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It is demonstrated that combined rotation and multiple-pulse
spectroscopy (CRAMPS) based on MSHOT-3 homonuclear mul-
tiple-pulse decoupling represents a powerful method for determi-
nation of *H chemical shielding anisotropies from polycrystalline
powders. By virtue of high-order dipolar decoupling, large spectral
width, resonance offset stability, and the absence of artifacts from
tilted-axis precession, MSHOT-3-based CRAMPS enables straight-
forward sampling of high-quality spectra. Comparison with ex-
plicit calculations, taking the effect of the multiple-pulse sequence
into account, shows that the spectra may be simulated and itera-
tively fitted using standard software for the calculation of magic-
angle spinning spectra influenced by chemical shielding anisot-
ropy with the shielding interaction reduced by the scaling factor of
the MSHOT-3 decoupling sequence. The method is demonstrated
by experimental determination of *H chemical shielding anisotro-
pies for adipic acid, Ca(OH),, malonic acid, and KHSO,. The data
are compared with those determined previously from single-crys-
tal NMR studies.
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homonuclear multiple-pulse decoupling—0) for averaging
the homonuclear dipolar interactions. While the latter metho
usually referred to as combined rotation and multiple-puls
spectroscopy (CRAMPS)10-13, has become well estab-
lished for measuring the isotropic part &f, *°F, and3'P
chemical shielding tensoré4—18, only very few studies have
considered its use for measuring chemical shielding anisotr
pies (CSAs) under MASIE, 16 and off-MAS (19) conditions.
This may be ascribed to the fact that CRAMPS typically face
one or more of the well-known problems: (i) low spectral width
caused by the long cycle times typical for high-order decou
pling sequences, (ii) instability toward resonance off-sets, (iii
artifacts from tilted-axis precession, or (iv) insufficient decou
pling performance. To remedy the first two problems previou
attempts to determin€F and>'P CSAs (5, 1§ used MREV-
8-based §, 7) CRAMPS which, however, suffers from one or

both of the two latter problems. For determinatiortidfCSAs,
the need for efficient and artifact-free decoupling is particularl
important because of the strong homonuclear dipolar intera
Over the years anisotropic nuclear spin interactions hattens and the low dispersion in isotropic chemical shifts. In thi
confronted the solid-state NMR spectroscopist with large tecBommunication, we demonstrate that these problems m:
nological challenges as compared to NMR studies in the idafgely be solved using CRAMPS based on the high-orde
tropic phase. However, when handled appropriately these truncating MSHOT-3 homonuclear decoupling sequerige (
teractions represent an important source of informati@l) shown schematically in Fig. 1. Using this method, we shov
regarding molecular structure and dynamics in the solid statehat to our knowledge represents the first accurate measu
For example, dipolar interactions provide information abouments of*H CSAs from homonuclear decoupled MAS specitrz
internuclear distances and spin—spin coupling networks, whdé polycrystalline powders.
the chemical shielding and quadrupolar coupling interactionsFigure 2a shows a 400-MHZH CRAMPS spectrum for
probe the local electronic environment of the nucleus. Focuedipic acid obtained using MSHOT-3 multiple-pulse decou
ing on the chemical shielding interaction, tensor values may pkng. The spectrum was recorded on a Varian UNITY-40(
determined using single-crystal, static-powder, or magic-angipectrometer using a multipurpose probe from Doty Scientifit
spinning (MAS) NMR (@—3). In particular, for nonabundant Inc., with a 5-mm SjN, rotor (spherical sample chamber of
spin—-1/2 nuclei the principal components of the chemicllel-F, 2 mmi.d.) and using a MAS frequeney/2m = 584 Hz
shielding tensor have been obtained in a straightforward mamd a nominal radiofrequency (RF) field strengiR-/2m =
ner using standard MAS NMR. 119 kHz. Taking into account the effects from finite pulse rist
For abundant spins, such 48, *°F, and®'P, homogeneous times and from small delays (see the caption of Fig. 2) fo
interactions 4) from homonuclear dipolar couplings may sequadrature phase setting (cf. Fig. 1), this corresponds to rot
verely hamper a direct determination of the shielding tenssynchronization with 18 MSHOT-3 cycles per rotor perioc
components by MAS NMR. In this case, it is necessary (& = 18). With the chemical shift terms scaled by a factol
consider all active interactions (which in general is complB.352 (measured experimentally) using MSHOT-3, samplin
cated and therefore is restricted to small spin systemg) use prior to each MSHOT-3 cycle leads to a spectral width of 4:
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$=0° d=120° $=240° sponding taw, /27 = 584 Hz (Figs. 3a and 3b) and 1051 Hz (Figs.
X X ¥ 3c and 3d) are calculated using the pulse sequence in Fig.
rotor-synchronized to accommodate 18 and 10 MSHOT-3 cycle
within the rotor period, respectively. To closely match the expel
imental conditions, the explicit MSHOT-3 calculations (Figs. 3¢
- and 3c) considered effects from finite pulse rise times and dela

