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The effect of several new homonuclear dipolar decoupling
methods (frequency-switching Lee-Goldburg decoupling and two
sequences based on z-rotational decoupling) on the *C spectra of
liquid crystals has been studied, and the results are compared with
those obtained by using two well-established methods (MREV-8
and BLEW-48). For benzene dissolved in two liquid crystalline
solvents, BLEW-48 gives the best spectral resolution. The
BLEW-48 sequence has also been applied to the 2D method of
proton-encoded local field (PELF) spectroscopy to study a bulk
liquid crystal, 4-n-pentyl-4’-cyanobiphenyl (5CB). The results are
compared with those obtained by using MREV-8, and it is sug-
gested that the BLEW-48 sequence may be preferable to MREV-8
for application in the PELF method. © 1999 Academic Press

INTRODUCTION

WAHUHA sequence, 3) to remove the dipolar terms in the
average spin Hamiltonian up to the first order to achieve mo
efficient homonuclear dipolar decoupling. Since then, man
other multiple-pulse dipolar-decoupling sequences have be
proposed for further improvemen#é{14. The most com-
monly used method is perhaps the 8-pulse MREV-8 sequen
(4, 5. The combination of magic angle spinning and multiple:
pulse dipolar decoupling (CRAMP35-17 has proven to be
very useful in obtaining high-resolution proton spectra of sol
ids. In 1989, Levitt and co-workerd {, 12 demonstrated that
the “magic-angle CW” method of Lee and Goldbutg ¢an be
dramatically improved by frequency switching. In their ap-
proach, the frequency offset is rapidly switched from a positiv
value to a negative value for everyrZprecession, with a
concomitant 180° phase shift. It was shown that the results a
comparable to or better than those of many multiple-puls

Because the molecular motions in solids and liquid crystagﬁpolar decoupling method4 ¢, 12.
are strongly restricted, their NMR speptra are usgally severerWe have been interested for some time in applying home
broadened by quadrupole coupling, dipolar coupling, or chefgicear dinolar decoupling to study liquid crystal8(19. The

ical shift anisotropy. Various techniques have been used
reduce or eliminate these effects to decrease the linewidth
the NMR peaks. For + 3 spin systems, the most prevalent lin
broadening is dipolar coupling; methods to reduce the lin

in purpose is to remove H-H dipolar coupling as much &

ive accurate C—H dipolar coupling constan®d,2). In an
arlier article 19), the efficiencies of a number of homonuclear

§8Esible, so that the splittings in the 1D and 20 spectra would

width include magic angle spinning, homonuclear dipolar dﬁipolar decoupling sequences, including Lee—Goldburg @ (

coupling, and broadband heteronuclear decoupling.

WAHUHA (2,3, MREV-8 (4,5, BR-24 €), BR-52 ),

The earliest method of homonuclear dipolar decoupling Wa$ EW-48 (7), and TREV-8 8), were compared. It was found that

off-resonance “magic angle CW” (continuous wave) irradi

BLEW-48 gave the best performance. Since then, several ne

tion, proposed by Lee and Goldburfj(In their approach, the 0 clear dipolar decoupling methods have been proposed

radiofrequency (RF) source used to excite the spin system isl%%t
to differ from the Larmor frequencw, by an offsetAw that
V2, whereB, is the RF
field strength, so that the spin system would precess abou

satisfies the conditionB,/Aw =

study of proton NMR in solid9&14. In this work, we report
a study on the efficiency of some of these new methods applied
the *C NMR of liquid crystals, and a comparison the results witt

%A%e obtained by using the MREV-8 and BLEW-48 sequence

axis forming the magic angle (tah\/2 = 54.74°) with respect o se of the BLEW-48 sequence in the 2D proton-detecte

to the magnetic field,, and the dipolar coupling term in theIocal field methodZ2—
effective spin Hamiltonian would vanish. However, becau

25 has also been examined, and the result

S$fte discussed.

the Lee—Goldburg method only eliminates the dipolar interac-

tion to the zeroth order, it is not very effective. Later on,

EXPERIMENTAL

Waugh, Huber, and Haeberlen introduced a multiple-pulse

! Present address: Quantum Magnetics, 7740 Kenawar Court, San Diego,

CA 92121-2425.

