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We describe the concept of multiple-quantum cross polarization
(CP) between an | = $ and an | = 3} spin during magic-angle
spinning. Experimental and theoretical results for *?Na-'H 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
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signal intensities and shorten the effective spin—lattice rela
ation times. For example, for proton-coupled= % systems,
the CP transfer alone can lead to enhancements of the mag
tization of ~y4/vy,, where they, are the gyromagnetic ratios of
the spins involved.

In1 = S = % spin systems, the spin dynamics for cros
polarization are well understood4-17%, but for quadrupolar
spin systems, this is not the case. In particular, in either sta
(18, 19 or rotating sample<2Q, 21), the spectroscopy and spin
dynamics are dominated by the quadrupole interacti(

25). For this reason, cross-polarization experiments to da
have focused on polarizing the central transition by employir
a smallB, for spin locking @0, 21, 2630 In the context of
high-resolution multiple-quantum MAS (MQMAS) experi-
During the past few years there has been enormous progresg ghts 2, 3), the CP step is followed by excitatio29) and

addressing one of the outstanding problems of solid-state NMReonversion30) of multiple-quantum coherence for observa:
namely, the observation of high-resolution spectra of half-integgsn. Since low RF power is employed in this approach, it i
quadrupolar nuclei. Spectroscopy of quadrupolar systems is igmmon to observe poor frequency offset performance a
portant since they representr0% of the periodic table and are|qy spin-locking efficiencies for the CP process.

intimately involved in many chemical, physical, and biological |n this contribution, we investigate the CP dynamics of a
processesl. Until recently, these spin species have been larggly— 2 nycleus coupled to a8 = % nucleus during MAS. We
NMR silent, but the introduction of multiple-quantum magicshow that a triple-quantum CP (TQCP) process during MA
angle spinning (MQMAS) has dramatically altered this landscap@rmits the use of high-power spin-locking fields and improve
(2). Specifically, by correlating the evolutions of multiple-quanthe sensitivity in CP-MQMAS spectra. We also demonstra
tum and central-transition COherences, it is pOSSible to extrg@é improved po|arizati0n transfer characteristics of an amp

isotropic spectra in either a one- or two-dimensional experimagide-modulated TQCP transfer and the ability to perform spe
(3-95. With this methodology, high-resolution spectra®t 5 g filtering.

species withw, = 600 kHz 3, 6—1) can be recorded, where
wq = (€qQh)/[252S — 1)].

Despite our ability to observe high-resolution spectra of
quadrupolar spins in a number of cases, there remain many, spin4 applications, a theoretical analysis of the CP dy
problems to address. For example, the multiple-quantum exc

: - . ) . M EXhmics is often performed by considering an isolated 3,
tation efficiency in all versions of MQMAS is low and S|gn|f-S — 1 spin pair 1). In this case, strong radiofrequency (RF

icantly limits hthe apdphceg])lhtylof the tlechnlque. Ftl:rther’ r']q‘ields dominate all other interactions in the system Hamiltonie
many cases the quadrupdigvalues are long, exacerbating the,,y ,q spin-lock field can be described in a tilted rotatin

already acute signal-to-noise problem. In situations like theﬁgme in which the eigenvectors are related to the high-fie
involving | = 3 systems, it is customary to turn to one of th%igenstates (whetle | = = & represent the magnetic quantun
many variants of cross polarizatio?, 13 to both enhance numbers) by a simple rotation given by eid], + S,)(/2)].
In this frame, the initial conditions,, S, are diagonal, which
! Presented in part at the 39th ENC Conference, Asilomar, CA, 1998. justifies the concept gbolarizationtransfer under strong RF
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fields. The dynamics and matching conditions in an isolated 1 .3 7

two-spin system can be derived using average Hamiltoniafiz+2 = 5 wQeQW[Z sin’B + 2 (1 + cos’B)cos 2
theory B2) (AHT) or Floquet theory §3-35.