-

T¢/N for accurate quadrature phase setting as described in the captiol

FIG. 1. Timing scheme of the MSHOT-3 homonuclear decoupling se'—zlg' 2 The very close agregment petv_veen the SImUIE,‘tlons in F
quence 20) employed for the determination of magnitudes®sf chemical 3 taking the MSHOT-3 RF irradiation into account (Figs. 3a an
shielding tensors using CRAMPS. The effective amplitude of the bracketi@€) and just assuming a 0.352 scaling of the chemical shieldir
(ml2). (filled bars) and the (@)., (open bars) pulses are different (corre-interaction (Figs. 3b and 3d) clearly demonstrates that the apprc
sponding to effective 90° pulses of duratighand 7, respectively) to mimic imation of a Iocally time-independent Hamiltonian (i.e., the sim
the effect of finite pulse rise timesy = 27, — 7,/4 and ¢ represent the | li h i table i . tall |
bracketing delay and the overall phase (in addition to the quadrature ghasége scaling ap.proac ) IS ac‘?ep a € n EXpenmen ally re_ eva
%, % ¥) of the three magic sandwich elemen@@)(constituting the MSHOT-3 Cases concerning the determinatiorHdfCSAs. This conclusion
sequence, respectively. Furthermore, a small delay (see the caption of Fig. 2)
is inserted between adjacent RF pulses to allow accurate quadrature phase
setting. The pulse sequence is rotor synchronized to an integral nusber
(larger than 321)) of MSHOT-3 cycles within the rotor periot] = 27/w, and
one complex data point is sampled prior to each MSHOT-3 cycle.

1
41, T

| Wyl -

ppm, clearly sufficient to accommodate the full spinning side-
band patterns from the three different proton resonances for
adipic acid. A deconvoluted spectrum (Fig. 2b) is shown below
the experimental spectrum. The sideband manifold from the
carboxylic proton resonance has been deconvoluted using a a
pure Lorentzian lineshape which indicates efficient truncation
of the dipolar interaction. In contrast, a Gaussian contribution
to the lineshape is required for deconvolution of the spinning
sidebands from the CHprotons, which suggests influence
from residual dipolar couplings.
Based on the deconvolution, it is possible to separate the
three overlapping spinning sideband manifolds for the carbox-
ylic and methylene protons in order to obtain reliable spinning
sideband intensities for iterative fitting. As an example, Fig. 2c b bu_ﬂ\u L_ﬂ\_
shows the deconvoluteti CRAMPS spectrum of the carbox- A A J
ylic protons which may be iteratively fitted to give the simu-
lated sideband spectrum in Fig. 2d and the chemical shielding
parameters in Table 1. Within a first approximation, these C l b
calculations are based solely on the anisotropic chemical
shielding interaction scaled by the factor 0.352 of MSHOT-3
decoupling (i.e., the pulse sequence is not considered explic-

U .

itly). The excellent agreement between experimental and cal- d |
culated spectra immediately indicates that this assumption is Su————————
acceptable in practice. 30 20 10 0 ppm

To investigate the validity of the approximation, ignoring the . S _
multiple-pulse irradiation in the calculation i CRAMPS spec- G- 2. "H CRAMPS (400 MHz) spectra of adipic acid recorded using
tra. we conducted a series of simulations explicitly taking in MSHOT-3 multiple-pulse decoupling. (a) Experimental spectrum recorde

