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The effect of magic angle spinning (MAS) of liquids upon the
performance of various isotropic mixing sequences is investigated.
Although the mathematical formalism for isotropic mixing under
MAS conditions is similar for both liquids and solids, the mecha-
nism through which the coherence transfer is disturbed is differ-
ent. In liquids, the use of sample spinning in the presence of both
RF and magnetic-field inhomogeneities introduces a modulation
of the effective field, which compromises the performance of the
conventional mixing sequences. This effect is further amplified by
supercycles, which normally improve the performance of the mix-
ing and decoupling experiments. It is demonstrated that adiabatic
mixing sequences are less susceptible to such modulations and
perform considerably better in TOCSY MAS experiments. The
best performance of TOCSY MAS is observed under the rotational
resonance condition when the sample appears static in the nuta-

On the other hand, the adiabatic TOCSY experiméntuader
the same conditions performs considerably better (see Fig. 1
In the course of this study we evaluated a number of stz
dard liquid-state experiments at a wide variety of MAS rate
We verified that the signal-to-noise ratio was always prac
cally independent of the MAS rate for those experiments th
did not contain a spin-lock, for instance, NOESY, DQF
COSY, or simple spin-echo sequences. On the other hand,
performance of experiments employing recursive spin-loc
sequences, such as isotropic mixing and spin decoupling, w
very sensitive to the sample spinning speed (see Fig. 2a). T
use of adiabatic spin-locks typically improved the overall qua
ity of the data (see Fig. 2b). We also found that the magnitu
of these effects strongly depended upon the sample volume,

tion reference frame.  © 2001 Academic Press sample geometry, and even the quality of shimming. Surpr

ingly, experiments that employ continuous wave spin-lock
for instance off-resonance ROESY) (or selective cross-po-
The small active volumes and the high sensitivities of Nan@yyization experiments8( 9), seemed to be substantially les:
probes {) make them ideal for applications where only &ensitive to variation of MAS speed.
limited amount of sample is available. In such probes high ge|jow we explore the effects of various spin-lock sequenc
sensitivity is achieved by maximizing the filling factor of the,, liquid samples spinning at the magic angle. It is demo
receiver coil. The line broadenings caused by the resultiggated that the spin dynamics of experiments that empl
magnetic susceptibility discontinuities are eliminated by USiWépetitive sequences of composite pulses, such as isotrc
susceptibility-matched materials and by magic angle spinnifgixing or spin decoupling, are least disturbed when the sam
(MAS), typically at 2- to 4-kHz speed. This use of MAS hagpinning speed is comparable to the spin nutation frequen
the additional advantage of suppressing line broadeningsTifis condition is known as rotational resonanté)(in solid-
heterogeneous samples that have a nonuniform magnetic syse NMR, where it has found many useful applications.
ceptibility across the sample, such as solvent-swollen resinsrpe presence of rotational resonance in fast rotating liqui
(2, 3). High resolution and high sensitivity allow routine liquidsg, pe demonstrated by a simple nutation experinfei)t The
NMR experiments to be performed on a single bead of solith yersjon of this experiment reveals the RF inhomogeneity
phase synthesis resins with typical sample quantities of ung¢erang magnetic field inhomogeneity in the dimension (see
500 pmol €). Fig. 3)2 As shown in Fig. 3a the homogeneity of both the R
Although the vast majority of liquid-state NMR experimentgig|q and the magnetic field in a static sample is rather po
can be recorded in Nanoprobes with no complications, in SOB&rtially because of somewhat casual sample shimming. T
cases interference effects have been obsei®edPérticularly, inhomogeneity is then largely removed by sample spinning
performance of the conventional, composite-pulse 2D TOC3)e magic angle (see Fig. 3b). However, if the RF field streng
experiment can be extremely poor and unstable (see Fig. 1@htches the spinning speed, a very sharp peak appears in
indirect dimension, as if the RF field was suddenly extreme

" Presented in part at the 41st Experimental NMR Conference, Asilomar,
CA, April 10, 2000. ® Strictly speaking, it is the inhomogeneity of the effective fialdy that
?To whom correspondence should be addressed. E-mail: eriks.kupca@ears alon§,. Provided that, is much larger than the linewidth observed
varianinc.com. iNF,, wg ~ w;.
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FIG. 1. Comparison of 2D H-H correlatedy-TOCSY spectra of a small proteis)(from scorpion venom (1 mM in BD) recorded at 500 MHz using a
40-ul sample in Varian’s Nano-NMR probe at 2.5-kHz spinning speed; (a) composite pulse mixing (DIESkR)s 6.94 kHz, length of a single composite
inversion pulsél, = 1.036 ms; (b) adiabatic (WURST-2) mixinB.w..x = 6.44 kHz, length of a single adiabatic inversion pulse= 0.4 ms. Both spectra were
acquired using a 60-ms mixing time, 128 increments jrand four scans per increment. The total experiment time for each data set was approximately 3¢

homogeneous (see Fig. 3c¢). In fact, the magnetization does ndivhen the sample is spun at the magic angle, the hete
dephase during this continuous wave spin-lock period becauseslear dipolar couplingy,s, becomes time dependent:

it is locked by the effective field1(), i.e., the magnetization

follows the effective field in a manner similar to the adiabatic _ ot

following (12). The broad component along the RF field axis in bis(t) = X be* [3]
Fig. 3c comes from the parts of the sample where the rotational “

resonance condition is not met.

