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Rotary resonance recoupling for half-integer quadrupolar nuclei
in solid-state nuclear magnetic resonance spectroscopy
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Investigations were made of rotary resonance recoupliRgk ¢f chemical shift anisotropyCSA),
heteronuclear dipola(HTD), and homonuclear dipolaiHMD) couplings involving half-integer
quadrupolar nuclei under magic-angle sample spinning condition. Under rotary resonance
conditions provided by a low amplitude rf field and a high spinning speed, the spectrum of the
central transition coherence of half-integer quadrupolar nuclei shows recouplings of CSA, HTD, and
HMD interactions that depend on the ratio of the rf field to the spinning speed. These new properties
can be used to extract electronic and structural information about the sample that are otherwise
difficult to extract in the presence of a dominant quadrupolar interaction. An average Hamiltonian
theory is used to explain the recoupling properties of various interactions. Experimental
implementations of th&® are demonstrated on model compounds with spin-3/2 system£002
American Institute of Physics[DOI: 10.1063/1.15069Q7

I. INTRODUCTION Population transfers via rotor-synchronized adiabatic
] o ] passages applicable for manipulating strongly coupled qua-
.Maglc-angle-sp|nnmgM.AS) S,Ol'd state nuclear Mag-  grupolar sites have been develofédunder continuous rf
netic resonanqéNMR) 'prowdes h|gh resolutpn spec tra Of. irradiation, quadrupolal, states are reshuffled adiabatically
systems containing spin-1/2 nuclei by removing anisotropi hen MAS nullifies the first-order quadrupolar effect modu-

interactions, such as the dipolar coupling and chemical shi o ,
anisotropy (CSA) that characterize the structure and elec-Iated by the spinning frequency. As for all crystaliites, the

tronic environments of atoms in molecufes.Combined Nullifications occurring per rotor period result in an interfer-
with cross polarization® (CP) and high power proton €nce with spatial terms of the dipolar coupling oscillating at
decoupling®®~8 the MAS method in solid state NMR has *®,, 2w, and provide a net reintroduction of the dipolar
been a fascinating topic for the past few decades. coupling. This principle underlies the continuous transfer of

Various recoupling methods, which reintroduce CSA,populations by double resonan€ERAPDOR) method?® 2
heteronuclear dipolar(HTD), or homonuclear dipolar as well as the recoupling by adiabatic passage double reso-
(HMD) interactions while retaining site Specific resolution nance(REAPDOR techniqué5_27AdiabatiC passage is ef-
provided by MAS, have been widely incorporated for elec-ficient only in the moderately slow spinning regime and un-
tronic anqg_sltguctural elucidation of systems involving Spin-qa high rf power and is therefore less applicable when fast
1/2 nuclet. . . . spinning and/or low rf field are mandatory.

In systems involving quadrupolar nucles 1/2), spin Homonuclear spin—spin interactions in quadrupolar nu-
dynamics are complicated by the extra quadrupolar anisot- . ) ) - on
ropy, which is usually the dominating coupling among thede_I wgre @scussed based onIS|x-quantum exc't%br
various interactions. The spectrum of the central transitiorsPin diffusion caused by the flip—flop terfiof a spin-3/2
|1/2)| —1/2) of half-integer quadrupolar nuclei is not af- Pair in the context of the MQMAS experimefit*> More-
fected by the first-order quadrupolar interactf&ﬂn’owever it over, Eda et al. reported the reintroduction of homonuclear
is broadened by the second-order quadrupolar interactiodipolar coupling between quadrupolar nuclei caused by the
which contains zero-, second-, and fourth-rank spatial teninterference of the first-order quadrupolar interaction with
sors. The fourth-rank anisotropic term of the second-ordethe dipolar interaction under MAS, resulting in a broadening
quadrupolar interaction does not vanish under fast MAS?  of the MAS line shapé A similar observation in a deute-
C_:hallfanges also arise from thg fact that the apphed rf nutagi,m sample was also reported earlier by Faeepl 3%
tion fields have to compete with much larger internal cou- A peteronuclear dipolar recoupling scheme involving the
I?/llgsgt fgﬂeggergcc'gj S"tsm:g::nhgnrr%rgstgi;ll‘;iclj;ufzorlfh'gtgr?::['1320vertone mode of*N(1=1) irradiated at twice the Larmor

