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A theoretical treatment of the DREAM adiabatic homonuclear  at spinning frequencies above 25 kHz. A noticeable exceptiol
recoupling experiment is given using Floquet theory. An effective  from this RF-field strength requirement is the HORROR exper-
Hamiltonian is derived analytically and the time evolution of the iment (9) which uses RF fields which are by a factor of 2 lower
density operator in the aqliabatic Iimit is described. S_hape cycles are  than the MAS frequency. Due to the low RF-field strength, the
prgpglsgzt:.ininc::ic:g.nz.zd egﬁiﬁ T}egtzagﬁofr‘;m_cj:gn te‘)r;:]);:t HORROR experiment shows a very strong sensitivity to RF-field

alr 1 | IXI 1 1 1 X | . . . .
Ii[; explored gnd the experimegnrzal results are compared to thl?aoretical inhomogeneity and chemical-shift offsets. . .
predictions and exact numerical simulations.  © 2001 Academic Press Recently, we have demons_tratEd th‘?‘t an ad_'abatlc passa
through the HORROR recoupling condition, obtained by an RF-
amplitude modulation, is able to remove the above-mentione
drawbacks of the HORROR experiment while retaining the fa-
vorable RF-amplitude requirements. This experiment, which we

Most NMR structure-determination schemes are based @@note DREAM (dipolar recoupling enhanced by amplitude
dipolar interactions which depend in a simple and direct wayodulation) {8), is the first example of a homonuclear adia-
on internuclear distances and bond angles. In anisotropic phB8#c polarization-transfer scheme that exploits double-quantur
(e.g., in static solids or oriented liquids), the system Hamiltétansitions. Homonuclear adiabatic zero-quantum mixing ha:
nian explicitly contains dipolar terms which are manifest in theen realized by an adiabatic passage through the rotationz
spectrum as line splittings or as a polarization-transfer mectigsonance recoupling condition using spinning-frequency ramp
nism during the mixing time in a two-dimensional correlatiohl9) andis also conceivable in the rotating frame as implemente:
experiment. In “straightforward” magic-angle spinning (MASIn the rotational-resonance tickling experime6{22). Adi-
spectroscopy, however, the dipolar interaction is absent in f@atic schemes have also found a number of applications
averaged time-independent (“secular”) system Hamiltonia€teronuclear polarization-transfer schemes where different R
Time-dependent (“nonsecular”) dipolar terms are still presefi¢lds can be applied independently to the two coupled spin:
but usually have, for spinning frequencies greatly exceeding t#3-26)-
magnitude of these interactions, a negligible influence on theThe DREAM sequence demonstrates the two well-known
time evolution of the spin system. general advantages of adiabatic pulse schemes over their “su

In recent years, a number of homonuclear and heteronucl8&p” equivalents: a more complete polarization transfer in pow
recoupling schemes have been developed which reintroduce $t&ed samples (theoretically an efficiency of 100% is obtainec
ular dipolar contributions into the system Hamiltonian undéompared to a maximum of 73% for ‘sudden’ experiments for
MAS. The recoupling is often achieved by applying RF pu|sé§olated spin-12 pairs) and robustness with respect to chemical-
or a continuous-wave (cw) RF field during the recoupling p@hift differences and experimental imperfections like RF-field
riod. In this publication, we concentrate on the homonuclelthomogeneity.
case [-17). In this publication, we discuss the framework for a theoretical

In multiply 13C-labeled compounds, the spectral resolutiofescription of adiabatic homonuclear recoupling experiments
often increases with increasing spinning frequency and it ¥4/e use a Floquet approac?#-32) to deduce a time-indepen-
therefore, beneficial to develop recoupling schemes that candgéit Hilbert-space Hamiltonian using perturbation theory. The
applied at high MAS frequencies. For many pulsed recouplifiggiectory of the density operator during a DREAM period un-
schemes, the ratio of RF-field strength (in frequency units) @' the assumption of a fully adiabatic behavior is given anc
spinning frequency is between 3 and 10. This makes it difficifte theoretical models are verified experimentally. The broad
to successfully apply most of the existing recoupling schem@gndedness of the DREAM sequence is improving with highe

spinning frequency.
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even scans dimensional correlation spectroscopy, the DREAM sequenc
leads, for a spin pair, to a spectrum where all intensity is found it
Sz +Sz I¥|—’/‘ Sz 45 the cross peaks. The cross peaks have negative intensity beca
d d an adiabatic double-quantum process is applied. This concept
> schematically illustrated in Fig. 2.
$+ssz $+831
- 2. THEORETICAL DESCRIPTION

2.1. The Hamiltonian

odd scans We consider a system dff homonuclear spinsg, with a

I\lﬁ spin-quantum number of/2. It is assumed that all other nuclei
NG (heteronuclei) can be efficiently decoupled. During the DREAM

-84 -S2
d - d period of an experiment, e.g., in a correlation experimen
(Fig. 3a) or in a two-spin-filter experiment (Fig. 3b), an
45, amplitude-modulated cw radiofrequency irradiation is appliec
‘ > +Saz to the spins. The Hamiltonian in the usual rotating frame whict
rotates with the Zeeman frequency about the external magnet
—— field By contains the chemical shiffcs, the dipolar interaction
74, the homonuclead-coupling€;, and the interaction of the

spins with the applied RF fiel#g:

+S4, +S,,

even minus odd scans 2 X d

H(t, T) = Hes(t) + Ha(t) + Hy + Hre(T). (1]

FIG. 1. Schematic representation of a DREAM spin-pair filter. The odel-he time dependences of the chemical shift and the dipolar ir
scans lead to an inversion of the magnetization of coupled spin pairs wrllle
|

they do not change the magnetization of uncoupled spins. The even scans g\ggctipn ajre caused .by magic-angle sample spinnipg and a

coupled and uncoupled spins invariant. The difference of the two experimeR@riodic with a cycle time o, = 27 /w;, wherew,/(2r) is the

yields a spectrum that contains only signals from the coupled spins. One coMdAS spinning frequency. The time-scale of the RF-amplitude

also add the two scans to select the signals from the uncoupled spins only. yariation is much slower thaty and we can assume that the am-
plitude of the RF irradiationy;, is constant over a single rotor

different applications: in the context of spin-pair filtering angeriod. Therefore we denote the slow, parametric time deper

in the context of two-dimensional correlation spectroscopy dence by a separate time variable(36).

a mixing sequence. Two-spin filters (e.g., double-quantum fithe chemical-shift Hamiltonian can be written as the sum of ar

ters) are useful to suppress the natural-abundance backgrosatiopic,%2s, and an anisotropiéi2, contribution:

signals in partially labeled material®,@, 33, 34. Such suppres-

sion schemes are particularly important if labeled domains of a ¥cs(t) = #2g + H24(t)

large biomolecule are investigated where the natural-abundance

2
background of the rest of the molecule obscures the unfiltered = Z Qs+ Z Z Q™ expimart) Sc. [2]
spectrum 85). The principle of spin-pair filtering using adia- k k m=-2
batic sweepsl(@) is illustrated in Fig. 1. In the context of two- =0

FIG. 2. Schematic representation of the use of a DREAM recoupling in the mixing time of a homonuclear shift-correlation spectrum for a coupled p
spins. Without mixing, the two-dimensional spectrum has only diagonal peaks. The dipolar splitting is not resolved in the schematic spectruvittsiaown.
mixing time, all intensity is found in the cross peaks which have a negative signal intensity.
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For the following discussion, it is convenient to writ, T)
in a tilted coordinate system where thaxis is aligned with the
- effective-field direction (averaged over a rotor period) for each
272 single spin. The average effective-field direction is given by

e m W ©)
e Q w1(T
X S+ «(T) Soxs (6]

wet k(T) T et k(T)

and the effective-field strength is defined asy k(T) =

Y
Y

ﬂ:\/(Qf(O))ZJr (01(T))?, where the sign of the square root is
negative for a positive gyromagnetic ratio of the nuclei un-
der consideration. The corresponding transformation into the
130 W_J%Wﬁw tilted frame of reference can be described by a rotation operatc
R(T) = mcexp(dw(T)Sy), where the tilt angle of the effec-
tive field of spink is defined ag(T) = arctanf1(T)/ Q).
The tilted system Hamiltonia#(t, T) = R(T)¥(t, T)R'(T)is

? given by
T receiver phase

—
T
T
=
=3
@
Q
o3
o

=
=
@

Y

) %ﬁ " F(t, T) = Hert(T) + HoL(, T) + Hy(t, T) + H3(T)  [7]
with
______________ By 3 y }
§—— 180 Her(T) = Hes(T) + Hre(T) = Y wer (T) Sz [8]
k
3 scan f—r—-{:{"" ah 0°
st T) = ) Q1) cosPu(T)) Sz
41 scan /,’—l_ﬁ 180° k
+ > Q1) sin@(T)) S [9]
k