The liquid crystals 43-pentyl-4-cyanobiphenyl, TNC 1291,
and ZLI 1167 were obtained from EM Chemicals (Hawthorne

2 Present address: Phillips Petroleum Company, Bartlesville, OK 74004NY) and used without further purification.
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All NMR experiments were carried out on a Varian UNITY/ The results in Fig. 1 show that all the proton—proton dipola
INOVA 400 NMR spectrometer. For the off-magic-angle-spindecoupling methods, except BHOT-4, reduce the compiéx
ning (OMAS) experiments, the angle of the spinning axis witspectrum to first order. This means that, because'theH
respect toB,, B, was determined by studying the deuteriundipolar interaction terms are removed from the average sp
quadrupole splittings of a solution of CDGh TNC 1291; the Hamiltonian, the spectrum is determined ¥~"°C couplings
ratio of the splittings obtained with and without rapid spinningnly. In each decoupled spectrum, the large splitting is due
(spinning rate~1 kHz) is equal to (3 cdsg — 1)/2 (20). coupling with the directly bondedpso) proton, and the triplet
in each half is due to coupling with the twartho protons.
Couplings with themetaand para protons are resolvable in
some of the spectra, and the BLEW-48 sequence gives t
highest resolution.

Quantitatively, the coupled spectrum can be analyzed 1

Among the homonuclear dipolar decoupling methods pubbtain all the H-H and C—H dipolar coupling constants. Ther
lished before 1986, it was found that the BLEW-48 sequeneach proton—proton dipolar decoupled spectrum can be ar
gave the best results for the study't® and®H NMR in liquid  lyzed by setting the H—H dipolar coupling constants to zero an
crystals (8, 19. Since then, other homonuclear dipolar decounultiplying all the C-H scalar and dipolar couplings with a
pling methods have been proposed for solid-state NMR ( single scaling factor1@). The scaling factors calculated from
14). Several sequences using composite pulses gave very gt experimental spectra of benzene dissolved in two liqui
simulated spectra9j, but the results were not substantiatedrystalline solvents, TNC 1291 (anisotropy of the magneti
experimentally {0). For some other sequences, the perfosusceptibilityAy > 0) and ZLI 1167 Ay < 0), are listed in
mances match the theoretical predictioh$—~14. Table 1. For all these methods, small variations of the carrie

The frequency-switching Lee—Goldburg (FSLG-2) methofilequency of the decoupler (up 16500 Hz) did not change the
(11, 129 has proven to be very successful for solid state NMRuality of the decoupled spectra and the scaling factor. Tt
and has been applied to 2D studi2s,(27) using the separated BHOT-4 sequence seems to give two sets of decoupled pee
local field 28—-31) approach. To implement this method, thevith different scaling factors, but the reason for this is no
time it takes to switch the spectrometer frequency should bkear. Therefore, the results obtained for BHOT-4 are nc
less than 1us. This requires special hardware not routinelincluded in Table 1. For comparison, the theoretical scalin
available in commercial spectrometers. Howevefl ifof the factors are also listed in Table 1, and they were calculated
system is not too short, such as in the cases of solids with rafhé following way.
internal rotations and liquid crystals, there is an alternative wayFor the MREV-8 sequence, when pulse imperfections al
to achieve the frequency-switching effect. This is acconmeglected, the Zeeman part of the average Hamiltoniah)is (
plished by making a discontinuous change in a linear ramp of
small-angle phase of the decoupler, because the frequency B 1+ 2a
jumps and phase shifts are related to each ot32r33. This H® = 3 Dl + 1) (0o — @), [1]
was the method used in our experiments. i

More recently, a method based afrotational decoupling
was proposed by Hohwst al. (13, 14 to eliminate the higher \where
order dipolar coupling terms. One of the sequences is abbre-
viated as MSHOT-3 for Magic Sandwich High Order Trunca- 4 3
tion, another as BHOT-4 for High Order Truncation with a= (_ 1) e [2]
BLEW-12. It was shown that MSHOT-3 gave very good m
results for CRAMPS experiment43, 19.