’ . L p . y . g 'i?sing the pulse sequence in Fig. 1 wit2m = 584 Hz,N = 18,7, = 2.2 us
account the MSHQT-3 RF irradiation. Thege S|mu!at|ons ha'Y&fectivewRF/zﬂ- = 119 kHz),7, = 2.55us (effectivewge/2m = 98 kHz), @
been compared with spectra calculated within the simple scalingus delay between adjacent pulses to allow optimum quadrature pha
approach described above. Figure 3 shows two representative $@tg9, 128-s relaxation delay, and 64 scans. (b) Deconvoluted spectrum us
of *H CRAMPS spectra calculated using the tensor values for tngntman (carboxylic protons) and Lorentzian/Gaussian !lneshapes (methy

boxylic protons of adipic acid (Table 1) and different s inninene protons). (c) Deconvoluted spectrum for the carboxylic protons only. (c
car Yy . p . P ; L P gimulatele spectrum resulting from iterative fitting of the spectrum in (c). In
frequencies within the regime relevant for determinationttdf ine calculations the effect of MSHOT-3 decoupling is taken into account solel

CSAs at a Larmor frequency of 400 MHz. The spectra correy scaling of the chemical shielding terms by 0.352.
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TABLE 1
'H Chemical Shielding Parameters Determined by Iterative Fitting of Spinning Sideband Intensities
from MSHOT-3-Based CRAMPS Spectra®

Compound Tiso (ppm) Taniso (ppm) n Ref.
Adipic acid (—OH) —12.6 (-13.6) -13.1 0.25 23
Ca(OH), —-1.1(-4.6) -9.6 (—9.3) 0.00 (0.0) 24
Malonic acid (—-OH, site 1) —12.5(-12.6) —12.4(-12.8) 0.39 (0.40) 75)
Malonic acid (—OH, site 2) —-12.1(-11.9) -12.6 (-12.6) 0.20 (0.35) 25
KHSO, (site 1) —10.8 (-12.6) —16.6 (—16.2) 0.16 (0.06) 1
KHSO, (site 2) —12.1 (-14.4) —18.3(-18.0) 0.45 (0.09) 1

2 Relative to external TMS. Estimated absolute uncertainties®@®2 ppm foroig,, oanisoc@nd= 0.1 forn. Numbers in parentheses correspond to the referenc
indicated in the right column. The chemical shielding parameters used the definitigns (o, + oy, + 0,)/3, Taniso= 0., — Tise @ANAM = (0 — Ty, )/
T aniso USing the Orderinngz - O-isol = |Uxx - 0'isol = |0yy - O-isol'

is of considerable practical importance since it implies that spdor a *H-'H spin pair with parameters typical for geminal
tral analysis can be restricted to the use of standard software sotelypled methylene protons (see figure caption for details). Tt
taking into account the scaled chemical shielding interaction uspectrum in Fig. 4a corresponds to decoupling with the moc
der MAS conditions. erate RF fields used experimentally in this work which clearl
Because of significant residual homonuclear dipolar cou-
plings (manifested by broad, partly Gaussian lineshapes) and
small CSAs we did not attempt assessmentQf.,andn for
the methylene protons of adipic acid under the present exper-
imental conditions (Fig. 2). However, since the most important
residual coupling term for MSHOT-3 decoupling is of third
order and scales inversily proportional to the second power of
the RF field strength2Q, 27, sufficient decoupling may be
achieved by increasing the RF field strength. To explore the
capability of the method using state-of-the-art RF field
strengths, Fig. 4 shows numerical MSHOT-3 CRAMPS spectra

R
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FIG. 4. Numerical'H CRAMPS (400 MHz) spectra for a homonuclear

