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The effect of several new homonuclear dipolar decoupling
ethods (frequency-switching Lee–Goldburg decoupling and two

equences based on z-rotational decoupling) on the 13C spectra of
iquid crystals has been studied, and the results are compared with
hose obtained by using two well-established methods (MREV-8
nd BLEW-48). For benzene dissolved in two liquid crystalline
olvents, BLEW-48 gives the best spectral resolution. The
LEW-48 sequence has also been applied to the 2D method of
roton-encoded local field (PELF) spectroscopy to study a bulk

iquid crystal, 4-n-pentyl-4*-cyanobiphenyl (5CB). The results are
ompared with those obtained by using MREV-8, and it is sug-
ested that the BLEW-48 sequence may be preferable to MREV-8
or application in the PELF method. © 1999 Academic Press

INTRODUCTION

Because the molecular motions in solids and liquid cry
re strongly restricted, their NMR spectra are usually sev
roadened by quadrupole coupling, dipolar coupling, or ch

cal shift anisotropy. Various techniques have been use
educe or eliminate these effects to decrease the linewidt
he NMR peaks. For I5 1

2 spin systems, the most prevalent l
roadening is dipolar coupling; methods to reduce the
idth include magic angle spinning, homonuclear dipolar
oupling, and broadband heteronuclear decoupling.
The earliest method of homonuclear dipolar decoupling

ff-resonance “magic angle CW” (continuous wave) irra
ion, proposed by Lee and Goldburg (1). In their approach, th
adiofrequency (RF) source used to excite the spin system
o differ from the Larmor frequencyv0 by an offsetDv that
atisfies the conditiongB1/Dv 5 =2, whereB1 is the RF
eld strength, so that the spin system would precess abo
xis forming the magic angle (tan21 =2 5 54.74°) with respec

o the magnetic fieldB0, and the dipolar coupling term in th
ffective spin Hamiltonian would vanish. However, beca

he Lee–Goldburg method only eliminates the dipolar inte
ion to the zeroth order, it is not very effective. Later

augh, Huber, and Haeberlen introduced a multiple-p

1 Present address: Quantum Magnetics, 7740 Kenawar Court, San
A 92121-2425.
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AHUHA sequence (2, 3) to remove the dipolar terms in t
verage spin Hamiltonian up to the first order to achieve m
fficient homonuclear dipolar decoupling. Since then, m
ther multiple-pulse dipolar-decoupling sequences have
roposed for further improvement (4–14). The most com
only used method is perhaps the 8-pulse MREV-8 sequ

4, 5). The combination of magic angle spinning and multip
ulse dipolar decoupling (CRAMPS,15–17) has proven to b
ery useful in obtaining high-resolution proton spectra of
ds. In 1989, Levitt and co-workers (11, 12) demonstrated th
he “magic-angle CW” method of Lee and Goldburg (1) can be
ramatically improved by frequency switching. In their
roach, the frequency offset is rapidly switched from a pos
alue to a negative value for every 2p precession, with
oncomitant 180° phase shift. It was shown that the result
omparable to or better than those of many multiple-p
ipolar decoupling methods (11, 12).
We have been interested for some time in applying ho

uclear dipolar decoupling to study liquid crystals (18, 19). The
ain purpose is to remove H–H dipolar coupling as muc
ossible, so that the splittings in the 1D and 2D13C spectra woul
ive accurate C–H dipolar coupling constants (20, 21). In an
arlier article (19), the efficiencies of a number of homonucl
ipolar decoupling sequences, including Lee–Goldburg CW1),
AHUHA (2, 3), MREV-8 (4, 5), BR-24 (6), BR-52 (6),
LEW-48 (7), and TREV-8 (8), were compared. It was found th
LEW-48 gave the best performance. Since then, severa
omonuclear dipolar decoupling methods have been propos

he study of proton NMR in solids (9–14). In this work, we repor
study on the efficiency of some of these new methods appl

he 13C NMR of liquid crystals, and a comparison the results w
hose obtained by using the MREV-8 and BLEW-48 seque
he use of the BLEW-48 sequence in the 2D proton-dete

ocal field method (22–25) has also been examined, and the re
re discussed.