Ping q b frequency also has been report&d’ Here, the MAS modu-

system involving radio frequendyf) irradiation are thus not lated ion f fth d-ord q lar i

feasible for quadrupolar spin systems. ate _nutat|on requency of t _e second-or .er guadrupo gr in-
teraction, the only broadening mechanism for a spin-1

nucleus under overtone irradiation, has a periodicity tied to

dAuthor to whom correspondence should be addressed. Electronic mai{'h L f The i f b h
pines@cchem.berkeley.edu e rotor spinning frequency. The interference between the
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second-order quadrupolar interaction and the dipolar interac- A B
tion, which is also modulated with the rotor spinning period-

icity under MAS, causes a dephasing of the echo-signal en- __, ,\ \
coded in arBnucleus(either a spin-1/2 nucleus or the central
transition of any half-integer quadrupolar spimhich is di- 36 A J\'
rectly bonded tdN.

Recently, a rotary resonan¢BR) effect has been incor- L0 ,l __’AJ\_,\\

porated for efficient multiple quantum preparation and con-

version into central transition coheren@@TC) in the MQ- 0.68 ‘\ "
MAS experiment using a low rf field and high spinning
speed®*°Two different approaches to the preparation of the 050 , ’\ ) “

multiple quantum coherend®QC) were suggested; prepa-
ration of MQC from the equilibriunz magnetization or gen- 05 A /\A/\

eration of MQC from the CTC® In the former case, MQC

excitation occurs at rf field strengths between adjacent RR 0.41 A “ A A ,\ A

conditions, ws=2nw,/(S+1/2) (n=1,2,...), whereas in

the latter case an efficient MQC excitation occurs at RR con- 0.25 \ A } \ A /
ditions. In both cases, the spin-locking efficiencies of the n "

CTC and the MQC are poor at the RR conditions because 0.14

they propagate to other coherences. Conversion of MQC to A /‘\

CTC during the detection step is most efficient af 0.0

=nw,(n=1,2,...)conditions. A related phenomenon, used ‘ ‘ T

for HMD recouplings among half-integer quadrupolar nuclei, 10 -5 0 5 10-10 -5 0 5 10

was reported by Baldust al*® Under a spin-locking condi- KHz KHz

tion provided by fast MAS and low rf field strengths, rf-
driven 2D-correlational cross peaks between homonucled:r'G- 1. Behavior of the central transition coherencesef3/2 quadrupolar

. nucleus when sampled stroboscopically at integer multiples of the rotor
qguadrupolar nuclei were observed based on the doublep— ’ pica’y 9 P

eriod under spin lockingg= w,zflw,wQ< 1) and/or rotary resonance con-
quantum mode of coherence transfer among the CTCs Gfitions k= w,/w,=n/2 (n=1,2) provided by rf spinning dual modulations.
quadrupolar nuclei ab = w, /(25+1). (A) The influence of the first-order quadrupolar interaction shows a center
In this work, the reintroduction of various interactions Péak and two side bands. The side bands disappear@5 and 1.B) The
. . second-order quadrupolar interaction adds its reintroduced line shape at ro-

such 'as CSA’ HT_D and HMD terms '”‘{‘?'V'”g quadrUpOIa,rtary resonance condition&=1/2, 1). Then=1 mode of the second-order
nuclei were investigated under RR conditions. When the SlJquadrupolar interactiofk=1/2) has a well defined and narrower line shape
nal from the CTC of ha|f_integer quadrupolar nuclei underthan that for highen. Notice the usual 1D MAS line shapes in both cases

spin-locking condition provided by a low rf field and a high when no rf field is applied during the evolution of central transition coher-
ence(k=0). The parameters used in the simulation ag2m==160 MHz,

- 2 )

spinning speedla=w/ w xo<1, wherexq=e"qQ/2S(2S  c2qqr2rh=2.5 MHz, 7= 0.5, v, /27 =22 kHz. 20<20x 20 crystallite ori-
—1)#] is sampled stroboscopically at integer multiples of entations together with 0.36s of time increment were incorporated in the
the rotor period, the quadrupolar broadening mechanism disimulation.

appears under the dual rf-spinning modulatipRig. 1(A)].

