Journal of Magnetic Resonant80,71-80 (2001) ®
doi:10.1006/jmre.2001.2313, available onlaiehttp://www.idealibrary.com ol D E %l

Enhanced Sensitivity in RIACT/MQ-MAS NMR Experiments
Using Rotor Assisted Population Transfer

H.-T. Kwak.* S. Prasad, Z. Yao* P. J. Grandinettf;! J. R. Sachlebehand L. Emsley

*Department of Chemistry an@Campus Chemical Instrumentation Center, Ohio State University, Columbus, Ohio 43210-117Bahathtoire de
Seréochimie et des Interactions Maulaires, UMR 5532 ENS-Lyon/CNRS, Ecole NormaleBSegre de Lyon, 69364 Lyon, France

Received November 29, 2000; revised February 9, 2001; published online April 17, 2001

The rotor assisted population transfer (RAPT) sequence is used amplitude-modulated double-frequency adiabatic sweeps to el
toenhance the sensitivity of the RIACT(I1) experiment for spin-3/2  hance the central transition polarization in samples under bot
quadrupolar nuclei. A detailed theoretical analysis of the polariza-  static and MAS conditions. More recently, we devised a simple
tions that contribute to different types of MQ-MAS experiments  tachnique called RAPT (rotor assisted population transfet) (
is prowded. In part_lcular, t'wo polarization pathways are 'dIStIn- where a fast 180phase alternating pulse train during magic-
guished for the cre_atlon of_trlple-quantum coherence. The ex[stence angle spinning is used to prepare a selectively excited state |
of these pathways is experimentally demonstrated by comparing the - . . . .
sensitivities of different sequences with and without RAPT prepa- whichthe populathns _Of all eigenstates with the same sign of
ration.  © 2001 Academic Press mare gqual, regultmg in an enhanced cermai_: -1/2 - 1/2

Key Words: MQ-MAS; RIACT: RAPT: quadrupolar nuclei; solid- transition polarization. In general, a theoretlgal maximum en-
state NMR. hancement factor df + 1/2 can be obtained with this selective
“saturation” of the satellite transitions. Although polarization
enhancement by selective saturation of the satellite transition

1. INTRODUCTION does not provide as much of an enhancement as selective inve
sion, nevertheless it has the important advantage over selecti

Solid-state NMR of quadrupolar nuclei has undergone a rgwersion that it can be performed under sample rotation ant
naissance inthe past decade starting with techniques such as dbtained for all crystallite orientations simultaneously.
ble rotation (DOR){) and dynamic angle spinning (DAS)4) Such enhancement schemes can be easily combined wi
which provided high-resolution isotropic spectra of quadrupolaigh-resolution solid-state techniques such as DOR and DAS
nuclei for the first time, followed by the subsequent introductiosince these techniques draw their coherences from the polariz
of the transition correlated magic-angle spinning experimention of the central transition. In contrast, understanding the effec
multiple-quantum MAS (MQ-MAS) §, 6) and satellite tran- of these schemes in combination with MQ-MAS experiments
sition MAS (ST-MAS) (7). From a mechanical point of view requires an understanding of the polarization source for cohel
the transition correlated magic-angle spinning experiments ameces in MQ-MAS, which will in turn depend on the particular
easier techniques to implement experimentally as they canphdse scheme used to prepare the multiple-quantum coherenc
performed with most commercial MAS probes and have gain€dr example, in both the traditional high-power single-pulse
the most widespread use. While all these techniques are wWél- 12-14) scheme and the more recent low-power rotary res-
come additions to the solid-state NMR spectroscopist’s toolbanance (FASTER) single-pulsdf) preparation method, the
the inherently low sensitivity of many quadrupolar nuclei stiltesulting triple-quantum coherence comes mainly from the equi
remains an obstacle to their full exploitation. librium polarization associated with thre = +3/2 states. In

Although it was understood quite early in the history of NMRontrast, in the rotationally induced adiabatic coherence transfe
that the polarization of the central transition of quadrupolar n(RIACT (II)) scheme 16) the triple-quantum coherence comes
clei can be enhanced by transferring polarization from the satbm the equilibrium polarization associated with the= +1/2
lite transitions 8), attention was only focused on this possibilitystates. Thus, it should be straightforward to apply schemes lik
when Haase and Conrad)j)(developed a technique for selectiveRAPT to enhance the sensitivity of RIACT(Il) experiments, but
inversion of the outer satellite transitions using frequency sweRAPT should actually reduce the sensitivity of MQ-MAS se-
adiabatic passages to enhance the central transition by a factapances that draw their coherences from the equilibrium polar
21 in static samples. Kentgens and Verhade) later employed ization associated with the = +3/2 states.

