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Abstract: A heteronuclear dipolar recoupling scheme applicable-8 spin pairs undergoing magic-angle-
spinning (MAS) is introduced, based on the overtone irradiation of one of the coupled nuclei. It is shown that
whenl is a quadrupole, for instanédN, irradiating this spin at a multiple of its Larmor frequency prevents

the formation of MAS dipolar echoes. The ensuligpin signal dephasing is significant and dependent on a
number of parameters, including theSdipolar coupling, the magnitude 6& quadrupolar coupling, and the
relative orientations between these two coupling tensors. When applied to a spin-1 nucleus, this overtone
recoupling method differs from hitherto proposed recoupling strategies in that it involves on|y-1h&,
eigenstates. Its dephasing efficiency becomes independent of first-order quadrupolar effects yet shows a high
sensitivity to second-order offsets. A constant-time/variable-offset recoupling sequence thus provides a simple
route to acquire, in an indirect fashiofiN overtone spectra from rotating powders. The principles underlying
this kind of S1“N experiments and different applications involviBg= 12C, 5°Co sites are presented.

1. Introduction sample spinning speedl (rotary resonance recoupling$),11:12

or via the application of more complex forms of amplitude-

Dipole—dipole interactions between nuclear spins provide a gn phase-modulatddrf fields.13-15

valuable tool for probing molecular and macromolecular Although they are of widespread use in the spectroscopy of
structures: 3 When NMR experiments are carried out in the pjological, organic, and inorganic materials, the applicability
solid phase, such couplings can be directly measured and use@f these recoupling strategies gets compromised when quadru-
to extract internuclear distances. Complications arise, however,polar| >1 nuclei are involved. Challenges arise in these cases
upon attempting to determine these couplings while executing from the fact that the applied rf nutation fields have to compete
magic-angle-spinning (MAS). Throughout each rotor period, this with much larger internal coupling frequencies stemming from
procedure will average away all couplings that transform as the quadrupole interaction. A typical example of these compli-
second rank tensors, including the dipolar couplings. A solution cations is furnished by"N, a 99.6% abundarit= 1 nucleus.
to this problem is offered by double-resonance techniques. These spins are often subject to megahertz-sized quadrupole
These protocols exploit the fact that dipolar Hamiltonians are effects which can overwhelm the nutation effects introduced
given by products of spatial- and spin-dependent terms, to by the rf irradiation. Most of the manipulations proposed for
prevent the MAS averaging of the spatial couplings via the recoupling of spirtt, become in these cases unachievable,
synchronous radio frequency Ydriven motions of the spins.  or at best subject to a very different spin physics. As a result of
For instance, when heteronucldatS pairs of spint/, nuclei this, quadrupole-specific recoupling strategies had to be devel-
are involved, net dipolar evolutions can be imposed orSan oped for interfering with the dipolar MAS modulatiéfr.2° One
signal by inverting thé; eigenstates with rotor-synchronized ~ of the most widely applicable principles available for manipulat-
pulses (rotational-echo double-resonance, REDOR}hrough ing strongly coupled quadrupolar sites in a rotor-synchronized
continuous nutations of thig states at integer multiples of the ~ fashion is that relying on the transfer of populations via adiabatic
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passaged! In these experiments, which possess no close
analogue in the spif» realm, changes in thé states are
implemented by a continuous rf irradiation that solely becomes
effective when MAS nullifies the much larger first-order
quadrupolar effects. As for all crystallites this happens only a
few times per rotor period, the result is an effective interference
with the modulation imposed by MAS on the spatial terms of
the dipolar coupling, and a net re-introduction of the latter. These
are the principles underlying the continuous transfer of popula-
tions by double-resonance (TRAPDOR) recoupling stratédy,
as well as the recoupling by adiabatic passage double-resonanc
(REAPDOR) techniqué?20.22

