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Second-order dipolar effects arise when a nuclisin close proximity to a quadrupolar spin

These couplings originate from cross correlations between quadrupolar and dipolar interactions, and
have the notable characteristic of not being susceptible to averaging by magic-angle-spinning.
Therefore they can originate noticeable splittings in high resolution solid state nuclear magnetic
resonancéNMR) spectra, as has been observed repeated\sfot/2. With the advent of high
resolution half-integer quadrupole spectroscopy, such effects have now also been noticed in higher
(S=3/2,5/2,...) spin systems. Within the last year these couplings have been reported for a number
of complexes and analyzed in the high-field limit, whes Larmor frequency largely exceeds its
quadrupolar coupling. The present study discusses the generalization of these analyses to arbitrary
quadrupolar/Zeeman ratios. The predictions of the essentially humerical treatment that results
compare well with previously derived high-field analytical models, as well as with experimental
solid state NMR spectra observed in a borane compound possessiBg2As spin pair. An
alternative analytical variant that can account for these effects in the low-field limit is also derived
on the basis of average Hamiltonian theory; its results agree well with the predictions obtained from
general numerical calculations of one-dimensioSabpectra, but present peculiarities in the
bi-dimensional NMR line shapes whose origins are briefly discussed20@1. American Institute

of Physics. [DOI: 10.1063/1.1357440

I. INTRODUCTION troscopy such as multiple-quantum magic-angle-spinning,
MQMAS,*15 similar observations have been extende®to

Recent years have witnessed an increased interest in theg > 16-18 g5 far theseS—| residual dipole analyses have

nuclear magnetic resonan¢BlMR) spectroscopy of half-  peen concerned with cases whéts quadrupole coupling

integer quadrupolar nucleB& 3/2,5/2,...)* From a chemi- frequencies(,=e%qQ, /[21 (2! — 1)h] were small compared

cal perspective this interest has been driven by the largg, iheir corresponding Larmor frequencief/2a. It is then

number of important roles that these nuclei play in minerals ,,ssiple to use average Hamiltonian or perturbative methods

organic and inorganic compounds, and advanced materials, jerive analytical expressions for the splittings and line

Equally important have been a number of methodologicaghapeS expected for tBNMR spectra, as a function ofs
advances that currently enable the acquisition of high reso- '

luti tra f this Kind of lei. and th loitati spin number and of the various coupling parameters in-
ution spectra trom this kind of nuciel, and the expiortation e 14 deal with a more general scenario involving ar-
of dipole-based experiments originally devised for dil&e | . R .

o L . bitrary values of theyo/ w, ratio, however, a different frame-
=1/2 as aids in structure determination and spectral assign-

ment. An example of one such dipole-related Iohenomengvork needs to be developed. The present study describes

concerns the second-order effects that arise when aSsgin such ‘:]lrtbltzﬁry-caztla ana Iys:s., by mtrOdlIJ.C.'tn? a numencatll ap-
coupled to another quadrupolar nucldus® Cross correla- p;ct)ﬁc 0 ,edpro _tem 'TYO "L'T‘g ar;]exp 'C(; |medpr0{)ha_lga 'on
tions originate then between the two-spin dipolar drsl ofthe spins- density matrix. LIn€ shapes derived in this man-

guadrupolar Hamiltonians that are not susceptible to averad‘-(:Jr f_or_a model = S= 3/_2 spin systgm agfee‘?' we_ll with the
ing by conventional magic-angle-spinnifylAS), thereby predlgthns of our previous analytical theories in Fhe 'hllgh
leading to anisotropic splittings in th&spin signal. Such field limit, and allowed us to test the latter’'s applicability

residual couplings have been extensively documented in tH&n9€: The numerical procedure was also used to follow the
solid state NMR spectroscopy &= 1/2 (:3C, 5N 31P).6—10 high—intermediate-field transition of this effect, as moni-