In this paper we experimentally demonstrate that the applica

! To whom correspondence should be addressed. E-mail: grandinetti. i@ of RAPT before RIACT(Il) does indeed improve the sen-
osu.edu. sitivity of the RIACT(Il) experiment by a factor of 2 in the
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spin-3/2 system. In addition, we also apply RAPT before a corhe relaxation time needed for the 1-4 transition to return to it:
ventional MQ-MAS sequence and demonstrate that the seresiuilibrium value may be different than that for the 2—3 transi-

tivity is reduced as predicted. tion.
Inthe discussion that follows we will consider evolution under
2. EXPERIMENTAL a Hamiltonian containing the first-order quadrupolar and the

radiofrequency interactions:

All NMR spectra were acquired at 9.4 T (130.93697 MHz
87Rb frequency) with a Bruker DMX 400 spectrometer, using a H/h= wqA20(Aq)T20 — wilx,
Bruker 4-mm MAS probehead, capable of achieving a radiofre-
quency nutation rate) of 175 kHz. A bandpass filter was usedyhgre Az0(Aq) is an element of an irreducible spherical ten-
in between the probe and the ADC to reduce the reflecting vols, \which in its principal axis system (PAS) has the values
age from the probe caused by the high-power RAPT pulse tl’a}g.o —1/V/6andp; 42 = p> o-nq/«/é- Hereng is the quadrupo-
The solid-stat€’Rb resonance of RbClwas used to calibrate thg} coupling asym’metry pérameter, ang are the Euler an-
radiofrequency field strength and also as the external freque@@gs @, B, v) between the lab frame and the PAS frame. The
referencedrpc) = 0). The sample used to demonstrate the Ut“itéiuadrupolar coupling constant is given By = qQ/h (or
of the new experiments was polycrystalline Rbgl@hich has €2qQ/(4meoh) in Sl units) and the quadrupolar splitting by
8'Rb quadrupolar coupling parametei§of Cq = 32MHz | 6. ¢ /2121 —1).
andnq = 0.21. The shifted-echo hypercomplex methdd)( K a
was used in acquiring and processing all two-dimensional da#ay = single-Pulse Triple-Quantum Preparation
The effectiveT; of the 8’Rb central transition in RbClpwas _ _ _ _
measured to be 145 ms using a saturation recovery experimenfn the basis of earlier work on multiple quantum excita-
All experiments were performed using a 1-s recycle delay andi@n in solids (9, 20 it was first assumed in MQMAS articles
spinning speed of 12 kHz. The 200-ns delay between each puf@el? that triple-quantum coherence would be created at a rat
in the X-X pulse train of RAPT was used to allow time for theProportional tow?/wg and come from the polarization associ-
transmitter phase to stabilize. THeX pulse lengths were equal@ted with the 1-4 transition. This assumption was based on
and were optimized experimentally. The inverse of the total tinRerturbation expansion of the eigenstates and eigenvalues in't
to complete oneX-X interval (including the 200-ns delays) islimit that jw1| < [Wq(Aq)| leading to the approximate rotating
defined as the RAPT modulation frequengy, frame Hamiltonian for a spih = 3/2 system of

3. THEORY H/ha g Wo(Aq)(1372 - 157%)

To demonstrate how the mechanisms for triple-quantum — (=g el = (14 g enli ™, [1]
preparation differ between single-pulse preparation and RI-
ACT(Il), we now look at these two mechanisms from a mor@hereWq(Aq) = v6wqA20(Aq) andg. is written in a series
theoretical perspective. In general, we will consider two pos&Xpansion in the low RF limit as

ble polarization sources for the triple-quantum coherence, the

polarization associated with time = +3/2 states and the po- 14 3w 3w 57w} 867w
larization associated with tha = +1/2 states. In other words, > 2wW3 8wy 16wW§  128W§ ’
starting with a density operator of = I, = 3114 4+ 123

2 4 6 8
and using the single transition operator notatiag, (209, we g, = Swi 15w  2lw; 1893 wj

consider two polarization sources for generating triple-quantum 2W3 8 WS 16W3 128 W3
coherence,
The presence df:~* in this approximate Hamiltonian clearly
3| %—4 ﬁ; 31-4 shows thattriple-quantum coherence can be created by taking tl
y “greater path,” that is|2~* of our equilibrium density operator

R2-3 into I ;~* at a nutation frequency of (& g, )ws, that is,
1273 2 |14,
z y

OBt (i 3 .

