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Fluorine-19 Solid-State NMR Magic-Angle-Turning Experiments
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For compounds giving “crowded” 1-dimensional magic-angle-
spinning spectra, information about the local atomic environment
in the form of the chemical shift anisotropy (CSA) is sacrificed for
high resolution of the less informative isotropic chemical shift.
Magic-angle-turning (MAT) NMR pulse sequences preserve the
CSA information by correlating it to the isotropic chemical shift in
a 2-dimensional experiment. For low natural abundance nuclei
such as ®C and N and under 'H heteronuclear dipolar decou-
pling conditions, the dominant NMR interaction is the chemical
shift. For abundant nuclei such as *H, *F, and *P, the homo-
nuclear dipolar interaction becomes a significant contribution to
the observed linewidth in both F, and F, dimensions. We incor-
porate MREV8 homonuclear multiple-pulse decoupling sequences
into the MAT experiment to give a multiple-pulse MAT (MP-
MAT) experiment in which the homonuclear dipolar interaction is
suppressed while maintaining the chemical shift information. Ex-
tensive use of computer simulation using GAMMA has guided the
pulse sequence development. In particular, we show how the
MREV8 pulses can be incorporated into a quadrature-detected
sequence such as MAT. The MP-MAT technique is demonstrated
for a model two-site system containing a mixture of silver triflu-
oroacetate and calcium difluoride. The resolution in the isotropic
evolution dimension is improved by faster sample spinning,
shorter MREVS8 cycle times in the evolution dimension, and mod-
ifications of the MAT component of the pulse sequence. © 199
Academic Press

Key Words: fluorine-19; magic-angle turning; homonuclear de-
coupling; solid state; pulse sequence.

INTRODUCTION

Valuable electronic, structural, and dynamic informatiof

site systems. To address this problem of spectral overle
2-dimensional NMR techniques have been developed to c
relate the CSA to the isotropic chemical shif).(Two strate-
gies have been employe#){ the first correlates the isotropic
chemical shift acquired under MAS conditions to the CS/
collected in thet, evolution dimension, while the second
correlates the CSA, acquisition dimension to the isotropic
chemical shift developed during ttg evolution dimension.
Into this latter category falls the magic-angle-turning (MAT
experiment.

In MAT and the related magic-angle-hopping (MAH3)(
experiments, the sample is moved in three, equally spac
successive steps about the magic angle so that static (MAH)
pseudo-static CSA (MAT) spectra are collected in thec-
quisition dimension (Fig. 1). Each evolution increméxtt, is
divided into three time segmentst,/3, separated in sample
orientation by 120°, which averages the principal componer
of the chemical shift to the isotropic value. The differenci
between the two experiments lies in how this sample mov
ment is effected: the MAH variant employs discrete “hops
whereas the MAT experiment employs very slow continuot
turning (v, = 30—600 Hz) of the sample. For the MAT
experiment, the start of each evolution incremétt/3 is
rotor-synchronized and begins at times 0,7{3and 2/3,
wherer,,, = 1/v,,, = the rotor period.

MAT experiments incorporating high-pow&r decoupling
and 'H cross-polarization techniques have been applied st
cessfully to dilute spin-1/2 nuclei such & and N (4-12.
CSA values in solid organic samples containing up to 1
ifferent ™®C nuclei have been resolvetiQ). However, current

about molecules in the solid state is obtained from the NMMAT techniques cannot be applied directly to samples co
chemical shift anisotropy (CSA). For powdered solids, th@ning abundant spin-1/2 nuclei such'&s ~F, and™P since

CSA is characterized experimentally by powder patterns fgt€ large homonuclear dipolar interaction present in such s
stationary samples or by the amplitude and frequency of tfms obscures the c;hemmgl s_,hlft information. The inability t
spinning sideband manifolds obtained under magic-angle-spiA€asure the chemical shift in the presence of such hom

ning (MAS) conditions. While CSA determinations are rel nuclear dipolar interactions hinders the determinatioritf

9 31 H H
tively straightforward for samples containing isolated equiva-> @1d “P CSA values in systems for which there may

lent nuclei, powder pattern and spinning sideband manifo"fftlfeady be limited structural, electronic, and dynamic informe

overlap complicates similar CSA measurements for muItipI@Q”' Materials for which diffraction techniques in particular
are limited and which would thus benefit from CSA charac

1 To whom correspondence should be addressed.Fa844 191 386 1127. terization include fluorine- and proton-containing polymer
E-mail: r.k.harris@dur.ac.uk. (2, 13, inorganic glassesld), mesoporous materiald§), and
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phosphorus-containing bioorganic solids6), Furthermore, integral multiple of the MREV8 acquisition cycle was used fo
we note that the electronic features of hydrogen-bonded s¥ise evolution dwell time in order to minimize the spectra
tems are accessible from thie CSA values 17, 18. width in thet; dimension. The scaling of the chemical shif

In this paper, we present the incorporation of multiple-pulde the evolution dimension was calibrated using a sample
(MP) homonuclear dipolar decoupling into MAT NMR sesilver trifluoroacetate (AgTFA) by collection of data with
quences to effect the removal of the homonuclear dipoldre transmitter offset at 1-kHz increments from the isotropi
interaction in order to obtain high-resolution chemical shift anpeak at 188.2965514 MHz. Further NMR experimental detai
CSA correlation spectra. The strategy of combining there given in the appropriate figure captiomg.measurements
MREV8 multiple-pulse sequence into a MAT experiment isvere carried out under MREV8 conditions using the satur:
developed and then demonstrated for one- and two*$fe tion-recovery method: AgTFA (1.2 s) and calcium difluoride
containing samples. We show that a direct combination of tf2 20 s).
MREV8 and MAT sequences is not possible, but can be The computer simulations were carried out using GAMM/
successfully implemented with appropriate modification of theersion 3.8 (22) on a Sun ultrasparcl workstation. Simulatior
MREVS8 sequence. Finally, strategies to enhance the resolutma two-site, 2-D MP-MAT spectrum took approximately
in the isotropic evolutior,-dimension are presented and evali2 h. The simulated data were output in the Chemagneti
uated. Spinsight data format and are processed in the same way

experimental data.
EXPERIMENTAL
RESULTS AND DISCUSSION

Microcrystalline solids of silver trifluoroacetate (AgOCF;,

Aldrich) and calcium difluoride (Cak Aldrich) were used (a) The Magic-Angle-Hopping and -Turning Experiments

without any additional purification. : . ‘
The NMR spectra were collected on a ChemagneticsThe Fheory for_ MA.H and MAT has been des_cnbed n deta
previous publicationsl( 3, 5. For now, we will consider a

