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This study presents a theoretical, numerical, and experimental survey on the nature of homonuclear dipolar
couplings in systems of half-integer quadrupolar nuclei undergoing magic-angle-spinning (MAS). Various
spin interactions that do not commute with homonuclear dipolar couplings (chemical shift effects, heteronuclear
dipolar couplings, quadrupolar interactions) may lead to recoupling effects under MAS, yielding a variety of
pathways for transferring magnetization between proximate quadrupole nuclei in 2D correlation experiments.
The Hamiltonians underlying this anisotropy-driven recoupling of the dipolar interactions are theoretically
derived and their characteristics revealed from theoretical and numerical arguments. To explore when and
how these various recoupling mechanisms become relevant, a variéijeoind!'B 2D exchange NMR
experiments were performed at different external magnetic fields and MAS frequencies on several
compounds: Na&IPQO,-2H,0, NaSG;, disodium deoxycytidine heptahydrate® and BoHi4. The structural
information content afforded by these experiments as well as their potential limitations are discussed.

1. Introduction techniques capable of selectively bringing back the dipolar

couplings have been developed for spinsystems5-18 Most

) ; : of these employ sequences of radio frequency (rf) pulses that
solid-state nuclear magnetic resonance (NMR) techniques MNare synchronized with the sample rotation, pulses that need to

; i > 1/, 1-4 i
nuclei possessing a Spi > />, . Such .nUC|e' are usually be characterized by rates of spin nutation much larger than the
affected by intense quadrupolar interactions arising from the .

surrounding electric field gradients (EFGs), which may affect m'gernal Interactions within the spin system. Hovyever, though
. : this strong rf requirement can often be met for dilute spips
NMR line shapes through first- as well as second-order

effects!~” The renewed interest in this kind of spectroscopy it will notin general hold for_S =1 systems affected by
potentially strong quadrupolar interactions. A number of low

has been driven by the important roles that such species play .

. - . . ; rf power alternatives have been recently demonstrated for

in a variety of technologically important materials, by advances - . : :

. . . .~ achieving homonuclear dipolar recoupling between half-integer

in NMR instrumentation, as well as by a better understanding 9 20 . . L
quadrupolar nucléei??° though research in this area is still

about the spatial and spin properties of quadrupole rel¢_31tedConSIOlerably less developed than that of siin-
effects. As a result of these factors a number of alternatives . - .
. - Given the challenges arising when relying on rf pulse
have been proposed and demonstrated for the routine acquisition . ;
. ) . . sequences to achieve homonuclear recoupling between quadru-
of high-resolution solids NMR spectra from half-integer

quadrupole$:12 Yet as the use of solid state quadrupolar NMR polar nuclei, att_en@ion h'?‘s also be_en fo_cused on alterr_latives

A ; o capable of achieving this recoupling without rf. Rotational
expands, limitations in our current ability to extract structural - c o LT MAS as well as off-magic-angle spinning
information from multiple-spin systems involving q”f”‘dr”p?"ar experiments, count among the approaches that have been
nuclei become evident. The present paper deals with a .S'mpleexplored recently1=23 Another potential recoupling approach
route that cou!d potentially be useful for gaining connectivity, relies on letting other anisotropic interactions within the spin
internuclear distance, and molecular geometry information in ) 24033
systems of quadrupolar nuclei, based on spontaneous recouplin gystem drive the homonuclear recoupltg: As.we have .

’ Yhcountered this source for spontaneous recoupling of practical

processes arising when these spins are subject to magic-angle- S I
S interest for monitoring homonuclear connectivities in quadru-
spinning (MAS).

The measurement and interpretation of dipolar couplings polar spin systems, we decided to describe some of their aspects

constitutes a well-established approach to extract structuralin this publication. Toward this end we begin by summarizing
. : 1315 PP , in the coming section the overall form of the anisotropy-driven
information from solids: These experiments are usually

carried out in combination with MAS of the sample, an approach recoupling, and the different mechanisms capable of driving
that for dilute spin¥, nuclei can afford hi h-resglut’ion spgctra such recoupling between half-integer quadrupoles. The recou-

) PNz gn-re pectra. pling efficiency under various idealized conditions is also
As this procedure will remove, among other first-order anisotro-

. ; ; b .~ investigated with the aid of numerical simulations. A results-
PIes, the d"°.°'.6!r couplmgg needed for establllshmg the£p|p based section follows, where compounds and experimental
spin connectivities, a considerable number of dipolar recoupling '

conditions were chosen to illustrate various aspects of these

« Corresponding author. E-mail: Lucio Frydman@weizmann.ac.i. recoupling processes. Finally, we briefly discuss the relative
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Recent years have witnessed a surge in the application of
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2. Spontaneous Recoupling: Theory and Simulations where the various Fourier component§ for A = chemical
Spin Hamiltonian. The rotating frame spin Hamiltonian for shift, dipolar or quadrupolar interactions are explicitly given in
two homonuclear half-integer quadrupolar spiig gnd S) ref 35 . ) ) )
coupled toN; spin/, (denoted!) and undergoing MAS, may Origin of Anisotropy-Driven Recoupling. As mentioned
be written as earlier, the main focus of this paper is the spontaneous
recoupling phenomena associated to cross-correlations between
H(t) = Hogt) + H Ig(t) +H Ss(t) + Ho(®) (1) the pairwiseS—S homonuclear dipolar interaction, and other

anisotropic terms in the spin Hamiltonian. This recoupling
The first term represents the chemical shift Hamiltonian, which happens intrinsically within the spin system due to a combina-
for simplicity we shall assume affects only the obserSegins. ~ fion of (i) the noncommutation between the spin part of the
This in turn may be expressed as an orientation- and time- homonuclear dipolar coupling’, and the spin parfis of
independent pait %, plus an orientation- and time-dependent another anisotropic spin interactions in the Hamiltonian of eq

chemical shift anisotropy (CSA) 1, (i) the fact that the spatial tensor components of these two
interactions do not coincide, and (iii) a MAS process which
H2EW = wja"'S‘(t)Siz + w™M)S,, 2) renders all these anisotropic spatial components synchronously

time dependent To better visualize the effective Hamiltonian
where »®™qt) is the anisotropic chemical shift frequency of arising from these three conditions, it is convenient to consider
T i oni the simplified Hamiltonian

spinj. The second term in eq 1 represents the Hamiltonian of P
the heteronuclear couplings between each of the quadrupolar _ s
nuclei and the surroundingspins, which we assume is only H(O) =HA® + HDS(t) (8)
mediated through space: ) _ ) anis s )
where Ha(t) is any interaction{HZ2g>{t), H(), HQ'O,

