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Quadrupolar-shielding cross-correlations in solid state nuclear
magnetic resonance: Detecting antisymmetric components
in chemical shift tensors
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This work investigates the nature of second order effects resulting in solid state nuclear magnetic
resonancéNMR), from cross-correlations between the quadrupolar and shielding couplings. Using
an average Hamiltonian theory, it is shown that these effects can bring the nonsecular terms of the
shielding interaction into the realm of conventional detection. Such terms include the antisymmetric
components of the chemical shift tensor, which, although postulated to exist, have hitherto eluded
direct experimental measurement. As numerical calculations supported these analytical derivations,
an experimental study was undertaken to measure such components from the single-crystal rotation
plot of a half-integer quadrupolar nucleus. A custom-made probehead was built, a data analysis
procedure developed, and together these were used to analyze the satellite transition spectra arising
from a®°Co single crystal of cobdlil )tris(acetylacetonajeThe results of repetitive studies on such
sample are reported. @001 American Institute of Physic§DOI: 10.1063/1.1406533

I. INTRODUCTION components in Eq(1), times{T, _n}—0-2-1<m=/ terms

_ _ _ containing the spin operatots? In the high-field regime
TT)? Chem|$a[|)lsh|-ft cour}ts among the most 'mmtsm Obiyhere the Zeeman interactioh, = woT; o is dominant, only
servables available in nuclear magnetic resondl )- those products proportional I o will remain secular. In Eq.

This interaction reflects secondary fields induced at th;l) both! =0 andl =2 contributions contain such terms, and

ntuclear S|ttes V\I/hen a Tol;alculesor La?'clz |sd|nser:jed mt?\ldel ence they appear as first order corrections to the Zeeman
strong external magnetic fiux. such Tields depend on the 10g. qj4iq frequency. Their typical magnitudes are in the or-
cal electronic environment surrounding a particular nucleu

and provide different resonant frequencies to chemicall irf—der of & wo/2r~10°- 1% Hz, only a few ppms of the Lar-
P q y or frequency yet easily measurable by conventional NMR

equivalent sites. These electron-induced shifts also depenrq I .
X . ) . . standards. By contrast, ACS contributions only contain non-
on the relative orientation of the molecular orbitals with re-

spect to the main NMR magnetic field, a variation that cansigl:;a;l';lszggln;eLn:dir-rzggci_'3?2:2”?&??%&0?2 ap-
be described mathematically by a spatial tensor with dank P g )1 wolem

. : <1 Hz, small enough to have eluded so far the solid state
=2. When expressed in terms of Cartesian components, ea?\l R measurementg that could detect them. This, however
element of the resulting second-rank chemical dldft} ten- ) ' ’

sor can be decomposedad doe_s not imply Fhat_ACS terms are necessarily sma_ller than
their secular shielding counterparts. In fact, theoretical cal-
si+8; 1 culations indicate that nuclei located at sites with low sym-
5~ 521 Si|- (1) metry are characterized by ACS and CSA couplings of simi-
lar orders of magnitudes® Furthermore, solution state NMR
=0 =1 |=2 relaxation rates, in which both secular and nonsecular shield-
(isotropig first-rank (second-rank ing terms appear equally weighted as second order effects,
have been estimated to include in favorable cases up to 20%

3
1 [ ij— 05
5Ij 3;1 5II 2

Molecules in fluids execute rapid isotropic tumblings; only L ) .
. . . contributions from antisymmetric effects.
the orientation-independent=0 component remains then -
. . . Though generally harder to detect than their first order
observable, leading to the sharp high resolution spectra usual

in solution or gas phase NMR. In solids, however, highercounterparts, the experimental NMR observation of honsecu-

: ) 2"~ lar terms within a Hamiltoniam, is not unknowrf=?°In a
rank components may also remain unaveraged, including af A

| = 1 antisymmetric chemical shifACS) contribution and an majority of instances this happens when quadrupolar nuclei
|=2 chemical shift anisotropyCSA) are involved; a tilting in the axis of quantization brought

The actual Hamiltonian originating from the chemical about by the quadrupolar interactidd then enables such

shielding will be given by products of the spatial shielding terms to show up as second order cross correlqtlons. Prob-
ably best-documented among these phenomena is the second

order quadrupole effectH,=Hg), a dominating feature in
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often in the 18—1C° Hz regime. Another manifestation of nhumerical diagonalization of the complete laboratory-frame
second order effects are the residud splittings that can Hamiltonian, it is illustrative to derive their description via a
sometimes be observed, even under fast magic_ang|@erturbative approach. Toward this end we consider the labo-
spinning(MAS), when dipolar couplingsl;s to quadrupolar ~ratory frame single-spin Hamiltonian

I=1 nuclei are involved'~®In magnitude this effect is then

proportional tod;s: xo/wg. Yet another example of such

quadrupole-enabled ~ phenomena arises in overtone Hiaw=HztHq+HcstHacs, 2
spectroscopy® ~°which involvesH, . =H,; and gives origin

to the excitation of otherwise forbidden multi-quantum tran- ) ) ] o
sitions at nutation rates w;;- o/ o. whereH is the dominant Zeeman coupling of the spin with