The present study explores an alternative for recoupling
strongly coupled quadrupoles under MAS, based on irradiating
these nuclei at a multiple of their Larmor frequencies. For a
spin-1 like*N, the main consequence of implementing such a
recoupling is that it becomes independent of the first-order
quadrupolar interaction. Indeed, overtone irradiation at twice
the a)'o Larmor frequency excites solely the usually forbidden
|+10< |—10transition, affected only by second-order quad-
rupole effect£3-27 Although such transitions violate the usual
high-field NMR selection rule, they become feasible when
quadrupolar couplingg, are strong enough to substantially tilt
the spins’ axes of quantization. The nutation rates that are then
imposed on the spins by overtone irradiation fietdsare in
the order of wiygwy For ¥N y4wy ~ 0.1; consequently,
conventional rf irradiation strengths will produce rotary nutations
in the kilohertz range, capable of effectively interfering with
MAS averaging at the usual spinning rates. As is further
discussed below, the time dependence that MAS induces on
the first-order quadrupole coupling also splits up the overtone

nutation frequencies into a sideband spectrum spaced at

multiples of w,, that further contributes to an efficiemt-S
dipolar recoupling regardless of the strengthygf. Throughout
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such systems will be assumed given by

— |
Hiap=Hz t HQ + Hy 1)
H, = —wlz is I's Zeeman interaction, and following the
notation given in refs 26 and 28, quadrupole and rf interactions
are written as

HIQ = XQ[‘/ETz,oa T T f =T+ T, 9+T, .07 (2)
)

€ H, = 2w,(l, sin@ + |, cos6) cos,,t)

H'Q is here given in terms of products between the irreducible
spin-space spherical componefits n} —2<m<2, and the complex
functions{a,f,g depending on the asymmetry parametgand

on Euler angles relating quadrupolar and Zeeman principal axes
systems (PASs)q represents the strength of the quadrupolar
interaction, given in frequency units by the standard definition
%o = €qQ/[41(2 — 1)h]. Hy in turn is defined by an amplitude
w1, an angle of coil inclinatiorf with respect toBp, and an
oscillation frequencywi, in the neighborhood of (2'0 To
reproduce overtone phenomena it is necessary to consider, at
least to first order, the corrections thﬂg will impose on the
high-field Zeeman eigenstates. Hor 1 this entails considering

the tilting matrix®

_d” g

V2 2

V2 V2

_er
V2. V2

this study we shall refer to these phenomena as overtone rotarnthat diagonalizes a quadrupole-perturbed Zeeman interaction to

recoupling (ORR); the following sections introduce the basic first order ine = yo/wh. The Hamiltonian in this tilted frame,
features of these new experiments, discuss their complementaryy. — T14,.T is

nature vis-avis currently available recoupling techniques, and
demonstrate their potentially widespread applicability not only
for measuring*N—Sdipolar couplings but also as simple means
to acquireN overtone spectra from rotating powders.

2. Principles of Overtone-Driven Recoupling

2.1. The Overtone Excitation.Although overtone recoupling
could, in principle, be applied on a variety of strongly coupled

quadrupolar species, we shall restrict this analysis to the simplestynere o

| =1 case, using’N as an example. To describe the details of
14N—S overtone recoupling, it is necessary first to discuss the
basic spin dynamics occurring during overtone irradiation.
Therefore, although the focus of this work will eventually
become a heteronuclear spin pair on which $spin signal is
detected, we begin centered onlan 1 spin subject to a sizable
quadrupole interaction as well as to an overtone rf field. As
discussed elsewhere, understanding overtone nutation require
starting from the laboratory-frame Hamiltoni&#?5-28which for
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He =
wél) + wgz) — gy 0 wq(fcosO + gsino)
0 —ngl) 0
w.e(f*cosf+g¥sinh) 0 wél) - wg) + wh

G

& = yqa is the usual definition for the first-order
quadrupolar coupling, and{? = _Xé(|f 2 + |g|2)_/a)'0_ is the
second-order quadrupolar coupling. Within this tilted-frame
approximation, the overtone rf irradiation Hamiltonian will only
connect|+1Ceigenstates, for which the first-order quadrupole
couplingw{” acts as a mere energy shift. This, together with
the unperturbed stat@)[] can thus be dropped altogether from
ghe relevant Liouville space where spin evolution takes place.
A usual rotating-frame transformatioR = exp@wglzt) then
leads to the effective spill> overtone nutation Hamiltonid#

Hhutation= (RﬁlHtiIt R)H—lD\—lD:
A+ o?
q
ew,(f* cos @ + g* sin 6)

€w,(f cosd + gsin 6)

