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Many solid-state spectra have been shown to have problems
related to the poor proton decoupling of carbon nuclei in methyl-
ene groups under conditions of slow magic-angle turning. Two-
pulse phase-modulation (TPPM) decoupling during the 2D
PHORMAT chemical shift separation experiment is shown to be
more effective in comparison to that obtainable at much higher
spin rates using conventional CW decoupling. TPPM decoupling
can also alleviate similar inadequacies when observing the *N
nucleus, particularly with NH, groups. This is demonstrated in the
N resonances of fully labeled L-arginine hydrochloride, where a
line narrowing of about a factor of two was observed at moderate
rotation rates. This significant advantage was also obtained at

turning frequencies as low as 500 Hz. © 1999 Academic Press

INTRODUCTION

that the linewidths were largely independent of sample rotatio
frequency.

The effectiveness of decoupling as a function of rotatior
frequency is important because lower frequencies are ofte
utilized to retain the CSA information. At moderate rotation
rates (-1 kHz) the principal values of the CSA tensor can be
found by careful analysis of spinning-sideband intensitie:
(8, 9. Two-dimensional magic-angle turning (MAT) experi-
ments (0-13 employ very low rotation frequencies (down to
30 Hz) to exhibit nearly static powder patterns in their acqui
sition dimension. At these low frequencies it becomes espt
cially difficult to effectively decouple CHprotons using CW
RF at moderate power levels. An example was presented by t
et al. (11) in the PHORMAT spectrum of methyt-p-gluco-
pyranoside (MADG), wherein the line from the GEarbon in
the projection of the PHORMAT spectrum was significantly

Solid-state NMR spectra of dilute nuclei in organic m°|ebroader than it was in the accompanving hiah-frequency MA
cules are broadened by chemical shift anisotropy (CSA) agﬂectrum panying hig a y VA

heteronuclear dipolar couplings to protoa (Typically, these Another reason for studying linewidth as a function of

interactions are counteracted with high-speed magic-angle . . frequency arises from the TIGER processibg, (5

spinning (MAS) in conjunction with continuous wave (CWsopeme ysed to reduce the data collection time for the PHOI
proton decoupling. As the optimum decoupler frequency dgrat experiment. TIGER processing requires a high qualit

pends upon the proton resonance frequencies, it is often di he-dimensional “guide” spectrum that represents the evoll

cult to.simultaneou.sly decouplg protons with diffgrent Chemfl'on dimension of the two-dimensional data. The guide spec
C?‘l shifts @, 3). Th,'s PrOb'em IS agg'ravated "?‘t higher flem?rum typically is obtained at moderately high rotation frequen
since the broadening increases nonlinearly with the frequerl%s while the PHORMAT data are obtained at 30 Hz

offset. VanderHart and Campbell discussed the nature of C(\%nsequently, if the linewidth changes with rotation fre-

proton decouplmg of the methylene car_bons within linear pol juency, the guide spectrum will not faithfully represent the
ethylene, at various rotation frequencies, decoupler frequ

. d litud d alga (4 volution dimension response function. The suggestion th
cies, and amplitudes, and alBg (4). TPPM decoupling reduces the linewidth’s rotation-frequenc

Benngttet al. (5) and Tekelyet al. (3) improved sqlid-state dependence thus has especially important implications for T
decoupling by phase modulating the decoupler radio frequerﬁg R processed PHORMAT datasets

(RF) field to reduce the linewidths of protonated carbons, whie-l-he behavior of proton decoupling under slow spinning

Gan and R. R. Ems#j suggested a combined frequency ang?nditions for®N is also of great interest. This is a conse-

phase modulation of the decoupler. Bennett showed tha%@ence of the fact that the protonated nitrogen groups studit

lines were more intense as a resglt_of the pe.r|od|c. ph &re exhibit narrow-span chemical shift tensors. To obtain th
changes. M. Erngt al. (7) attributed this increased intensity tos

a reduction of the amplitude of decoupling sidebands un
phase-modulated decoupling. Bennett and Tekely both foug

N CSA data from these narrow bands one must spin relative
wly to retain enough sideband information to determine
curately the principal values for such systems.

