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Rotor-synchronized amplitude-modulated Hartmann—-Hahn cross-
polarization has been applied under fast magic-angle spinning to

heteronuclear interactions, as in the case of protonated carbo
leads to coherent energy transfer, i.e., an oscillating behavior

a powder sample of ferrocene. The influence on the cross-polar-
ization process of the heteronuclear double quantum (flop-flop)
transitions induced by the amplitude modulation for low ratios of
the radiofrequency-field strength to the spinning speed is studied
in details. The experimental data are in good agreement with
theoretical calculations for a two-spin % system, although the
intensity of the double quantum transitions is observed to be
significantly smaller than expected. Moreover, it is shown that an
efficient polarization transfer at the Hartmann-Hahn centerband

the CP dynamics4, 10, 13. An important observation made
first by Schaefer and Stejskdl?) is that efficient CP transfer
also occurs under magic-angle spinning (MAS) conditions
making CP/MAS one of the most widely used techniques i
high resolution solid-state NMR5( 6). Indeed, as long as the
spinning speedy, is smaller than the homogeneolspin
linewidth, CP is not significantly affected by MAS. However,
this condition is not fulfilled for many samples, in particular

matching condition as well as a broadening of the matching
conditions is obtained by an appropriate partial scaling of the
effective radiofrequency fields which minimizes the destructive
effect of double quantum cross-polarization. © 1998 Academic Press
Key Words: solid-state NMR; cross-polarization; magic-angle spin-
ning; amplitude-modulation; double quantum cross-polarization.

when the dipolar interactions are averaged by molecular m
tions. Moreover, with the increasing availability of ultrahigh
magnetic fields (up to 19 T)1Q), it is often necessary to use
spinning speeds exceeding both thé and I-S dipolar inter-
actions in order to fully average chemical shift anisotropies. |
this case, Stejskadt al. (14) have first shown that the single
Hartmann—Hahn condition splits into a series of new “side
band” matching conditionsw,s — w;, = nhw, with n = 0,
+1, =2,.... With increasing spinning speed, polarization
Hartmann—Hahn cross-polarization (CP) has become a widiensfer becomes ineffective at centerband matching (0)
spread technique for enhancing the nuclear magnetizationaofd efficient CP is obtained only at the first- and second-ord
rare spinsS with low gyromagnetic ratios using the largersidebandsn = =1, =2) (15-18. Furthermore, for low ratios
equilibrium polarization of the abundahtspin system1-7). of the RF-field strength to the rotation frequency, Mei&s)(
For static samples and continuous-wave cross-polarizatioas demonstrated that double quantum (DQ or flop—flop) C
(CWCP), it is well known that efficient CP through heteroeccurs at the Hartmann—Hahn conditioag, + w,s = N,
nuclear zero quantum (ZQ or flip—flop) transitions is obtaineshd gives a polarization transfer of opposite sign to the or
at the Hartmann—Hahn matching conditieny = w5, where driven by the flip-flop Hamiltonian. In practice, as spin diffu-
oy and w;5 are the amplitudes of the radiofrequency (RRion is slowed down by MAS, sideband matching is difficult
fields applied to thé andSspins (, 4). CP dynamics are very because of the excessive sensitivity of the matching conditic
dependent on the relative sizes of the homonucled) @nd  to the RF-field amplitudes of the two channels. Consequentl
heteronuclearl{S) dipolar interactions. When the fluctuationghe CP efficiency is strongly reduced by RF-field inhomoge
of the local field governing the spin diffusion process amongeities, chemical shifts and fluctuations in both RF power an
the | spins are faster than the exchange of magnetizatigfe spinning speed.
between the two spin systems, the spin-temperature hypothesirecently, several techniques have been developed to e
can be applied and CP proceeds exponentially as cross-relgnce the rate of cross-polarization and to broaden the width
ation @3, 4,8,9. On the other hand, the presence of stronie Hartmann—Hahn matching conditions under fast MAS
Mechanical solutions involving a flip of the rotational axis
away from the magic angle during CP or the use of a comb
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nation of low-speed CP and high-speed data acquisition were X Y