—A— w((f)

where for completion we have introduced the potential of

(29) Landau, L. DQuantum Mechani¢Pergamon: Oxford, 1991.
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irradiation offsets A: the spins’ evolution. Thé = 1 dynamics under the action of
.......... 65 kHz — ——— 84 kHz e 94 kHz overtone irradiation can still be calculated albeit numerically,
MAS via the time-ordered propagation of the spins’ density matrix.
- Assuming an initialog = |, state, this time evolution will be
o given by p(r) = U TpoU, whereU = T exp{ —i/¢Hnutatioft")
R dt'} is the propagation operator. The time dependence of the
- and g functions involved inwéz) and Hpytation CaN in turn be
Q PV AAN derived with the aid of Wigner rotation matrixes, which we
0 1 define in this case according to the time-dependent Euler
transformations

wy/2n = 50 kHz wy/21 = 50 kHz

-0.5 T T T T T T Q, ={o,fy} Q; = {wt,6=54.7,0°
PASQ) ROTOR

LAB (7)

where a collinear sample spinning/rf coil setup fixed at the magic
angle was assumed. The explicit forms taken byf{be g(t)
functions following these transformations are given as Support-

------

g NS AL LA ing Information.
04 iy With the aid of these functions, the relevant Hamiltonian can
w2n = 100 kH. ;/er = 100 kH be written and its eff_ects propag_ated asa function of the nuta_ltion
05 ! ¢ ! ¢ pulse length. The right-hand side of Figure 1 shows the time
o  s00 . 10000 | 50 1000 evolution that can then be calculated for the.[spin eigenstate
Overtone nutation pulse 7 (lis) of | as a function of the overtone MAS irradiation. Comparable

Figure 1. Comparisons between the overtone nutation of the|+10 n b.Ot.h static and spinning cases are the Oﬁset_dependenmes
guantum statepg 1 element ofi’s density matrix) under static and MAS exhibited by the nutation, which only show substantial depar-
conditions, as a function of the rf offset and pulse irradiation time  tures from the equilibrium whea ~ —wﬁf)- This is because
Curves were calculated for 50 and 100 kHz rf field strengthir = the MAS rates being considered here are approximately an order
0.8 MHz, 7q = 0.2, spinning speee 4 kHz, 2vy/2r = 43.6 MHz, of magnitude smaller than the avergge”|, and therefore fail
20° powder-averaged orientations. For the numerical MAS propagations tg introduce substantial modulations into these longitudinal
aAr ~ 1.95us time increment was assumed. Notice the evolution's ¢qplings. Different, however, are the actual nutation profiles
sensitivity to the offset irradiation conditions, as well as the marked exhibited by static and MAS cases for the range —0® of
wr modulation observed under MAS. Féy = |—10 the nutation . . L. ; .9 .
behavior can be simply derived froms_1(z) = —p1.1(). maximum spin excitation. For static cases, the nutation behavior
is made up of a complex superposition of frequencies, whereas
in the spinning case a well-defined modulation of the nutation
emerges over the complete powder. This feature has important
consequences for enhancing the efficiency of dipolar MAS
recoupling, and its origin can be gathered from examining the
matrix elements in eq 6. On compensatin@ with a suitable
irradiation offset, this nutation Hamiltonian ends up exhibiting
mainly transverse components proportionalitgf, wieg. In
the static casd, g adopt different values depending on a
crystallite’s orientation, and the powder-averaged nutation plots
thus display interferind cos1¢ft), cosiegr)} oscillations.

varying the overtone irradiation frequency (or of accounting for
a chemical shift) via the offset terth = 2w}, — wi.

Equation 6 is a 2x 2 Hamiltonian with time-independent
coefficients, and hence it enables an analytical calculation of
the populations’ behavior upon rf irradiation as a function of
the nutation timer. This can in turn be used to infer basic
characteristics of a heteronucldarS recoupling experiment,
whose dipolar evolution will eventually be dictated by the time
dependence of thig eigenstates. The left-hand column in Figure

1 presents the time evolution of tié10populations that can When undergoing MAS, however, the and g functions

be edxpectled frgmf this slt_atlc Ham|lt(t)n|an, calculatec(jj for dtyplcall themselves acquifetw,,+2w,} time dependencies. The result-
quadrupole and rf coupling parameters over a powdered samp e|ng overtone spin nutation curves are then composed of terms

and as a function of the offset employed in the overtone
R . of the type{cospwielflcosfwt)], cosfwielgicosbwt)]}, rep-
irradiation. It becomes evident from these powder averages thatresenting Bessel series of basg In terms of their frequency

small perturbations will be imparted dpexcept for a relatively spectra, these nutations will thus resemble sideband-like struc-

