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Many solid-state spectra have been shown to have problems
elated to the poor proton decoupling of carbon nuclei in methyl-
ne groups under conditions of slow magic-angle turning. Two-
ulse phase-modulation (TPPM) decoupling during the 2D
HORMAT chemical shift separation experiment is shown to be
ore effective in comparison to that obtainable at much higher

pin rates using conventional CW decoupling. TPPM decoupling
an also alleviate similar inadequacies when observing the 15N
ucleus, particularly with NH2 groups. This is demonstrated in the

5N resonances of fully labeled L-arginine hydrochloride, where a
ine narrowing of about a factor of two was observed at moderate
otation rates. This significant advantage was also obtained at
urning frequencies as low as 500 Hz. © 1999 Academic Press

INTRODUCTION

Solid-state NMR spectra of dilute nuclei in organic mo
ules are broadened by chemical shift anisotropy (CSA)
eteronuclear dipolar couplings to protons (1). Typically, these

nteractions are counteracted with high-speed magic-a
pinning (MAS) in conjunction with continuous wave (C
roton decoupling. As the optimum decoupler frequency
ends upon the proton resonance frequencies, it is often
ult to simultaneously decouple protons with different che
al shifts (2, 3). This problem is aggravated at higher fie
ince the broadening increases nonlinearly with the frequ
ffset. VanderHart and Campbell discussed the nature o
roton decoupling of the methylene carbons within linear p
thylene, at various rotation frequencies, decoupler freq
ies, and amplitudes, and alsoB0 (4).
Bennettet al. (5) and Tekelyet al. (3) improved solid-stat

ecoupling by phase modulating the decoupler radio frequ
RF) field to reduce the linewidths of protonated carbons, w
an and R. R. Ernst (6) suggested a combined frequency
hase modulation of the decoupler. Bennett showed th

ines were more intense as a result of the periodic p
hanges. M. Ernstet al.(7) attributed this increased intensity
reduction of the amplitude of decoupling sidebands u

hase-modulated decoupling. Bennett and Tekely both f
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hat the linewidths were largely independent of sample rota
requency.

The effectiveness of decoupling as a function of rota
requency is important because lower frequencies are
tilized to retain the CSA information. At moderate rotat
ates (;1 kHz) the principal values of the CSA tensor can
ound by careful analysis of spinning-sideband intens
8, 9). Two-dimensional magic-angle turning (MAT) expe
ents (10–13) employ very low rotation frequencies (down
0 Hz) to exhibit nearly static powder patterns in their ac
ition dimension. At these low frequencies it becomes e
ially difficult to effectively decouple CH2 protons using CW
F at moderate power levels. An example was presented b
t al. (11) in the PHORMAT spectrum of methyl-a-D-gluco-
yranoside (MADG), wherein the line from the CH2 carbon in

he projection of the PHORMAT spectrum was significa
roader than it was in the accompanying high-frequency M
pectrum.
Another reason for studying linewidth as a function

otation frequency arises from the TIGER processing (14, 15)
cheme used to reduce the data collection time for the PH
AT experiment. TIGER processing requires a high qua
ne-dimensional “guide” spectrum that represents the e

ion dimension of the two-dimensional data. The guide s
rum typically is obtained at moderately high rotation frequ
ies, while the PHORMAT data are obtained at 30
onsequently, if the linewidth changes with rotation
uency, the guide spectrum will not faithfully represent
volution dimension response function. The suggestion
PPM decoupling reduces the linewidth’s rotation-freque
ependence thus has especially important implications fo
ER processed PHORMAT datasets.
The behavior of proton decoupling under slow spinn

onditions for 15N is also of great interest. This is a con
uence of the fact that the protonated nitrogen groups st
ere exhibit narrow-span chemical shift tensors. To obtain

15N CSA data from these narrow bands one must spin relat
lowly to retain enough sideband information to determ
ccurately the principal values for such systems.
This paper presents a slow-turning13C PHORMAT spec

rum taken at 30 Hz and a15N pseudo-2D sideband suppress
33;
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139MAGIC-ANGLE TURNING WITH TPPM DECOUPLING
P2DSS) (16) spectrum taken at 433 Hz that shows h
esolution can be significantly improved with the two-pu
hase modulation (TPPM) sequence proposed by Bennettet al.
5). To obtain these results it was necessary to understa
east experimentally, how to apply the TPPM pulse sequen
arious rotation frequencies.