1 To whom correspondence should be addressed. Fax: (801) 581-8433] NiS paper presents a slow-turnin®> PHORMAT spec-
E-mail: grant@chemistry.utah.edu. trum taken at 30 Hz and ‘@ pseudo-2D sideband suppression
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FIG. 1. Pulse sequence used in the PHORMAT experiment with the inclusion of the TPPM decoupling scheiniat#l ghase-modulation angle of the
decoupler is employed, alternating betweeth and —¢. The cycle time for the phase modulation processig 2

(P2DSS) 16) spectrum taken at 433 Hz that shows hoyll). The PHORMAT/TPPM sequence used in this study ol
resolution can be significantly improved with the two-pulsemethyl«-p-glucopyranoside is given in Fig. 1. On the Che-
phase modulation (TPPM) sequence proposed by Beahalt magnetics spectrometer, it is possible to establish independe
(5). To obtain these results it was necessary to understandpalse timing in the observe and decouple channels indepe
least experimentally, how to apply the TPPM pulse sequencej@htly by invoking asynchronous operation of the pulse pro

various rotation frequencies. grammer. Asynchronous operation is necessary in order
produce the TPPM decoupling sequence while retaining tt
EXPERIMENTAL very accurate synchronization of tH& pulses to the rotor

. .3 15 . position as described in Refl. Hence, after the cross-polar-
High-resolution™C and "N MAS spectra were obtained at8ation period the carbon and proton channels were operat

Speatrometer using o PENGIL double resonance  probLldePendenty. allowing TPPM decoupling cluring the evolu
P 9 b %(t)n period. This timing control is essential to obtain the

fir 7.5-mm pr h liver ling fiel ivalent . . . " .
stars probe that delivers a decoupling field equivale ximum resolution possible. After the acquisition period the

to a nutation frequency of 63 kHz, and second, a 9.5-mm pro
capable of 50-kHz decoupling fields. All experiments useteﬂvo pulse-programmer c.hannels.were returned.to synchr.o_no
cross-polarization with the Hartmann—Hahn match establish@cﬁ’de' The decoupler mterruptlons_ present_m the origing
in adamantane. The magnet was shimmed on adamantane GiftPRMAT sequencelfl) were not included in the TPPM
a linewidth of less than 3 Hz was realized. With the narroffecoupled sequence used here. _
isotropic lines encountered herein, it is imperative that the The pseudo-2D spinning sideband suppression (P2DS
magic angle be adjusted accurately on the analytical sample™&hod developed by Gari) was used to obtain sideband-
the usual KBr method is not sufficiently sensitive. Extraordfrée N spectra of enriched-arginine hydrochloride vide
nary care was also given to the removal and insertion 6fra). The P2DSS technique involves the collection ofa 5
samples after establishing the magic angle. The TPPM decé@taset 12) with the acquisition dimension sampled synchro-
pler frequency must be carefully optimized to avoid broadefously with the rotor. All pulses in théN channel of the
ing the resonances significantly. AfiC shifts were referenced sequence were synchronized with the rotor position, while th
to the high-frequency line of adamantane at 38.56 ppm, and tiie decoupler channel was run asynchronously as describ
*N shifts to the nitrate line of ammonium nitrate-ab.1 ppm. above. The acquisition dimension was sampled every rotc
The PHORMAT experiment used here has been discusgeatiod at the peak of the rotor echo, and the evolution dimer
thoroughly, both experimentally and theoretically, by éfwal. sion was sampled eight times evenly within one rotor perioc
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| significantly narrows the lines. The 72.5 and 72.1 ppm resc
| / nances are not separated with CW decoupling, whereas th
| |‘ are resolved with TPPM decoupling. The linewidths are plottes
! as a function of spin rate in Fig. 3, for both the TPPM and CW

decoupled spectra. In contrast to the CW case, it is evident th
H the best TPPM results were obtained at slower rotation fre
| guencies. From this observation, it is speculated that extrap

a) |

—/ s e lating from 1000 to 30 Hz would significantly reduce the CW
T T [ T ~  decoupling efficiency, whereas the resonances would contini
b) J to narrow with TPPM.

|
“ All of the TPPM cycle times (2,) of the decoupler modu-
;1 i lation were set to 2/w,. The optimal phase modulation angle
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FIG.2. Comparison of the high-resolutidfC CP/MAS spectra of MADG ;¢ |-
obtained under various experimental conditions: (a) spinning frequency of@
kHz with CW decoupling, (b) 4 kHz spinning frequency with TPPM decou-_=
pling, (c) evolution dimension projection of the TPPM decoupled PHORMATE 40 - e o o . L]
spectrum obtained at a spinning frequency of 30 Hz. All decoupling fields ® .
correspond to a nutation frequency of 62.5 kHz. 20 - o © © o o
o) O
Rearrangement of the 2Dz5data results in a P2DSS 1D 0 e
dataset with a spectral width eight times the rotor frequency. o
Spinning stability is essential for good P2DSS results since the 80
spectral widths depend on the instantaneous rotor frequency.
Six equally spaced marks on the rotor allowed the spinning 60 - .
stability to be maintained at 433 0.3 Hz by controlling the i ® o o o o
drive gas flow rates. A flow constrictor was inserted in the 40 |- *
drive gas line to allow for the slow rotation rates. - o o © © o ©
Methyl-a-p-glucopyranoside was obtained from Aldrichand 20 - ©
used as obtained. The enriche@rginine hydrochloride, ob-
tained from Cambridge Isotopes, was recrystallized froman ¢l .+ .+ . . L
aqueous solution. 0 1000 2000 3000 4000 5000 6000
v /Hz