Because the first rotation utilizes the greater equilibrium po- Tr{e 0/DR gl/Ot T4} = 5 Sin[(1 - g;)wat].

larization of the 1-4 transition, we call it the “greater path”

to distinguish it from the second that converts the lesser egtn-this approximation a zeroth-order expansion of the eigenvec

librium polarization of the 2—3 transition intgd . While the tors for this Hamiltonian in the low RF power limit was used

greater path has the potential to provide three times the tripl@ithout restricting its eigenvalues to obtain the effective rotating

guantum coherence of the lesser path, it should be noted tfratne Hamiltonian (see Appendix A.1).
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Subsequent numerical studiel), however, showed that coupling constants d€y = 0.5, 1.5, and 2.5 MHz. In all plots
in the short pulse limit the triple-quantum oscillations in a polythe triple-quantum coherence created from an initial density op
crystalline sample occurred at a faster rate that is proportiomaibitor ofp(0) = 1, is shown as a thick gray line, and the triple-
to w1 and notw?/w%. Clearly, a different subset of crystal-quantum coherence created freif®) = 12> andp(0) = 317~
lite orientations than those witlw;| <« |Wg(Ag)| was con- is shown as black lines.
tributing more significantly to the total triple-quantum coher- In general, the evolution of the triple-quantum coherence gen
ence created by a single pulse. Althoughdﬁgéwé assumption erated fromp(0) = I, more closely follows the(0) = 3114
is not valid, it does not follow that the polarization source afurve, except at very short pulse lengths where it more closel
the triple-quantum coherence is not the= +3/2 states. Thus, follows the p(0) = 123 curve. Clearly, the most signifi-
in order to determine the major polarization source for triple&ant triple-quantum intensity is generated at the longer puls
guantum coherence generated by a single pulse in a polycrgsigths where the majority of the coherence is drawn from
talline sample we have performed numerical simulations aghe equilibrium polarization associated with the = +3/2
function of quadrupole coupling constant with a constant R§tates. Thus, assuming that the majority of MQ-MAS experi-
field strength ofv,/27 = 100 kHz and sample spinning speednents would be performed under such optimized conditions
of wr/27 = 10 kHz starting with three different initial densitywe conclude that the single-pulse triple-quantum preparation il
operators 0fo(0) = 1273, p(0) = 31174, andp(0) = |,. These MQ-MAS generally follows the greater path of triple-quantum
results are shown in Fig. 1 for three cases having quadrupagacitation.

3.2. RIACT Triple-Quantum Preparation

1or While the ideas in the previous section were based on earlie
A 08 theories of multiple-quantum dynamics in static samples, the
0.6 [ ideas employed in RIACTI() for triple-quantum excitation are
04l ‘E?’«' based on the theory of spin locking of quadrupolar nuclei unde
o2l ‘3 114 =~ magic-angle spinning as first described by Vegd).(In this
37 128 section we present a brief overview of this theory as describe
900" gor 180" 270° 360° 450° 540" 630" 720" s10- soor by Baltisbergeet al. (24).
In the case of RF excitation in a rotating sample where the
1.0 - pulse length is not short compared to the rotor period, we trans
(B) 08k form into the time-dependent diagonal frame and write the prop
06 iy agator in the rotating frame as

s

3114 U(t,0) = V(t) - T - e hh[P® +inVIEVeI ds /i)

whereT is the Dyson time ordering operator akdt) is the
transformation that diagonalizes the Hamiltonian at tinae-
cording to

() §
=z D(t) = VIOH OV ().
+
f; When|D(@®)| > ||iVT(t)V(t)|| we can apply the adiabatic ap-
= proximation (in our specific case, there are no diagonal compa
nents ini VI (t)V(t), thus we can neglect this contribution in the
. adiabatic approximation) and write our propagator as
Vi
FIG.1. Creation of triple-quantum coherence starting from the three differ- U(a)(t, 0) = V(t) : 97iﬁ é Ds)ds . VT(0)~ [2]

ent initial density matricess(0) = 12-3 (solid black line),o(0) = 311~ (solid

black line), ando(0) = |, (solid gray line) as a function of pulse duration with i\t
nq = 0 and a constant RF field strengthof/2r = 100 kHz and spinning Conversely’ wherjiV (t)V(t)|| > ”D(t)” We can apply the

speed ofor/27 = 10 kHz. In (A)Cq = 2.5 MHz, (B) Cq = 1.5 MHz, and SUdden approximation and write our propagator as