EXPERIMENTAL

High-resolution13C and15N MAS spectra were obtained
00.2 MHz and 40.55 MHz on a Chemagnetics CMX
pectrometer using two PENCIL double resonance pro
rst, a 7.5-mm probe that delivers a decoupling field equiva
o a nutation frequency of 63 kHz, and second, a 9.5-mm p
apable of 50-kHz decoupling fields. All experiments u
ross-polarization with the Hartmann–Hahn match establi
n adamantane. The magnet was shimmed on adamantan

linewidth of less than 3 Hz was realized. With the nar
sotropic lines encountered herein, it is imperative that

agic angle be adjusted accurately on the analytical sam
he usual KBr method is not sufficiently sensitive. Extrao
ary care was also given to the removal and insertio
amples after establishing the magic angle. The TPPM de
ler frequency must be carefully optimized to avoid broad

ng the resonances significantly. All13C shifts were reference
o the high-frequency line of adamantane at 38.56 ppm, an

15N shifts to the nitrate line of ammonium nitrate at25.1 ppm
The PHORMAT experiment used here has been discu

horoughly, both experimentally and theoretically, by Huet al.

FIG. 1. Pulse sequence used in the PHORMAT experiment with the
ecoupler is employed, alternating between1f and2f. The cycle time for
at
at

s:
nt
be
d
ed
ntil

e
as

-
f
u-
-

he

ed

11). The PHORMAT/TPPM sequence used in this study
ethyl-a-D-glucopyranoside is given in Fig. 1. On the C
agnetics spectrometer, it is possible to establish indepe
ulse timing in the observe and decouple channels inde
ently by invoking asynchronous operation of the pulse
rammer. Asynchronous operation is necessary in ord
roduce the TPPM decoupling sequence while retaining
ery accurate synchronization of the13C pulses to the roto
osition as described in Ref.11. Hence, after the cross-pola

zation period the carbon and proton channels were ope
ndependently, allowing TPPM decoupling during the ev
ion period. This timing control is essential to obtain
aximum resolution possible. After the acquisition period

wo pulse-programmer channels were returned to synchro
ode. The decoupler interruptions present in the orig
HORMAT sequence (11) were not included in the TPP
ecoupled sequence used here.
The pseudo-2D spinning sideband suppression (P2
ethod developed by Gan (16) was used to obtain sideban

ree 15N spectra of enrichedL-arginine hydrochloride (vide
nfra). The P2DSS technique involves the collection of ap
ataset (12) with the acquisition dimension sampled synch
ously with the rotor. All pulses in the15N channel of the
equence were synchronized with the rotor position, while

1H decoupler channel was run asynchronously as desc
bove. The acquisition dimension was sampled every
eriod at the peak of the rotor echo, and the evolution dim
ion was sampled eight times evenly within one rotor pe

lusion of the TPPM decoupling scheme. A 2f total phase-modulation angle of t
phase modulation process is 2t p.
inc
the
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140 MCGEORGE, ALDERMAN, AND GRANT
earrangement of the 2D 5p data results in a P2DSS 1
ataset with a spectral width eight times the rotor freque
pinning stability is essential for good P2DSS results sinc
pectral widths depend on the instantaneous rotor frequ
ix equally spaced marks on the rotor allowed the spin
tability to be maintained at 4336 0.3 Hz by controlling the
rive gas flow rates. A flow constrictor was inserted in
rive gas line to allow for the slow rotation rates.
Methyl-a-D-glucopyranoside was obtained from Aldrich a

sed as obtained. The enrichedL-arginine hydrochloride, ob
ained from Cambridge Isotopes, was recrystallized from
queous solution.