proposed by Maciel and co-workers9 20. Alternatively,a @ —71 ———— """
pulse sequence using simultaneous phase inversion of bojh
spin-locking fields (SPICP) was shown to provide compensa- | |
tion for Hartmann—Hahn mismatch in fast-rotating samples !
(16, 21, 22. In fact, SPICP, which is a rotor-synchronized Y Y ’
version of the mismatch-optimizek$ transfer (MOIST) se-

quence originally developed for static sampl&$)(or in lig- S
uids 3), can be regarded as a special double amplitude- ——F7—H—'t——"—-------- jvvw"“"‘*
modulated cross-polarization (D-AMCP) pulse seque2e. (

T = NT,4>|

Amplitude-modulated cross-polarization (AMCP) has been
studied in detail by Hedigegt al. (24, 25, who have demon- o ,

FIG.1. S-AMCP(, 0) pulse sequence whavéndicates the fraction of the
MAS period 7, during which theS-spin RF field is applied.

strated using the Flogquet formalisr6) that efficient polar-
ization transfer at the original centerband matching condition

can be achieved with AMCP and that the width of the matching

conditions is efficiently broadened by rotor-synchronized 18@imilar behavior has been observed for rigid or semirigid,CH
phase shifts. The technique for synchronous accumulationg@bups in many other organic solid40—49. Both the rein-
polarization under MAS developed by Pratima and Raroduction of efficient CP at the centerband matching conditio
manathan Z7) may be also considered as a special AMCRnd the broadening of the matching conditions are examine
pulse sequence. Alternatively, the broadening of the sidebaggh special attention given to the influence of flop—flop tran.

matching conditions can be achieved by varying (slowly comitions. The experimental results are directly compared wit
pared to the MAS rate) the RF field (VACP, RAMP-CPbaMu]aﬁons for anS tWO-spin% system.

(28-30Q or the effective RF field (VEFCP)3(Q). Note that
similar results have been obtained by frequency swa2yand EXPERIMENTAL
frequency-modulated CP (FMCP33). Improvement of the
CP transfer efficiency by a multiple-pulse approach has alsoThe NMR experiments were performed at room temperatul
been presentedq). Finally, a pulse scheme combining slowon a Bruker Avance DSX-500 spectrometer operating’d@Ca
and fast RF-field amplitude modulation (AMAP-CP) has bednequency of 125.73 MHz and equipped with a Bruker CP
shown to provide efficient centerband CP, broadening of th&AS probe using a 4-mm-o.d. rotor. A polycrystalline sample
Hartmann—-Hahn matching condition, as well as enhancefiferrocene purchased from Fluka was doped with 2% cobs
quasi-equilibrium polarization36). In the same work, the tocene in order to shorten thel T, spin-lattice relaxation time
destructive role of flop—flop transitions in AMCP leading to & abou 1 s and was restricted to a small volume (3.5 mn
decay of the detecte®spin signal was also pointed out, and itayer) in the center of the coil to reduce RF-field inhomoge
was observed that the applied RF fields should verify theeities @9). We used the so-called S-AMQ®R(0) sequence
condition w,5 + wq; > 8w, in order to restrict the polariza- (Fig. 1) proposed by Hedigeat al. (24) employing a MAS-
tion transfer to the ZQ subspace. However, with the emergersyaschronized square-modulation of the spin-lock field on th
of commercially available high-sensitivity spinning assembliegspin (*C) channel. This AMCP sequence is particularly
easily capable of speeds in the 10—20 kHz range, the requisihple since the amplitude modulation requires only a sing|
RF-field strengths may have to be prohibitively high. FurtheRF power level. The polarization transfer was also rendere
more, since increasing instabilities of the RF fields are gendess sensitive to exact matching of the RF-field strengths &
ally observed at higher spin-lock powets( 35 and because phase-inverting parts of the S-AMQ# ©) amplitude modula-
the width of the inhomogeneous RF distribution is proportionéibn function @4, 25, as described in the next section (D-
to the RF field strength (see Experimental), the RF powA&MCP). The proton 90° pulse and decoupling during acquisi
should in principle be minimized. Hence, it is of interest ttion were both fixed at an RF-field strength €60 kHz. The
examine the efficiency of AMCP sequences for low ratios @P matching profileZ5) at a given mixing timer was obtained
the RF-field amplitude to the spinning speed. by measuring the integrated peak intensity in the carbon spe
In this paper, we apply rotor-synchronized amplitude-modrum as a function of the proton RF-field strength while
ulated CP sequence24, 25 under fast MAS ¢, = 15 kHz) keeping constant the RF amplitude of the carbon chaapgl
to a powder sample of ferrocene. In this system, the hetesd- 50.5 kHz. Usually, the opposite choice (constant proto
nuclear*C—H coupling between directly bonded atoms exirradiation strength) is made in order to ensure good spin-loc
ceeds all other coupling4, 11, 3§. The resulting two-stage properties for the entire CP matching profile and mixing time
character of the polarization transfer has been previously studnge (1, 14-18, 28-31, 33 However, in our case, both
ied in both static and rotating sampldsl( 37—39. Note that a Tlp(lH) measurements and calculated CP matching profile
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0.6 ms