CMX200 spectrometer operating at 200.13 MHz for protorLQ_ ¢ _ f the th df f both :
and 188.29 MHz for fluorine. A commercially available Che- riet overview of the theory and features of both experimen

magnetics H-F double-resonance APEX spinning probe evant to the incorporation of multiple-pulse sequences.

used with 4-mm (od) pencil zirconia rotors, together wit artlcule:r, ihef“:lrf‘Hggﬁﬂul\jgce. IS (Iaxtz_';lmlned sn$hdeve:opedt
fluorine-free Vespel drive tips and spacer inserts. In order © context ot he simuiation work. 1he relevan

minimize both theB, andB; field inhomogeneities the sample eatures of the MAH sequence are then brought o bear on 1
was confined to the central 2 mm of the rotor. The probe magﬁ
angle was set by minimizing thé’F linewidth of p-tert-
butylcalix[4]arenea,a,a-trifluorotoluene 19).

For the turning experiments requiring low spinning rateg (
= 30-600 Hz), a special drive tip without flutes was used
conjunction with a special brass constrictor tube (0.8 mm (i
26 mm long) placed in the line carrying the drive air. Samp
spinning was controlled by manual adjustment of the drive a

bearing air pressures for frequencieg < 300 Hz and auto- i ) . .
g P d o verse component is purged By relaxation and dispersion

matically for spinning frequencies 300 Hz. Air pressures for .
the bearing and drive of 10 and 2 psi, respectively, give (QOte thatT, > T). After a time of 7,/3, the sample has

spinning rate oF~50 Hz which remains constant(L Hz) over rotte_ltedtby 12? ' e_mciha t|pp||ng pl;lsgtgllmév%tr:ﬁ maghneu-
the course of the experiments (up to 12 h). In contrast to ottt "lmq)c_’ evo ertr']n ¢ &y plane for ime bt . ro?g an
MAT-type experiments, the sample spinning is not place"?:Pge ’2, ONE OT Ih€ transverse components 1s se 9(:@2(].(
under an electronic feedback control systebi (A Bruker In a Simila manner. This is Fepeate_d for t_he final tims
CXP amplifier operating in class C mode was used{6rRF period, at which point the FID is acquired. Since the ma
irradiation. All experiments were carried out at ambient tenﬁ’]—e'['z":ltlon has evolved und_er the c_hem_|cal shift mter_actlc
peratures. in three mutually perpendicular directions (when viewe

The standard multiple pulse probe tune-up T was fol- from _the sample), th? summed signal gives the isotrop
lowed Q0). The 45, 90, 135, 180, 225, 270, and 310° pulsé{'emical shift according to
were set using a sample of;k; held in a glass sphere and
placed at the center of the probe coil. The 1-D MREVS8 spectra wy T oy + 0, = 3w, (1]
were collected using the quadrature-detected pulse sequence of
Barbara and Baltusi2(). MREV8 acquisition cycle times of In a collection of a 2-dimensional hypercomplex data set, E
t. = 36 to 40.8us were used (correspondingtwalues of 3.0 [1] holds true for specific values of the projection pulse phas

to 3.4 us), with 90° pulse durations of 1.36 to 1.4. An p; and appropriate combinations of the respective FIDs.

Bbsequent development of the MAT experiments.

The generalized MAT pulse sequence is depicted in Fi
1. The pulses are synchronized to the rotor orientation as
rotates about the magic angle. The first segment starts
itIJ1me T« = 0, at which point the magnetization evolves fol
ot'me t,/3 through an angl@, in the xy plane. Selection of
ither the cosine or the sine component by a projection pul
q stores the magnetization along the longitudinal axis fc
the durationL, of this time segment. The remaining trans
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b b b c generate the required cosine- and sine-modulated FIDs:
MREV8 MREVS MREVS MREV8 Fi+ Fy+ F3+ Fy=cod®, + O, + ®3)F(t) = Fren
—_——— —_—— —— —
r P1 r P2 r Pz I [10]
4 /3 t13 13 t .
a — L % ) W L %——» } o - Fs+ Fo+ F7+ Fg=sin(®, + @, + ®y) F(t) = Fipug
¢4
| | | ! [11]
Tt =0 Tt/ 3 210t/ 3 Trot

whereF ,(t,) is the acquired complex FID.

evolution dwell time = (12 x w x m) + ¢ . Table 1 collects the basic pulse phases for the prototype f
? | MAH or MAT sequence (after Het al. (1)). Only the phases
X oy Yy X Xy by b cop of the first projection pulsp, and the receiver differ between

——/

[ ][ ]

@ the two F., and F,,,, data sets. In a hypercomplex MAT

experimentF ., and F .., are collected sequentially and com-
bined in subsequent processing to give an absorption—absc
tion-phased 2-dimensional spectrum.

lon
[RRSNRRINN|
T
RE}

acquisition dwell time = 12 x 1, ‘ The full MAT pulse sequence (Fig. 1a) has two disadvar
i g tages for spin-dilute nucleil( 5): First, loss of magnetization
f T S S A VA G due to three longitudinal storage periods lowers the signal-t
c ( H H H H H H H H noise ratio. Second, acquisition begins immediately after tl
7 2ta | |tal] 272 ||7a|l| 27 |l7a|| 212 | |71a ) )
\ final read pulse, and may be adversely influenced by prob
al dead-time and receiver ring-down effects. The incorporation:

FIG. 1. Pulse sequence for the 2-dimensional magic-angle-turnif§€ third evolution period into the acquisition period botf
(MAT) NMR experiment: (a) basic MAT pulse sequenc® (vhich be- improves the signal-to-noise ratio and reduces baseplane ¢
comes the multiple-pulse MAT (MP-MAT) sequence upon addition ofortions @). While the signal-to-noise ratio of the full MAT
MREV8 homonuclear decoupling during the (b) evolution and (c) acqug—equence may be a disadvantage for low natural abundal
sition dimensions. All pulses are 90° except t(45°) andr, (see text); Lo . . .

