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Recently we developed an efficient broadband decoupling se-  better results for broadband decoupling for liquid crystals ar
quence called SPARC-16 for liquid crystals [J. Magn. Reson. 130,  solids. The method is called SPINAL-64, an acronym for sma

317 (1998)]. The sequence is based upon a 16-step phase cycling of  phase incremental alternation, with 64 steps, and the results
the 2-step TPPM decoupling method for solids [J. Chem. Phys. discussed in the following pages.

103, 6951 (1995)]. Since then, we have found that a stepwise
variation of the phase angle in the TPPM sequence offers even
better results. The application of this new method to a liquid

crystalline compound, 4-n-pentyl-4’-cyanobiphenyl, and a solid, 1o TPpPM 18) and SPARC-1619) decoupling sequences
L-tyrosine hydrochloride, is reported. The reason for the improve- are continuous cycles composed of two pulses P “andtie

ment is explained by an analysis of the problem in the rotating . o ~ on.
frame. © 2000 Academic Press opposite phases, where=P 165(10°) and P= 165(—10°):
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RESULTS AND DISCUSSION

TPPM= PP

INTRODUCTION SPARC-16= PFPP FPPPPPHP FPPP

The application of heteronuclear broadband decoupling e actual pulse width can be slightly different from 165° an
essential for the observation of high-resolution NMR signals gde actual phase shift can be slightly different frami0°
*°C and other spin-1/2 nuclei, whether the sample is in liquigithout appreciable deleterious effect on the performance.
liquid crystalline, or solid state. Many efficient broadband | fyrther studies, we have found that changing the pha
decoupling sequences for liquid, such as MLEY—4), gngles in the basic elements P anst@pwise actually leads to
WALTZ (5, 6), and GARP {, 8), are based on the use Ofconsiderable improvement in the efficiency of broadband d

composite pulses with systematic phase cycling. In principl@oup“ng for liquid crystals. Thus, two basic elements ar
the more efficient adiabatic frequency-sweeping method devehnstrycted in the following way:

oped recently§—17 does not depend on phase shifting, but in
practical implementation the frequency sweep is often accom-; = 165(10°) 165¢10°) 165(15°) 165¢ 15°)
plished by programmed phase shifts using a fixed radiofre-

quency (RF) source. The most efficient broadband decoupling X 16520°) 165 — 20°) 16515°) 165 — 15°)
method for solids reported so far is a 2-step phase shiftiggg

scheme called TPPM (two pulse phase-modulatit); We _ . . . .
have shown that the TPPM sequence also works well for quuidQ = 165(-10°) 165(10°) 165¢ 15°) 165(15°%)
crystals (9), and its performance is better than that of all the
previously published broadband decoupling sequences

(6-9, 20—-2%. Furthermore, the decoupling efficiency is im-

. . i hese elements are then combined into supercycles, and
proved by incorporating the TPPM scheme into a supercy gquences are called SPINAL:

called SPARC-16, with is an abbreviation for small phase
angle rapid cycling with 16 stepd9). Since then, we have
found that a stepwise change in the phase angle of the TPPM

X 165( — 20°) 165(20°) 165( — 15°) 165(15°).

SPINAL-16= QQ

sequence, combined with overall phase cycling, offers even SPINAL-32= Q00Q

' On leave from the Institute of Chemical Physics, Chernogolovka, Russia. SPINAL-64= QQQQ QQQQ

? Present address: Quantum Magnetics, 7749 Kenawar Court, San Diego, . B L
CA 92121-2425. SPINAL-128= QQQQ QQQQQQQQ QQQQ.
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it is not designed for systems with dipolar couplings and th
*C linewidths are considerably larger than those obtained fro
using the other three sequences. Unfortunately, some inve:
gators are unaware of this and use WALTZ-16 decoupling fc
liquid crystal samples, requiring much higher proton decoupl
power to obtained resolved peaks. Even with considerab
higher decoupler power, the observéd peaks are often much
broader because RF heating would create an undesirable t¢
perature gradient in the sampl2§].