EXPERIMENTAL

The liquid crystals 4-n-pentyl-49-cyanobiphenyl, TNC 1291
nd ZLI 1167 were obtained from EM Chemicals (Hawtho
Y) and used without further purification.

go,
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2913C NMR OF LIQUID CRYSTALS
All NMR experiments were carried out on a Varian UNIT
NOVA 400 NMR spectrometer. For the off-magic-angle-sp
ing (OMAS) experiments, the angle of the spinning axis w
espect toB0, b, was determined by studying the deuteri
uadrupole splittings of a solution of CDCl3 in TNC 1291; the
atio of the splittings obtained with and without rapid spinn
spinning rate;1 kHz) is equal to (3 cos2 b 2 1)/2 (20).

RESULTS AND DISCUSSION

iquid Crystal Solutions

Among the homonuclear dipolar decoupling methods
ished before 1986, it was found that the BLEW-48 sequ
ave the best results for the study of13C and2H NMR in liquid
rystals (18, 19). Since then, other homonuclear dipolar dec
ling methods have been proposed for solid-state NMR9–
4). Several sequences using composite pulses gave very
imulated spectra (9), but the results were not substantia
xperimentally (10). For some other sequences, the per
ances match the theoretical predictions (11–14).
The frequency-switching Lee–Goldburg (FSLG-2) met

11, 12) has proven to be very successful for solid state N
nd has been applied to 2D studies (26, 27) using the separate

ocal field (28–31) approach. To implement this method,
ime it takes to switch the spectrometer frequency shoul
ess than 1ms. This requires special hardware not routin
vailable in commercial spectrometers. However, ifT2 of the
ystem is not too short, such as in the cases of solids with
nternal rotations and liquid crystals, there is an alternative
o achieve the frequency-switching effect. This is acc
lished by making a discontinuous change in a linear ram
mall-angle phase of the decoupler, because the freq
umps and phase shifts are related to each other (32, 33). This
as the method used in our experiments.
More recently, a method based onz-rotational decouplin
as proposed by Hohwyet al. (13, 14) to eliminate the highe
rder dipolar coupling terms. One of the sequences is a
iated as MSHOT-3 for Magic Sandwich High Order Trun
ion, another as BHOT-4 for High Order Truncation w
LEW-12. It was shown that MSHOT-3 gave very go

esults for CRAMPS experiments (13, 14).
Because of the success of these homonuclear dipolar d

ling methods in the study of solid samples, we proceed
est their performance for liquid crystal systems. The resu
pplying the FSLG-2, MSHOT-3, and BHOT-4 homonuc
ecoupling methods to study the13C spectra of benzene d
olved in two liquid crystalline solvents are shown in Fig
esults obtained from using the MREV-8 and BLEW-48
uences are also displayed in the same figure for compa

n all the experiments, a waveform generator was use
enerate the desired decoupling sequence in the acqu
eriod, and the duty cycle was kept to only 2% to av
ignificant RF heating (34).
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The results in Fig. 1 show that all the proton–proton dip
ecoupling methods, except BHOT-4, reduce the comple13C
pectrum to first order. This means that, because the1H–1H
ipolar interaction terms are removed from the average
amiltonian, the spectrum is determined by1H–13C couplings
nly. In each decoupled spectrum, the large splitting is du
oupling with the directly bonded (ipso) proton, and the triple
n each half is due to coupling with the twoortho protons
ouplings with themetaand para protons are resolvable
ome of the spectra, and the BLEW-48 sequence give
ighest resolution.
Quantitatively, the coupled spectrum can be analyze

btain all the H–H and C–H dipolar coupling constants. T
ach proton–proton dipolar decoupled spectrum can be

yzed by setting the H–H dipolar coupling constants to zero
ultiplying all the C–H scalar and dipolar couplings with