N Hg)(t)} that can potentially fulfill condition (i). The effective
Hp® = Y 0’021, S, + 0iH)21,S, (3) recoupling can be derived by entering an interaction frame

i= generated by the interactign This transforms the Hamiltonian

. . I .. in eq 8 according to
Likewise, the homonuclear Hamiltonian between spiaadk a g

1 1. 1. A = expli [ dt 02 )T JHE® x
H gs(t) = wﬁ(S(t)TG(2§ZSKZ - §§+ S< N §§ Sj) = ° * AeXF{ _ift dt wanisctt')TA} (9)
0 A

0T (4)

) wherew?"{t') is the time-dependent frequency of interaction
involves solely a dipolar coupling frequenqﬁstimes theT'zkO A (eq 7). This transformation effectively removidg(t) from
second-rank irreducible spherical tensor operator. Finally, the H(t) but imposes a time dependence on the spin paﬂgﬁ
last term in eq 1 is specific t8 > %> nuclei, as it represents Tl — T(t), which may be expressed as a closed setj of
the interaction between the nuclear spins and electric field ik i i ;
gradients in their surroundings. Here E)Ne shall express this ?hperators{Tzo_x Tala Th_e|r precise expressions depend on

S ; . X e commutation properties betweéé‘o and T, but are not
_Hamlltoman in a perturbative expansion, whose first-order term important for our qualitative description: explicit expressions
is given by for the interference between some of them may be found in the

W o 1 ) literature26:30.37.38Here we formally rewrite them as
Ho'(t) = o (t)—6(3%Z —§S+1)+

f (o]
=ik _
ofOE8S - S8+ 1)= ofOTh + of0TE 6 0= 2

. . .. ) : . .
ij(t) is the quadrupolar frequency, directly proportional to the The welghtl.ng coeff_lc.|entl’;q (n;n eq 10 are In turn p_roportpnal
frequencyyo/27 = Co/252S — 1), whereCqo = qQif is the to the Fourier coefficient§a,’} that define the anisotropia

quadrupolar coupling constant. The second-order quadrupolar'meraCtlon under MAS according to

> O explinw H{Th x Tp},  (10)
q

Hamiltonian is given by t _ ®
o exp(i [ dt 3™} = § a0 explinwt}  (11)
HEO = 5 of O Tomd + 3 ol OTin 50 S 2, ’
m=1,2 m=1,2
(6) Combining eqs 4 and 10 we may summarize the effective

Lo o S — oSSy ik

The spin commutators in this expression may be decomposed!_iam'l.ton'an in theA drlven frame asH(t) = wjké(t) TIZO(t)'. .
into a sum of first and third-rank irreducible tensors, whereas involving the p.roduct ofstvvo tlme_-deper!dent terms: one deriving
the second-order quadrupolar frequenei are proportional  rom the spatial termui(t), which is time dependent due to
to Co?/w, and have components that transform as a sum of zero-, the action of the MAS, and another deriving from the spin part

second-, and fourth-rank tensér¥ TE(t), which is time dependent due to the transformation
Note that anisotropic terms in eq 1 are time dependent dueiMposed by the\ interaction. Including also the explicit Fourier

to the periodic oscillations introduced by MAS. This time €Xpansion in eq 7, this effective coupling becomes

dependence may in all cases be expressed as the Fourier series

o 2
H(t) = MO oy Kk
0r() = 3 o expline @ HO= ; n:Z_w ng_zwik fo exp{i(n + Mo {T5 x T(A} q)
n 12
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TABLE 1: General Features of Anisotropy-Driven Another anisotropy capable of driving the homonuclear
Recoupling Mechanisms recoupling is the CSA. Cases of CSA-driven recoupling have
Hamiltonian driving spinning-speed Bo been reported for spilf; pairs36:3841put to our knowledge have
the recoupling dependence dependence so far not been considered for quadrupolar cases. Several

j aniso yes yes characteristics of this recoupling mechanism are common with
Cs . . .
s those of the heteronuclear IS driven recoupling, even if by
HD yes no . N .
@ es o contrast to the latter, CSA-driven recoupling will -
H% y dependent. CSA effects might be important for recoupling
HE yes yes quadrupolar spins that are subject to large interactions, such as
Ho.o no yes 59Co. In our experience we have not encountered cases where

the extent of this recoupling is significant.

Equation 12 conveys the “gist” of anisotropy-driven recou-  Another source of anisotropy-driven recoupling arises when
pling, as it shows that even if homonuclear dipolar interactions dealing with multiple S-S homonuclear couplings. In the case
may be averaged out by MAS when taken in isolation, their of systems experiencing several strong and noncoinciding
interference with other anisotropic interactions will lead to time- couplings of this kind, mutual recoupling processes will become
independent contributions. This follows from employing average active, which MAS will not succeed in averaging out. This
Hamiltonian theory (AHT)?® after integrating eq 12 over a  situation is familiar in the context dH MAS NMR#2 and may
rotational period only those terms in with= —m survive and also occur in homonuclear multispin systems of strongly
result in a time-independent recoupled dipolar interaction magnetic quadrupolar nuclei. Experimental examples of such

residual dipolar effects are illustrated below.
- o 2 (e (= ik A source anisotropy that will generally need to be accounted
HOge=Hp = z z wjc fq {T20 x Takq (13) for when considering the recoupling betweSr> ¥/ is that

q m=-2 arising from quadrupolar interactions. Because of their wide
) 0 o _ potential magnitude, it is convenient to subdivide these effects
Notice that because for exact MAg)” = 0, it is the Fourier  into those arising from first- and from second-order components.

component&oj(f‘) with m = +1, £2—weighted by the coef-  Details about how first-order quadrupolar-driven recoupling acts
ficientsfg‘m)—that will define the strength of the recoupling. have already been considered on the basis of the formalism

