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Nonsecular dipolar couplings between spinuclei that are in close proximity to quadrupolar spins
have been extensively documented in solid state nuclear magnetic res¢gNafiRe particularly

when involving directly bondeds='3C, 1="%N spin pairs. These couplings arise due to the
quadrupole-induced tilting ofl’s nuclear spin quantization axes, and their most notable
characteristic is that they cannot be entirely averaged away by conventional magic-angle-spinning
(MAS). Nonsecular dipolar couplings can also be expected to arise whenlbaild S are
quadrupolar nuclei, even if these have hitherto not been analyzed in detail due to the interfering
effects brought about by first- and second-order quadrupolar anisotropies. Yet, the advent of new
high resolution techniques for studying half-integer quadrupole nuclei in solids such as
multiple-quantum MAS or dynamic-angle-spinning can change this state of affairs. The present
study presents a theoretical and numerical analysis on the results that can be expected from these
technigues when applied to the observation of homonuclear or heteronuclear quadrupolar spin pairs
in the high field limit. Variable field multiple-quantum MAS NMR results are then presented for a
variety of compounds possessiti@—1N, 1'B—1'B and®>*Mn—>°Mn spin pairs, that validate these
theoretical predictions and illustrate the valuable information that can be extracted from analyzing
these residual MAS couplings. The research potential as well as resolution limitations that according
to theoretical calculations these effects will impart on MQMAS spectra recorded at low or moderate
magnetic fields are thus evidenced. ZD00 American Institute of Physics.
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I. INTRODUCTION ciples laid by the static proton analysis and of numerical
. o calculations that accounted for the MAS time evolutidfi;
The advent of magic-angle-spinniifAS) has enabled  g,hsequent work by Olivieri and co-workers yielded an ana-
the widespread application of NMR to the analysis of spin-ysica description of this effect which further clarified the

l .. . . . - i i X
2 nuclei in solids. By averaging away all magnetic spin relations between the observed splittings and the parameters

anisotropies that transform as second-rank tensors, suff{'hat determine thertt-23These included the spin number
ciently rapid MAS can in principle aff_ord_hlgh resoluﬂ_op the internuclear distancgg, the isotropic and anisotropic
powder NMR spectra from these nuclei akin to those arising qirect coupling constantsandAJ, the Larmor frequency
from molecules dissolved in an isotropic solutohAn im- of thel spina?, its quadrupole parémetee%qQ/h andy

| Q I

po.rtalnt exception to this total qvera_ging rule arises when thE:E'md the Euler angleg, B) defining the orientation of thg-1
Spin- nucleus under observatid) is dipole-coupled to a internuclear vector in the principal axis systéRAS) of I's

neighboring quadrupole nucletis 1.4° MAS averaging will uadrunolar tensor
then falil by itself to completely remove the dipolar anisotro-q In princi le ndnsecular dinole effects should also be
pies, due to the appearance of higher-order quadrupolar/ b Pie, P

: ; . gresent in the NMR spectra &=1 nuclei; i.e., when both
dipolar cross correlation effects which no longer transform aS ins in the pair are quadrunolar. By contrast with B
second-order Legelre polynomials. Such nonsecular effects pl P q polar. By contr S

=3, =1 case one could conceive dealing in this situation

were initially reported by vanderHaet al. on the'H NMR _.fh IS ies that f eith het h |
spectra of static samplésand subsequently became the fo- with 1,5 species that areé of eiiner a hetero- or a homonuciear

cus of extensive attention due to the residual splittings tha'f'ature' The analysis of such nonsecqlar couplings betyveen
they originate in the SCMASNMR spectra of quadrupoles has so far been a topic of only occasional

14\-containing polymers and biomolecui&From a theo- interest'* probably reflecting the fact that MAS NMR spec-

retical standpoint most of the initial efforts to analyze thesg'@ of S=1 nuclei are usually dominated by quadrupole ef-

phenomena centered on a combination of the physical prirf_ects that easily mask the smaller residual dipolar interac-
tions. Nevertheless, the advent of new high resolution

) techniques capable of affording isotropic NMR spectra for
Author to whom correspondence should be addressed; Department - A :
Chemistry (M/C 111), University of lllinois at Chicago, 845 W. Taylor ?{allg_lgteger quadrupolar nUCIGI. .m powdered samﬁIEtg. .
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FAX: (312 996-0431; e-mail: lucio@samson.chem.uic.edu and exploitation of the valuable information carried by these
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nonsecular dipolar couplings. The present paper exploresith 6=0.8—1.2us andm ranging from 2 to 5 as set on an
these potentials by introducing a theoretical description oempirical basis for each sample. Additional precautions that
these couplings in both homo- and heteronuclear spin paivere taken for characterizing these new and relatively small
systems. The predictions that arise from these theoreticapin coupling effects included the removal of mixed-phase
derivations are then employed to derive the spectral resultdistortions via the separate acquisition and suitable recombi-
that can be expected from multiple-quantyMQ) MAS,  nation of echo and antiecho MQMAS signatsand the col-
dynamic-angle-spinningDAS) and double-rotatiofDOR) lection of sufficiently large 2D data sets to ensure a complete
NMR experiments using both numerical simulations as wellnatural decay of the signalsisually 10-20 ms along both
as analytical procedures. The easily observable consequendease domaing As follows from the detailed comparisons
of these effects are experimentally demonstrated at a varietyelow, all these procedures enabled us to analyze the final
of magnetic fields strengths, via analyses of the uni-and biexperimental results without the need to consider potential
dimensional MQMAS line shapes that they originate in anonidealities arising from the pulse sequence and with a fre-
series of model organoboron and bismanganese complexeguency resolution that according to simulations we estimate
It is worth adding that although attention in this work will be at or below 15 Hz.

focused on the line shapes that arise from such compounds

containing well-isolated homo- and heteronuclear spin pairs,

Wimperis and co-workers have very recently note_d that sucrm_ GENERAL THEORY

effects can also be detected as field-dependent line broaden-

ings in the MQMAS spectra of heteronuclear spin clusters A|though our emphasis will end up focusing on the re-

possessing large quadrupole couplittgg., NaBrQ).*® sults that can be observed on using the MQMAS technique
for analyzing dipole-coupled pairs of quadrupolar spins in
Il. EXPERIMENT powdered samples, it is preferable to derive first the general

form of the interaction Hamiltonian whose detection we will

Before discussing the effects that residual dipolar Cou'attempt during such experiments. Toward this end we begin

plings can have on the high resolution solid state NMR spe_cby considering two nucldiandS, both of them quadrupolar,

tra of quadrupole nuclei we briefly summarize the EXPEIat are mutually coupled. In the usual laboratory frame their
mental procedures that were adopted for their subseque