ingle scaling factor (18). The scaling factors calculated fro
he experimental spectra of benzene dissolved in two li
rystalline solvents, TNC 1291 (anisotropy of the magn
usceptibilityDx . 0) and ZLI 1167 (Dx , 0), are listed in
able 1. For all these methods, small variations of the ca

requency of the decoupler (up to;500 Hz) did not change th
uality of the decoupled spectra and the scaling factor.
HOT-4 sequence seems to give two sets of decoupled
ith different scaling factors, but the reason for this is
lear. Therefore, the results obtained for BHOT-4 are
ncluded in Table 1. For comparison, the theoretical sca
actors are also listed in Table 1, and they were calculate
he following way.

For the MREV-8 sequence, when pulse imperfections
eglected, the Zeeman part of the average Hamiltonian i5)

H# z
~0! 5

1 1 2a

3 O
i

~I xi 1 I zi! z ~v0 2 v i!, [1]

here

a 5 S 4

p
2 1D z

3tv

tc
, [2]

n which tv is the 90° pulse width andt c is the cycle time
herefore, the theoretical scaling factor=2 (1 1 2a)/3
epends on the pulse width as well as the pulse spacing
oth can vary. For the13C spectra of benzene dissolved in

iquid crystal solutions with proton homonuclear dipolar
oupling using a waveform generator, we found that a s
indowless version (xy–t–y#x#–t–x#y–t–y#x–t, wheret is set

o be equal to the 90° pulse width) was most convenient
ave the best results, and the theoretical scaling factor
alculated accordingly. For BLEW-48, FSLG-2 and M
OT-3, the theoretical scaling factors are4

3 p (7), 1/=3
11, 12), and (7p 1 8)/27p (13, 14), respectively. The data
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30 FUNG, ERMOLAEV, AND YU
able 1 show that experimental scaling factors for all
equences examined are very close to the theoretical v
he experimental values for BLEW-48 are in good agreem
ith the value determined previously (18).
The lower resolution of the new FSLG-2 and MSHO
ethods for the case of benzene dissolved in liquid crysta

olvents (Fig. 1) does not necessarily mean that they

FIG. 1. 13C NMR of benzene (;8%) dissolved in two liquid crystall
ecoupling methods. (a) Coupled spectra; (b) MREV-8 (4, 5); (c) BLEW-48 (
olvent5 TNC 1291 (Dx . 0); decoupler powergB2/ 2p 5 11 kHz; the fir

with a line broadening factor of 5 Hz) to reduce the broad background
owergB2/ 2p 5 10 kHz; the whole FID was used for data processing;

TABLE 1
Scaling Factors for Several Proton Homonuclear

Dipolar Decoupling Methods

MREV-8 BLEW-48 FSLG-2 MSHOT-3

heoretical 0.536 0.424 0.577 0.354
xperimental, in TNC 1291 0.525 0.414 0.563 0.36

in ZLI 1167 0.533 0.414 0.568 0.357
e
es;
nt

e
re

nferior to the BLEW-48 sequence for homonuclear dip
ecoupling. For the FSLG-2 method, it is not clear to
hether its performance is affected by the use of small p
ngle ramp instead of actual frequency jumps. For the
OT-3 method, the pulse sequence was specially design
liminate higher order dipolar terms (13, 14) and may be mor
uitable for proton line narrowing of solids with magic an
pinning than applications to the study of liquid crystals.
he other hand, the long cycle time and moderate scaling f
f the BLEW-48 sequence compared to MREV-8, FSLG
nd MSHOT-3 are disadvantageous in some applications

hermore, because BLEW-48 is windowless, it is inconven
or direct application in CRAMPS experiments.