Because of the success of these homonuclear dipolar dedauwhich 7, is the 90° pulse width and, is the cycle time.
pling methods in the study of solid samples, we proceededTherefore, the theoretical scaling factar2 (1 + 2a)/3
test their performance for liquid crystal systems. The results @épends on the pulse width as well as the pulse spacing, a
applying the FSLG-2, MSHOT-3, and BHOT-4 homonucledsoth can vary. For th&€C spectra of benzene dissolved in the
decoupling methods to study tH¥C spectra of benzene dis-liquid crystal solutions with proton homonuclear dipolar de-
solved in two liquid crystalline solvents are shown in Fig. Icoupling using a waveform generator, we found that a sem
Results obtained from using the MREV-8 and BLEW-48 savindowless version Xy—r—yx—r—xy—r—yx—1, wherer is set
guences are also displayed in the same figure for comparistnbe equal to the 90° pulse width) was most convenient ar
In all the experiments, a waveform generator was used dave the best results, and the theoretical scaling factor w
generate the desired decoupling sequence in the acquisitiafculated accordingly. For BLEW-48, FSLG-2 and MS-
period, and the duty cycle was kept to only 2% to avoitiOT-3, the theoretical scaling factors afer (7), 1/V3
significant RF heating3d). (11, 12, and (7 + 8)/27w (13, 19, respectively. The data in
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FIG. 1. ™C NMR of benzene {8%) dissolved in two liquid crystalline solvents at 9.4 T and 21°C, without and with various proton—proton dipc
decoupling methods. (a) Coupled spectra; (b) MREWA8; (c) BLEW-48 (7); (d) FSLG-2 (L1, 12; (e) MSHOT-3 (3, 14; (f) BHOT-4 (13, 14. Column I:
Solvent= TNC 1291 Ay > 0); decoupler poweyB,/ 27 = 11 kHz; the first two points of the free induction decay (FID) were removed for data processi
(with a line broadening factor of 5 Hz) to reduce the broad background due to the liquid crystal solvent. Column |I: Scfitdrit167 (Ax < 0); decoupler
power yB,/27 = 10 kHz; the whole FID was used for data processing; line broadening fact®Hz.

Table 1 show that experimental scaling factors for all thieferior to the BLEW-48 sequence for homonuclear dipola
sequences examined are very close to the theoretical valudEsoupling. For the FSLG-2 method, it is not clear to u:
the experimental values for BLEW-48 are in good agreemenhether its performance is affected by the use of small pha
with the value determined previousl¥8). angle ramp instead of actual frequency jumps. For the MS

The lower resolution of the new FSLG-2 and MSHOT-3OT-3 method, the pulse sequence was specially designed
methods for the case of benzene dissolved in liquid crystallieéminate higher order dipolar term&3, 14 and may be more
solvents (Fig. 1) does not necessarily mean that they a@table for proton line narrowing of solids with magic angle
spinning than applications to the study of liquid crystals. Or
the other hand, the long cycle time and moderate scaling fact
of the BLEW-48 sequence compared to MREV-8, FSLG-2
and MSHOT-3 are disadvantageous in some applications. Ft
thermore, because BLEW-48 is windowless, it is inconvenier
MREV-8 BLEW-48 FESLG-2 MSHOT-3 for direct application in CRAMPS eXpeI’imentS.

TABLE 1
Scaling Factors for Several Proton Homonuclear
Dipolar Decoupling Methods

Theoretical 0.536 0424 0577 0.354 Bulk Liquid Crystals

EXpe”me”ta"iri]”ZTL'I\'flggl 0%2325 0%34 0%223 003'2;53 Because proton—proton dipolar decoupling can simplify th
' ' i : °C spectra to first order, it is very useful for the study of bulk
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FIG. 2. A schematic diagram of the 2D proton-encoded local field (PELF) method using the BLEW-48 sedidncgioton—proton dipolar decoupling.
CP = cross polarization. The last twa/2 pulses of the S spin act as afilter.” The phase cycles are listed in Table 2.