FIG. 3. Pulse sequence for (a) the two-dimensional DREAM correlation
experiment and (b) the DREAM spin-pair selective experiments. (c) Four dmnd
ferent amplitude shapes which can be used in the spin-pair filter experiment and

appropriate modification of the receiver phase. ?N(fd(t T) _ del(t){Agz(T)S(zSez + BE@(T)}

’ 2

k<t
The Fourier coefficients of the anisotropic chemical-shift x ( FSSH+ d(T)(S< +SuS)
contribution (™) are listed in the Appendix. The dipolar S 88+ R S ) 23
Hamiltonian is given by VTS S+ S S0 + Qﬂe(T)E
1 e
Ia(t) = ém«)(zs«zsﬁz -SES +S sg)), 3] - s;s;)}. 0

wherede(t) = Y 140 &5 €Mt has no time-independentrpq coefficientsAd, (T), BY,(T), RE,(T), V4 (T), and QF,(T)
contribution. The Fourier coefficiendé'g‘) are also listed in the are listed in the Appendix. Thd-coupling term in the tilted

Appendix. TheJ-coupling is assumed to be isotropic: frame is given by
= . 77 1
Ho=2m) JalSc S Bl gty = Znakz{Aiz(T)zazaz +BUT);
k<e

The anisotropic contributions of thilecoupling can be included 3 _
into ¥4. The last term of Eq. [1] is the interaction of the spins (S +S8)+ Re(M(SeS + SS)
with the RF field which is chosen to be along thexis of the J 31
rotating frame and is given by V(MK Sz + & S2) + QKZ(T)E

Hre(T) = w1(T) Xk: Sx- [5] x(§°SH+ qs()} [11]
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and the coefficient®\},(T), B, (T), R, (T), V(T), and Q}, sentation of#¢F(T) is shown in Fig. 4. The matrix elements are
(T) can also be found in the Appendix. We can express the entifefined as

time-dependent Hamiltonig¥(t, T) in a Fourier series as

(v, MIF(T) e, n) = (V[ FHO(T)| 1) + Nordmdus  [13]

2
. T)y =" HO(T). et [12]
n=-2
~ a n2 n-1 n n+l n+2
where the#™(T) are the Fourier coefficients of the Hamil-
tonian. The terms of Eq. [12] are composed of the terms of
Egs. [8] to [11] grouped by their respective time dependence. n-2
If we denote the spin states of each spifvasand|8) accord-
ing to their polarization with respect to the effective quantization n-1 5@
direction defined by, the dipolar and] interactions can in- ~F
duce zero-quantum transitions (coeffici@)t single-quantum — n ') Pl
transitions (coefficient® andV), and double-quantum transi- +no 18
tions (coefficientQ). oy ey
All dipolar terms aret-time dependent and they will only rert CalE
significantly influence the spectrum at special recoupling con-
ditions which occur during the slow RF amplitude variation for n+2
certain ratios of the RF-field strength and the spinning frequency. - -
The J-interaction term, on the other handfitime indepen- i i
dentandis able to influence the dynamics of the spin system at gy o) o B9 Byo BB
bitrary ratios of MAS spinning frequency and RF-field strength T
We will discuss later in this publication that thieinteraction N . Pl B S
does not play a significant role in practical applications. - —
The chemical-shift anisotropy can induce single-quantur _ ot i LR 22t 5B, Thsic
transitions due to the second term of Eq. [9]. In addition, i%(o) — o —
modulates the energy levels of the) and|g) states of each B 5, 5 et |
spin through the first term of Eq. [9]. The consequences of th gt
modulation will be discussed below. ~ 30t 3en,
BB ng[Qi,( -’E‘Jk(sﬁc —gJWRi{ +’§‘JMAL
2.2. Floquet Description
. ) o o c) o) loy B IByore) IBBe)
To discuss the spin dynamics, it is beneficial to replace tf T, )
time-dependent Hamiltonia#(t, T) by one that ig-time in- ip | v, | 2N areisi 0t
dependent. For simplicity, we will treat only two-spin system: osay | T | ety
in this chapter. Nevertheless, we will keep the general notatic o T o
where we denote one spin kyand the other by, because itis  _ kb0 | 25 st N
easy to generalize the Hamiltonian for a many-spin system. T = T afcosn, Seeosnd
calculation of the trajectory of the density operator, howeve Lt A ~ptead, 1
may become quite demanding in a many-spin system. L B pokiEle R B
For stroboscopic observation, an average Hamiltonian d —0f'c0s0,] o
scription could be chosen with respect to the fast time s¢ale | ) _1d0s?, _ HaORe, 2lkA
; ; - 1B ) ld0at 2 2 0
and the DREAM experiment can indeed be described by avera ke 2% —costy) Peosty) oot
Hamiltonian theory18). Here, we choose the more general Flo om0

quet approach and we define a Floquet HamiltoG#a(iT ) that , . - .

. . h FIG. 4. Matrix representation of the Floquet Hamiltonian. (a) Schematic
. 0”'3{ t'me dependent on Fhe SIOW_ t"_ne SC.aIG—Oﬂ—he ququet drawing indicating the different subblocks defined by the Fourier indices. The
description does not require anpriori choice of a particular 1 represents the unity operator. (b) Explicit matrix elements of the Hamiltoniar
interaction frame to properly describe the recoupling condition® correspondings to the subblock with the Fourier index zero on the mair
(31). The Floquet-space basis functigis n) are obtained from diagonal of the full Floquet matrix without theor 1 contribution. The elements
the Hilbert-space basis functiohﬁ) by dressing with a Fourier cqn_tam cqntnbutlons from the eff_ectlv_e f|e_ld and from t!he:ouplmg. (c) Ex-

- . plicit matrix elements of the Hamiltoni#() corresponding to the subblocks
qufn_C'emn that runs from—oo to oo (27). For n.umencal 8P~ with the Fourier indices = {—2, -1, 1, 2} on the side diagonals of the full
plications, the range afi can be truncated. This is, howevergioquet matrix. The elements contain contributions from the dipolar coupling
not necessary in the present context. A schematic matrix repied from the anisotropic part of the chemical shift.
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based on the Fourier coefficierit€™(T) defined in Eq. [12]. a)
These coefficients are given in Figs. 4b and 4c.

The standard way to solve the equation of motion involves th
diagonalization of the Hamiltonia#". In the following, we use }EE‘%
a perturbation treatment for approximate diagonalizat®# ( ip. 1)
of the Floquet Hamiltonian. We divide the Floquet Hamiltoniar  loe 1)
into a dominant par# and a perturbation pa#tt. The dom-

inant part%F describes the interaction with the mean effective

field (Eq. [8]) and has the matrix elements IBE g;
~ e, O}
(v, n|FET) e, n) = (0| Fet(T) 1) + NSy, [14] joc, 0) .
while the perturbatioﬁ?f contains all other terms and is defined ! :
1B, -1} 3 :
as B, —1)_ ' :
. . . feeB, ~1) E :
HIT) = HO(T) — Ho(T). [15] Bl i E
The eigenvalues of the unperturbed Flogquet Hamiltonia 0 05 1 15 2 25 3
%F and, in zeroth-order perturbation theory, #f, are given 4/ 00y
by
ToF 1 b) SSEE c) p——
(ot n| %5 |oncere, n) = E(weﬁ, k + @efr,¢) + Ny
~ 1 (
(ocBe, n|Fp|ocBe, n) = E(weff. k — Weff, ¢) + Nar \ d“Vaca,,0,)
- 1 [16]
(Brere, n| G| e, n) = _E(weff, k — Weff, ¢) + Nor o

~F 1 FIG. 5. (a) Energy-level diagram showing the eigenvalues of the Floquet
<,3kﬂz, n | %0 |/3k,34, n) = - 5 (a)eff, k 1 Weff, ¢) + Ny matrix as a function of the RF-field strength in uniteef The isotropic chemical
shifts are set for this example to 0.3, and 0.125 w;. The expanded areas in

A ical le for th . | f ti f tlﬁ% and (c) show the level crossing in zeroth-order (b) and the avoided leve
numerlca example 0T e elge.nva'ues as a func !On 0 ssing in first-order (c) perturbation theory for thge,, n) and|Bx B¢, N — 1)
ratio betweeno; andw; is shown in Fig. 5a. The variabl€  states around the generalized HORROR condition.