As the weighting coeﬁicient$ff{m)} n—s142 @re in turn func- given in the preceding paragraph27.29.30they are independent
tions of the coefficienta(Am) which correspond to the spectral of the external field and most pronounced when the differences

sideband amplitudes generated by the anisotropic part of thePetween the quadrupolar frequencies of thg spin pair are of the
interactionA when considered in isolation, it follows that the ~Same order of magnitude as the sample spinning frequency. In
efficiency of the recoupling varies nonmonotonically as the most instances, however, line broadening effects are not visible

spinning frequency is increased. Indeed, the size ofaﬂﬁ‘b because quadrupolar frequencies are much largerahestill,

- . - ! as exemplified below, quadrupolar-driven recoupling ma
coefficients depends on the relative ratio between the amSOtrOpybecome apcentral mechaﬂism inpmagnetization trangferg corre)lla-
coupling " and the MAS frequency,. 2% The sideband tion experiments. As foH 2, the most important difference
amplitudesa™ andal™?, and hence also the magnitude of the .- CxP SN Impa . .

. A At o R vis-a&vis the remaining first-order Hamiltonians hitherto dis-
dipolar recoupling, will be maximized when the spinning ., c<0q arises from its different behavior under MAS2™
frequency is about the same as the anisotropy frequency, |.e.,Cou ling frequencies i@ entail a second-rank part that
when [w™Jox| ~ L. In the case of first-order quadrupolar- rec;)u IgesH Sgin a manner?hat is analogous to that o'? the first
drrllven recoupllng, studies shov(\j/ t;at the rhecolupllng N rﬂaxi:mlzed orderrt):ases',3 but also contain a zero-ra%k part that is equivalent
when is between 1 and 2 At either lower or higher . . . . .

: .|XQ/fwr| diti he effici f th 9 ling tO an isotropic chemical shift, and a fourth-rank part that will
spinning frequency conditions, the efficiency of the recoupling not be refocused by MAS and that exhibits both time-dependent

is thus expected to drop. o . L .
Qualitative Features of Various Recoupling Mechanisms. and time-independent components. Without going into a detailed
discussion of its effects, we mention that qualitatively, the

Although the anisotropy-driven recoupling is fairly straightfor- @) R hos
ward to describe, realistic analyses become cumbersome becaudd ¢ -driven recoupling is expected to be similar to that of
several recoupling mechanisms are usually active simulta- Small first-order interactions. o o
neously. Still, certain generalities may be derived, particularly ~ Another potential source of recoupling is that arising from
with regard to the spinning speed and magnetic field depend- the laboratory-frame cross-term between the full quadrupolar
encies that can be expected for various recoupling mechanismsand dipolar spin Hamiltonians. This second-order Hamiltonian
These are summarized in Table 1 and are briefly addressed inH oo is formally analogous to the second-order quadrupolar
the present paragraph. interaction, and thus proportional [waj?(S/wo. As discussed
Arguably, the most common interaction mediating homo- in ref 43, this quadrupolar-dipolar cross-term is small (typically
nuclear recoupling is the heteronuclear IS dipolar field. This less than 50 Hz) and not usually visible even between directly
anisotropy is dominant when dealing with couplings between bonded spins. But it possesses components that are not averaged
spint/, nuclei embedded in protonated solids, and similar effects by MAS, and hence in contrast to all other dipolar recoupling
can be expected when investigating spin-pairs of half-integer mechanisms discussed so far provides a source of recoupling
quadrupolar nuclei in organic or biological solids. In fact IS- that is independent ab;.
driven recoupling has been exploited in the context of 2D  Using only the anisotropic parts of the interactions to analyze
exchange spectroscopy between half-integer quadrupolardipolar recoupling ignores the important effects that isotropic
spins24:28:31.32%jts main characteristics are an independence of shifts, arising from chemical shielding as well as from the time-
the external magnetic field strength, and the possibility of its independent parts of the second-order quadrupolar interactions,
removal by decoupling of thé nuclei. Further examples are  may introduce. Given the longitudinal character of their spin
presented below in the Results and Discussion. operators, these time-independent components will not be
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Figure 1. Numerical simulations of magnetization transfers as function of the mixing interyg for three spinning frequencies: (a)/2r =

5.5 kHz, (b) 10.0 kHz, and (c) 20.0 kHz. The simulations involved &ve 3/, with coinciding quadrupolar tensors with equal isotropic chemical
shifts and quadrupolar coupling constants (100 kHz), placed perpendicularly to the dipolar b@&er€ —500 Hz). The Larmor frequency was
—132.5 MHz (representative fé#Na quadrupolar sites at a magnetic field of 11.7 T). The left-hand and right-hand panels show the short-term and
long-term behavior of the transfers, respectively.