When extended to the case of the chemical shieldinéhe external magnetic fieltH 5 is its quadrupolar interaction,

interaction, these considerations predict that both ACS a&nd for clarity’s sake we express the chemical shift interac-

well as other nonsecular shielding contributions might maniion @s the sum oHcs (the =0,2 parts of the shielding

fest themselves in the spectra of quadrupolar nuclei, as frd€NS0J and ofHacs (thel =1 pard. To exploit the symmetry
quency shifts in the order ofé;w) - wq/wy. This repre- prgpe(tles of.these mtt_aractlons it is best to represent them
sents magnitudes of ppms of the quadrupole coupling'Sing irreducible spherical tensor operators as
constant, and hence measurable under moderate-to-strong
qguadrupole and shielding coupling conditions. In fact these
effects have apparently been recently noticed in a highly ac-
curate MAS NMR investigation of*N, a spin-1 nucleu$:
The present paper further discusses hitherto unexplored as- 2
pects of these quadrupolar-shielding cross-correlations in H.— E (—1)™S RY
solid state NMR, focusing in particular on their potential s Zmmiizm:
application to the measurement of the antisymmetric chemi- (3
cal shift components. As basis for such analysis the follow-
ing section introduces an analytical high-field form for the 2
Hamiltonian that describes shielding-quadrupolar second or-  Hes= ¥8isBol ,+ > (—1)™T5% RS,
der effects. The resulting expressions reveal that both ACS m=-2
and CSA effects can indeed introduce in solid NMR of quad-
rupole nuclei shifts that are in the order of several kHz, yet
they will not affect symmetric single- or multiple-quantum
—m« +m transitions and will only show up on single-
guantum spectra when these arise from satellite transitions.
Even then, this new effect leads to line shape distortions that
are difficult to discern when dealing with static random pow-The spin parts of the various Hamiltonians are defined as
ders due to the presence of much larger first order anisotro-
pies. Upon executing MAS these effects do actually become
discernible for the Q-CSA cross-correlations, yet vanish al- TS(): )(Q[3|§—|(| +1)],
together for the lower-ranked Q-ACS terms. Hence the best
chance for detecting quadrupolar-ACS cross-correlations is
based on single-crystal NMR spectroscdp§.To achieve 0 \F 0 \/§ ,
this kind of observation a single-crystal NMR probe was  Tz=1=* \5XQUzd=F1:l2),  T5..=\/FXxol%,
built, and employed in repetitive measures of the central- and (4)
satellite-transition rotation patterns arising frofiCo (an |
=7/2 nucleugin a model octahedral cobalt complex. These
data were then analyzed with a Simplex numerical fitting s 2

T70= \[glzBOa T3 =7

Hz=—vyBol ;= woT1,

1
Hacs= 2 (~D)™MIERISS,.

=

_IiBOI T(2:<SF2:01 (5)

algorithm which took into account first and second order > e

guadrupole effects, secular and nonsecular shielding contri-
butions, as well as potential random and systematic errors.
The ACS parameters assessed from these measurements fory
the °°Co sites were in the order of 100-1000 ppms.

ACS__ ACS _
Il. SECOND ORDER SHIELDING-QUADRUPOLE Ti6 =0, T1:1=—731Bs. (6)
EFFECTS

A. Derivation of the analytical higher order

o Here xo represents the quadrupolar coupling parameter, and
Hamiltonians Xq rep q p pling p

the spatial componen{Rhm}}\:QYCSYACSare given in further
Although an evaluation of nonsecular shielding effectsdetail below. An explicit expression of the laboratory-frame
on the transitions of an™ 1 spin can be carried out by Hamiltonian in Eq.(2) is therefore
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3 3
\/;Rgzli— \[ERS1{IZI++I+IZ}+RSO{3I§—I(I+1)}
3

H=wol,+ xo 3
+ \éR§1{|Z|_+|_|Z}+ \[ERSZV_

2 1 1 1 1
+| ¥isot \[ER%) Bol,+ 5 R521Bol + — 5 R51Bol - + 5 RIZ1Bol .+ 5 RITBol - . @)
|
Physical insight into the effects that the various cou- U(t)=exd —iwolt], 8

plings will have on an NMR experiment can be retrieved if = ] )

all internal HamiltoniansH, are treated as perturbations to Which imparts into eacli, the time dependence
the dominant Zeeman term. A common approach to calculate du(t)
the effective Hamiltonians resulting in this high-field regime ~ H,(t)=U(t)-H,-U~(t)+ T
involves removing the Zeeman term by going into an inter-

action representation driven by the propagator The resulting time-dependent expressions are

U1, (C)

2 . .
- 6 —RIABIZ=1(1+ 1)} +RF_ 1, (21,+1)e ot =R _(21,—1)e '«ot
Ho) =5 xq) V6 7 ° ' ‘ T (10

+R3_ 1% 2wt RS, |2 g 2wt

for the quadrupolar Hamiltonian, H8>:XQR80{3| 5— 1(1+1)}, (16)
Hegt)=| disowo+ 2 BoRZ| 1.+ EBoR§§1| celeot @ _3 2p0 RO 2
J6 : 2 : HQ,Q:w_OXQ{RZ,flRZ,llz[Z"I(I+1)_8|z_1]
1 . Q Q —9212_
_ EBORS;S#lI @ iogt (11) +R2’_2R2’2| Z[Zl(l +1) 2|Z 1]} (17)

