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The maximum of the transferred magnetization in rotating
powdered solids under the radiofrequency-driven recoupling
(RFDR) pulse sequence is enhanced by reducing the orientation
dependence of the effective recoupled homonuclear dipolar inter-
action. The compound RFDR (CRFDR) pulse sequence for this
enhancement consists of RFDR pulse units (7—a@—7z—-7;) With
different =, where 7 is the sample rotation period, =, and 7;
(=7 — ) are delays, and 7 is a 180° pulse. The delay 7; modifies
the zero-quantum spin operators and the sample rotation-angle
dependence of the recoupled dipolar Hamiltonian. The CRFDR
pulse sequences were optimized for mixing by varying =;. Numer-
ical simulation for the two-spin system only with a dipolar inter-
action and isotropic chemical shifts indicates that the transfer
efficiency of CRFDR averaged over the powder is about 70%,
which is 30% higher than the efficiency of the RFDR pulse over a
broad range of about 1/ in resonance frequency difference. The
CRFDR sequences need about 60% longer mixing times to maxi-
mize the transferred magnetizaion in comparison with the original
RFDR sequence. Chemical shift anisotropy, the other dipolar
interactions, and relaxation generally reduce the enhancement by
CRFDR. Experiments for fully "*C-labeled alanine, however, show
that the maximum of the magnetization transferred with CRFDR
from the carboxyl to e carbon is about 15% greater than that with
RFDR. © 2000 Academic Press

Key Words: magic-angle spinning; magnetization transfer; solid-
state NMR; recoupling; homonuclear dipolar interaction.

INTRODUCTION

ment of dipolar coupling constants, i.e., internuclear distanc
(8—11. This magnetization transfer under MAS conditions ha
been utilized for the mixing period in multidimensional corre-
lation NMR experiments for distance and torsion angle me:
surements 2-16, and signal assignmentsl1-19 over
broadbands.

The pulse sequences CZ0f, POST-C7 21), CMR7 (22),
and SPC-5 Z3) originating from the HORROR experiment
(24) yield the dipolar interactions having double-quantun
(DQ) spin operators under MAS conditions, and are shown |
be efficient for the broadband magnetization transfer, DQ filte
and torsion angle measuremert§)( These methods eliminate
the orientation dependence of the dipolar interactions,dhe
rotation angle about the sample spinning axis, so that the
improve the theoretical magnetization transfer efficiency up t
73%.

In this paper, we describe the improvement of broadbar
magnetization transfer by the zero-quantum (ZQ) dipolar ir
teraction recovered with the radiofrequency-driven recouplin
(RFDR) pulse sequenc2§—32. The RFDR pulse sequence is
a m pulse train with the pulse intervals of the sample spinnin
period 7z. This RFDR pulse sequence recouples the homc
nuclear dipolar interaction under MAS by the chemical shif
difference modulated withr pulses. Though the dipolar inter-
action under the RFDR pulse sequence depends on the che
ical shift difference, the dipolar interaction is recovered over
broad range of about 2{. Since the duty factor for the RF

A number of methods for recoupling homonuclear dipolafradiation is small, the magnetization transfer with the RFDF
interactions under magic-angle spinning (MAS) conditionsulse sequence is less susceptible to the relaxation due to ¢
have been proposed during the past decad®(These meth- dipolar interactions. This RFDR sequence has been applied
ods, such as rotation-synchronized RF pulse sequences, rgij-dimensional correlation NMR experiments for the signa

troduce the dipolar Hamiltonian, which contains the zero- @ssignments along tH&C—°C bonds and the measurements o
double-quantum spin operators. The recoupled dipolar interggernuclear distance83-36.

tions enable the magnetization trans#+{) and the measure-

We propose newr pulse trains referred to as compound

* present address: Department of Chemical Sciences, Tata Institute-of i DR (CRFDR) pulse sequences. The CRFDR pulse s

damental Research, Homi Bhabha Road, Mumbai 400 005, India.

quences reduce the dependence of the recoupled homo-
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a _ __ _ Honr(t) = 81(D11; + 82(D)12, + ARE(1) (3112, — 1415)/ \f%,
Ty, TR (T T2 Tr Ty T TR Tyt 2]
v o o o e oa Hret) = o (D)(11+ 1), [3]
o I I I I ..... I I
| | : | | Here s, and g, are chemical shifts, and the rotation frequency
2Ty 274 2T w, is due to the RF field and offset. The tensor element of tt
dipolar interaction in the laboratory frame is
b
| CRFDRMixing | 2
AEQB(t) == 2 D|((2))(7 + wgt, Oyas, O)dg)(ﬁ) V@b, (4]
e e I
cpP i I/\I Av/\v/\/\
T A Toix pX Pacq where wg = 27/7r, D@(y + wgt, wwss, 0) iS a Wigner
rotation matrix elementd$’(B) is a reduced Wigner rotation
] : ; .
H TPPM Decoupli matrix element,0yas is the magic anglep and y are Euler
_| pling . . S .
cP Dec Dec angles for the coordinate transformation from the principal ax