nuclei, it is less of a disadvantage for the higher sensitivity ar

L refers to the magnetization storage periodare the read pulses, amg 19 a1
are the projection pulses. In (b) the number of MREVS cycles per evolutidigtural abundance dH, “°F, and*P. Furthermore, baseplane

dwell time increment,At, is m, while n is the number of evolution distortions are reduced since external RF filters are not requir

increments. In (c) the arrow indicates the sampling window and al is tind the probes are designed to have short ring-down. We be

number of collected acquisition points. by incorporating a MREV8 multiple-pulse sequence into th
full MAH and MAT pulse sequences described in Fig. 1 an
conclude with some of the pulse sequence improvements m

2-dimensional spectrum with an isotropic chemical shift dijgned above.

mension is produced from a set of FIDs in which the amplitude

is modulated by the functions cds( + ®, + ®,) and sin(b, (b) GAMMA Simulation of the MAH Experiment

+ @, + @,). Eight combinations of the phases of the three Theoretical considerations.The introduction of a multi-

projection pulseg;: ple-pulse homonuclear decoupling sequence within the MA
Fa(ty, t) = coY®,) X cog®,) X cog @y Fot)  [2] TABLE 1
The Basic Phase Table for the MAH and MAT
Fa(ty, t) = —sin(®y) X sin(®,) X cog D) Fy(t)  [3] Pulse Sequences in Fig. 1
Fa(ty, t) = —Sin(®,) X cod®,) X sin(®3) Fy(ty)  [4] AL P =P e
Fu(ty, ta) = —cog®,) X sin(P,) X sin(Ps) F(t,) (5] nt 1 2 3 4 5 6 7 8
Fs(ty, t) = sin(®;) X cogdd,) X cogdd,;) F(t,) [6] r Y ' Y Y Y Y \% \'%
[} X Y Y X Y X X Y
Fo(ty, t) = cod®@y) X sin(®,) X cod P;) F(t,) (71 P X M X M X M X M
Ps X X Y Y X X Y Y
_ : rcvr X X X X X X X X
Fi(ty, t) = coddP;) X cogP,) X sin(Py) F(t,) Bl p F, E, F F. F. F F, F,

Fg(tp, t) = —sin(d®,) X sin(P,) X sin(Pj) F(t,) [l Note.nt represents the transition number.



“F MAT EXPERIMENTS WITH MULTIPLE-PULSE DECOUPLING 259

experiment has been achieved through the extensive usestaindard spherical tensor methods. We follow closely the wo
computer simulations. The object-oriented GAMMAR2] of Haeberlen Z5) and Maricq and Waugh2g).

package was used to simulate various aspects of the experimefithe individual terms of the Hamiltonian can be expressed
using a density matrix approach. In the MAT experiment, thtte product of second-rank tensors by the equation

rotor in which the sample is packed is slowly rotated about the

magic angle in order to spatially select the three components of |

the chemical s_hift Fensor du_rir_lg thegevolution per_iods. There- HA = CA E 2 (-1) mR)\Y_mTI)\'m, [13]
fore, the Hamiltonian describing the system is time dependent, |

continuously changing as the rotor turns. To simulate such an

experimgnt using a den_sity matri>§ approach requires _that Wfierec’ comprises physical constants appropriate to the ty
rotor period be split up into small increments, over which th(()::f interaction\, R, ., is the spatial spherical tensor, afid, is
Hamiltonian can be assumed constant. For each increment spin sphericél tensor. The Zeeman Hamiltonian may

Hamiltonian is recalculated and the density matrix evolveg, o oq from the equation by transforming the spin tefsor
Alternatively, a solution based on F_quu_et metho8, @9 iy, a coordinate system rotating at the Larmor frequen
could be pursued to render the Hamiltonian constant over tgﬁ’out thez axis in the laboratory frame. The periodic time

full rotor period. However, it was felt that both methods woulgjependence may be removed by average Hamiltonian the
be too complicated and computer intensive to implement s "7), and to lowest order the Hamiltonian for a chemical shif
cessfully. Therefore, instead of attempting to simulate tl?ﬁteraction is

turning experiment of Gard}, it was decided to investigate the
possibilities of simulating the original hopping (MAH) exper-
iment of Bax and co-workers3].

The MAH experiment is essentially a static experiment, and
therefore the Hamiltonian describing the system is time inde-
pendent. Evolution under the three different components of the
chemical shift tensor is brought about by a rapid rotation of ttygherei is nuclear spin index. Both the spin and the spati
sample by 120° about the magic angle at the end of tiRNSors are expressed in the laboratory frame. The spa
evolution period. In a simulation, therefore, a constant Hamflensor is diagonal in its principal axis system (PAS) and can |
tonian can be used to propagate the density matrix during e&glfted back to the laboratory frame by applying two succe
third of the MAH experiment. This reduces the complexity ofive rotational transformations so that the tensor goes throu
the simulation and also decreases the execution time. The mélihntermediate reference frame fixed in the sample rotor. T
purpose of attempting to simulate the MAH experiment is B0 COMponent represents the isotropic chemical shift and
guide the incorporation of a multiple-pulse sequence into tHevariant under rotation. Th&,, components may be rotated
evolution and detection periods of the MAT experiment. A#sSing standard Wigner rotation matrices in the equation
this stage the effectiveness of the multiple-pulse sequence to
remove the homonuclear dipolar interaction is not under in- RM = > Dhoa(a®, BY, y)pii, [15]
vestigation, and therefore a system consisting of isolated m
equivalent spins was used. The system then evolves under a
chemical shift Hamiltonian alone. However, we have used twgherel is the rank of the tensor, 8, andy are the Euler
mutually isolated spin baths, each consisting of an ensembleadiles, and, ,, the components of the irreducible spherica
equivalent™F nuclei (ignoring both dipolar and indirect coutensor in the new reference frame. The definition of the Eull
pling) as the basis of the 2-D simulations calculated in thighgle matrix elements is given by Spie28)( With two
paper to show more clearly how the phase cycling of the fingdtations, forR,, this is then
pulse sequence behaves. This case will be referred to as a
two-spin system. 5 5

In the computer simulation, the total Hamiltonia;o for csi _ 2 2 csj
the tWO-Spin SyStem is RZ,O - m;_z Dm,O(O! 0! wrt) E Dm”,m’(al B! 'Y)Pz,mr',