affected by the interaction frame transformation in eq 9. equation over one rotational period. An effective Hamiltonian
However, because they do not commute with the spin terms of was derived from this period propagator, and a frequency-
the homonuclear recoupled interaction, they will often lead to domain “spectrum” was calculated from its eigenvectors and
truncation effects, which diminish (or sometimes even com- eigenvalues. The magnetization transfer curve was then obtained
pletely suppress) these dipolar effects. Similar truncation casesby an inverse Fourier transform of this spectrum and is presented
of the homonuclear dipolar coupling by isotropic shifts are of as a “transfer efficiency”: the fraction of the initial magnetiza-
course also common among spilis. The only instance to  tion being transferred as a function of the mixing timg;).
apparently remove their effects without the aid of rf-driven Physically, these curves would correspond to the total cross-
manipulations arises when arranging for so-called rotational peak intensity in a 2D correlation experiment, whereby a transfer
resonance conditions, whereby the spinning speed is adjustecefficiency of 1.0 means a complete transfer of the initial
to be equal to an integer multiple of the isotropic chemical shift magnetization from the central transition of spio the central
difference3”44 Rotational resonance has also been explored in transition of spirk. We verified from COMPUTE calculatioffs
the case of half-integer quadrupolar spihthe main difference  that the stroboscopic sampling at integer multiples of the
with its spind/, counterpart stemming in this case from the rotational period that this treatment implies, was also representa-
presence of the anisotropic fourth-rank term Hrg), which tive for cases of faster sampling.
provides a time-independent frequency spread even under the A large number of simulations involving changing the
action of MAS, as well as time dependencies that oscillate more homonuclear dipolar as well as the two quadrupolar coupling
rapidly than their first-order counterparts. constants and their relative orientations, were performed. The
Numerical Simulations of the Recoupling. Given the transfer curves obtained were sensitive to all of these parameters;
numerous sources that can activate the recoupling between halfthe results presented here are a few cases that we believe are
integer quadrupoles, we decided to probe some of them representative for the main trends. These simulations assume a
numerically by simulating magnetization transfers within a pair Larmor frequency ofvy/27 = —132.5 MHz, and two symmetric
of S = 3, spins. The Hamiltonian invoked included the quadrupolar tensors with equal quadrupolar coupling constants
homonuclear SS dipolar interaction as well as the quadrupole- and coinciding orientations, but assumed perpendicular to the
specific couplings discussed in the preceding paragraphs (othedipolar vector. Due to the very strong dependence of the
shielding and dipolar anisotropies were not included, as their recoupling on the isotropic chemical shifts of the two quadru-
effects have already been dealt with extensively in 3pin-  polar sites, we first discuss the magnetization transfers assuming
investigation®49. Magnetization transfer curves were then equal isotropic chemical shifts of the two sites, and next their
simulated as follows. The time propagator was estimated dependence as the isotropic chemical shift difference is in-
numerically by a small-step integration of the Sakinger creased.
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i . - transfer curves calculated as a function of spinning rate,
assuming a small quadrupolar coupli@g(2r = 100 kHz)
leading to negligible second-order quadrupolar effects. It is seen
that the most efficient transfer (about 30%) is obtained at the
intermediate spinning frequency of 10 kHz, which corresponds
to the ratio|yo/w: = 1.67. A nonmonotoniav, behavior is
characteristic of first-order quadrupolar-driven recoupling, as
explained in more detail in ref 30. In that paper, we demon-
strated that first-order quadrupolar-driven recoupling may
produce line broadening effects in the NMR spectra of qua-
drupolar spin-pairs. The most pronounced broadening effects
(cf., Figure 1 of ref 30) occurred at the same ratio as that
maximizing the magnetization transfers discussed here.

Figure 1 also shows that the amplitude of the transferred
magnetization may be either positive or negative. The long-
term behavior of this transfer is depicted in the right-hand panel
of Figure 1 and shows that over a few hundred milliseconds
the fraction of the transferred magnetization stabilizes at ca.
10%. This value is essentially independent of the spinning
frequency; further simulations indicate that this can be accounted
for by an interference between tht\g) andexD terms.

(b) Figure 2a shows the corresponding simulations when all
0.0 — parameters are kept identical, except from using the quadrupolar
0.0 05 1.0 15 20 25 3.0 couplings 2.0 MHz. Given the choice of Larmor frequency, it
T,.(s) is expectgd thaitd g)(t) will now pIa}y a major recoupling role
as well. It is seen that magnetization transfer occurs slowly and

transfer efficiency

transfer efficiency

Figure 2. Same parameters as in Figure 1, except that the quadrupolar ; ; it
coupling constants is 2.0 MHz, aitg/2x is equal o (a)-500 Hz and that eventually the two spins end up with equal magnetizations.

(b) —200 Hz, respectively. Note the similar long-term transfer behavior This time there is no fast transfer as in the Sﬂﬁ?rijlcas'e, but
for all spinning frequencies. the total transfer is more complete. Further simulations (not

shown) also indicate that (i) the asymptotic value depends
We consider first a case where the spins have equal isotropicstrongly on the relative orientations between the dipolar and
chemical shifts. The left panel of Figure 1 shows magnetization quadrupolar tensors, as well as on the relative orientations

isotropic chemical shift difference
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Figure 3. Effects of isotropic chemical shifts on the homonuclear recoupling. The simulation parameters are as in Figure 1, except that differences
in isotropic chemical shift are introduced. The array of plots is such that the isotropic chemical shift difference is constant along each column,
corresponding to 0.5 kHz (a), (d), (g), 1.0 kHz (b), (e), (h), and 2.0 kHz (c), (), (i). The spinning frequency is the same along each row and
corresponds te,/2 being equal to 5.5 kHz (a)(c), 10.0 kHz (d)-(f), and 20.0 kHz (g}-(i), respectively.
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isotropic chemical shift difference
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Figure 4. Simulations of magnetization transfer curves as in Figure 2, but including isotropic chemical shifts. The array of plots is such that the
isotropic chemical shift difference is constant along each column, corresponding to 1.0 kHz (a), (e), (i), 2.0 kHz (b), (f), (j), 3.0 kHz (c), (9), (k),
and 4.0 kHz (d), (h), (I). The spinning frequency is kept constant along each row and correspen@s te 5.5 kHz (a)-(d), 10.0 kHz (e)-(h),

and 20.0 kHz (i)-(I), respectively.

between the quadrupolar tensors, and (i) the speed of transfer w2 w2 w2
depends on the dipolar coupling constant. oS | I |
Figure 3 shows the same set of simulations as in Figure 1, f]—> +——Tpyix—> ——bL—>
but now including chemical-shift differences between the two 1 —scho N
sites. As is seen, even small shift differences decrease markedly 7 0

.

the recoupling, whereas large shift differences (not shown) may -1 s, ntiecho ! N\
guench the recoupling further except at rotational resonanceFigure 5. 2D pulse sequence used throughout this paper for monitoring

conditions. The relative efficiency of the first-order recoupling homonuclear dipolar couplings between half-integer quadrupolar spins
as a function of the spinning speed, however, is still main- under MAS conditions. Although not explicitly indicated, high-power

1 ' - X : X
tained: the most “efficient” recoupling occursat2:z = 10.0 H decoupling during various portions of the sequence was carried out

L o as indicated in the text.

kHz, where the rate of sample spinning is comparable to the
difference between the sites’ first-order quadrupole coupling.
Figure 4 extends the largéy simulations in Figure 2 by
including chemical shift differences. The truncation effects of
the chemical shift are once again very significant, and these
curves also capture the long-term behavior. The most efficient
transfer of the cases shown is fer/2r = 5.5 kHz and 4.0
kHz difference in isotropic chemical shifts, which is a result of
being close to a rotational resonance condition.