FIG.1. (a) CRFDR pulse sequence consisting of RFDR units;m—7x— syszteir? of the dipolar interaction to the SP'””er frame’:
7—7,. (b) Pulse sequence for the measurement of the magnetization tran&afi ! andy, andr are a gyromagneyo ratio ?-nd an |nt§"mu
under the CRFDR pulse sequence. The inffi@llongitudinal magnetizationis clear distance. The internal Hamiltonid@f(t) in Eq. [2] is

prepared by cross polarization followed by the 90° pulse. The Gaussian Hl/ided into the mutual Commuting Hamiltonians,
pulse at the middle of th&C* and *C* resonance frequencies cancels both

signals. Thus the carboxyiC z magnetization is prepared at the beginning of

the mixing period under the CRFDR pulse sequence. The thin and thick dark F6, (1) = 3(8,(t) — 8,(1)) (1, — 1,,)

pulses represent/2 and pulses, respectively. The RF phases @re= vy, —

andp, = paq = XX3XyYYy, wherex andy signify —x and —y. The other = A5P(1) (I o + 1yl 2)/ |6,

pulses have constant phases. [5]

_ _ , Hs(t) = 2(85(1) + 8,(1)) (1, + 15)
nuclear dipolar interaction under the RFDR pulse sequence. _
The recoupled dipolar interaction under CRFDR enhances the + 2A5° (D)1 112/ 6. [6]
magnetization transfer efficiency of RFDR, similarly to HOR-
ROR and its derivatives. This paper presents a theory of theThe propagator for thes2 period can be written with the
CRFDR pulse sequences based on the average Hamiltontldamiltonians in the toggling frame driven by thepulses in
Effects of chemical shift anisotropies and the otH& dipolar the RFDR unit,
interactions on the CRFDR mixing were also studied. We

demonstrate the enhanced magnetization transfer in experi- 2 2m
ments for fully **C-labeled alanine. U(27g) = exp( —i J %RF(t)dt> ex;{ —j f s (H)dt
0 0

THEORY

: [7]

2R
Effective Hamiltonian for Compound RFDR Pulse Sequences xT ex;( =i J H(t)dt
0

A compound RFDR pulse sequence (CRRiRonsisting
of n RFDR pulse units is shown in Fig. 1a. An RFDR unit is h
21 in length so that the total pulse length of CRADR 2n7. where
We will derive the effective Hamiltonian for CRFDR to ana- ¢ ¢
lyze its efficiency for the magnetization transfer. %A(t) = exp(i f He(T)dT %A(t)ex;(—i j %RF(T)dT)

The effective Hamiltonian for théth RFDR unit with the 0 o
delayr; is calculated from the coherent averaging theory for a . A
two-spin system as follows26, 31, 37, 38 The Hamiltonian =32(82(t) = Sx(1)k(t) (11, — 1) — Az (1)
for the system in the rotating frame comprises chemical shifts, X (1o + 1)/ (B 8]
a homonuclear dipole—dipole interaction, and the interaction W T i

with an RF field as G5 (t) = 2(8,(t) + 80K (15, + 1)

H = W + Hre [1] + 2A5°5(1)1 1,05,/ |6, [9]
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T is the Dyson time-ordering operatd(t) = 1 for0 =t <
Trandt + 7x <t < 27k, andk(t) = —1lform <t<m +
Tr. Since we are interested in the exchange ofzteompc
nents given by Tr{,,U(2j7:)1,U (2j7:)}, where j is an
integer, we can drop the first and second factors of the prop-
agator in Eq. [7] and focus on the effect @f,(t).

The effective Hamiltonian for the dipolar interaction in Eq. 0L
[8] is calculated from the dipolar Hamiltonian in the frame
rotated by the chemical shift differenGé.4(t),

800
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200

b 800
. T 600 |
Hoo(t) = exp(i f Hedm)dT | (—A5R(D) 5 aoof
° B 200 A\
t . . ..\.:‘“"'. Y
X (I ox + Tyl \6)exp —i f He(m)dT |, % 100 200 300
o vy (°)
[10] C 800
= 600 [ ]
where z C h
S 400 | 60° .
Host) = 3(81(t) — 8,(t)k(D) (13, — 15). [11] : 3

The effective Hamiltonian is

v ()

X
SC
Il

%DD(t)dt spinner phass. (a)|C,(0.500) of the RFDR unit calculated for the isotropic
chemical shift difference o8,,/27 = 13.0 kHz. (b)|C,(0.705) of the RFDR
unit. (c) C,(0.500, 0.705) of the CRFDR2 pulse sequence. The effectiv

= Cy(mi/ ) {(I 1l o + | 3! 2y) cos ¢, coupling strengths are calculated fol’*&—"*C internuclear distance of 1.55 A.

The coupling strengths @gt= 30°, 60°, and 90° are shown by dotted, solid, and
= (Il o = i 5y)sin &y}, [12] dashed lines, respectively. The sample spinning frequency is 8929 Hz.