! ’ ! H AL 11 75
they are known to lead to unusual line shapes, as well as {©ed experimentally vid'B MQMAS NMR on a*'B—"As
information that may otherwise be difficult to extract like the SPIn pair as a function of the magnetic field strength. Finally,
sign of I’s quadrupole couplin§=* these numerical simulations were complemented with an

With the advent of new high resolution forms of spec-analytical low-field theory derived to account for the conse-
quences of these effects in thg< xg, regime. The similari-

tfs and discrepancies observed between this analytical
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Il. RESIDUAL DIPOLAR COUPLINGS AT ARBITRARY Exact High Field
FIELDS Treatment Approximation

2ry, /0,
In deriving a general approach for analyzing quadrupole- MJL JLMJL

0.02
induced dipolar effects under arbitram'b/w{) conditions, we 5 5
decided to follow the general outline and nomenclature laid . @ @ 2s @ @
out in our previous high-field analyst& Furthermore, since ‘ @ @ ' @ @
the focus of the present work is dr-S pair whereS is 0 0
observed under high-field/high-resolution conditions while 2 25
I’s Hamiltonian is dominated by a quadrupole interaction, 525 0 25 S5 25 0 25
only heteronuclear systems had to be considered. Hence, the § NN
total laboratory frame Hamiltonian can be written as 3 0.2 ]
M= Hy+ M+ My M+ Hyg M S, i AR g §
Here §" 0 0
X 8
=25 2.5
H;(:;_:rxz' X=1,S, (29 = 5 25 0 25 525 0 25
2 0.5
Hy= 2 (=DHMTEX RSN, X1, (2b) : . s »
m=-2 ' ' 25 ﬁ Ef 2.5 @ % ﬁ
and 0 e o
D.qd _ 1 a : D D 25 — R
His=Hx+His=J1-S+ > (—|)mT2'_mR2ﬁ:f (20) 525 0 25 5 25 0 25

m=-2

denote, respectively, the Zeeman, quadrupolar,lar®lcou-
pling interactions of the two spins in terms irreducible
spherical tensor componerifsMoreover, the last of these
interactions considerd and dipolar couplings in unison by
assuming that they possess coincident principal axis systems
(PASs9, and are therefore defined by a net anisotropic con-
stantD = —2(y, ydhir 32— AJ/3).2°

Because of our interest in the high resolution spec-
troscopy of S under MAS and MQMAS conditions, it is
sensible to assume thaly/27> x3=e?qQ/[2S(2S—1)h].
S Zeeman effects can then be accounted by the customary A
rotating frame transformatiof, (t) = e “oSaH, e~ “oS, e
followed by an average Hamiltonian treatment to account for 25
the time dependencies imparted on the spin operators. The
resulting rotating frame Hamiltonian can be written as

Hio=H+Hst+H,s

wn
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<
<
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n
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FIG. 1. Comparisons between the 2D MQMAS line shapes predicted by the
exact treatment of residual dipolar couplings introduced in this study and
_ I | Q.(1) Q.(2) (1) line shapes resulting from the high field analytical expressions introduced in
=(Hz+ HQ) +(6sS,+ Hs" ' +Hg )+ His - () Ref. 18, as a function of different quadrupolar/Larmor frequency ratios. All
cases assume8i=1=3/2, axially symmetric and coincident tensors for all

In this expression thé{, terms are as in Eq$2a) and(2b), i eractions, MAS at w,/2m=25 kHz, J=500 Hz, Df=500 Hz, X3

; (1,2 o fi o X
Ss is a frequency offsetS"? are S's first- and second- =2 MHz, w3/2m=64.4 MHz, wl/2m=34.4 MHz and a natural linewidth
order quadrupole effects, aridf's) represents the dipolar ef- =50Hz. Vertical and horizontal traces correspond to the sheared aniso-
fects truncated to first order 'Sz tropic and isotropic 1D projections of the data. The unusual scale in the