FIG. 2. (a) Integrated line intensity of the carbon resonance in ferrocene as a function of the proton RF-field styef@fhmatching profile) at different
contact timesr for the CWCP sequence at a spinning speed of 15 kHz. The carbon Rfefigisl equal to 50.5 kHz. (b) Calculated CWCP matching profiles
for a*3C—*H pair with an internuclear distance of 1.09 A. The CP matching profiles are plotted on the same amplitude scale so that they can be directly co

(see below) show that spin-lock losses are weak for the ugatb the probe and the receiver preamplifier. The RF fields wel
range of contact timesr(= 1 ms). Our choice then has thecalibrated directly with the ferrocene sample using a two
advantage of minimizing the RF power during the measurdimensional nutation experimenbd) showing that the RF-

ment of the CP matching profiles. In fact, when using feld inhomogeneity (full width at half-maximum of the nuta-
constant proton RF-field strength, we observed an unexpectiet peak) is about 5% over the sample volume in Bd@and

asymmetry of the CWCP matching profiles (see below) whicti resonances. We also checked that the RF fields delivered
we attribute to the large variation of the RF power dissipatéle linear power amplifier were very stable. Sixty-two exper
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iments with variablew,, ranging from 4.8 to 100 kHz were
recorded for each CP matching profile. The resultiigRF- 8| n=
field increments of ca. 1.5 kHz are small enough, considering | — —n=
the accuracy of the RF-field calibration and the RF inhomoge- N Tooons
neity. Sixteen scans were added for each experiment with g 6 ©
recycle time of 5 s. = .
CP matching profiles were computed by integrating numerz ab S . L o ]
ically the Liouville-von Neumann equation for a rotating = ;o VS
BcH two-spin% system, as described previousW4( 49, S 1
neglecting the heteronucleacoupling, thetH-H spin diffu- 2 b1 1
sion process, and,, relaxation. The time-dependent RF fields I
of the AMCP sequencesy,(t) and w,4t), were approximated o
by their expansion in Fourier series. In practice, calculations 00' 7Y R S 0 1
shows that only the first 10 Fourier coefficients are necessary. T (ms)

ity (:
~
e
N
Ve
\
\

FIG. 3. The CWCPC magnetization intensity of ferrocene as a function
of the contact timer under different matching conditions with the parameters
of Fig. 2. w,, = 49.8, 36.3, and 21.5 kHz at thre= 0, 1, and 2 matching
The CWCP matching profiles at different contact timés  condition, respectively. The CP curves for the= —1 and—2 sidebands (not

ferrocene are given in Fig. 2. In CWH spin-lock experiments, shown) are identical to the ones obtained fio= 1 and 2.