has been omitted in the above equation for simplicity of nota-
tion but all effective field strengths are T-time dependent. The
matrix elements of the perturbatiéff, can be calculated from tion depends on the sign of the gyromagnetic ratio. Here an
Eqgs. [8]-[12]. in the following we assume a positive gyromagnetic ratio, as i
It is obvious from the matrix elements m(o)(T) (Fig. 4b) the case for carbon nuclei, and consequently a negative sign f
that the diagonal blocks of the Floquet Hamiltoni&h contain  the recoupling condition.
additional elements which are noﬁ(’g These all originatefrom  For the specific case of the HORROR conditidh,= —1,
the J-coupling Hamiltonian and represent diagonal elements e only pairwise degenerate states|ager,, n) and| xS, n —
well as off-diagonal elements #©)(T). 1). The first-order correction to the eigenvaluesif is given
We will neglect the small shift of the energy level causeldy
by the J-coupling to the diagonal elementsiﬂ'f The energy
levels in first-order perturbation theory will only be changed if
two states ofit5 connected by a matrix element #f, are close
to degeneracﬁ(?) From Eq. [16] we can see that the condition .
for degeneracy is (BkBe, n — 1|3 |t n) = Edézl)Qké(T)-

(owore, n|HE | BuBe.n — 1) = d(H)le(T)
(18]

weff, k + wet, e = N - wr, [17]  This contribution lifts the degeneracy of the energy levels at the

exact HORROR condition and leads to an avoided level crossin

where the integeN = —1, -2 is limited by the number of in the energy-level diagram (see Fig. 5c). The level splitting
side diagonals if#}. The sign ofN for the recoupling condi- at the HORROR condition is simply given by the magnitude
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of the relevant Fourier component of the dipolar coupling (sgendent of the ratio between and w; but requires that the
Appendix), scaled by the geometric fac@Qg,(T). effective field difference is smaller than thlecoupling, i.e.,

At the second resonance conditiod, = —2, four energy | Weff.k — a)em < |27 J|. For3C or **N spectroscopy, thé-
levels of%F become approximately degenerate (see Fig. 5a)upl|ngs are usually small enough that this effect can be ne
and the relevant subspace is spanned by the (unperturbed) gileted except if the RF carrier is placed in the middle betweel
functions |aa, n), @B, n — 1), |Ba,n — 1), and|BB,n — 2). two resonances (within the magnitude Xfor if the two reso-
The relevant matrix elements at the= —2 recoupling can be nances are almost degenerate. In practical applications, this
found in Fig. 4. TheN = —2 resonance condition has beemarely of relevance and will not be discussed further.
exploited in the mixed single-quantum and double-quantumWe can now make the substitutiong k(T) = wx + Ax(T)
(MSD) HORROR experiment3g) and will not be discussed wherewy is the effective field of spik at the HORROR con-
here. dition andA(T) is the time-dependent deviation from this res-

Avoided level crossings diN| > 2 appear in higher-order onance condition due to an amplitude modulation of the RF
perturbation theory in the presence of CSA tensors. Insteadfiefd. For a spin pair, the matrix representation of the Floque
calculating higher-order perturbation contributions, one can alskamiltonian of Eq. [19] can be written as the direct sum of
include the CSA terms, which are proportional§g (leading (infinitely many) two-by-two matrices Hand H. We de-
term of Eq. [9]), into the zeroth-order Hamiltoni&ff. In this fine a double-quantum operatdi*, which has the matrix
case, ¥} is no longer diagonal but has a side-diagonal strucepresentation
ture. Such an operator can be analytically diagonali28¢39-

41), leading to¥#{. The remaining perturbation in the dashed %(Ak(T) + Ay(T)) %d,ﬁjl)ng(T)
coordinate systerﬁ(’ is obtained in full analogy to the treat- H;(T) = 14D) L
ment described in the literatur@q, 39-41). The perturbation 30 " Que(T)  —3(AK(T) + Ay(T))
% contains dipolar-coupling elements on all side diagonals. 1 1 0
Therefore, first-order perturbation theory in this frame will im- + (n - §>wr [O 1]
mediately lead to the higher resonance conditiongNgr> 2.

With increasing|N|, however, the matrix elements decrease
rapidly in size. The appearance of higher-order resonance cbnn—a basis spanned biw, n) and |fife, n — 1). The part
) gportional to the identity matrix can be discarded. Defining

ditions leads to some decrease of the dipolar coupling eleme! 12
for the [N = 1, 2 condition. hé usual pseudo spin/2 operators42, 43 and denoting them

) )
For theN = —1 HORROR condition we can truncate the SV andS;, Bq. [20] can be written in operator form as

size of the Floquet matrix by retaining only terms in the Floquet - s
Hamiltonian that influence the energy in first-order perturbation H=(T) = (A(T) + AlT)S
tth?r:){.echOnrqnebr:gng Eqgs. [16] and [18], we obtain the relevant —dﬁg(T)(COS@ke)SZZ _ sin(<pkg)Sf). [21]

[20]

~ 1 Here, the substitution
(omcere, N[ HF |t n) = 5 (@efti(T) + et (T)) + nox

’ dk[ . 0
~ d (T) = — T 20 22
(BeBe. 1 — 1T | B, n — 1) (1) = 5 5 Que(T)sin(26) [22]
1
= —5(@eirk(T) + werto(T)) + (N — Deor was used together with Eq. [A-2] in the Appendix. The same re

1 sult has also been obtained by average Hamiltonian th&@jy (
(ewcBr, N9 | B n)= 5(weﬁ.k(T) — weft,¢o(T)) + Nwy.  [19] I;Zcz)rtcs)l?bptge:)t/h;h;zr:am|It0n|an can be rotated by, around
i

~ 1
e I V. ) = =5 00nu(T) = e (1) HE(T) = (D) + A — d(MSF. 23]

{owere, NIFT|BicBe. 0 — 1) = —d(H)Qk (M) In a basis spanned tyy S, n) and| e, n), the correspond-
. ing zero-quantum operatdfs has the matrix representation
(BeBe, 1 — LU leweerr, ) = S, P Que(T).
Lacry _ | 28T = AdT) 0
As mentioned earlier, the off-diagonal terms of theoupling n(T) = 0 —L(AK(T) = Ay(T))
in #O(T) can lead to a mixing between theys,, n) and 2
|Bcag, N) states through the zero-quantum term of the o 10 [24]
coupling w 3 B, (T)3(S"S + S S). This mixing is inde- "lo 1|
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The operator form of the corresponding Hilbert-space Hamiltgsith o = %arctan%). Here, dest and Age are experimen-
nian, dropping the terms proportional to the unity operator, i§ parameters andes should be close to the expected value
given by of the dipolar couplingd,,(T). Because this value depends
on the crystallite orientation, a compromise has to be choser
FHA(T) = (Ak(T) — A(T)S. [25] The tangential variation of Eq. [29] will, approximately, corre-
spond to a theoretical adiabatic variation around the HORROF

Such a zero-quantum operator does not lead to a time evdigndition,
tion of an initial density operator which is diagonal in this ba-
sis. Therefore, the zero-quantum polarization does not evolve
during the DREAM period as long as thkcoupling is not
active.

The Floguet numbers do not influence the NMR observables, . .
Consequently, the time evolution can be described byime- with constant angular velocity, = d®y(T)/dT if the sweep

independent Hilbert-space Hamiltonian which is given by tHa centered around the HORROR conditian, TheT-time de-

: P dence ofl,,(T) (throughQy.(T), see Eg. [22]) is small if
direct sum of the double-quantum Hamiltonian (Eqg. [23]) an%?n o ke ; . .
the zero-quantum Hamiltonian (Eq. [25]), the amplitude of the applied RF field, exceeds the chemical-

shift offset. Then, the identificatiodes; ~ dy, (T =7/2) and
- - -~ . 2ARr ~ Ax(0) + A,(0) can be made. It should be noted, how-
H(T) =3(T) @ H(T) = (Ak(T) + A(T))S, ever, that the precise shapef(T) is not very important. In
+ (AK(T) = A(T)SE — di (T)SE the.ab.sence of relaxation all amplitu.de shapes with an amplit_ud
1 yar|at|on from—_ARF to ARF_ are equivalent, as long as Qondl-
= A(T)Sz+ Al(T)S, — dﬁe(T)§($$ +59). tion [27]_|s fulfilled at all timesT. In practical apphcatlons_, _
[26] the amplitude sweep should be as short as possible to minimiz
relaxation effects. A tangential variation is a reasonable com
_ i . promise 24) between insensitivity tdy,(T) and chemical-shift
2.3. Amplitude Shape and Adiabaticity offsets and optimization of sweep time.