A substantial increase in the complexity of the behavior of
the transfer curves was noticed upon including the remaining = , - :
potential anisotropies (CSA, IS dipole couplings) into the -1.0 Viso (kHz) 1.0
simulations of these central transition transfer processes. Werigyre 6. 22Na MQMAS NMR spectrum of NaHPQy2H,0 recorded
also observed that omitting any of the terms arising from the at 11.7 T @¢/2r = —132.518 MHz) andw/27 = 10.0 kHz in the
first- and second-order quadrupolar Hamiltonians, as well as presence of TPPM decoupling{./2% = 70 kHz) during acquisition.
from the rather small quadrupotadipolar laboratory-frame  The spectrum displays two inequivalent sites. We estimated the
cross-term, could lead to strikingly different recoupling behay- guadrupolar and isotropic shift parameters as follows: Site 3:=C
iors. This stresses the need to keep all quadrupole-related term 6?% '\,ﬂ';élf gitglsz%’ gcir%?é%c&f_‘n;l<1:7aI=sBl.fégé?ispop;;géircefggzrrﬁggl to
when exploring homonuclear dipolar effects in quadrupolar spin gt 4.3 ppm.
systems, and the care that needs to be excised upon extrapolating
spind/, conclusions to qu_a_drupoles even when monitoring solely rating S= 3, quadrupolar nuclei were investigated. As in most
the latter's central transitions. relevant applications the resulting-S coupling will remain
fairly small, below the limit of line-shape-based detection, an
approach relying on 2D exchange NMR spectros¢6y was

To explore the main features arising from the preceding employed in these studies. Figure 5 shows the basic pulse
section experimentally, a series of powdered samples incorpo-scheme of this experiment, as applied to establishing homo-

3. Experimental Section
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Figure 7. Experimental”?®Na 2D exchange spectra recorded for,MNRO;-2H,0 at 7.1 T (o/27 = —79.88 MHz) andw/27 = 5.0 kHz, for

different mixing intervalstmix. Spectra were acquired in the presence of TPPM decoupling during #relt; evolution intervals and without
decoupling during the mixing period, except for the spectrum in (b). Dashed lines in the left-most panel indicate the approximate positions of the
powder peaks, as defined by the two line shapes resolved in the corresponding 2D MQMAS NMR spectrum.

Experimental Simulation o,/2n=4.2 kHz Tmix=100 ms

2.0~ Tmix=30 ms ,;/2n=3.1 kHz

10 &

-1.5 4
T T

T T T T
-15 vy (kHz) 1.5 -15 v (kHz) L5

Figure 8. (a) Experimentat®Na 2D exchange spectrum of NP O,

2H,0 (wo/2mr = —132.518 MHz). The spectrum was acquired in the
presence of TPPM decoupling during theindt; evolution intervals,

but without decoupling during mixingv/2r = 5.0 kHz andrnix =

500 ms. (b) Powder NMR spectra calculated as indicated in the text,
by summation of single-crystal 2D exchange spectrum over 3722 crystal
orientations selected according to the ZCW sch&#&This numerical
simulation employed the quadrupolar and shift parameters given in the
caption of Figure 6, with the relative quadrupolar tensor orientation
(o, B, y) = (40°, 35°, 40°). The resulting 2D “stick spectrum” was
apodized with a 75 Hz Lorentzian line-broadening in both spectral 2.04 Tmix=200 ms ,/2n=4.9 kHz
dimensions.

2.0 Trix=60 ms o,/21=4.2 kHz

v/ (kHz)

-1.0 -

nuclear correlations between the central transitions of quadru- 33101
. . - oS &

polar spin systems. If recoupling occurred between sparsl =~

k during the mixing interval a cross-peak will occur at frequency = 0+

coordinates d1,w2) = (wl,w¥), where ol and o* are their

AN

respective resonance frequencies. As discussed elsewhere, a -1.0 & @ .
potential wealth of structural information is available from the . ‘ ‘ ‘ : : : :
resulting 2D line shapes: their presence indicates a nonnegli- -1.0 0 10 20 -1.0 0 1.0 20
gible dipolar interaction between the nuclear spins, and their V2 (kHz) V2 (kHz)

rate of buildup informs about the magnitude of the dipolar Figure 9. Experimental®®Na 2D exchange spectra acquired on
coupling#54849 Furthermore, because the MAS spectra of disodium deoxycytidine heptahydrate (dCMP) at 11.7 T using TPPM
quadrupolar nuclei are broadened by second-order quadrupolagecoupling during the evolution intervals, but not during mixing. Left-
interactions, the cross-peaks in 2D correlation experiments arehand column: spectra recorded at the fixed spinning frequeri@yr

in general “featured” their exact appearance will depend on — 4.2 kHz for increasing mixing intervals. Right-hand column: same
g ’ pp p experimental conditions, except thatx = 100 ms was kept constant

various quadrupolar parameters including the relative orienta- ang the spinning frequency varied. Note that the rf carrier frequency
tions of the quadrupolar tensors of the exchanging Sftels33 was offset by 300 Hz when recording the spectrumuazn = 4.9
Because of the different field dependencies expected from kHz, compared to the others.
the various anisotropy-driven recoupling mechanisms, NMR
spectra were recorded on a variety of laboratory-built spec-
trometers operating at magnetic fields of 4.7, 7.2, and 11.7 T.
Experiments were also repeated as a function of MAS rotation
rates, using a home-built probehead basadacc mmDoty
spinner at 4.7 T, and a commercial Varian/CMX 4 mm
probehead at 7.2 and 11.7 T. The targets of these NMR
experiments weréNa (100% natural abundance= 7.08 x
10 rad T1 s7%, wo/27 = —132.5 MHz at 11.7 T), and'B
(80% natural abundance,= 8.58x 10" rad T-1s7%, wo/27 = 4. Results and Discussion
—160.7 MHz at 11.7 T). Except for the disodium deoxycytidine Na,HPO4:2H,0. This section describes some examples of
heptahydrate (NdCMP(8)-7H,0, dCMP for short), whichwas 2D homonuclear experiments on quadrupolar spin systems,

recrystallized from a mixture of acetone/water, all remaining
samples were used as received from the chemical suppliers. In
all cases phase-sensitive central-transition 2D line shape spectra
with sign discrimination along both spectral dimensions were
obtained from hypercomplex processing of two separately
acquired experiments with coherence transfer pathways (0

