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We describe the concept of multiple-quantum cross polarization
(CP) between an I 5 3

2 and an I 5 1
2 spin during magic-angle

spinning. Experimental and theoretical results for 23Na–1H pairs
are presented that elucidate the transfer mechanism and the ben-
eficial effect of adiabatic amplitude modulations of the CP field.
The multiple-quantum CP approach is shown to be beneficial for
improving the sensitivity of CP-MQMAS experiments and for
detecting dipolar correlations. © 2000 Academic Press

Key Words: solid-state NMR; multiple-quantum MAS
(MQMAS); rotation-induced adiabatic coherence transfer (RI-
ACT); dipolar coupling; radiofrequency amplitude modulation.

INTRODUCTION

During the past few years there has been enormous prog
addressing one of the outstanding problems of solid-state N
namely, the observation of high-resolution spectra of half-int
quadrupolar nuclei. Spectroscopy of quadrupolar systems
portant since they represent;70% of the periodic table and a
ntimately involved in many chemical, physical, and biolog
rocesses (1). Until recently, these spin species have been la
MR silent, but the introduction of multiple-quantum mag
ngle spinning (MQMAS) has dramatically altered this lands
2). Specifically, by correlating the evolutions of multiple-qu

tum and central-transition coherences, it is possible to e
isotropic spectra in either a one- or two-dimensional experi
(3–5). With this methodology, high-resolution spectra ofS $ 3

2

species withvQ # 600 kHz (3, 6–11) can be recorded, whe
vQ 5 (e2qQ/h)/[2S(2S2 1)].

Despite our ability to observe high-resolution spectra
uadrupolar spins in a number of cases, there remain
roblems to address. For example, the multiple-quantum

ation efficiency in all versions of MQMAS is low and sign
cantly limits the applicability of the technique. Further,

any cases the quadrupoleT1 values are long, exacerbating
already acute signal-to-noise problem. In situations like t
involving I 5 1

2 systems, it is customary to turn to one of
many variants of cross polarization (12, 13) to both enhanc

1 Presented in part at the 39th ENC Conference, Asilomar, CA, 1998
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signal intensities and shorten the effective spin–lattice r
ation times. For example, for proton-coupledI 5 1

2 systems
he CP transfer alone can lead to enhancements of the m
ization of;gS/g I , where theg i are the gyromagnetic ratios
the spins involved.

In I 5 S 5 1
2 spin systems, the spin dynamics for cr

polarization are well understood (14–17), but for quadrupola
pin systems, this is not the case. In particular, in either s
18, 19) or rotating samples (20, 21), the spectroscopy and sp
ynamics are dominated by the quadrupole interaction22–
5). For this reason, cross-polarization experiments to
ave focused on polarizing the central transition by emplo
smallB1 for spin locking (20, 21, 26–30). In the context o

igh-resolution multiple-quantum MAS (MQMAS) expe
ents (2, 3), the CP step is followed by excitation (29) and

reconversion (30) of multiple-quantum coherence for obser
ion. Since low RF power is employed in this approach,
ommon to observe poor frequency offset performance
ow spin-locking efficiencies for the CP process.

In this contribution, we investigate the CP dynamics o
5 3

2 nucleus coupled to anS 5 1
2 nucleus during MAS. W

show that a triple-quantum CP (TQCP) process during M
permits the use of high-power spin-locking fields and impro
the sensitivity in CP-MQMAS spectra. We also demons
the improved polarization transfer characteristics of an am
tude-modulated TQCP transfer and the ability to perform s
tral filtering.

THEORY

In spin-12 applications, a theoretical analysis of the CP
namics is often performed by considering an isolatedI 5 1

2,
S 5 1

2 spin pair (31). In this case, strong radiofrequency (R
elds dominate all other interactions in the system Hamilto
nd the spin-lock field can be described in a tilted rota

rame in which the eigenvectors are related to the high-
igenstates (wherek, l 5 6 1

2 represent the magnetic quant
numbers) by a simple rotation given by exp[i (I y 1 Sy)(p/ 2)].
In this frame, the initial conditionsI x, Sx are diagonal, whic
justifies the concept ofpolarization transfer under strong R
1090-7807/00 $35.00
Copyright © 2000 by Academic Press
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146 ROVNYAK, BALDUS, AND GRIFFIN
fields. The dynamics and matching conditions in an isol
two-spin system can be derived using average Hamilto
theory (32) (AHT) or Floquet theory (33–35).