ulk Liquid Crystals

Because proton–proton dipolar decoupling can simplify
13C spectra to first order, it is very useful for the study of b

solvents at 9.4 T and 21°C, without and with various proton–proton
d) FSLG-2 (11, 12); (e) MSHOT-3 (13, 14); (f) BHOT-4 (13, 14). Column I:
wo points of the free induction decay (FID) were removed for data proc

to the liquid crystal solvent. Column II: Solvent5 ZLI 1167 (Dx , 0); decouple
e broadening factor5 5 Hz.
ine
7); (
st t
due
lin
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3113C NMR OF LIQUID CRYSTALS
iquid crystals. By applying it to the 2D method of separa
ocal field (SLF) spectroscopy (28–31), especially in combi
ation with off-magic-angle-spinning (OMAS,20), C–H dipo-

ar coupling constants of various molecular segments
iquid crystal can be obtained from its13C spectra. This ha
een shown to be a very useful method to study the ori

ional ordering of liquid crystals (21). Recently, Pines an
o-workers demonstrated that the resolution of the SLF me
an be improved substantially by first encoding the ho
uclear dipolar decoupling information in the magnetizatio

he abundant spin (proton) and then transferring it to
agnetization of the rare spin (carbon) through cross pola

ion (22–25). They call the method proton-detected local fi
pectroscopy (PDLF) because in the earliest version the
ignal was detected by observing the proton magnetiz
22). In later versions, including extensions to 3D meth
24, 35), the rare spin (13C) magnetization is detected. In ord
o avoid misunderstanding, we prefer to call the method
on-encoded local field (PELF) spectroscopy. The orig
ELF method uses MREV-8 for proton dipolar decoup
uring the evolution period (22–25). Because of the outstan

ng performance of the BLEW-48 sequence, we proceed
ncorporate it to the PELF method. The modification nee
or the successful implementation of the pulse sequen
resented here, and the results of using MREV-8
LEW-48 are compared.
For MREV-8, Eq. [1] shows that the effective field direct

s in thexz plane and forms a 45° angle with the two axes

FIG. 2. A schematic diagram of the 2D proton-encoded local field (P
P 5 cross polarization. The last twop/2 pulses of the S spin act as a “z-filt

TAB
Phase Cyclesa Used in the P

p/2 BLEW-48b p BLEW

-spin A A 1 A
-spin — — B —

a A 5 02020202; B5 00220022; C5 00002222; D5 02022020; with 0
b The first normal BLEW-48 element (ref.7) is shifted to the end.
c Ref. 36.
d

a

a-

od
-
f
e
a-

R
n

s

-
l

to
d
is
d

rder to rotate the proton magnetization to a plane perpe
lar to this direction, two 45°y pulses are inserted before a
fter the MREV-8 pulses in the 2D PELF sequence (22–25).
For BLEW-48, the Zeeman part of the average Hamilto

s (7)

H# z
~0! 5 2

4

3p
O

i

I yi z ~v0 2 v i!. [3]

ince the effective field direction is along they axis, the 45
ulses are not needed. However, because the BLEW-4
uence is applied in the evolution period after a 90° excita
ulse, its first element (a 90°x pulse) must be moved to t
nd. For phase cycling, the excitation pulse as well as
hole BLEW-48 sequence are phased-shifted by 180° i

ernate scans. The complete PELF pulse sequence
LEW-48 is shown in Fig. 2, and the phase cycles are liste
able 2. For efficient broadband decoupling, a new sequ
alled SPARC-16 (36) was used in the acquisition period.
The 13C spectra of 5CB using BLEW-48 for proton dipo

ecoupling in SLF and PELF are displayed in Fig. 3, wh
learly shows that the spectral resolution of the PELF me
s much better than that of the traditional SLF method
hould be noted that the spectral width for the PELF spec
nly half of the SLF spectra in Fig. 3). The main reason for
ifference in the linewidths is the following.
In the SLF method, the C–H splittings appear as multip

) method using the BLEW-48 sequence (7) for proton–proton dipolar decouplin
The phase cycles are listed in Table 2.