(C) Cq = 0.5 MHz. All simulations were based on a full numerical density

matr.ix calculatipn and were averaged ovgr 3722 cry;tallitg 'orientations. The U(S)(t, 0) — V(t) . efo‘ Vi(s)V(s)ds VT(O). [3]
continuous motion of the rotor was approximated by discretizing each rotor pe-

riod into 512 smaller time-independent periods, according to standard methods

(22). In the case of RF excitation of a second-order broadene
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180° whether a zero crossing is in the adiabatic intermediate, or su

£ \ . ™y ) . 2 ) )
150° | \l ;I l den regime, an adiabaticity paramet24)(is defined as
|
1200 | ) , ,
28 gool fl I ‘ ‘ _ o “3(tzero) 0" (e (Al 1) - Wy
g0°- [ [ i 2613 (tzer) 262 H(tzero) ’ WQWR’
i 3 I ]
M h
o I G S where
0° 60° 120° 180° 240° 300° 360°
1 1 dAyt)
Rotor Phase = — :
V2a(AL, t)  wr dt
FIG. 2. Plots of 21-3(t) and 22~ t as a function of the rotor phase _
for a crystallite spinning about the magic angle (54)Mith PAS oriented = —j Z ke ik (“’R”"‘)dlg,z)o(ﬂR) A2,k/(Aiq)'
perpendicular to the rotor, usir@, = 2.5 MHz, nq = 0.0. P '

This definition of the adiabaticity parameter is similar to the

quadrupolar nucleus under currently available sample spinnigige used by Vega2@); however, now there is an additional
speeds, we will find that at any given instant nuclei in neargfientation dependence which comes from the time derivativ
all crystallite orientations can be described using the adiaba@tAzo(t). When the value o& is much larger than, much less
approximation, and it is only wheWq(A(t)) passes through than, or on the order of 1, the zero crossing will be adiabatic
zero that we will we need to consider other possibilities. ~ sudden, or intermediate, respectively.

In the case of a spih =3/2 system experiencing the first- While the sudden approximation does not hold for all times
order quadrupolar and RF interactions, we can use the #xe terms 21-3(t), and Z2-4(t) have the form of an impulse
act analytical diagonalization26, 19 and obtain (see the function with an integrated area af centered near the zero

Appendix) crossing ofWg(A(t)). This can result in a rapid transition be-
tween the adiabatic propagator of Eq. [2] and the sudden proj
D(t) = %(El—s CEPY) — ot 22t g agator of Eq. [3].
and @) 3 -~
2 P ]

NI L2-40\12—4 | 5i1-3(4y1-3 L ~

iVIV(t) = 28 O+ 28721, [5] ; i 2;24 \ _,i_
Fig. 2 shows a plot of the values of 22 and Z2~%, the angles il > y Al
in the 1-3 and 2—4 subspaces, respectively, needed to diagonal- -2 [ @' =
ize the Hamiltonian, as a function of the rotor phase for those °  20° 40° B0° 80° 100° 120° 140° 160° 180°

crystallites that undergo the largest excursiolgf{ A 4 (t)) dur-
ing this period. Note that for a majority of the perio&'2® and

Rotor Phase

26%% have values near either 0 ot

The size of VI(t)V(t) is related to the rate of change of the
eigenstates and has the form of Lorenztian impulse functions as
follows:

FIG. 3. Plots of diagonal and off-diagonal coefficients'—3, »
2£173(t), and Z24(t) of the time-dependent effective Hamiltonian in Egs.
[4] and [5], as a function of the rotor phase for a crystallite spinning at
wr/2r = 125 kHz about the magic angle (54J4with PAS oriented per-

2173(t) _ \/_3(1)le ) d A2,0(t)
[a)1 — a)QAg_’o(t)]z + 3&)% dt -3 0°
and
2%'_2_4(,[) _ \/_360le d AZ O(t)
[w1 + wQ Azq()(t)]2 + 3602 dt