In contrast to the spin-1
2 case, Vega has shown (20, 21) that

the quadrupolar contribution usually dominates the Ham
nian of anS 5 3

2 system, even during rapid MAS modulati
To describe the phenomenon of spin locking and CP, we
first investigate the spin-lock behavior of an isolated qua
polar nucleusS. In addressing this problem, Vega suggeste
approach where the influence of the quadrupolar intera
upon the spin lock and CP characteristics can be viewed
time evolution of the eigenstates (21). In contrast, we describ
the time dependence of the quadrupolar coupling with
effective RF Hamiltonian, which is useful in the description
homonuclear recoupling (36). One can compare both a
proaches with the usual selection of a Schro¨dinger or Heisen
berg picture (37) to describe the explicit time dependence
the system.

We begin by treating an isolatedS 5 3
2 spin during MAS. In

the rotating frame, the RF and quadrupolar terms in the H
iltonian are

H 5 vSSx 1 HQ, [1]

where we have neglected isotropic chemical shift term
simplify the analysis. The quadrupolar contribution to the t
spin Hamiltonian is treated with first-order perturbation the
with respect to the Zeeman interaction and is given by

HQ 5 A20~t!T20 1
1

v0
O

m561,62

1

m
A2m~t! A22m~t!@T2m, T22m#.

[2]

The time dependence of the spatial components can b
scribed by a series expansion in which the reduced W
elementsdnm are evaluated at the magic angleum:

A2m~t! 5 O
n561,62

A2ndnm~um!exp@inv rt#. [3]

he spatial tensor components in the rotor- fixed axis sy
re defined by

A20 5 Î3

8
vQ@3 cos2b 2 1 1 h cos2b cos 2a#,

A261 5
1

2
vQsin be7ig

3 @6~3 2 h cos 2a!cosb 2 ih sin 2a#, and
d
n

-

ill
-
n
n
a

n
f

f

-

to
l

y

de-
er

m

A262 5
1

2
vQe72igF3

2
sin2b 1

h

2
~1 1 cos2b!cos 2a

6 ih cosb sin 2aG . [4]

The Euler angles (a, b, g) describe the orientation of t
principal axis system of the quadrupolar interaction in
rotor-fixed axis system,h denotes the asymmetry, andvQ 5
(e2qQ/h)/[2S(2S 2 1)] is the quadrupole frequency. T
spherical spin tensor components are given by (22–25, 31)

T20 5
1

Î6
@3Sz

2 2 S~S1 1!#,

T261 5 7
1

2
@S6Sz 1 SzS6#, and

T262 5
1

2
~S6! 2. [5]

As in the spin-12 case, the calculation of an effective Ham
tonian proceeds by transforming to an interaction repres
tion. An analogous approach is used to describe the influ
of chemical shielding interactions in the context of ho
nuclear dipolar recoupling (38, 39). We simplify the problem
using the zeroth-order contribution in Eq. [2] to define
unitary operator

U~t! 5 expF2iF E
0

t

A20~t!dtGT20G . [6]

Following the notation of Vega (20, 21), the components of th
RF interactionSx 5 2Cx 1 Tx are given by

Cx 5
1

2 S U1

2
LK21

2
U 1 U21

2
LK1

2
U D , and

Tx 5
Î3

2 S U3

2
LK1

2
U 1 U1

2
LK3

2
U

1 U21

2
LK23

2
U 1 U23

2
LK21

2
U D . [7]

The transformationH̃Q 5 exp(2iz(t)T20)Sxexp(iz(t)T20) is
easily performed using the eigenbasis of the single-trans
operatorSz(u3

2&, ^1
2u, u21

2 &, ^23
2 u). In this representation, the sp

tensor component of the quadrupolar coupling can be
pressed as
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147MULTIPLE-QUANTUM CROSS POLARIZATION DURING MAS
T20 5
3

Î6
FS U3

2
LK3

2
U 1 U23

2
LK23

2
U D

2 S U1

2
LK1

2
U 1 U21

2
LK21

2
U D G . [8]

Thus, only the triple-quantum coherence operator is altere
the transformation (Eq. [6]):

Tx 3 e2i ~3/Î6!z~t!S U3

2
LK1

2
U 1 U23

2
LK21

2
U D Î3

2

1 e22i ~3/Î6!z~t!S U1

2
LK3

2
U 1 U21

2
LK23

2
U D Î3

2
.