liquid crystals. By applying it to the 2D method of separatedrder to rotate the proton magnetization to a plane perpendi
local field (SLF) spectroscopy28-3J), especially in combi- ular to this direction, two 45¢ pulses are inserted before and
nation with off-magic-angle-spinning (OMA&(), C-H dipo- after the MREV-8 pulses in the 2D PELF sequen22-@5.
lar coupling constants of various molecular segments in aFor BLEW-48, the Zeeman part of the average Hamiltonia
liquid crystal can be obtained from itSC spectra. This has is (7)
been shown to be a very useful method to study the orienta-
tional ordering of liquid crystals2l). Recently, Pines and ~ 4
co-workers demonstrated that the resolution of the SLF method HY = — 3 2 i (wo — w). (3]
can be improved substantially by first encoding the homo- i
nuclear dipolar decoupling information in the magnetization of
the abundant spin (proton) and then transferring it to tt&ince the effective field direction is along theaxis, the 45°
magnetization of the rare spin (carbon) through cross polarizailses are not needed. However, because the BLEW-48
tion (22-25. They call the method proton-detected local fielduence is applied in the evolution period after a 90° excitatio
spectroscopy (PDLF) because in the earliest version the NMRIse, its first element (a 90¢ pulse) must be moved to the
signal was detected by observing the proton magnetizatiend. For phase cycling, the excitation pulse as well as tt
(22). In later versions, including extensions to 3D methodshole BLEW-48 sequence are phased-shifted by 180° in &
(24, 39, the rare spin'fC) magnetization is detected. In ordeternate scans. The complete PELF pulse sequence us
to avoid misunderstanding, we prefer to call the method prBLEW-48 is shown in Fig. 2, and the phase cycles are listed i
ton-encoded local field (PELF) spectroscopy. The origindlable 2. For efficient broadband decoupling, a new sequen
PELF method uses MREV-8 for proton dipolar decouplingalled SPARC-1636) was used in the acquisition period.
during the evolution period2R—25. Because of the outstand- The **C spectra of 5CB using BLEW-48 for proton dipolar
ing performance of the BLEW-48 sequence, we proceededdecoupling in SLF and PELF are displayed in Fig. 3, whicl
incorporate it to the PELF method. The modification needetearly shows that the spectral resolution of the PELF methc
for the successful implementation of the pulse sequenceissmuch better than that of the traditional SLF method (i
presented here, and the results of using MREV-8 amstiould be noted that the spectral width for the PELF spectra
BLEW-48 are compared. only half of the SLF spectra in Fig. 3). The main reason for thi
For MREV-8, Eq. [1] shows that the effective field directiordifference in the linewidths is the following.
is in thexz plane and forms a 45° angle with the two axes. In In the SLF method, the C—H splittings appear as multiplet

TABLE 2
Phase Cycles® Used in the PELF Sequence Shown in Fig. 2
72 BLEW-48 T BLEW-48 CP 72 72 Acquisition
I-spin A A 1 A 1 — — 1-S decoupling
S-spin — — B — C 0 D Receiver: D

A = 02020202; B= 00220022; C= 00002222; D= 02022020; with 0= 0°; 1 = 90°, 2= 180°.
® The first normal BLEW-48 element (reT) is shifted to the end.
° Ref. 36.
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TABLE 3
C-H Dipolar Coupling Constants® (in Hertz) of 5CB at 21°C Obtained from Three Different Methods
Carbon number SLF with BLEW-48 PELF with BLEW-48 PELF with MREV-8

1 923+ 61 862+ 13 929+ 18
2 1788+ 15 —1505+ 13 1789+ 17 —1445+ 16 2042+ 28 —1559+ 27
3 1688+ 17 —1500= 19 1712+ 47 —1383* 73 1916+ 29 —1570*= 38
4 b 919+ 20 924+ 40
1 842+ 50 873+ 24 952+ 33
2' 1634+ 14 —1439* 13 1667+ 24 —1415=* 31 1936+ 40 —1601+ 32
3 1375+ 11 —1469+ 12 1382+ 40 —1447 = 60 1629+ 16 —1650*+ 29
4’ 904 = 100 862+ 10 942+ 35
a 5654 = 55 b 5731+ 48 319+ 31 6197+ 54 542+ 40
B 3908 = 40 b 3968 = 33 791+ 23 4386+ 51 860+ 42
Y 4171+ 50 b 4255+ 38 678+ 61 4648+ 39 773+ 13

339+ 17°
) 2942+ 35 559+ 6 2917+ 25 541+ 26 3229+ 30 642+ 114

2041+ 28 b 2048+ 20 399+ 60 2325+ 22 b

# For each method, values in the first column are for directly bonded C—H pairs; values in the second column are for indirectly bonded C-H pairs. Tt
of the indirect C—H dipolar coupling constants for the aliphatic carbons are uncertain.