The Hamiltonian of Eq. [26], which was derived in the frame-
work of first-order perturbation th_e_ory, describes a Passage; The Time Evolution of the Density Operator
through theN = —1 HORROR condition by means of an ampli- _ o .
tude variation of the applied RF field. This passage is adiabatidn the following, we will discuss the evolution of the den-

A(T) + A(T) = d,’(,_,(T)tan<akg : (%r - T)) [30]

if sity operator during the DREAM period for a strongly coupled
spin pair and for uncoupled spins. We assume a fully adiabati
A(T) + AT + (A, (T))2 passageg, — oo) through the HORROR condition for the
a(T) = V(A )d® Z(T ))dT( (1) > 1. [27] spin pair. The discussion in this chapter is specific to two-spir
|dOk(T)/dT] systems and we replace the indi¢ks¢} with {1, 2}.
Note that in general the adiabaticity parametgi(T), will 2.4.1. Coupled spin pair. For an adiabatic sweep the part

change over the course of the sweep. Furthermore, it depegighe initial density operatos (0-) that is proportional to the
on the crystallite orientation. Constant adiabaticity sweeps a4@miltonian at the start of the sweep & 0) remains parallel to
only possible for a single two-spin system in a single orientghe Hamiltonian until the end of the DREAM sweep. We assume
tion (44, 43. Equation [27] is based on the simplified Hamilthat the components of the density operator that are orthogon
tonian of Equation [23] andy(T) denotes the angle be-to 5¢(0) decay during the sweep due to RF inhomogeneity ol
tween the Hamiltonian and theaxis of the double-quantum gue to relaxation processes, or that they will be eliminated by al

subspace appropriate phase cycle. The density operator at the end of tt
g DREAM period can, therefore, be calculated by the following
' (T i
Or(T) = arctar(—k‘z( ) ) [2g] Wo steps:
Ak(T) + Ay(T)

(i) Projecting the initial density operatet(0~) onto the sys-
Here, ©(T) is always chosen between O and A tangen- tem Hamﬂtoman%‘,f(O) of Eq [261 (|n this and_ the foII(_)W|_ng
aragraphs we will use—" and “4” superscripts to signify

tial variation of the RF amplitude is schematically shown if‘i1 ; ; . S .
Fig. 3, the times just before or just after a projection of the density

operator).

B 1
w1(T) = w1 + desttan(a : (57 — T)): [29] 5(07) = c,#(0), [31]
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with Equations [36] and [37] and their simplified version of Eq. [38]
describe the relevant density operator at the beginning of th
DREAM sweep.

(i) Rotation of the density operator by the DREAM sweep.
In the second step the density operatdollows the rotation of
Using the pseudo spin/2 formalism introduced above, and thehe Hamiltonian and always stays parallel to the Hamiltonian
initial density operatos (07) = a1 Six + @Sy in the laboratory At the end of the sweep,
frame, we obtain, in the tilted frame of reference,

Tr{5(0") - #(0)}

= [32]
Tr{#(0) - #(0)}

C1

. j &(c7) = ¢ ¥(x) [39]
6(07) = a[sin(¥1(0))Si, + cos1(0))Six]
+ ay[sin(¥,(0))S, + cos(¥2(0))S«], [33] holds, leading to
where 9(T) = arctanpy(T)/QY) is the tilt angle intro- (™) = [ay Sin(1(0)) + a2 SiN@2(0))] - cos@12(0))
duced earlier. For strong fields (compared to the chemical-shift - . 5
offset) 9« (0) approache for all nucleik and the cosine terms x [cos@12(7))S; + sin@12(7))S( ] [40]

approach zero. Equation [33] simplifies under this condition to

5(07) = a1S, + @Sy, The projection of the density opera-2nd

tor onto the Hamiltonian (Eq. [26]) according to Egs. [31] and

[32] is performed in two steps. Because the full Hamiltonian of %(r7) = [ag sin@1(0)) — ax sin@,(0))]SS.  [41]
Eq. [26] can be written as the direct sum of the zero-quantum

and the double-quantum Hamiltonian, we first proje¢®) =5 s '

onto each of the two subspaces. This leads to the zero—quanm%re’@lZ(T)’ the angle betweeit™(r) andS;’, is defined as
subspace contribution,

d/
3 _ _ O(1) = arctar<¢>. [42]
&2 = [ay sin(®1(0)) — az sin(¥2(0))]S>, [34] Aq(t) + Ax(7)
and to the double-quantum subspace contribution, The initial projection with®1,(0), the rotation, and the final
projection with®;,(z) of the density in the double-quantum
&% = [ag sin(®1(0)) + a2 sin(¥2(0))]S>. [35] subspace are schematically shown in Fig. 6.

For the ideal cas®;,(0) = 0, ®15(t) = 7, and%1(0) =
In a second step, the projection®t ands™ onto the zero- 9,(0) = /2 we obtain
quantum and double-quantum Hamiltonians of Eqgs. [23] and
[25] leads to GE(r7) = —(ag + @) SF
o . [43]
5%(0%) = [ar Sin(1(0)) + ag Sin(©2(0))] - cos@12(0)) ) =@ -a)S

x [c0s©12(0))S” + sin(©12(0))S! | [36]

for the double-quantum subspace while the zero-quantum su gz
space is unchanged and results in

5%(0") = [ar sin@1(0)) — a2 sin@2(0)]S;.  [37]

Here,®1,(0) is the angle between the Hamiltoni#¥ (0) and

the z-axis of the double-quantum subspace (see Eq. [28]). |
the spinning frequency is considerably larger than the dipols
couplingd; ,, we can always start the sweep far off the HORROR

condition. Then®1,(0) approaches zero and, for the ideal case ™ st 550 & th
with ©12(0) = 0 and®¥1(0) = 92(0) = %, EQgs. [36] and [37] z
simplify to 0,,(0) 04,(7)
5E(0%) = (a1 + {:IZ)SZE FIG.6. Schematic representation of the initial projection withy(0), the

[38] subsequent rotation imposed by the rotation of the Hamiltonian, and final pro
52(0%) = (ay — az)SZA. jection with®1(7) of the the density operator in the double-quantum subspace
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In our application, the DREAM period is always followedand
by detection in the usual rotating frame. To obtain the den-
sity operator in this frames (z ), we first transform back from o(r) = —(aSix + a1Sx). (48]
the tilted frame to the rotating frame using the rotation matrix
R(t) = w12 exp(dk(r)Scy) and then project onto the detec-The initial magnetization on spin 1 ends up on spin 2 and vice
tion operatorsS;, and Sy to obtain the part of the density op-versa. This leads to a 2D spectrum, schematically shown i
eratoro () that contributes to the integrated signal intensit§ig. 2.
of the two resonances. The final density operator projected onl he terms sinfi(t)) in Eq. [46] are a measure for the loss

these detection operators is given by of magnetization during the experiment due to the projection:s
described above and depend only on the ratio between RF-fiel

o(t") = (a11 + a21) Six + (822 + 812) Six» [44]  strength, which is linked to the MAS frequency, and chemical-

with shift offset. For large chemical-shift offsets where the ideal sit-

1 uation of Eq. [48] is not fulfilled, it is obvious that in general
a11 = — -y sin@1(0)) sin@1(v))[cos@12(0)) cosP1x(r)) —1] 12 7 az1.

2 Figure 7 illustrates the contributions of the relevant factors
to the transfer efficienciea; s, ay,, a1o, anday; described by
Eq. [45] as a function of the frequency offset, i.e., the offset of
1 the carrier frequency from the center between the two spins
2=~ sin(1(0)) sin@2(z))[cos©@12(0)) cosP12(r))+1]  The thick lines show the influence of the c@sf(t)) terms

while the thin lines illustrate the influence of the sip(t))
aZl:_}azsin(ﬂz(o)) sin@1(7))[cos@12(0)) cosP1a(7)) +1]. terms on the transfer efficiencies. It can clearly be seer

2 that the cogPi,(t)) term defines the window where trans-

[45] fer can take place while the sih(t)) term determines the

amount of transfer. The cd®(,(t)) terms are related to the
In the following, we will omit the “+” superscript on the time

variabler and denote the relevant part of the final density opera-
tor after the DREAM sequence by(t). The four coefficientsy,
denote the polarization (or coherence, depending on the frame a) 1*'341‘ RSN ) L
of reference) transferred from spinto ¢ during an adiabatic 05l y o5k 1
DREAM sweep. They can be directly mapped as cross peaksanco | -
diagonal peaks in a 2D correlation experiment. If the adiabatic El - El
sweep starts and ends far away from the HORROR condition ¢ r o
(i.e.,0©12(0) ~ 0 and®,() ~ ) and relaxation processes can
be neglected, no polarization remains on the source spin:

B0 — %az sin@:(0)) Sin@2(z))[cos(©12(0)) cosO12(z)) — 1]

a; ~ 0

a»n~0
[46]
a2 ~ —ay sin@1(0)) sin@2(r))

a1 ~ —a sin(@2(0)) sin@1(t)).