%S | Hamiltonian is thus given
verification. The compounds chosen for analysis are depicte tal Hamiltonian is thus given By

in Scheme 1 showing in bold letters the relevant spin pairdd, ,,=HZ+HE+HR+HI+HL+Hjs+HES+HSS, 1)

whose couplings were explored; where the first two terms on the right-hand side are the

__ [ (dominanj Zeeman couplings of both spins, the second pair
(H3C),N:BH3 Q BH; [(H3C),CIH2N:BH3 of terms are their local quadrupolar interactions, the follow-
1 \ 3 ing pair of terms account for their direct and indirect spin—
2 CHs spin couplings, and the last two terms denote their chemical
o\ 0 « C/O C‘i /?0 shifts. Because of the complexity of E@) it is convenient
i B_B/OE OC—‘-\Mn—Mn—CO to introduce two simplifications that will not seriously de-
o/ \ C-({ }0 Cé \eo tract from the generality of the remaining treatment; namely,
4 5 we will assume that the dire€b) and indirect(J) spin cou-

they include three amine-borane complexes incorporating diPling tensors are coincident, and we will disregard for the
rectly bonded"B(S)-“N(1) spin pairs that were used for time being the effects of the chemical shifts. The first of
monitoring residual heteronuclear effects, plus diborane antéhese assumptions is done on a heuristical basis as there is
bismanganese complexes that were employed to monitor tHtle or no evidence to bear on its contréithe second one
homonuclear nuclear coupling effects in sgifk=S="'B) is done as a matter of convenience at this stage, even if
and spin3 (I =S=5%Mn) systems, respectively. Because of isotropic chemical shifts will show up and be accounted for
their relative instability, all borane complexes were suitablylater in the analysis. The explicit form of the remaining in-
purified by sublimation directly prior to their spectroscopic teractions in Eq(1) can be best summarized in terms of
use. Our experimental analyses focused on the acquisition #feducible tensor representations, which in their respective
1D MAS and 2D MQMAS NMR spectr® these were col- Principal axes system@ASsy are**

Iec_ted on laboratory-built 4.7 and 7.1 T NMR spectrometers HZ=wlX,, X=I,S, )
using 4 and 5 mm doubly tuned probeheads and spinning

ratesw, /27 in the 6—10 kHz range. ThEB and>*Mn radio 0 2 ox  ox

frequency fields afforded by these systems were in the order Hx= m:2_2 (=D"5 mp3m . X=1.S, 3)

of 90—100 kHz, and alt'B NMR spectra were acquired in

the presence of~80 kHz proton decoupling fields for the 2

sake of improving the line’s resolution. In order to maximize ~ His=H:+Hjs=JI-S+ > (- 1)mT2D,_mp2§f- 4

the MQMAS signal-to-noise optimized triple-quantum exci- m=-2

tation and )—1Q fast-amplitude-modulation conversion Herewg( (X=1,9) are the individual Larmor frequencies of
pulses were usetf;? the former usually resulted 4—fis  the two spins, and the spin parts of the quadrupolar Hamil-
long while the latter were chosen of the foff¥),(0)x]m ., tonians are defined as
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Deh‘ —
T =t Zef - [3XE-X(X+ )], (53 P2=0 80
( ) The various interaction coupling parameters in these expres-
\/éeQx sions (eQ, eq 7q, etc) have their usual meanirt§;>® and
TSQ: :m(xzxi+xixz), (5b)  the explicit relations between the principal elemehig mt
and their spatial counterparts in a general fra{rﬁg +will
\/EeQX 5 be unambiguously established later on.
T3i= imxi’ (50 To calculate the NMR spectra resulting from these inter-

. . _ _ actions on either heteronucle@ detectedl or homonuclear
with X representing eithdror S, and the corresponding spa- (S+1 observed NMR experiments, it is customary to re-

tial elements are move the dominant Zeeman effects by going into an interac-
_1 6 tion representation. The resulting frame rotates at the Larmor
20 €0, (6a) . ; .
frequencies of the two spins as driven by the propagator
pr 0, (6b) L0 0
2x1 U(t) =exfd —i(0sS,+ wrl)t], 9
ox _ 8% which imparts intoH ., the time dependence
P32 = 2\/—77Qx (60 du
. Hiap)=U-Hiay U "+ — UL (10)
The total coupling Hamiltoniai s [Eq. (4)] depends on an dt

isotropicJ term and on products of two-spin tensor elementsaverage Hamiltonian theory can then be applied to obtain a
time-independent rendering of this rotating-frame interaction

gozw, (7a)  according to
: 6 o
Ve H=HY+H@+ | (11
1,S. +1.S,
Tgilzzi—z, (7h) where
1 T
HY=— | Hiat)dt (12)
D l+S. TcJo
TZ,iZZT' (7C)
—i Tc t ~
with the spatial elements H(z):; fo dtfo[HLab(t)aHLab(t,)]dt,y (13
C
pPeii— \ﬁ ~2hnys N 2 (3—-3.) (8g and 7e=max[ (27w °),(27»Y] is a sufficiently long cycle
2.0 2 s 3 T time for the secular Zeeman truncations to take place. The
Do Hamiltonians that need to be dealt with in these time-
p221=0, (8b) dependent expressions are of the type

| o 2
\/—eQX RX X2 20X+ ROX X, (2X,+ 1)e'“x'+ % RS {3X2—X(X+1)}

—RFIX_(2X,—1)e "ox'+ RYSXZ e 2lext
|
and Evidently,H") in Eq. (11) will involve simple time averages
o > of the various coupling interactions appearing in EQ. If
His(t)=|J+ \/; 20) [,S,+ ( J——Rzgf one is dealing with a heteronuclear pair and is interested
2\6 solely on theS spin observation these secular first-order
X(IJrSieiw?te*iw(S)t_'_l7S+eflw| elwst) terms will be
1 : )
+ 2RO (1S, eivStt ], S eferty
2 et H(l e—QSRQ’S[3SZ—S(S+ 1)]
1 e . hetero ZS(ZS 1)h 2,0 4
_ERZiﬁ(l S_e—lwst+|_sze—|w|t) >
1 0, .0 I+ \/;RZDB“> .S, (16)
+ §R23ﬁ2| +S+ e""l tel gt

(15) whereas for a homonuclear case with simultanddtisbser-

1 .0, .0
D —iota—iwat

+ =R, _S_e 'orte™!od, ) o
2,2 vation these will involve

2
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" eQ, o 5 NMR spectra. When the quadrupole couplings of either
Hhomo:mRz,bs[gsz_S(S+ 1)] S spins become sufficiently large, however, an appropriate
description will demand the inclusion of all cross terms in
N Eqg. (13) that involve the corresponding quadrupole Hamil-