narrow range of irradiation offsets, and that for this appropriate tures that contain substantial components oscillatingvat
offset range considerable orientation-dependent oscillations inregardless of the magnitudes ff, |g, i.e., regardless of a

the |=1Ctates will occur within a time scale of -1 ms. Both crystallite’s orientation. Hence, the basig modulation and

of these features can be understood from the fact that the,qjatively high coherence are displayed by the MAS overtone
overtone irradiation Hamiltonian is composed of a relatively ation plots, even after considering their powder integration.
large longitudinal component-(L0° Hz) stemming from the 2.2. Overtone Rotary Recoupling of Heteronuclear Inter-
sizable second-order quadrupole effeatg’, plus a smaller  actions. The significant frequency components that the MAS-
transverse component{0° Hz) proportional teews. Thus, only  griven overtone nutation100of populations display in the
when the former is compensated by suitable irradiation offsets neighborhood o, will enable the efficient recoupling 6fN—S
A will substantial deviations from equilibrium occur, with dip0|ar Coup”ngs even under fast MAS. |ndeed’ the§e
oscillations in the 10° s time scale. nutations will alter the evolution of th&—14N coupled pairs,
Describing the nature of overtone experiments becomes morepreventing the MAS refocusing of their mutual dipolar couplings
challenging upon introducing sample spinning. The nutation at the end of each rotor echo. The dephasing that will then affect
Hamiltonian is still composed in this case by ax22 matrix, the S-spin signal will depend on a variety of factors including
but since it is not self-commuting and its coefficients are now the dipolar coupling, the spinning rate, the offset of overtone
time-dependent, it does not permit an analytical calculation of irradiation, and the magnitude of the overtone nutationdate
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A =2 B K
S 39Co <rm>|<nrr>
‘ Acgq ACq
14N 14N
(0T) [ —>| (or)_ <"
w2
H ICP] Decouple l
X Y XYY X Y X
C 13¢c |CP
s Ty eTps e Tps ..r,
14N
(0T) v [=] =] [7]

Figure 2. Different ORR pulse sequences considered throughout this

study. (A) Basic overtone (OT) version used for understanding the
sequence’s behavior. (B) Single spiecho variant, used during actual
observations involving®Co (a spin%/, nucleus). (C) Multiple spir
echo variant incorporating an XY-type phase cycling and complete
refocusing of isotropic and anisotropic chemical shifts, employed for
the*C measurements. In the actual experimentsSthgin—echo signals
were measured with§ and without &) *“N overtone rf irradiation, to
guantify the dephasing fractiohS'S,.

The present section explores these dependencies, assuming for

the sake of simplicity the application of the sequence in Figure
2A on anSsite devoid of any internal couplings (even if for
actual experiments, spitecho variants such as those shown in
Figure 2B,C need to be used to cancel out inteBgpin shift
interactions).

A quantitative analysis of the overtone rotary recoupling
process builds on the effective sgiiformalism of the previous
paragraph but expands it to a coupledS space capable of
accounting for the two-spin dipolar interaction. Assum@wr
1/, (or the central transition of a half-integer quadrupole nucleus
9, the resulting 4x 4 Hamiltonian then reads

Horr(t) = Hiytatiodt) + His(t) =

' [
A+ 0 + 2020 %(\/éf ®+ o) 0 0
VA W) 8o R0 0 0
wq€
0 0 A+ wéz) - %w:?s(t) 713(\/§f(‘) +a()
0 0 %(ﬁf (O +g(0) —a = o+ 020
! i
(8

Here, all definitions regarding théN derive from eq 6 under
MAS conditions. The time-dependent dipolar temﬁ)(t) that

J. Am. Chem. Soc., Vol. 123, No. 42,1236Y

o Tyys 2020 2 ) )
wg(t) = T3 A3 Z z Drmo(€21) D5 m(€22) D5 n(€25)
rIS m=—2n=-2

(10)

The explicit expressions then resulting ), g(t), anda),DS(t)
are given as Supporting Information.