RESULTS AND DISCUSSION FIG. 3. Carbon-13 linewidths for MADG as a function of MAS spin-

. frequency for the resonances at (a) 63.3 ppm {Ckb) 72.1 ppm (CH), and
Methyl-w-p-glucopyranoside (c) 74.2 ppm (CH), under both TPPM (open circles) and CW (solid circles

. . decoupling schemes. Decoupling fields used in this experiment-wgdekHz.
Figures 2a and 2b show a comparison of the CW a'}ae linewidths were determined using the deconvolution software within th

optimized TPPM decoupletiC spectra obtained at a SPINNINGchemagnetics Spinsight software and were assumed to be purely Lorentzi
frequency of 4 kHz. It is very clear that TPPM decouplingndAw,, is the full width at half maximum.
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was found to vary as a function of the rotational rate. At a
rotation frequency of 5 kHz the range of angles frodn 2 10°

to 2b = 22° led to performances that were essentially identi-
cal. At lower rates the optimum angle increases as the rotation
frequency decreases, eventually reaching a plateau value. For

MADG the optimum phase angle was found to be about 30° at

the lowest frequency. Consequently, a slow MAS spectrum 40—
characterizes an approximate optimum phase angle that may be
used in the PHORMAT experiment.

Proton-magnetization flip-backL?) has typically been uti-
lized in the PHORMAT experiment to increase the signal-to-
noise ratio for a given experimental time. Proton-magnetiza-
tion flip-back is not effective under TPPM decoupling. For c
flip-back to be effective it is necessary that a significant amountg:
of proton magnetization remain spin-locked along the RF fieldS 4,
Proton spin-locking requires that the magnetization and theo |
decoupler field be colinear at all times, but this is impossible B
with TPPM'’s constantly changing decoupler RF phase. This s
effect was observed in our study of MADG. The loss of the -
flip-back benefit can lengthen the total experimental time, 1
increasing it by a factor of two or more in some cases. 90—

If the recycle delay is shorter thar5 T,, the spins are n
partially saturated. Partial saturation should not be a problem, 1
except that the first transient in the phase cycle, after a longer '
recycle delay to reload the pulse program, produces a stronger 7
signal. The phase cycle in the two PHORMAT sequences
creates linear combinations of successive signals to implemertig. 4. A portion of the®*C PHORMAT spectrum of MADG. These data
the trigonometric relationships that produce the isotropic shifire acquired using the sequence shown in Fig. 1, the 7.5-mm probe, a cont
in the evolution dimension. Additional intensity in the firstime of 3 ms, an echo delay (i.er) of 30 us, and a recycle delay of 25 s. All

acquisition reduces the efficiency of the phase cycling a,nﬁljiio frequency fields were set to 63 kHz by measuring the null point in ¢
tation experiment. The PHORMAT sequence does not require a multiple

manifests itself as a series of ndgeg Ir,]CI,Ined C,“agona”y thougﬁ\se calibration protocol. The acquisition dimension used a dwell incremer
the 2D PHORMAT spectrum. To minimize this problem, sevet 20 us with 256 complex points, and the evolution dimension dwell was
eral dummy pulses (i.e., RF irradiation of the sample, but n81.8 us with 180 complex points. One dummy pulse was applied prior tc
data collection) were inserted before the cycle in order #tarting each increment in the evolution dimension. The evolution projection i
reestablish the partially saturated state. shown above to emphasize the resolution obtained.

