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Fivefold symmetric homonuclear dipolar recoupling in rotating solids:
Application to double quantum spectroscopy
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We describe a new fivefold symmetric approach to homonuclear recoupling in rotating solids that
is based on rotor-synchronized, spin-lock rf irradiation of the type employed previously in
MELODRAMA and C7 (and their derivative sequengefor 3C—'3C recoupling. The fivefold
sequence, like its sevenfold relativesyigncoded, and therefore exhibits a theoretical efficiency of
~73% for double quantum filterin@QF). However, since the ratio of rf field strength,/2, to
spinning frequencyep, /27, is lower, it is possible to operate the sequence at higher spinning rates,
and we have investigated the 2QF efficiency as a functiotHoflecoupling field strength at high
spinning frequencies. We observe dramatic oscillations of the recoupled signal with a period
~ w,/27r indicating that théH reservoir is behaving partially inhomogeneously. This kind of double
quantum recoupling is explored in multiple spin systems and we derive analytical forms for
polarization transfer and double quantum excitation relevant for uniformly labeled systems. Finally,
the wide applicability of the fivefold sequence is demonstrated with INADEQUATE type spectra of
uniformly 23C labeled sucrose and L-alanine. ©99 American Institute of Physics.
[S0021-960629)01615-3

I. INTRODUCTION lating either the MAS frequency or the rf irradiation, and we
refer to techniques based on these principles as rotor-driven
A promising area of application of solid state nuclearor rf-driven, respectively. Rotational resonahtés an ex-
magnetic resonan¢®MR) techniques is the investigation of ample of the former which specifically recouples spins for
the molecular structure of biological systems not amenablgyhich the isotropic chemical shift difference matches an ex-
to solution NMR and diffraction techniques, such as mem-¢t submultiple of the spinning frequency.
brane proteins, amyloidogenic proteins, and large macromo- | addition, rf irradiation can also be used to restore
lecular complexes. The customary approach in these cir- homonuclear dipole—dipole couplings via manipulation of
cumstances involves the specific isotopic labeling of the siteg,q spin variables in the Hamiltonian. Rf-driven recoupling
of interest with spin-1/2 nuclei possessing low gyromagnetiGechniques often rely on the efficient excitation of double
ratios, v, (e.g., 13C_and ™N), and the measurement of o antum coherencd2QC) or zero quantum coherence
dipole—dipole couplings between both “like” and “unlike” ZQO) between two spin-1/2 nuclei, where both 2QC and
nuclear spins, which provides information about the spatia QC are correlated spin states between coupled nitlei.
SThese correlated spin states can be readily selected in NMR
experiments by choosing an appropriate phase cycling
schemé®!! |t should be noted here that important methods
used in the determination of local geometry in biomolecules,
such as torsion angle experiméits®and measurements of
the relative orientation of CSA tensofsdepend on excita-

involve a combination of cross-polarizatié8P)? and magic
angle spinningMAS)3# to enhance sensitivity and resolu-
tion of the resulting spectra. In addition to removing the
chemical shift anisotropfCSA), MAS attenuates dipolar
couplings among lowy nuclei. Therefore, to obtain struc-

tural information from MAS experiments, the homonuclear
tion of double quantum coherence between homonuclear

and/or heteronuclear dipole—dipole interactions must be re=" , ; )
stored. spin pairs. Therefore, techniques that can generate 2QC with

To date a number of schemes have been proposed t§9h efficiency are expected to play a major role in the ap-
reintroduce dipolar couplings between lowauclei during ~ Plication of MAS NMR to problems of biological relevance.
MAS, and early approaches are discussed in recent 1he initial rf-driven recoupling techniques, e.g.,
reviews® Here we focus on techniques specifically de-DRAMA,*DICSY,'® RFDR?**'and USEME? produced

signed to recouple homonuclear dipole—dipole interactions? Number of interesting spectra, but they are nevertheless
such as those betwed?C—13C and®N—-1°N nuclei. Homo- Sensitive to isotropic chemical shift differences, the size of