lowermost high-field simulation originates in the proportionality that this
@ \/E b 1 5 b model assumes between the residual dipolar spIittingsxéﬂd
HiS=|J+ ng’gff [,S,+ E(RZ,e—ﬁll +—R2’§“I )S,.
4) plied onS. Yet for arbitraryX'Q/w{) ratios such transforma-
The first term on the right-hand side of this equation repretion is no longer justified, and an explicit diagonalization of
sents the secular heteronucldatS coupling, whereas the the Hamiltonian needs to be carried out for evaluating the
second one contains the nonsecular effects that constitute tepectra. In order to specify the form of this matrix we cir-
focus of this study. cumscribed the analysis t6=1=23/2, coinciding with the
Previous analyses assumed that b®tand | were sub-  type of spin system that was subsequently analyzed experi-
ject to high-field conditions, and thus continued at this pointmentally. The,, operator in the produé{mgm,)} Zeeman
with a rotating-framd transformation similar to the one ap- basis set then reads
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Here

(5

|
E = 20 4+ RAU[BME—1(1+1)]+ &
(mg,m;) zﬂ_ml XoRzo[3mi—1( )]+ 8smg

+ xgRYsT3m3—S(S+1)]

67(x3)?
+ T

t s {RYSRY:S [4S8(S+1)—8m3—1]
_ < I 0
© © © ©o o o o % o o o | © o o d
< x = [
e o +RESRES[2S(S+1)—2mE— 1]}
e S
Y= Q I 2
© © o o o o ¥Wo o o Lo oo de + J+\ﬁR2DOeﬁ)msm|,
& T 3
| w
E‘j g —3/2<smg,m;<3/2 (6a)
© o o o o % o o o o o (‘\‘— o . . . i i
“ a} S defines the Hamiltonian’s diagonal, and off-diagonal ele-
B w . .
oo ments are given in terms ofs laboratory frame quadrupolar
S g couplings
© o o o % o o o ? o o o o o o
b + o
5 = AL 1=3V2xgRFY, A% =3vZxgRS; (6b)
. ] z and of the dipolar coupling constah,=R55"/4.
© o o %o o o 5o oo § °oo I The static central-transition NMR spectrum of tBepin
o 1 could be calculated from this Hamiltonian as a suitable pow-
) ) o der sum of the various Bohr frequencie€/?~~ (12| ¢'})
©c o%o oo hooodoootfo =E(mg=1/2|¢')) —E(mg=—1/2]| #'}), associated to indi-
‘ > 5 vidual I-spin eigenstate§|¢')}. Under MAS, however, all
s e the anisotropic couplings i#,o(Hg . Ho . His) become time
°o %o o o o oo g ° oo io o dependent. To carry out a spectral calculation one therefore
T et needs to compute an explicit time-propagation operator
% o o o 7 o o o g“ o o o E o o o N t
b © s L U(t)=Tex;{—if Ho(t")dt’
] 5 0
o «
o o o :; o o o g— o o o H%: o o N<: :exF[_|Hrot(tn)At]X"'Xexn:_|Hrot(tl)At]
L L
5 o (7)
o <
S < o oowo from which the signal becomes available as
J—, T' ]
e o
tf « S(t):f Tr[U(t)Sg(l/Z)H—(l/Z)U(t)fls(j./Z)H—(]./Z)]dQ.
o?ooo&”ooo:&,ﬂoooioo powder
%5 T ‘ ‘ (8)
E’ s o B Computing the time-dependence imparted by MAS also re-
2°° s © e B ° ©° oSO quires that all spatial parts of the various anisotropies be
g . expressed in a common, rotor-based reference frame. Such
g ‘t: transformations were defined following the conventions in
o o §ooofooowoeooo Ref. 18 as
i e
o EFG1) D EFGS)
5 g B (ab,c) (a,8,7)
°© e S92 ©° e e o e geeees ——— ROTOR —— LAB, 9)
o i Q=(¢,0,&) (0,54.7°,09
. s . ¢ D o o 6o oo where the EFGs refer to the principal axes systems of the
3 < “ qguadrupolar tensors, and arrows denote transformations
|

1
D

based on Wigner rotations matrices.