1 sz ~ FIG. 2. Effective dipolar coupling strengths as a function of the initial

0

whereC, (/1) is an effe_ctive o!ipolar coupling strength, anc?espectively. Since {ZQ} {ZQ},, and {ZQ}, = (I, — 1,,)/2

¢; depends on the chemical shifts,and 7. When we ignore cqngtitute a three-dimensional subspace as shown by [{ZQ)

the_ tlme_dependence od, and 6, due to chemical shift {ZQ},] = i{ZQ}, and its cyclic permutations, the time

anisotropies in Eqg. [11], dependence of {ZQ}due to%# ) is independent of the phase
angle ¢, for the ZQ operators in Eq. [12]39). Therefore,

2b 2 81, wg the time dependence of {ZQ} i.e., the transfer of the
CumilTe) = = > {dms(ﬁ) M2 = (85 wp)? longitudinal magnetization, is determined only |@;|. This
m=1 1R is analogous to that the component of the magnetization
8157R rotated from thez direction by an RF pulse on resonance is
X coSM(wgT; + y))}sinz, [13] independent of the RF phase and determined only by the fi
angle.
¢ = 81227 — 1R)/ 2, [14]  The delayr; also modulates the dependence of the e

coupled dipolar coupling strengtflc,(,/75)| as indicated by

81, = 8, — 8, dis(B) = —(sin 28)/V/8, andd@s(B) = (w7 + ) in Eq. [13]. Figure 2aillustrates the recoupled
(sin’B)/4. dipolar coupling strengt{C,(0.500) at 8 = 30°, 60°, and 90°

Equation [12] is the effective dipolar Hamiltonian generalebtained for a**C two-spin system. When,/7rx = 0.500,
ized from the Hamiltonian at, = 7./2 derived by Bennettt ¢, = 0° and wgr, = 18C°. Figure 2b showgC,(0.705)
al. (26, 31. Equations [12] and [14] indicate that the delay where¢;, = 108 and wgr; = 254°. Thus|C,| in Fig. 2a is
modulates the phasg; for the zero-quantum (ZQ) spin oper shifted from that in Fig. 2b by 74° in.
ators, wherel(yl o + 15,l2) = {ZQ} cand (4l — lulyy) = The y dependence of the effective dipolar interaction fol
{ZQ} , are thex and y components of the ZQ operatorsRFDR in Eq. [12] can be reduced by averaging the effectiv
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interactions oven RFDR units with differentr;. The average a
Hamiltonian for CRFDR (Fig. 1a) is given by
CRFDR2

~ 1 2nTr ~
%g)l)) = J’ FHop(t)dt

ZHTR
0
= Cn(Ti/TRv TZ/TRy e 1Tn/TR){(|lx| 2X + IlyI Zy) . | ] | , I , ! \ | ]
X 008 by = (Il = |1l )SiN e}, [15] o
Comilmg, Tl TRy « . o, T TR) b

1 n n RFDR
“n (> Cy(milTR)cos )2 + (2 Cy(milTe)sin )2

i=1 i=1

[16]

-800 -400 0 400 800
Here, the average phasgg for the ZQ operators is dependent Yy (Hz)
on; and the orientation of the c_jipolar interaction,_amd> L FIG. 3. Dipolar powder spectra for CRFDR2 (a) and RFDR (b) simulatec
The transfer' of the magpetlzatlon under CRFDRSs deter- for the **C two-spin system with a resonance frequency difference of 12.7 kH:
mined byC, in Eq. [16]. Figure 2¢ shows thgdependence of the other parameters are the same as those described in the legend to Fi
the effective dipolar coupling strengt®,(0.500, 0.705) for
CRFDR2. This CRFDR2 pulse sequence is composed of the
RFDR units giving|C,(0.500) and |C,(0.705) shown in ) ;
Figs. 2a and 2b. The dependence of the effective dipolar _
coupling under CRFDR?2 is weaker than that under RFDR. For {vo) J vol (VD)dVD/f | (vo)dvo, [18]
example, the effective coupling strendih for CRFDR2 var ° °
ies in a range from 163 to 365 Hz gt= 60° while |C,| for

RFDR varies in a range from 0 to 699 Hz. andl(vp) is the spectral intensity. The normalized linewidth is

calculated from the root-mean-squared deviatiorvgffrom
Dipolar Spectra for CRFDR (vp) as

The averaging of the dipolar coupling under CRFDR for the
powder orientations is evaluated with the dipolar spectra

shown in Fig. 3. Those dipolar spectra are given by the Fourier * 5 ”
transformation of the time-dependent {ZQpperator ex Vo = (v = (wp) I (wp)dwo/ [ 1(wp)dvp/{wp).
pressed by 0 0
[19]
2m T 2m
f(2jmr) = f f f Tr{((I, — 1,)/2)U(2j7R) The average and the linewidth give measures of the dipol
o Jo Yo coupling strength and the broadening of the doublet due to tl

e _ orientation dependence. The average dipolar couplings f

X ((Ilz = 12)/2)U (2] mp)}sin B dadBdy,  cRFDR2 and RFDR are 217 and 290 Hz, respectively, at tt

[17] ™C-"C internuclear distance of 1.55 A. The average dipola

coupling(v,) for the static two-spin system without chemical

wherej is an integer, andy, 3, and y are Euler angles for shift difference is 786 Hz. Thus the effective dipolar interac

generating the powder distribution. The signal calculated fdon under CRFDR2 is scaled by a factor of 0.75 relative to the