nuclear dipolar recoupling can be accomplished by maniputhe CSAs of the recoupled spins, etc. For example, RFDR
does not efficiently recouple closely spaced resonances, and
dCurrent address: Laboratory for Biomolecular NMR, Chemistry Depar'[-.DF\)_A'vIA c_:nly rgcouples Closely spac_ed resonances \.Nlth Van_
ment. Univ. of Aarhus. DK-8000 Aarhus C. Denmark. ishing shift anisotropy. Further, during these experiments it
DElectronic mail: griffin@ccnmr.mit.edu was noticed that significant intensity losses occurred when
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the high and low frequency rf fields were not mismatched byperformance of the new pulse sequence, labeled SPRi+b
a ratio greater than about thrge€®>?*a condition initially ~ percycled POST-C5 relies on a lower matching require-
described by Aueet al?® in connection with chemical shift ment(5 to 1) between the rf field on the observe channel and
scaling. MAS frequency. Thus, with SPC-5 it is possible to employ
The next generation of recoupling techniques, which in-higher spinning frequenciess{/27w=10 kHz) without con-
cluded RIL?® MELODRAMA,?” and DRAWS?® were de- current excessive signal loss due to insufficitHt decou-
signed to correct some of these problems. Thus, RIL angling.
DRAWS exhibit improved bandwidths, and MELODRAMA To demonstrate that the SPC-5 pulse sequence makes
achieves a large bandwidth with relatively low rf power— double quantum spectroscopy generally feasible in com-
four or five times the spinning frequency. However, thesgpounds containing strongly coupled protons and facilitates
techniques also displayed residual error terms in their avetthe studies of bioorganic solids, we have used the sequence
age Hamiltonians and/or low theoretical efficiency in theto record INADEQUATE type spectra of two uniformhiC
sense that approximately 50% of the polarization is lost durabeled compounds, L-alanine and sucrose. Double quantum
ing the double quantum filtration. An approach to partially coherences were excited with high efficiency between neigh-
circumvent this signal loss was proposed by letenl,?®  boring *3C spins in two different versions of a double
with the C7 pulse sequence, which extended the rotorquantum-single quantum correlation experiment, which en-
synchronized spin-locking scheme of MELODRAKIAto  abled a straightforward assignment of tHe resonances.
sevenfold symmetry. The C7 sequence combined the low
CSA dependence with a higher theoretical upper bound Ol THEORY
the efficiency of double quantum excitation. The improved
efficiency of C7 was due to the idea gfencoding, first A. The SPC-5 pulse sequence

explored in the HORROR experimetitwherey in this con- The high field truncated Hamiltonian for a general NMR
text is one of the Euler angles relating the crystallite frame tqnteraction of rankx in the interaction frame determined by

the rotor frame. y-encoding improves the efficiency of tne rf jrradiation of a given pulse sequence can in the static
double quantum filtration by making it independent of the 35e be written as

angle to first ordef? and allows polarization transfer or fil-
tering of double quantum coherence with a theoretical effi-
ciency of up to 73%. Recently, the introduction of C7 type

ulse sequences which are compensated for high-order error i ) .
Ferms P?)ST—C# and CMR732 n?ade possible rgobust and where ¢(t) and 4(t) depend on the details of the rf irradiation

broadband recoupling of the homonuclear dipole—dipole in-"’md””iS an overall phase of the pulse sequentey(6(1)) is

teraction a reduced Wigner element, afiq , is an irreducible tensor

3 . .
The POST-C7 and CMR7 pulse sequences are based GRerator of rank A. Consider a C7 type sequerftewhich

the fundamental sevenfold symmetry proposed by I_e&onsists ofn periods of rf irradiation which are identical
et al,2% which still presents a problem in terms b decou- (these subcycles will be referred to &elements in the

i . : : following) except for an overall phase shift &#/n between
pling as mentioned above. In particular, experiments baseé’ach block of irradiatiorfi.e., = p2m/n, p=0.1,...n

on the Czssymmetry require the rf_fleld on the observe chan-_l) and timed to spahl rotor periods. The first-order av-
nel (e.g.,~°C) to be matched to 7 times the MAS frequency, iltoni f h b ittéh
and therefore, the rf amplitude used féH decoupling erage Hamiltonian of such a sequence can be wri as
should be approximately 21 times the spinning frequency. 1
(three times the observe-channel ffdif). While the first H™"W=
condition is relatively easy to satisfy, even at reasonably

high spinning frequenciese(/27w=~10 kH2), the decou- Where
pling matching condition is a serious problem which often n
hinders the realization of the full potential of the sevenfold@{") = o
symmetric techniques. At high magnetic fields and in solids Tt
with strong *H-'3C couplings, such as most bio-organic and the Fourier components’™ are defined in Ref. 8. A
molecules, the C7 type sequences often cannot excite doubtcessary condition for a given component of the first-order
quantum coherence with efficiencies that exceed the 52%verage Hamiltonian characterized by spin and spatial indi-
theoretical maximum of-dependent techniqués. cesu andm to be nonzero is therefore:

In this paper we demonstrate that the efficiency of
double quantum excitation can be improved yencoded
homonuclear recoupling techniques by reducing the symmewhereq is an integer. However, since E®) can be zero due
try of a rotor-synchronized spin-locking pulse sequence fronto the specific design of the subcycle, E4). is not a neces-
seven- to fivefold. We show that this can be achieved with aary condition.
phase-inversion supercycle without compromising the CSA  Consider now two concatenated C7 type cycles with an
compensation. Furthermore, the proper choice of subcycleverall phase shift ofb. The total average Hamiltonian for
ensures stability toward isotropic offset and rf-field inhomo-each interactionlchemical shift, dipolar coupling, ejcis
geneity comparable to POST-C7 and CMR7. The improvedhen

A
HO= 3 dud00)e4070T, ,, (1)

-1
2
> > ?bmexp(ﬂ?(ﬂanN)p T (@

n
N p=0 xm

N7 /n .
fo w'™d, o(0(7))e DT g (3)

w+Nm=qn, (4)
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a) 90° By proper choice of the phase angke this sequence allows

H I?]— PEM _{ PEM more favorable choices of the symmetry numbirand n,

since the phase-inversion supercycle step can be used to filter
13 lﬁl SPC-5

components of undesired symmetry.

In this work we explore the choice d= 7 which elimi-
nates allu==*1 components of the average Hamiltonian.
With ®=1rit is possible to obtain-encoded recoupling with
n=>5 andN=2 and still eliminate all CSA terms. The result-
ing pulse sequencé&sPC-5 is shown in Fig. 1. In Fig. 2, a
symmetry diagram similar to the one first suggested by Lev-
itt and co-worker& is shown for the rotor synchronized
spin-locking experiments MELODRAMA, C7, and SPC-5.
The diagrams show how the different synchronization con-
— — ditions employed in these sequences match different pairs of
e | ) | spin and spatial components in the effective Hamiltonian.

The dashed lines indicate the components which are symme-
b) 90° - try allowed and can be recoupled. Notably, this diagram does

3 ] —I not give information about theizeof the recoupled compo-

" IF]_ e _[ e nents which depends on the actual form of the specific sub-
cycle.

0 = j(2n/5)

1 We note the following features on this graphical analysis
“c lﬁl SPe-s of the first-order average Hamiltonianii) to ensure
v-encoded recoupling, every spin componegnshould be
W.l | connected to only one spatial componemt®=° (ii) for pure
J=10|1|2]|3 4]0 |1

dipolar recoupling without interference from CSA or hetero-

_ _ _ nuclear couplings onlyx==*2 spin components should be
FIG. 1. Two versions, a nonconstant tirt@ and constant timéb), of the . n%? .
INADEQUATE experiment employing SPC-5 for 2Q excitation. After connected to a spat|al compo ntinlessthe given term
ramped CP, longitudinal sum polarization is created by a 90° pulse, which i¥anishes through E@3), (iii) the phase inversion supercycle
followed by azfilter (see thgﬁteext for detailfor one]rotor period. Subse- employed in MELODRAMA and SPC-5 filters unwanted
quently, the SPC-5 sequenfgescribed in detalil ifa)] is initiated, during L . . .
which the longitudinal polarization of dipolar coupled nuclei evolves into aM™ *1 component$|nd|cated by vertical lings (iv) the rf to
double quantum state. Isotropic chemical shift evolution dutipgs fol- spinning frequency match is given a/N wheres (s
lowed by a 2Q reconversion step. Anothzilter period followed by 2 90° = (7/277, wherer is the duration of a subcycle ang; the

pulse creates detectable transverse magnetization. cw decoupling is us; . . . . )
during the SPC-5 irradiation, and TPPM decoupling dutipgvolution and ﬁ%ld amplitudg is the number of 2 nutations in one sub

acquisition. The 2Q reconversion block (@ and (b) is hatched to indicate ~ Cycle (s=2 for C7, POST-C7, CMR7, and SPQ-5

the use of a double quantum phase cycle. It is clearly seen from Fig. 2 that the MELODRAMA

sequence, for whiclhh=4, does not fulfill condition(i) and

~ _ therefore is noty-encodede.g., u=2 couples tom=1 and

H_ —ip®@y= (M) . :

H®= on pzo ;ﬂ (1+e ' )“’Ar?u m= —1). Furthermore this choice of symmetry seems to al-
low recoupling of unwanted longitudinal dipolar and shift

n-1

2 terms as noted by Leet al.?° since thesd, o spin compo-
X —i— . - : : .
exp( ! n (ntmN)p Ty, ® nents couple to doubly rotating spatial componedofs Fig.
MELODRAMA c7 SPC-5
m u m " m n

.
N
N=O R
|
I o
I
I
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|
o)
it
=

FIG. 2. Symmetry diagramésimilar to the one proposed by Levitt and co-workers—Ref. &4 MELODRAMA, C7, and SPC-5. The diagrams are a
graphical representation of E@) rearranged ablm= — u+qn to display the components in the first-order average Hamiltonian allowed by the symmetry
of the phase super cycle.
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2). However consideration of the specific subcycle shows$3. Recoupling in multispin systems
that these terms are actually zéfo.