A bi-dimensional extension of this formalism was devel-
oped to calculate the results expected from MQMAS NMR
experiments. In addition to the sample spinning, this entailed
correlating for every single crystallite in the sample a
mg— —mMg MQ evolution during a timd,, with a conven-

E(3/2,3/2
0
0
0
—AG,—3V3r
Ad,

ot

H,
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FIG. 2. Variations predicted in the triple-/single-quantyomsheared MAS correlation line shapes of ah-S spin pair affected by residual dipolar
interactions. Spectra were calculated for a single crystaHfite (9) with ¢=0°, #=30°] using the indicated &X'Q/w}) ratios, and other coupling parameters
as indicated in Fig. 1.

tional —1/2—+1/2 central transition evolution durint,. these two approaches are illustrated in Fig. 1. According to
The signal arising from th&8=3/2 spin ensemble could then these simulations the 2D correlations predicted by the ana-

be calculated as lytical theory remain indistinguishable from the numerical
ones for as long as ﬁXQleSO 05. Between 0.05
S(ty,ty)= J Tr{U(t,) P(3Q—1Q) <27TXQ/wOsO 2 deviations between both sets of line shapes
powder begin to emerge, even if the predictions that the analytical
3/2)——(3/2) -1 -1 derivation makes for the centers of mass of the various
<U(tS, Vi) TREQ=Q) {|#')} multiplet components ofS remain quantitatively
X U(ty) 18212140, (10)  valid. As the 2ry/w, ratio exceeds past these values the

correspondence between the high-field and the numerical
predictions breaks down further, and even the number of
multiplets predicted by both models for the spectra begin to
differ.

In principle it may not be entirely clear whether such
breakrng apart” of the multiplet structures is a true feature
of the residual MAS dipole effects, or is reflecting a limit in
the number of time and angle increments that we can adopt
times At, . At,. Given y-'s large values, capturing with a in the Iinel shape simulations. Evidence.that these changes

=2 X g P 9 are reflecting the actual spins’ behavior is presented in Fig.

convergent behavior the changes that occur in Hﬁg(t) 2 which il : . :
trat f I tallite 2D MA
Hamiltonian as a result of the MAS required making these_’ which TIUSTes & Series ol singie-crystafiite | S

simulations obtained numerically as a function of)rhgi g
time increments srgnrfrcantly sma(lﬁt ng. This is turn de ratio. The number of orientations is not an issue in such
manded thousands of diagonalizations per rotor period,

rocedure that when counled to the need for computin agases while sufficiently smalht increments could be af-
P P puting Forded in the propagation to guarantee a convergence in the

untruncated bi-dimensional data set over a powdered sample
spectral line shapes even for the hrgh;eétwo ratios. These
became prohibitively time consuming. Because of this limi-
simulations confirm that simple (2-1) multiplets of theS
tation calculations were focused on deriving an evolution
signals will only arise in extreme high-field cases. At inter-
operatorU(T,) that is stroboscopic with the rotor period
e . - . . medrate)(Q/w0 values both the number of observed peaks
27wl w, , thereby sacrificing potential spinning sideband in-

formation in exchange for computational speed. Even WI'[h and their disposition becomes a complex function of the cou-
this restriction the simulation of a 2D MOMAS spectrum pling parameters, a behavior that has actually been reported

with 23° powder orientations took ca. four days on a dedi j.for the MA524NMR spectra ob= 1/.2 C0u|p|6d, = _3/2 nu-
clei as well™ Finally in the low-field wy<xq regime the

cated Linux-based dual-Pentium computer. Protocols base
appearance of the 2D NMR spectrum again approaches a
on mixed time-frequency 2D calculations as well as various
. A . simple 2 +1 multiplet when projected onto theQlLor 3Q
algorithms for optimizing the powder averaging were

assayed!~23 but did not result in significant improvements =" yet it displays several cross peaks among the various

S-spin components in the 2D correlation.
of the calculation’s speed or on the appearance of the . .
To further evaluate the nature of these higher-order di-
MQMAS line shapes.