21(21-1)%h tonian. In the terminology of static Rayleigh—Schroedinger

perturbation theory, this is tantamount to accounting for the
I+ \ERDeﬂ)I S+ 1‘]_ LRDeﬁ first-order corrections to the Zeeman eigenstates caused by
3202 27 26 2° the quadrupole-induced tilting of the spins’ quantization
axes?® The manner in which the various secular cross terms
X(14S-+1-S,). 17 in the commutatoH® will be evaluated, depends again on
In a complete high field limit, where Zeeman interac- whether one is dealing with hetero- or homonuclear cases.
tions truncate every other coupling, it is generally sufficientUsing Eqgs.(14) and (15) it is possible to show that the
to consider theséi?) terms to account for the observable former will lead to

eQ RS[312-1(1+1)]

+

J
eQs 21 [ RYSRYSS[4S(S+1)-8S2—1]
28(2S—-1)h +RY5,RYSS,[2S(S+1)— 252 - 1]

2) _ , QgD Q.D_
HFwe)tero_HgQ'i_HmS +H|s| _3< w_g

3 eQ 1
- \[E S o0 (R aRed F RORS {3101+ 1)}S,

3 eQ 1
- \[E 3525 w—g(RS;Slei“Jr RY°R, M ){3S2 - S(S+ 1)}, (18)

in heteronuclear systems, and to
RS RESS,[4S(S+1)—8S2—1]

eQs 21
+RY5,RISS,[2S(S+1)—2S2—1]

25(2S5-1)4) w?

Hi2h=HYQ+HRQ+HE P+ HY D:S(

homo—
eQ |1 [ RELRRYI[4I(1+1)-8IZ-1] | \ﬁ Qs 1 20 ger, ROSRDe
2 28( 2-1"%21 2,12 -1

TP w0 | +RLRYI[21(1+1)—212-1] 2S-1)h w3

3 e 1
X{382—S(S+1)},— \[5 —2I(2I(3I1)h ZF(RQQRQ;M R{R,")S{312—1(1+1)}

1 3 EQS 1
3 e R SRS 25

— - - - @ Q,SpPef Q,SpDeft _ _ _ Q,l Deff
T2 V2 25025- 1) o0 Rt RS T RaZR 5S4 (25, D 5 N5 -1y oo (RemiRed

1 /3 eQ 1
| _RPe ! I RPe JRPe
+RS1R, NS 1, (21,+ 1)+ 5\[5 12— 1)h w?(RSIRZ’_“1+R(§,2R2'_“2)S+I_(2IZ— 1) (19)

in homonuclear ones. These equations allow one to dedudgecause of these differences we break up the rest of this
the effects that residual quadrupole/quadrupole andliscussion into a heteronuclear treatment, pursued to a fur-
quadrupole/dipole cross correlations will have in a variety ofther extent due to its simpler and more ammenable nature,
NMR experiments’ provided that quadrup0|e Coup"ng Con.and a homonuclear treatment that is mainly restricted to MQ'
(MAS calculations and experiments on pairs of spiand

stants remain small enough for the two-term expansion in"™’ > i
n=3 nuclei.

Eq. (12) to stay valid. Should this cease to be the case a fulfP!
numerical diagonalization approach would have to be
adopted’ such procedure is outside the scope of this mainl
high-field-limit work. Also worth noting is the substantial
differences that even under this high field assumption charA- Theoretical analysis of high-field MQMAS spectra
acterize the hetero- and homonuclear scenarios, both in the The potential effects thal couplings betweer$ and |
complexity of their Hamiltonians and in the approach thatspins may have on the MQMAS NMR line shapes of Se
these will demand for further calculating their NMR spectra.nucleus have been recently discussed for the kbage®® We

V. RESIDUAL HETERONUCLEAR COUPLINGS IN
MQMAS, DAS AND DOR NMR
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extend in this paragraph such discussion to a case wtisre (A) I I ,

guadrupolar, and can thus also be interacting via the residual > 2 -
dipolar coupling effects introduced above. Before doing so, Hn 7 R

however, we briefly dwell on the nature of MQMAS acqui- pY jf \\

sitions so as to lay the foundations of the subsequent discus- ! \ 7/

sions and derivations. As explained elsewhere in d&ta, "

MQMAS is a 2D NMR experiment capable of providing 6 54.7 (constant)

high resolution NMR spectra from half-integer quadrupole

nuclei even when these are in powder samples. This is done (B) l—q —> *_S“,:Zf,’ea 2 —>
by correlating pairs oft m— —m(MQ) and + 31— — % (1Q)

transition frequencies within th® spin manifold, while sub- Y < > -
jecting the sample to a fast mechanical spinning at an angle :

0,=54.7° with respect to the magnetic fidh} [Fig. 1(A)]. 6 ol (4

Both domains in such an experiment are affected by second-
order quadrupolar anisotropies, yet the anisotropic shifts that

result for the MQ and @ transitions are proportional to one () k
another for each and every crystallite in the powder. The
ratio between these anisotropies is given by a rational num- p VRN
ber k=|C¥&(m)|/C&(1/2), where

& \N\N\NNNS
Cé(mg)=2mg 185(S+ 1) — 34m2—5]. (20)

) ) ) ) ) FIG. 1. Different experimental approaches available to the acquisition of
is a polynomial depending on the eigenstatgsbeing cor-  high resolution solid NMR spectra from half-integer quadrupolar nuehi:

related and on the numb&rof the spin being analyzed. The MQMAS; (B) DAS; (C) DOR.
fact that this ratio is independent of site or crystallite prop-
erties can be exploited to cancel out the quadrupole anisotro-

pies along one of the two spectral domains, and thus obtain C'ﬁpolar, quadrupolar and shielding anisotropies do not play

unidimensional high. rgsolutiqn NMR projectioq regar.dlessrekevant parts in the MQMAS experiments to be analyzed.
of sample characteristics. This canceling of anisotropies re- Computing the effects of sample spinning on such eigen-

quires subjecting the 2D MQMAS NMR results to some values, not just for the fast MAS case but for arbitrary spin-

form of 'shearing transfqrmation. Different st'rategies hav%ing speeds and angles, demands that the spatial parts of all
been d'SCL_JS:’iS%O and illustrated for carrying out Suchgjeyant interactions be expressed into a common reference
transformation;”™" here we will assume that it merely in- fme Common transformations thus need to be defined for
volves a mathematical procedure such as all the couplings introduced in Eq&2)—(4). In the present
tudy we defined the various sets of Euler angles that are
I(vy, I(vq+vo|CAm)|/C(D), 21 3 . e : .
(v1,v2) =1 Vet ve| Cm)l/CS(3).v2) @Y involved in these principal axes transformations according to

Y

following the acquisition of the data.