In contrast to the spid-case, Vega has show@(, 21 that

the quadrupolar contribution usually dominates the Hamilto-
nian of anS = 2 system, even during rapid MAS modulation.
]IO d_escrlb_e the phenqmenon of spin locking _and CP, we lel‘we Euler anglesd, B, y) describe the orientation of the
irst investigate the spin-lock behavior of an isolated quadru-. ~ . : . S
polar nucleusS. In addressing this problem, Vega suggested gﬁlnupal axis system of the quadrupolar interaction in th

approach where the influence of the quadrupolar interactigﬁor'ﬂxed axis systemy denotes the asymmetry, and, =

upon the spin lock and CP characteristics can be viewed b e’“}?%/h)([ziztsn_ rl)] rI: ”;]e nc:uadrrupic\)llenfrequgngy. The
time evolution of the eigenstate®l). In contrast, we describe pherical spin tensor components are given2g-@5, 3)

the time dependence of the quadrupolar coupling with an

* im cosp sin Za]. [4]

effective RF Hamiltonian, which is useful in the description of 1
homonuclear recoupling36). One can compare both ap- T = %%[353 - S(S+1)],
proaches with the usual selection of a Schinger or Heisen- v
berg picture 87) to describe the explicit time dependence of 1
the system. Touy = +5[8.5,+S8.], and

We begin by treating an isolate&l= 3 spin during MAS. In
the rotating frame, the RF and quadrupolar terms in the Ham- 1 )
iltonian are Toxz =5 (S2)% [5]

H = oS+ Hg, (1] As in the spin} case, the calculation of an effective Hamil-

tonian proceeds by transforming to an interaction represen

where we have neglected isotropic chemical shift terms E'(?n An analogous approach is used to describe the influer

. . . - hemical shielding interactions in the context of homo
lify th lysis. Th drupol tribution to the totg cMeMIC 9l e
simplify the analysis. The quadrupolar contribution to the to uclear dipolar recoupling3g, 39. We simplify the problem

sing the zeroth-order contribution in Eq. [2] to define th

unitary operator
t
J' Ano(T)dT | Too |- (6]
0

The time dependence of the spatial components can be fgjiowing the notation of Vega20, 21, the components of the
scribed by a series expansion in which the reduced Wigngg interactionS, = 2C, + T, are given by

elementd,,, are evaluated at the magic andlg:

spin Hamiltonian is treated with first-order perturbation theo
with respect to the Zeeman interaction and is given by

1)
O m=zx1,22

1 1
HQ = Azo(t)Tzo +— 2 — AZm(t) Az—m(t)[sz- Tz—m]-
m u(t) = exp[ —i

(2]

) 1/11\/-1 -1\ /1
AZm(t) = 2 Aannm(em)exdlnwrt]- [3] Cx = E ’E 7‘ + ‘7 E‘ ) and
n=x1,+2
B/13\/1 |1\/3
- SR B
The spatial tensor components in the rotor- fixed axis system 2 2/ \2 2/ \2

are defined by

NG

The trans1‘ormatior1:|Q = exp(—iL(t)T,0)Sexp(l(t)T,y) is
1 easily performed using the eigenbasis of the single-transiti
Ay = 5 wesin Be™” operatorS,(|3), (3|, |, (3}). In this representation, the spin
tensor component of the quadrupolar coupling can be e
X [£(3 = n cos 2x)cosB — im sin 2a], and pressed as

3
Ay = \gwo[i” co$B — 1 + n cos’B cos ],
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Thus, only the triple-quantum coherence operator is altered byg
the transformation (Eq. [6]):

~ 3\ /1 -3\ /-11\ 3
2o |2V = e Y it I B
Tx—e (‘2><2‘+‘2><2)2

e 11V /3 —1><—3‘ V3
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FIG. 1. (a, b) Comparison of (a) evolution of triple-quantum coherenct
<3‘ + ‘ ;1> <_3’ ) ) [10] using the effective Hamiltonian given in Eq. [11] and (b) the exact numeric:

prediction using the Hamiltonian of Eq. [1]. MAS spinning frequency and RI
field strength were set to 6 and 50 kHz, respectively. The offset was choser
. compensate the first-order isotropic quadrupolar shift. The quadrupole cc
we obtain pling constanie’qQ/h = 1.2 MHz was assumed. All numerical simulations
were performed in the programming environment GAMMBO). The initial
A = ws(2C, + cog (1) T, + Sin(g(t))(SySZ + sty)) conditiop in (a) fand (b) is central-transition coherenpé_o) = C,. (c,_ d)
Comparison of triple-quantum coherence transfer (c) using the effective Ha
iltonian of Eq. [15] and (d) using the exact Hamiltonian of Eq. [1], including
the heteronuclear dipolar contribution as given in Eq. [15]. A heteronucle:
dipolar coupling of 1.5 kHz was assumed. An RF field strength of 94 kHz we