polar couplings, their effects were monitored experimentally
via the acquisition of solid state NMR spectra on a model
11B(S)-"5As(l) spin pair system. The compound chosen for
this test was the kB:AsPh; adduct, synthesized and purified
As an initial test of the numerical formalism we com- as described in the literatufé Arsenic was chosen as cou-
pared the 2D MQMAS NMR line shapes predicted by thispling partnerl because of several factors including its 3/2
approach for different values qf /wo, with spectra arising spin number, 100% natural abundance, and relatively low
from the high-field analytical theory that we previously de- Larmor frequency {vw0/6) Also relevant is’°As quadru-
rived for this effect. Representative comparisons betweepole moment (0.3 10 ?*cn?), that leads to large quadru-

Here P(3Q—1Q) represents the unitary operator for the
triple- to single-quantum conversion occurring during the
mixing time, which for the sake of simplicity was assumed to
have an efficiency of 100%.

In order to calculate the two-dimensioné2D) time-
domain signals arising from these expressions a computer,
C-code program was written, involving the numerical drago-
nalization of the 1&16 matrix in Eq.(5) for incremented

Ill. RESIDUAL DIPOLAR COUPLINGS: FEATURES
AND EXPERIMENTS
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pole coupling constants in all but the most symmetric envidecrease in the effective dipolar coupli fo which was
ronments. B MQMAS data were acquired for this arbitrarily ascribed to a lengthening of the bond by 0.2 A
compound on laboratory built 4.7, 7.2, and 11.8 T NMR (presumed to be a consequence of the more severe steric
spectrometers at 64.5, 96.8, and 160.6 MHz, respeCtivel)hindrance of the tripheny] arsenidand a concurrenf\J
using a variety of 4 and 5 mm doubly tuned probeheadgnisotropy effect. The remaining values used to fit the ex-
while doing MAS in the 6-15 kHz range. These experimentsyerimental data are shown in the corresponding figure’s cap-
employed a basic two-pulse MQMAS acquisition sequencgjon. The match between all experimental and simulated
with a fast-amplitude-modulation conversion pul3é>*’  gpectra is not perfect, yet significant deviations of s
and relied on~=80 kHz rf fields for both the"'B manipula-  quadrupole coupling constant from the reported value gave
tions and simultaneous proton decoupling. unacceptable shifts in the relative positions of the various
Figure 3 displays representative variable-field 2D NMRmuyltiplet components. It is possible that remaining discrep-
results obtained on such compound, together with best fincies between spectra and simulations shall be reflecting

simulations of these data derived using the numerical mode&jonidealities of the MQMAS sequences whose pulses were
of Sec. Il. Also shown in this figure are the simulated linenot explicitly propagated.

shapes that could have been expected from a straightforward

application of the previous high-field analytical theory. In

order to obtain these numerical best fit simulatioh8 :_\I/M'I\{IFAS DIPOLAR EFFECTS IN THE LOW FIELD
guadrupole coupling parameters were first extracted from the

centers of mass and anisotropic projections of the variable- Although general in its applicability, the numerical ap-
field MQMAS spectra. Furthermore and because of the adproach introduced in the preceding sections is much less
duct’'s axial symmetry along the boron-arsenic bond, theamenable to practical implementation than its high field ana-
asymmetry parameter dfs EFG tensor, and the pairs of lytical counterpart. The latter lead to simple expressions for
Euler angleqa,b) and («,8) were all set to zero. This left the isotropic multiplet positions, and only demanded the
three main parameters in control of the fit: The effectivepowder integration of time-independent frequency expres-
dipolar coupling, the isotropid value, and thé®As quadru-  sions for retrieving the complete 2D MQMAS line shapes.
pole coupling. The starting point for defining the first of By contrast the numerical approach provides a general de-
these parameters was th&B—"°As distance reported for scription of the residual coupling at the expense of physical
H3B:As(CHs)3(2.03 A);? further refinements demanded a insight, and only gives spectral line shapes after intensive
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and time consuming numerical calculations that are ill-suiteccenterbands for MHz-sized quadrupole couplings—have
for iterative fittings. In an effort to alleviate this limitation, negligible intensities, thereby justifying our neglect of all the
the development of a second analytical model, complemereos(y,t),sin(xot) contributions to the average Hamiltonian
tary to the existing high-field theory, was undertaken for de-H,('S) .
scribing the low-field casep<xq . Such treatment was de- Calculating the dipolar spectrum of a mge— +mg
rived by Olivieri for S=1/2 cases based on static transition involves computing differenceg,s(ms,|®,))
perturbation theory? this paragraph extends such model to —E,g(—ms,|#,)) betweenH(Y eigenvalues
S=3/2 MAS and MQMAS experiments based on an average
Hamiltonian treatment. —(aS gD 4S I