Increasingn to 7 and omitting the phase inversion super-
cycle leads to the C7 sequengd. Fig. 2 which fulfills (i)
and(ii) but poses a problem in terms of decoupling since th
n/N ratio (iv) is almost doubled in this case compared to
MELODRAMA. One way around this problem is to take
advantage of the blockeggi==*1 spin components in the
phase inversion approach and settimg5, leading to the
SPC-5 sequencef. Fig. 2, which satisfiegi) and (ii) with
only a moderate increase in théN ratio. It is noted that five
cycles could also be timed to match three rotor periods, i.e
N=3 andn=5, leading to a much lower matching condition
but at the cost of a lower scaling factor.

The matching of rf field to the spinning frequency de- _ k B B
pends highly on the choice of the specific subcycle used as HE’= >, d; ;(8)(e " 0T +i=0T] ), (7)
the C element. The most economical choice with respect to 1>l
the rf field would be a simple2pulse §=1) corresponding |\ here
for the SPC-5 sequence towd;/w, ratio of 2.5. However,
this cycle is very poorly compensated toward error terms and 1 3in3(1—exp{4i w/n})‘
we therefore chose to exploit the possibility to use highly di,j(Bij)=§bij sin(2;;) > (8)
compensated subcycles inherent to this type of sequence. To 8‘/577(4” -1 ’
retain the be.nefits of high stability toward isotropic shifts, rf andby; is the dipolar coupling between nucleindj, 8;; and
inhomogeneity, and CSA, one of the two newly developed

; S i are thep and y Euler angles relating the principal axis
compentsslatlon schemes should _be usgdeither the POST system of the—j dipolar coupling to the rotor fixed frame.
element,” which averages out important error terms OVETThe factor within the brackets in E) is thesizeand y [in

one cycle orii) the CMR7 supercycling technique which ¢ (7} is the phaseof the scaling factotthe scaling factor
achieves a high degree of compensation over two cycles. TR 5 complex numbgrof the pulse sequence amdis the

keep the cycle time of the total sequence down we havgymmetry numbef5 for SPC-5, and 7 for C7, POST-C7, and
chosen the POST cycle in this study. It is noted that since th@:MR?)

fivefold symmetric sequence uses less rf power at the same o mentioned above this effective Hamiltonian can be
spinning frequency compared to the sevenfold Symmetric S§;se as a polarization-transfer step in homonuclear correla-
guences, it is expected that error terms scale up accordlnglylon spectroscop¥*2 or as a double quantum generator in

For example, the residual fifth-order pure offset term of thefiltering experiment€®® INADEQUATE type experi-
POST schenié scales as d,)®/(wy)*. Furthermore, since 35-40 214 torsion angle experimert&:1> When used

The derivation of the SPC-5 sequence given above is

strictly limited to the spin-pair approximation. An interesting
otential of recoupling methods lies in the application of
hese methods to uniformi?C labeled compounds, taking
advantage of the high resolution achieved in MAS NMR.
Under such circumstances multiple-spin interactions must be
considered to correctly predict the experimental results. The
analysis can easily be extended to multispin systems since, to
first order, no three-spin ternger highepy will appear in the
average Hamiltonian. Hence, foryaencoded recoupling se-
quence, the average Hamiltonian focoupled spins will be
of the form:

ments;
for the same spinning frequency the CSA terms are averagedly ho(arization transfer in multispin systems this effective
over the double tlme(four rotor periods compared to the Hamiltonian will lead to magnetization transfer between two
sevenfold symmetric Sequences the dependencg of ,Cs%ncoupled nuclei if they are dipolar coupled to the same
could also be a potential problem. However, numerical SiMuyyirg nycleus(polarization transfer can occur between a spin
lations and experimental results suggest that neither of theggand a spirC, if A is dipolar coupled to a third spiB and

issues imposes a serious limitation on the SPC-5 sequencg.i, c) | the following we refer to this process as indirect

particularly when higher MAS rates are used. In fact, Simu-,ari7ation transfer. It was previously obserdethat indi-

