 75 and 62kHz for measurements,
respectively, in columnar and nematic phases. In PI-
SEMA during ¢, period, RF field strengths were 50 kHz
in the proton and 61 kHz in the carbon channel. Het-
eronuclear decoupling during the detection period in
columnar and nematic phases was achieved by, respec-
tively, 50 and 24kHz 'H TPPM irradiation [46]. The
recycle delays were between 6 and 10s. Sample heating
effects due to RF irradiation was most severe for SCB. It
was calibrated by observing the shift of the nematic-to-
isotropic phase transition temperature, and amounted to
a maximum of 2 °C.

Numerical simulations were performed using the
SIMPSON programming package [53].
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