Whereas one of the steps in the high-field analysis was a Bis(Ms. 1) =(¢ng: &' [Fis| dimg. 4. (19
transformation to the usual Zeeman rotating frame, the low- s _ .
field scenario assumes that the truncation is imposettlyy where{| ¢ )} are the eigenstates of the observed spand

rather tharf{, . In the corresponding quadrupolar interaction{|¢')} are those of the coupled spiinFor this equation to be

representatiort, s will assume a time dependence valid both sets of eigenstates need to be expressed in the
5 e e spin-space frame where the-S vector coincides with the
Hys(t) = el tdt 3y, e~ oMo(thdt", (11)  quantization axis. For a minor Zeeman perturbation at an

angle @ like the one experienced by thespins, the quadru-

For simplicity we will consider that quadrupolar couplings . .
plicity d P Ping polar eigenstates are given by

XIQ are time independent, and thas quadrupolar tensor is
axially symmetric and coincident with the effective dipolar

PAS. Hence within this frame I3/§>v 2 | >
+Y=C,|1/2+C,|—1/2
- I\ 1 2 ’
Tus()=(3+ DN S, 199=) |-)=c 1+, - 172, (7
eff |_3/2>!
+-a- ZZ)[T_(t)S++T+(t)S_], (12)
2 2
where
where
n ci+ci=1
T+(t)=exp{i—[3I2—I(I+1)]t]I+
\/6 ‘ and

XeX[!‘—iX—IZ[Slﬁ—I(Hl)]t]. (13) C,=2sinf[8—2cog 0 (3+\1+4tarf 6)] 2

The results of these transformations can be best expressed?l;r?e S ?]genstiteﬁ byhcontrast are ;hose t?]f a dpuriely ieAeSmgn
terms of spherical operatof$which for | =3/2 read interaction, which when expressed on ihe dipolar IS

~ given by
_ I i(t) =
+ V3 :Tl,il(t) S S .
2 H3= wy(c0s,S,+sinb S))
| 3 | 2 i | H | 3 V3 ; 0 0
:Tlvﬂ[gcos{XQt) +£]— 51-2:1 sm(XQt) Ecosa ?sma
2 A 0 ! 0 siné 0
—sind -cos
+T5,t1E[cos(xgt>—1]. (14) | 2 2
. _ _ 0 , 1 V3
Average Hamiltonian theory can then be applied to obtain 0 sing - Ecos.sr ?sme
the net effect of this interaction when truncated?’ﬂig
V3 3
L. 0 0 —sing — scosé
His'=xq f YT s(t)dt 2 2
0
1
N (18
_ eff N T
=(3+D2)1.5 2(‘] 2 ) This Hamiltonian is formally similar to that of an off-

