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Recently we developed an efficient broadband decoupling se-
quence called SPARC-16 for liquid crystals [J. Magn. Reson. 130,
317 (1998)]. The sequence is based upon a 16-step phase cycling of
the 2-step TPPM decoupling method for solids [J. Chem. Phys.
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,
L-tyrosine hydrochloride, is reported. The reason for the improve-
ment is explained by an analysis of the problem in the rotating
frame. © 2000 Academic Press
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INTRODUCTION

The application of heteronuclear broadband decouplin
essential for the observation of high-resolution NMR signa
13C and other spin-1/2 nuclei, whether the sample is in liq
liquid crystalline, or solid state. Many efficient broadb
decoupling sequences for liquid, such as MLEV (1–4),

ALTZ (5, 6), and GARP (7, 8), are based on the use
omposite pulses with systematic phase cycling. In princ
he more efficient adiabatic frequency-sweeping method d
ped recently (9–17) does not depend on phase shifting, bu
ractical implementation the frequency sweep is often ac
lished by programmed phase shifts using a fixed radi
uency (RF) source. The most efficient broadband decou
ethod for solids reported so far is a 2-step phase sh

cheme called TPPM (two pulse phase-modulation;18). We
ave shown that the TPPM sequence also works well for l
rystals (19), and its performance is better than that of all
reviously published broadband decoupling seque
6–9, 20–25). Furthermore, the decoupling efficiency is
roved by incorporating the TPPM scheme into a superc
alled SPARC-16, with is an abbreviation for small ph
ngle rapid cycling with 16 steps (19). Since then, we hav

ound that a stepwise change in the phase angle of the T
equence, combined with overall phase cycling, offers

1 On leave from the Institute of Chemical Physics, Chernogolovka, Ru
2 Present address: Quantum Magnetics, 7749 Kenawar Court, San

CA 92121-2425.
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etter results for broadband decoupling for liquid crystals
olids. The method is called SPINAL-64, an acronym for s
hase incremental alternation, with 64 steps, and the resu
iscussed in the following pages.

RESULTS AND DISCUSSION

The TPPM (18) and SPARC-16 (19) decoupling sequenc
re continuous cycles composed of two pulses P and P# with
pposite phases, where P5 165(10°) and P# 5 165(210°):

TPPM5 PP#

SPARC-165 PP#P#P P#PPP# PPP#P P#P#PP# .

he actual pulse width can be slightly different from 165°
he actual phase shift can be slightly different from610°
ithout appreciable deleterious effect on the performanc
In further studies, we have found that changing the p

ngles in the basic elements P and P# stepwise actually leads
onsiderable improvement in the efficiency of broadband
oupling for liquid crystals. Thus, two basic elements
onstructed in the following way:

Q 5 165(10°) 165(210°) 165(15°) 165(215°)

3 165~208! 165~ 2 208! 165~158! 165~ 2 158!
nd

Q# 5 165(210°) 165(10°) 165(215°) 165(15°)

3 165~ 2 208! 165~208! 165~ 2 158! 165~158!.

hese elements are then combined into supercycles, an
equences are called SPINAL:

SPINAL-165 QQ#

SPINAL-325 QQ# Q# Q

SPINAL-645 QQ# Q# Q Q# QQQ#

SPINAL-1285 QQ# Q# Q Q# QQQ# QQQ# Q Q# Q# QQ# .

ia.
go,
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Copyright © 2000 by Academic Press

All rights of reproduction in any form reserved.



co
e
),

d
n th

c oa
b ve

i the
from
vesti-
g for
pler

rably
ch

tem-

or the
of

ou-
fers
cou-

part

2).
c,
ntly

T
a shown.
T he

hatic
n II:

T
a e

d (
mic
e

98 FUNG, KHITRIN, AND ERMOLAEV
To compare the efficiencies of different broadband de
pling sequences, we chose to study the13C NMR spectra of th
benchmark liquid crystal, 4-n-pentyl-49-cyanobiphenyl (5CB
which has the following structure.

Figure 1 shows the results of applying the broadband
coupling sequences TPPM, SPARC-16, and SPINAL-64 o
13C spectra of 5CB. The WALTZ-16 sequence (5, 6) is also
hosen for comparison because it is very efficient for br
and decoupling of liquid samples and widely used. Howe

FIG. 1. 13C-NMR spectra of 4-n-pentyl-49-cyanobiphenyl (5CB) at 9.4
nd ambient temperature. The decoupling power (gB2/ 2p) was 18 kHz. Th

decoupling sequences were (a) WALTZ-16; (b) TPPM; (c) SPARC-16; an
SPINAL-64. The peak assignment is (from left to right for decreasing che
shifts): 4, 19, 1, 49, 39, 3, 29, 2, g, a, b, d, v, and2CN (The assignment of th
g anda peaks were reversed in19).
u-

e-
e

d-
r,

t is not designed for systems with dipolar couplings and
13C linewidths are considerably larger than those obtained
using the other three sequences. Unfortunately, some in
gators are unaware of this and use WALTZ-16 decouplin
liquid crystal samples, requiring much higher proton decou
power to obtained resolved peaks. Even with conside
higher decoupler power, the observed13C peaks are often mu
broader because RF heating would create an undesirable
perature gradient in the sample (26).