we measured &, value of 48 ms fok,, = 13 kHz. Intensity

losses due td’lp(lH) relaxation must then be very weak insweep of the RF-field amplitude through a sideband matchir
CWCP experiments for contact times lower than a few milleondition 61, 5. For ferrocene, after strong initial oscilla-
seconds, at least fap,, > 10 kHz. The fact that the experi-tions, the experimental data show that the magnetization sta
mental CWCP matching profiles are symmetric about the statiose to the quasi-equilibrium value far> 0.5 ms (Fig. 3).
Hartmann—Hahn condition clearly confirms th‘bgp(lH) ef- However, Fig. 2 shows that the transfer efficiency strongl
fects are negligible for = 1 ms. Because of the fast rotationdecreases with a slight deviation from an exact matchin
of the GHs rings about the fivefold axis, reducing both theondition. Indeed, forr > 0.5 ms, the full width at half-
heteronuclear and homonuclear intramolecular interactions tmaximum (FWHM) of the four CP sidebands is about 5 kHz
a factor of 2, efficient polarization transfer under fast MAS islartmann—-Hahn CWCP matching then requires a rather stal
obtained at the first- and second-order sidebands (Fig. 2),aa& homogeneous RF field. Note that the matching conditior
previously observed in adamantai&{18§. However, because are expected to be even narrower in the presence of additior
of the presence of well-isolatédC—H spin pairs, the situation fast molecular motion, as is the case fdC—H groups in

is quite different in ferrocene. Indeed, Fig. 2 shows that tharious organic materials. Some polarization transfer is als
width of the CP sidebands strongly dependsrpespecially at obtained at the centerband € 0) for longer contact times;
short contact times. In adamantane, on the other hand, becaasg.6 ms (Fig. 2). This fact has been previously attributed t
the homonuclear interactions are dominant, the sideband witlte modulation of homonucledrl interactions by sample
is due to the homogeneous! interactions and is essentiallyspinning (L4) and to the scalatJ,,. coupling 63), leading to
independent ofr (15). As demonstrated by the calculations transfer rate constant much smaller than atrtie =1 and
shown in Fig. 2, the variation of the sideband widths andt2 matching conditions (Fig. 3). A close inspection of Fig. 2
intensities is well described by the oscillatory or cohereshows that thetH—*H couplings are also responsible for the
polarization transfer in a two-spin systent, (0, 11, 1. appearance of weak= +3 and 4 sidebands. Note that the-
Moreover, it is seen that the coherent transfer gives rise 4omatching condition, which would be positioned at a valu
secondary maxima or “oscillations” in the CP matching proeorresponding to a negative proton field strength, is driven b
files which are clearly apparent in the experimental data the flop—flop part of the Hamiltonian and, thus, appears wit
short mixing times;y =< 0.2 ms (Fig. 2). These features are noegative intensity at a frequency position “folded back™ at the
longer visible forr = 0.4 ms since the transient oscillations areght margin of the CP profilel). Of course, CWCP at the
known to be invariably damped due to interactions with otheenterband and at the||> 2 sideband matching conditions
spins |, (spin diffusion) and because of RF inhomogeneitgannot be accounted for by our computations using the twi
(10, 19. In full analogy with the static case, on sidebandpin approximation (Fig. 2). Nevertheless, the good agreeme
matching conditionsn(= =1, £2), a quasi-equilibrium is then between experimental and calculated CP matching profile
reached fairly rapidly where half of the initial polarization otclearly demonstrates that spin diffusion effects are weak |
the | spin is transferred to th& spin (7, 51). Note that the accordance with the fact that the—"H flip—flop processes are
quasi-equilibrium polarization can be enhanced by an adiabatiticiently slowed down by MAS in ferrocene3). Note

RESULTS AND DISCUSSION
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FIG. 4. (a) CP matching profiles at different mixing timedn ferrocene for the S-AMCRY 0) pulse sequence given in Fig. 1 with= 0.775 @{Q = 39.1
kHz, w, = 15 kHz). (b) Calculated CP matching profiles. The CP matching profiles are plotted on the same amplitude scale as in Fig. 2.