The case under consideration, however, assumes that the

quadrupolar and shielding couplings are large enough to war-

Facs(t) = 3BoRASST, elwot + 1B RACS| g~ iwot (12) rar;t the co_nside_ration of quadrupolgr—shielding cross terms
HE) . The inclusion of all such possible second order terms

for the ACS. Average Hamiltonian theory can then be app"eqnvblving Hcs andHACS into Eq. (14b leads to
to obtain a time-independent rendering of these rotating-

frame interactions accordingt&®

for the symmetric chemical shift contributions, and

3 B,
M eorm - \ e RERES, +RY.RE)

HZH(1)+H(2)+---, (13)
where X{31Z-1(1+1)}, (18)
leiJTcﬁk(t)dt (143 2) 3 Bo ooAcs o pACS
MNoredo ' HG acs™ — EXQw—O(Rz,lRl,—l_Rz,—lRl,l
_| Tc t ~ 2_
waz—f dtf[H}\(t),H)\,(t’)]dt’, (14b) X8l D). (19
' 27'0 0 0

These interactions possess the basic features adumbrated in
and 7c~2m/wg is the Larmor period. The frequencies of the Introduction: they are proportional tpoBg/w, and
NMR transitions can usually be calculated with enough actherefore independent of the external magnetic field strength,
curacy by considering only the first order term for the chemi-while magnitude-wise they are given by ppms of the quadru-
cal shift, plus the first and second order terms for the quapolar coupling. Also interesting to note is the quadratic de-
drupolar coupling. This leads to the well known expressionendence characterizing the spin parts of these second order

interactions, which predicts that they will not affect the tran-

(15) sition frequencies of either the central or any other symmet-

H(l):
s ric transitions within the spin manifold.

I,

2
SisoWo T % BOR(Z:,%
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that, just as in this latter case, quadrupole effects might en-
able the observation of nonsecular shielding terms through
Q-CSA=0 Q-CSA 70 direct solid state NMR experiments. To further explore this
01Q-ACS =0 1Q-ACS =0 possibility it is necessary to elaborate on the nature of the

25 spatial components in Eq&l8)—(19). In their principal axes
systems(PAS9, these elements are given by the spatial-

space analogs of Eq&d)—(6):!

L 1

-50

75

1
PSOZEVSZZE €q, p?,ﬂ: 0,

central transition frequency (kHz)

= 1 eq

QCSA=0 QCSA#0 Q _ Q _\Q\_
04Q-ACS #0 {Q-ACs %0 p2,i272\/6(vxx Vyy) = Z\EnQ,
25 J

CS 3 CS CS 1

-50 - P20~ \ 57 ocs) P221=0, P2x2=7% Y Ncsdes,  (21)
-75

L Proo=—V21%i8%y,  PISI=N(S 18N, (22

satellite transition frequency (kHz) with Egs.(21), (22) relying on conventional spin-based defi-

FIG. 1. 2D satellite/central transition correlation spectra of lan7/2 nitions of qlSplace,memgii respective to_a standard defining
nucleus undergoing MAS, upon including the second o@eESA interac-  th€ chemical shift scale. The spherical tensor elements
tion (left panel$ and theQ-ACS interaction(bottom panels In all cases the {Rhm}x:Q,cs,Acs involved in the high-field Hamiltonians
outermost transition= 5/2— = 7/2) was assumed monitored, and a shearing Hg)}\ can then be related to these PAS expressions via a

transformation that ideally produces an isotropic/second order quadrupolg . 3: . . . 3
correlation was applied on all the spectra. Parameters invohagt® Series of consecutive transformations into the laboratory ref

=80 MHz, xo/2m=0.71MHz, 7o=0.2, 8,¢,=0 ppm, dcs=1500ppm,  ErENCE frame. In the present work we define these according

nes=0.3, Sky= 3= 53=1000 ppm, &,b,c)=(0°,0°,0°) (coinciding  t0 sets of Euler angles
uadrupole and CS tensprs
q P o CS (a,b,c) (a,B,7) GON (¢,6,0° or w,t,54.7°,09

Acs| T Q— RroT —— LAB.

B. Higher order shielding effects on spinning and (23

static spectra This model contemplates two alternative experiments:

The overall resemblance between these second ordene involving a goniometer-based single-crystal measure-
shielding-quadrupolar effects and those arising in heteroment where a tenon frame defined @@ 6, 0°) is systemati-
nuclear dipolar-quadrupolar cross-correlatibéh& suggests cally varied, and another a rotor-based MAS line shape