+1 — 0— —1) and (0— —1 — 0 — —1); occasionally,
heteronuclear TPPNH decouplin§® was also employed.
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Figure 10. (a) Experimentaf®Na 2D exchange spectrum recorded on dCMP at 11.&/Rr = 4.9 kHz, andrmix = 400 ms. The dashed lines
indicate the approximate positions of the powder peaks originated by the chemically distinct sites in the unit-g@). Nlo)merically simulated
2D spectra calculated for different relative quadrupolar tensor orientations and the following spin coupling parametersC§iteQ1l85 MHz,

n = 0.7, isotropic chemical shift 0.1 ppm (referenced to solid NaCl). Sit€g:= 2.3 MHz,» = 0.9 isotropic chemical shift-3.9 ppm3?

chosen to illustrate differences between the various prominent

dipolar recoupling mechanisms. We begin with an example of

a proton-driven magnetization transfer process, as furnished by

sodium phosphate dihydrate (3P 0Oy-2H,0). This compound

crystallizes with two chemically inequivalent sodium sités,

which though unresolved in the proton-decouptéda MAS

NMR spectrum recorded ai,/27 = 10.0 kHz andBy = 11.7

T, can be identified by carrying out an MQMAS acquisition

under analogous conditions (Figure 6). From the latter, the

guadrupole and chemical shift parameters characterizing the two

inequivalent sites can be extracted. Figure 7 shows a series of

2D exchange spectra acquired on this compourighat 7.1 T

and w,/2r = 5.0 kHz, under different conditions. With the

mixing time set to zero, the spectrum only displays a main

diagonal incorporating the two overlappidiNa NMR signals £

(). A similar result is obtained when a 60 ms mixing interval  -wow © Hz oo o0 IS X T 2000

's utilized in the presence of proton decoupling (b). If the Figure 11. Rationalization of the experimentakix = 0 2D exchange
o . L . . o=

decoupling is turned off during the mixing period, however, 2Na MAS NMR spectra of N&Os (wy/2 = 4.1 kHz) recorded a,

off-diagpnal exchange signals are visibl_e (c). This indicates _ 4.7 T (a) and 11.7 T (b), on the basis of numerical simulations.
correlations between the tv#éNa sites, and it may be concluded  pashed lines in the 2D spectrum denote the resonance regions of sites

that homonucleat®®Na—23Na interactions are recoupled mainly 1 and 3. In the 1D trace, the solid line represents the ¥t spectrum
by the presence of heteronucleli—23Na interactions. As and peaks from the individual sites are noted by dashed lines. These
mixing intervals get longer in the absence of decoupling (d, e), Were calculated using the following spin coupling parameters. Site 1:

: e _ : “ »_ isotropic chemical shift-0.8 ppm,Cq = 1.10 MHz. Site 2: isotropic
the intensities of the cross-peaks grow into a “mushroom chemical shift—1.4 ppm,Cq = 0.24 MHz. Site 3: isotropic chemical

shaped pattern. Similar exchange patterns are obtained at &pj;—7 5 ppm,Co = 1.14 MHz. All quadrupole asymmetry parameters
magnetic field of 11.7 T (Figure 8a), as could be expected from ; = 0. The isotropic chemical shifts and quadrupolar parameters were
the field-independent nature of the dipolar-driven recoupling. taken from ref 56, and modified slightly to give a best-fit.
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Judging from the steady-state reached by the exchange o,/2n=4.1 kHz Tmix=300 ms
patterns of these spectra, one can conclude that the longest-
mixing 2D patterns in Figure 7 have reached the “full-exchange”
regime. As explained elsewhere, such spectra may be devoid

- Tmix=50 ms

o/2n=4.1kHz

of detailed information regarding the strength of the homo- :%70»5*
nuclear coupling or the mechanism driving the recoupling, yet =
carry valuable details about the relative orientations subtended = o0+

by the quadrupolar tensors of the two exchanging $ké%*°
One way to extract this information is by simulating sets of 2D 0.5
exchange spectra as a function of the tensors’ geometry. Such
calculations were carried out in the present study as follows:
for each crystallite orientation the central-transition 1D MAS
resonance positions were calculated for each inequivalent
quadrupolar site using the COMPUTE algorithtand employ-
ing all ancillary relevant information (spinning frequency,
isotropic chemical shifts, and first- and second-order quadrupolar
interactions; J-couplings and anisotropic chemical shifts were
ignored) available for thig k pair of spins. Arrays of amplitude-
frequency pairs &), with !, and &, being the mth
frequency value and the corresponding spectral amplitude at
the coordinate, were thus calculated for eachjsitEgequency
values were then used to form various two-dimensional histo-
grams of frequency pairsu, o) = { (v}, @), (0k, &), (@',
wy) and @y, o)}, whereas the 2D spectral amplitudal§,
associated with each pair of frequenciez#n,(w';) was calcu-
lated according tal, = wikal , a¥. The weightwik accounts for
the relative amount of magnetization transferred between sites
j andk, and was adjusted empirically using a fixed value for
all crystallites so as to provide a reasonable match with the
experimental spectrum. The amplitudes for the nonexchanging
portions of the magnetizationa!, and a, were also calcu-
lated accordingly. This approach amounts to taking full account
of the time dependence of the NMR interactions during the
evolution intervals, but treating the magnetization transfer
process during the mixing interval phenomenologically. Figure
8b shows such a best-fit simulation for the experimental 11.7
T NaHPO-2H,O pattern, as estimated with Euler angles & -
between neighboring quadrupole te.nscors[(, y) = (40", 35, _0}5 (‘) o.‘s 1‘0 05 0 0s Lo
40°), and each of these angles having an uncertainty24°. V> (kHz) vy (kHz)