CRFDR2 is split clearly into a doublet, while that for RFDR isinder RFDR, and scaled by 0.28 relative to that under the sta
not clearly, and has a considerable intensity at 0 Hz. Thesendition. The normalized linewidthv, for CRFDR, 0.41, is
splittings of the dipolar spectra can be characterized by thmaller than that for RFDR, 0.62. Thede, values confirm

average dipolar couplingpp) and the linewidthAv, normat that CRFDR decreases thedependence of the effective cou-

ized by(vp). Here, pling for RFDR as shown in Fig. 2.
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TABLE 1 The mixing time at the maximum transferred magnetization fc
Delays in the CRFDRn Pulse Sequences and Averages CRFDR is longer than that for RFDR. This corresponds to th
of the Transferred Magnetization smaller average dipolar couplifg,) for CRFDR. The effec

- - N e tive Hamiltonian %9, for CRFDR2 gives the transferred
magnetization that agrees with the exact numerical calcul
RFDR 0.52 tion. This is shown in Fig. 4a by the agreement between tt
CRFDR2 0.705 0.68 squares and the solid line, respectively, representing tt
CRFDR3 0.330 0.205 0.68 rasylts from7 Q) and the exact numerical calculation. Fig-

CRFDR4 0.741 0.670 0.911 : o A .
CRFDRA-1 0616 0348 0.750 0.69 Ure 4b exhibits the transferred magnetization depending
CRFDR4-2 0.161 0.321 0.321 0.69the resonance frequency difference. The magnetizatic

transferred with CRFDR is larger than that with RFDR all
# The averages of the magnetization are given by the objective functiongiyer the frequency range.

Eq. [20]. We have found a number of delay sets, i.e., CRFDR puls

sequences, which give comparable maxima in the objecti

S o o function value. This is partly due to the symmetry in the

The delaysr, for the CRFDR pulse sequences are detelollows. The dipolar_coupling streng@, given in the zeroth-
mined by maximizing the transferred magnetization in a rangéder average Hamiltonian is not affected by the exchange
from wg t0 Swg/3 in resonance frequency difference. Th&FDR units within a CRFDR pulse sequence. The CRADR
objective function for this maximization is pulse sequence with = 7} and that withr; = 7, — 7{ fori =

1 to n give the same magnetization transfer for the powde

T(TZ! R !Tn) = ma){mz(TMIXy T1y T2y « - - an);
a 98 1
Tux = 3 S, [20] n | = CRFDR ]
06 =
where ’V’zo_4 3 // RFDR ™ *e2 &3
- /]
Mz('ﬁvux, Ty T2y o v s ,Tn) 0.2 Z/ :
3 [ [
= 877wa J J Tril U (Taix) Tmix (M)
“R 0 0 b0‘8_""I""I""I""I"'_
X 13U~ (ry)}sin BdBdyds [21] os | '
M, L
Sincer, is fixed atrg/2, the number of the delays determined 04T
for CRFDRhisn — 1. The CRFDR2, 3, and 4 pulse sequences 02l
were optimized with grid search in the range0r; < 74 for E 7
the two-spin system which has tf€—"C dipolar coupling at 00
the internuclear distance of 1.55 A and isotropic chemical 012/27  (kHz)

shifts. Table 1 shows the delays determined and the transferred

maanetization averaded over the bandwidth. The transfer e f._FIG. 4. Calculated magnetization transfer with the CRFDR4, CRFDR2
gnetizat verag Vv wiatn. Lllld RFDR pulse sequences for the two-spin system with a resonance f

ciency of CRFDR, i.e., the transferred magnetization averag@gency difference of 12.7 kHz. (a) The longitudinal magnetization transferre
is almost 70%. The transfer efficiency depends on the bars@-a function of the mixing time with the CRFDR4, CRFDR2, and RFDR puls
width where the transferred magnetization is evaluated. Fesguences, respectively, shown by solid, dotted, and dashed lines. Zhes
example, the efficiencies of RFDR, CRFDR2, and CRFDE mponents were obtained by the exact numerical calculation for the powd:
are 51, 65, and 68%, respectively, for the range fronamp® The transfer _for _CRFDRZ (squares)_ was computed _fron_ﬂ the zeroth-ord_
! ! AR ! : average Hamiltonian theory. The maxima of the magnetization transferred wi
1.6wg. These efficiencies should be compared with those dkrpr4, CRFDR2, and RFDR are 0.73, 0.74, and 0.57, respectively. (b) T
Table 1 evaluated for the range framy to 5wr/3. longitudinal magnetization transferred with CRFDR4 (solid), CRFDR2 (dot
The weak orientational dependence for CRFDR as shownt¢d). and RFDR (dashed) as a function of resonance frequency difference
Figs. 2 and 3 provides higher transfer efficiencies. Figure m.&(ing times that maximize the objective function Eq. [20]. The mixing times
howina the maanetization transfer indicates that the maxim for CRFDR4, CRFDR2, and RFDR are 1.79, 1.79, a_md 1_.12 ms, respectlvg\
S °W'”9 - g . "F% other parameters are the same as those described in the legend to Fi
magnetization transferred with the CRFDR pulse sequencess vertical axis indicates the magnetization normalized by the initial mag

about 33% greater than that with the RFDR pulse sequenseization.
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because the dipolar coupling strendih in Eq. [16] for the a Pt
former CRFDR at7; = 7] andy = v’ is the same as that for ;
the latter atr; = 7x — 7 and aty = —v'. The CRFDR pulse
sequence withr; = 7{ and that witht;, = 7 + At give the
same dipolar spectrum, because the Hamiltonian for the RFDR
units in Eq. [13] atr; = 7{ andy = ¥’ and that atr; = 7| +