Calculating the effective time propagatd(r) arising from
eq 8 again requires a time-ordered series of numerical diago-
nalizations and multiplications d¢iorr. From this operator the
Sspin NMR signal can be derived as

(@) = Trp(»)S,] = Tr[U ())SU(@)S.]

whereS, is assumed as the initial spin state &d= S, + IS,

is the single quantum coherence being detected. As in most
double-resonance experiments, it is customary to compare this
signal withS, the expectation in the absence of &ryadiation,

and from here to calculate a dephasing fractign-< 9/S =
AS/S. For the type of experiment being considered here, this
fraction will follow from the powder average

A—S;s’(r) = %(1 —% LZ T [FTH p()S,} docsin dB dy

(12)

(11)

The 23 factor in this equation accounts for the fact that in
overtoneN NMR, the |0Ceigenstate remains unchanged and
hence does not contribute to tBespin dephasing.

Figure 3 presentsASS curves computed under these
assumptions for typical sets of coupling values upon systemati-
cally changing thel—S dipolar coupling (A), the offset of
overtone irradiation (B), the relative orientation betweenlthe
quadrupolar andi—S dipolar tensors (C), the sample spinning
rate (D), and the strength of overtone irradiation (E). These
curves evidence maximum dephasing fracti&d®S, ~ 0.67
developing within{yn/g/r,?’s}*1 time scales, confirming the
competitiveness of this form of recoupling. It is also clear that
not only the magnitude but, to a lesser extent, also the relative
orientation between dipolar and quadrupolar tensors will influ-
ence the decay. The conditions for optimal dephasing also vary
slightly upon changing the combination of spinning and rf
nutation frequencies, with stronges fields favoring dephasing
at slightly largerw, rates. Because of the MAS-modulated nature
of the overtone nutation, however, any giwenrate will result
in an efficient dephasing over a range of applied rf field
strengths: no special rotary resonance conditions have to be
met for performing this kind of experiment.

One of the most interesting applications of overtone recou-
pling derives from the selectivity that the heteronuclear dephas-
ing displays to the offset of rf irradiation. To illustrate this

now also needs to be considered can be evaluated using @otential, Figure 4 focuses on directly bonded mdéeH'4N

coordinate transformation similar to that employed for the
quadrupolar terms:

Q3:{ @=0°&,y} Q2:{ oy}

PASD) PASQ)

ROTOR

Q,={0,1,6=54.7,0°}

LAB (9)

where the Euler angle s&t; transforms the dipolar tensor from
its principal axis system (PAS) along the internucléaS
vector, intol’s quadrupolar PAS. The dipolar anisotropy is then
related to thes internuclear distance by the successive Wigner
rotations

spin pairs and shows the dephasing fractions that for a fixed
period of dephasing can be expected fromiizas a function

of the*N overtone irradiation offset. The close relation between
the overtone recoupling offset dependence and ideal second-
order quadrupole line shapes is evidenced by these simulations.
It is also illustrative to contrast this behavior with the expecta-
tions arising from the conventional recoupling N, based

on irradiation fields centered ab}.1”:18 Toward this end,
Figure 5 presents, again for mod&C—“N pairs, the dephasing
profiles that can be expected from constant-time ORR and
TRAPDOR experiments as a function of th#\ irradiation
offset. These plots evidence the resemblance thatAtH&,
fractions of these two techniques have to second- and first-order
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Figure 3. AS'S overtone dipolar-dephasing fractions predicted for typté@hH2“N sets of coupled spins upon systematically changind &
dipolar coupling (A), the offset of overtone irradiation (B), the relative orientation betWsequadrupolar and the-S dipolar tensors (C), the
sample spinning rate (D), and the strength of overtone irradiation (E). Unless specifically mentioned, the parameters incorporated in tiwse simula
areyo/2r = 0.75 MHz,nq = 0, dipolar coupling= 0.8 kHz,w./27 = 3.5 kHz,w1/27 = 60 kHz,& = y = 0°, overtone irradiation offset 72 kHz.

2 crystallite orientations together with 18 time increments were assumed for these calculations.

Static line shape

0 o 5y
1 —_
14N ORR sweep
e2gQ/h =2.6 MHz J\
o-L % =0

1

Static line shape
N =3.2MHz
14N ORR sweep ol =0 FARRY

T ¥ T T T T

a5,

e2qQ/h = 1.2 MHz
=0

AS/S,

AS/S,

.