200 40°

60° 80° 100° 120° 140° 160° 180°
Rotor Phase

2-4
,

pendicular to the rotor an€q = 2.5 MHz, nq = 0.0. In (A) an RF field

Plots of Z1-3(t) and Z24(t) as a function of rotor period

strength ofw; /27 = 200 kHz is used and the adiabatic approximation holds
at the zero crossing of the quadrupolar splitting. In (B) an RF field strengtt

are shown in Fig. 3. Notice that thif (OV(t) terms are only of o, /27 — 50 kHz is used and the sudden approximation holds at the zerc
nonnegligible near the zero crossings/dh(A(t)). To indicate crossing of the quadrupolar splitting.
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Crystallites which pass through the zero crossing in neitherOf course, the same behavior is observed if we apply our spi
an adiabatic nor a sudden regime fall into the intermedidtzck on coherences along tlyeaxis, that is,
regime. This type of evolution is the most difficult to calculate
analytically. To determine the evolution of the density matrix o 3 UP0)
in the interemediate regime, contributions from bBit) and I
Vi(t)V(t), which do not commute at all times, must be used to _
construct the propagator. Vega3 has shown with numerical In _contrast,_ all qoher_ences or popula_t|ons orthogonal tq the R
simulations that spins undergoing an intermediate regime z&RJn lock direction will evolve and will thus lead to rapid de-

crossing evolve into non-spin-locked states and thus result iR32Sing in a polycrystalline or amorphous sample.
significant loss of CP intensity. This mechanism for interconversion between triple-quanturr

and central transition coherence with each zero crossingpf
3.2.1. RIACT—Adiabatic passageUsing this theoretical not only forms the basis of RIACT for MQ-MAS preparation

framework we now examine the RIACT mechanisb)(for and excitation but also plays an important role during cross
transferring coherence between the triple-quantum and singefarization experiments in MAR6), DAS (24), and MQ-MAS
guantum central transition states. In the adiabatic approximati@y-30).
we can ignore the teril/(t)V(t) at all times and therefore use
Eq. [2]. Vega @3) showed that the coherencEs* and12-2  3.3. The RAPT Effect
will interconvert with every zero crossing &¥g(A(t)) under . :
an RF spin lock in the adiabatic limit. This can be seen using}Fma”y’ we note that the effect of the RAPT sequence is t0

the equation above and propagatifg® under the adiabatic prepare the initial density operator in a state that enhances tt
propagator with the RF pulse alomgo obtain polarization of the centrahf = +1/2) transition at the expense

of triple-quantum ifh = +3/2) polarization,

|1—4
y

_ U@t 0).12-3. @i
p(t) = UZ(,0)- 1,7 - UYT(t, 0) p =314 4123 T4y 12-3

i t
= Vx(®)- exp{ _ﬁfo D(s) ds} the impact of this rearrangement being that the sensitivity o
I experiments like RIACT which draw their triple-quantum co-
-V1(0)-1273.v,(0)- exp{ % / D(s) ds} -Vi(t).  herence from the central transition will be enhanced by a facto
0 of 2, while those like the conventional single-pulse MQ-MAS
experiment will be diminished by a factor of 2
If we start (arbitrarily) the spin lock at a point wherég; 2~
28, ~ 0 (i.e.,|Wo(Ag)l > |wi| andWg(Aq) > 0), then the

innermost sandwich in our propagator yields 4. RESULTS AND DISCUSSION

In light of the above discussion we investigated the effect of €
Vi@e ~ 25~ 0)- 153 V(e ~ 2~ 0) =153 RAPT preparation sequence optimized for the central transitiol
of 8Rb in RbCIQ on the sensitivity of the RIACT(Il) MQ-
Since 12-3 commutes with the Hamiltonian in the diagoMAS e.xperimen?, as well as on the qonventional single-pulse
nal frame we have no evolution ¢£-3 due toUp(t,0) = €XcCitation and mixing MQ-MAS experiment. .
exp(—(i /1) fé D(s)ds}. If we turn off the RF spin lock pulse Using the RAP_T enhanc_ed RIACT(II) sequence, which was
after Wo(A) changes sign due to the rotor motion, then theonstructed by simply placing the RAPT preparation sequenc

transformation out of the time-dependent diagonal frame occiid) in frontof the RIACT(1l) sequencelf) as shownin Fig. 4A,
with 26y ~ 28, ~ 7 (i.e., [Wo(Ag)| > |wi] andWo(Ag) < 0) @n experimental enhancement factor of 1.8 was obtained. Tt

and we have spectrum of Fig. 4A was obtained with an RF field strength of

170 kHz, a modulation frequencyy() of 695 kHz, and a RAPT
N N 23\t N ~ 1, bulsetraindurationof90,s, whichis close to one rotor period,

p(t) = Vx(281 ~ 26 ~ ) - 1577 - Vi(251 > 25 ~ ) = 1T 7, = 83.3 us. The length of the selective central transition exci-
tation pulse was 0.7ks, and the spin-lock pulse was 20,88,

Thus we see that with every zero crossing\ig (A (t)) the cen- Wwhich is 7, /4, as specified by Wet al. (16). The intervalz

tral transitionl2-3 coherence is converted into triple-quantunbetween the RAPT preparation was increased to approximatel

I1-4. Similarly, one can also show that with every zero crossiry4 ms to act as afilter, eliminating all transverse coherences

I1-%is converted intd2-3, that is, and the need to modify the RIACT(ll) phase cycle.