NS00

2
SRS
s g
§3
S
<,
~ ¢
S i ;
QN FIG. 2. Orthogonal set of single-crystal rotation pat-

terns expected from the indicated— | <~ m transitions
™) .§ for anl =7/2 nucleus. Curves were calculated with and
E = without the inclusion of quadrupolar-ACS cross-
= S correlation effects, at three different Larmor frequencies
:§ = within each inset:wy/27m=30 MHz (top tracey 50
% S MHz (middle traces and 30 MHz(bottom tracey all
_2- 1' other coupling parameters involved are as in Fig. 1. For
I Q the sake of clarity only the following interactions were
S -80 included in these plotsHE+HEZg (----), HEs
= ~ +HE +HE, s (-—-. Notice the negligible
o = -20 4 quadrupolar-ACS effects on m« +m transitions and
= g the invariance of these effects on the magnetic field
_g § 7|40 4 strength.
B
SN
& -60
=< ¢
S g -
R sl : : r r . v —-80 L, . v :
0 50 100 150 0 50 100 150 0 50 100 150
angles (degrees) angles (degrees) angles (degrees)
X rotation Y rotation Z rotation
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(2) (2) i w1 4+
H sa y H ) cs where in quadrupolar and CS casaes-0, =1, =2, and for

=

the ACSm=0,%1.
/\ These expressions enable one to assess the spectral
” changes that quadrupolar-CSA and quadrupolar-ACS effects
will introduce, and then deduce whether such changes could
enable the direct determination of the antisymmetric contri-
butions. Toward this end we considered a hypothetical case
incorporating favorable coupling parameters characteristic of
a transition metal isotop&:?® | =7/2, xo/2m=0.71MHz,

peak position (kHz)
X rotation

) Siso=0 ppm, dcs= 1500 ppm, &%y = 8%,= 65,=1000 ppm.

§_ . In order to consider the variations in the MAS NMR line

§ § shapes that can be expected upon factoring in the nonsecular

‘§ IS shielding effects we use the Hamiltonians in EG<S8)—(19),

S the time-dependent spatial compone{®,,,R1 s} result-

§ ing from Eqgs.(24)—(26), and consider for simplicity the ro-
tational time averages corresponding to sideband-free obser-

= vations that are stroboscopic with MAS. No influences are

) then visible in the central 1/2 — 1/2 spectra, yet these simu-

§ §_ lations also show noticeable distortions on the satellite tran-

5 3 sitions that arising from CSA-quadrupolar correlations can-

8 not be entirely averaged away by MAS. In order to better

§ appreciate such effects we consider a rotor-synchronous sam-

R pling (which effectively eliminatest{’ anngg effects, as
rotation angles (degrees) well as a 2D rather than a 1D NMR experiment where sat-
ellite line shapes are correlated with those of the central tran-
FIG. 3. Periodicities expected from quadrupole-CSA and quadrupole-ACSsition. A shearing transformation along the lines of multiple-
effects for different peak combinations within b 7/2 manifold, chosen so guantum or satellite-transition MAS vauiSitio?ﬂg_S

as to remove first order shielding effectssz.12=v 1232 (== compensates then fot ), effects along one of the spectral
Us/20,32~ U — 3720572 (=== -); V720502~ U —5i2,— 772 (— — —). All the inter- i

actions and parameters involved in these calculations are as in Fig. 2, witimensions and leaves only the higher order, partially aver-
wol2m=30 MHz. aged effects on which we are here interested. The top panels
of Fig. 1 shows how the originally sharp satellite transition
MAS line shape then changes upon introducing a CSA. Un-
like other fourth-rank broadenings such as those arising from
%ruadrupolar-dipolar or quadrupolar-quadrupolar cross-
correlations, these broadenings should have the peculiarity

. S . at they will not sharpen as the magnetic field increases.
are determined in single-crystal but have to be integrate

over a solid sphere in powder cases. Reqardless of the ex_urther insight on the influence of these effects on single-
. P PO - R€g oo ~and multiple-quantum MAS experiments on half-integer
periment chosen, all spatial components appearing in the in

teraction Hamiltonians of Eq.14) can be computed from quadrupoles .W'" pe Jiscussed glsewhere. By gontrast .to
these rotations according to these CSA driven effects, the spatial anisotropies involved in
9 the quadrupolar-ACS Hamiltonian are of rarid and thus

analysis where interactions become time dependent. In eith
case the Euler séf, b, g relating shielding and quadrupolar
PASs is fixed in the molecule, whereas ilae 8, y) angles

2 ¢,0,0° 2 susceptible to be averaged away by rapid M&8. 1, top
RS = > p2 or > DZ.(a.8,7)p vs bottom pane)s These effects will still affect the satellite-
M on==p w,1,54.7°,09 k=72 " ' transition patterns observed in static powders, yet as men-

(24)  tioned these are minor intensity changes and thus unlikely to
enable a direct measurement of the antisymmetric shielding