In practical applications fot°N or *C nuclei, conditions
where Eq. [46] is valid can easily be realized. The scaled dipolar
couplingd;,, which does not exceed 1 kHz, is smaller than the
sum of the RF fieldsA1(0) + A2(0), and cogp12(0)) ~ 1. Doffset/ O Oofiset/Or

If the chemical-shift offsets are small compared to the MAS o o

FIG. 7. Contributions to the transfer efficiencies @}, (b) az2, (c) a2,

fre_quency’ a compk_ete polarlzatlon eXChange between the tXY% (d)ap; described by Eq. [45] as a function of the frequency offset, i.e.,
spins takes place with the offset of the carrier frequency from the center between the two spins. Th
thick lines shows the influence of the c@g6(t)) terms while the thin lines
a1=0 illustrate the influence of the sifi{»(t)) terms on the transfer efficiencies. It can
clearly be seen that the c@¥{»(t)) term determines whether we will see any
a2 =0 [47] transfer at all while the sirf# 2(t)) term determines the amount of the transfer. A
app = —a dipolar coupling constant ofi> = 0.08 wy, an isotrorﬂc chemical-shift difference
Q9 — @9 =0.4250;, an average RF amplitude ©f = 0.445 - o, and an initial
dp1 = —ap offset of Arr = 0.18- w; were used for the calculations.
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TABLE 1
Scaling Factors for the Four Sweeps (Fig. 3c) in Coupled Spin Pairs and Isolated Spins
Dipolar coupled Isolated
ann a2 a2 a1 Ak
First scan 0 0 —ay sin®P) sin®Y) —ap sin@®3) sin®?) a sin@d) sin@p)
Second scan ay Sirf(93) ap Sirf(93) 0 0 a Sirt(99)
Third scan 0 0 —ay sin®P) sin@3) —ap sin@®Y) sin@2) a sin@P) sin@y)
Fourth scan ay sirf(9P) ap Sirf(95) 0 0 ay sirf(v9P)

trajectory the density operator traces out in the double-quantun®.4.3. Shape cycles.The effect of finite chemical-shift off-
subspace. The quenching of all transfer outside the sharpbts as expressed by the angjle< /2 on the peak intensities
defined cogP,(t)) window is caused by the fact that thein atwo-dimensional correlation experiment consists only of in-
spins never go through the HORROR condition outside thisnsity variations for the cross peaks. The influence decreas
window. At the edge of the window, we haw,(t) = n/2. withincreasing spinning frequency because the applied RF-fiel
The terms containing sig{(t)) and/or sin@,(t)) are only re- strength at the center of the DREAM sweep is equal to half the
lated to the projection of the density operator onto the effespinning frequency. For spinning frequencies, which are larg
tive field. The window of transfer can be enlarged by choosirapmpared to isotropic chemical-shift differences, the influence
a large value forArr. However this implies that either at theof the chemical-shift offset is, therefore, rather minor.
start or at the end of the sweep the amplitude of the RF fieldIn spin-pair filtering experiments, however, these influence:
will be smaller and that the scaling caused by the terms depane more pronounced because the experiment requires a go
dent on sing4(t)) and/or sin,(t)) may become more severe. Insuppression of the uncoupled (or very weakly coupled) spins
an actual experiment, the product of both contributions will BEhe shortest shape cycle consist of two shapes, namely the fii
observed. and second ones shown in Fig. 3c. From Table 1 we obtai
The coefficients of Egs. [45] have been evaluated for all fotie following coefficients for the signal intensity of an isolated
amplitude shapes shown in Fig. 3c. The anglg®) andv(r) spin,
in any of the four scans can be expressed by the initial and final

angles of the first scan of Fig. 3c, which we denotedi}yand asin(vd)[ sin(9) — sin(ﬁﬁ’)]_ [51]

ﬁf, respectively. For example, for the first scag0) = 92

and vi(r) = vy, while for the second scaf(0) = 9i(r) = The experiments inwhich four shapes are combined have adva
9¢. The transfer efficiencies for the four shapes are given ifiges for the suppression of uncoupled spins. The combinatic
Table 1. of all four shapes for an isolated spin leads according to Table

to
2.4.2. Uncoupled spins.For isolated spins, no polarization
transfer takes place. In two-dimensional spectra, all signals from ak[sin(z‘}f) _ sin(z?f)]z. [52]

isolated spins stay on the diagonal. The density opera{oj,

is evaluated by taking into account the projection of the ini:or angles around@~ 99~ 7 /2 or sin@a) ~ sin(®?) ~ 1, the
tial density operator onto the Hamiltonian (which consists k K K ko

chemical-shift and RF terms) at the beginning of the sweep %fgitter suppression behavior of the four-sweep version can easi
- _ o a i b

back onto the detection operator at timeOne obtains B Fseen from.the factthg% <efore _.S'n(ﬁk). — SIn@y) < 1'.
or a particular choice of chemical-shift offsets the filter
efficiency for spin pairs (Figs. 8a—8c) and for isolated spins
o(t) =) ak Six. [49] (Figs. 8d-8f) in a spin-pair filter experiment are shown as &

k function of the carrier offsebqsset Which is referenced to the

center frequency of the two spins. Figure 8a shows the filter ef
The value of the coefficienay is given, for the four shape ficiency of the sum magnetization of a coupled spin pair, while
variations of Fig. 3c, in Table 1. For small chemical-shift offsetsigs. 8b and 8c show the efficiencies for the two spins separatel
Y(r) — 0, the signalintensity is notinfluenced by the DREAM=jgure 8d shows the filter efficiency of the sum magnetizatior
sweep at all. for two uncoupled spins while Figs. 8e and 8f show the two
spins separately. More details of the simulation can be foun
o(0)=o0(r) = Zak Six [50] in the figure legend. The thick lines shows the results for the
k combination of all four experiments of Fig. 3c. The dashed anc
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FIG. 8. Evaluation of Egs. [44] and [45] for (a)—(c) a dipolar-coupled two-spin systemadyjth= 0.08 - w; and for (d)—(f) two isolated spins witth, = 0 as
a function of the frequency offset from the carrier of the RF field. The frequency offset zero is defined as the center between the chemical shiftspifithe tw
An isotropic chemical-shift differenc@d — Q3 = 0.425wy, an average RF amplitude 6f = 0.445- o, and an initial offset oArr = 0.18 w; were used for
the calculations. In all six plots the thick line shows the normalized intensity for the combination of four experiments according to the mathdai®sl®wn
in Fig. 3c. The dashed lines and dash—dotted lines show the normalized intensities for the combination of scans 1 and 2 and scans 3 and 4, aspettivel
(d) show the total intensity summed over both spins. (b) and (e) show the signal intensity for spin 1 and (c) and (f) show the signal intensity foesgistB. T
improved suppression of the four-scan cycle for uncoupled spin intensity is clearly seen from (d) to (f).

dash—dotted lines show the results for a combination of the fiRE-field strength during CP was 100 kHz and the total mix-
and second, and the third and fourth, scans of Fig. 3c. It ceng time was set to 1.5 ms. Continuous-wave decoupling o
clearly be seen that the suppression of the signal from uncae protons was employed during the homonuclé&rrecou-
pled spins is significantly improved using the combination of afiling using DREAM. The amplitude of this decoupling field

four amplitude modulation schemes. was always equal to the amplitude of the TPPM decoupHy (
used during acquisition and was set sufficiently strong to avoic
3. EXPERIMENTAL Hartmann—Hahn matching. Typically, the decoupling amplitude

was around 140-160 kHz. The TPPM pulses were optimized fo

All experiments were done on a Varian-Chemagnetics CMXach experiment. Depending on the exact strength of the RF fiel
400 Infinity spectrometer operating at a proton Larmor frehey had a duration of 3.2-3/6s and a phase offset of +8
guency of 400 MHz. The only exceptions are the data in Fig.td £10°.
which were measured on a Varian-Chemagnetics CMX-300The tangential RF variation of the DREAM sweeps was im-
Infinity spectrometer operating at a proton Larmor frequengtemented by calculation of an array of 1000 discrete amplitude
of 300 MHz. Both instruments were equipped with a 2.5-mrfor a full sweep. Different length sweeps were achieved by vari:
double-resonance MAS probe. Unless indicated otherwise, tit@n of the individual step sizes. The exact parameters for th
spinning frequency was set to 28 kHz in all experiments. Typilifferent DREAM sweeps are indicated in the legends to the
cal spinning-frequency stability varied depending on the samgigures.
but was always better thah50 Hz. All experiments featured All experiments on sodium propionate were performed on &
a variable-amplitude cross-polarization period with a tangesample enriched to 9998C, on C-2 (methylene group) and C-3
tial variation of the'®C RF field @6). The adiabatic-passage(methyl group). The zinc acetate sample was crystallized fron
Hartmann—-Hahn (APHH) sweep was centered around-the a solution of ca. 5% fully labeled 1,2C,-zinc acetate and ca.
Hartmann—Hahn matching condition with an initial offset 085% natural-abundance zinc acetate in water. The sample «
about 12 kHz for experiments at = 28 kHz and correspond- fully labeled [U+3C] tyrosine was purchased from Cambridge
ingly smaller at slower spinning frequencies. The sweep wkstope Laboratories, Inc. (Andover, MA) and used without fur-
approximated by 1000 discrete amplitude steps. A typiehl ther purification.
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1.0 :a') A The time dependence of the Hamiltonian was approximate
05 I s DN | by subdividing each rotor period into 500 time steps with a
00 L ......w."".'... L ‘°~...,._ 1 time-constant Hamiltonian. The parameters used for the simt
. :B) ST ‘“-.. " 06 kHz | lations of zinc acetate and sodium propionate are summarized
I .....-""‘ v, ] Table 2.
P ; : .'“..""‘“P
L 24 kHz |
»c) ...-""""""'-.. 1 4, RESULTS AND DISCUSSION
— :-q"‘.'“... ———— ......"‘“-- |
- d) M‘. 22 kHz 4.1. Spin-Pair Filters
ot ®ove, i
,..-,"',“ . ',’ In the following, the features of the DREAM recoupling

e) oo, 20 kHz scheme are characterized experimentally in the context of
I * | two-spin filter but the basic properties (e.g., the transfer effi.
'f)' - ; ey ] _ciency) are thg same for th_e applica_tion as a mixing sequenc
i I e 1 in two-dimensional correlation experiments. The pulse schem

o ., 1 for the spin-pair filter is shown in Fig. 3b. The intensity of the

N T Y resulting NMR signal as a function of the RF-field strength at
1 the center of the sweep is shown in Fig. 9 for several differen