At andy = v — wg A7 have the same dipolar coupling
strength|C,|. Owing to these symmetries, the fix of in the
optimization would not much reduce the parameter space |,  , | ~7— — 7 o, T

searched in this optimization. -800 -400 0 400 800  -800 -400 0 400 800
Vp (Hz) Vp (Hz)

b

CRFDR2 RFDR

APPLICATIONS OF THE CRFDR PULSE SEQUENCES c d
CRFDR2 RFDR
Effects of Chemical Shift Anisotropy

The RFDR pulse sequence recouples the dipolar interaction
also under chemical shift anisotrop32j. This recovery of the
dipolar interaction is due to the difference between tme- — , 1 , 4y , 3 v 1 T 1 L1
dependent resonance frequencies as shown in Egs. [10] and®® O(HZ)‘“’O w0 w00 (HZ4°° 800
[12] for 9. To evaluate the recoupling only by chemical ° o (H2)
shift anisotropies, we have calculated the dipolar spectra foF!G. 5. Dipolar spectra due to chemical shift anisotropies in the two-spit
the two-spin system having chemical shifts of spins corr&Stéms for CRFDR2 (a, c) and RFDR (b, d). The spectrum for CRFDR

di t b | b 30 f obtained from the zeroth-order average Hamiltonian is shown by the dotte
Sponding 1o carboxyl carbons a resonance frequency e The principal values of the chemical shift tensors a5, 0.0, and 7.5

of about 100 MHz. Figure 5 shows the dipolar spectiigy; for the two spins. Euler angles for transforming the chemical shift tensol

obtained for CRFDR2 and RFDR from the exact calculatioffom the principal axis system to the molecular frame are (0°, 90°, 0°) and (

of the time-dependent {ZQ}given by Eq. [17]. The aver- 0°, 0°). Euler angles for the coordinate transformation of the dipolar tensor a
~ o o o o o o 13, H H

age Hamiltoniat @, in Eq. [12] also yields almost the samg®”: 45* 0°) for (@, b) and (0°, 0%, 0°) for (c, d). TH&-C distance is 1.5

: . . A. The sample spinning frequency is 8929 Hz. The average dipolar couplir
dipolar spectrum as shown in Fig. 5a for CRFDR2. Thg, s and the normalized linewidth s are (182 Hz, 0.73), (210 Hz, 0.79), (85

dipolar interaction recoupled by the chemical shift anisotiz, 0.74), and (96 Hz, 0.80) for a, b, ¢, and d, respectively.

ropy shown in Fig. 5a is 183 Hz ifvy). This average

dipolar coupling is comparable to that recoupled by the

isotropic chemical shift difference, 217 Hz, shown in FngHZ, one of the carbon Spins genera”y has a |arge chemic
3a. The dipolar spectra depend on the relative orientatiogift anisotropy as a carbonyl or aromatic carbon has. We shc
of the dipolar coupling and chemical shift anisotropieshe combined effects of isotropic and anisotropic chemical shi
Figures 5 (a, b) and (c, d) are calculated for the spin systegiferences by simulations for the two-spin system compose
differing by 45° only in the orientation of the dipolar tensog¢ he carboxyl and € carbons in alanine4() at a static

relative to the shielding tensors. The average dipolar Cotlh'agnetic field of 9.4 T. The carboxyl and" @arbons have
plings obtained for Figs. 5¢ and 5d are less than half of thoéﬁemical shift anisotropielir, — o5 = 13.6 and 3.4 kHz
11 33 . . ]

for Figs. 5a and 5b, respectively. . . . : e
. respectively, and the isotropic chemical shift difference be
The CRFDR pulse sequences modify the recovery duetWeen them is 12.7 kHz. The calculated dipolar spectrum ft

chemical shift anisotropies as well as that due to isotrop FDR2 is shown in Fig. 6a. This dipolar spectrum is broade

chemical shifts. The dipolar spectra recoupled by chemic% that calculated without th SOtrOD h i Fia. 3
shift anisotropies with the CRFDR2 and RFDR pulse Sé_an at caiculated without the anisotropies shown in F1g. >

quences are shown in Figs. 5 (a, ¢) and (b, d), respectively T-H%e shielding anisotropies increase the normalized linewid

dipolar splittings for CRFDR2 are more conspicuous thafh”D from 0.41 for Fig. 3a to 0.52 for Fig. 6a. This broadening

those for RFDR. These splittings are quantified by the normd- the frequency domain corresponds to the reduction of tf
ized linewidth Av,, whose values are given in the legend tfaximum transferred magnetization in the time domain. Th
Fig. 5. The linewidths\v, for CRFDR2 are smaller than thoseMaxima of the transferred magnetization for the spin syste
for RFDR by about 8%. This reduction in the linewidth byvith the shielding anisotropies are 0.68, 0.64, and 0.53 f
CRFDR under chemical shift anisotropies, however, is muéiRFDR4, CRFDR2, and RFDR, respectively, as shown in Fi
smaller than that under isotropic chemical shifts calculated fob. These maxima are smaller than those for the system wit
Fig. 3, 35%. out the shielding anisotropies shown in Fig. 4a by about 109