In view of these basic considerations it follows that aEFG(l) — D — EFG(S) — ROTOR — LAB,
possible way for calculating the effects of residual hetero- (ab,c) (a.p.7) (¢,0,8) (ort, 65,0°)
nuclear interactions on MQMAS experiments is by comput- (24)

ing the Fourier transform of the time-domain signal o
whereEFG(I,S) denotes the PASs of the electric field gra-
B . e dient tensors for each of the quadrupolar nudigdenotes
S(tlvtz)_A”Em [jpowdereXFil(E(m,mﬂ E(=mm))ti] e coinciding uniaxial dipolar- and-coupling tensorsRO-

eigenstates TORrefers to a frame of reference mounted on the spinning
_ sample, andLAB is a system whoseaxis coincides with the
Xexdi(E(z,m)—E(—2m))t,]dQ }, (22)  direction of the magnetic fielB,. With these definitions the

spatial coefficients of the various Hamiltonian terms can be
where the(...) brackets indicate the averaging effects intro-written in terms of their principal value componefiss.(6)
duced by the MAS. This equation exploits the fact that sinceand (8)] as
H® andH® are only functions of thé, and S, operators

their eigenvalues can be found in the conventional Zeeman 05 2 2 5 5 0.5

product basis set Rz,én:kz_z n:E_Z Dicm(@rt,65,0°) D5 W (@,6,8) p35
(HY+H{Zdms,my)=E(mg,m;)|ms,m;); (25
—Ssmg<S;—I=m<I. (23 2 2 2

D 2 2
R eff= D w,t,0,0°)D .0,
Notice also that out of the various contributionsHé® all 2m kZZ nziz p;z cml @t 05,07)Dn(@,6,)
but the isotropic] and chemical shift couplings can be dis-

2 De
regarded on considering the final eigenvalues, as first-order XDp,n(a'B*V)Pz,pﬁv (26)
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2 2 2 2 S (2}
HS +H +H +H
=S 3 S 3 D607 mg 72 TR TReb TRy
k=—-2n=-2p=-2q9g=-2 3 +éJ ﬁr‘”
2 2 2 Q. 34 2
><Dn,k((pa01§)Dp,n(a!ﬂ1’y)Dq,p(aabvc)pZ,d ) +3/2 emre———— _%J\_I_I
(27) 4 ——p 0
where in all casesm==*=1,+2. In these expressions I
Dﬁm(x,y,z) denote Wigner rotation matrices fulfilling i Y +éJ | §+1
= 25 =— i
DFa(x.y,2)=df, y(y)e M @8 N Ik
with the reduced matrixdﬁm(y) as defined by Wigner's for- Ny 0
mula. Except for the special cagg=0°, sample spinning Y tld
will make all the spin interactions in Eq&5)—(27) oscilla- -1/2 ~ +4 YA 01
tory time dependent. Thus to pursue this analysis these time _13 f i
dependencies need to be explicitly evaluated for each of the 2 -3J §+1
relevant interactions as well as for their mutual cross terms; +34 —L— 0
an outline of these lengthy but straightforward calculations is —3/2 — < +§J —_—]
presented in the Appendix. - %A _<
Rather than programming the resulting equations nu- —%J Y.+1

merically and obtaining a computational prediction of the .

residual dipolar effects for arbitrary spinning and couplingF!G. 2. Energy level diagram for &= > nucleus coupled to ah=1 spin,

conditions, we decided to pursue first an analytical path foSnoWing the hierarchical effects introduced by Zeeman, quadrupolar, re-
! sidual dipolar and-coupling interactions on th&-spin manifold. The vari-

cused on the centerbands that can be expected from fasfgs kinds of vertical arrow§—, - -, -----) denote pairs of transitions con-

spinning or rotor-synchronized MQMAS experiments. Thisnected by 2D MQMAS for differentm, spin states(+1, 0, —1,

requires calculating for all the spatial terms in the Hamil- respectively, notice that the effects of the various spin interactions are not

tonian the rotor period average illustrated in a common energy scale.

w, 27l w,
(Hied = g | HiZgtrct 9

Under these conditions the eigenvalledefining theS-spin
energy levels can be written as

2
eQs

Before employing these eigenvalue expressions to calcu-
late the full 2D MQMAS line shapes it is illustrative to com-
pute their overall powder averages, as these will lead to the
isotropic splittings that will in turn characterize the residual
dipolar effects along the isotropic MQMAS dimensibiihis
entails removing the anisotropic dependencies by calculating

3
(E(mg,m))=—5

g

2S(2S—-1)hA the weighted integral

J37f 8R! RO+ RIIRO ysin g d 6 dep
J27[Tsin6dAde '

the remaining powder anglg) being irrelevant as it denotes

a rotor phase that was averaged away by the integration in
Eq. (29), while the second-order quadrupole effects from Eq.
(30) are naturally absent along this spectral axis. The result
of implementing such powder averaging on the eigenvalue’s
expression is the zero-order energy shift

[<R§§1R215>m$[45(s+ 1)—8m2—1]+ -

(RY5,RYP)MJ 2S(S+1)—2mZ—1]

\F eQ
MM N2 | 22— i)

X(RY!; Ry §+ RS Ry

Xmg[3mZ—1(1+1)], (30)

where the time averages of the variquFE}‘ngv,m> angular (E(mg,m;)y=Jm, mS—A[3m,2—I(I +1)]mg,
dependencies are summarized in EGsl1)—(Al13) of the

Appendix, and we have exploited the fact that all terms inWhere

the Hamiltonian commute with one another to disregard po- 3 Dgfzf
tential higher order effects. The first term in this eigenvalued = 20 ok
expression represengs second-order quadrupolar frequen- 0

(32

ezq Q

2|(2|——1)h (3 cogb—1+ 7]|Q sir’ b cos 2a)

cies. Its resulting line shapes under a variety of variable- 33

angle and magic-angle-spinning conditions have been exte@d

sively described!*?in MQMAS, these effects are known to 2w 2hiyys 2

be absent along the isotropic dimension. By contrast, the D= \/;pgo =- r3l S §AJ. (34)
IS

remaining terms are new in this quadrupolar context and will
not be averaged out by either the MQ or the MAS proce-This expression is analogous to the one derived by Olivieri
dures. It is interesting to note the formal resemblance beet al. for the caseS= 313 and it may be used to compute
tween these new terms and the frequency expressions thamalytically the splittings to be expected from heteronuclear
have been previously derived for the residual dipolar couhigh-field MQMAS spectra involving arbitraryS spin pairs
plings between a quadrupole nucleus &3, and MQ transition ordersn<— —m. Thus for instance, a
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schematic description of the modifications that will be intro- 30MAS 30MAS 50MAS
duced by these effects on the energy manifold of the simplest §=3/2,1=1  S§=5/2,1=3/2  $=5/2,1=3/2
possible such caseSE 2,1=1) is illustrated in Fig. 2. It
shows that on top of the conventional Zeeman and quadru- J\ lk
pole effects residual MAS dipolar couplings will split the
energy levels of th& spin according to thim,| values of the H H
| spin, and then as a result of thg, further splittings can be
expected betweetr m; and —m, states leading to an overall
S multiplet composed by 2+1 different isotropic transi-
tions. When considering that the observation of such isotro- m l +Hg)3 +ng, I
pic splittings demands a shearing procedure like the one out-
lined in Eq.(21), it follows that in a general case multiplets
arising in the high resolution MQMAS spectra 8fwill be
positioned at frequencies +H) +H)
B [Ic&m)|+2mCq(3)] 25 omer 45 25 omger 25 25 Ofer 75