The experimental enhancement factor of 1.8 is very close
to the theoretical value of + 1/2 = 2, showing the good

udt,0) 1 . . . .
|§‘3 20 1 4 agreement with theory. Moreover, it is particularly important to

X
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notice that the anisotropic MQ-MAS lineshape observed using
the RAPT enhancement is undistorted with respect to the con-
ventional RIACT(Il) experiment, indicating that all crystallites

in the sample are affected in the same way by the RAPT prepa-
ration. The anisotropic cross sections are shown in Fig. 4B for
the RIACT(Il) experiment with RAPT preparation (shown as
a solid line) and without RIACT(ll) preparation (shown as a
dashed line). The lack of distortion in the enhanced lineshape is
one of the key advantages of this method.

To ensure that our theoretical understanding outlined in the
previous section is correct, the effect of the RAPT preparation
on the conventional MQ-MAS experiment was also investigated
by placing the RAPT pulse train before the conventional MQ-
MAS pulse sequence, as shown in Fig. 5A. For this experiment,
the RF field strength used for the RAPT preparation and the
conventional MQ-MAS sequence sequence was 170 kHz. The
experimentally optimized excitation pulse length wass and

3
2
1
[
-1
2
2

the conversion pulse length was 5.

In this case we see from the anisotropic lineshapes of Fig. 5B 7
an experimental reduction in signal using the RAPT prepara- T
tion by a factor of 0.6, which is in close agreement with the

— T T
-100 -140 -180 -220
Frequency (ppm)

factor of 2/3 predicted by theory in the previous section. Thus,
these experimental demonstrations tend to strongly support oWfIG.5. (A) MQ-MAS pulse sequence with RAPT preparation. (B) A com-

A

)_.‘, SL —ty— SL -Tn-l_-l-tz_.

— ]

1

3
o
$ o 7 o,
0 . N
-1 /. S
2 o~ .
3 . .

-100 -140 -180 -220
Frequency (ppm)

parison of the anisotropic projections from the dimension of the®’Rb
MQ-MAS experiment in polycrystalline RbClOwith (solid line) and with-
out (dashed line) the RAPT preparation. A total of §4points with 15us
increments were acquired withset to 20 rotor periods and the spinning rate to
12 kHz. The spectrum was zero filled once in thandt; domains. In this ex-
ample the experimental sensitivity is diminished by a factor of 0.6 in MQ-MAS
using the RAPT preparation.

theoretical interpretation of the mechanisms of these exper
ments in terms of the greater and lesser paths.

5. CONCLUSION

We have provided a detailed analysis of the polarization:
that contribute to different types of MQ-MAS experiments.
We distinguish two preparation pathways to create triple-
guantum coherence, the first from outer transition polarizatior
and the second from inner transition polarization. These patt
ways are dubbed the greater and lesser paths, respectively. \
find that “conventional” single-pulse preparation MQ-MAS se-
qguences principally benefit from the greater path, while se
quences of the RIACT type utilize predominantly the lessel
path.

In light of this discussion we have proposed the combina

FIG. 4. (A) RIACT(ll) pulse sequence with RAPT preparation. (8) Ation of the RAPT preparation sequence with RIACT(Il) and we

comparison of the anisotropic projections from thedimension of thé’Rb

achieve an experimental factor of 1.8 sensitivity enhancemer

RIACT(II) experiment in polycrystalline RbClowith (solid line) and without - without significant changes in the RIACT(Il) anisotropic line-

(dashed line) the RAPT preparation. A total of §4points with 15us incre-
ments were acquired with set to 20 rotor periods and the spinning rate to
12 kHz. The spectrum was zero filled once in thandt; domains. A factor of

shape.
In contrast we also demonstrate that, as predicted, the applic

1.8 sensitivity enhancement was achieved by applying RAPT preparation beftf@1 Of the RAPT pulse train in front of conventional MQ-MAS

RIACT(II).

leads to a factor of 0.6 sensitivity reduction.
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APPENDIX

A.l. Diaginalization of the | = 3/2 Rotating Frame
Hamiltonian During RF Irradiation

A.1.1. Perturbation Expansion in the Lawy Limit

The analytical solution given above can be used to obtair
a series expansion about the low RF power limit (i.e., abou
w1 = 0) for the eigenvectors to obtain

In this Appendix we examine the diagonalization of the ro-

tating frame Hamiltonian for a quadrupolar coupled= 3/2

during RF irradiation. Our starting Hamiltonian is

H/h = wqA20(Ag)T20 — wilx.