-2 0 2 -50 0 5‘0 100
14N Larmor offset (MHz) 14N overtone offser (kHz)

L/J\S\taﬁc line shape Figur(_a 5. Compar_isons between the Iimitin_g di_po_IAS/S) fractions
resulting as a function of thHéN rf offset when irradiating at the Larmor
(TRAPDOR) and at twice the Larmor (ORR) frequency. Calculations

4N ORR sweep assumed a sequence like the one in Figure 2A for both cases; quadrupole
coupling parameters were as indicat®g,was set at 4.7 T, and all
50 0 50 100 .50 0 50 100 other coupling parameters were as in Figure 4.
overtone frequency offset overtone frequency offset
(kHz) (kHz) XY8-cycled pulse sequence (Figure 28§ whereas the single spin

echo version in Figure 2B yielded better sensitivity and fewer distortions
when observing th&= 7/, 5°Co nucleus. All solid-state NMR spectra
were collected on a laboratory-built triple-tuned 7.2-T NMR spectrom-
eter, operating at Larmor frequencies of 301.63, 75.85, and 71.23 MHz
for H, 13C, and®Co, respectively; 2« 21.80~ 43.60 MHz was the

N overtone frequency. A 4-mm triple-tuned Varian/Chemagnetics
probe and MAS speed controller were used in all experiments, with
extensive cooling air applied to prevent potential sample heating during
the relatively long periods dfN overtone irradiation. Powers of 100,
1N quadrupole patterns, respectively. When comparing the 110, and 75 W were applied on the, 13C/5%Co, and“N overtone rf
relative performance of both techniques in terms of their relative channels, which delivered 75, 50, and 33 kHz rf fields, respectively
dephasing fractions, it appears that suitably tuned TRAPDOR (the last of these field calibrated using the neittyesonance ofH,0
sequences perform better than their ORR counterparts for weakat 46.4 MHz). Acquisition scans were alternated between sequences

uadrupolesd < 0.1), while the opposite is the case wheis with and without*N irradiation periods in order to colle@ and &
lqarge P - PP signals simultaneously; further experimental details are given underneath

each figure’s caption.

Figure 4. Comparisons between the idedN powder line shapes
expected from static overtone experiments, and $fspin dipolar
dephasing fractions expected under MAS conditions as a function of
the N overtone irradiation offset. Parameters involved/2z = 0.8
MHz, w/27 = 5 kHz, S—*N dipolar coupling= 0.8 kHz,w:/27 = 37

kHz, an overtone pulse width fixed at= 16 rotor periods, the indicated

By, field strengths, and varioug, asymmetry parameter values.

3. Experimental Details 4. Results

To test the validity of the various features derived in the preceding S @n example of the feasibility of carrying out ORR-based
paragraph, a series of doubl&Go/N)- and triple EH/3CA4N)- expenments, Figure 6 |Ilgstrates the dephasings e>§h|b|ted by a
resonance experiments were carried out. All samples were analyzed aS€ries of 13C and **Co sites proximate td“N's which are
natural isotopic abundance. These includ&—“N pairs in amino undergoing overtone irradiation. AlthoudfC’s are directly
acids and dipeptidest-alanine (Ala),N-acetyl+-valine (NAV), B-L- bonded to nitrogens, some of th€ resonances do not exhibit,
alanyli-valine (AlaVal), andg-L-aspartylt-alanine (AspAla). Also - - - -
analyzed were th&?Co—*N complexes hexaaminecobalt(l1l) chloride 89,(3(;)(;3ulllon, T Baker, D. B.; Conradi, M. Sl. Magn. Reson199Q

and sodium hexanitrocobaltate(IIEfC signals in the organic samples (31) Bennett, A. E.; Rienstra, C. M.: Auger, M.; Lakshmi, K. VV.; Griffin,
were acquired under TPPWH-decoupling conditions and using an  R. G.J. Chem. Phys1995 103 6951.




Heteronuclear Recoupling in Solid-State MAS NMR J. Am. Chem. Soc., Vol. 123, No. 42,123569

I ry

A e gooHz (1546 A) | | B 5 v
701 Hz (1.468 A) 120° 120° 714 Hz (1.46 A) 05
....... ——— 90° 114° T14Hz
800 Hz (1408 A) | | T 90° 114° 580 Ha (1,48 A)
04
% 05} - Jo3 b
< g
3
e 02 L
/4 NAV
:"!x i I ! 0.1 -
0 2 4 6 8
D °5
— 11 22:: :g: ggg :: 8% ﬁ; - overtone rf pulse width (ms)
........ ) v
----- 90° 122° 860 Hz At Figure 7. Same as in Figure 6, but involvit§C—“N dipolar couplings
8 . v between pairs of peptide nitrogen and carbonyl carbons separated by
% 0.5 - LT L 7 more than one bond. In thisAspAla structure (top), the amide nitrogen
= o is separated by four bonds from the side-chain carbo8®3 A) and
g T o7 by two bonds from carbon £32.38 A)34 The —NHs* nitrogen in the
, < e structure has a very different offset for its overtone excitation and could
R NAV w'  Na3z[Co(NO2)s] thus be ignored when analyzing dephasing processes that involve
0L, . . R ! ; irradiation of the amidé“N.
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7P signals were Fourier transformed as a fraction of their acquisition