[9]

Using

SySz 1 SzSy 5
i Î3

2 SS U3

2
LK1

2
U 1 U23

2
LK21

2
U D

2 S U1

2
LK3

2
U 1 U21

2
LK23

2
U D D , [10]

we obtain

H̃ 5 vS~2Cx 1 cos~z~t!!Tx 1 sin~z~t!!~SySz 1 SzSy!!.

[11]

The time-dependent spatial components of the quadru
interaction are

z~t! 5 Î6 O
m9522

2 d0m9~UM! A2m9~a, b, g!

im9v r
~eim9vrt 2 1!.

[12]

Equation [11] can also be compared to the results for anS 5
1 system (41, 42) in which the anticommutator of Eq. [1
represents antiphase single-quantum magnetization. In
tion, identifying Tx with Sx and neglecting the central-tran
tion operator lead us to theS 5 1 result. In the spin-3

2 case, th
coefficient forTx in Eq. [11] describes a rotation between
central-transition and triple-quantum subspaces and is re
sible for the adiabatic transfer of coherence between thes
subspaces at a rate of multiples of the MAS frequency du
spin locking. This rotation-induced adiabatic coherence tr
fer (RIACT) phenomenon (7) has been proposed for efficie

xcitation and reconversion of triple-quantum coherenc
ig. 1a the behavior predicted by using the effective Ham
ian of Eq. [11] is compared to the result of a numer
by

lar

di-

on-
wo
g
s-

In
-
l

simulation (Fig. 1b) using Eq. [1], withe2qQ/h 5 1.2 MHz,
an MAS frequency of 6 kHz, and a Larmor frequency of
MHz (i.e., 23Na at 9.4 T). In both cases, the initial condition
testing adiabatic coherence transfer isr(0) 5 Cx, and polar
ization transfer is measured by the expectation value d
mined from the equation of motion

^ A&~t! 5 Tr$As~t!%, [13]

ith A 5 Rx and s(t) 5 U(t)CxU
21(t). Here, the triple

quantum coherence is defined by

Rx 5
1

2 S U3

2
LK23

2
U 1 U23

2
LK3

2
U D . [14]

In Figs. 1a and 1b, an RF field of 50 kHz on theS spins wa
assumed. The MAS-modulated quadrupolar coupling acts
recoupling element that connects the central and triple-q
tum subspaces in a periodic manner. It should be noted

FIG. 1. (a, b) Comparison of (a) evolution of triple-quantum cohere
using the effective Hamiltonian given in Eq. [11] and (b) the exact nume
prediction using the Hamiltonian of Eq. [1]. MAS spinning frequency and
field strength were set to 6 and 50 kHz, respectively. The offset was cho
compensate the first-order isotropic quadrupolar shift. The quadrupole
pling constante2qQ/h 5 1.2 MHz was assumed. All numerical simulatio

ere performed in the programming environment GAMMA (50). The initial
ondition in (a) and (b) is central-transition coherence,r(0) 5 Cx. (c, d)

Comparison of triple-quantum coherence transfer (c) using the effective
iltonian of Eq. [15] and (d) using the exact Hamiltonian of Eq. [1], includ
the heteronuclear dipolar contribution as given in Eq. [15]. A heteronu
dipolar coupling of 1.5 kHz was assumed. An RF field strength of 94 kHz
employed on theI spin. The initial condition for (c) and (d) isr(0) 5 I x.
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148 ROVNYAK, BALDUS, AND GRIFFIN
Eqs. [11] and [12] predict that at multiples of a rotor per
t 5 nTr , a nonvanishing amount of triple-quantum cohere
remains sincez(nTr) 5 0. This effect has been experimenta

bserved previously (7). In addition, the dependence of
transfer ratez(t) upon the Euler angles (a, b, g) determines th
efficiency of the MQ exchange.