dCMP. The disodium salt of deoxycytidiné-fnonophos- Figure 12. Experimental®Na 2D exchange spectra on 18
phate heptahydrate (dACMP) provides another, less trivial testrecorded aB, = 4.7 T and various spinning frequencies and mixing
case for exploring quadrupolar spin-diffusion. dCMP presents intervals. Left panel: the spinning frequency was kept constamt/at
two distinct 22Na powder patterns, distinguishable even by 27 = 7.4 kHz and the mixing interval was varied. Right panel: the
conventional MAS and arising from proximate sites that differ SPinning frequency was varied, keeping a constajt= 500 ms.
in their water coordination environmert&The quadrupolar and  unusual, agrees with the general predictions given in the
isotropic chemical shift parameters for these two sites have beenpreceding section for a moderately strong IS heteronuclear
recently reported254 Figure 9 shows 2D exchange spectra coupling driving the recoupling. Figure 10a focuses on dCMP's
recorded on this compound at 11.7 T in the absencéHof 2D %°Na NMR exchange spectrum recordeda®r = 4.9 kHz
decoupling during the mixing, for various spinning frequencies andrmix = 400 ms. Given the longer mixing in this experiment
and mixing intervals. Aw,/2r = 4.2 kHz andrynix = 30 ms the exchange peaks are slightly more featured, opening up the
there is no appreciable magnetization exchange, and all signalspossibility of establishing relative quadrupolar tensor orienta-
are concentrated along the diagonal. As the mixing interval is tions. Panels bk in this figure are numerical simulations
increased, intersite exchange peaks starts building up (Figureemploying the literature coupling parameters and varying only
9, left-hand panel). In the presence'bfdecoupling these peaks the angleSi, between the two principal axes of the two
vanish (data not shown), and one can thus once again attributequadrupolar tensors. Although the data quality is not high
the recoupling as being proton-driven. Notice, however, that enough to enable an unambiguous determination of the relative
the intensity of the exchanged signal is here much weaker thantensors' orientations, the best agreement between the features
in the case of the sodium phosphate. A different aspect of this in the experimental and simulated spectra appeared within the
1H-driven exchange process is illustrated on the right panel of ranges 20 < 31, < 30° and 60 < 1, < 70°. However, as too
Figure 9. These spectra were recorded at a fixed mixing interval many combinations of the threea6, 812, y12) Euler angles gave
of 100 ms and for different spinning frequencies/2r = 3.1, reasonable fits, we did not pursue a complete systematic search
4.2, and 4.9 kHz. Their cross-peak intensities grow as the over the whole space of orientations.
spinning speed increases, indicating an overall increased ef- Na,SOs. A different situation arises in the case of anhydrous
ficiency in the H-driven recoupling. This behavior, though NaSQC:. This compound crystallizes with three inequivalent




NMR Correlations between Half-Integer Quadrupolar Nuclei J. Phys. Chem. B, Vol. 107, No. 51, 20084607
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Figure 13. (a)—(m) Numerical simulations of 2D exchange spectra op3 using the parameters given in Figure B,= 4.7 T andw,/27 =

7.4 kHz. The spectra in each of the rows corresponds te((B)exchange between sites 1 and 2 for different relative quadrupolar tensor orientations
P12 (€)—(h) exchange between sites 1 and 3 for differ@nt(notice the smaller angular increments)—f)) same as (a)(d) for the exchange
between sites 2 and 3. (m), (n) Comparison between the full simulated and experimental 2D spectra.
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sodium site$® two of them having moderately larg&Na
quadrupolar couplings)a{1 MHz), and a third with a much
smaller one£0.24 MHz). The quadrupolar and isotropic shift
23Na NMR interactions have been determined for this compound
using satellite transition MAS and MQMAB,>6and these can

be used to reproduce well the severely overlapped line shapes
observed in the conventional MAS spectra observeBpat

4.7 T (Figure 11). As there are no protons present in this
compound and the spinning frequencies employed in these
experiments are ca. 20 times larger than the strorigbist—

23Na coupling in the lattice (286 Hz), the effects of the
homonuclear couplings should essentially be completely re- s * s
moved by MAS. Yet as can be appreciated from the left-hand T o (kHz)
side of Figure 12, residual dipolar couplings lead to an intense ©21=10.0 kHz ©,/2n=14.5 kHz
magnetization transfer in 2B®Na NMR exchange spectra of -
this compound. In view of its structure, the most likely 1.5
recoupling mechanism active in this compound should be a
MAS modulation of the quadrupolar interaction. To investigate
the dependence of this recoupling on the spinning frequency, a
series of 2D exchange spectra were acquired at a constant mixing
interval Tmix = 500 ms, for different MAS rates between 4.1 1.5+
and 7.4 kHz. From these results (Figure 12, right-hand column)
one can appreciate that the exchange between sites 1 and 2 stays
almost unaffected, the-13 exchange is slightly attenuated with
increasing MAS rates, whereas the exchange between sites 2

is markedly increased. These observations reflect the compli-
cated interplay between the opposing influences that first- and
second-order quadrupolar interactions have toward reintroducing
homonuclear dipolar couplings between the various sites on
changing the rotational frequency of the sample.

The significant cross-peaks revealed by the experimental Na
SO; 2D spectra recorded atix = 500 ms, can again be targeted
to investigate the sensitivity of the spin-diffusion process to the
relative tensors orientations. 2D exchange spectra were simulated
for each of the three spin-pairs in the crystat-@l, 1-3, and
2—3), using the axially symmetrié3Na quadrupolar tensor
parameters reported in the literature and varying in consequence 0 ms
only one f3) of the relevant inter-tensor Euler angles. As can % | s n s | T
be seen from the simulations presented in Figure-t3ahe w2 v (kHz) o vo(kHz)
exchange patter_ns be.tween sites 1 and 2 appear to depend Verf{igure 14. Experimental'B 2D exchange spectra recorded on boron
weakly on the orientations of the two tensors. Similar arguments trjoxide (B,05) atBo = 11.7 T, using the mixing intervals and spinning
apply for the exchange ridges originating from the-2 frequencies indicated.
exchange (Figure 13il). The situation is markedly different
for the exchanging-13 pair (Figure 13eh), as exchange ridges
are parallel to the main diagonal f8ts = O but undergo strong  peaks have also been reported for this compound in variable-
deviations even for small variations g3 (note the different angle-spinning experimentd,where the nonaveraged homo-