When a pair of**C spins is separated by a chemical shift should be noted that the maxima of the transferred magn
difference on the order of a high spinning frequency such as tization under CRFDR4 and 2 are still larger than the max
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a CRFDR4 and CRFDR?2 in the simulations for the three-spi
CRFDR2 system. The CH dipolar interactions under decoupling fielo
and experimental imperfections such as RF field inhomogen
ity would reduce the experimental signal intensities from th
simulated ones as shown in Fig. 7. The higher transfer eff
Lt ciencies for CRFDR are reflected in the lower carboX@

vy (Hz) signal intensities in the spectra for CRFDR. Even though tr

mixing time used for CRFDR is about 1.7 times longer thai

b 08—y that for RFDR, the™C* intensities for the CRFDR pulse

06 SR TFDR E sequences are small and near to that for RFDR as shown in F

L et 8. Thus the magnetization transfer allows us to distinguis
A RFDR B between the nearest and the next nearéGt spins. The

02| /' . CRFDR pulse sequences are optimized for the magnetizati

oo -_./. ] transfer in the two-spin systems, but this does not lead to tt
"o 1 2 3 4 enhancement of the transferred magnetization frd@0 to

Trnix (Ms) 3C* in the three-spin system of alanine. This is shown by th

FIG. 6. Dipolar spectrum for CRFDR2 (a) and magnetization transfer (b)C” signal intensity that is smaller for CRFDR4 than for
calculated for the two-spin system composed* and *CO with the CRFDR2 and RFDR in the experiments (Fig. 8) and also i
isotropic and anisotropic chemical shifts for alanine. (a) The average dipoda?.nmations (not shown).
coupling(vp) is 213 Hz. (b) The components of the magnetization transferre
from **CO to *C* with the pulse sequences CRFDR4, CRFDR2, and RFDR
are shown by solid, dotted, and dashed lines, respectively. The other param-

eters are the same as those for Fig. 3. a 08— 7T~
06 - -
M, :_ T e A =
mum under the RFDR sequence by about 25% even under the 04| [ .
influence of the chemical shift anisotropies. sk % ]
2r A CRFDR4 ]
Experiments and Simulations for th&€ Three-Spin System 0068 i1,
of Alanine 0 1 T (nfs) 3
The magnetization transfer froMCO to **C* was calcu b o]
lated for the three-spin system composed®@fO, **C*, and 06 L ]
*C* in alanine. The results are shown by solid lines in Fig. M, b v e o]
7. We have used a finite RF amplitude of 85 kHz and the 041 .® * 7
phase cyclexy-16 for the 7 pulses 41) only in the simu- o2k {° CRFDR2
lations for the three-spin system. The maxima of the trans- - ¢ -
ferred magnetization with CRFDR4, CRFDR2, and RFDR 003
are 0.59, 0.56, and 0.49, which are about 10% smaller than Tix (MS)
those for the two-spin system with the shielding anisotropies c os LR
shown in Fig. 6b. This reduction is mainly due to tH€ 06k ]
dipolar interactions fot*C” and finite RF amplitude effects. M, F . 3
In the three-spin system the magnetization is also trans- 04k . * ]
ferred to*°*C’. Simulations for the magnetization transfer for o2 b REDR
the three-spin system with the infinite RF amplitude indicate - ]
that about a quarter of the reduction is attributed to the finite R
RF amplitude. Tmix (mMs)

. 3 .
EXpe”memal spectra for full)} C-labeled alanine at the FIG. 7. Experimental (circles) and calculated (solid lines) magnetizatior

mixing times giving the maximum transferred magnetizatiogansfer for triply **C-labeled alanine. The magnetization transferred from
are shown in Fig. 8. The mixing-time dependence of th&co to*C* with CRFDR4 (a), CRFDR2 (b), and RFDR (c) is shown as a
experimental transferred magnetization is indicated by circl&gction of the mixing timer,y. The experimental Cmagnetization was
in Fig. 7. The maxima of the magnetization transferred with tlﬂ?tam‘ed from the signal intensities with correction for t‘he abundanfze Qf th
CRFDR4 and CRFDR?2 sequences are about 15 and 8% lar C pairs. The dlstanc_e betwe_en the carboxyl armhrbon_s is 1.59 Awhlch is

] . @fder than that for Fig. 5 to fit the calculated to experimental magnetizatio
than that with RFDR, respectively. These percentages shotd maxima of the magnetization transferred with CRFDR4, CRFDR2, an
be compared with the enhancements of 20 and 14% RWDR in the experiments are 0.53, 0.49, and 0.45, respectively.
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would be compensated by the imperfections in anothe

a 0 I c subcycle. The subcycles @f-16 composed of four or eight
Cﬁ

| CRFDRA 7 pulses, however, include different portions of the

| CRFDR3 pulse sequence, so that the subcycles would

have imperfections that can be canceled in the supercyc

b The best experi izati i

| CRFDR2 perimental magnetization transferred wit

= CRFDR3 for fully **C-labeled alanine, 0.48, was obtained

c also with the (0, 2/3)-24 supercycle. This transferred mag-
RFDR A |

netization is about 6% larger than that with RFDR.