Due to the explicit definition of the spherical tensor op
tors, the total Hamiltonian of a dipolar-coupled (I 5 1

2, S 5 3
2)

spin pair can easily be included in Eq. [11]. The dip
contribution commutes with the zeroth-order quadrupola
teraction and we obtain

H̃ 5 v II x 1 D~t!I zSz 1 vS~2Cx 1 cos~z~t!!Tx

1 sin~z~t!!~SySz 1 SzSy!!. [15]

D(t) represents the MAS-modulated dipolar coupling an
given by

D61 5 2
D9

2Î2
sin~2bd!e

6igd,

D62 5
D9

4
sin2~bd!e

62igd, and

D9 5 2
m0g IgSh

4pr 3 , [16]

whereb d andg d are the polar angles that describe the direc
of the internuclear dipolar vectorrY in a rotor-fixed coordinat
ystem with itsz axis along the sample rotation axis.g k

represents the gyromagnetic ratio for spinI andS, respectively
Obviously, the spin operators are now given by the pro
baseum, n& with m 5 6 1

2 andn 5 6 1
2, 6 3

2.
Based on the results of Eqs. [11]–[15], we will now pre

the CP dynamics for the cases of weak and strong RF
applied to theS spins under simultaneousI spin irradiation (o
strengthv I).

Weak RF Fields

If we neglect the perturbation contribution in Eq. [15],
can elucidate the coherence transfer dynamics by transfo
into a tilted frame H̃T 5 exp[2i (U I I y 1 USCy)]H̃
exp[1i (U I I y 1 USCy)] with U I 5 US 5 p/ 2. In this frame
the RF contributions are diagonal and time independent
the usual spin-1

2 situation. The Hamiltonian commutes with
initial conditionCx and spin locking is possible. Application
Floquet (16) or average Hamiltonian theory (43) then gives th
ero- and double-quantum matching conditions,

v I 7 2vS 5 nv r, [17]

which result in the observable signal (central-transition co
ence)
,
e

-

r
-

is

n

ct

t
ds

ing

in

r-

^Cx&~t! 5 6
1

2 E
0

p

@1 2 cos~dn~ud!t!#sin~ud!dud, [18]

with s(0) 5 I x. This behavior is analogous to transient os
lations observed both in the liquid (44) and in the solid state
pin-12 systems (45). Experimental results (data not shown)

a number of different23Na compounds confirm the validity
this concept for quadrupolar species. Also note that in
approximation, no triple-quantum coherence is generated
these reasons, we will refer in the following to cohere
transfer in the presence of small RF fields as single-qua
cross-polarization (SQCP) transfer. For increasing RF fi
the zero- and double-quantum conditions of Eq. [17] wil
less well defined, and we expect a superposition of positive
negative transfer amplitudes to attenuate the transfer
ciency.

Strong RF Fields

We now turn to the case in which the time-depen
RIACT effect in Eqs. [11] and [15] cannot be neglected.
shown in the single spinS 5 3

2 case, this regime correspon
to the case of strong RF fields. Additional insight might
gained by introducing a new tilted coordinate system (de
by (p/ 2)I y 1 US(t)Cy, whereCy represents a transformati
which renders the RF term diagonal). In this frame, the e
tive dipolar coupling will be further modulated by the tim
dependent RF termsz(t), leading to additional TQCP matc
ing conditions (i.e., Ix3 Tx transfer) that may deviate from t
result of Eq. [17].Straightforward diagonalization of the Ha
iltonian of Eq. [17], for example, shows that the eigenva
are now explicitly dependent onz(t). These nonzero contrib
tions will also lead to an explicit dependence of the matc
conditions upon the single-crystallite orientation defined by
Euler angles given in Eqs. [4] and [16]. As in the extreme
of NQR (46), TQCP transfer will also occur for noninteg

ultiples of the spinning frequency around then 5 0, 61,
2 matching conditions. Likewise, the buildup of triple-qu