RESULTS AND DISCUSSION

ethyl-a-D-glucopyranoside

Figures 2a and 2b show a comparison of the CW
ptimized TPPM decoupled13C spectra obtained at a spinn

requency of 4 kHz. It is very clear that TPPM decoupl

FIG. 2. Comparison of the high-resolution13C CP/MAS spectra of MADG
btained under various experimental conditions: (a) spinning frequency
Hz with CW decoupling, (b) 4 kHz spinning frequency with TPPM dec
ling, (c) evolution dimension projection of the TPPM decoupled PHORM
pectrum obtained at a spinning frequency of 30 Hz. All decoupling fi
orrespond to a nutation frequency of 62.5 kHz.
y.
e

cy.
g

e

n

d

ignificantly narrows the lines. The 72.5 and 72.1 ppm r
ances are not separated with CW decoupling, whereas
re resolved with TPPM decoupling. The linewidths are plo
s a function of spin rate in Fig. 3, for both the TPPM and
ecoupled spectra. In contrast to the CW case, it is eviden

he best TPPM results were obtained at slower rotation
uencies. From this observation, it is speculated that ext

ating from 1000 to 30 Hz would significantly reduce the C
ecoupling efficiency, whereas the resonances would con

o narrow with TPPM.
All of the TPPM cycle times (2t p) of the decoupler modu

ation were set to 2p/v1. The optimal phase modulation an

FIG. 3. Carbon-13 linewidths for MADG as a function of MAS sp
requency for the resonances at (a) 63.3 ppm (CH2), (b) 72.1 ppm (CH), an
c) 74.2 ppm (CH), under both TPPM (open circles) and CW (solid cir
ecoupling schemes. Decoupling fields used in this experiment were;50 kHz.
he linewidths were determined using the deconvolution software withi
hemagnetics Spinsight software and were assumed to be purely Lore
ndDn1/2 is the full width at half maximum.
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141MAGIC-ANGLE TURNING WITH TPPM DECOUPLING
as found to vary as a function of the rotational rate. A
otation frequency of 5 kHz the range of angles from 2F 5 10°
o 2F 5 22° led to performances that were essentially ide
al. At lower rates the optimum angle increases as the rot
requency decreases, eventually reaching a plateau valu
ADG the optimum phase angle was found to be about 3

he lowest frequency. Consequently, a slow MAS spec
haracterizes an approximate optimum phase angle that m
sed in the PHORMAT experiment.
Proton-magnetization flip-back (17) has typically been ut

ized in the PHORMAT experiment to increase the signa
oise ratio for a given experimental time. Proton-magne

ion flip-back is not effective under TPPM decoupling.
ip-back to be effective it is necessary that a significant am
f proton magnetization remain spin-locked along the RF fi
roton spin-locking requires that the magnetization and
ecoupler field be colinear at all times, but this is imposs
ith TPPM’s constantly changing decoupler RF phase.
ffect was observed in our study of MADG. The loss of
ip-back benefit can lengthen the total experimental t
ncreasing it by a factor of two or more in some cases.

If the recycle delay is shorter than;5 T1, the spins ar
artially saturated. Partial saturation should not be a prob
xcept that the first transient in the phase cycle, after a lo
ecycle delay to reload the pulse program, produces a str
ignal. The phase cycle in the two PHORMAT sequen
reates linear combinations of successive signals to imple
he trigonometric relationships that produce the isotropic
n the evolution dimension. Additional intensity in the fi
cquisition reduces the efficiency of the phase cycling
anifests itself as a series of ridges inclined diagonally tho

he 2D PHORMAT spectrum. To minimize this problem, s
ral dummy pulses (i.e., RF irradiation of the sample, bu
ata collection) were inserted before the cycle in orde
eestablish the partially saturated state.

A portion of the contour plot of the TPPM decoupled13C
HORMAT spectrum of MADG is shown in Fig. 4. Th
pectrum exhibits the separation of the powder patterns d
he high resolution developed in the evolution dimens
igure 2c also compares the projection from the PHORM
volution dimension with the CW and TPPM-decoupled M
pectra. It is encouraging to note that the resolution devel
n the evolution dimension of the TPPM-decoupled PHO

AT spectrum is actually better than that from the C
ecoupled spectrum obtained at 4 kHz. To achieve such

ution required the collection of 180 complex data points in
volution dimension. The principal components obtained

he CSA tensors for MADG with TPPM are presented in Ta
and compared with the earlier results from PHORMAT d

11). Both of these sets of values compare well with th
btained from single-crystal analysis (11).
Preliminary results indicate that the linewidth depende

n the decoupler amplitude for TPPM decoupling corresp
o that for CW decoupling (see Ref.4: Figs. 7 and 8), exce
a
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hat the TPPM lines are narrower; the difference in linewi
s independent of decoupler amplitude.