The time-dependent spatial components of the quadrupotgployed on thé spin. The initial condition for (c) and (d) is(0) = I..
interaction are

[11]

simulation (Fig. 1b) using Eq. [1], wite’qQ/h = 1.2 MHz,
an MAS frequency of 6 kHz, and a Larmor frequency of 10!
MHz (i.e.,”Na at 9.4 T). In both cases, the initial condition for
testing adiabatic coherence transfep(®) = C,, and polar-
[12] ization transfer is measured by the expectation value det
mined from the equation of motion

dom (On) Agr(t, B, y)

: emet — 1),
m o, ( )

2
§(t) = \f% E

m=-2

Equation [11] can also be compared to the results foEan
1 system 41, 42 in which the anticommutator of Eq. [11]
represents antiphase single-quantum magnetization. In addi-
tion, identifying T, with S, and neglecting the central-transi- . )
tion operator lead us to tH&= 1 result. In the spif-case, the With A = Rcand o(t) = U(CU (1). Here, the triple-
coefficient forT, in Eq. [11] describes a rotation between thguantum coherence is defined by

central-transition and triple-quantum subspaces and is respon-

sible for the adiabatic transfer of coherence between these two R — 1 ( 3><_3‘ N ‘_3><3’ ) [14]
subspaces at a rate of multiples of the MAS frequency during *2\12/\ 2 2/\21)"

spin locking. This rotation-induced adiabatic coherence trans-

fer (RIACT) phenomenon7] has been proposed for efficientin Figs. 1a and 1b, an RF field of 50 kHz on tBespins was
excitation and reconversion of triple-quantum coherence. &ssumed. The MAS-modulated quadrupolar coupling acts a:
Fig. 1a the behavior predicted by using the effective Hamiltoecoupling element that connects the central and triple-que
nian of Eq. [11] is compared to the result of a numericabm subspaces in a periodic manner. It should be noted tt

(A1) = Tr{Ac(D)}, (13]
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Egs. [11] and [12] predict that at multiples of a rotor period, 1 (=

t = nT,, a nonvanishing amount of triple-quantum coherence  (C,\)(t) = tzf [1 — codd,(0g)t)]sin(64)db,, [18]
remains sincé&(nT,) = 0. This effect has been experimentally 0

observed previously7j. In addition, the dependence of the

transfer rat&(t) upon the Euler angles( B8, y) determines the

efficiency of the MQ exchange. with o(0) = I,. This behavior is analogous to transient oscil

S . : lations observed both in the liquid4) and in the solid state of
Due to the explicit definition of the spherical tensor oper%-pin% systems 45). Experimental results (data not shown) or

oo : 1a_ 3
tors, the total Hamiltonian of a dipolar-coupled< 2, S = 2) " mper of differentNa compounds confirm the validity of
spin pair can easily be included in Eqg. [11]. The d|polatr

tributi " ith th th-ord q lar | his concept for quadrupolar species. Also note that in th
contribution commutes wi € zeroih-order quadrupotar IIa'pproximation, no triple-quantum coherence is generated. F
teraction and we obtain

these reasons, we will refer in the following to coherenc
~ transfer in the presence of small RF fields as single-quantt
H = wl,+ D()I,S, + wg(2C, + coq (1)) T, cross-polarization (SQCP) transfer. For increasing RF fielc

+sin(Z(1))(S,S, + S.S)). [15] the zero- and double-quantum conditions of Eq. [17] will b
less well defined, and we expect a superposition of positive a

D(t) represents the MAS-modulated dipolar coupling and f¢gative transfer amplitudes to attenuate the transfer e
given by ciency.

, Strong RF Fields

— _ H *iyd
Dy 2\@ Sin(2Bge=", We now turn to the case in which the time-depender
D’ RIACT effect in Egs. [11] and [15] cannot be neglected. A:
D., = — sin®(Bye*?™, and shown in the single spi® = 3 case, this regime corresponds
- 4 to the case of strong RF fields. Additional insight might b
oY Ysh gained by introducing a new tilted coordinate system (define
D'=— . [16] by (w/2)l, + O4(t)C,, whereC, represents a transformation

which renders the RF term diagonal). In this frame, the effe

whereB, andy, are the polar angles that describe the direc:tiot}]ve dipolar coupling will be further modulated by the time-

of the internuclear dipolar vectarin a rotor-fixed coordinate fjepende_n_t RF _ten &(1), leading to additional TQCP match-
o ! . . ing conditions (i.e., | — T, transfer) that may deviate from the
system with itsz axis along the sample rotation axig,