um polarization will be governed by the combined modula
f RIACT quadrupolar transfer and the generally slower d

ar transferI 3 S. This behavior is illustrated in Figs. 1c a
d, again comparing the numerical results using Eq. [1]
luding theI -spin terms of Eq. [15]) to the theoretical pred
ions of Eq. [15]. In this case, anI , S dipolar coupling of 1.5
Hz was assumed and RF fields ofv I 5 94 kHz andvS 5 50

kHz were employed. For a MAS frequency of 6 kHz,
condition corresponds to then 5 21 condition of Eq. [17]
With the initial conditionr(0) 5 I x, both Hamiltonians lead
similar transfer characteristics, with a monotonic signal gro
modulated by the RIACT phenomenon. In analogy to the
RF field case outlined previously, we will in the following u
the term triple-quantum cross polarization (TQCP) when
the CP experiment is optimized for transfer steps invol
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149MULTIPLE-QUANTUM CROSS POLARIZATION DURING MAS
triple-quantum coherence. This behavior could be furthe
scribed by a “second averaging” (47) approach in which a slo
oherence transferI x 3 Cx (given by the dipolar couplin

constant) at the SQ conditions of Eq. [17] is followed by a
(MAS dictated) RIACT from single- to triple-quantum coh
ence to generate the TQCP signal. Alternatively, Floquet
ory could be used after a Fourier analysis of the MAS-m
lated RF field to elucidate the TQCP matching profile.

Additional simulations for a dipolar-coupled1H–17O spin
system indicate that the same mechanism outlined abov
leads to the creation of 5-quantum coherence in anI 5 1

2, S 5
5
2 spin system. Using the same simulation environment,
also possible to observe the excitation of triple-quantum
herence in a spinI 5 1

2, S5 5
2 system such as recently repor

by Ashbrooket al. (48). However, our numerical results do n
gree with the experimental findings of Ashbrooket al. (48),
hich might be explained by a combined influence of nuta
nd spin-locking effects in a spin-5

2 system.

EXPERIMENTS AND DISCUSSION

To test the theoretical predictions of the previous section
have employed the pulse sequence depicted in Fig. 2a,
3Q coherence is immediately converted into observable
tral-transition coherence by a RIACT pulse. We have gene
observed a superior reconversion efficiency of the RIA
pulse in comparison to nutation approaches (7, 9, 18, 19, 42).
The phase of the spin-locking pulse on theS channel is cycle
in 30° steps synchronously with phase cycling of the rece
by 90° steps to detect only 3Q coherence. Additionally,
sequence employs spin–temperature alternation (42) of the CP
signal to suppress directly excited signals.

Experimental results on sodium acetate are shown in F
for which we observe substantial triple-quantum polariza
transfer in the rangevRF,1H [ [80, 120] kHz. After a mixing
time of 2 ms, the resulting triple-quantum signal was reco
as a function of proton RF field strength. For compari
numerical simulations using quadrupolar, dipolar, and RF
rameters as given in the figure caption are shown in Fig. 3
quadrupolar parameters (e2qQ/h 5 1.6 MHz, h 5 0.7) were
obtained using a Floquet analysis (22–25, 35, 49) in the contex
of the GAMMA NMR simulation environment (50). The gen

ral trend is well reproduced, although with a smaller t
atching range as shown in Fig. 3. This discrepancy can

east partially attributed to RF inhomogeneity effects that
nown to significantly broaden the matching profile in sp12

applications (45). Moreover, multispin flips among near
rotons can further influence the experimental results (43).
In spin-12 Hartmann–Hahn CP experiments, consider

progress has recently been made to enhance the polari
transfer using adiabatic (51) transfer methods—e.g., by va
ng RF field amplitudes (17, 45) or the MAS frequencies (52).
n the present case, this adiabatic variation of the dip
oupling Hamiltonian should not be confused with the “a
e-