2
F Sequence Shown in Fig. 2

b CP p/2 p/2 Acquisition

1 — — I–S decouplingc

C 0 D Receiver: D

°; 1 5 90°, 25 180°.
ELF
er.”
LE
EL

-48

5 0
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3313C NMR OF LIQUID CRYSTALS
f multiplets. For example, the13C peak of thed-carbon is spli
y the two directly attached protons into a triplet, each c
onent of which is in turn split by the indirectly bonded prot

n the methyl group into a quartet. However, for other aliph
arbons, the long-range C–H couplings are unresolved
nly contribute to line broadening. For all the protona
romatic carbons, each13C signal appears as an overlapp
oublet of doublets due to splittings caused by the dire
onded andortho protons, respectively. For the quatern
arbons, the C–H splittings caused by theortho protons are
maller, and result in overlapping triplets. Thus, the spect
ig. 3, column I, show that the splittings caused by directly

ndirectly bonded protons lead to overlapping peaks. On
ther hand, each set of C–H splitting in the PELF met
ppears as a discrete doublet, regardless of the numb
quivalent protons attached to the carbon (22–25). Thus, long
ange couplings yield pairs of peaks with smaller splitti
ather than causing line broadening. Very small splittings
annot be resolved contribute to the central peak. Becau
he smaller linewidths of the PELF spectra, C–H splittings
e measured more accurately, and values of some o

ong-range couplings can be extracted from the central pa
ach spectrum by least-squares curve fitting. Once the v
f the splittingsDn ij are determined, the C–H dipolar coupl
onstantsDij can be calculated by using the equation (18, 19)

FIG. 3. 13C NMR of 5CB at 9.4 T and 21°C, spinning at 1.1 kHz at a
pectral width5 3200 Hz;column II: 2D PELF slices in thev1 dimension; s
volution period. The decoupler powergB2/ 2p (in kilohertz) was set to
ross-polarization and broadband decoupling. A line broadening factor of
f increments in the t1 dimension5 64; acquisition time5 0.057 s; relaxa

TAB
C–H Dipolar Coupling Constantsa (in Hertz) of 5C

Carbon number SLF with BLEW-48

1 9236 61
2 17886 15 215056 13 1
3 16886 17 215006 19 1
4 b

19 842 6 50
29 16346 14 214396 13 1
39 13756 11 214696 12 1
49 904 6 100
a 56546 55 b 5
b 39086 40 b 3
g 41716 50 b 4

d 29426 35 5596 6 2
v 20416 28 b 2

a For each method, values in the first column are for directly bonded C
f the indirect C–H dipolar coupling constants for the aliphatic carbons

b Unresolved.
c There are two sets of long-range couplings (see Fig. 4, IIa).
-

c
nd
d

ly

in
d
e
d
of

s
at
of

n
he
of
es

Dn ij 5 f z @~3 cos2b 2 1! z Dij 1 Jij#, [4]

here f is the scaling factor of the dipolar decoupling
uence,b is the angle between the spinning axis andB0, and
ij is the C–H scalar coupling constant. The anisotropy inJC–H

s considered to be negligible, and the isotropicJC–H values for
CB were determined previously (37). The signs ofDn ij can-
ot be determined from the spectra; they are assigned bas
eometric considerations of the 5CB molecule. The resu

he calculatedDC–H values are listed in Table 3, which a
ncludes data obtained from using the MREV-8 sequenc
ELF. For comparison, several slices of the 5CB spectra

ained by using the BLEW-48 and MREV-8 sequences
hown in Fig. 4. The results show that, even though MRE
oes not give as good a resolution as BLEW-48 for the ca
enzene dissolved in liquid crystalline solvents (Fig. 1),
pplication of the two sequences in PELF give compar
pectra for 5CB. The most likely reason is that bulk liq
rystals have considerably broader13C peaks than small solu
olecules. Actually, because the MREV-8 sequence h

arger scaling factor than BLEW-48, some of the sma
plittings are better resolved (Figs. 4a and 4d).
The data in Table 3 show that the dipolar coupling cons

btained from SLF and PELF using BLEW-48 agree with e

ngle of 48.5°.Top: 1D spectrum;column I: 2D SLF slices in thev1 dimension
tral width5 1600 Hz. Both methods used BLEW-48 dipolar decoupling in

7 for the preparation and refocusing pulses, 38 for BLEW-48, and
Hz was used for data processing in both dimensions. Number of scans5 32; Number
delay time5 3.5 s; each set of 2D spectra was obtained in 2 h.