lations indicate that the CSA compensation achieved withe ot yransfer of this kind would produce cross peaks of sign
SPC-5 is actually bette_zr compared_ to the_ previous Cc7 typ%_ 1)" in correlation spectra, where=0,1,2 is the number
experiments. The scaling of the dipolar interaction can bey o nlings involved in the transfer process, i.e., positive
calculated using Ec(ﬁ)_ln Ref. 31 withn=5. In the notation diagonal peak, negative cross peak to directly bonded nuclei,
of that paper the scaling is and positive cross peak to indirectly coupled nuclei. This can
be explaine®! by deriving polarization transfer functiors

for a three-spin system, i.e., evaluating the function:

|ke*3|~0.203, (6)
pi(D=Tr{exp(—iHP DIt expiHP D1}, =123,
where the superscript refers to the POSElement and the 9

subscript to. the number .Of subcycles in two rotor per_'OdSWhere pj(7) is the amount of longitudinal polarization on
For comparison, the scaling of the sevenfold symmetric Seépinj at time . The effective Hamiltonian in Eq7) can be
quences is~0.232 and it is 3/§2 (~0.265 for C» (con- factored in the following way:

tinuous rotation symmetry, i.en—o). The condition of

continuous rotation symmetry is of course unrealistic, but ;ifgl)(,B,7)=e*”zyﬁ(Dl)(B,0)e”zv, (10)
interestingly, it provides us with an upper bound to the scal-

ing factor for pulse sequences of this kind. with
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IZyZZ Ci

=1

[
15,

j ki
(11

By inserting Eqg.(10) in Eq. (9) and using the invariance of
the trace to cyclic permutation of the matrix product it can be
shown thatp;(7) is independent ofy;; and x. Analytical
diagonalization of the remaining, real, effective Hamiltonian
leads to

pa(7)=r"*(B%+(a?+y*)cogrt])?,

pa()= =2 *(a*— B2y2+ a2 B2+ )+ (a2 + )

¢i=3(%ij+ Yk~ Yik— X)),

12

X (a®+ y?)cogrt])sirt[ 2rt],

pa(7)=—2r4(y'= BPa?+ Y (B2 + o) + (¥’ + B)

(13

X (a?+ y?)cog rt])sir?[ 3rt], (14)
where
r=1aZ+ B2+ 92, (15)

and a=bpg, B=bgc, y=Dbac are the three possible cou-
plings in a three-spin system.

For the typical situatiorw~ 8> vy, y can be neglected
and Egs.(13) and (14) will have different signs and hence
give rise to cross peaks of different sigef. Fig. 3. This
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FIG. 3. Polarization transfer functioria)—(c) for a three-spin systefABC)
calculated using Eq$12)—(14) (circles and numerically exact calculations
(lines). Intensities(d)—(f) for the same resonances in tA8 slice through

the indirect dimension of an INADEQUATE type experiment using Egs.

effect was recently exploited to facilitate assignment in the7,_(19) (circles and numerical calculatiortiines). A linear topology was

two-dimensional homonuclear

correlation spectrum  ofchosen for the spin system, i.8a5=Bsc=Bac, With byg=bgc=500.0

erythromycin-A%? Furthermore, it is seen from these equa-Hz andbac=0. Qualitatively, other topologies display the same behavior.
tions that polarization transfer processes using this kind of
recoupling sequence in uniformly labeled systems will b

e, . : . . .
governed only by the diredtstrong couplingd? since the Again, we see that the spin dynamics will be determined by

the strong couplings and we expect a change of sign in the

coupling constants appear as square sums in E85-(14).
A similar effect can be expected in INADEQUATE type

double quantum coherence excited betwAesndB will be
partly reconverted to coherence on fBepin if B andC are
coupled. This provides an indirect correlationfofo C. The
intensities of the peaks at the shifts for sginB, andC in
the slice corresponding to the sum chemical shifé@ndB
in an INADEQUATE type spectrum are given by

py(7)=Tr[ b F23(e o' M5 e M5 1],
=123, (16)

whereF29=1A1B)(12 18|+ [I*1B)(I2IB| is the projection
= Sall LU QVEpAY ) proj

indirectly correlated peak. In Fig. 3 we compare the analyti-

spectra using a recoupling technique such as SPC-5 sin(fal solutions in Eqst12)~(14) and Eqs{17)—(19) to results

e : : .
rom numerically exact calculations for a three-spin system.

Besides providing fundamental analytical insight into the
spin dynamics of many-body problems, we expect that such
analytical forms may be useful for the processing of multi-
dimensional experiments employing SPC-5 recoupliog
C7 type recouplingin combination with'3C—'H or 13C-15N
dephasing periods to extract torsion angles.