ViSO m| = (kHz) (kHz) (i

401 4
Cs(2)+[Cs(m)|
2 FIG. 3. Comparisons between the MQMAS line shapes predicted by the
X {[3m| —I(I+ 1)]A + m|J}, (39 isotropic analytical expression given in E§5), versus complete numerical

. . . calculations of 2D MQMAS spectra based on Eg2) and a subsequent
wherem denotes again the order of tS&pm MQ transition shearing/projection onto an isotropic dimension. Peak shapes in the analyti-

that has been used in the 2D NMR correlation. Clearly, meacal traces are shown artificially thicker and scaled by a factor of 0.5; their
surements at varying magnetic fielttifferent wlo) can en- m_ultiplets intensities are proportiona}l to the'numbempfcomponents con-
able one to separate tddrom the dipoIar(A) effects within tributing to each transition and _thelr Imewndt_hs were _set_ to 10 Hz. In all

. . . . . cases tensors were assumed axially symmetric and coincident, the frequency
this multiplet, and from there extract the information carriedgc,jes refer to an isotropic shific=0 kHz, and the cumulative effects of
by these different couplings. dipolar andJ-couplings(fixed at 100 Hx are shown in the second and third

As a first test of these analytical expressions it is illus-rows. Spectra on the left assumed 3QMAS NMR on S (€2qQ/h

trative to compare their predictions with those that arise fron2 MHz, w,=64.4MH2 coupled to anl=1 (e’qgQ/h=—3 MHz, wo
a suitable numerical powder average of E80); i.e., from =14.5 MH2 with a Df=1.7 kHz; the center ?nd right columns describe
the MQMAS frequencies expected prior to a computation of"® 3QVAS and 5QMAS BSp‘;Ctra of 6= (e’gQ/h=3 MHz, w,
the isotropic centers of mass. To obtain such numerical >2MH2) coupled to an =3 (€°qQ/h=12MHz, wo=20 MH2).
simulations complete 2D MQMAS data sets based on Eq.

(22) were calculated, processed into purely absorptive 2 . . . .
NMR line shapes, projected onto a sheared isotropic dimeﬁ-’s guadrupolar spin pairs were carried out. Toward this end

so,and ren compared i he expecaonsof e anay ¥ (47 e Sty SO (18 paten,
cal expressions. lllustrative results of these procedure arr?uclearlH decou :?n these com. oun dScFLeme 1 repre-
presented in Fig. 3 for a variety of cases; these clearly evi- . ping o P . P
dence that most of the information made available by Ile_sent well-isolated,S systems; in fact the relative sharpness

11 H
MAS NMR projections is accurately summarized by the iso-i{rct;]]e dBecl\(;ll?l\l/ilr?S ﬁ'\el:\élSR Sfiatug:tss Z\gir\]/emtl't]rr]:ei‘?)?;rilrfteegal
tropic splittings derived from the analytical treatment. rotatign of thep—Bg roups tﬁgt considerably attenuate their
In addition to these isotropic projections, MQMAS pro- H group y

vides complete 2D line shapes from which further im‘orma—Internal couplings at room temperatdfeThere are, how-

tion related to this effect can be extracted. For each couplegver’ certain disadvantages associated to this choice of com-

chemical site in the sample these 2D line shapes will correpounds' including a relatively poor chemical stability and an

late the residual dipolar plud counlinas betweers and | unavailability of MQ orders higher then three for testing our
spins, dependent az ShO\?Vh in Eap3> gn the Euler angles predictions. To alleviate this last drawback measurements

relating the PAS of’'s EFG with thel-S internuclear vector, were repeated as a fupctlon of magnetic field strength, given
. the known dependencies that affect the relevant second-order
against the sum of these effects plHs own second-order

Q.Q QD -
qguadrupole frequency. The resulting 2D MQMAS line H and H cross-term effects. It may aiso be worth

shapes can thus be expected sensitive to the relative orient%tlgnfymg that this choice of compounds was dictated by

tion between the two quadrupolar tensors of the coupletigéfr?;%é 3\;?;61?;;%riﬂinpfrgrlItmhgzgk;gggtﬁgzzzi%;ﬁgc
spins. Numerical simulations validating such expectation '

are presented in Fig. 4 fo/S pairs possessing constant cou—s'\”vIR spectral resolution.

. g Figure 5 presents representative 4.7 and 7.1 T 2D experi-
Sg?ﬁn%a;aer;eé?rrsegff,z ?esntshocisgeisnfg{:::(sj in Figefd, but mental*'B NMR spectra recorded on the trimethylamine bo-

rane complex1, Scheme }, and compares them with best fit

simulations obtained on the basis of constdi®,X*N cou-

pling parameters and of changing Larmor frequencies. Fur-

ther comparisons between these experimental and theoretical
In order to test the theoretical predictions of the precedresults are illustrated in Fig. 6, which shows the 1D traces

ing paragraph a series of 2D MQMAS NMR experiments onobtained upon projecting the 2D spectra onto their respective

B. Nonsecular heteronuclear couplings: Experimental
MQMAS results
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FIG. 4. Dipole-induced dependence of sheared 2D MQMASpiIn line shapes on the relative orientations betwgend| EFG coupling tensors. Spectra
were calculated for a prototypicdlB—1“N spin pair that is 1.5 A apart and at 4.7 T assuming axially symmetric EFG’s efgt(h)11;=2 MHz,

(e?qQ/h)14y=—3 MHz, J=100 Hz, AJ=0 Hz. Vertical and horizontal spectra correspond to the anisotropic and isotropic projections of the 2D data sets,
respectively.

isotropic and anisotropic MQMAS axes. In order to obtainreflecting the tighter B—N bond occurring in the solid com-
these best fit simulations the B—N distance was assumed g@¢ex. Such differences notwithstanding the spectra of this
in the compound’'s gas phase electron diffraction reporcompound clearly demonstrate the possibility of detecting
(1.656 A,* and the quadrupole asymmetry parameters wer¢hese effects even at moderate magnetic fields, and of ex-
assumed null for both sites on the basis of molecular symtracting from them meaningful information.