For | = 3/2, this Hamiltonian can be written in terms of

fictitious spin half operatorsl, 20, 3}

H/h=Wo(Aq) (1172 =13 — V3w (1572 +137%) — 2011273,

where Wo(Aq) = +/6wqAz0(Aq). This Hamiltonian can be

diagonalized 19, 25 using the transformation

i1

V(2§1’3, 25;274) —d3y efig|§*392i51*3|§*3e2is2*4|§*4’

with
_ —\/§w1
1-3y _
tan(z ) - WQ(Aq) - a)]_’
V3 A
2-4y _  TNow1
@& = Wotag) + or”

In this diagonal frame we have

1
D=ViHV = 5 f_Wo(Ag)(EX ™ — E*3)
+or[(1— f)I = @+ 1270,

where

*Hw1) — 0 3(w1)

f—
2Wq(Aq)

w2_4(a)1) + a)l_3(w1)

2(1)1

f+ =
or, written in terms of double-quantum operators,
1
D= Ewl(E173 _ E274) _ w173|%73 _ w274|§74’

where

013 = —\[307 + (Wo(Aq) — 02)?
= —(f_Wo(Aq) — i),

W? ™ = \[302 + (Wo(Ag) + 012 = T-Wo(Aq) + fran.

130,y — Wa(Aq) [ _§ w%
CoSZ™ “(w1) = Wolho? 1+0 > Wo(ro)?

303 9  of
 Wo(Ag®  8Wo(Ag)*
P S }

2 Wo(Aq)® ’

sin223(wy) = Wo(Aq) [0 - V30 — V30
VWo(Aq)? Wo(Aq)  Wo(Ag)?
LY8_ el VB o
2 Wo(Ag)® 2 Wq(Ag)*
373 a)i
8 Wq(Ag)® ’
and
cos Z% Hwy) = _Wo(Aq) [1 I
VWo(Aq)? 2 Wq(Aq)?
303 9 o}
_l’_ —_ —
WQ(Aq)3 8WQ(Aq)4
15 a)i ]
2 Wo(Aq)® ’
sin 2:274((1)1) — WQ(AC]) |:O— \/_3601 + \/_3(,()%
VWo(Ag)? Wo(Aq)  Wo(Aqg)?
I S
2 Wqo(Aq)® 2 Wo(Ag)*
373 a)? N ]
8 Wq(Aq)® '
and for the the eigenvalues we obtain
W,
fi= Q2 O+,
vWa
where
g _1+3a)§ 3 of 57wf+867a)f+
-=1tSWwz Tawsd  Tewe T 1oawe T
ZWQ 8WQ 16WQ 128WQ
g 1 302 1507 21a$ 1893 uf
+ =T 5wWw2 T awd T 1eW6 198 W8
2WQ 8 WQ 16WQ 128 WQ
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An important simplification afforded by these expansions is .
that cohgrence tranzfer efficiency duringa pulse ispdetermined + §|>1< Ssin 21 4 I§ Pcos g1 cos' £
entirely by the eigenvectors, while the nutation frequency is 4 g 1% sirp 524
determined entirely by the eigenvalues. Therefore, we are not z
required to use expansions of equal order for both the eigen- — 11 72sirP gt 3 cog g4
values, f., and the eigenvectorsg2-2 and Z24, in order to 134 co@ e 3siP £
obtain accurate predictions for the transfer efficiency and nuta- z
tion frequency during the preparation and mixing periods. ViZ3y — _}(Ii_3 +127%) cose 24 cose 12

To first order the anglest2—23 and Z2~* are equal, and to ze- 2
roth order they are equal to either zeraratepending on the sign 1,04 idas o od 13
of Wg. WhenWjg, > 0 we transform our diagonal Hamiltonian + 507 1277 sing" sing
back to the rotating frame using 23 = 2£62-4 = 0, and when 1
Wq < 0 we transform our diagonal Hamiltonian back to the ro- + (12 +17?) cost > * sing '3
tating frame using 22 = 262-* = 7. In both cases the final 2
result is

1 .
— E(I 4 413 % sing? * cose 3

H~ g_WQ(Ii’2 — I§’4) —(l-g)ol* -1+ g+)a)1li’3. VTI%_“V _ _:_L(li_‘l 4 1¥4) cost 24 cose 13
5 il