We have determined the delays in the CRFDR pulse
d sequences by maximizing the magnetization transfer in tt
A

) Trmix=0ms two-spin systems with a dipolar interaction and isotropic chen
\ . o~ ical shift differences in a range. The optimal delays depend c

<|) 6 12 the conditions at the maximization. Since the recovery of th
V. (kHz) dipolar interaction relies on the resonance frequency diffe
FIG. 8. Experimental®*C spectra of fully *C-labeled alanine for the epce, the delays are ergndent O!’] the range of the freque
magnetization transfer. The spectra were obtained with the pulse sequerfddterence for the objective function. However, the delay:
shown in Fig. 1b. The mixing pulse sequences are CRFDR4 (a), CRFDR2 @ould not be affected by the strength of the dipolar coupling
and RFDR (c) withryix = 2.24, 2.24, and 1.34 ms, respectively. The referendgecause the dipolar coupling constant only scales the effecti
spectrum (d) atyx = 0msis a_1|so showr_l. AII t_he spectra are displayed on th&i'pole Hamiltonian according to the zeroth-order averag
same vertical scale. The horizontal axis indicates the offset from the carrﬁam“tonian. The pulse sequences optimized for the two-sp
frequency. . -
system have superior performance also for the three-spin s
tem with chemical shift anisotropy, because the shieldin
DISCUSSION anisotropies and the presence of the third spin generally c
minish the magnetization transferred with CRFDR by abot
The xy-16 supercycle makes a& pulse train tolerant to 0.15 in the normalized magnetization. However, it may still b
off-resonance effects and RF field inhomogeneiyt)( We possible to improve the magnetization transfer slightly b
have usecy-16 in the magnetization transfer experiments fasptimizing the CRFDR pulses for chemical shift anisotropies
CRFDR2 and CRFDR4. This supercycle combined with then example for differential sensitivity of the pulse sequence
CRFDR pulse sequences, however, is not so effective fiorchemical shift anisotropy is as follows. When the chemice
suppressing off-resonance effects as that with RFDR. Thhift anisotropies are added to the two-spin system for tt
RFDR pulse sequence has intervalstefbetweens pulses. simulation shown in Fig. 4a, the maxima of the transferre
The CRFDR pulse sequence has different intervalst,_, + magnetization with CRFDR2 and CRFDR4 were decreased |
7;, andt, + 7., wherei = 2 ton, as shown in Fig. 1a. While 0.10 and 0.05, respectively. Thus, the reduction in the max
thexy-16 = pulse train with constant intervals has been shownum for CRFDR2 is twice as large as that for CRFDRA4.
to cancel off-resonance effectd]( 42, that with different  The simulations without relaxation and the experiments hay
intervals is generally not guaranteed to cancel them. Thshiown that the CRFDR pulse sequences enhance the maxim
when the RF field strength was decreased from 85 to 50 kH, the magnetization transferred under the RFDR pulse s
the ratio of the maximum transferred magnetization withuence. However, RFDR is more efficient in the initial time
CRFDR4 to that with RFDR decreased from 1.20 to 1.13 in thegime (,,x < 1 ms) as seen in Figs. 4 and 7. Therefore, unde
simulation for the three-spin system. fast relaxation the maximum transferred magnetization woul
The suppression of off-resonance effects by the supée larger for RFDR.
cycle depends on the period of CRFBRThe interference  The pulse sequences CRFDR, C7, and the derivatives of (
between the off-resonance effects and the RF pulses un{d-23 are designed to reduce thedependence of the effec-
CRFDR with xy-16 was conspicuous at = 3. The tive dipolar couplings over broadbands. This reduced depe
magnetization transferred frofiCO to *C* in the three- dence increases the efficiency for the magnetization transfi
spin system calculated for the CRFDRS3 with the supercycWhile the RF phase rotation generates the DQ spin operators
(0, 27/3)-24, 0.56, was larger than that wiky-16, 0.47. the C7 pulse sequence, in the CRFDR pulse sequences
Here the phase cycle af pulses in (0, 2/3)-24 is (0, 27/3); resonance frequency difference modulated7bypulses rein-
(2713, 0), (7, 47/3), (47/3, 7),, and this supercycle has thetroduces the ZQ operators. Thus the recoupling by CRFD
subcycles containing six pulses. Since CRFDR3 has six depends on isotropic and anisotropic chemical shifts. Tt
pulses, CRFDR3 can be applied synchronously with the (CQRFDR pulse sequences do not completely eliminateythe
2m/3)-24 supercycle but not witlkxy-16. Therefore, the dependence as shown in Fig. 2, whereas C7 eliminates it. T
pulse imperfections of CRFDR3 in a subcyle of (65/2)-24 pulse sequence CRFDR, however, enables the magnetizat