3
at 21°C Obtained from Three Different Methods

PELF with BLEW-48 PELF with MREV-8

8626 13 9296 18
6 17 214456 16 20426 28 215596 27
6 47 213836 73 19166 29 215706 38

919 6 20 9246 40
8736 24 9526 33

6 24 214156 31 19366 40 216016 32
6 40 214476 60 16296 16 216506 29

8626 10 9426 35
6 48 3196 31 61976 54 5426 40
6 33 7916 23 43866 51 8606 42
6 38 6786 61 46486 39 7736 13c

339 6 17c

6 25 5416 26 32296 30 6426 114
6 20 3996 60 23256 22 b

pairs; values in the second column are for indirectly bonded C–H pairs
uncertain.
n a
pec

6
10

tion
LE
B

789
712

667
382

731
968
255

917
048

–H
are
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34 FUNG, ERMOLAEV, AND YU
ther within experimental error, which is expected. Howe
ecause the SLF spectra are much broader, theDij values for

he quaternary carbons have larger errors. In fact, the pea
he 4-carbon (Fig. 3, column I) is so broad that the split
ould not be obtained from fitting the spectrum. For PE
sing MREV-8 decoupling, theDij values are all higher tha

hose obtained using BLEW-48 by about 10%, which is la
han the experimental errors for most of the data. In
xperiment, the MREV-8 cycle time was set to be 14.9 ti

he pulse width, yielding a scaling factor of 0.523 (Eq. [2])
he scaling factor is arbitrarily adjusted to 0.575, the calcul
alues of Dij become consistent with those obtained u
LEW-48. In view of the better performance of the BLEW-
equence for homonuclear dipolar decoupling (7, 18, 19; Fig.
), we consider that its application to PELF would also g
ore reliable data than MREV-8. Furthermore, the peaks

ained from the use of BLEW-48 show less lineshape disto
nd spurious signals (Figs. 4c and 4d); their linewidths are
maller, so that they have better signal-to-noise ratios.
mperfections in using MREV-8 can be minimized by me
lous adjustment of the pulse spacing, but it is less conve

or routine experimental studies. On the other hand, bec
LEW-48 is a windowless sequence and can be readily in
orated into the evolution period with a waveform gener
ather than actually turning the decoupler on and off betw
ulses, it is affected less by pulse imperfection.
The cycle time of BLEW-48 is 48z tv, which is quite long
owever, we found that it is not necessary to set the in

FIG. 4. 13C NMR of 5CB at 9.4 T and 21°C, spinning at 1.1 kHz at
ngle of 48.5°, showing several 2D PELF slices in thev1 dimension; spectr
idth 5 1600 Hz. (a)g-carbon; (b)a-carbon; (c) 29-carbon; (d) 39-carbon
olumn I:with BLEW-48 dipolar decoupling in the evolution period;column

I: with MREV-8 dipolar decoupling in the evolution period. The experime
onditions were the same as those described in the legend of Fig. 3.
r,

for
g

r
r
s

d
g

e
b-
n
so
e

nt
se
r-
r
n

e-

ents in the evolution period in multiples of a wh
LEW-48 cycle; increments in steps of1

4 or 1
2 of a full cycle

ive the same result. Therefore, the spectral width in thev1
imension of the PELF method is not limited by the length

he BLEW-48 cycle.
In conclusion, we have shown that the windowl

LEW-48 homonuclear dipolar decoupling sequence give
est resolution for the13C spectra of benzene dissolved

iquid crystal solvents. It is also applicable to the powerful
ELF method for the study of bulk liquid crystals, and it m
e preferable to the standard MREV-8 sequence.
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