10 P . N spinning frequencies. The carrier frequency was approximatel

“th) .-“"‘"'- @/(2n) = 14 kHz | (but not exactly to avoid interference by tlBecoupling) cen-

051 o e, ] tered between the two carbon resonances. The offset from tt
A . exact center between the two resonances was about 270 +
5 10 15 20 which is significantly more than the size of tlecoupling. A
®4/(2m) [kHZ] sample of 2,32C,-sodium propionatg was used in thesfe ex-
periments. As expected, maximum intensity for the spin-pai
FIG.9. Experimental signal intensity after DREAM filtering as a functiorfiltered signal is found when the sweep is centered around th
of the average DREAM amplitude for a series of spinning frequencies rangiMORROR condition (Eq. [17]), marked by a thick dotted tick
from (a) wr/(27) = 28 kHz to (Nwr/(27) = 14 kHz in steps of 2 kHz at mark on thex-axis of Fig. 9. The efficiency of the recoupling
a By = 7.0 T static magnetic field. The pulse sequence of Fig. 3a was used. . 0
For each of the plots the vertical scale is normalized to the total intensity BfOCES,S for a matched SWeep 1S around_75 ,/0 referenped tot
a cross-polarization experiment at the corresponding spinning frequency. fignal intensity of a normal cross-polarization experiment a
total sweep time was set = 8 ms. For (a) to (e) an initial amplitude offset the same spinning frequency. The efficiency does not deper
Arr = 5.2 kHz and for (f) to (h)Arr = 3.9 kHz was used. A doubly labeled significantly on the MAS frequency in the range between 14
sample of sodium propionate was us_ed.The_d_ashed marks onthefrequencyéﬁia 28 kHz. The independence from the spinning frequenc
mark the expected DREAM recoupling condition. . . . . P
is due to the rather small isotropic chemical-shift difference be
tween the two resonances of the doubly labeled2C3-sodium

Simulations were programmed int€ using the GAMMA i
in-simulation environmend{). All simulations are powder propionate. . .
spin-simu . . ' S . . The chemical-shift offset dependence of the DREAM se-
averages of 300 orientations, where the individual orientations

. tence can be measured by changing the carrier frequency oft
were determined by the method of Cheng and colleagi@s ( RF irradiation. The results of two such experiments, at the MAS

frequencies of 28 and 14 kHz, are shown in Figs. 10a and 10t
respectively. The open markers show the results from exact ni
merical simulation using the GAMMA4(7) simulation package

2,343C,-Sodium propionate 1,%8C,-Zinc acetate to solve the Liouville—von Neumann equation. The parameter
used for the simulation are summarized in Table 2. Considel
ing that there are no adjustable parameters in this simulatiol
8 —670 Hz —2400 Hz —2310 Hz —8040 the agreement with the experiment is very good. The solid line

TABLE 2
Simulation Parameters for Sodium Propionate and Zinc Acetate

CHs CH> CHs COO

1 L 0.64 0.5 0.32 shows the calculated filter efficiency based on Eg. [45]. The
(a’_ﬂ’ o 0.0 00)1858 (303’ .0 L0 01)6472§OI:| 50, 0) chemical-shift dependence is smaller at higher RF-field strengt
(?C“C'SO 5250 H; 2324 Hi’z (Fig. 10a) and is more pronounced at slower MAS frequencie

Jec 36 Hz 52 Hz and correspondingly lower RF fields (Fig. 10b). The difference
between the solid line on the one hand and the experiment
Note The Euler angles rotate from the PAS of the CSA to the PAS of thg . . .
dipolar interaction ata and numerical simulations on the other hand can be e

a7l = 1.5 A (estimated). plained by nonadiabatic behavior of part of the dipolar-couplec

biFgel = 1.484 A, pairs in the sample during the amplitude sweep. Although the
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0.2 FIG.11. (a) DREAM spin-pair filtered and (b) cross-polarization spectrum
0 O< of asample of 5% labeled 1 2C,-zinc acetate at a spinning speedpf(27) =

28 kHz. For the amplitude variation of the DREAM experiment a total sweep
length of 12 ms was used. The central amplitude of the sweep was setto 11.1 k+
with an initial offset of 2.8 kHz. The carrier frequency of the RF field was placed
in the center between the two resonances.

-15 10 -5 0 5 10 15

Opfiset/ (27) [KHZ]

FIG.10. Two-spin filter efficiency in doubly labeled 23C,-sodium pro-
pionate as a function of the carrier offset from the center between the two reso-
nances at a spinning speed of¢g)(2r) = 28 kHz and (b)or/(27) = 14 kHz.
The efficiency is defined as the experimental intensity normalized to the intendity;) and on the carrier offset from the center between the twc
obtained from a cross-polarization experiment at the same spinning frequengyemical shifts dofise)- The dependence of the DREAM filter
The filled circles are the experimental data. The open diamonds CO"ESpon%fﬂciency onw; for a fixed Spinning frequency of 28 kHz is
numerical simulations with the parameters described in the text. The line corre- . . L . .
sponds to evaluation of Egs. [44] and [45] with the parameters which are gi\/é(hown in Fig. 12. Tak'”g '”tF) account the chemical-shift of‘fs_e_ts
below and in Table 2. In both (a) and (b) the total length of the tangential swe@p the two resonances in zinc acetate the HORROR conditiol
was 8 ms. The center of the sweep was set to 13.9 and 7.8 kHz, corresponidingulfilled for a spinning frequency of 28 kHz at an RF field
to about 05 - wr/(27) with an initial offset of 5.2 and 3.9 kHz for (a) and (b), of about 12 kHz. This RF-field strength is about 2 kHz lower
respectively. than the expected resonance condition for a spin pair with

small chemical-shift difference. The decrease is caused by th

size of effective dipolar coupling,,(T) is not very dependent

on T, it strongly depends on the orientation of the crystallite
as expressed by the andglg (See Appendix). This leads to a
distribution of effective dipolar coupling constants. Spin sys-
tems with small couplings do not behave adiabatically under the
experimental conditions chosen and give rise to the differences
between the simplified model and the experimental and numeric
data in Fig. 10.

Figure 11 shows3C spectra of 5% doubly labeled zinc ac-
etate with (Fig. 11a) and without (Fig. 11b) spin-pair filtering. I 2,
The fully labeled zinc acetate leads td-@oublet for both lines.
The natural-abundance zinc acetate leads to a singlet for each L !
of the two resonances. The center of gravity of the doublet is 8 9
shifted from the resonance position of the singlet due to second-
order effects. This effect has been described before for slowelgIG 12 Variation of the central amplitudenof the sweep. The same
s_pmnmg €. 49. This sample has a_mUCh larger Chemlcal-Shn;)t rameters were used as for the spectru‘rjn :homl/n in Fig. 11a \?vith the exceptic
difference and was used to investigate the dependence ofg,ﬁ

. by ) fhe central amplitude. The filled circles are the experimental data and th
filter efficiency on the RF amplitude at the center of the sweepen diamonds represent the simulated data.
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T ' T T set to the HORROR condition. The DREAM filter efficiency
0.8 - N is good as long as the initial offset is chosen to be larger tha
" 7 ca. 1.5kHz. Such an offset ensures a reasonable initial tilt angl
06 P ¢ 'O;‘ ®1,(0) ~ 15° for the largest dipolar coupling. The total sweep
cc>>‘ i . 0.0 oowoo%w"""ww 7 time was kept constant at= 8 ms. Therefore, the adiabaticity
g 0.4 o go00070 7 decreases with increasinfirr, leading forAge > 2.5 kHz
&= e o ] to a decreased DREAM filter efficiency and an increase in the
02172 N intensity of the unwanted signals from single spins which are
" ] marked by squares in Fig. 15.
0.0+ -
0 - é ' - 1|0 — 1|5 4.2. Two-Dimensional Correlation Experiments
T [ms]