I=—m

2
HE®=C% X (R&TS + RESTS):, [14]

i=1

m'=-2

Hror = Hz + Hgs—'_ Hgsa [12] 116]

where thep,., are zero for the chemical shift interaction. The

whereH, is the Zeeman Hamiltonian ardi; andHZ are the anglesa, B and vy relate the principal axis system of the

chemical shift Hamiltonians for the two spin types. In order tohemical shift tensor to the axis system fixed in the rotc

arrive at the final expressions for the Hamiltonian used in tlspinner. The angle@andw,t relate the rotor-fixed axis system

simulation (which incorporates the spatial dependence of tteethe laboratory axis system. In the simulations, we restri
motion of the sample about the magic angle), we have usedrselves to an axially symmetric tensor, which allowsgheg
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terms to be set to zero to reduce computational time. Thus, the 3 b

only terms required in the simulations arise fram. Substi-
tution of the correct Wigner matrix elements gives 104

. 3cosh—1\/3cosp—1 . ]
Rad = ( 2 )( 2 )pg% 0 o8
+ 3 sin?0 sin’B cog 2wt + 27)p5e

0.0 —

—3sin 20 sin 28 codwt + y)p5y.  [17]

In the principal axis system of the chemical shift tensfy = 0.0
V3/2{ andp§s = 8, Whered,, is the isotropic chemical shift 1
and /2 = §;; — ¥(8,, + 8,,) the chemical shift anisotropy. For j
the spin tensorTSsy’ = 1B, and TS = V/2/313B,. On 180° 05+
substitution into Eq. [14] one gets, in angular frequency units 1

-1.0 4
i [(3coso—1)\/3cosp—1 J
Ho= 2 |7i0isoloBo + vié 2 2
| 02
+ § sin?0 sin’B cog2w,t + 2y) sum 00+ ORI S
.0'2_
. . f LA L L B | r—tr 11T 1
— 2 sin 20 sin 28 cogw,t + y) |15By |. (18] 20 10 0 -0 2020 10 0 -0 -20

Frequency / kHz Frequency / kHz

When 6 = 54.7° (the magic angle) and with, = y,B,, EQ. FIG. 2. F MREV8 NMR spectrum (188.2976 MHz) of a stationary
[18] simplifies to sample of AgTFA illustrating 0° (top) and 180° (middle) receiver phas
selection. The bottom trace is the summed residual. (a) Simulation using
o _ axial CSA tensor (see text). (b) Experimental: 64 acquisitions; 6-s recyc

Ho= D wh(dl, + L2 sin?0 sin?B cod2m,t + 27) delay; 256 points collected, and zero-filled to 512; pulses:4&.81 us, 90°

Iso

i = 1.36us, 135°= 1.91us, 225°= 2.99us, 270°= 3.53us, 315°= 4.26 us.

— 2 sin 20 sin 28 cogwt + )], [19]
appropriate form of multiple-pulse selective averaging durin
Since the MAH experiments evolve under a time-independehe evolution and acquisition periods of the 2-D sequence mt
Hamiltonian during the acquisition period, Eq. [19] can bbe introduced. We chose, in the first instance, to work with tt
simplified further, so that it is dependent only on one angl®MREV8 (34, 35 multiple-pulse sequence.
This reduction is achieved by taking the PAS frame directly The introduction of the MREV8 pulse sequence into both tk
into the laboratory frame and bypassing the axis system fixedolution and the detection periods of the MAT experimer

in the rotor. Equation [19] then becomes raises two main problems. The first involves the correct pha
cycling of the receiver during the detection period in order fc

s (3 cogB—1 _ the MAT sequence to work properly. The second problel

Ho= 2 w|0<8=so+ 5'(2)>|'o- [20] arises during the evolution period and is one of retainin

quadrature information when the different sine and cosir
components are selected after the evolution period. Under |
This simplification reduces the number of points required fQﬁajority of multiple-pulse decoupling sequences the effecti
an adequate powder average considerably. Irt tdémension magnetization no longer precesses about zhexis aligned
the powder average is performed over the two anglesdB. along theB, field, and therefore the sine and cosine compc
The crystallite orientations in the powder average were calgyents of the magnetization detected by the receiver in quad
lated using Hammersley point&q, 30. This method is com- tyre are no longer of the correct magnitude with respect to ea
parable to those of Conro@{) and Wolfsbergd2) but has the other. If this is not corrected, quadrature ghosts will appear
advantage that it is not restricted to specific set sizes. the final 2-D spectrum.

MAH with MREV8 decoupling. It has been shown that the In a MAT experiment two hypercomplex data sets are co
homonuclear dipolar couplings can be removed successfullylegted which are subsequently combined to form a sing
applying multiple-pulse decoupling technique33)( There- 2-dimensional spectrum. Each experiment, in its most simf
fore, in order to use the MAT technique for abundant spins, &mrm, consists of a four-pulse phase cycle (Table 1). For ol
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TABLE 2
The Basic Phase Table for the MP-MAT Pulse Sequence in Fig. 1
F. F, Fs F.
nt 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
r Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
c X X X X X X X X X X X X X X X X
p. X X X X Y Y Y Y Y Y Y Y X X X X
P2 X X X X Y Y Y Y X X X X Y Y Y Y
Ps X X X X X X X X X X X X X X X X
Iy { 135 45 90 90 315 225 270 270 315 225 270 270 315 225 270 2
Y Y X X Y Y X X Y Y X X Y Y X X
rcvr Y Y X X Y Y X X Y Y X X Y Y X X
Fs Fs Fs Fe
nt 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
p: Y Y Y Y X X X X X X X X Y Y Y Y

)

Iy 315 225 270 270 315 225 270 270 315 225 270 270 135 45 90

Note.The real (top) and imaginary (bottom) data sets are collected with variation of the phase of the projectign paots¢he pulse durations (in degrees)
of the final read pulse,; nt represents the transition number.