It is interesting to compare cross polarization (CP) in solidkhis introduces the well-known “finger pattern” into the CI
(13-15 with isotropic mixing in liquids {6—19. In both cases spectra as the Hartmann—Hahn condition splits into seve
the spin dynamics can be described using the same formaligmbconditions:

The rotating-frame Hamiltonian is derived for an isolat&d
spin pair, A= “ko, ]
Hep= —wyly — Aol — 015 — AwsS, + J1,S, + Hy,
whereA is the RF mismatch parameté&ris an integer (usually
[1] -2 <k = 2), andw, is the spinning speed. The efficiency o
CP in solids can be substantially improved by employin
wherew, represents the RF field strengths as seen by &l adiabaticB, field sweepsZ0-23.
Sspins, theAw terms are the corresponding resonance offsets,|n liquids the scalad,s coupling is not directly affected by
andH, represents the homonuclear interactions. In solids tggmple spinning. However, the effective fields seen by spin
polarization transfer is achieved via the dipolar couplidg< andS are time dependent, in a manner similar to thattgr
bis) whereas in liquids this process is mediated by the indire@ee Eq. [3]). In order to show that such modulations c:
(scalar) spin-spin couplingX( = J;s). Assuming thatw; > 3 indeed affect the quality of spin-lock experiments, we simt
and ignoring the homonuclear interactions, the effective Hamated the influence of RF field modulation on the ability o
iltonian in a tilted reference frame for a static sample is writtéfarious mixing sequences to return the starting magnetizat
to its initial state at the end of a single cycle. The result (s
Hef = —waly — 0esSe + Seil .S, [2] Fig. 4) reproduces the observations shown in Fig. 2 very we
As it appears from Fig. 4 and also from simulations not shov
With the Hartmann—Hahn condition satisfied the first two ternteere, the composite pulse sequences are most vulnerabl
in Eq. [2] vanish and the maximal polarization transfer can lsample spinning24). This is hardly surprising, because the
achieved. frequency spectrum of composite pulse sequences is parti
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FIG. 2. Matrix plots of the first trace from H-l4-TOCSY spectra of 6 mg quinine in 40 CD,Cl, recorded on INOVA 500 with gHX nanoprobe (a) using
DIPSI-2 spin lock and (b) using WURST-2 spin lock. The vertical axis represents MAS spin rates ranging from 1100 to 3200 Hz (from bottom to tor
steps of 100 Hz each). The horizontal axis shows increasing mixing times ranging from 0 to 100 ms (from left to right; in 21 steps of 5 ms each). No ef
made to synchronize the beginning of the experiment with the rotor position.

larly “noisy” (25) and additional modulation introduced bywith inversion pulses that are all identical, whereas in tt
sample spinning destroys the delicate balance between indiyidesence of sample spinning the performance of individi
ual RF field components created by numerical optimizatiofcomposite) inversion pulses may vary substantially. As
Additional simulations (not shown here) indicate that increasesult, at the end of the cycle the magnetization is not return
ing the length of the initial 4-step MLEV-4 supercyclg6f to back to its initial state, as it would be in a static sample. For ti
either MLEV-16 or a 20-step phase cyc&7( 28 makes the same reason, the overall performance of the TOCSY expe
performance of mixing sequences even more sensitive to rot@ent becomes increasingly sensitive to MAS speed as |
tion speed. Indeed, supercycles have been designed to werigth of a supercycle increases. Both the experimental d
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FIG. 3. The 2D nutation experiment recorded at 500 MHz in gHX nanoprobe using #beskimple. (a) Static samplB; field strength of 25 kHz; (b) as
in (a) but with sample spinning at the magic angle at 2.5-kHz speed; (c) the same as in (b) but using B, SikHizstrength. (d) The pulse sequence used t
record the spectra. The sharp peak along the RF dimension (vertical) is due to the rotational resonance (see text). The broad component cosnefstfrem
sample where the rotational resonance condition is not met.

and the simulations also indicate that interference effects dweks as if it is static and the individual contributions fram
stronger if the magnetization is in th€Y-plane in the begin- and Aw modulation can be regarded as local distortions of
ning of the spin-lock period. mixing field. As long as these distortions can be tolerated |

Therefore, the optimum performance of isotropic mixinghe applied spin-lock sequence, the performance of the exf
and spin decoupling can be expected if the length of individuiahent is acceptable. Adiabatic pulses are known to be part
inversion pulsesT,, matches the rotor period,, or its mul ularly insensitive to RF field distortion29). Provided that the
tiple (nT,). Under these circumstances, in the reference framatational resonance condition is met, the efficiency of sp
rotating at a frequency of I/ (nutation frame) the sample mixing is further improved by supercycles.
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FIG. 4. Simulation of the effect of MAS upon the performance of (a) composite pulse (DIPK|-2,1.036 ms) and (b) adiabatic (WURST-R, = 0.4 m)
spin lock. The 2D plots reveal the ability of the particular mixing sequence to return the magnetization to its initidVisyatéigr a complete MLEV-4 phase
cycle. The amplitude of the RF field was modulated according to Eq. [3]. The evolution of magnetization was calculated by numerical integratioimafyhe
Bloch equationsX2). The modulation depth was 10% for the first harmonic and 5% for the second harmonic. The contour plots showMesidggetization.
The contour levels were increased linearly from 0 to 1 in steps of 0.1. Ideally, very little residual magnetization should be observed (see text).

For adiabatic spin locks the rotational resonance condititional-resonance condition, when the repetition rate of tl
can be conveniently matched simply by adjusting the pulsgliabatic pulses in a mixing sequence matches the MAS spe
length, T,, to the rotor periodT,. In the case of composite
pulse mixing this may not always be feasible because the ACKNOWLEDGMENTS
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