metry and of the''B MAS NMR line shapes. The former Figure 7 illustrates a simila''B MQMAS analysis, this
consideration constrained the system into collinear quadruime carried out at 4.7 T on a borane-lutidine sam(#e
polar and dipolar PASs, i.e.,a(8)=(a,b)=(0°,0°). A Scheme L As opposed to the previous case no literature
simple analysis of the MQMAS center of mass along the twgparameters could be found for this compound, while the ab-
spectral dimension8 also yields the boron quadrupole cou- sence of three-fold symmetry around the B—N bond pre-
pling constant: (aqu/h)llB:(l.G?i 0.05) MHz. Subse- cluded many of the former's. priori simplifying assump-
quent refinement of the 2D powder features then yielded théons. Boron quadrupole parameters can still become
quadrupolar and coupling parametequ/h)lleZFZA available from the center of mass of the 2D MQMAS line
+0.1) MHz, Jgy=(20+10) Hz, AJ~0 Hz, and a natural shape and_ from _S|mulat|ng its anisotropic prolectlon._ The
line width for the!'B powder pattern of 10 Hz. The quadru- oyerall res@ual dipolar e_ffects are smaller here than in the
pole coupling constants thus obtained for both boron andimethylamine complex; if one assumes thiad quadrupole
nitrogen are systematically lower than those previously meacoupling constants are equal in these two aducts, this feature
sured for this compound by microwave spectroscopy in the

gas phasd2.06 and—2.83 MHz, respectively®® probably

Bg =47T
B,=71T
1 Mment
T

%@_\é ~

5,

imulation

A T

B,=71T
] y
A 0 : ‘ Experiment
Simulation - Simulation

4 5 6 -4 3 . .
Isotropic Offset (kHz) Simulation

T T T T T 1 1
-4.5 - -3.5 30 0 1
FIG. 5. Comparisons between the experimental 2D MQMAS line shapes Isotropic Projection Anisotropic Projection
observed for trimethylamine borane at magnetic fields of 4.7 and 7.1 T, and (kHz) (kHz)

their best fits obtained as described in the té}8. Larmor frequencies at
these fields were 64.49 and 96.77 MHz; #id frequencies were 14.5 and FIG. 6. Idem as in Fig. 5 but for the isotropic and anisotropic projections of
21.75 MHz, respectively. the corresponding 2D MQMAS spectra.

Anisotropic Offset (kHz)
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FIG. 7. Comparisons between experimertit®l MQMAS results observed
for a lutidine-borane complex at 4.7 T and simulations based on the follow-
ing best fit parameters: efqQ/h)115=1.8 MHz, (170)115=0.2, .
(eZqQ/h)lz‘N:izo MHZ, l'BN::I-'78ﬁ‘! (arﬁ):(arb):(ooroo)v J Simulation
=15Hz, AJ=0, natural'B linewidths=10 Hz. Vertical and horizontal T
traces correspond to the anisotropic and isotropic projections of the data.
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FIG. 8. Summary of the 4.7 and 7.11B MQMAS NMR results obtained
should then be ascribed to a lengthened B—N distance d¢r a terbutilamine-borane complex, versus the simulated line shapes that

1.89 A. In fact quantum chemical calculations have predicte(?r?r?]etzﬁ ?;‘rﬁ’ﬁrf;egfﬁ tchoeubﬁ‘rf's 0;';;;&;’: quadrupole coupling data and the
a 0.05 A increase in the B—N bond length on going from the Y PIng P '

trimethylamine- to the pyridine-borane compf&xthe sig-

nificantly longer distance that would be needed to simulat&tate NMR spectroscopy of quadrupoles, a brief reference is
the lutidine-borane complex could then be rationalized as gyade to the results that will arise on using high resolution
result of further steric interactions between the methyl subnMR techniques other than MQMAS. Particularly success-
stituents of the pyridil group and the borane moiety. Alter-fy| options toward achieving isotropic spectra from half-
natively, one could assume a constéh66 A) B-N inter-  integer quadrupole nuclei have been DAS and DOR, tech-
nuclear distance and deduce from the MQMAS spectra @jques that focus solely on the central transition and which
—1.7 MHz *N quadrupole coupling constant. The actt  rely on either discreet or continuous changes of the sample
and B—N coupling parameters that yielded a best fit Wergpinning axis to remove the second-order quadrupole
found in between these limiting cases; results of such nugffects® It is thus recalled that DAS achieves high resolu-
merical simulations are presented on the right-hand columggp, by correlating theS spin evolution at two consecutive

of Fig. 7. _ _ _ spinning angles, 63 fulfilling

A final theoretical/experimental comparison on the re- ) )
sults expected from MQMAS for these heteronuclear effects ~ P2(C0s6s) _ P4(cosbs) b K (36
is presented in Fig. 8, which shows variable-fiél8 NMR P,(cosfy) P,(cosfy) t, '

line shapes obtained on a terbutylamine-borane com(@ex L .

Scheme L Out of the investigated heteronuclear spin—pair:sf"lnd then fsubjeqtmgF_the reBsuItlg%gata ﬂohrzbe perr:derr:t sr(;ear-
this actually showed the smallest residual dipolar c:ouplingf[ng tranhs ormat|o|r[ '9. l(l ) | ont ehot er han ¢ r(;— h
such feature, however, is in excellent agreement with theo—ates the sample simultaneously at the roots of bot
retical simulations based the quadrupole coupling constanth(Cose) andP,(cos) such that

observed for this complex at 77 K by pure nuclear quadru-  (P,(cos6))=(P4(cos#))=0. (37

I
?40Ie resonancélg; MHZ. and_ 1'57. MHz fc_>r thé'8 and One-dimensional DOR acquisitions thus yield isotropic spec-
N, respectively,*® in conjunction with the dipolar andgy : . L
. : ) tra simply by 1D Fourier transformatidirig. 1(C)]. For the
couplings that were measured for the tnmethylamme-borangase of either technique the expressions that were derived
complex. earlier for the heteronucleasS coupling Hamiltonians and
) ) ) eigenvalues continue to be entirely valid; the only additional

C. Residual heteronuclear couplings in DAS and DOR limitation that needs to be invoked fiss= = £ due to central
NMR transition nature of these methods. Therefore, the isotropic

Before concluding this discussion on the residual heteromultiplet positions that can be expected along the high reso-

nuclear coupling effects that can be expected in the solidution dimensions of these experiments will be given by

HA[BMZ—1(1+1)]+JIm} for DOR

V(m|): m|:_|,...,| (38)

[1+k )
5<T){A[3m,—l(l+1)]+Jm,} for DAS
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where A is as in Eq.(33) and thek-dependence in DAS pected to remove—at least in the fast spinning regime—all
arises from the shearing transformation that this techmquehe anisotropies involved in either thel) or HEZ), cou-
involves. Suchk values can range from 0.8 Whelﬂs(ﬁs) plings; this would leave the isotropic reS|duaI given in the
=(39°,90°) to 5 for @S, 03) (63°,0°); residual dipolar DOR version of Eq(38) as the sole observable to be mea-
splittings can thus be expected to be smallest for the lattesured in these experiments.