2 $,6,0° 2 components.
RS5= > D2 or > Di.(a.B,7) In view of this poor prognosis toward the direct mea-
n=-2 ,1,54.7°,0° k=-2 surement of the antisymmetric chemical shieldings, we de-
5 cided to explore the results that may arise when probing
2 cs these interactions via single-crystal NMR analyses. Figure 2
Xp;z Do(@.b.C)pzg, @9 shows the rotation patterns that can then be expected for
various| = 7/2 transitions, with and without the inclusion of
1 $,0,0° 1 quadrupolar-ACS cross-correlation effects. These rotation
RISS= > DI, or > Din(a.B,7) plot calculations now evidence several positive features in-
n=-1 w,1,54.7°,0° k=71 cluding effects that are large enough to enable measurement
1 of the ACS components, and a distinctive magnification of
> z Dllj k(a,b,C)p/i\gS, (26) the_AC_S effect§ for the ou_ter_sc_';lFeIIite transitions. Also worth
p=—1 ’ noting is the different periodicities that quadrupole-CS and
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72652 -5/2-7/2
CH3 CH3
tH !
-
- N CH
£ C\Hz O\ \Cle
~
§ § Ci} ~0—59 O—O’CH‘CH:;
g3 )
é > éH CIH
S N
2 CI‘T3 CH/Z CH3
=
3
s 8
S 126172
23
S
e
S -
& -3/2e-1/2 20302
- 25 1 -5/2e+-3/2 3205
2 0 250 \ 20512
e - - -
§3 IR figila, 526712
RS *a, -254 o524
g =K o EN o
Anasf 4 2250 ' 250
3 5ol 59Co shift (kHz)
50 T T T T T T T
0 50 100 150 0 50 100 150
rotation angles (degrees) FIG. 5. Top: Structure of Cobaltll ) acetylacetonate, the complex targeted

in this work. Bottom: TypicaP®Co NMR spectrum obtained throughout this
FIG. 4. Comparisons between the results afforded by exact numerical cabingle-crystal rotation study of Ca¢ac);, denoting the various transitions
culations (lines) vis-a-vis analytical predictiongsymbol$ of CSA and involved for the two magnetically inequivalent sites in the monoclinic unit
Q-CSA effects in the absendé\,---) and upon includingd,—) Q-ACS  cell.
cross-correlations. Analytical predictions are based on the first and second
order Hamiltonians described in the text; coupling parameters were in all

cases as described in Fig. 3. is thus clear that the insight provided by the perturbative
equations can be used as an excellent starting point for quan-
titative nonsecular shielding evaluations.

quadrupole-ACS effects display in their single-crystal rota-lll. DATA COLLECTION AND ANALYSIS
tion plots(Fig. 3): the former shows higher-frequency oscil- It follows from the arguments above that single-crystal

lations, as a result of the higher ranks involved in its spatiaNMR on the satellite transitions of a quadrupolar nucleus

coupling components. could vyield direct spectral insight into nonsecular
C. Comparison with exact numerical calculations quadrupole-shielding cross correlations in general, and into
- . .the magnitude of ACS components in particular. Two types
These results suggest the feasibility of a direct determlbf nuclei were initially targeted for such measur&€o, an
nation of the ACS components based on goniometric, singler_ 7> 1 cleus. an@Mn. anl=5/2 spin. Both of these el-
crystal NMR measurements on quadrupoles. Before embarksy,onts are transition metals subject to sizable chemical

ing on this, however, it is worth comparing the predictionsshie|ding that can potentially exceed “Hpm, possess a
that the analytical model used to derive such conclusion,qqerate nuclear quadrupole momef@88 and 0.4 barns
makes against expectations arising from full numerical di'respectively that may result in MHz-sizegrq couplings,

agonalizations of the exact Hamiltonian. Calculating peakyng have both been targets of detailed single crystal
positions from the latter involves expressing the laboratory sy dies?>26:2%-3%nfortunately, out of the various compounds
frame Hamiltoniar] Eq. (7)] in the basis set of the, angular  a3ssayed for this project, only one of them yielded crystals of
momentum operator, and employing the spatial rotations igyfficiently high quality to display all satellite transitions at
Egs.(24)—(26) to derive the frequency values of the different any orientations with respect #®,: cobaltll)tris(acetylac-
couplings. NMR frequencies can then be extracted from th@tonate [Co(acad;, Fig. 5|. Single-and poly-crystalline
differences between the eigenvalues resulting after diagonasamples of these compound have already been the subject of
izing the total Hamiltonian. A comparison between the exacpowder and single-crystai®CoNMR studiesi* =% for the
transition frequencies that results from these numerical calsake of our satellite transition observations their crystals
culations and the predictions of the first and second ordewere obtained by slow evaporation of an acetone solution at
Hamiltonians derived above is present in Fig. 4. The rmgoom temperature. The resulting well-defined prisms be-
deviations between the frequency positions predicted by botlonged to space group2,/c, and contained four molecules
models under the indicated conditions is less than 100 Hz. Iper unit cell related to one another by symmetry operatiéns.
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Two inequivalent sets of signals where thus observed fotrum collected 1024 scans separatgdlbs usig a 1 MHz
each of the seven single-quantum transitions in the manifoldspectral window and a s rf excitation (yB;=55kHz).

To carry out the actual study a single-crystal NMR probe wadVhen needed, several acquisitions separated by 1 MHz off-
designed and built based on the highly accurate model asets were combined in order to create a sufficiently large
Jakobsen and co-worket$The resulting open-faced goni- spectral window( ~2.5 MH2) to accommodate all satellite
ometer system achieved an angular accuracy better thdransition peaks.