Because the TPPM sequence does not compensate f
effect of proton chemical shift differences, the linewidths
different 13C peaks in a spectrum vary with the proton dec
pler frequency differently. The SPINAL-64 sequence suf
from the same problem. For example, when the proton de
pling frequency is moved to the direction of the aliphatic
of the spectrum, the widths of four of the five aliphatic13C
peaks increase, but that of thea carbon decreases (Fig.
Thus, the peaks of thea and b carbons overlap in Fig. 2I
when TPPM decoupling is used, but they are still sufficie

FIG. 2. 13C-NMR spectra of 4-n-pentyl-49-cyanobiphenyl (5CB) at 9.4
nd ambient temperature. Only the peaks of the aliphatic carbons are
he decoupling power (gB2/ 2p) was 18 kHz. The relative offsets of t

decoupler were (a) 0 Hz; (b) 100 Hz; and (c) 200 Hz; toward the alip
region of the proton spectrum. Column I: TPPM decoupling; colum
SPINAL-64 decoupling.
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99BROADBAND DECOUPLING FOR LIQUID CRYSTALS
resolved with SPINAL-64 decoupling (Fig. 2IIc). In the me
time, the aromatic peaks are less affected by small chang
the proton decoupler frequency (spectra not shown).

The spectra in Figs. 1 and 2 clearly show that the SPIN
64 sequence performs much better than TPPM and SPAR
The SPARC-16 sequences use permutations of the bas
ment P and P# in TPPM to form a supercycle and achieve be
results (19), but the improvement is small. On the other ha
by changing the phase angle stepwise to form two basic c
Q and Q# and then combining them into a supercy
SPINAL-64 gives a much better performance. Its applicatio
many other liquid crystals gave similar results. In fact,
linewidths of thed andv carbons in 5CB are so narrow th
hey show a ringing pattern due to truncation of the
nduction decay with a 40-ms acquisition time (Fig. 2, colu
I).

The decoupling efficiency of SPINAL-64 for solids is a
etter than that of TPPM, which is in turn better than con
ous wave (CW) decoupling. The results obtained forL-ty-

rosine hydrochloride with magic angle spinning (MAS)
shown in Fig. 3. Although the improvement is less than tha
liquid crystals (Figs. 1 and 2), it is still quite significant.

The theoretical basis for TPPM decoupling was analyze
using a three-spin system, a CH2 group (18). A detailed theo
etical analysis of a many-spin system, such as 5CB, is
remely difficult if not impossible. This point is underscored
onsidering the different dependence of the linewidths of
erent carbons on the decoupler frequency (Fig. 2), as
ussed above. However, a qualitative analysis is feasible
ollowing explanation is presented to help understand why
iquid crystals, the performance of the SPINAL-64 sequen

uch better than that of the TPPM pulse sequence.
The Hamiltonian in the rotating frame for the protons (I)

he 13C spins (S) is

* 5 *RF 1 O
j.0

d j I jz 1 * IS 1 * II , [1]

where*RF is the interaction of the spin system with the
decoupling pulses,d j accounts for the chemical shift of thej the
pin measured from the decoupler frequency, and* IS and* II

are the dipole–dipole interactions between a single13C spin
and surrounding protons, and between the proton spins, re
tively;

* IS 5 O
j.0

2 b0j S0zI jz,

* II 5 O
i.j.0

bij~2 I izI jz 2 I ixI jx 2 I iyI jy!, [2]

ij being the constants of the dipole–dipole interaction.
chemical shift terms of the S spins and the I-I and I-S sc
couplings are omitted for the sake of simplicity. For the TP
in
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and SPINAL sequences, the phases of the RF pulsesF(t) are
small. Therefore, up to first order inF, the RF field interactio
term (in angular frequency units) can be written as

*RF 5 2vRF@I x 1 F~t!I y#, [3]

wherevRF 5 gBRF is the amplitude of the decoupling field, a
I x andI y are the components of the total proton magnetiza
along thex andy axes of the rotating frame, respectively.

n example, the phase function for TPPM sequence is

F~t! 5 H p/18, 2kt , t , ~2k 1 1!t
2 p/18, ~2k 1 1!t , t , ~2k 1 2!t, [4]

wherek 5 0, 1, 2, . . . , andt is the length of the pulses.
Each proton spinj experiences an influence of its o

effective RF fieldv j with the componentsvRF and d j . It is
convenient to use a tilted frame with thex axis for each proto
spin aligned along its effective RF field and retain only
secular parts of the dipolar interactions with respect to
major interaction¥ v j z I j . A transformation to this frame
accomplished by a rotation in the operator space of each p
spin at the anglew j 5 arctan(d j /vRF) around they axis. The
effective Hamiltonian in this frame is

*eff 5 2O
j.0

uv juI jx 2 vRFF~t!I y [5]

1 O
j.0

2 ~d j/uv ju!b0jS0zI jx 1 * II sec,

where uv j u 5 (vRF
2 1 d j

2) 1/ 2 and * IIsec is the secular part o
the homonuclear dipolar interaction (ford j § 0 it become

(1/ 2)* dx, where * dx is the secular part of the dipo
interaction between protons with respect to thex axis).