-Arginine Hydrochloride

The crystalline solid ofL-arginine hydrochloride has fo
itrogen atoms per molecule with two independent molec
resent in the asymmetric unit. This gives rise to the possib
f observing up to eight15N isotropic shifts. The15N TPPM
P/MAS spectrum at 4 kHz (Fig. 5d) shows clearly only se

ntense peaks, two for each of the three nitrogens within
uanidino group, but only a single peak of roughly unit int
ity, corresponding to the resonance of the NH3

1 group. (A
mall shoulder on the NH3

1 peak, at lower frequency, is al
bserved. The origin of this anomalous feature is not
nderstood.) The narrow spectral lines in Fig. 5 show
dvantage of TPPM decoupling at both high (Fig. 5c and
nd low (Fig. 5a and 5b) spinning frequencies. The high-s

FIG. 4. A portion of the13C PHORMAT spectrum of MADG. These da
ere acquired using the sequence shown in Fig. 1, the 7.5-mm probe, a

ime of 3 ms, an echo delay (i.e.,t) of 30 ms, and a recycle delay of 25 s. A
adio frequency fields were set to 63 kHz by measuring the null point
utation experiment. The PHORMAT sequence does not require a mu
ulse calibration protocol. The acquisition dimension used a dwell incre
f 20 ms with 256 complex points, and the evolution dimension dwell
81.8 ms with 180 complex points. One dummy pulse was applied prio
tarting each increment in the evolution dimension. The evolution project
hown above to emphasize the resolution obtained.
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142 MCGEORGE, ALDERMAN, AND GRANT
pectra were obtained with standard a CP/MAS sequ
hile the slow-spinning were collected using the P2D
ethod. Except for the NH3

1 resonance, the correspond
W-decoupled lines are approximately twice as wide. TP
ecomes significantly better when the NH dipolar interactio
ecoupled at lower rotation rates. The more consistently
ow linewidth of the NH3

1 lines is presumably due to stochas
orsional rotations about the C–N bond.

The P2DSS protocol contains a fixed-time evolution pe
f exactly one rotor cycle and results in an exponential los

TAB
MADG 13C Chem

d iso

d11

PHORMATb This work PHORM

1 100.7 118.2 118.3 95.2
2 72.1 87.7 87.4 78.1
3 74.2 94.0 94.1 72.4
4 71.8 88.9 87.4 77.2
5 74.9 96.0 95.6 72.8
6 63.3 89.8 89.3 68.9
7 56.1 87.2 86.1 71.2

a Principal components (in ppm from TMS) of the chemical shift tensor
he effect of the 30 Hz rotation upon the lineshape.

b The PHORMAT results shown are from Huet al. (11), from a fitting the
c The distance between two sets of tensor components is defined by
2(d11 2 e11) (d33 2 e33) 1 2(d22 2 e22) (d33 2 e33)]/15, whered ii are the pr

ensor (18).

FIG. 5. CP/MAS spectra of 100%15N enrichedL-arginine hydrochloride
he decoupling modulation and spinning frequencies are: (a) CW at 43
b) TPPM at 433 Hz; (c) CW at 4 kHz; (d) TPPM at 4 kHz.
e,
S

is
r-

d
of

agnetization related to the linewidth. The narrower lines
ignificantly more magnetization at the beginning of the
uisition period, resulting in a higher signal-to-noise ra

hereby enhancing the benefits of TPPM decoupling.L-Argi-
ine hydrochloride has a very short protonT1r, and flip-back is

herefore ineffective in reducing the recycle time for the d
ollection even with CW decoupling. Consequently, the ex
mental-time penalty for using TPPM decoupling is avoided
his sample.

CONCLUSIONS

TPPM is a very effective proton decoupling method w
bserving both13C and 15N. TPPM is especially useful whe

he available RF power is insufficient to eliminate comple
he homonuclear proton–proton couplings. Further, dis
dvantages are clearly observed at lower spinning freque
learly, much more work has to be carried out to unders

he full nature of TPPM decoupling at these slow rota
requencies.

The effectiveness of TPPM decoupling for observing15N
olds particular promise. The example considered here ap

o be quite typical, as line-narrowings with a factor of at le
ixfold have been found for a range of nitrogen samples
ently being investigated in our laboratory.
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