Ill. EXPERIMENT

Uniformly **C labeled diammonium oxalatéddAOX),
L-alanine, sucrose, afd,2-**C, *N]glycine were obtained

superoperator corresponding to filtration of double quantunirom Cambridge Isotope LaboratoriefAndover, MA).

coherence between th&B spin pair. Equatior(16) can be
evaluated along the same lines as E§2)—(14), leaving out
the complex phase factor in the effective dipolar Hamil-
tonian, leading to the results:

p1(7)=—32r ~*((a®+ B?)y? co[ irt]cog rt]sin'[ irt]),
(17)

po(7)=4r"4(y? cogrt](B%+ (a?+ y?)cogrt])sir rt]),
(18

pa(7)=4r"4(y? cogrt](a?+(B%+ y?)cogrt])sirdrt]).
(19

DAOX, L-alanine and sucrose were diluted to 10%, 10%,
and 20%, respectively, in natural abundance materials to at-
tenuate intermoleculat*C—3C couplings and model the
conditions of a macromolecule. All samples were center
packed in 4 or 5 mm zirconia rotors from Chemagnetics
(Fort Collins, CQ to maximize the rf homogeneity across
the sample.

NMR experiments were performed at several magnetic
field strengths using custom-designed spectrometers and data
acquisition and processing software courtesy of Dr. D. J.
Ruben. In all experiments the spinning frequency was regu-
lated using Doty ScientifiColumbia, SC spin rate control-
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FIG. 4. (8) Experimental double quantum filtering efficiencies for the FIG. 5. Double quantum filtering efficiencies fat,2—C, *N] glycine as
Bc_13¢c spin pair in[1'2_13C]DAOX as a function of mean offset for C7 & function of the rf amplitude used for chd decoupling at 5.556a), 8.000
(solid line), POST-C7(dotted ling, CMR7 (dashed ling and SPC-5dot  kHz (b), and 10.000 kHZc), for SPC-5(circles, CMR7 (squares and
dashed ling A double quantum excitation time of 0.672 ms was ugby. = POST-C7 (triangleg. The double guantum excitation times were 0.720,
Sum polarization(see the teytas a function of excitation time for the same 0.750, and 0.800 ms, respectively. Experiments were performed at 360.3
four recoupling sequences. Experiments were performed at 198.8%Hz MHz *H frequency and 83 kHz TPPM decoupling was used during acqui-
frequency and 5.952 kHet5 Hz) MAS rate. 150 kHz cw decoupling was sition. The number of points shown in the graphs was reduced for clarity.
used during the 2Q excitation and reconversion periods and the FID was

acquired using 100 kHz TPPM decoupling. The horizontal solid line indi-

cates the~73% theoretical maximum of 2Q filtering efficiency attainable

using y-encoded recoupling techniques.

lers. The spinning frequency was controlled #& Hz for a) b)

spinning in the 5-8 kHz range and tol5 Hz for 15 kHz °%7 °‘6]

spinning. 05 05
The curves in Fig. 4 were recorded on a spectrometer 04

operating at Larmor frequencies of 198.8 MHz f¢4 and 05
50.0 MHz for *C. A custom-designed triple resonance
transmission-line prob@50-300 kHz maximum decoupling
field) was used, equipped with a Chemagnetics 5 mm spin- atY
ning module assembly. oY 0 e F
The data in Figs. 5 and 6, illustrating the efficiency of %0 0 wo T s %0 100 mo e
double quantum excitations as a function of heteronuclear
decoupling field for SPC-5, POST-C7, and CMR7, were ac-
quired at'H frequency of 360.3 MHZ90.6 MHz 1°C). A
commercial Chemagnetics probe that provided maximum de-
coupling fields of approximately 130 kHz and equipped with
a 4 mm spinning module assembly was used. Experiments
were performed at spinning frequencies in the range of
5.556—15.151 kHz, correspondingftC fields from 27.8 to

0.2+

0.1+

0.30 4

0.254

0.20+

0154

2QF Efficiency

0.104

0.05

75.8 kHz, as required by the SPC-5 pulse sequence. 8 G0 100 10 120 o o 100 10 120

Decoupling Field (kHz)

INADEQUATE type experiments on uniformly°C la-
beled L-alanine and sucro$Eigs. 7 and 8were performed FIG. 6. 2QF efficiencies as a function ¥4 decoupling power for different

; iaml 13 ; MAS rates:(a) 10.000, (b) 12.048,(c) 12.987, and(d) 15.151 kHz. The
using a spectrometer operating & and—C frequenCIes of ouble quantum excitation times were 0.800, 0.664, 0.616, and 0.528 ms,