For F(t) 5 0 (cw decoupling), the third term in Eq. [5]
the right-hand side represents the residual heteronuclea
pling and gives the main contribution to the13C linewidth.
Resonant harmonics ofF(t) cause a resonance in the rota
rame, leading to flips of thex-components of the proton sp
and averaging out the residual heteronuclear interaction. T
are three main factors that broaden the resonance in the ro
frame and make the decoupling less efficient: distributio
the proton chemical shifts, RF field inhomogeneity, and ho
nuclear dipolar interactions. The first two create an inhom
neous distribution of the resonance frequenciesuv j u. In liquid
rystals, there is only a finite number of large intramolec
ontributions to the homonuclear dipolar Hamiltonian, non
raged by the molecular motions. Although individual lines
sually not resolved in the dipolar spectrum, the spectrum
ome features of an inhomogeneous system and shows n
us peaks with acquisition delay (27). Therefore, it presents

ntermediate case between homogeneous and inhomoge
roadening.
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100 FUNG, KHITRIN, AND ERMOLAEV
Figure 4a shows a spectrum ofF(t) (modulus of the Fourie
coefficients) for the TPPM sequence. The frequency is in
units of vRF, the resonance frequency in the rotating fram
the absence of broadening factors mentioned above. I
range displayed, it has only one peak at the frequencyp/t (or
p/(vRFt) in the dimensionless units of Fig. 4), wheret is the
pulse width. The proton chemical shifts increase the reson
frequencies in the rotating frame and shift the center o
absorption line to higher frequencies. Therefore, the bes

FIG. 3. 13C-NMR spectra ofL-tyrosine hydrochloride at 9.4 T and ambi
emperature. The MAS rate was 6 kHz and the decoupling power (gB2/ 2p)
as 75 kHz. Sideband elimination technique was not used to avoid po

ntensity distortion. The number of scans was 100 for each spectrum, a
ine broadening was used for data processing. The assignment of the
and peaks is (from left to right for decreasing chemical shifts): –CO

z, d, d9, g, e, e9, a, and b. (a) CW decoupling; (b) TPPM decouplin
(c) SPINAL-64 decoupling.
e
n
he

ce
e
r-

formance is achieved at pulse angles (vRFt) shorter thanp
(165° in our case).

As it was mentioned above, the absorption spectrum in
rotating frame is highly inhomogeneous, and it is difficul
saturate it by irradiating at a single frequency. Much be
results can be achieved when the functionF(t) has more
harmonics in the resonance region, as for the SPINAL-32 p
sequence shown in Fig. 4b. The number of harmonics o
SPINAL-64 sequence further increases, and the correspo
spectrum of excitation in the rotating frame is displaye
Fig. 4c.

In practice, the performance of SPINAL-64 was o
slightly better than that of SPINAL-32, and no further
provement was observed for SPINAL-128, which has e
more harmonics. There are two likely reasons for this. Firs
a fixed decoupler power, an increase in frequency dispe
reduces the intensity of each component of the harmo
Second, the13C signals of liquid crystals have fairly smallT2’s,
making the very long SPINAL-128 sequence no more ad
tageous than SPINAL-64. Many other values of phase s
were tested, but they were not as good as the basic cyc
and Q# shown above.

In summary, new broadband decoupling sequences
been designed by changing the phase angles in the T
sequence stepwise and then combining the basic cycle
supercycles. It has been shown that SPINAL-64 sequ
performs much better than other sequences for the broa
decoupling of liquid crystals and solids. The reason for
improvement is explained by an analysis of the problem in
rotating frame. Based upon this analysis, it is possibl

FIG. 4. Irradiation “spectra” in the rotating frame for the pulse seque
(a) TPPM; (b) SPINAL-32; and (c) SPINAL-64. The frequency is in unit
vRF.
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101BROADBAND DECOUPLING FOR LIQUID CRYSTALS
construct other decoupling sequences with even better p
mance. The results will be reported elsewhere.

EXPERIMENTAL

All the experiments were carried out on a Varian UNIT
INOVA 400 MHz NMR spectrometer equipped with a wa
form generator for generating decoupling sequences. Th
uid crystal experiments were performed at ambient temper
using an indirect detection probe manufactured by Na
Corporation (Martinez, CA). To minimize RF heating, a v
small duty cycle (1%) was used, with an overall cycling t
of 5 s (0.01 s preacquisition irradiation for NOE effect, 0.0
acquisition time, and 4.95 s relaxation delay). Single-p
rather than cross polarization was used to show proper i
sities for the quaternary and cyano carbons. A Varian p
was used for the MAS experiment; the cross polarization
was 4 ms, the acquisition time was 0.03 ms, and the cy
time was 10 s.
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