. ) ) . result of Eq. [17].Straightforward diagonalization of the Ham-
represents the gyromagnetic ratio for spandS, respectively. . =~ .
) ) . |Itton|an of Eq. [17], for example, shows that the eigenvalue
Obviously, the spin operators are now given by the pl’OdUé:re now explicitly dependent af{t). These nonzero contribu-
base/m, n) with m = + andn = + 3} +3. plicitly dep :

Based on the results of Egs. [11]-[15], we will now predicttlons will also lead to an explicit dependence of the matchin

the CP dynamics for the cases of weak and strong RF ﬁe@%ndmons upon the single-crystallite orientation defined by tf

applied to thes spins under simultaneoulispin irradiation (of uler angles given in Eqs. [4] ar_1d [16]. As in the extre_me cax
strength)). of NQR (@6), TQCP transfer will also occur for noninteger

multiples of the spinning frequency around the= 0, *1,
Weak RF Fields +2 matcr_\ing_ cono_litions. Likewise, the buildup of triple-qua@n‘
tum polarization will be governed by the combined modulatio
If we neglect the perturbation contribution in Eq. [15], wef RIACT quadrupolar transfer and the generally slower dipc
can elucidate the coherence transfer dynamics by transformjggtransferl — S. This behavior is illustrated in Figs. 1c and
into a tited frame H' = exp[-i(0/l, + ©OC,)]H 1d, again comparing the numerical results using Eq. [1] (ir
exp[+i(Ol, + OsC))] with ©, = 65 = «/2. In this frame, cluding thel-spin terms of Eq. [15]) to the theoretical predic-
the RF contributions are diagonal and time independent astiihs of Eq. [15]. In this case, an S dipolar coupling of 1.5
the usual spig-situation. The Hamiltonian commutes with the&kHz was assumed and RF fieldswf = 94 kHz andws = 50
initial conditionC, and spin locking is possible. Application ofkHz were employed. For a MAS frequency of 6 kHz, this

Floquet (L6) or average Hamiltonian theorgd) then gives the condition corresponds to the = —1 condition of Eq. [17].
zero- and double-quantum matching conditions, With the initial conditionp(0) = 1,, both Hamiltonians lead to
similar transfer characteristics, with a monotonic signal growt
0 * 20s= N, [17] modulated by the RIACT phenomenon. In analogy to the lo

RF field case outlined previously, we will in the following use
which result in the observable signal (central-transition cohdhe term triple-quantum cross polarization (TQCP) whenev
ence) the CP experiment is optimized for transfer steps involvin
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triple-quantum coherence. This behavior could be further dea)
scribed by a “second averagingt'd) approach in which a slow
I ’7

coherence transfdr, — C, (given by the dipolar coupling
constant) at the SQ conditions of Eq. [17] is followed by a fast
(MAS dictated) RIACT from single- to triple-quantum coher-
ence to generate the TQCP signal. Alternatively, Floquet the-
ory could be used after a Fourier analysis of the MAS-modu-
lated RF field to elucidate the TQCP matching profile.
Additional simulations for a dipolar-coupletH—"O spin
system indicate that the same mechanism outlined above also
leads to the creation of 5-quantum coherence ih an3, S =
3 spin system. Using the same simulation environment, it is
also possible to observe the excitation of triple-quantum co-
herence in a spih = 3, S = 3 system such as recently reported
by Ashbrooket al. (48). However, our numerical results do not b)
agree with the experimental findings of Ashbrostkal. (48), | H//]
which might be explained by a combined influence of nutation
and spin-locking effects in a spisystem.