Because the TPPM sequence does not compensate for
effect of proton chemical shift differences, the linewidths o
different °C peaks in a spectrum vary with the proton decot
pler frequency differently. The SPINAL-64 sequence suffer
from the same problem. For example, when the proton decc
pling frequency is moved to the direction of the aliphatic pal
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FIG. 1. ™C-NMR spectra of 4-pentyl-4-cyanobiphenyl (5CB) at 9.4 T
and ambient temperature. The decoupling powd,(2) was 18 kHz. The
decoupling sequences were (a) WALTZ-16; (b) TPPM; (c) SPARC-16; and (d)
SPINAL-64. The peak assignment is (from left to right for decreasing chemical
shifts): 4,1,1,4,3,3,2,2,v, a, B, §, o, and—CN (The assignment of the
vy and « peaks were reversed ID).

To compare the efficiencies of different broadband decou-
pling sequences, we chose to study tt@NMR spectra of the
benchmark liquid crystal, #-pentyl-4-cyanobiphenyl (5CB),
which has the following structure.

3 2 2 3

o 8 1 B a 11 4
CH3CH,CH,CH,CHj3 4 O CN

of the spectrum, the widths of four of the five aliphati€
peaks increase, but that of thecarbon decreases (Fig. 2).
Thus, the peaks of the and 8 carbons overlap in Fig. 2lc,
when TPPM decoupling is used, but they are still sufficientl
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Figure 1 shows the results of applying the broadband deF!G. 2. “C-NMR spectra of 4+pentyl-4-cyanobiphenyl (5CB) at 9.4 T
coupling sequences TPPM, SPARC-16 and SPINAL-64 on tﬁré:l ambient temperature. Only the peaks of the aliphatic carbons are sho

*C spectra of 5CB. The WALTZ-16 sequencs, ) is also

The decoupling poweryB,/2m) was 18 kHz. The relative offsets of the
decoupler were (a) 0 Hz; (b) 100 Hz; and (c) 200 Hz; toward the aliphati

chosen for comparison because it is very efficient for broaggion of the proton spectrum. Column I: TPPM decoupling; column Ii
band decoupling of liquid samples and widely used. HoweveRINAL-64 decoupling.
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resolved with SPINAL-64 decoupling (Fig. 2lic). In the mearand SPINAL sequences, the phases of the RF pudiggsare
time, the aromatic peaks are less affected by small changesimall. Therefore, up to first order th, the RF field interaction

the proton decoupler frequency (spectra not shown). term (in angular frequency units) can be written as
The spectra in Figs. 1 and 2 clearly show that the SPINAL-
64 sequence performs much better than TPPM and SPARC-16. Her= —ordlx + P(D1], [3]

The SPARC-16 sequences use permutations of the basic ele-

ment P and Bn TPPM to form a supercycle and achieve bettegherewg, = yBy; is the amplitude of the decoupling field, and
results £9), but the improvement is small. On the other hand, and|, are the components of the total proton magnetizatic
by changing the phase angle stepwise to form two basic cyclggng thex andy axes of the rotating frame, respectively. As

Q and Q and then combining them into a supercyclean example, the phase function for TPPM sequence is
SPINAL-64 gives a much better performance. Its application to

many other liquid crystals gave similar results. In fact, the /18 Kr<t<(2k+ 1)7
linewidths of thed and w carbons in 5CB are so narrow that (1) = {_ 718, (2k + )r<t< (2k + 2)r 4l
they show a ringing pattern due to truncation of the free

induction decay with a 40-ms acquisition time (Fig. 2, COlumg\'/herek =0,1,2,...,and is the length of the pulses.

). , . o Each proton spin experiences an influence of its own
The decoupling efficiency of SPINAL-64 for solids is als_céffective RF fieldw, with the componentssg and 8,. It is

better than that of TPPM, which is in turn better than contins, \ enjent to use a tilted frame with thaxis for each proton
uous wave (CW) decoupling. The results obtained fdy- gy ajigned along its effective RF field and retain only th
rosine hydrochloride with magic angle spinning (MAS) ar€ecjar parts of the dipolar interactions with respect to tt
shown in Fig. 3. Although the improvement is less than that fof ;61 interactiorS o, - 1,. A transformation to this frame is
liquid crystals (Figs. 1 and 2), itis still quite significant. 5 .complished by a rotation in the operator space of each pro
The theoretical basis for TPPM decoupling was analyzed Qﬁin at the angles, = arctan@,/wer) around they axis. The