setting and largest for the former. Full numerical simulations

of 2D DAS NMR experiments validate these predictionsV- RESIDUAL HOMONUCLEAR COUPLINGS IN

(Fig. 9); they also reveal a complex dependence of the anMQMAS NMR

isotropic projection and of the overall 2D line shapes on the As mentioned, high resolution quadrupolar methods
actual pair of complementary spinning angles that is choseropen up the possibility of detecting residual dipolar ahd
This unusual behavior stems from the different weights withcoupling effects also when identical nuclear species are in-
which theS-spin second-order quadrupolar dr8lfirst-order  volved. The theoretical treatment of these homonuclear
dipolar effects will appear along the two spectral dimensiongases, however, is substantially more involved than that of
depending on the spinning angles, and it apparently providetheir heteronuclear counterparts due to the presence of exten-
a sensitive insight on the relative orientation between dipolasive off-diagonal coupling terms stemming from secular flip-
and quadrupolar interactions. It is also worth remarking thaflop operators in the Hamiltonian. For instance for the sim-
the centers of mass of peaks along the isotropic projectionglest possible homonuclear situation amenable to
of these numerical simulations differ by a less than half a Hzxperimental MQMAS NMR study, involving two identical
from the simple DAS predictions of E¢38). With regards  spin3 nuclei, the fast-spinning high-field coupling Hamil-
to the DOR case, its extensive spatial averaging can be exenian will be given by

His=J1-S+HGh (39
%AS,,_%AI_',‘%] 0 0 0 0 ] 0 0 0 0 0 0 0 0 0 ]
0 2As+2Al+_J 0 0 6,~§+61—1+2§ ;0 0 0 0 0 0 0 0 o 0 0
0 0 Sacdn-P O 0 afipefi; O 0 0 0 0 0 0 0 0 0
] 0 0 %As_gAl_Dj 0 0 -61‘§+61",+%J 0 0 0 0 0 ] 0 0 0
0 ergury+ds O 0 3As--Al+3J 0 0 0 0 0 0 0 0 0 0 0
0 0 4frf+fis O 0 -%As Iapd 0 0 Lfefr O 0 0 0 0 0 0
0 0 0 ergseried) O 0 As+3A1 1y 0 0 2 0 o 0 0 0 0
0 0 0 0 0 0 0 §AS+%AI‘3J 0 0 —4[31“_’;+J§l 4] 0 0 0 0
= 0 0 0 0 0 4firgefis O 0 -%As-gAl—%J 0 0 0 0 0 0 0
0 0 0 0 0 0 2 0 0 %AS_ZA’_‘%J 0 V] 61*}_&-,_,_3] 4] 0 0
0 0 0 0 0 0 0 4firg+fs O 0 Sag+ia+ls O 0 4fin+fas O 0
0 0 0 0 0 0 0 0 0 0 0 -%As+%A1+31 ] 0 _a-’;_ﬁl-ﬁgj 0
0 0 0 0 0 0 0 0 0 61's-61';+§1 0 0 2A5+%A1 9; 0 0 0
0 0 0 0 0 0 0 0 0 0 4Bl O 0 Saseiy-d O 0
0 0 0 0 0 0 0 0 0 0 ] —61'5—61'7‘!-%] 0 0 9AS %AI"%J 0
I, 49
\ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ‘QAS‘QAI"Z?
|
where \/‘ eQs
<R2 1 2 1
B \F eQs (ROSREer 2 25(25-1)hw?
S 0 —
2 25(2S-1)hwg 2-1 S
+ Rgé R2’8_ﬂ2>MAS , (400
S ff
+ R?,-le,‘i )MAS » (409 _ o
and analogous expressions hold for the definitiona ofT",
FS:E \/§ eQs <RQ,S RDef andI'f . This matrix stems from the explicit representation
2 V225(2S-1)he2" 271721 of Egs. (17) and (19) in the coupled{|ms,m,)} Zeeman

product basis set and is expected to grow @S+ 1)(2l
+R Rzz YIVE (40D +1)]? depending on the spin numbers involved:x165 for
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FIG. 9. 2D DAS line shapes expected from isola&d%, I=1 spin pairs as a function of different complementaﬁﬁ,eé) spinning angles. Shown on the
vertical and horizontal axes are the isotropic and anisotropic projections arising from these suitably sheared data. Also illustra8d°foraReDAS case
are the effects of sequentially removing the dipolar- drmbupling effects, leading to a purely quadrupdbspectrum. All spectra were calculated on the

basis of a'B—'*N spin pair at 4.7 T possessing all parameters as measured on the trimethylamine-borane complex, as well as isotropic and‘aRisotropic
shifts of =30 and O ppm, respectively.

| =S=2, 36X 36 forl =S=32, etc. Furthermore, its effects on
the final spectra can only be properly described when conS(t1,t2)= E > [(mmglA%"
sidered in unison with the potentially more important shield- e ms M
ing and quadrupolar effects that may dominate the diagonal
in this sort of representation.

To circumscribe somewhat the very wide diversity of w @{[E(mmg) —E(~m,mg)]t; +[E(5,mg) —E(—3.mg)]tp}
scenarios that are then open to analysis in these homonuclear
coupling situations, we assume for this discussion that the (4D
two coupled sites of interest are chemically equivalent. ThisThis expression is the homonuclear analog of @Q); in it
establishes a common relation between the sets of Eulehe indicesA and B refer to the two different Spinsé\im
angles @,,v),(a,b,c) orienting the two quadrupole ten- denotes the- my< +m, multiguantum ladder operator, and
sors with respect to the internuclear dipolar vector, whileboth eigenstates and eigenvalues refer to the diagonalization
allowing us to disregard—at least in the fast spinningof the total Hamiltonian
regime—the effects of chemical shifts on the spectral line ” (1) @ @
shapes. For the actual forms of the various spatial spherical (Hqgi+Hagst HS +HG s+ HG b+ Hy)ma, mg)
tensor components in the Ha_mlltomans the angular defini- = E(M,,Mg)|Ma,Mg). (42)
tions given in Eq.(24) were still employed, leading to the
relations given in Eqs(25)—(27) and (A1)—(A10). With the Figure 10 illustrates some of the effects that on the basis
aid of these conventions a “brute-force” numerical calcula-of this model can be expected to arise in the MQMAS line
tion on the influence of these coupling effects on MQMAS shapes of spi-pairs as a result of introducing the homo-
NMR line shapes was undertaken. These spectra were obtclear dipolar and couplings. When viewed in terms of
tained by Fourier processing the weighted powder averagthe quadrupolar/Zeeman ratEJQSI[ZS(ZS—l)hwg], these
arising from the calculated bidimensional time-domain sig-homonuclear coupling effects are comparable to their hetero-
nals nuclear counterparts. Even more noticeable effects can be

| —m,mg)|?|(3,mg|AL|—3,mg)|?