397-8 and 100.0 MHZ,' re;pegtively. The CUStom'dGSigne spectively. Other experimental parameters were set as described in caption
triple resonance transmission-line probe used, was equipped Fig. 5.
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HoNT. J:
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with a 4 mm Chemagnetics spinner module, and provided(zfilter). The longitudinal polarization of dipolar coupled
maximum decoupling fields of about 125 kHz. Spinning fre-3C spin pairs evolves into a double quantum state during the
guency was controlled at 8.000 kHz. The recycle delays werperiod of recoupling rf irradiatiotSPC-3. Isotropic chemi-
3.0 and 60.0 s for L-alanine and sucrose, respectively. cal shift evolution takes place duringwhich is followed by
The pulse sequence used to excite double quantum ca period of SPC-5 irradiation to reconvert the 2Q coherence
herences betweelC nuclei is shown in Fig. (). Ramped into longitudinal polarization. Anothezfilter followed by a
cross polarizatioff was used to transfer magnetization from 90° pulse creates detectable transverse magnetization. TPPM
H to *3C nuclei(typical fields 30—40 kHz; contact time 1-2 decoupling® is used during the acquisition of the FID.
ms). This was followed by a 90° pulse, which creates longi-  The pulse sequences used to obtain INADEQUATE type
tudinal polarization on theéC spins. Subsequently, low- spectra of sucrose and L-alanine are shown in Figs.adnd
power cw'H decoupling was applied for one rotor period, 1(b), respectively. These sequences demonstrate two differ-
which allows unwanted transverse magnetization to dephasnt approaches toward performing double quantum-single
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FIG. 8. INADEQUATE type spectrum
of [U-'3C]sucrose, which correlates
the double and single quantum fre-
guencies of each peak using SPC-5 as
the 2Q generator. The indirect dimen-
sion, t;, was incremented in integral
rotor periods, providing a suitable
spectral width of the double quantum
dimension. Other experimental param-
eters were set as described in the cap-
tion of Fig. 7.
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guantum correlation spectroscopy in rotating solidde in-  two times the observe field. At 8.000 kHlef. Fig. 5b)] this

fra). is particularly true for the sevenfold symmetric sequences.
However, the same effect is observed for SPC-5 at higher
IV. DISCUSSION spinning frequencies and at 12 kHz MAB0 kHz observe

At low static field (200 MHz 'H frequency the decou-  1€!d) and~120 kHz cw decouplingsee Fig. 6we observed
pling power available to u§€250—300 kHz is sufficient to about 55% 2QF efﬁuency for SPC-5. This seems to |nd|cat_e
decouple the strondH—13C interactions while recoupling that the absolu_te field strength as we_II as thg mismatch ratio
13c_13¢ homonuclear couplings using C7 type sequences. \Rf the decoupling .and obsgrve fields in addition to the MAS
this regime of sufficient decoupling we observe behavior inT€duency determine the signal loss due to strongly coupled
very close agreement with a two-spin model. In Fig. 4 We_proto_ns. A more detailed analysis of the decoupling dynam-
show such results obtained at 200 MH# frequency. Figure €S Will be presented elsewhere.

4(a) displays the 2QF efficiency for C7, POST-C7, CMR?7, As expected, the greater mismatch of the decoupling and
and SPC-5 as a function of mean offset for 43¢-labeled  Observe fields in the case of SPC-5 makes the slope of the

diammonium oxalate DAOX). The narrow band perfor- corresponding curves steeper and shifted down to lower de-

mance of the C7 sequence is due to residual offset terms a@UPling fields. In practice this means that higher 2QF effi-
cross terms between offset and rf inhomogeneity as demor@€ncy can be obtained at lower decoupling levels. In this
strated in other studié€:*2 1t is seen that the compensation Study (Fig. 5 a commercial probe from Chemagnetics was
scheme used for the SPC-5 sequence works quite well evétfed and we were limited to decoupling fietdd30 kHz. In
with the lower power used for this sequer(&é7 of the sev- this typical situation the SPC-5 sequence generally gave
enfold symmetric sequendesFigure 4b) displays the ob- higher 2QF efficiencies than the sevenfold symmetric se-
servable(l,+S;) as a function of excitation time. As pre- duences. This was particularly true at high spinning frequen-
dicted from the scaling factor, SPC-5 displays the slowes€i€s: At 12—-13 kHz MAS>50% 2QF efficiency was ob-
oscillation. However, it is also noted, that there is a signifi-tained using SPC-5 whereas the C7 type sequences were not
cant spread in the oscillation frequencies of the sevenfoldeasible under these conditions due to limitations in the ob-
symmetric sequences, which have identical dipolar scalingerve channel rf field.
factors to first order. |NADEQUATE type SpectrOSCOﬁ?_4Oin which the sum