Figure 3a shows how the DREAM sequence can be incorpc
FIG. 13. Variation of the total length of the sweep. The filled circles aréated into a two-dimensional correlation experiment. During the

the experimental data. The same parameters were used as for the spectrumizding time of the experiment, cw decoupling was applied on

Fig. 11a. For short durations of the sweep< 1.5 ms) incomplete suppres-

sion of single-quantum coherence signals made accurate determination of the

double-quantum filter efficiency difficult. As a consequence the different signals

were not deconvoluted, but simply the maximum intensity was taken. The opwa) — T T T T T

diamonds represent the simulated data. 08 | -

0.6 - ‘.o...'.oooo.o“'e o 1
3%‘ 00°%00 ° o 9%

04+ b .
¢ o

oo

large isotropic chemical shifts which contribute to the strengt
of the effective RF field. Since it is the sum of the effective
RF-field strengths which are matched to the spinning frequen
according to Eq. [17], the amplitude of the RF field at the
HORROR condition becomes smaller. The open diamonds 0.2
Fig. 12 correspond to simulated data and follow closely th [ o °
experimental behavior. The maximum efficiency of the two-spi 0.0 ogd" *Oent-
filter is about 60% and somewhat lower than in sodium prop
onate. The reduction of the filter efficiency is a consequent 10 5 0 5 10
of the larger isotropic chemical-shift difference of the two cou
pled spins. The efficiency is, however, expected to increase wi Wofiset/(27) [kHZ]
higher spinning frequencies. b) ps™

Figure 13 shows the dependence of the filter efficiency ontt = ™ ,,W::\
variation of the total sweep time The maximum efficiency for 06r I
zinc acetate is almost reached for a sweep time around 3—7r-
The same behavior was previously observed in sodium proj
onate. The simulated data are again included as open diamo
and the agreement between simulated and experimental dat 40 5 0 5 10 10 5 0 5 10
reasonable. Oofiser/(2m) [kHZ] Ooftset/(2m) [kHz]

The offset dependence of the DREAM filter efficiency in zinc - , s

FIG. 14. Variation of the carrier frequency of the RF irradiation. The same

acetaFe is shown in Fig. 14'_The ﬁ.”?d dots in Fig. 14a_are_ trﬂgrameters were used as for the spectrum of Fig. 11a. The frequency axis
experimental overall recoupling efficiency (sum magnetizatioferenced to the center between the two resonances. (a) The total experime
while the filled dots in Figs. 14b and 14c¢ show the filter efficiencgtl double-quantum efficiency calculated by the integration of all lines from
for the two resonances separately. Simulated data are aglaerCz-zinc acetate divided by the intensity of the same lines from a cross:
included as open markers. The simulated data in FigS. 14b é)ﬁlinzgtlon experiment. The_ experimental data are shown as flll_ed cm_:les. Th

. . open diamonds represent simulated data. (b) The normalized intensity of tt
14c were C(,)rre_Cted fqr, the ,eXpe“mema"y determined uneq%gj}bonyl resonance normalized by the intensity of the methyl resonance fror
cross-polarization efficiencies of the gldnd CO resonances. 3 cross-polarization experiment. Experimental data are marked by filled dot:
The adiabatic sweep exchanges the intensities of both spins duie-open diamonds represent simulated data for the carbonyl resonance of zi
ing the mixing timer. The cross polarization to the GHjroup acetate. (c) The normalized intensity of the methyl resonance normalized b

is more efficient and, therefore, the normalized signal onthe Clag mtensny of the carbonyl res_onance from a cross-polar!zatlon ex.perlmen.
. . The open diamonds represent simulated data. The strong difference in behavi
group Is more intense.

. . . between the two sets of data indicate both the uneven polarization by the cro
The dependence of the DREAM filter efficiency as a functiogbjarization and the different projection onto the RF field as a function of the

of the sweep widthAgr is shown in Fig. 15, where; was frequency offset.
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A diagonal peaks become equal for all angtes> = /2. This can

08 7 be seen by adding the columns in Table 1 and assuming equ

I ] initial intensity for each of the sitea{ = a,). It would fully
06 oo 7 suppress uncoupled spins according to the same principle as t
00%%%0s °.<> o e ] spin-pair filter (see Section 2.4). Such an experiment might b
0.4 - °%e 7 advantageous for selectively labeled samples with a high natur:

Mo © £ %o ] abundance background.
0.2 - % In this paper we concentrated on the characterization of th
o _ o ] DREAM experiment in the simple case of two-spin systems.
O'Of po "8 " 7 Nevertheless, we will now briefly discuss the application to
0 - - larger spin systems. An experimental two-dimensional DREAM
A2 correlation spectrum of uniformA?C-labeled tyrosine is shown
«/(2n) [kHZz] I L .

in Fig. 18 for a short mixing time of 0.5 ms. For larger spin sys-
FIG. 15. Variation of the initial offset from the central amplitude of thet€MS, the observation of spectra at short mixing times leads t
sweep. The same parameters were used as for the spectrum of Fig. 11a witisfpectra that are easier to interpret (analogous, e.g., to the sit
exception of the initial offset. The filled circles show the normalized intensity &tjon in chemical exchange or spin-diffusion spectra which are

the signals from the 5% doubly labeled zinc acetate while the open squares shaWe+ informative in the initial-rate regime) than the spectra at
the intensity of the natural-abundance zinc acetate. The open diamonds reprejlaent

simulated data for a dipolar-coupled spin pair with parameters as describeddR9€r MIXing times. Although the _ad'abat'c condition is Vio-
the text and Table 2. lated, all nearest-neighbor correlations can be observed in tf

spectrum. The adiabaticity parameter is about 0.3 for two di-

rectly bonded carbon spins. In some cases, relayed transfer ov
the proton channel. Durirtg andt, TPPM decoupling was used.two bonds can also be seen. These relayed correlations are in
A 2D spectrum of sodium propionate with a DREAM sweep ofated by arrows in Fig. 18 and can be recognized in the spectrul
T = 8 ms duration is shown in Fig. 16. This sweep has an adis positive cross peaks. The different signs of cross peaks wif
baticity parameter ad(T) > 4.3 for a crystallite with a “typical” even or odd numbers of transfer steps can be considered ol
dipolar interaction of 1.5 kHz. This value for the dipolar couef the advantages of double-quantum coherence transfer. It c:
pling is the weighted average over the powder distribution of tlbearly be seen that the recoupling takes place over the entii
(absolute value of the) dipolar coupling in sodium propionatehemical-shift range. Both the correlation between the carbony
Most of the intensity is observed in the cross peaks, indicatiagd the € and that between the“Cand the € carbons are
an efficient transfer of polarization as expected for an adiabaticesent.
sweep. This does not mean, however, that 100% of the polarThe multispin spectrum is not symmetric about the diagonal
ization is transferred, because, according to Eq. [46], the intemhkichis clearly seenin Fig. 18. There are anumber of sources fc
sity of the cross peaks is scaled by the projection onto the effesymmetric cross-peak intensities. One source is the variation |
tive field. Because of the double-quantum mechanism, the crassss-polarization efficiencies for the different resonangé (
peaks appear with negative intensity. In our case, however, the dominant reason is different. While

The +£7 pulse in alternating scans after the DREAM seall coupled spin pairs irrespective of the chemical-shift offsets
quence (see Fig. 3a) is necessary to suppress componentgoothrough the HORROR condition at some point during the
the density operator that are orthogonal to the RF field at tB&REAM sweep, they do not do so at the same time. There
beginning of the DREAM sequence. The phase of this pulseftge, the amplitude of the cross peaks in many-spin system
aligned with the phase of the DREAM sweep. The orthogondépends on the order in which different transitions of a systen
components decay due to RF-field inhomogeneities for longeith more than two spins pass through the HORROR condition
DREAM periods and tend to give rise to dispersive compdfthe experiment of Fig. 18 is performed with a down—up ramp
nents in the lineshape. Figure 17 shows a two-dimensid@al (Fig. 3c, third scan) instead of an up—down ramp (Fig. 3c, first
13C correlation spectrum of sodium propionate with (Fig. 17acan) the resulting spectrum is the same as that of Fig. 18 bl
and without (Fig. 17b) the-7 pulse for a short DREAM mix- mirrored about the diagonal. Obviously, adding up the two dif-
ing time of 0.5 ms. The corresponding adiabaticity parametfarent spectra leads to a symmetric spectrum. The details of t
isa = 0.26. spin dynamics in fully labeled compounds is currently under
The cycling of the amplitude shapes (see Fig. 3c) was not usedestigation.

for the two-dimensional experiments. Therefore, coupled spins
lead to negative cross peaks and no dlagor_1al peaks and uUncpY- o . tical Considerations
pled spins to positive diagonal peaks. Application of the shapé
cycle and inversion of the receiver phase between alternating-or the practical implementation of the DREAM recou-
scans would lead, for the coupled spins, to negative cross peplisg sequence it is in general not necessary to take into ac
and to negative diagonal peaks. The intensities of the cross aoednt all parameters which influence the behavior of the syster

efficiency




96 VEREL, ERNST, AND MEIER
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practical values for DREAM are;, ~ 0.45- w; (somewhat
smaller than above because the effective HORROR conditio
occurs at lower applied fields in the presence of chemical-shit
offsets) andArr ~ 0.2 - w;. A good compromise for the shape
parameter islest ~ 0.5 Agg ~ 0.1 w,. The lengthr is chosen
as indicated above.