The side bands arise from the noncommutative property otfheoretic:al framework incorporating an average Hamiltonian
the CTC with the rf Hamiltonian in the quadrupolar interac- b 9 9

tion frame. The center and side bands coincide with eac heory (AHT) tg explain various recoup_ll_ngs involving qua
" rupolar nuclei under various RR conditions. Also presented
other when the RR conditionsw=hnhw,/(S+1/2)(n . . .
- . ' ; : are numerical calculations for the purpose of quantitative
=1,2,...) aresatisfied and interestingly various interac-

tions such as CSA, HTD, HMOFig. 2), and the second- comparisons with the experimental spectra. We are currently

. . . exploring a bimodal-Floquet theoryfor a quantitative de-
order quadrupolar interactions are reintroduced by the mu- b g 9 Ay d

tal cancellation of spinning and rf modulatioffig. 1(B)]. scription of these ph%Qomena as was used for the description
. 2" of FASTER MQMAS:
A recoupling by a double quantum mode of mixing @t
=nw,/(25+1) (n=1,2,...) wasalso implemented for a
dipole-coupled pair of quadrupolar nucf8i.A similar Il. THEORETICAL
mechanism can also be considered for a HTD pair involving ~ The reintroduction of CSA, dipolar couplingisoth HTD
qguadrupolar nuclei when bo®andl are irradiated simulta- and HMD), and the second-order quadrupolar interaction is
neously atw'rf'sznwr/(SJrl +1) (n=1,2,...). Very re- demonstrated in systems involving half-integer quadrupolar
cently we presented a series of three- dimensional experiuclei under RR conditions induced by fast spinning and
ments to recover the anisotropic interactions of half-integeweak rf fields(Ref. 52. Throughout this work rotor synchro-
quadrupolar nuclei in the presence of site-specific resolutiomized pulses and stroboscopic detection at integer multiples
by combining rotary resonance recouplingB®( at wys  of the rotor period are assumed. The spinning frequency is
=w,/(25+1) for HMD and ws=ho,/(S+1/2) (n=1,2) fast enough compared to the CSA or dipolar coupling
for CSA with the MQMAS experimert! strengths, and the rf-field strength is less than or equal to the
This paper demonstrates experimental evidence and spinning speed so that efficient RR or spin-locking condi-
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A B C The various spatial tensor componentR’z"m(t)()\
=Q,CSD), can be written from their principal value com-
2

M ﬂ ‘—/L ponents as
Kol R3m(t)
2
> 2 Di(ort,00,0°DF (BN M) phy

S I Y o

. whereDﬁW’n(x,y,z) denote Wigner rotation matrices aidg,
— 5 N ph AN ’
-10 0 10-10 0 10 -10 0 10 =arctan(/2).® The Euler angle sefa®,,y"} relate\’s
WH KH principal values to those defined in the rotor fixed axis sys-
z z tem, and{ w,t, 6,,,0°} transforms the rotor fixed axis frame to
FIG. 2. Recouplings of CSAS=3/2) (A), HTD (S=3/2,1=1/2) B) and  the laboratory frame where the experiment is performed. The

HMD (S=1=3/2) (C) at various rotary resonance conditions when $he principal value components for the various interactions can
nucleus is observed. Note the HMD’s additional recouplingea0.25 in be defined as follows:

terms of double quantum mode of coherence transfer between CTSs of ’

and | nuclei. The parameters used in the simulations éyg=100 ppm,

7n.s=0, andD,/27= 2.5 kHz. Coinciding tensor orientations were assumed Q :l Q —p Q _ Q (8)
in all the simulations. All other parameters are the same as in Fig. 1. P20 2’ P2=1=% P22 2\/6’
3 7
cs cs cs cs
. . P20~ \/:’ pz21=0, pz2,=——, 9
tions (azwrzf/erQ< 1) of the CTC of half-integer quadru- 2 2

polar nuclei are fulfiled®*° A moderate range of quadru-

polar coupling constants are assumed so that the MAS scaled 2fiyys D D

second-order quadrupolar anisotropy is smaller than the spin- P20~ — =Dzz p24017p2+2=0. (10
ning speed.

3
I'is

The evolution of the density matrix of CTG2 2 (S
=3/2), which is the observable of interest, can be obtained
For a dipolar pair of a half-integer quadrupofanucleus by solving the Liouville—von Neuman equation to give
coupled to arl nucleus(1/2 or any half-integer quadrupolar - 23 2 3
nucleus under MAS and rf field irradiation, ignoring the () =Tr{U()S U (1)S ™ ° } (11)
indirect coupling term, the total Hamiltonian for tBespin is with

A. Brute-force calculation

Ho()=HZ () +HE () +Hegt) +Hp(D) +Hy. (D)

t
Hg)(t) and Hg)(t) are the first- and the second-order qua- vm=T1 exp( ! fOHS(t dt )
drupolar interactions given by

(12

whereT is the Dyson time-ordering operator. Equatidi)