) . 5 . resonance nutatioB=3/2 experiment. Its analytical diago-
X[+ 1= DI S+ 1. (13+1,=9)S-]. (19  nalization is outlined in the Appendix, as are the
[Having considered explicitly the modulation imposed by{|¢§15>}—(3/2)<msg(3/2> eigenstates to which it leads in the di-
MAS on Xb(t) would transform all the trigonometric time polar PAS.
dependencies in Eq14) into harmonic Bessel expansions, With all these eigenstates at hand the dipolar frequencies
reflecting the spinning sideband pattern expectedhfb(t). affectingSs various transitions can be calculated. The result
The zero-frequency components of such expansions—thir the central+ (1/2)«(1/2) S spectrum is
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(L2-=W2) .| H1}) +3(3+D5))|cosd], for |¢')=|+3/2), 19
14 y =
'S + 13+ DM(C2— C2)coshT (DM—2J)C,Cysing,  for [¢'=| =),

whereas forSs triple-quantum transitions{s 2=~ (¥2=3,(12~~(1/2 ' The central transition dipolar frequencig&y. (19)]
are identical to those derived by Olivieri for@e 1/2;?° consequently the remainder of the analysis can proceed along lines
laid out in Ref. 29. These involve retrieving the dipolar line shapes expected upon MAS by replacing

€c0sf=cose c0g54.7°) +sing sin(54.7°)coq w,t) (20
into the expression fovgs‘_'_ms(e,w')), and then integrating over a rotor cycle. The isotropic centers of mass for the various

multiplets can also be calculated from an orientational averaging of the frequency expressions

- 1 ~ +3(3+DMmg for |¢')=]+3/2),
Mg—=—Mge| £I\yy — — Mg——Mg I\ i — 2
(s (140) zf M (6:[¢))sinodo +(1.7092-0.5DMmg  for |¢')=|=*). 20

™
0

From these shiftlike MAS expressions, the centers of mas® the centers of mass exhibited by the multiplets. Yet their
resulting froml —S dipolar splittings in shearédor splitt; line shape agreement is not perfect, and gets even poorer
(Ref. 3) MQMAS experiments become easily deduced.  when attempting to extend the low-field analytical formalism
It is illustrative to compare the predictions resulting from to the prediction of 2D MQMAS NMR line shapes.
this S= 3/2 analytical theory, with those which arise from the A clue on where the disagreement between the predic-
full numerical approach introduced in Sec. Il. Figure 4 pre-tions of the numerical and analytical low-field theories stems
sents central transition MAS line shapes obtained numerifrom, can be gathered from a comparison between the 2D
cally for various quadrupolar/Zeeman frequency ratios, MQMAS single-crystal spectra predicted by each model
against 1D predictions expected from a suitabletegration  (Fig. 5, right-hand side It becomes then clear that whereas
of Eq. (19) and from Eq(21). The general features displayed both approaches make similar predictions for the single- and
by all these sets of spectra coincide, particularly with regardsnultiple-quantum 1D evolution frequencies, their 2D shapes
show different cross correlations between the various sets of

Powder Average Single Crystal
2ryl /=10 (A) Treatmen6t_

41

20 9° g8
Y 8% .8
01 0
15 5 25 0 25 5 25 0 25
2my /0= 1.25 )
Ao % Low Field

proximation
6

won N LA o \\A A
WL R

~

Single-Quantum Frequency (kHz)

[N]

Eq.(21) [ J (E) 0 04

1 0 1 a5 5 25 0 5 25 0 25
Frequency (kHz) Triple-Quantum Frequency (kHz)

FIG. 4. Comparisons between the dipolar MAS central transition line shapeEIG. 5. Comparisons between the single-crystaht-hand colump and
predicted by the general numeric model for diﬁerem)pQ/w'o ratios (A)— powder(left-hand columh 2D triple-/single-quantum correlation line shapes
(C), vs the powder pattern calculated by integration of the analytical low-predicted by the low-field analytical and by the numericahrﬁ(%/w{)

field expressionD). Also shown(E) is the stick spectrum predicted by the =100) models. Low-field analytical spectra were built as a simple sum of
center of mass expression in H@1). Spectra assume8=1=3/2, x3=0, (Vg2 ~(2) (82)=~(312)) cross peaks calculated from Eqel9)—(21);