. : 1 . :
A.2. Operator Transf_ormatlons Between Rotating — 3:3 +123) sing24sing -3
and Diagonal Frame 2

A.2.1. Transformations from the Rotating Frame into the — }(| 1—2 +11?) cose> 4 sing 3
Diagonal Frame for the Spin & 3/2 Case 2
1 .
+ E(I 34413 sing? * cosg 3
Vi =

NI =

(14— |]1F—4) cost?* cost 3

+

+ %(I 2% —12%)sing? *sing' 3 A.2.2. Transformations from the Diagonal Frame into the
Loy i » Rotating Frame for the Spin + 3/2 Case

— E(|i — 157 sing“ " cosé Vi f:3VT

+ %a T4 =13 % cost* *singt® _ %(I 23 _12-%) costl 3 cost?* — 1273 cose 13 cost >

1 . 1 .
— §I§*4 sin2274 — 5"1‘73 sin2!13

— 11 cog 13 cog 24 1

L 12 36irR el B girR g2 + E(I 12cost13sing? ™ + 1172 sing 13 cosg )
z

— 112 cog g3 sinP 24

— 13 4sirf g3 cog 27

1 . . . .
+ E(I 1 %singt3sing? 4 — 11774 sing 3 sing 2

1 . .
— E(I 34 4+ sing' 3 cost?* + 134 cosg 13 sing? )

1
- E(I “4sing' 3 cost? ™ — 124 cosg 13 sing? )

1
VI2-3y — 2(11-4 _ |14 ging2-4 singl-3 1 _ _
+ 2( i + )sing“"sing _ E(I 1-3 cose3sing? 4 — [1-3sing -3 cost 2 )

1
+ _(I 2-3 _ |273) COS&-274 COSE 1-3 1
2 + F Vl E—3vT — _E(I i—3 _ |E—3) Cosgl—?: COS€2_4

1 . _ 41
+ E(Ii Z— 1% cose® *sing' 3 123 ¢ose 13 cost 2
1 . 1 . .
— E(I T4 —13%sing* *cosst® — E(I_l[“ — 1% singl3sing? 4
1 . . . 1 .
+ Eli“‘ sin22™4 — 13 4sing1 3 sing? 4 + E(l 1=2sing' 3 cosg?*
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152 cosel 3 sing2 %) — :_L(l 1—4 cost 3 sing2* — 123 singt3sing?* IE*S sing3sing?
- 2
1 . .
_ 1 _ + Z(112singt 3 cose?* + 112 cose 13 sing? %)
+ 13 4singt 3 cose? ) + E(If“ cost1 3 sing2 4 2"
1
. 1 . — 2134 coseM3sing? 4 + 13 singl 3 cost 2 )
— 1% *sing! 3 cosg ) + é(l_l;‘" sing' 3 cose ™ 2"t ’

1., a0 41 _
113 cost 3 sing 24 - E(Ii 4cosel3sing?* — 124 singt 3 cose24)

1
— 1-3 sin 1-3 co 2—-4 | 1-3 co 1-3 sin 2-4
viz-ayi S5 sing* 3 cosg® — 113 cosg ™ sing? )

- % (1273 +1273)(co £12 + cod £27)
. VI Ayt
+ 5B (cos 74— cog §19) 1
1 = = 07 1 (co$ 12 + cog 627
L I 610 4 i 24 1
oo — ZE"*(cos g% — cos£179)
+EY4(sirt £274 — sirf £179) 2

1 . .
4 %(I _1;2 +12)(cose 3 singl 3 — cost2 4 sing2 ) — Z(I 373 + 123 (sirP £173 4 sinP 274

2—-3/(ci 2-4 H 1-3
1 _ _ —EZ3(sinf 274 — sirf£179)
+ = (137 + 13 %) (cost 13 singt 3 — cost 2 * sing 2 )
‘11 + %(I 172 11179 (cost 3 sing 13 — cose?*sing? )
— =12 + 127 (cose 13 singT 2 + coss 2 sing? )
‘11 + %(I 34 413 (cost 3 sing T3 — cosg?* sing? )
- 50 13 1 183)(cost T3 singt 3 + cosg 2 sing 2 ) 1
-5 274 1127 (cost 3 sing 2 + cosg? 4 sing? %)
Vi 1_4\” 113 113 1-3 i g1-3 2-4 qin g 2—4
1 — Z(I+ + 177°)(cosE 7 sing~ > 4 cosE“ " sinE“™Y)
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