At h|gher magnetic field Strength the proton_carbon het_ChemicaI shift of two COUpled nuclei is correlated with each
eronuclear couplings become exceedingly more difficult toof the isotropic shifts offers the advantage compared to 1Q
decouple. Partly because the available decoupling fields a@orrelation spectroscopy of not producing diagonal peaks
lower, but even at the same decoupling fields the signal losand therefore potentially slightly better resolution. Further-
is greater at higher magnetic fields. We ascribe this effect téhore, theJ coupling between resonances supporting the
the increased proton CSAs in combination with the low off-double quantum coherence will not be active in theeriod
set tolerance of cw decouplifid Figure 5 shows typical re- and one of the line broadening mechanisms in uniformly
sults on a 360 MHZH frequency spectrometer. The curves labeled systems will thus be reduced relative to the spectral
display the 2QF efficiency as a function of the decouplingrange. Preferably, such experiments should be carried out at
power at 5.556, 8.000, and 10.000 kHz spinning, respechigh magnetic field for optimum sensitivity and resolution.
tively. At these spinning frequencies the SPC-5 sequench this case it is desirable to conduct the experiment under
uses a carbon rf field of 27.8, 40.0, and 50.0 kHz, respecreasonably high frequency MAS to avoid dispersion of the
tively. The corresponding numbers for the sevenfold symintensity of the signal into spinning sidebands due to CSAs.
metric sequences are 38.9, 56.0, and 70.0 kHz. The generéb discussed above, strong heteronuclé@r'H couplings
picture for low spinning frequencidsf. Fig. 5a)] is that  will compromise the performance of recoupling techniques
virtually no double quantum excitation is obtained at decouwhich use high rf fields on the observe channel. In this case,
pling powers less than twice the carbon rf field. Above thisthe lower rf requirements of the SPC-5 sequence make it a
condition the efficiency rises steeply until a three-to-one misgood choice as the double quantum generator. As a demon-
match between the decoupling and observe fields is satisfiedtration, INADEQUATE type spectra using SPGsge Fig.
At this point the slope of the curves decreases, but even &), correlating 2Q and 1Q frequencies of uniformfC la-
this level of decoupling the curves continue to rise, suggestheled L-alanine and sucrose are shown in Figs. 7 and 8,
ing that the decoupling remains insufficient. At higher spin-respectively.
ning frequenciegand higher observe channel rf figldvo The INADEQUATE type spectrum of L-alanine shown
complicating observations were madp: The weak oscilla- in Fig. 7 was performed in @onstant-timefashion [Fig.
tions observed at low spinning frequencies develop into sigi(b)], i.e., the delay between the double quantum excitation
nificant maxima superimposed on the sigmoidal curve oband reconversion blocks, labeled as solid-white and hatched,
served at lower MAS frequencies. The spacing of theseespectively, in Fig. 1, remains constant throughout the ex-
maxima approximately equals the spinning frequency angberiment. A period,r, equal to an even number of rotor
clearly indicates that the MAS plays an important role incycles, is inserted between the double quantum excitation
averaging residual dipolar couplings at high spinning fre-and reconversion blocks. At =0, a single 180° pulse is
guencies.(ii) The decoupling curve shifts down at higher placed with its center precisely af2 following the excita-
MAS frequencieshigher observe fieldsso that 2Q coher- tion block. The indirect dimension,, is incremented in 50
ences can be excited even at decoupling fields lower thaps steps, as the 180° pulse is moved toward the reconversion
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block. This gives rise to an evolution period of the sumwas shown to perform well with a variety of samples, on
chemical shift of the two resonances supporting the doubl&ome-built transmission line probes as well as on a commer-
guantum coherence. Thecoupling between these two spins cial probe with a more mode® factor. Due to the combi-
will not affect the double quantum coherence, whetkesu-  nation of high double quantum efficiency througtencoded
plings to extraneous spins will. However, since the homo+ecoupling and the possibility to spin fast, we expect that this
nuclear'3C—C isotropicJ couplings are invariant to the  sequence will find use as a double quantum generator in
pulse, thel interaction will not evolve as a function of but  torsion angle experiments and other experiments aimed at
it will result in an overall decay of the signal. Note that due solving the structure of biologically relevant molecules,
to the presence of an odd number of 180° pulses between tlvehere an optimum signal to noise ratio is crucial.
double quantum excitation and reconversion blocks, the non-
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