EXPERIMENTS AND DISCUSSION

To test the theoretical predictions of the previous section, we _
have employed the pulse sequence depicted in Fig. 2a, where —
3Q coherence is immediately converted into observable cen-
tral-transition coherence by a RIACT pulse. We have generally
observed a superior reconversion efficiency of the RIACTFIG. 2. (a) Experimental pulse scheme to observe triple-quantum cro
pulse in comparison to nutation approachésg( 18, 19, 42 polarization (TQCP). After an in?tial 90° pulse on the_pi_ns (i_n our ca_séH),
The phase of the spin-locking pulse on ®ehannel is cycled polarization transfer occurs during a subsequent mixing time (typically 1-1

. 5 . . . ms). Triple-quantum coherence is subsequently reconverted by a RIACT |
in 30° steps SynChrOHOUSIy with phase Cycllng of the recelvﬁ.'l’lse. (b) Optimized TQCP experiment in the context of a high-resolutio

by 90° steps to detect only 3Q coherence. Additionally, th&omAs (2, 3) experiment. An adiabatic modulation of TQCP is introducec
sequence employs spin—temperature alterna@ndf the CP  on the spin (I spin) channel and a triple-quantum evolution time after TQCF

signal to suppress directly excited signals. mixing is used prior to reconversion and detection.

Experimental results on sodium acetate are shown in Fig. 3
for which we observe substantial triple-quantum polarizatidmatic passage” spin-locking regime defined by Vez@, 1.
transfer in the rangerx:1y € [80, 120] kHz. After a mixing Briefly, adiabatic polarization transfer is most efficiently
time of 2 ms, the resulting triple-quantum signal was recordeghieved if the rate of amplitude change is smaller than t
as a function of proton RF field strength. For comparisodjpolar coupling and thus much smaller than the quadrupol
numerical simulations using quadrupolar, dipolar, and RF pesupling that drives RIACT. We may therefore expect al
rameters as given in the figure caption are shown in Fig. 3. Tadditional gain in TQCP transfer efficiency if the amplitude
quadrupolar parameters’qQ/h = 1.6 MHz,n = 0.7) were variation is slow in comparison to these interactions and do
obtained using a Floquet analys2¢25, 35, 49in the context not interfere with RIACT. This is most easily achieved by
of the GAMMA NMR simulation environment50). The gen- performing an amplitude variation on thespins (Fig. 2b). In
eral trend is well reproduced, although with a smaller totalddition, the matching profile is characterized by a bros
matching range as shown in Fig. 3. This discrepancy can bedadtribution of matching conditions for which we may expec
least partially attributed to RF inhomogeneity effects that aes increased overall transfer efficiency. To discriminate b
known to significantly broaden the matching profile in spintween both effects, additional experiments that reverse t
applications 45). Moreover, multispin flips among nearbyadiabatic transferl(7, 45 could be employed. In the present
protons can further influence the experimental resdi8}. ( context, it is sufficient to study the resulting signal enhanct

In spin$ Hartmann—Hahn CP experiments, considerabiaent that is experimentally illustrated in Fig. 4. In agreemet
progress has recently been made to enhance the polarizatigth numerical simulations, we observed a signal enhanceme
transfer using adiabati&y) transfer methods—e.g., by vary-of more than 50%. In the case of sodium acetate, an optimt
ing RF field amplitudes1(7, 45 or the MAS frequenciesh@). amplitude sweep of 8% about the square pulse power at m:
In the present case, this adiabatic variation of the dipoldmum transfer (corresponding to a change in RF fieldtf
coupling Hamiltonian should not be confused with the “adid&Hz) was observed.
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predictions were experimentally observed on anhydrot
Na,HPQ,, in which the dipolarH-*Na couplings are known
to be smaller%3). While in the context of dipolar filtering this
behavior can further simplify the spectral analysis, we al
currently also investigating experimental modifications the
Expt. enhance the TQCP efficiency for larger distances.

To illustrate the filtering that can be achieved with TQCP
we performed™Na experiments on a test sample consisting c
sodium acetate and aprotic sodium sulfate. The left column
Fig. 5 shows a standard one-pulse decay spectrum under M
and a TQCP-filtered MAS spectrum. A superposition of twi
_____ lineshapes is expected in the one-pulse MAS spectrum cor

sponding to the residual second-order quadrupolar broaden

0 30 60 90 120 . -
W41 (kH2) under MAS. In the TQCP-filtered spectrum, no signal due t
' sodium sulfate is observed. In the right-hand column of Fig.