HG (1) = xqRS(1){3S2—S(S+1)} (2 provides the exact numerical solution of the CTC's spin dy-
namics for anS spin under MAS and rf irradiation. Under a
low rf field and high spinning condition§.e., a<1), the

3Xé CTC is effectively spin locked. When the spin-locked CTC is

HG ()= ——=S,[RS ()RS (1){4S(S+1)—-8S. -1} sampled after each rotor period, the time-dependent first-

“o order quadrupolar Hamiltonian shows a sharp center peak
+RS,2(t)R§2(t){ZS(S+ 1)-282-1}], (3) a_nd a set of two side ban(_JIs as_qlemonstratet_j in Fig. 1. The
side bands, which vary their positions depending on the ratio

and

respectively, whergq=€?qQ/2S(2S— 1)h. of k=wylw,, are induced by the interference of CT with
Hcs(t) andHp(t) represent the chemical shift and di- the satellite transitions becauSg ® does not commute with
polar interaction terms given by H, in the quadrupolar interaction frameee Sec. 1B 1
_ cs The MAS nonvanishing fourth-rank term of the second-order
Hes(D) = ol disot desRagl1)S, @ quadrupolar interaction also acquires sinusoidal rf modula-
and tions in addition to the spinning modulations, and is there-
fore, averaged to zero when sampled stroboscopically at in-
Hp()=R3{(t)(21,S,— 3(1.S_+1_S,)), (5 teger multiples of the rotor periddFig. 1(B)].

respectively. In the case of heteronuclear dipolar coupling, . WhenK:n/(S+ 172) (nzl,?, ) the?‘ide bands_ coin-
the flip—flop terms of Eq(5) can be dropped. The radio- tide with the center peak while presenting the reintroduc-

S k . : . tions of various couplings such as the second-order quadru-
frequency Hamiltoniat ; in the rotating frame is defined by polar interaction[Fig. 1(B)], CSA [Fig. 2A)], HTD [Fig.

H= wsS,. (6) 2(B)], and HMD [Fig. 2(C)] in the Fourier modes oh
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=1,2,... . Apart of the CTC is also transferred to MQC at Since the shift Hamiltonian, Eq.15) commutes with
n=2,4, ... modes, which has been exploited for efficientH5)(t) at all times,
MQC preparation in MQMAS? -

In the case of a homonuclear quadrupolar spin pair, ad- Ho(t)=Hq(1). (18)

ditional recoupling conditions occur at=n/(2S+1) (N The rf Hamiltonian in the quadrupolar interaction frame will
=1,2,...) due to thelouble quantum modes of coherence pg39:40

transfers between two quadrupolar nuclei within the CTC'’s

subspacéFig. 2(C)]. As will be shown in Sec. Ill C, another Hrf(t):wrf( 25)2(73+ 3

double quantum mode of recoupling mechanism applicable

for a heteronuclear spin pair is expectedkatn/(l +S+1) .

(n=1,2,...)when bothl (=1/2) andS channels are irradi- xcos( f wq(t’)dt’)

ated simultaneoushfe.g., whenl=1/2 and S=3/2, wﬁ 0

=wk=w/3 satisfies $+1/2)w;+ (I +12)wk=w,]. In .

these inter-nuclear double quantum modes of recoupling +(S§‘2—S§‘4)sin(f wQ(t’)dt’))). (29

conditions, however, leakage of CTC to MQC within a single 0

nucleus can be prevented. These modes are applicable Y9hen the CTC is effectively spin-locked<1) and away

both HMD and HTD couplings, and can be exploited selecfrom RR conditions, one can safely ignore the time depen-

tively in quadrupolar spin systems. dent terms which connect the CTC to other coherences from
An analytical expression based on the bimodal Flogquetq. (19) as justified by Baldust al*® When a qualitative

theory’” may be required in order to understand all the ré-picture for the recouplings dR2~3(t) (\=CS,D,Q) is de-

coupling characteristics under RR conditions since the varisjred, this assumption can be extended further to the RR

ous internal Hamiltonians should be expanded in Fouriegonditions because the reintroduction of couplings at the RR

modes of bothw andw, . In this paper, however, we have conditions take place in the CTC. Moreover, as long as we

incorporated an average Hamiltonian the¢AHT)® which  are dealing with recouplings within the CTC's subspace, the

provides useful insight into the rotary resonance recouplinggerms representing @ coherence)}4(t) in Eq. (15) can

of half-integer quadrupolar nuclei. also be dropped. The effective terms of the Hamiltonian gov-