[
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FIG. 10. Effects expected from the introduction of residual dipolar and of additibeauplings on the 2D MQMAS NMR line shapes arising from a

homonuclealS=1= % spin pair. Spectra were calculated for the case of axially symmetric and equit*Bespins that are 1.5 A apart inBy, field of 4.7

T, with ane?qQ/h of 5 MHz, aJ coupling of 100 Hz and a natural line width of 20 Hz. 1D traces correspond to projections along the isotropic and anisotropic
axes.



J. Chem. Phys., Vol. 112, No. 7, 15 February 2000 Dipolar couplings between quadrupolar nuclei 3259

B,=47T B,=71T
30MAS SOMAS
54 —
40 7 ] @
" 5 Ilfx Iert‘mgnt , | Experiment
S
0 S

Anisotro
N
W
1
o
1

FIG. 12. Comparisons between the experimental MQMAS NMR line shapes
observed for the bispinacolato diborane complex at different magnetic

fields, and corresponding best fit simulations calculated fdr-a8= % pair
as described in the text.
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® fects are fixed by the relative ratio between the nuclear quad-
rupole and magnetic dipole moments 8B and !°B. The
results of all these considerations are summarized by the

, simulations shown on the bottom row of Fig. 12. As in the

: ' ; simpler heteronuclear cases, agreement between these theo-

20 4

UL S
-20 -15 -10 175 225 2715 . g f . . .
Isotropic Offset (kHz) retical predictions and the experimental observations is quite

satisfactory.
FIG. 11. Idem as in Fig. 10 but for the 3QMAS and 5QMAS NMR spectra Finally, Fig. 13 illustrates a similar comparison for the
of o coupled spin; (*Mn—""Mn at 4.7 T, 1.5 A aparte’qQ/h  case of two mutually coupled spiauclei: the®>Mn sites in
=12MHz, 79=0.5,J=100H2. dimanganese decacarbond, Scheme L The 3.05 MHz
quadrupole coupling constant reported in the literature for
the two 5*Mn sites in this compl€¥ is in very good agree-
expected when exploring higher-order MQ transitions, as il-ment with the value extracted from the 2D MQMAS spectra
lustrated in Fig. 11 for the case of a sginUnfortunately, (3.01+0.05MH2, which also reveals anpgo=0.5+0.1
under the relatively strong quadrupole coupling conditionsasymmetry parameter. Mn—Mn coupling effects are clearly
needed for a clear observation of these effects the signal-t@vident on inspecting the line shape resulting along the
noise ratio of MQMAS experiments may also be expected to
be relatively poor. In spite of this consideration, the effects
of these homonuclear couplings can be observed even at B,=47T Bo=7.1T
moderate magnetic fields. Figure 12 for instance illustrates
the experimental 2B'B MQMAS NMR results obtained on 2
investigating a bispinacolato diborane compldx Scheme '
1). The x-ray diffraction analysis of this compound shows 0
the two directly bonded boron sites related by symmetry and
at a 1.71 A distancé? given the''B quadrupolar coupling
parameterse’qQ/h=(2.5+0.1) MHz and 7o=(0.9+0.1)
that become available from fitting the MQMAS data, a
broadening that is evident on projecting the experimental
data into the isotropic domain of the sheared 2D MQMAS
spectrum results. A complete fitting of the data also leads to
relative tensor orientationsa(B)=(a,b)=(0°,0°)—in ac-
cordance with the sites’ symmetry about the B—B axis—to a ' :
large but not unusual= (85 20) Hz indirect coupling? : ’
and to a relatively small natural linewidth contribution.
Agreement between the theoretical expectations and eXperIT_-IG' 13. Idem as in Fig. 12 but for the dimanganese decacarbonyl complex

o5 . o
mental line shapes also improves slightly on considering thq(fe_ S=37, 3Q MAS NMR). The minor differences between the relative in

. ivellR i nsities displayed by the simulated and experimental 2D line shapes are
one in every fiveB is actually heteronuclearly coupled to @ as¢ribed to inhomogeneities in the excitation of the powder crystallites

198 (1=3), for which Zeeman quadrupole and coupling ef- accounted for in the simulations, see jext
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MQMAS isotropic dimension; in fact some of these are eversupported by the National Science Foundation through
discernible on the regular 1D MAS second-order powder patGrants Nos. DMR-9806810 and CHE-9841780reativity
tern. According to the 2.895 A intermetal distance reportecExtension Awardl This work was presented in part at the
in the x-ray diffraction analysis of this compound, 41st Rocky Mountains NMR Conferen¢Benver, CO, July
however® homonuclear dipolar coupling effects will actu- 1999; poster #320. L.F. is a Camille Dreyfus Teacher-
ally be relatively minor under the employed experimentalScholar(1996—2001, University of Illinois Junior Scholar
conditions; this in turn explains the weak field dependencé€1997-2000, Alfred P. Sloan Fellow(1997-2000.

displayed by the®®Mn MQMAS NMR spectra. That the

source of these splittings is mainly indirect in nature is vali- ApPENDIX

dated by numerical fits of the spectra, which match experi- ) ) ) )

ments fairly well withJ= (65+5) Hz,AJ~0. Still, calcula- The_ spatial gnlsc_)trople_s of z_;lll terms in the second-order
tions indicate that a consequence of the nonsecular dipoldpteraction Hamiltonians given in Eq¢18) and (19) are a
couplings at the explored magnetic field strengths is to altefunction of the spherical tensor COMPONefRS r}m==1,+2,

the relative widthgand thus the heightf the various com-  With A representing thé quadrupolar] quadrupolar oil-S
ponents in the 2D multiplet. dipolar interactions. The angular relations between the
PAS’s of these various spin couplings are laid out in Eq.
(24). The purpose of this Appendix is to summarize the ac-
tural expressions of th{ngym} for the various\-interactions
The main goal of the present study was to discuss thas well as their average values in the fast spinning regime;
basic theory underlying the occurrence of nonsecular dipolathese expressions may be retrieved electronically from AIP’s
couplings between quadrupolar nuclei, and to demonstratEPAPS homepagesee Ref. 44
the feasibility of experimentally observing and characteriz-
ing these effepts in |soIaFed spin-pairs Wl.th the aid of rec.e.ntlyll Schaefer and E. O. Stejskal, J. Am. Chem. $8¢1031(1976.
developed high resolution NMR techniques. For deriving 2e. R. Andrew, A. Bradbury, and R. G. Eades, Nat(irendon 182, 1659
such theories we relied on the considerable body of Work3(195&
; [ +~1. J. Lowe, Phys. Rev. LetR, 285(1959.
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