0.02° for eitherX, Y, or Z rotations perpendicular to the To fit the various coupling and angular parameters defin-
magnetic field, and although its filling factor is small this ing the single-crystal spectra, sites were identified first in the
was compensated by the high sensitivity®8€o and by a different rotation patterns according to their need to fulfill
short relaxation time that enabled a fast repetitive pulsingthe coincidence relations—X'(0°)=Y(0°), —X'(90°)

Out of the several orthogonal rotation studies that were per=—Z27(90) andYT(90)=—Z7(0).22% In order to analyze
formed, the results presented below stem from six completthe combined rotation plots of all the single-quantum transi-
sets of 240° rotations o 1.5X 1.0X 2.0 mm crystals. These tions the perturbative treatment of the preceding section was
crystals were glued on a tenon fitting into tkeY, andZ  then employed. It then follows from Eq&l5)—(19) that the
dovetails of the goniometer, locked in turn inside the probe-energies defining each of the high fidldpin eigenstates,
head detection coil. The NMR probe itself was bolted to the—I<m=I, will be given by

room temperature shims of the 11.8 T magnet, where all E(m)=(TT+A+X)[3m?—1(1+1)]

determinations took place at a ca. 119 MPPCo Larmor

frequency. This rigid setup enabled a high reproducibility; on +A-m+dP{m21(1+1)-2m>—1]}
disassembling and remounting the complete probehead sys- ) 5

tem, signal displacements smaller than 1 kHz were repeti- +OEmLAI(1+1) - 8m 1]} (27)
tively observed for the outermosfCo transitions. Thirty- Herell denotes the first order quadrupolar frequentyhe
four spectra separated by angular increments of 7.14° werfirst order chemical shieldingd(*? are two terms related to
collected for each of the orthogonal rotation axes, which fothe second order quadrupole effects, afd X are the
the sake of literature consistency are denoted here aguadrupolar-CSA and quadrupolar-ACS cross correlations
—XT,YT—ZT.3536 |l of these acquisitions were carried out being sought. With this formula the perturbative expressions
at a stabilized temperature of 30 °C using a laboratory-builfor the seven single-quantum transitions ofl &n7/2 nucleus
NMR spectrometer and temperature controller. Each spea@an be derived as

[(18I1+A+X)+A—240P - 15602, for m=7/2

12T+ A+X)+A+6PH—-3602), for m=5/2

B(IT+A+X)+A+240P +3602), for m=3/2

p(mem-1)={ A+300"+60D?, for m=1/2 _ (29)
—6(IT+A+X)+A+240 P +3602), for m=—1/2

—12M+A+X)+A+6dH—-3602, for m=—3/2

| — 18I+ A+X)+A-240M— 15602, for m=—5/2

Notice that sinc&X has the same spin dependence as the firsThe exact definitions of these three coefficients, extracted for
order quadrupole effedeven if a different spatial onean  each—X",YT,—ZT rotation plot by least square fittings, are
accurate knowledge of this coupling is essential for the ACSjiven in the Appendix. Their determination afforded an ini-
determination. tial estimate for the values and orientations of the quadrupo-
Equation(28) was used as a starting point for analyzing lar tensors. Next, the central transition and sums of satellite
the experimental single-crystal NMR data. The actual algotransition frequencies
rithm employed in the study for analyzing the data is de-
picted in Fig. 6. Its first stage involved estimating the qua-
drupolar parameters by ignoring all higher order effects, and

relying only on differences
were combined to derive frequency expressions free from
Av(m=r(mem=1)—»(-(m=-1)-m) @9 first order quadrupole effects. These allowed us to define the
between satellite transitions, assumed to contain solely firsghemical shift couplings, as well as further refinements on
order quadrupole effects. In the goniometer frame these difthe quadrupole parameters via an analysis of the second or-
ferences can be written as a function of the angle of théler effects they contain. The former were fit by a three term

Sv(m=v(me—=m—1)+v(—(m—1)<m) (31

crystal rotation® by the standard dependehé? expression in the style of Eq30), whereas the latter
L L L were extracted from the characteristic second order
AV(m):A%' +B%’ COSZ"D"’CS]' Sin 2@ (30) dependené@'37
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! Experimental spectra '

Based on perturbative‘ expressions, Eq. (28)
s

refes

Ignore A and X
and use Eq. (30)

!

(A.82.C8 Jom sy
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FIG. 6. Schematic flow diagram of the data fitting procedures employed in
this work. throughout the fits the conventiopg2|=|V$|=|VZ| and dcs 2.3 0%, o0,
=0,,— 0isor  Mcs™ (‘syy7 Sl 6csy  Biso= (Ouxt ‘()‘nyr 5,913, ‘ S22~ 6iso‘ ° 0. © °° 00
=[8yy— disd = 8xx— Jisol Were assumed for the quadrupolar and shielding 1. °o° S0, 00p rtg O O
tensors respectively. Further details on the individual fitting procedures are ® + +° *
iven i o g0t 2t 20000, b 10 ]
given in the text. 0 s g
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- R 0000 °++++ o °°+*H+ °°°oo°

+D2%cos 40 + EL?sin 40. (32 o o o o

m m %90° 0oc®

Further definitions of these shielding and quadrupolar coef- O . AL I

ficients are given in the Appendix.