A portion of the contour plot of the TPPM decoupl&d
PHORMAT spectrum of MADG is shown in Fig. 4. This . i o .
spectrum exhibits the separation of the powder patterns duéhet the TPPM lines are narrower; the difference in linewidth:
the high resolution developed in the evolution dimensioff INdependent of decoupler amplitude.
Figure 2c also compares the projection from the PHORMAT
evolution dimension with the CW and TPPM-decoupled MAS
spectra. It is encouraging to note that the resolution developedrhe crystalline solid of_-arginine hydrochloride has four
in the evolution dimension of the TPPM-decoupled PHORiitrogen atoms per molecule with two independent molecule
MAT spectrum is actually better than that from the CWpresentin the asymmetric unit. This gives rise to the possibilit
decoupled spectrum obtained at 4 kHz. To achieve such resb-observing up to eight°N isotropic shifts. The®N TPPM
lution required the collection of 180 complex data points in theéP/MAS spectrum at 4 kHz (Fig. 5d) shows clearly only sevel
evolution dimension. The principal components obtained faitense peaks, two for each of the three nitrogens within th
the CSA tensors for MADG with TPPM are presented in Tablguanidino group, but only a single peak of roughly unit inten-
1 and compared with the earlier results from PHORMAT dasity, corresponding to the resonance of the ;Ngroup. (A
(12). Both of these sets of values compare well with thossmall shoulder on the NHpeak, at lower frequency, is also
obtained from single-crystal analysitlj. observed. The origin of this anomalous feature is not ye

Preliminary results indicate that the linewidth dependencmderstood.) The narrow spectral lines in Fig. 5 show th
on the decoupler amplitude for TPPM decoupling corresponddvantage of TPPM decoupling at both high (Fig. 5¢c and 5c
to that for CW decoupling (see Ref: Figs. 7 and 8), except and low (Fig. 5a and 5b) spinning frequencies. The high-spee

Arginine Hydrochloride
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TABLE 1
MADG *C Chemical Shift Tensors®
811 822 83‘3
Siso PHORMAT® This work PHORMAT This work PHORMAT This work Distancé
Ci 100.7 118.2 118.3 95.2 95.2 89.0 88.5 0.18
Cc2 72.1 87.7 87.4 78.1 77.5 50.9 51.5 0.33
C3 74.2 94.0 94.1 72.4 72.0 56.7 56.6 0.18
C4 71.8 88.9 87.4 77.2 77.0 49.6 51.0 0.77
C5 74.9 96.0 95.6 72.8 72.8 56.4 56.4 0.16
C6 63.3 89.8 89.3 68.9 68.3 31.6 325 0.40
Cc7 56.1 87.2 86.1 71.2 70.3 10.3 12.0 0.79

? Principal components (in ppm from TMS) of the chemical shift tensor as determined by using the banded-matrix treatmeretcil S8)hivhich includes

the effect of the 30 Hz rotation upon the lineshape.
® The PHORMAT results shown are from Hai al. (11), from a fitting the full 2D dataset.
° The distance between two sets of tensor components is defined by DistaiBé5,; — €:1)> + 3(822 — €2)° + 3(83s — €39)° + 2(811 — €11) (820 — €20)
+ 2(81; — €11) (833 — €33) + 2(822 — €2) (833 — €33)]/15, whered; are the principal components of one tensor apdre the principal components of the other

tensor (8).

spectra were obtained with standard a CP/MAS sequeno@gnetization related to the linewidth. The narrower lines hav
while the slow-spinning were collected using the P2DSSgnificantly more magnetization at the beginning of the ac
method. Except for the NH resonance, the correspondingyuisition period, resulting in a higher signal-to-noise ratio.
CW-decoupled lines are approximately twice as wide. TPPiereby enhancing the benefits of TPPM decouplingrgi-
becomes significantly better when the NH dipolar interaction isne hydrochloride has a very short protdy, and flip-back is
decoupled at lower rotation rates. The more consistently nénerefore ineffective in reducing the recycle time for the dat:
row linewidth of the NH lines is presumably due to stochasticollection even with CW decoupling. Consequently, the expel
torsional rotations about the C—N bond. imental-time penalty for using TPPM decoupling is avoided or
The P2DSS protocol contains a fixed-time evolution peridtlis sample.

of exactly one rotor cycle and results in an exponential loss of
CONCLUSIONS

TPPM is a very effective proton decoupling method while
observing both*C and™N. TPPM is especially useful when
the available RF power is insufficient to eliminate completely
the homonuclear proton—proton couplings. Further, distinc
advantages are clearly observed at lower spinning frequencie

! Clearly, much more work has to be carried out to understan
}\ the full nature of TPPM decoupling at these slow rotatior
j frequencies.

4 ;o j
o g s The effectiveness of TPPM decoupling for observitiy
holds particular promise. The example considered here appe:
| }\J to be quite typical, as line-narrowings with a factor of at leas
o | \W/ - sixfold have been found for a range of nitrogen samples cu

rently being investigated in our laboratory.
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