finally that double quantum CWCP is not observed in thé is insensitive to the rotation frequency and is also les
calculated CP matching profiles since the applied RF figld sensitive to RF inhomogeneities than with sideband matchir
is larger than twice the spinning frequencpb). (16, 24, 2%. In AMCP, the matching conditions corresponding
As demonstrated by Hedigeat al. (24, 25, efficient CP to a nonvanishing effective flip—flop Hamiltonian are definec
under fast MAS at the original Hartmann—Hahn condition caty R — (Y = nw,, where oY and »Q are the mean
be reintroduced using AMCP pulse sequences like the ova&ues of the time-dependent RF fieldg(t) and w,t) over
pictured in Fig. 1, S-AMCP§, 0). Cross-polarization per- one rotor period (zero-order Fourier coefficientgf,(25. In
formed with centerband matching € 0) is preferable becauseparticular, CP at the centerband matching conditief]) =
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oQ, becomes allowed. Figure 4 shows the CP matching pro-
files resulting from the application of the S-AMC®,(0) pulse st e -
sequence (Fig. 1) witlp = 0.775 to ferrocene at a spinning . n=0
frequency of 15 kHz. Indeed, considerable polarization transfer | / \ oz 12 1
at then = 0 matching conditionw,, = pw;s = 39.1kHz,is  _ 6} ’ <o 1
obtained already after two rotor cycles (133) and the CP 3 / L\ PN T T
efficiency at the centerband is now comparable to the ong / WY 4 ~
obtained with sideband matching in CWCP (Fig. 2). Althoughs 4 ! 2
p was not optimized, we observed that both the initial CP raté” | / ~ - ]
and width of the centerband matching condition were signifi- _| TR e
cantly smaller forp = 0.925 (data not shown). An identical /] o T
quasi-equilibrium value was nevertheless obtained, as expected 7 .’ ]
in an isolated two-spin system. Optimization of the amplitude :
modulation then appears to be less critical in ferrocene than in
samples such as adamantane wheresthpgin magnetization is
proportional to the initial transfer rate Constaﬂﬁ)(. However, FIG. 5 13C signal ihtensity as a function of the mixing timén ferrocene
because the RF modulation inevitably introduces hi her_Omunder different matchlng conditions for the S-AMQR(0) pulse sequence

. y ) . g vﬁ{h the parameters of Fig. 4,, = 68.8, 39.9, 25.2, and 9.5 kHz at the=
CP sidebandsr{] > 2), a “foldback” behavior may arise atthe _; o, 1, and 2 matching conditions, respectively. The same amplitude sce
matching condition®{Y + »{® = ne, from double-quantum as in Fig. 3 has been used.
processes3b). Since the quasi-equilibrium state polarization
reached after CP due to flop—flop transitions is of opposite siguerlap can be reduced by changing (preferably increasing) t
to the one resulting from flip—flop CPL%), the ZQ and DQ mean value of the RF field{2. From the experimental results
terms may compete and lead to an undesired loss of magnefiFig. 4, it may be inferred that the flop—flop transitions shoulc
zation @5). In fact, under simultaneous ZQ and DQ matchebe negligible foro{% + {9 > 8w, (0, 0¥ > 60 kHz),
conditions, the populations at the quasi-equilibrium state in agreement with previous AMCP experimental results an
both the ZQ and DQ subspaces are predicted to be equalize@alsulations of the dipolar coupling elements in the Floque
that no polarization is finally transferred to tBespin £2, 5. space 85). However, since the second goal pursued by AMCI
Clearly, the CP transfer must be restricted to Zi@subspace is to broaden the matching conditions, we prefer to address tt
not only to obtain an optimal CP transfer, but also to maintaproblem in the following using double amplitude-modulatec
a largeS-spin magnetization for resonances with fast CP build@>P (D-AMCP) pulse sequences.
ing rates (e.g., protonated carbons) at the long contact timedt has been showrg) that the matching conditions can be
required to polarize signals with slower CP rates (e.g., nonpwidened at will in D-AMCP by reducing$) and {2 relative
tonated carbons)36). The experimental data of Fig. 4 clearlyto the mean RF magnitudes,|| and j»,d, which is most easily
demonstrate the presence of double quantum CP at the magghieved by phase-inverting parts of the spin-locking fields
ing conditionsn = 3 and 4. Nevertheless, the intensities of thindeed, the separation between the sidebands of the match
folded-back sidebands are seen to be lower than expected fromofile and, at the same time, the widths of the matchin
the calculations. This is particularly true for the= 5 and 6 conditions are then increased by the scaling factqr @where
sidebands at long mixing times & 0.5 ms) which are not g is defined by(wf2 — 0)/(Juyd — Jwy]). In particular,
detected experimentally (Fig. 4). The reason for this fact is nehenq = 0, the Hartmann—Hahn conditian)) = % = 0 is
clearly understood, although it may be caused by RF-fieldlfilled for any applied RF-field strengths and the CP match
inhomogeneities, pulse imperfections, and thie*H dipolar ing profile is expected to be infinitely broad. However, in
interactions which are not taken into account in the calculpractice, the applicability of AMCP with a low value ofis
tions. Moreover, the quasi-equilibrium polarization obtained &mited by the strength of thd-spin homonuclear dipolar
both the centerband amd> 0 sideband matching conditions iscoupling since the effective spin-lock field is then wealk
significantly less than expected from the computations (Fig. @4, 25. Moreover, since the entire CP profile is scaled by th
as well as than the one obtained experimentally in CWCP ffactor 16 along the frequency axis, the destructive foldbacl
n= +1and+2 (compare Figs. 3 and 5). Sintié spin-locking effect of flop—flop processes is expected to be important |
during the S-AMCPp, 0) sequence is as good as in CWCH)-AMCP for low ratios of the RF field amplitude to the
this loss of magnetization must be attributed to flop—flop traspinning rate. This fact is clearly evidenced by a decay of th
sitions, as already noticed by Hediget al. (35). Indeed, in sum polarization in our computations for & two-spin sys-
Fig. 4, the ZQ and DQ matching conditions are onlg kHz tem. Indeed, in principle, the RF fields must then be ver
apart from each other so that there is some overlap, especialipng (|w,d + |wy| > 8w,/q) to avoid the DQ matching
when considering RF-field inhomogeneities. Of course, thi®nditions. For ferrocene at, = 15 kHz, we have effectively