The following stage of the data analysis relied on em-
ploying these approximate quadrupolar and secular shieldinBiG. 7. **Co NMR peak positiongwith respect to 1M ag. Co(CN)¢]
paramelers, in  furher efinement of the complete single2eher i e e otes BB e e e e
crystal df_ita set that als_o mcorporates_ACS components. T(ﬁéld. Site assign?nents Werep performed usigg the peak coinciden?:es at
ward this end a Simplex numerical algorithm was —xT(g°)=y(0°), —X7(90°)=—27(90°) andYT(90°)=—2Z7(0°): (O)
developed® which relied on the pre-estimated quadrupolesymbolizes signals from site 13+) symbolizes site 2.
and CS values as starting parameters but carried now an
exact diagonalization of the full laboratory-frame Hamil- . f. o
tonian in order to simultaneously optimize all the couplingst09&ther for processing into th&v and Xv combinations
involved. This algorithm relied on a minimization of the described earlier, from which quadrupol_ar and CS param-
x-square parameters of the fit, and gave consistently gooﬁt_ers were extra_cted. The resulfung _experlmental sets together
results when tested on synthetic data to which random freW'th their bhesthﬂtshare shown in Fig. 8;,3 summary (,)f the
quency shifts in the order of 1-5 kHz had been added. Th¥&rMous {A;,B, ,Cyla=xyzr=qcs Ccoefficients resulting

results obtained with it for the experimental Gefac); mea- from these fits is given in Table I. From these coefficients it
surements are presented below is possible to extract the secular quadrupolar and shielding

tensors elements relative to the tenon-frame, and then in turn
the values and Euler angles characterizing their respective
PAS components. A summary of the former, together with
A summary of typicaP°Co NMR rotation plots, depict- the relative orientation resulting between the tensors, is listed
ing the experimental frequencies collected as a function oin Table Il. Also shown for comparison are the very similar
the goniometer’s orientation for all transitions in the two values that solely on the basis of the central transition rota-
magnetically inequivalent sites of a Gafac); single crys-  tion plots were recently obtained by Wasylishen and co-
tal, is shown in Fig. 7. Though time consuming, such meaworkers for the same compoufdl.
surements were carried out twice in order to improve the  Although within the vertical scale with which Fig. 8 is
statistics of they-square fitting. These data were then mergecblotted the agreement between experiment and fit looks

rotation angle (degrees)

IV. RESULTS AND DISCUSSION
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FIG. 8. Experimental peak positiorisymbolsg and best fit result§lines) obtained from a representative rotation study of the cefeét), satellites’ sum
(centey, and satellites’ differencéleft) transitions of Coécac);. For the satellites’ combination data, symbols represemt sp*v _sp. 70 (O),
Vo3tV 32 52 (A) andv g 1pT0 1/ 3 (H).

nearly perfect, there is still at this stage an rms deviation ofthogonal rotations with respect to tigg field. The first of

ca. 1¢ Hz between these two sets of data. It is within thesethese complications could be accurately dealt with by carry-
relatively small deviations that the ACS and other nonseculaing out all of the goniometer’s rotations in the same direc-
components are to be sought. Before doing so, however, wion; the resulting errors, in frequency terms, were at most a
considered at this stage the potentially distortions that coulfew hundred Hz. The second complication was minimized
arise from experimental angular errors. Throughout thevia accurate machining. The third complication, however,
single-crystal measurements these could have originatgoroved the most challenging to correct. Thus in spite of con-
from two different sources: systematic and random. The latstructing long magnet-bolted sleeves to align the probehead
ter are mainly associated to uncertainties in locating the exwithin the field, minor wobbling precessions that departed
act peak positions, and varied betweeR00 Hz for the cen- the axis of rotation from its ideal orthogonality with respect
tral to ~4000 Hz for the outermost single-quantum to B, could be detected. To deal simultaneously with the last
transitions. These errors were partly compensated by havingvo types of systematic errors we thus decided to include
at our disposal two independent data measurements plus datdo the fit, still at the secular coupling level, potential azi-
from two inequivalent sites, via the-square statistical muthal, and longitudinal deviations. These would distort the
analysis. As for systematic errors these could be traced tmleal analysis of rotation Eq$30), (32) according to
displacements of all angular readings coming from backlash

in the goniometer’s gear mechanism, from potential nonor- —X' rotation: 6=—-0+p}, ¢=m/2+p3,
thogonalities of the X',YT,Z") tenon dovetails, or from a . _ - ,
tilt of the probe inside the magnet's bore resulting in nonor- Y rotation: 6=0+p;, ¢=0°+p3, (33

TABLE I. First order coefficients resulting from the least-squargsiit iteration$ of the 5°Co single-crystal splittings for site 1 and 2 of @@@c),