]
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transfer with the efficiency of about 69% for the two-spin EXPERIMENTAL

system with isotropic shifts, which is comparable to the effi- _

ciency of 73% for C7. These similar efficiencies suggest thBfMR Experiments

the further reduction of they dependence for CRFDR would N .
: - . The magnetization transfer experiments were performed f

only improve the efficiency slightly up to about 73%. Note that

o . o ) ) C-labeled alanine with the pulse sequence shown in Fig. 1b
an efficiency higher than 73% is theoretically achievable %Ilows. The initial z magnetization for°C was prepared by

adiabatic magnetization transfer at the expense of a Iongﬁaned-amplitude cross polarizatia#8) from the proton mag-
mixing time (7). netization with a contact time of 1.8 ms and the followim
The magnetizations transferred by the ZQ and DQ spijyse. The proton RF amplitude was 65 kHz for the pulse
operators are opposite in sign in the two-spin system. INgdq 53 kHz for the cross polarization. The carbon-13 R
linear multispin system, the magnetization transferred by thenpjitude was varied from 50 to 65 kHz in the cross polariza
DQ operators alternates in sign as it propagates along the Cch@i. The residual transverse magnetization dephased duri
of spins, while that by the ZQ operators does not. Thegige delayr, = 2 ms without CH dipolar decoupling. TH&C"
complementary properties in the magnetization transfer magd*C* magnetizations of alanine were selectively excited b
the combined use of the experiments for the ZQ and DRe Gaussian 90° pulse consisting of 24 rectangular pulses
dipolar couplings useful for identifying the magnetizatior2.1 us with intervals of 12.9us. These transverse magnetiza:
transfer pathways and the estimate of distances in multispions were canceled by the phase alternation of the Gauss
systems. pulse relative to the phase of the final 90° pulse. Ti@&«
pulse widths were 5.us. The proton RF amplitude of the
TPPM sequence for the CH dipolar decoupling was 66 kH
CONCLUSIONS during the detection period and about 140 kHz during th
C-*C dipolar mixing period. The TPPM sequence comprise

We have designed the CRFDR pulse sequences compo%g_go _puI?es with RF phsagszegs|_r|1ifts_t(r)1f 14441‘. _The ?arrblple; 1
of the RFDR pulse units. Owing to the time shifts of the spinning frequency was Z with a precision ot abou

pulses in the units, the recoupled dipolar Hamiltonians IlFl|z. The number of accumulations was 16. The spectral wid
the REDR units dif,fer in the phase for the geometrical was 80 kHz. An FID with 1024 data points was zero-filled tc

. 4096 points and Fourier-transformed with an exponential line
factor and the phaseé,; for the ZQ spin operators. The pol urt w xP !

. . . . ) broadening factor of 100 Hz. The recycle delay was 7 s. All th
effective dipolar coupling for CRFDR is obtained from theexperiments were performed at room temperature on a C

zeroth-order Hamiltonian averaged over the whole CRFDR,gnetics cMX-400 Infinity spectrometer with a broadban
pulse sequence. The CRFDR pulse sequence, therefQj&,pje-resonance probe for a 4-mm rotor under a static ma
diminishes they dependence of the effective dipolar coupetic field of 9.4 T. The powdered sample was composed
plings under the RFDR pulse sequence, as shown in th&ral-abundance-alanine and 97%°C, “*N-labeledL-ala

dipolar spectra in Fig. 3. This reduced orientation depeRine purchased from Shoko Co. Ltd. with the ratio 5:1.
dence enhances the maximum of the transferred magnetiza-

tion at the cost of a decrease in the effective dipolar cou- _ . _
pling. The CRFDR pulse sequences also reduce $heNumerical Simulations
dependence of the dipolar interactions recoupled by chem-

. . . ) . . . The time evolution of the spin system was calculated by th
ical shift anisotropy. Though the chemical shift anisotropies - . : L
%Jmencal integration of a time-dependent Hamiltonian includ

of C* apd CO decrease the t'ranfsferred magnetiz.ation in ¢ % terms for the®*C dipolar interaction and chemical shifts
two-spin system, the magnetization transferred with CRFD, 6). A propagator for a 2 sample rotation was expressed a

is about 25% larger than that with RFDR. __ the product of about 130 propagators calculated on the assun
Magnetization transfer experiments between CO afdnC i, of the time independence during the short piecewise se

fully *C-labeled alanine were performed. The transferredmaghns  The structural parameters for specifying the dipolz
netization with the CRFDR4 pulse sequence usingd.6 interactions and chemical shift anisotropies were taken fro
supercycle was about 15% greater than that with RFDR. Thg single-crystal studie€lQ, 45 with a correction 29). The
CRFDR sequence can also be used for fufg-labeled pre isotropicJ couplings,J = 35 Hz for the®C*~**C* pair and 55
teins. The magnetization transfer with CRFDR is efficient &4z for the *C*~**CO pair, were included only in the calcula
resonance frequency differences comparable to the samd@ for the three-spin system. The time-domain signals wit
spinning rate. Therefore, CRFDR is suitable for the magnetio24 points for about X 10° orientations were summed up for
zation transfer between spins having considerable resonaacgowder spectrum. The calculated signal was zero-filled -
frequency differences such as th€O and**C* spins at high 2048 points and Fourier-transformed with a line-broadenin
sample spinning rates. factor of 8 Hz. The magnetization transfer and dipolar spect
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were calculated on an SGI Origin200 workstation having four
R10000 processors.
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