0.2 0.4 0.6 0.8 1
T (ms)
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FIG. 6. (a) CP matching profiles at different mixing time ferrocene obtained with the D-AMCIB( 0, q,, gg) pulse sequence with= 0.775,g, = 0.490,
andgg = 0.923. (b) Calculated CP matching profiles. The CP matching profiles are plotted on the same amplitude scale as in Fig. 2.

observed that D-AMCP sequences wigh= 0 lead, after a using the same mean carbon RF-field strength ag ferl in
rapid initial increase during the first three rotor cycles, to the S-AMCP(, 0) sequencé|w,d = 39.1 kHz, Fig. 4), both
decay of theS-spin polarization toward a quasi-equilibriumthen = 2, 3, and 4 sidebands are predicted to be folded bac
magnetization £ > 0.5 ms) which is only~15% of the one in the CP matching profile ab],| = 20.9, 50.9, and 80.9 kHz,
obtained experimentally in CWCP (data not shown). As noteedspectively.d,d should then preferably be increased in orde
by Hedigeret al. (25), it is then necessary to find an acceptabl® shift the centerband matching condition toward a highe

compromise by using an intermediate valuegoff q = 0.5, frequency in the measured CP profile. Alternatively, it is re
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0, g5, g9 pulse sequence which broadens the matching conc
tions also improves the quasi-equilibrium polarization transfe
at then = 0, 1, and 2 matching conditions. This effect is
particularly obvious at low values of the spin-locking field on
thel spins since the quasi-equilibrium magnetization attke
2 sideband |w,,| = 10.5 kHz) yielded by the D-AMCRY, 0, q;,
gs) sequence (Fig. 7) is approximately twice the one obtaine
with the S-AMCP(p, 0) sequence (Fig. 5), thoungp(lH) is
severely shortened by the phase inversid‘qg((H) ~ 4 ms for
|wy,| = 13 kHz). Thus, although the undesired foldback beha
ior of CP sidebands is in principle enhanced when decreasil
o andw{2 in D-AMCP, itis concluded that the overlap of the
o : ‘ : ‘ : : : : ZQ and DQ matching conditions can be efficiently minimizec