t

e-
-

lso

is
o-

n

e
ere
n-

lly
T

er
e

3
n

d
,

a-
he

l
at
e

le
tion

r-
-

atic passage” spin-locking regime defined by Vega (20, 21).
Briefly, adiabatic polarization transfer is most efficien
achieved if the rate of amplitude change is smaller than
dipolar coupling and thus much smaller than the quadru
coupling that drives RIACT. We may therefore expect
additional gain in TQCP transfer efficiency if the amplitu
variation is slow in comparison to these interactions and
not interfere with RIACT. This is most easily achieved
performing an amplitude variation on theI spins (Fig. 2b). In
addition, the matching profile is characterized by a b
distribution of matching conditions for which we may exp
an increased overall transfer efficiency. To discriminate
tween both effects, additional experiments that reverse
adiabatic transfer (17, 45) could be employed. In the prese
context, it is sufficient to study the resulting signal enha
ment that is experimentally illustrated in Fig. 4. In agreem
with numerical simulations, we observed a signal enhance
of more than 50%. In the case of sodium acetate, an opti
amplitude sweep of 8% about the square pulse power at
imum transfer (corresponding to a change in RF field of63
Hz) was observed.

FIG. 2. (a) Experimental pulse scheme to observe triple-quantum
polarization (TQCP). After an initial 90° pulse on theI spins (in our case1H),

olarization transfer occurs during a subsequent mixing time (typically
s). Triple-quantum coherence is subsequently reconverted by a RIAC7)
ulse. (b) Optimized TQCP experiment in the context of a high-resol
QMAS (2, 3) experiment. An adiabatic modulation of TQCP is introdu
n the spin-12 (I spin) channel and a triple-quantum evolution time after TQ

mixing is used prior to reconversion and detection.
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150 ROVNYAK, BALDUS, AND GRIFFIN
Of particular interest is the relative sensitivity of the TQ
method with respect to SQCP during MQMAS experiment
general, the TQCP method eliminates the excitation (or re
version) step connecting central and triple-quantum coher
A comparison can be attempted by accurately optimizing
SQCP and TQCP matching conditions and comparing
following transfer steps:

I xO¡

SQCP

CxO¡

nutation

TxO¡

RIACT

Cx, and

I xO¡

TQCP

TxO¡

RIACT

Cx.

However, one should keep in mind that additional exp
ental parameters can seriously influence this compariso

he SQCP method the polarization transfer efficiency is i
nced by offset terms and the superposition of zero-
ouble-quantum terms (see Eq. [17]). In general, carefu

ustment and stability of the RF power level are require
nsure efficient transfer. In addition, an increased RF b
idth for SQCP (such as in the presence of significant ch

cal shift terms) will result in a reduced efficiency for
ransfer. Both effects are less problematic for the TQCP
roach, for which high RF fields can be employed over a w
ange of RF power levels. Experimentally, we have obse
QCP transfer efficiencies for sodium acetate that were at
factor 2 higher than for the SQCP approach. On the

and, simulations indicate that the SQCP approach is sup
n the presence of small dipolar couplings. These nume

FIG. 3. Comparison between experimental and numerically predicte
atching as observed in sodium acetate for a contact time of 2 ms and v

1H RF field strength. For the numerical simulation, an isolated two-spinI 5
1
2, S 5 3

2) system was assumed using RF fields of 94 and 50 kHz onI andS
spins, respectively. As in Fig. 1, a dipolar coupling of 1.5 kHz was used
the initial density matrix wasr(0) 5 I x.
n
n-
ce.
e
e

i-
or
-
d

d-
o
d-
-

p-
e
d
st

er
ior
al

predictions were experimentally observed on anhyd
Na2HPO4, in which the dipolar1H–23Na couplings are know
to be smaller (53). While in the context of dipolar filtering th
behavior can further simplify the spectral analysis, we
currently also investigating experimental modifications
enhance the TQCP efficiency for larger distances.

To illustrate the filtering that can be achieved with TQ
we performed23Na experiments on a test sample consistin
sodium acetate and aprotic sodium sulfate. The left colum
Fig. 5 shows a standard one-pulse decay spectrum under
and a TQCP-filtered MAS spectrum. A superposition of
lineshapes is expected in the one-pulse MAS spectrum c
sponding to the residual second-order quadrupolar broad
under MAS. In the TQCP-filtered spectrum, no signal du
sodium sulfate is observed. In the right-hand column of F
we show two MQMAS spectra (using thet 1 evolution in Fig
2b) which demonstrate the utility of the TQCP filter. Only
isotropic signal from sodium acetate is retained in the TQ
MAS experiment.