erning the recoupling within the CTC are

(S, 2+S37%

B. Average Hamiltonian treatments FitCT(t) ={Qé‘53(t) + Q%_g(t)l s+ Qé‘s(t)}Sf‘s’

2-3

1. Recouplings at k=n/(S+1/2) (n=1,2) 20487, (20
In order to illustrate the recouplings of the various inter—Wlth

actions at RR conditions, the simple case of &n3/2 is 2

examined. For a® nucleus in an isolated environment or in Q330 = Z 0@y a®S B expim(y©5+ wt)),

a dipolar pairS-I, the total Hamiltonian provided by Egs. m=-2

(1)—(6) can be rewritten in terms of the fictitious spin-1/2 (@D)
formalism a$® pa 2 . o
Ho() = (1) + Ho(1) + Hy, (13 WA= % eBEeim o). (22
WhereHS)(t) is the dominant first-order quadrupolar inter- and
action defined by 3
HE (1) = wg(t)(SE2-S37%). (14) &%= w—oxé[4S(S+ 1)-3]
HQ(t)_ repre_sents a shiftlike _Hamilt_onian, a sum of the 4
< 2, oBla AR o).
Ho() ={Q&SD+ Q5301+ Q5 1)si2 (23

L0404 L0 4ist-4 (15 The expressions ofoC(a®®5%9) and w(BP) can be
{es+ 0o (D1+ A NIS, 19 found elsewheré and the explicit forms ofwg(a®, )
H is the radio-frequency Hamiltonian given by are provided in the Appendix.

Hy= w2523+ \/§(S>1(’2+§‘4)}. (16) In a toggling frame defined by an operator

The dominant first-order quadrupolar term can be removegxmzw t-SfS)zex;{ i 2553)exp(i2w t.S273)
by transforming Eqs(14)—(16) into the quadrupolar interac- d 2 e
tion frame defined &33°4°

~ + xexd i—. ST
A.=U{, Hg Ug, (17) 2
whereUo=T exp(fhwo(t))dt' (S *—S%). the CTC's effective spin-locking Hamiltonian becorte®

; (24)
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kn Q23 (0){SE%cog 2wyt) + S5 7SN 2wt} A B

=k QDS e ety S2 %2l ent), (25

8cq = 150 ppm -8
wherekcs=ko=1 andkp=1,. At the RR conditionsw J\/\.J M
=nw,/2, Lu\//\v L»w/v\/“\,
+ =+ CS

wg&(atS BO9e (26) o

for the CSA, M J A Mw

Lws"(8P) e 27)

for the heteronuclear dipolar interaction, and 50 ppm

—3 + i
X(Zg[4s(s+ 1)-3]- wan(aQ,BQ)e,myQ
1)

duced. Whenn=1 and n=2, the CSA, HTD, and the

second-order quadrupolar interaction all lose their time de-

pendence ak=0.5 andx=1, respectively. The angle(\ O ppm

=CSD,Q) affects only the phase and not the amplitude;

therefore, only the amplitude of each recoupling w, "|,

will be provided, wherel“S=I'°=1 and'?=3yZ[4S(S
The CSA recoupling ak=0.5 (n=1) has a cancellation F.IG. 3. Comparisons of the recoupled line shapes coming from different

. _ signs of CSA atk=0.5. As predicted in Eq(29), a cancellation between
effect with respect to the second-order quadmpOIar reco SA and the second-order quadrupolar interaction is evident whenO

pling because of the negative sign in front of the real part o) and an additive behavior between them wisep<0 (B). Collinear CSA

(28)
0 30 ppm
for the second-order quadrupolar interaction will be reintro-
0

10 -10 0 10
kHz kHz

-10

then=1 CSA term: and quadrupolar tensors were assumed. Parameters used in the simulation:
S=3/2, wyl2m=160 MHz, €2qQ/27h=2.5 MHz, 7o=05, w/27=22
Xé BD AB CE kHz. 25x25X25 crystallite orientations together with 0.36& of time in-
[4S(S+1)-3]| ———=— —= crement were incorporated in the simulation.
4 \/Ewo 4 2 9
wolcs Mcs
- 2 sin ZBCS( 1- ?COS ?acs) and 1 are compared. However, the sign of the quadrupolar
interaction still cannot be determined because of its quadratic
2 dependenc&
. 3XQ
*i [4S(S+1)—-3](BE+CD—-6AC)
2\/5(1)0