0 0.2 0.4 0.6 0.8 1 ; ;
T (ms) by a proper choice of the scaling parametgrand gs. For

FIG.7. 3C signal intensity as a function of the mixing tinén ferrocene example, with §,, qg) = (0.490, 0.923), the = 1 ZQ matching
under different matching conditions for the D-AMOR(O, q,, g9 pulse condition lies more than 10 kHz apart from the= 3 and 4 DQ
sequence with the parameters of Fig.&[|= 71.5, 41.9, and 10.5 kHz at the sidebands (Fig. 6) and no decay of magnetization due
gszinO’Fild Z”ﬁazs Z‘:g;h'l:‘gegond't'ons' respectively. The same amplitude scig, flop transitions is detected (Fig. 7) although the applie

’ ' RF-fields are not much higher than the spinning spgde¢y +
Joy| < 6w,). It should be finally mentioned that the quasi-

marked that such a frequency shift can also be achieved §fjHilibrium polarization obtained at thre= 0 matching con-
using different scaling factors on theandS-spin channelsg,  dition (Fig. 7) could in principle be enhanced by a factor of
andqg, since the centerband matching condition is then definE@Mbining the rotor-synchronized amplitude modulation witt
by the relationgJoy] = gdw,d. Of course, in this case, one@" adl'abatlc passage qf the RF field through the centerba
can no longer speak of a unique CP profile since the influerf@&iching condition, as in the AMAP-CP schenB5)(

on the matching of the mean RF amplitudes,]jand fo.d, is Thg matching COI’?dI-tIO.I"IS can bg fu.rther brgadened b
different. However, this is a convenient method to produce §\Veringa, andgs This is illustrated in Fig. 8, which shows
“apparent” increase of the Hartmann—Hahn frequencies in th&€ CP matching profiles obtained using the D-AM@PQ,
matching profile ofdy| that is measured here experimentallyd: ds) sequence withr,/r, = 0.580 @ = 0.160,qs =
Figure 6 shows the CP matching profiles obtained with tffs497)- With these parameters angd = 39.1 kHz, only
D-AMCP(p, 0, g,, g9 pulse sequence, i.e., the S-AMGPQ) then = 1 (ZQ) andn = 2 (DQ) S|d_ebands should be
sequence where the phases ofithedS RF fields are inverted OPServed atey| = 27.7 and 66.0 kHz in the measured CP
simultaneously at a fraction of time of each rotor periggy, Profiles (the centerband matching condition is @[ =

= 0.745. Indeed, since we then hage= 0.490 andgs = 121.5 kHz). Again, both the intensity and the width of the
0.923, the centerband matching is obtained #&gf||= 1.883 n = 1 sideband are well described by the calculations (Fic
Jw.d = 73.7 kHz, i.e., well above the= 3 and 4 DQ matching 8), and Fig. 9 shows that the magnetization rapidly reache
conditions expected ato],| = 18.1 and 48.8 kHz. A good the expected quasi-equilibrium state with no significan
agreement between the experimental and calculated D-AMItensity decay due to either flop—flop transitionsTgg(*H)
CP(p, 0, q,, g9 profiles is obtained (Fig. 6), though the experrelaxation. Furthermore, it is seen that the transferred ma
imental intensities of the DQ sidebands are smaller than tRgtization is only reduced by 15% when deviating by-5
calculated ones, as already observed with the S-AMCBJ kHz from then = 1 matching condition. Indeed, since the
sequence (Fig. 4). On the other hand, the separation betw&dhprofile is approximately scaled by the factog,1# 6.25,
sidebands 430 kHz) is effectively multiplied by a scaling the FWHM of the ZQ sideband stays close to 25 kHz ove
factor close to I, = 2.04 and both the centerband andhe whole range of measured mixing times (Fig. 8). On th
sideband matching conditions are significantly broadenether hand, then = 2 folded-back sideband which is ex-
(FWHM of ~10 kHz for 7 > 0.5 ms). Moreover, Fig. 7 pected to have a large negative intensity at long conta
demonstrates that the transfer efficiency and quasi-equilibridgimnes ¢ > 0.5 ms) is hardly seen experimentally (Fig. 8).
polarization reached at the centerband and antke 1 side- Therefore, it is concluded that the large separation betwet
band matching conditions are identical to those observed witkatching conditions obtained at low valuesis useful to
CWCP forn = *1, +2 (Fig. 3), in agreement with the reduce the effect of flop—flop transitions in the CP matchin
computations (Figs. 2 and 6). By comparison with the $vofile and that the polarization transfer can be improved b
AMCP(p, 0) results (Figs. 4, 5), it is seen that the D-AM@P( D-AMCP, although the applied RF-field strengths are com