using a three-spin system, a ¢hroup (L8). A detailed theo- effective Hamiltonian in this frame is
retical analysis of a many-spin system, such as 5CB, is ex-

tremely difficult if not impossible. This point is underscored by

considering the different dependence of the linewidths of dif- Hen = _2 |@ill = wre®(V)]y [5]
ferent carbons on the decoupler frequency (Fig. 2), as dis- =0
cussed above. However, a qualitative analysis is feasible. The + 2 2 (8] @) bgSord ix + Hseo
following explanation is presented to help understand why, for >0
liquid crystals, the performance of the SPINAL-64 sequence is
much better than that of the TPPM pulse sequence. where|w;| = (wa + 87)"? and ¥, is the secular part of
The Hamiltonian in the rotating frame for the protons (I) anthe homonuclear dipolar interaction (féf = 0 it becomes
the °C spins (S) is —(1/2)3t,,, where ¥, is the secular part of the dipolar
interaction between protons with respect to ¥haxis).
Ho= e+ >, 8ili, + His + %, [1] For ®(t) = 0 (cw decoupling), the third term in Eqg. [5] on
i>0 the right-hand side represents the residual heteronuclear c

pling and gives the main contribution to tH&C linewidth.

where ¥ is the interaction of the spin system with the RER€SOnant harmonics d(t) cause a resonance in the rotating
decoupling pulsess; accounts for the chemical shift of thae ~ frame, leading to flips of the-components of the proton spins
spin measured from the decoupler frequency, #hgdandg¢, 2and averaging out the residual heteronuclear interaction. Th
are the dipole—dipole interactions between a sirigle spin are three main factors that broaden the resonance in the rota
and surrounding protons, and between the proton spins, resggdne and make the decoupling less efficient: distribution «
tively; the proton chemical shifts, RF field inhomogeneity, and hom
nuclear dipolar interactions. The first two create an inhomog
neous distribution of the resonance frequentigs In liquid

s = go 2 Boj Seclie crystals, there is only a finite number of large intramolecule
: contributions to the homonuclear dipolar Hamiltonian, nonay
Hy= > D (2 il — Tidix = Tiylyy), [2] eraged by the molecular motions. Although individual lines ar
i>j>0 usually not resolved in the dipolar spectrum, the spectrum h

some features of an inhomogeneous system and shows nun
b; being the constants of the dipole—dipole interaction. Tteus peaks with acquisition dela®4). Therefore, it presents an
chemical shift terms of the S spins and the |-l and I-S scalmtermediate case between homogeneous and inhomogene
couplings are omitted for the sake of simplicity. For the TPPMroadening.
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FIG.3. ™C-NMR spectra of -tyrosine hydrochloride at 9.4 T and ambient

temperature. The MAS rate was 6 kHz and the decoupling pow8s/@)

formance is achieved at pulse angles:£) shorter thanm
(165° in our case).

As it was mentioned above, the absorption spectrum in t
rotating frame is highly inhomogeneous, and it is difficult tc
saturate it by irradiating at a single frequency. Much bette
results can be achieved when the functidft) has more
harmonics in the resonance region, as for the SPINAL-32 pul
sequence shown in Fig. 4b. The number of harmonics of
SPINAL-64 sequence further increases, and the correspond
spectrum of excitation in the rotating frame is displayed i
Fig. 4c.

In practice, the performance of SPINAL-64 was only
slightly better than that of SPINAL-32, and no further im-
provement was observed for SPINAL-128, which has eve
more harmonics. There are two likely reasons for this. First, fc
a fixed decoupler power, an increase in frequency dispersi
reduces the intensity of each component of the harmonic
Second, thé’C signals of liquid crystals have fairly smal}’s,
making the very long SPINAL-128 sequence no more adva
tageous than SPINAL-64. Many other values of phase shif
were tested, but they were not as good as the basic cycles
and Qshown above.