Quadrupolar Shielding
ParametefHz) site 1 site 2 ParametéHz) site 1 site 2
A2 2.261x10° 8.78x10* ASS 1.4547 10P 1.4668< 10
BY —2.498x< 10 —1.053<10° BS® 2.98x10° 1.660x 10°
on —1.486¢10° -2.633%x 10° ces 9.96x 10° 1.862<10*
A —1.28710° —1.029< 10° AT® 1.5014x 10° 1.5016x 10°
By 3.284x 10° 7.341x10° By® —4.378< 10 —-1.623x10
c® 5.054x 10° —5.693< 10° css —5.074x 10° 6.374x 10*
Aé —-9.518< 10" 5.9x10° AZ%S 1.4958< 10° 1.4848<10°
BY —3.512¢<10° —1.923x 10° BSS 4.610x< 10* 3.435¢ 10*
cQ 2.042x10° —2.393< 10 css 2.84x10° 4.79<10°
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TABLE II. **Co quadrupole coupling&, , 7¢), Symmetric parts of chemical shift interactiofi,, &, 7.9 and relative orientationg@,b,9 of two tensors
for Co(acac);

e?qQ/h (MHz) 70 Siso (PPM) Scs (ppm)? Ncs (a,b,0" (degs Ref.
5.53+0.03 0.216-0.003 1250810 712+5 0.307+0.005 (8+2,—13+2, —4+2) This work
5.53 0.219 12498 698 0.364 (7, 8,-27) 33

4sotropic chemical shift is referenced externally relatiweatl M of aqueous solution of ¥Co(CN)g.
PThe relative angles between the quadrupolar and the CSA tensors of other site can be obtained by applying the symmetryapehatipn (

—Z7 rotation: 9=m/2+pi, ¢=—0+p3, jected to MAS, while the fact that these shifts will only affect

) ) ) the satellite spin transitions further complicates their obser-
where® is the increment rotation of the tenon, angdp, are  \ation. Because of this little chance exists for the measure-

independent fitting parameters reflecting azimuthal and 10nz,at of ACS-derived effects from random powders. In order

gitudinal errors. Introducing at this stage of the iterativey, ¢jrcumvent this problem, a numerical fitting algorithm ca-

analysis these angular errors leadfip,p, values in the hapie of extracting these parameters from single-crystal ro-
0.1°~0.3° range. This would in turn reflect into a reasonablgytion plots—even in the present of random and systematic
tilt (~1 mm) of the probehead's goniometeric assembly from,,q.jar errors—was implemented and successfully tested on
the ideal on-center position. When incorporated into théy,geled data. To translate this potential into experimental
analysis, these angular errors results in a further decrease §pservations a single-crystal goniometer setup was built and

the rms deviation between the experimental and best-fit dat@mployed in extensive 11.8 T NMR observations. From these
of ca. 6 kHz. ' '

These residuals remaining at the conclusion of the fits
should reflect the ACS-driven effects, which are the only
ones that have yet to be incorporated into the analysis. The
rotation plots that then remain after subtracting from the ex- 10
perimental data all these other paramei&s CS, Q-CSA, ;
errors effects are illustrated in Fig. 9, top. Although evi- 01
dently much of the nature in these rotations is random therg
are also angular trends in them that should now enable a&™ |
estimate of the quadrupolar-ACS cross-correlations. Thes;é
effects were included at this point, and their values optimizecE 101
through a repetitive iteration that was carried out using botk§ N
the analytical perturbative expressions as well as full numeri- 04 ¥
cal diagonalizations of the laboratory frame Hamiltonian. .
The ACS values that corresponded to the best-fits yielded the-10
rotational plots illustrated in Fig. 9, bottom. From these it

XT Yr -ZT

. : . _ 200 -100 0 0 00 200 200 -100 0
was feasible to extract an estimate of the antisymmetric .
shielding matrix elements for th€Co sites in Coéicad);: X srrwm z

87x=1000+ 500 ppm, §zy= — 1000+ 500 ppm, Sxy=1000 10 |
+1000 ppm.

V. CONCLUSIONS

s (kHz)

The main purposes of the present study were to describ§
the nature of higher order quadrupolar-shielding effects ing ,, |
solid state NMR, and then explore the feasibility of exploit—§
ing these effects in order to directly measure the antisymmet- o
ric components of the shielding tensor via single-crystal
NMR investigations of quadrupolar nuclei. As part of these
tasks a number of analytical Hamiltonians which manifest S Ao B S P
nonsecular quadrupole-shielding contributions were derived, rotation angle (degrees)
using average Hamiltonian treatments similar to those em-
ployed to derive quadrupole-dipole effects. Main features
that were revealed by these expressions include the emer-
gence of field-independent terms, that could be directlyFIG. 9. Parameter plot residugi®p) and best ACS-quadrupole cross term
traced to nonsecular contributions of either the CSA or thdits (bottom arising from the Cagcads rotation data. For both experi-
antisymmetric chemical shift. Due to the different ranks in_ments and fits plots asin?e the following frequency I|ne_3 combinations:

Uapo1p V-1 -32 ( )i UsipeapU-spe-sz (<-7)  Urpesp
volved in the various shielding terms these higher order con=, .. (— — ). Fitting of the experimental data resulted &
tributions end up having different properties upon being sub=1000+500 ppm, §3,= — 1000+ 500 ppm, 6%, = 1000 1000 ppm.

10 4

PROOF COPY 007140JCP



PROOF COPY 007140JCP
J. Chem. Phys., Vol. 115, No. 16, 22 October 2001 Quadrupolar-shielding cross-correlations 11

measurements reliable quadrupolar and CSA parameteAPPENDIX
could be extracted, together with the experimental plots in
Fig. 9 reflecting the influence of the antisymmetric compo-
nents of the shielding tensor.
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) ; (Academic, New York, 1976
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