and all other parameters as in Fig. 1. other simulations parameters are as in Fig. 1.
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multiplets arising along these two axes. Indeed the analyticaionally lengthy even for the simplest=S=3/2 cases, is
model associates a singiepeak component to each of the straightforward in its implementation. Its results are novel
{|#))} eigenstates, whereas the density matrix simulation in2D MQMAS line shapes that if appropriately analyzed can
dicates that there is no such univo¢a )« multiplet iden-  convey valuable structural and coupling information. In an
tity. When extended to the evaluation of powder patternseffort to simplify such calculations an alternative average
this results in even further discrepancies between the linélamiltonian theory was also derived, under the assumption
shapes predicted by each of the two modElg. 5, left-hand wg<X'Q. The resulting model yielded analytical expressions
side. On trying to find the time-dependelnt, )« | ¢/ ) trans-  for the multiplet structures of 1[$-spin spectra which are
formations that would cause the multiple cross-correlatiorguantitatively reliable with regards to their centers of mass,
peaks displayed by the numerically derived 2D spectra, it i®ven if the complete 2D MQMAS powder line shapes may
convenient to revisit the time-dependent changes undergoree affected by a more complex spin dynamics of ltspin

by the energy levels of thé spin. For most of the rotor eigenstates.

period thel eigenstates are dominated by a quadrupolar

Hamiltonian[Eq. (17)]; yet for a few brief instances MAS ACKNOWLEDGMENTS
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transformation$?3® This implies that depending on the

value adopted by an adiabaticity parametesx ~ APPENDIX

=(wg)*l2mxgw, , | eigenstates may interconvert or remain  Analytic solutions for the diagonalization of spin-3/2
unchanged and thereby affect in different ways 8pin  Hamiltonians involving a dominant Zeeman plus a variety of
multiplet line shape. Within the present setting, the consepther interactiongfirst-order quadrupolar, rf, second-order
quence of the Zeeman-induced transitions would be the aguadrupolar have been derived in the literatu®s3® The
pearance of additional cross peaks among the dipolar multipjiagonalization of aS=3/2 Zeeman interaction in a tilted
lets of theS-spin 2D NMR spectrum. Such spin dynamics arequantization frame appears formally similar to some of
not explicitly accounted for in the analytical model, solely these problems but has to our knowledge not been reported.
concerned with spectral frequency calculations. Thus, desince its results constitute an intermediate step of the calcu-
pending on the particula value, the overall appearances |ations reported in Sec. IV, they are presented here. The ei-

predicted by analytical and numerical approaches for thgienvalue equatiofS—\1|=0, with 5 as in Eq.(18),
MQMAS spectra may or may not end up appreciably differ-jeads to

ent.
M= 05) N2+ 5 w5)*=0. (A1)
V. CONCLUSIONS The four eigenvalues of this equation are as expected
This paper discussed a general treatment of the residual 3w§ wg w(s) 3w3
| -S dipolar couplings that arise when heteronuclear quadru)\1=7, )\2:7, Ng=— > Ng=— - (A2)

polar spin pairs are subjected to MAS. The main emphasis
was placed on thq'Qz w'o regime, thereby complementing The tilted eigenvectors fquiIIing—[§| bs)=\g ¢s) are related
previous analytical derivations made for th$> XIQ case. to their Zeeman-based counterpar{$mg)} by |¢bs)
The result was a numerical approach that, though computa=T|mg), where

1+cosf [1+cosé sing  [3(1+cosh) sing [3(1—cosé) 1—-cosf® [1—cos6
2 N2 2 N2 2 N2 2 N2
sinf [3(1+cos6) (3cosf#—1) [1+cosh (3 cosh+1) [1—cosh sind [3(1—cosh)
2 2 - 2 2 - 2 2 T2 2
1—-cosf [3(1+cosh) sing(3 cosf+1) | 1 sin (3 cosf—1) 1 1+cosf [3(1—cos6)
2 2 B 2 2(1+cos6) 2 2(1—cos6) 2 2
sinf(1—cosd) | 1 sif g | 3 sirf e | 3 sin@(1+cosf) | 1
2 2(1+cosb) 2 2(1+cos6) 2 2(1—cos6) 2 2(1—-cosb)

(A3)

It can be confirmed that such transformation resultédg| ¢/ )= ds s -
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