Figure 6. Experimental (symbols) vs calculated (lines) ORR dephasing times, these experiments resulted in what effectively amounts
curves observed for the, &N pair of L-alanine (A), for G—N (B) to a two-dimensional plot, correlating the isotroBiMAS traces
and OC-*N (C) sites in NAV, and for**Co—"N in sodium with the overtone spectra of their nearby nitrogen sites (Figure

hexanitrocobaltate(lll) (D). Rf overtone fields were in all cases set at . . .
33 kHz. The pulse sequence in Figure 26/27 = 5 kHz) was used 8). This offset dependence, the origin of which was alluded to

for the organic samples, whereas the sequence in Figure)2Br(= earlier (Figures 4 and 5), endows the method with a selective
6.25 kHz) was applied for the inorganic complex. The best fit for chemical specificity that is not usually available in dipolar
L-alanine G—N dephasing data matches the literature parametgrs: recoupling methods. This allowed us, for instance, to analyze

= 1.468 A and coinciding dipolar, quadrupolar tensérshe G,—N the13C dephasing in the AlaVal and AspAla dipeptides (Figure
and OC-N data of NAV were fitted with dipolar couplings of 714 Hz  7) solely on the basis of distances to amide nitrogef$Hz"

(rn-c = 1.468 A) with £ ~ 120°, y ~ 120, and 864 Hz fy-c = groups, having smaller quadrupolar couplings, undergo ORR
1.369 A) with& ~ 12C°, 3 ~ 40°. The optimal offset irradiation position ¢ significantly different irradiation offsets and thus can be

for each of these samples was determined fidhovertone experi-  qnsidered in this recoupling analysis as if they were isotopically
ments such as those depicted in Figure 8. different species

even under optimized conditions, the full dephasing fraction of ~ Besides their usefulness in setting up site-specific recoupling
0.67; this is a combination of having employed too weak rf experiments, variable-offset/fixed-evolution time ORR experi-
fields and of the sites’ relatively small quadrupole couplings. ments provide a route to acquiring high-resolution overtone
In all cases, however, the experimental behavior exhibits a goodSpectra from spinning powders that, at least in our experience,
match when compared to numerical expectations arising from iS considerably simpler and more sensitive than comparable
the treatment of the preceding section. For ¥#@o sample, direct-detectiod“N overtone schemes. The meaningful overtone
the ORR-driven dephasing actually exceeds the 0.67 fraction, spectral data arising from these indirect dephasing signals can

despite involving longeP*Co—1“N distances, a behavior that ~be better appreciated in Figure 9, which compares the offset
we ascribe to the presence of six nitrogens in the metal’s dependence of several experimental ORR line shapes with the

vicinity. ideal overtone powders expected fréf literature quadrupole

Quantitative dephasing data could also be collected¥or ~ couplings. The line shape agreement is very good when dealing
sites that were not directly bonded\. Figure 7, for instance, ~ With an isolated *C—'*N pair. Even when dealing with
shows the ORR curves observed for two terminal carboxyl humerous coupled nitrogens such as in the cobalt(lll) complexes,
carbons of 8-AspAla, whose dephasing rates are in good these experiments enable reasonable estimates for the hitherto
agreement with the 3.63 A (47 Hz coupling) and 2.38 A (164 unavailable**N coupling constants.