Tmixzo ms

Vy (kHZ)

n
1

rages off3 used in e-h compared to ad and i~I). From nuclear couplings lead to exchange patterns at much shorter
extensive sets of simulations we estimated the relative orienta-(1—2 orders of magnitude) mixing time scales. As in the-Na
tions between tensors 1 and 3 to Bg = 0 & 6°, a highly SO; case, the absence ¥i's in the structure suggests that this

accurate determination that agrees well with estimates madehomonuclear recoupling process is quadrupole-driven. Yet the
using a point-charge mod&.The superposition of all three  stronger!!B—11B dipolar interactions found in the -BO—B
exchanging spin patterns and their comparison with the experi- segments of boron oxide systems, also open up the possibility
mentally relevant case are summarized in Figure 13m,n. of spin diffusion being driven by multiple noncommuting
B,Os. Another interesting target for 2D exchange MAS homonuclear couplings. To distinguish between these two
experiments within half-integer quadrupolar NMR is polycrys- possibilities, magnetization transfer experiments were repeated
talline boron trioxide, BOs. The basic structural units of,B3 as a function of magnetic field strength. Most remarkable in
in crystalline and glassy phases are planagBangles; these  these tests was our failure to obtain, at 4.7 T an@r ~ 7
appear linked together to form a three-dimensional network kHz, any significant off-diagonal intensities (data not shown).
which for the most part, about 70%, is made up by interlinked Although this is not the kind of variation that one could expect
planar boroxol rings composed of three B@its eactt’ Figure if homonuclear dipolar couplings were to be driving the cross-
14 shows 20"'B exchange spectra collected for different mixing correlations, such attenuation of the spin-diffusion is consistent
times and at 10 and 14.5 kHz MAS rates at 11.7 T. As may be with a scenario where moderately intense quadrupolar interac-
appreciated, significant cross-peaks develop in these spectra ovetions drive the recoupling. Then, on going to a lower magnetic
a time scale of a few hundred milliseconds. Exchange cross-field, this recoupling process is likely to be quenched due to
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Figure 15. Experimental'B MAS spectra of decaborane {Bl14) at
Bo = 11.7 T recorded in an-hexane solution (a) and in the solid phase
(b), (c), indicating for each case the assignment of the four inequivalent
boron sites in the molecule to various peaks. In all experimétits
decoupling was used.

the enhanced truncation associated to the increased second-order

isotropic quadrupole shift effects.
B1oH14. We considenido-decaborane, BH14, as a final case
in this experimental survey. This boron hydride molecule has a
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Tmix=0 ms

-

4.0 ms ’
00
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D

V2 (kHZ)
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distorted icosahedral shape with ten B atoms occupying its Figure 16. Experimental'B 2D exchange spectra ondBly, at By =
vertexes, ten H atoms directly bonded to each B, and the 11.7 T wd/27r = —160.732 MHz) ando,/27 = 15.0 kHz for various
mixing intervalstmix. TPPM H-decoupling @n/27 = 80 kHz) was

bonds® Figure 15 illustrates its (labeled) molecular structure, Used throughout the various stages of these experiments.

remaining H atoms forming nonclassicatBl—B three-centered

together with!H-decoupled solution and MAS solid-staté
NMR spectra acquired on g4 at 11.7 T. Whereas the four
inequivalent!!B sites in the molecule can be clearly resolved
in the literature-assigned solution spectréfithe B MAS trace
presents three partially overlapping peaks. On the basis of
MQMAS and separated-local-field NMR results on this com-
pound, we assign this spectrum as foll#®he most shielded
peak 33 ppm from neat B(OCh)3) to B¥B?, the center peak

at (—3 ppm) originates from a superposition of two inequivalent
sites (B/B7/B8/B1° and B/B®), whereas the signal at 9 ppm
corresponds to BB3. Figure 16 illustrates a series of experi-
mental 2D exchange MAS NMR spectra collected on this
compound as a function of mixing time. As can be appreciated,
a significant cross-peak structure develops in this compound
within considerable short mixing periods. The presence of an
extensive'H network in the compound might suggest that this
reflects a proton-driven recoupling. However, all spectra in
Figure 16a-e were collected using TPPM decoupling through-
out the experiment. Further, only minor differences arise upon
removing the decoupling from the mixing period. Additionally,

,;/27=7.1 kHz
O

®,/21=15.0 kHz

(c)

®;/27=10.0 kHz

2 oD

(b)

;/27=15.0 kHz
no decoupling

I
0 5.0
V2 (kHz)

T
-5.0 0
v (kHz)

@

5.0

the increased extent of spin-diffusion observed upon reducing Figure 17. Experimental!B 2D exchange spectra on i, at Bo =

the sample’s MAS rate (Figure 17) also points against a 11.7 T using a constant mixing interval ofx = 2.0 ms and various
quadrupole-driven source for the recoupling. These featuresspinning frequenciea,/2z. By contrast to all other 2D contour plots

combined suggest that cross-peaks here are driven by theshown in this paper, these spectra are shown after magnitude calculation.

modulation of the multiple homonuclear dipolar couplings TPPM 'H-decoupling {n/27 ~ 80 kHz) was used throughout all
experienced by every}B site, as each pair of bonded borons is

. . during the mixing int I.
subject to a homonuclear coupling of ca. 2.2 kHz (ca. an order uring fthe mixng interva

experiments except during the mixing in (d), where none was applied

of magnitude higher than the strongest couplings observed incould lead to the buildup of substantial cross-peak intensities,
the sodium cases). As mentioned in the preceding section thiseven at the relatively fast spinning rates used in this work. From
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half-integer quadrupoles. On the other hand, it is likely that when phys 199q 92, 6347.
dealing with pairs or triads of coupled nuclei this will not (38) Kubo, A.; McDowell, C. A.J. Chem. Phys199Q 92, 7156.

constitute a major problem, provided of course that the origin _ (39) Haeberlen, U. Iidvances in Mangetic Resonand®augh, J. S.,
1orp P g Ed.; Academic Press: New York, 1976.

of the transfer can be determined. (40) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021.
(41) Eichele K.; Wu, G.; Wasylishen, R. H. Magn. Reson. A993
101, 157.
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