® Unresolved.

° There are two sets of long-range couplings (see Fig. 4, lla).

of multiplets. For example, th€C peak of thes-carbon is split Avy=f-[(3 cosB — 1)-D; + J;], [4]

by the two directly attached protons into a triplet, each com-

ponent of which is in turn split by the indirectly bonded protons

in the methyl group into a quartet. However, for other aliphatiwhere f is the scaling factor of the dipolar decoupling se-
carbons, the long-range C—H couplings are unresolved amgence S is the angle between the spinning axis & and
only contribute to line broadening. For all the protonatedl; is the C—H scalar coupling constant. The anisotropydn
aromatic carbons, eachiC signal appears as an overlappings considered to be negligible, and the isotrajig, values for
doublet of doublets due to splittings caused by the directBCB were determined previousl@%). The signs ofAv; can-
bonded andortho protons, respectively. For the quaternarymot be determined from the spectra; they are assigned based
carbons, the C—H splittings caused by tr¢ho protons are geometric considerations of the 5CB molecule. The results
smaller, and result in overlapping triplets. Thus, the spectratime calculated . values are listed in Table 3, which also
Fig. 3, column |, show that the splittings caused by directly andcludes data obtained from using the MREV-8 sequence |
indirectly bonded protons lead to overlapping peaks. On tlELF. For comparison, several slices of the 5CB spectra o
other hand, each set of C—H splitting in the PELF methddined by using the BLEW-48 and MREV-8 sequences ar
appears as a discrete doublet, regardless of the numberstidwn in Fig. 4. The results show that, even though MREV-
equivalent protons attached to the carb®d2+25. Thus, long- does not give as good a resolution as BLEW-48 for the case
range couplings yield pairs of peaks with smaller splittingsenzene dissolved in liquid crystalline solvents (Fig. 1), th
rather than causing line broadening. Very small splittings thapplication of the two sequences in PELF give comparab
cannot be resolved contribute to the central peak. Becausespéctra for 5CB. The most likely reason is that bulk liquid
the smaller linewidths of the PELF spectra, C—H splittings camystals have considerably broad¥e peaks than small solute
be measured more accurately, and values of some of thelecules. Actually, because the MREV-8 sequence has
long-range couplings can be extracted from the central partlafger scaling factor than BLEW-48, some of the smalle
each spectrum by least-squares curve fitting. Once the valselittings are better resolved (Figs. 4a and 4d).

of the splittingsA v;; are determined, the C—H dipolar coupling The data in Table 3 show that the dipolar coupling constan
constantd; can be calculated by using the equatid8,(19 obtained from SLF and PELF using BLEW-48 agree with eac

FIG. 3. *C NMR of 5CB at 9.4 T and 21°C, spinning at 1.1 kHz at an angle of 48:6p: 1D spectrumgolumn |: 2D SLF slices in thev1 dimension,
spectral width= 3200 Hz;column II: 2D PELF slices in thew1l dimension; spectral widtk 1600 Hz. Both methods used BLEW-48 dipolar decoupling in the
evolution period. The decoupler poweB,/ 27 (in kilohertz) was set to 67 for the preparation and refocusing pulses, 38 for BLEW-48, and 20
cross-polarization and broadband decoupling. A line broadening factor of 10 Hz was used for data processing in both dimensions. NumbeB2af Blzamber
of increments in the t1 dimension 64; acquisition time= 0.057 s; relaxation delay time 3.5 s; each set of 2D spectra was obtained in 2 h.
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ments in the evolution period in multiples of a whole
BLEW-48 cycle; increments in steps §for 3 of a full cycle
give the same result. Therefore, the spectral width indbe
dimension of the PELF method is not limited by the length o
the BLEW-48 cycle.

In conclusion, we have shown that the windowles:
BLEW-48 homonuclear dipolar decoupling sequence gives tt
best resolution for the®C spectra of benzene dissolved in
liquid crystal solvents. It is also applicable to the powerful 2C
PELF method for the study of bulk liquid crystals, and it may
be preferable to the standard MREV-8 sequence.
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