Intensity (a.u.)
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a b

FIG. 8. (a) CP matching profiles at different mixing time ferrocene obtained with the D-AMCIB( 0, q,, gg) pulse sequence with= 0.775,g, = 0.160,
andgg = 0.497. (b) Calculated CP matching profiles. The CP matching profiles are plotted on the same amplitude scale as in Fig. 2.

parable to the spinning speed. Indeed, atrthe 1 matching below ~0.1 in order to avoid the foldback behavior of the
condition, we haved,d + || = 4w, (Fig. 8). Calculations broad matching condition as well as faTsi;,(lH) relaxation.
show that a similar transfer efficiency and broadening of the

matching conditions (FWHM of-25 kHz) can be achieved CONCLUSION

at the preferred centerband with, | = [w,,| = 30 kHz using

nonsimultaneous 180° phase shifts on the two chanmgls ( Rotor-synchronized double amplitude-modulated cross-p
= (g, = g =~ 0.16). Neverthelesgy should not be lowered larization has been applied successfully in ferrocene for ratic
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(W. S. Warren, Ed.), pp. 1-116, Academic Press, New York
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r - - -30.5 kHz ] 8. D. E. Demco, J. Tegenfeldt, and J. S. Waugh, Phys. Rev. B 11, 4133
6k (1975).
3 ./ - N 9. T. T. P. Cheung and R. Yaris, J. Chem. Phys. 72, 3604 (1980).
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FIG.9. '°C signal intensity as a function of the mixing timén ferrocene 15. B. H. Meier, Chem. Phys. Lett. 188, 201 (1992).

216

17

for the D-AMCP(p, 0, q,, g9 pulse sequence with the parameters of Fig.
|oy| = 25.2 kHz at then = 1 matching condition. The same amplitude scal
as in Fig. 3 has been used.

. X. Wu and K. W. Zilm, J. Magn. Reson., Ser. A 104, 154 (1993).

. S. Ding, C. A. McDowell, and C. Ye, J. Magn. Reson., Ser. A 109,
1 (1994).

. S. Ding, C. A. McDowell, and C. Ye, J. Magn. Reson., Ser. A 109,
6 (1994).

fgs. M. Sardashti and G. E. Maciel, J. Magn. Reson. 72, 467 (1987).

18

of the radiofrequency-field strength to the spinning speed
low as~2. Indeed, it has been demonstrated that the destr%— R.C. Zeigler. R. A. Wind, and G. E. Maciel, J. Magn. Reson, 79, 209
tive effect of the flop—flop transitions which is found to be ™ 19gg = = o o ' T
weaker than predicted by calculations in the two-spin approX; 1 wm Barbara and E. H. Williams, J. Magn. Reson. 99, 439
imation can be efficiently avoided by choosing scaling factors (1992).

of the effective RF-field levels that minimize the overlap of thgz. B. Q. sun, P. R. Costa, and R. G. Griffin, J. Magn. Reson., Ser. A

zero quantum and double quantum matching conditions. Since 112, 191 (1995).

broad matching conditions and quasi-equilibrium polarizatiorzs
are then obtained exclusively through heteronuclear flip—flap

. M. H. Levitt, J. Chem. Phys. 94, 30 (1991).
. S. Hediger, B. H. Meier, and R. R. Ernst, Chem. Phys. Lett. 213, 627

processes, high intensity gains may be achieved for resonanceg1993).

having very different cross-polarization building rates (e.g2?
protonated and nonprotonated carbons).
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