(iii) If the width of the spectrum exceeds0.25 - wy, the
DREAM recoupling will become frequency selective and spins
outside the specified range will not significantly contribute to
the spin dynamics. However, it is possible to recoupkEma
gle isolated spin pair (or a number of resonances groupe
around two resonances) with an isotropic chemical-shift dif-
ference up to about.9 - ;. In this case, there is a single
DREAM condition with an amplitude, smaller than%a)r. The
amplitude variation should be centered around this conditiol

FIG.16. Two-dimensional correlation spectrum of a sample of fully labeled

2,313C,-sodium propionate. The DREAM sweep of 8 ms was applied with the

carrier frequency set to 100 ppm, withy = 115 kHz, andArr = 4 kHz.

Contours are placed a40,—20,—10,—5, and—2.5% of the maximum absolute

intensity in the data set.

during the DREAM experiment. To obtain good (although not 20
optimized) results, it is sufficient to follow some simplified

a)

N 3 I 10

S [ppm]

rules. The DREAM sequence has four parameters: the aver-
age RF-field amplitudey,, the initial deviation of the RF field
from its average valueArr, the total length of the DREAM
period, z, and the shape parametegs. With these parame-
ters, the amplitude sweep is completely defined according to
Eqg. [29].

The lengtht must be longer than/ty, and short compared
to the relevant relaxation timé&, andT,°. Heredy, denotes
the dipolar-coupling constant that mediates the transfeffgnd
andT,° denote the rotating frame relaxation times for the spin-
locked magnetization far from the HORROR condition and of
a "HORROR-type” dipolar state at the HORROR condition.
For a'3C-3C one-bond interactiorn; > 0.5 ms leads already
to strong cross peaks in a 2D spectrum, maximum transfer is
reached after 3—7 ms. The value di; defines the shape for
the amplitude sweep. Large valuesdqf; lead to almost linear
amplitude sweeps, and small values to a pronounced tangential
form. The optimum choice dales; helps to minimize the sweep
time . We distinguish three cases.

b)

(i) If the width of the spectrum (or the part of it involved in
polarization transfer) is much smaller than the MAS frequency
(fast spinning limit), we seb; ~ 0.5 w; and Arr ~ 2 - dk¢,
wheredy, is an estimate for the largest dipolar coupling in the
system. For directly bound carborg,/(27) ~ 2 kHz and

40

30

20
o [ppm]

10

40

30

20
o [ppm]

10

0

30

40

10

120

30

40

8 [ppm]

Arpr/(27) ~ 4 kHz. Furthermoredes; ~ di, and, again for

FIG. 17. Two-dimensional correlation spectrum of a sample of fully la-

carbondesy/(277) ~ 2 kHz. The lengthr is chosen as indicated Pe'ed 2.3°Cz-sodium propionate (a) with and (b) without the use of a

in the preceding paragraph.

purge pulse after the sweep. For both spectra the total length of the swee
was 0.5 ms. All other settings were as in Fig. 16. Contours are placed &

(ii) If the width of the spectrum is not much smaller than_4g9 _o0 10, —5, 2.5, 2.5, 5, 10, 20, and 40% of the maximum positive

the MAS frequency, but still smaller than abo#0.25 - wy,

intensity in the data set.
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— 1 0 100% but was found to be between 70 and 80% for sodiun
propionate and in excess of 60% for zinc acetate.

A four-shape cycle was introduced which leads to a bette
suppression of single-spin signals in spin-pair filtering experi-

8- A
‘J 40 ments.
(] J It was demonstrated that a two-dimensional DREAM correla-
tion experiment of a uniformly labeled amino acid maps out the

80 — complete molecular connectivity. The DREAM sequence seem

g_ generally applicable to detect the connectivity in uniformly la-

\ L. beled samples. It provides a new tool for resonance assignmer
1120 *° and, iflong-range dipolar interactions can be detected, for struc

0
\, : ture determination. The experiment seems particularly attractiv
1 in connection with fast MAS, as the broadbandedness of the e»
periments increases with increasing MAS spinning frequency

1190 However, applications where the DREAM sequence is used il
¢ a frequency-selective manner are also conceivable and have r
cently beenreported(, 52 using correspondingly slower MAS
L, ; . g . G ' ; , .1 200 rates.
200 160 120 80 40 0
& [ppm] APPENDIX

FIG. 18. Two-dimensional correlation spectrum of f3€] tyrosine using The Fourier components of the spatial part of the chemical

the pulse sequence of Fig. 3. The total duration of the sweep was set to 0.5 8k¥ift interaction are given by
leading to a nonadiabatic behavior. The amplitude of the sweep at the center

pointwas chosen to he; = 11.5 kHz with an initial offset ofArg = 3.75 kHz. 1) y By ] )

The carrier frequency was set around 100 ppm. A total of idicrements Q" = ——=8 sin@)e *[(3 — nx cos(2k)) cosbik)

with four scans each were acquired. The lines indicated the directly bonded \/z

carbon atoms while the arrows indicated cross peaks in phase with the signals +ing sin(2Xk)]

on the diagonal. A resolution of 39 and 195 Hz per point was s¢f end [A-l]

t1, respectively. Thet% purge pulse had a duration of 2.6. Contours were Bo ! 3 K
placed at-40, —20, —10, -5, 2.5, 2.5, 5, 10, 20, and 40% of the maximum 22 = %&eﬂ' o [5 Sirf(6) + %(1 + cog(6y)) cos(2k)
positive intensity in the data set.

T ink cosfy) Sin(Xk):|~

\/(92)2 + (01)? + \/(Qg)z + (01)? = wy andAgg & 2 - di, can

Here, §x and nx denote the anisotropy and asymmetry of the
be used.

CSA tensor and the three Euler angigs 6k, xx describe the
time-independent transformation from the rotor-fixed coordi-
nate system to the principal-axis system of the CSA tensor o
spink.

The performance of the DREAM adiabatic dipolar-recoupling "€ Fourier components of the spatial part of the dipolar in-
scheme was characterized in the context of one-dimensional Sff@ction are given by
two-dimensional experiments. The experimental results are in

5. CONCLUSIONS

qualitative agreement with predictions based on a simplified d,ﬁfl) _ _ﬂ sin(2y )&
analytical model and in excellent quantitative agreement with 242
exact spin-dynamic calculations. w2 Ok ‘
The advantages of the adiabatic schemes, namely a broad de ™ = 7 SINP (B )& 9 [A-2]
matching behavior and a high transfer efficiency, have both been 5
realized in the examples investigated. For spin pairs, an efficient e = _ KoV h_
exchange of populations is obtained by a DREAM sweep and all Arrd,

intensity is found in the cross peaks of the two-dimensional cor-

relation spectrum. Some overall intensity loss is caused by piidie Euler anglesy,, 6k, describe the transformation from the
jections onto the effective-field directions and deviations fromotor-fixed coordinate system of the dipolar-coupling tensor be:
adiabaticity. Therefore, the spin-pair filter efficiency is less thaween spink and¢ to the principle-axis system.
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The scaling coefficients for the dipolar part of the Hamiltoniai0.

in the tilted frame of reference are given by
11.

AY(T) = 2 cosvy cost, — sindy sinw, 12.

d 1 1 o
B, (T) = 573 COSvy COSY, + Sindy Sindy 13

. 1 .
RY/(T) = — cosvy sing, — > sindycosv [A-3] 14

. 1 .
VI(T) = — sinvy cosv, — > cosdy sind, 15.

1 1 16.
QU,(T) = = — = coswy cosd + sinvy sing,
2 2 17.
and the scaling factors for the J-coupling part of the Hamiltonidfi-

are given by 19

A)(T) = cosvy cost, + sindy sinw,

20.
BY,(T) = 14 costy cosd + sindy sind, 21.
Rife(T) = SinvYyk cosY, — COSY SiNt, A4,
V2(T) = — sindy cost, 4 Cosvy sinw,

23,
QJ,(T) = —1 + cosw cosv, + sinw sindy,
24,
In Equations [A-3] and [A-4] the angleX and, are the tilt an-
gles between the direction of tkeaxis in the rotating frame and 25-
the direction of thez-axis in the tilted frame, which is aligned 26.
with the direction of the effective field of spiksand¢, respec- 27-

tively. All angles areT -time dependent. 28.
29.
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