In summary, new broadband decoupling sequences he
been designed by changing the phase angles in the TPI
sequence stepwise and then combining the basic cycles i
supercycles. It has been shown that SPINAL-64 sequen
performs much better than other sequences for the broadb:
decoupling of liquid crystals and solids. The reason for th
improvement is explained by an analysis of the problem in tf
rotating frame. Based upon this analysis, it is possible f

intensity distortion. The number of scans was 100 for each spectrum, and no
line broadening was used for data processing. The assignment of the center-
band peaks is (from left to right for decreasing chemical shifts): —-COOH,

1
was 75 kHz. Sideband elimination technique was not used to avoid possible b
{, 8, 8, v, € €, o, and B. (&) CW decoupling; (b) TPPM decoupling; 111 I I I L. .
1

(c) SPINAL-64 decoupling.

Figure 4a shows a spectrum®{t) (modulus of the Fourier

L1,
0

coefficients) for the TPPM sequence. The frequency is in the
units of wg, the resonance frequency in the rotating frame in
the absence of broadening factors mentioned above. In the

range displayed, it has only one peak at the frequeriey(or
7l(wgeT) i the dimensionless units of Fig. 4), wherés the

pulse width. The proton chemical shifts increase the resonancgg 4.

0 1 2
Frequency

Irradiation “spectra” in the rotating frame for the pulse sequence

frequencies in the rotating frame and shift the center of tig TPPM; (b) SPINAL-32; and (c) SPINAL-64. The frequency is in units of
absorption line to higher frequencies. Therefore, the best pek-



BROADBAND DECOUPLING FOR LIQUID CRYSTALS 101

construct other decoupling sequences with even better perfor- Resonance” (J. S. Waugh, Ed.), Vol. 11, p. 47, Academic Press,

mance. The results will be reported elsewhere. New York (1983).
5. A.J. Shaka, J. Keeler, T. Frenkiel, and R. Freeman, J. Magn. Reson.
52, 335 (1983).

6. A. J. Shaka, J. Keeler, and R. Freeman, J. Magn. Reson. 53, 313

. . : 1983).
All the experiments were carried out on a Varian UNITY/ (1983)
7. A.J. Shaka, P. B. Barker, and R. Freeman, J. Magn. Reson. 64, 547

INOVA 400 MHz NMR spectrometer equipped with a wave- (1985).

form generator for generating decoupling sequences. The lig-  ; shaka and J. Keeler, Prog. NMR Spectrosc. 19, 47 (1987).
uid crystal experiments were performed at ambient temperatuge 7 siarcuk, Jr., k. Bartusek, and Z. Starcuk, J. Magn. Reson. A 107,
using an indirect detection probe manufactured by Narolac 24 (1994).

Corporation (Martinez, CA). To minimize RF heating, a veryo. T. E. Skinner and M. R. Bendall, J. Magn. Reson. A 112, 126 (1995).
small duty cycle (1%) was used, with an overall cycling time1. E. Kupce and R. Freeman, J. Magn. Reson. A 115, 273 (1995).
of 55 (0.01 s preacquisition irradiation for NOE effect, 0.04 ®. E. Kupce and R. Freeman, J. Magn. Reson. A 117, 246 (1995).
acquisition time, and 4.95 s relaxation delay). Single-pulss. E. Kupce and R. Freeman, Chem. Phys. Lett. 250, 523 (1996).
rather than cross polarization was used to show proper intaa- E. Kupce and R. Freeman, J. Magn. Reson. A 118, 299 (1996).
sities for the quaternary and cyano carbons. A Varian prob& R. Fu and G. Bodenhausen, Chem. Phys. Lett. 245, 415 (1995).
was used for the MAS experiment; the cross polarization time. R. Fu and G. Bodenhausen, J. Magn. Reson. A 117, 324 (1995).
was 4 ms, the acquisition time was 0.03 ms, and the cycling. R. Fu and G. Bodenhausen, J. Magn. Reson. A 119, 129 (1996).

time was 10 s. 18. A. E. Bennett, C. M. Rienstra, M. Auger, K. V. Lakshmi, and R. G.
Griffin, J. Chem. Phys. 103, 6951 (1995).
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