In spin-12 cases, the polarization transfer characteristics o
isolated spin-12 pair are symmetric; i.e., the efficiency of t
transfer is not influenced by the initial condition (nonz
polarization onI or S spin). Our theoretical and numeric
results indicate that this behavior also applies to the mult
quantum transfer methods discussed in this contribution.
thus also possible to directly transfer triple-quantum coher
from a quadrupolar nucleus to the spin-1

2 nucleus with equa
efficiency. Starting with a conventional MQMAS experime
in which multiple-quantum coherence is evolved for timet 1 on
he quadrupolar nucleus, a subsequent TQCP transfer

FIG. 4. Comparison of experimentally observed signal enhanceme
sodium acetate resulting from a tangential modulation of theI spin RF field
strength. Radiofrequency modulations (as indicated byD) are centered on th
maximum TQCP matching condition determined experimentally in Fig.
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151MULTIPLE-QUANTUM CROSS POLARIZATION DURING MAS
spin-12 coupling partner followed byt 2 detection would provid
a high-resolution, 2D heteronuclear correlation spectrum.
modification of the experimental techniques outlined in Fi
would also be advantageous whenever the spin-1

2 spin–lattice
relaxation time is significantly longer than the quadrupolaT1

relaxation time.

CONCLUSIONS

Heteronuclear polarization transfer represents one of th
elements for structure elucidation in spin-1

2 applications. In
these cases, the cross-polarization dynamics in an iso
two-spin pair are well understood.

In this contribution we have investigated extensions of
approach to heteronuclear spin systems involving quadru
nuclei. In the quadrupolar case, a more detailed analysis
influence of RF and dipolar interactions under MAS is nee
We have shown that an effective Hamiltonian can be deriv
describe the central-transition spin-locking behavior of a
drupolar nucleus. In the same formalism, the RIACT con
to excite and reconvert multiple-quantum coherence ca
understood as a MAS-induced rotation between centra
triple-quantum transition subspaces of anS5 3

2 spin system. I
the context of high-resolution MQMAS applications, it is p
sible to directly transfer spin-1

2 polarization into multiple-quan
tum polarization. The effective Hamiltonian derived for
isolated quadrupolar spin under MAS also provides analy
insight into the dynamics of anI , S spin system subjected

F fields and MAS. In particular, we have shown that

FIG. 5. Experimental results on a sodium acetate/sodium sulfate mi
In the left column, conventional single-pulse spectra (upper trace) are
pared to a TQCP-filtered spectrum. MQMAS spectra (right column) are s
without (upper trace) and with TQCP filtering (see Fig. 2b).
is
2

ey

ted

is
lar
he
d.
to
a-
pt
be
nd

-

al

y

mploying medium-size (i.e., in the order of 50 kHz) RF fie
n the quadrupolar nucleus, it is possible to directly c
olarize into the triple-quantum coherence. Thus, TQCP t

er can act as a dipolar filter for the subsequent high-resol
MQMAS) part of the experiment. This scheme can also
dapted for a 2D HETCOR experiment (displaying high r

ution in two dimensions), by introducing an additional evo
ion time after the preparatoryp/2 pulse on the spin-1

2 nuclei.
Comparative studies between a conventional single-qua
(SQ) CP experiment and the TQCP method indicate tha
latter approach leads to a 2–5 times higher overall tra
efficiency for large- or medium-size dipolar couplings.
small dipolar couplings (below 500 Hz), this gain canno
realized and we are planning further investigations to opti
the transfer also for longer distances. Preliminary results
cate that adiabatic TQCP techniques can substantially im
the transfer efficiency. Here, adiabaticity refers to a s
variation of the RF field amplitude on the spin-1

2 nucleus durin
TQCP mixing.

The outlined concept of direct creation of multiquan
coherence during the CP process might also be employed
context of generating double-quantum coherence am
strongly dipolar-coupled spin-1

2 nuclei such as13C–1H or 1H–1H
ystems.
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