FIG. 3. Calculated*H CRAMPS spectra using the chemical shielding'H-'H spin—pair system undergoing MSHOT-3 CRAMPS. The two spins (A
parameters for the carboxylic protons in adipic acid and (a, /97 = 584 Hz and B) are characterized hys, = —3.75 ppm,c5, = —5 ppm, o5mico =
(N = 18) and (c, dyw, /27 = 1051 Hz N = 10). The spectra in (a, c) were a&,.,= —5 ppm,m. = ng = 0, angles 35° ane-35° distinguishing the most
calculated by taking explicitly into account the MSHOT-3 multiple-pulseshielded tensor axes from the internuclear axis, and a dipolar coupling constz
sequence in Fig. 1 (see text), while those in (b, d) were calculated considerdid,g/27 = 22 kHz (a, b) and 0 (c). The experimental parameters are as i
only the chemical shielding interaction being scaled by the experimentaliyg. 1 in (a), while the RF field strength was increasedig@/27= = 300 kHz
determined factor of 0.352. (1, = 1, = 0.83 us, 1, = 33.75us) in (b) and (c).
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FIG.5. *H CRAMPS (400 MHz) spectra of (a, d) Ca(OH)w, /27 = 710 Hz,N = 15, 16-s relaxation delay, 128 scans), (b, €) malonic agif2¢ = 751
Hz, N = 14, 128-s relaxation delay, 16 scans), and (c, f) KH$&@ /27w = 697 Hz,N = 15, 128-s relaxation delay, 16 scans; the low sensitivity in the
experimental spectrum is ascribed to extremely |[dpgalues). (a—c) Experimental spectra. (d—f) Simulations obtained by iterative fitting of the experimer
spectra in (a—c) and corresponding to the chemical shielding parameters in Table 1. The effect of MSHOT-3 decoupling was taken into consideration b
the chemical shift terms by a factor of 0.352.

provide insufficient decoupling. By increasing the RF fieldome uncertainty in the parameters determined for this cor
strength to 300 kHz, achievable using dedicated CRAMR®und. The two inequivalent protons in KHg@re character-
probes, the influence from residual dipolar coupling is reducékd by very larg¢H CSAs spanning a frequency range largel
to a controllable level as demonstrated by the spectrum in Figan the range of isotropitH chemical shifts as demonstrated
4b. By comparison with the same simulation using a dipolar Figs. 5¢c and 5f. In this case, the favorable broadban
coupling of zero (Fig. 4c), it is apparent that high RF fieldharacteristics of the MSHOT-3 multiple pulse sequer&® (
decoupling may enable extraction of reliable CSA parametdrscomes important. The experimental spectrum (Fig. 5c), r
from the intensities of the spinning sideband pattern. Attemptsrded usinge, /27 = 695 Hz, appears free of artifacts (apart
to determine the CSA parameters from the spectrum in Fig. #am an impurity signal at 7.5 ppm) and display identical
would lead to a gross overestimation of the shielding anisdinewidths of the spinning sidebands throughout the spectrur
ropy. This observation is supported by the favorable agreement b
To demonstrate the general applicability of MSHOT-3 basddieen the experimental and optimum fitted spinning sidebar
CRAMPS for the determination of magnitudes 6t chemical manifolds (Fig. 5f) representing the chemical shielding paran
shielding tensors, Fig. 5 shows experimentall CRAMPS eters for the two sites KHSas listed in Table 1.
spectra of Ca(OH) malonic acid, and KHSQalong with In conclusion, we have demonstrated that MSHOT-3-base
calculated spectra corresponding to the parameters in Tabl&€RAMPS represents a powerful method for determining the va
The chemical shielding parameters in Table 1 have been des of the principal components 4 shielding tensors when
termined by iterative fitting of the experimental spinning sideelying on polycrystalline powders. The high-order truncatin
band intensities using the simple scaling approach discus$¢8HOT-3 sequence enables high-qualily CRAMPS spectra
above. Ca(OH) (Figs. 5a and 5d) and malonic acid (Figs. 5lwith large spectral width, good off-resonance stability, high-orde
and 5e) represent examples of quite smidlICSAs which are dipolar truncation, and no tilted-axis artifacts to be recorde
accessible using MSHOT-3 based CRAMPS under slow-speedtinely. Furthermore, as a practically important result, it prove
spinning conditions (specificallwy, /2 = 710 Hz andN = possible to accurately calculate and iteratively fit experiment:
16). In both cases excellent agreement between the experimsectra using standard software for calculation of MAS spect
tal spectra and the corresponding optimized simulations vigth the shielding interaction reduced by the scaling factor of th
obtained. It is noted, however, that difficulties in separating theultiple-pulse sequence. In the most demanding cases of sir
two overlapping spinning sideband manifolds for the acidiESAs and strong homonuclear couplings, typical for methyler
proton sites in malonic acid by deconvolution may introdugerotons, the homonuclear decoupling provided by a standa
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