experiment, during the first acquisition the receiver is set to @fe very close to 180°. The inverted spectrum of the AgTF
(X), and for the next three acquisitions it is set to 18Q).(In  shows a small zero-frequency spike at the transmitter, whi
the second experiment, the first three acquisitions have tinay arise from the lower precision of the longer pulses used
receiver set to 180° and in the final acquisition the receivertise second MREV8 sequence.
set to 0°. With the addition of the MREV8 sequence during the More complex MAT sequences such as the MATG6)
acquisition stage, one can no longer simply change the receigequence (discussed later), require receiver phase cycling
phase to achieve the correct 180° phase cycling since #teps of 90°. We have been unable to find preparation pul
precession of the magnetization is no longer alBggin order duration and phase combinations that would allow the MREV
to achieve the required phase cycling during acquisition, theultiple-pulse sequence to mimic such receiver phase shif
final MAT read pulser,, must be replaced with a MREV8 Therefore we have followed an alternate approach to meet
sequence that preserves quadrature and can produce the re@eiver phase inversion requirements of the initial MAT se
essary phase inversion of the signal. quence which can also be used in more complex MAT expe
Recently, various groups have introduced multiple-pulsments. The technique involves collecting and storing sep
sequences that preserve quadrat@® 86, 37. The MREV8 rately each individual FID that makes up the phase cycle. Ea
sequence introduced by Barbara and Baltugil§ achieves a FID is collected with the same receiver phase. At the end of tl
quadrature-detected spectrum by altering the magnitude angberiment, the appropriate phase transformation is applied
phase of the preparation pulses so that the magnetization pghe FIDs and then they are combined to give the real ai
cesses about different axes. When the resulting FIDs are toaginary data sets. This procedure replaces what a quadra
added, they produce a FID which has equal magnitude signadseiver in spectrometers does automatically during data :
in both real and imaginary channels. The published preparatiguisition. While the above approach generates a number
pulse durations are 45 135, 9G&, and 9Q;, where the temporary files, it does allow the consistent use of the shor
subscript denotes both the pulse and receiver phase. We slpogparation pulses, which in turn eliminates any residual sul
that if each preparation pulse duration is increased by 180°mation signal (Fig. 2) due to the lower precision in the longe
that the preparation pulses are now 245315, 27G, and preparation pulses. The final result is a better addition of tt
270, then an inverted spectrum is achieved on Fourier trandAT acquisition FIDs and an improved 2-D spectrum.
formation. Figure 2a shows two 1-dimensional simulated In each of the three evolution periods of the full MAT
MREVS8 spectra, where the lower spectrum has been invertexperiment, the MREV8 sequence is required to remove t
with respect to the top spectrum by applying the second settmimonuclear decoupling. At the start of each period the ma
preparation pulses. Figure 2b shows the results of an actoatization is rotated into they plane by a single 90° read pulse
implementation of the pulse sequence using a sample radlong they axis (see Fig. 1 and Table 2). At the end of eac
AgTFA. The summation spectrum is given at the bottom of thevolution period the sine or cosine projection of the magnet
figure, and it is clear that the relative phases of the two spechation is selected and stored along the [0D&kis by applying
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a 90° pulsep; of the correct phase. This sequence again
requires that the magnetization precess abour #rds so that

the magnitude of each projection is correct. However, the@
MREVS8 sequence upsets this situation, since magnetization
precesses about the [101] rather than the [001] axis, as dis-
cussed above. In order to retain the correct quadrature relation-
ship, a compensation pulse is applied at the end of the
MREVS8 evolution period to rotate the magnetization preces-
sion back into thexy plane @8). For the traditional MREV8 &

sequence, Jackson has shown that this can be achieved witﬁa .

45° pulse applied about theaxis (39). With the phase cycle
of the MAT sequence, each preparation pulse is alongythe
axis, that is 90° out of phase from the normal MREV8 prepa-
ration pulse 21). Therefore, all the pulses used in the MREV8
sequence during thig evolution periods must be increased in
duration by 90°. As a result of this phase change, the effective
precession axis is altered, and so the compensation pulse at the
end of the evolution pulse must also be altered so that the 45°
pulse is applied along theaxis. Figure 3 shows the effective b
precession axes for the two MREV8 sequences together with
the corresponding compensation pulse that needs to be applied.
Using Egs. [19] and [20], various aspects of the MAH
experiment were simulated to see if the approach taken for the
phase cycling would work. To begin with, a simple MAH
experiment was simulated without any homonuclear multiple-y
pulse dipolar decoupling. From this basic program, two furtherE_
programs were written which incorporate a homonuclear dipo-
lar decoupling MREV8 sequence into the (a) evolution and (b)
acquisition periods of the sequence. By separating this step into
two programs, the effectiveness of the proposed phase cycling
schemes on the evolution and acquisition periods is investi-
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FIG. 3. Effective precession axes under MREV8 multiple-pulse deco

FIG. 4. F MP-MAT NMR spectrum (188.2976 MHz) of AgTFA (a)
collected atv,, = 46 Hz (r,, = 21.739 ms) using the pulse sequence of Fig
1: 20 time incremenAt,, 32 FIDs for each increment with a recycle delay of
6 s. The evolutionary MREV8 cycle time 12 X 3.0 us = 36.0us; eachit,/3
evolution increment was composed of two MREV8 sequences for a total dw
time of 2X 3 X 36.0us = 216.0us. The total evolution time was 20 216.0
us = 4320 us. The acquisition MREVS cycle time At, = 12 X 3.4 us =
40.8 us, and 256 acquisition points were collected. Total experimental tirr
was 2.1 h. Pulses are as in Fig. 2. (b) A simulation using the MAH model
described in text. For both plots, the floor of the contour plot was set to 10
of | . With 9 contours at 10%,,,, intensity increments. Sum projections are
given in both dimensions, and the chemical shift scale is corrected for MRE\
scaling of 0.499.

gated without interference from each other. From these tv
simulations it was clear that the phase cycling did allow th
incorporation of the MREV8 sequence into the MAH experi
ment. A final program combines the two earlier programs, wif
the MREV8 sequence in both the acquisition and evolutic
periods of the MAH experiment. Figure 4b shows a contol
plot of a computer simulation of the final MAH experiment for

: . ; , fhe two-spin case with an MREV8 homonuclear dipolar de
pling as a function of the preparation pulse phase. Listed below are MREV8

sequence phases, the normalized precession axis, and the 45° compens%ﬁ(%p

ling sequence in both periods. The isotropic shifts were

pulse ¢ required for quadrature preservation during incorporation into tand —2 kHz, the CSA values were 14.25 andl4.25 kHz

MAT sequence.