FIG. 3. Comparison between experimental and numerically predicted T@e show two MQMAS spectra (using the evolution in Fig.
matching as observed in sodium acetate for a contact time of 2 ms and vari% which demonstrate the utility of the TQCP filter. Only the

'H RF field strength. For the numerical simulation, an isolated two-dpia ( . tropic Si | f di tate i tained in the TOCI
1 S = %) system was assumed using RF fields of 94 and 50 kHEz amd S isotropic signal from sodium acetate is retained in the TQ

spins, respectively. As in Fig. 1, a dipolar coupling of 1.5 kHz was used aMJAS experiment.
the initial density matrix wap(0) = |,. In spin4 cases, the polarization transfer characteristics of ¢

isolated spirg pair are symmetric; i.e., the efficiency of the
transfer is not influenced by the initial condition (nonzer
Of particular interest is the relative sensitivity of the TQCPolarization onl or S spin). Our theoretical and numerical
method with respect to SQCP during MQMAS experiments. lesults indicate that this behavior also applies to the multipls
general, the TQCP method eliminates the excitation (or recapantum transfer methods discussed in this contribution. It
version) step connecting central and triple-quantum coherenitels also possible to directly transfer triple-quantum coheren
A comparison can be attempted by accurately optimizing tfi®m a quadrupolar nucleus to the sgimucleus with equal
SQCP and TQCP matching conditions and comparing tefficiency. Starting with a conventional MQMAS experiment
following transfer steps: in which multiple-quantum coherence is evolved for tithen
the quadrupolar nucleus, a subsequent TQCP transfer to

Triple quantum coherence (a.u.)
o

o

SQCP nutation RIACT

3a
TQCP RIACT

x Tx G +50%(A= + 4%)  +100%(A= + 8%)

However, one should keep in mind that additional experi3
mental parameters can seriously influence this comparison. F~:or

the SQCP method the polarization transfer efficiency is inflé;
enced by offset terms and the superposition of zero- arfl
double-quantum terms (see Eq. [17]). In general, careful alf
justment and stability of the RF power level are required t@
ensure efficient transfer. In addition, an increased RF ban‘%1
width for SQCP (such as in the presence of significant chem- L’VV\«

ical shift terms) will result in a reduced efficiency for the

T 1 T T T 1 T T T

transfer. Both effects are less problematic for the TQCP ap- 0 5 -10 0 5 -10 0 -5 -10
proach, for which high RF fields can be employed over a wide
range of RF power levels. Experimentally, we have observed Frequency (kHz)

TQCP transfer efficiencies for sodium acetate that were at least

. FIG. 4. Comparison of experimentally observed signal enhancements
a factor 2 higher than for the SQCP approach. On the Otrg%'&ium acetate resulting from a tangential modulation ofltepin RF field

_hand, simulations indicate t_hat the SQ(?P approach is SUPEHWéngth. Radiofrequency modulations (as indicatecbgre centered on the
in the presence of small dipolar couplings. These numerigaaximum TQCP matching condition determined experimentally in Fig. 3.
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employing medium-size (i.e., in the order of 50 kHz) RF field:
on the quadrupolar nucleus, it is possible to directly cros
polarize into the triple-quantum coherence. Thus, TQCP tran
fer can act as a dipolar filter for the subsequent high-resoluti
c) (MQMAS) part of the experiment. This scheme can also b
adapted for a 2D HETCOR experiment (displaying high resc
lution in two dimensions), by introducing an additional evolu:
tion time after the preparatory/2 pulse on the spik-nuclei.

I Comparative studies between a conventional single-quantt
(SQ) CP experiment and the TQCP method indicate that tl
latter approach leads to a 2-5 times higher overall transf

efficiency for large- or medium-size dipolar couplings. Fo
b) d) small dipolar couplings (below 500 Hz), this gain cannot b
realized and we are planning further investigations to optimiz
the transfer also for longer distances. Preliminary results inc
: , cate that adiabatic TQCP techniques can substantially impro

MAS MQMAS

a)

Signal Intensity (a.u.)

T T T T T 1 T T T

0 -10 -20 5 0 -5 -0 the transfer efficiency. Here, adiabaticity refers to a slo
variation of the RF field amplitude on the sginucleus during
Frequency (kHz) TQCP mixing.

, . . . The outlined concept of direct creation of multiquantun

FIG. 5. Experimental results on a sodium acetate/sodium sulfate mixture. . . L
In the left column, conventional single-pulse spectra (upper trace) are corRherence during the_ CP process might also be employed in

pared to a TQCP-filtered spectrum. MQMAS spectra (right column) are show@ntext of generating double-quantum coherence amo

without (upper trace) and with TQCP filtering (see Fig. 2b). strongly dipolar-coupled spifinuclei such as’C—"H or ‘H-"H
systems.
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