Hz coupling) distances observed by crystallography to their . ) .
nearest!¥N.34 An interesting feature demonstrated by these °- Discussion and Conclusions

curves, as well as by some of the curves in Figure 6, is the  The present study demonstrates that overtone experiments
dephasing’s sensitivity on the dihedral angle between'tfNe  involving forbidden|+10< |—10%N transitions can act as
quadrupolar PAS and the N internuclear vector. This  syitable and efficient means for dipolar recoupling under MAS.
suggests potential applications to orienting the former within To analyze the behavior observed during these experiments and
the molecular frame or, if the quadrupole tensor orientation is quantify their dephasing performance, a simple formalism was
known, to constrain molecular geometries in the solid phase. derived, based on an effective sgia-Hamiltonian describing
The various dephasing experiments summarized in Figurespyertone nutation. From here the offset dependence and high

6 and 7 were obtained after defining suitable overtone irradiation recoupling efficiency of the method could be rationalized, the
offsets. This procedure, in turn, involved selecting a sufficiently :
long dephasing time, usually fixed between 12 and 16 rotor deﬁ%)l';r“ecsks‘?”fr-‘ dAo-nCi’\fq%Cslear Quadurople Coupling Constant&ca-
cycles, and then monitoring theS'S, fraction while sweeping (33) Terao, T.J. Mol. Struct.1998 441, 283.

the overtone rf irradiation frequency. After tH€ or>Co NMR (34) Gorbitz, C. HActa Chem. Scand.987, B41, 679.
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Figure 8. “N overtone powder line shapes detected for the indicated

sample sites, as deduced from th8/S dephasing fractions observed . . | .
and considerable efficiency losses asdhe yo/w, ratio drops

from 3C CPMAS and®Co MAS NMR spectra. The overtone Dsst
dimensions were swept in 2 kHz steps. The spinning speed was 5 kHzbelow ~0.05. Also worth noting is the narrow-band nature of

in all measurements, and asterisks denote spinning sidebands. Betweethe recoupling, which allows one to discriminate the dephasing

32 and 512 scans were collected for b&land § measurements at according to the quadrupole parameters of the cou’;ﬂédite_

each overtone irradiation frequency, depending on the compound.  Further clarification on the influences of these factors would
clearly benefit from a simpler model, capable of describing ORR

former stemming from the large second-order quadrupole effectsphenomena and their resulting dephasing curves in analytical

involved, and the latter from the periodic time dependence terms. Additional theoretical and experimental work is also

imposed by spinning on the transverse irradiation tefafs  needed to clarify whether the combined dependence of the ORR
€g}. In some respects the latter aspect of overtone recouplingdephasing on multiple coupling parameters, particularly on the
resembles that of certain spify-schemes such as MORE*33  quadrupolar coupling parameters of the irradiated nucleus, ends

which rely on amplitude-modulated rf fields for recoupling the up being an asset or a liability for geometrical assessments.
dipolar couplings. These amplitude modulations provide a MAS Efforts along all these research lines are actively under way,
dipolar recoupling scheme which is remarkably efficient and yet it is satisfactory to note that even at this stage, experimental
independent of rf inhomogenities. A difference between the two data show a very good agreement with the numerical predictions
classes of sequences is that, whereas in thelépaxperiments derived from our numerical formalism.

w; modulations need to be artificially introduced on the | addition to its structure measurement potential, one of the
amplitudew, in the ORR case they are natural consequences most promising aspects of this technique is its ability to report
of the modulations imposed by MAS on the overtone nutation oyertone spectra via sweeps of the irradiation recoupling field.
Hamiltonian. This information arises in a fashion that is largely independent

Among the basic features found for this new form of of the specific recoupling conditions, which therefore do not

recoupling are a conventional dependence onl 8 dipolar need to be precisely known or set, and provides reliable line
coupling, weak yet non-monotonic dependencies on the rf field shapes from the elusive realm of strongly coupled quadrupolar
strength and spinning rates used in the recoupling, a sensitivity NMR. Given the relevance &fN in a variety of synthetic and
with regard to the relative orientations of the tensors involved, biological structures and the well-characterized correlations
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density32 this may result in a most valuable ramification of the Department of Energy through Grant 00ER15049, as well as
present teChnique. Also intriguing is the pOSSIbI'Ity of extending by a Ph|||p M. Klutznick Fund for Research (Weizmann

this high-resolution spectroscopic approach to other strongly |nstitute). L.F. is a Camille Dreyfus Teacher-Scholar (1996
coupled species with spin numbdrs: 3/,. Indeed, a number 2001).

of half-integer quadrupoles (e.qg., halogefi€u, etc.) can only

be observed by NMR if positioned in highly symmetric

environments. We are currently exploring whether overtone  Supporting Information Available: Explicit expressions
recoupling might help to extend this window of observation to for the various functions involved in eq 8 and needed to derive
more generic sites. the ORR dephasing curves (PDF). This material is available
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