(with both asymmetries set to 0.0), and the transmitter was
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at 0 Hz. The MREVS8 cycle time was 3fs in both thet,
acquisition and the, evolution dimensions. The step incre-
ment in the evolution dimension was set equal to a single
MREVS cycle, and 64, evolution increments were calculated.
Relaxation of in-plane magnetization during the storage perio@
is simulated by the setting of the off-diagonal elements of thes
density matrix to zerorl , relaxation during the acquisition and
evolution periods is performed by the application of a weight-
ing function when the data were processed. Ideal delta puls
were used in the simulation. The figure indicates that thez
experiment retains quadrature in both dimensions and that a
pure adsorption spectrum is obtained. The small glitch at zero
frequency in the anisotropic dimension arises from the vari-
ability of the precession axis of the magnetization brought
about by the large chemical shift offse®8].

frequency

er%d

FIG. 5.
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(a) Determination of MREV8 scaling factor for the evolution

dimension of theF MP-MAT spectra of AgTFA. The®F transmitter was

(c) The Multiple-Pulse Magic-Angle-Turning Experiment  positioned —1, 1, 2, and 3 kHz from resonance, and the correspondir
evolution dimension frequency offsets were measured. The slope of the

T_h(?TgF MP-MAT NMR_ spectrum of AgTFA_"The fOCUS_Of_ gives a scaling factor of 0.49& 0.002. (b) FWHH linewidths of thé’F
the initial MP-MAT experiments was to examine the feasibilitysotropic chemical shift sum projection as a function of sample rotatio
of the technique using AgTFA. AgTFA has a single peak in thfesquency collected using the MP-MAT pulse sequerigg MP-MAT *, no
1-dimensional’F MAS NMR spectrum aé = —71.5 ppm and rotational echo extensions ip (A); MP-MAT “, one rotational echo extension
a narrow, nearly axially symmetric CSA powder pattef)( in t, (O); I\/_IP-MATi, two rotational echo extensions g (<?); MP-MAT =,
Fiqure 4a shows th&F MP-MAT spectrum of AqTEA with three rotational echo extensions ip .(V). The MP-MAT* spectr_a were

9 - ) p - g collected at 408 Hz1(,, = 2.451 ms) using the pulse sequence depicted in Fi
sum projections along the, acquisition (horizontal) ané,  7: 18829225 MHz, 40 time increments,, 48 transients for each increment
evolution (vertical) dimensions. The projections of both diwith a 6-s recycle delay. The evolutionary MREVS cycle timel2 X 3.4
mensions demonstrate the removal of t#e-**F homonuclear #s = 40.8us; eachAt,/3 evolution increment was composed of one MREV8
dipolar interaction, giving 2-D spectral features arising frorffauence for atotal dwell time o8 40.8,.5 = 122.4s and a total evolution
the chemical shift interaction alone. The pseudo-static Iin%?e of 4896ys. The acquisition MREVE cycle time At, = 12 X 348 =

; T .8us, and 272 acquisition points were collected. Pulses=4880 us; 90°
shape shows a nearly axially symmetric CSA powder pattern; 36 us; 135°= 1.87 us. In all cases, the chemical shift scale is correcte
with values of the principal components of the chemical shifir MREVS scaling of 0.499.

(61, = +45.3 ppm,6,, = —16.7 ppm,d5; = —28.7 ppm with

respect tod,,) similar to those in the literatured{, = +49.4

ppm, 8,, = 85 = —24.7 ppm) 40). The slight asymmetry of The position of the isotropic peak in the evolution dimensio
the current result may be a result of the higher resolutidas measured with respect to the transmitter position, and |
afforded by the larger magnetic field (4.7 T vs 1.35 T). Th@ata are plotted in Fig. 5a. The slope of the linear fit gives tt
deviation from axial symmetry for a rapid rotating —Gffoup scaling factor as 0.49% 0.002. The values for the FWHH of
may be related to molecular packing effects. the isotropic peak were invariant to the transmitter offset.

The sum projection along tHe, isotropic evolution dimen- ~ The effective evolution spectral width, already reduced by
sion shows that the MP-MAT experiment has removed both tfctor of 2 by the MREV8 scaling factor, is reduced by ¢
homonuclear dipolar interaction and the chemical shift anisdtrther factor of 3 by the MAT component of the experimen
ropy. The single peak &= —71.5 ppm has a full width at half according to Eq. 1. This restricted spectral width in the evc
height (FWHH) of 4.0 ppm, which is greatly reduced from th&ition dimension, in principle, limits the extent to which CSA
sum projection along thE, anisotropic acquisition dimensionpatterns of vastly different resonance frequencies can be s
(¢ = 68 ppm). The MREV8 multiple-pulse decoupling searated. Of the three naturally abundant spimiclei, the**F
quence averages the homonuclear dipolar interaction to z8kgleus, with its large chemical shift interaction, is most sel
and partially averages the chemical shift interaction. Tisétive to this limitation. Nevertheless, with evolutionary
chemical shift, then, is scaled under MREV8 conditions by MREV8 cycles times as short as g4, an effective evolution-
theoretical value of/2/3 = 0.471; the actual value depends o@ry spectral width of 41.7 kHz is achievable which, at a fiel
factors such as the pulse duration, pulse imperfections, a#tength of 4.7 T, means a chemical shift range-a%5 ppm
MREVS8 cycle times. The scaling factor can be determine&fter accounting for the MREV8 scaling factor.
experimentally by measuring the position of the isotropic peak The*F MP-MAT NMR spectrum of a mixture of AgTFA anc
as a function of the transmitter offset. Four MP-MAT experiealcium difluoride. A physical mixture of AGTFA (0.442 g,
ments were carried out with the transmitter frequency set 3082 mmol) and Caf~0.234 g, 3.00 mmol§, = —106 ppm)
values—1, 1, 2, and 3 kHz from thé’F resonance frequency.was prepared to give a model two-site system to demonstr
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that the MP-MAT technique is applicable to multiple-site MREV8 MREVS MREVS
cases. The isotropic chemical shifts of the two components — —— —_—— —_—
differ by 35 ppm 41). Since there is no anisotropy in the GaF r pr T pz

chemical shift, the MP-MAT spectrum should indicate whether 42 42 t,
there is any intensity contamination between different isotropi®” %————% L %——:I L p”
signals. 4

Figure 6 shows thé’F MP-MAT NMR contour plot of the
AgTFA/calcium difluoride mixture with sum projections in
both dimensions. Two peaks in tHe, isotropic evolution
dimension are clearly resolved, with FWHH values of 680
(AgTFA) and 530 (CaEk) Hz. The transmitter has been placed
between the two peaks at 188.294273 MHz. The absence of MREVS MREVS MREVS
ghost or pedestal artifacts in both dimensions, often seen with — g ;_%
multiple-pulse sequences, demonstrates that the addition of et P ’

magnetization developed under MREV8 conditions is consisb_ /2 L hi2 . pob/2 ‘ fa

tent with the MAT requirements. 7 : " aca
. o . I I I

(d) Resolution Enhancement of the Isotropic Dimension Ty =0 Tt/ 3 2Tt /3

For the separation of CSA powder patterns of very similarrig. 7. The MP-MAT* pulse sequence resulting from the incorporatior
isotropic chemical shifts, the resolution in tifg evolution of MREV8 multiple pulse homonuclear decoupling into the MASequence
dimension is crucial. The value for the AgTFA linewidth of theof Gan and Ernstf). Note that the “plus” and “minus” variants differ in the
F. sum projection in thé’F MP-MAT experiment depicted in acquisition of the, FID as well as in the phases of the receiver and pyises

N -

; . . . .~ .. The phase table is given in Table 3. MREV8 multiple-pulse decoupling in tt
Fig. 4 is 450 Hz. This FWHH is much larger than similag,, dpimensions aregas in Figs. 1b and 1c. PieP ping
measurements with AQTFA under 1-dimensional MAS condi-

tions (FWHH= 21 Hz aty,,, = 2249 Hz). Attempts to narrow

the linewidth of a stationary sample of powdered €&¥  from the inhomogeneity of the magnetic field at the sample d
adjustments oflghe magnet shims were unsuccessful. Howeygryy ik magnetic susceptibility effects. We now report sever.
when the CafF ~F spectrum was collected under MAS condigtrategies to reduce the linewidth in the evolution dimensic

tions, the linewidth dropped considerably in value. The aboygq thus increase the resolution of the 2-D MP-MAT exper
observations indicate that the broadening of flfepeak arises ment.

Sample spinning. F MP-MAT NMR experiments were
carried out using AgTFA at sample spinning speeds betwe
v = 45 and 408 Hz. The values of the FWHH for the summe
F, projections as a function of the frequency of sample magi
angle rotation are reported in Fig. 5b as open circles. TI
linewidths drop considerably to 210 Hz at, = 408 Hz. Due
4 to the restriction of the total evolution time to one rotor perioc
~120 . faster spinning speeds will lead to truncation of the evolutio

0] R 1 signal. Furthermore, at MAS speeds greater thari*fheatural
£ ] linewidth, a spinning-sideband manifold rather than a pseud
S g 1 static CSA pattern is collected.
v —_—>

The MP-MAT pulse sequence.Additional resolution en-

=7 j hancement is achieved by modification of the MP-MAT puls

0 i sequence according to the MATpulse sequence of Gan and
0 50 100 150 200 Ernst 6). Rather than collecting threlg evolutionary incre-
F, Tppm ments, two are collected, and the sequence generates a she

FIG. 6. F MP-MAT NMR spectrum (188.2976 MHz) of AgTFA/cal- spectrum. A shearing 'Fransforrr_]atlon is easily apphed in su
cium difluoride mixture collected at a rotor spinning speed of 7154z Sequent data processing to give a spectrum with the CS
13.986 ms). FiftyAt,/3 increments of a 36.ps MREVS cycle were collected patterns parallel to the acquisition dimension. Furthermore,
(total dwell ime= 108.0us) for a total evolution time of 540Qs. Eacht.  the t, andt, increments are synchronized to an integral mu
acquisition was collected 16 times using a 4p.8 MREV8 cycle with 256 tinle of the rotor period, rotational echoes in the acquisitio
points and using a recycle delay of 6 s; the total experimental time was 2.7 Ji. . . L
The floor and ceiling were set to 5 and 83%,, respectively, with contour Imen_smn Fan be_ used to extend the tlme'do_mam S|gnz_';1l _Oft
increments of 10%... The F, andF, spectra are the sum projections. The€Volution dimension. The consequence of this data shifting

chemical shift scale is corrected for MREVS scaling using a value of 0.49®€nhanced digital resolution in the evolution dimension. Th
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TABLE 3
The Basic Phase Table for the MP-MAT™ Pulse Sequence in Fig. 7
F. Fs F.
nt 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
r Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
P, Y % ' % X X X Y ' ' N4 X X X X
P2 Y \% % % X X X X X X Y Y Y Y
Iy 13 45 90 90 135 45 90 90 135 45 90 90 135 45 90 el
Y Y X X Y Y X Y Y X X Y Y X X
rcvr Y N X X Y Y X Y Y X X Y Y X X
Sum X X Y %
Fs Fs F, Fe
nt 1 2 3 4 5 10 11 12 13 14 15 16
Sum X X Y Y

Note.The P* (top) andP~ (bottom) data sets are collected with variation of the required phase for th@sumX;_, F, andP~ = 3% F;; nt represents
the transition number.

MP-MAT * sequence is depicted in Fig. 7 and the pulse phasedension at timeskr/3, wherek = the number of rotational
are recorded in Table 3. Each of the eight different FIDs weeehoes. The resulting extendgdevolutionary signal is char-
collected independently using the same receiver phase awterized by a stepped decay function which, in turn, leads
combined to give the real and imaginary FIDs as describéte observed sinex/x artifacts.
above. In theory, the decay of magnetization intensity in the evc
The improvement in the AgTFA linewidths at, = 408 Hz |ution dimension will step down as a function kfrotational
is dramatic, as indicated by the noncircle symbols in Fig. Sbcho extensions. Furthermore, the noise of the evolution sig|
The MP-MAT" sequence gives an immediate improvemeity each block may add coherently as a functionkofThis
relative to the MP-MAT sequence at, = 408 Hz which may feature becomes more pronounced wheris of the order of
arise from the development of the evolution signal over twgr |ess than the rotor periogl,. In practice, however, errors in
rather than three evolutionary periods. As the length of thgtor synchronization and MREV8 pulse imperfections cor
evolution signal is extended from 4896 to 19584 by rota- trihute to additional loss of signal magnetization and cause t
tional echo data shifting, the linewidth drops to 50 Hz. intensity of the extended evolution signal to step up as
_Resolution enhancement using the rotational egléxten-  fynction ofk. Both truncation and noise-coherence effects c:
sion technique also increases the noise iNtA&MP-MAT" as  he treated in part by application of an exponential dampir
indicated in the sunf, projections in Fig. 8. Ridge features,nction to the acquisition domain before rotational echo e:
reminiscent of spinning sidebands, lie parallel to Feaxis tension of thet, signal. While this treatment reduces the
and increase in prominence as the number of rotational el ninence of the artifact signals, it also decreases the digi

extensions of the evolutionary signal increase. These featufgs, | tion and hence increases the linewidth of the resulti
have been described by Grant and co-workers for the\BAT iignals (Fig. 8d)

and FIREMAT sequences which employ evolutionary bloc ) ) ) ) ]
replication techniquesl(, 19. In the present case, ridge fea- Evolution MREV8 cycle time.t In 1-dimensional multi-
tures arising from the difference in the decay of magnetizatit¥e-Pulse NMR experiments, the cycle timds determined by
intensity along the, acquisition and, evolution dimensions the 90° pulse duration and thedelay between pulses. To
are understood in terms of a sinex/x effect resulting fro@chieve a large spectral width should be as short as possible
truncation of the evolution time signal in discrete blocks. In theince the signal must be sampled at least once during the cy:
acquisition dimension, magnetization decays as exp(T,), the probe ring-down and dead-time characteristics determi
and as expft,/T,) in the evolution dimensionT, being the the minimum multiple-pulser value and hence.. Shortt,
transverse magnetization relaxation time constant. The eslues are also desirable to improve the effectiveness of t
tended evolution signal is created by taking the first rotationadmonuclear dipolar averaging.

echo, which has an intensity df, = l.exp(—7/T,), and Indirect sampling of the evolutionary signal allows multiple:
adding it to the evolution dimension terminus at timg3 pulse cycle times to be shorter than in the directly sample
which has an intensity, = |,exp(—(27/3)/T,). Clearly,l, > acquisition dimension. In addition to increasing the spectr
| similar intensity differences occur at each rotational echwidth, use of ar delay of 2.0us (t. = 24.0pus) reduces slightly
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sample rotor position5). We note that the sample rotation
conditions described herein=Q.5 Hz) give an error in rotor
period timing of=100 us at a spinning speed of,, = 71.5 Hz.
The error is comparable to the evolutionary dwell time and |
likely to give rise to error in the isotropic chemical shift
dimension; this error is manifested in (a) a low signal-to-nois
ratio and (b) additional magnetization decay resulting in poor
resolved signals.

The present MAT experiments fall into the “projection”
class of MAT experimentsl{l). Isotropic chemical shift and
CSA correlation spectra are also obtained from ther"&lass
of MAT experiments. The recent FIREMAT version of anb-
MAT experiment for dilute spig-nuclei offers a significant
improvement in the signal-to-noise rativ1j. Analogous 5
MAT experiments incorporating multiple-pulse decoupling se
quences will, in principle, offer similar advantages to abunda
spin4 nuclei. A 5. MP-MAT sequence is more appropriate
for nuclei with large CSA values such & and*P than for
'H, which is better suited to the projection MAT experimen
because of the smalH CSA values.

More efficient homonuclear dipolar decoupling gives nal
rower linewidths in the, isotropic dimension. This improve-
ment may be achieved by decreasing the multiple-pulse cy
time and by employing multiple-pulse dipolar decoupling

schemes which average to zero the higher order homonucl
_1'20 ' dipolar interaction terms. Such sequences include the BR
and CORY24 sequences as well as the windowless and se
19 ] ] windowless versions. One must select compensation pu

F chemical shift / ppm durations and phases appropriate to the effective magnetizat

g)_recession axis.

T

r Y T T

] I i
-60 -80 -100

FIG. 8. Resolution enhancement in the sum isotropic chemical shift pr
jections of the™F 2-D isotropic chemical shift versus CSA spectrum of
AgTFA. (8) MP-MAT, v, = 71.5 Hz, (b) MP-MAT, 1, = 408 Hz with no CONCLUSIONS
rotational echo extensions i, (¢) MP-MAT®, v, = 408 Hz with two
rotational echo extensions i, (d) MP-MAT*, v,,, = 408 Hz with 200 Hz We have demonstrated the use of the MAT experiment

exponential linebroadening applied to the acquisition dimension prior to twghundant spin%— nuclei where the homonuclear dipolar inter-

rotational echo extensions th. action is dominant. This interaction is suppressed though t
incorporation of an MREV8 homonuclear dipolar decouplin
sequence into the MAT experiment. The quadrature nature

the linewidth in thet, dimension of AgTFA atv,, = 45 Hzto the MAT experiment is preserved, thereby maximizing th

330 Hz compared to 350 Hz usingradelay of 3.0us (t. = spectral width of the experiment and the effectiveness of tl

36.0 us). It should be feasible to incorporate more sophistMREV8 sequence in suppressing the homonuclear dipol

cated multiple-pulse decoupling schemes such as BR2} (interaction.

and CORY24 86) as well as windowless and semi-windowless

variants. It is anticipated that these modifications will contrib- ACKNOWLEDGMENTS

ute to an improvement in resolution. _
inal uti h h The authors thank Dr. H. Cho (PNNL, Richmond, WA) and Mr. Barry J. Sa
Final comments on resolution enhancementhree ap- for helpful discussions. We are grateful to Dr. G. McGeorge and Prof. D. N

proaches to improve the resolution of the MP-MAT experimewdrant for information on the FIREMAT experiment prior to publication. EBB
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resolution enhancement as detailed above. It is noted, however,

that these three investigations by no means exhaust the list of

potential |mprovement§ to the technique. Grgnt _and co-workets ; Hu, W. Wang, and R. J. Pugmire, Magic angle turning and
have shown the benefit of a rotor synchronization strategy by hopping, in “Encyclopedia of NMR” (R. K. Harris and D. M. Grant,
which the MAT pulses are triggered by optical sensing of the Eds.), pp. 2914-2921, Wiley, Chichester (1996).
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