2. Recouplings of dipolar interactions using a double

\/E wOcsT
4 Ve®0csMes , (29 quantum mode

in B¢ sin 2a°

In the simplest case &=1=3/2, the HMD interaction
has a unique recoupling condition &t0.25 which provides
its selective reintroduction at=1 mode as represented in
-ig. 2(C). Generally, the underlying principle applicable to
the HMD interaction at«x=n/(2S+1) (n=1,2,...) in-
A\/olves a double quantum mode coherence transfer between
"She cTCs of half-integer quadrupolar nuclei. ForSa |
=3/2 HMD pair, by using the definition of angular momen-
tum operators:

where the definitions oA, B, C, D, andE are given in the
Appendix. Therefore, whed.s>0, an increase of CSA de-
creases the recoupling line width expected from the secon
order quadrupolar interaction until a certain point which is
determined by the relative magnitudes of two couplings.
further increase of CSA results in a constant increase of
coupled spectral width as demonstrated in Figd)3 When
6:s<0 the influence of CSA just adds up to the width ob-
tained by the second-order interactidig. 3(B)]. This fact
may cause some ambiguity assigning a CSA value from the
experimental spectrum of unknown quadrupolar and CSA
parameters due to the existence of other possible sets of val- 12 a4 -
ues. Another recoupling measurementkatl, however, re- Fy=V3(Fy 2+ Fy H+2F) 2, (30)
moves this ambiguity based on the distinct line shapes of

different CSA values which give identical linewidths at ~ F,=3F1 *+F273

x=0.5. In this manner, not only the magnitude but also the

sign of CSA interaction of half-integer quadrupolar nucleuswith F=1,S, the dipolar Hamiltonian, E(5), can be rewrit-
can be obtained when both the recoupled spectrie=41.5 ten a&°

Fu=V3(FL 2+F3 % +2F2°3,
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2
Havp(D=2 3 wp"(gP)esintnt )
n=-2n#0

X (1273827321232 3 923523

(31
where
D
=1_ 2Z i D
Wy =— sin2B~, 32
D 4\/5 B ( )
D
wSZZ?ZZ sin?BP. (33

A tilted frame with wg 5= VOF csot (201 * (F=1 or )
along a newz axis can be postulated ‘3$*

F273=cos 9F2 3+ sin 9F273,

F273=—sin 9F23+ cos OF273, (34)
T=2-3_r2-3
F2-3=p2

with 6= arctan(2v;/{Qf cs ). A transformation into an in-
teraction frame defined by

expli g erSe ) expliw) el 273t) (35)
yields a double-quantum dipolar expression
2
~ +in(e D
HEvp(D=Q(0),69 > wplenert?D
n=-2n#0
% (Ti—s’éi—Se—i(wLeﬁ-*— wg et
+127382 3l (@1 et oseit) (36)
with Q(6,,0s)=(1—2 cos6, cosbs+2 sin 6, sin 6y).
When 032 0|:90o (i.e., QF,CS,Q:O)‘ a double'
guantum mode of dipolar recoupling
3wp"(BP)et " (37

will be established at the= w,;/w,=n/4 conditions. Since
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2
; D
2 wén(’BD)em(w,Hy )
n=-2n#0
X (S273) e dlont+ 3273 _gdient), (39)

The double quantum mode of recoupling, at integer multiples
of w,/3, isD,, sin 28°/44/2 for n=1, andD,, sir* B°/8 for
n=2. The selective nature of double quantum mode is a
promising method to measure the distance between two spins
involving one or two quadrupolar nuclei.

Ill. EXPERIMENTAL IMPLEMENTATIONS

The rotary resonance recoupling for the various interac-
tions in half-integer quadrupolar nuclei discussed above were
shown experimentally if®Na-, 8’Rb-, and''B-NMR using
anhydrousNa,SO,, Rb,CrO, and bigpinacolatgdiboron
(BPDB). All the nuclei areS=3/2, and the compounds have
known quadrupolar parametérs.*’ The homonuclear dipo-
lar coupling of BPDB isD,/2m=2.5 kHz*® The spectra
were measured at 11.7 T using a Varian/Chemagnetics Infin-
ity spectrometer with commercial 3.2 mm and 4 mm Che-
magnetics probes spinning at 20 kHz and 16 kHz, respec-
tively.

A. Calibration of the rotary resonance conditions of
half-integer quadrupolar nuclei

To identify the rf intensities that match the rotary reso-
nance conditions, a 90° pulse followed by a spin-locking
pulse fixed at integer multiples of the rotor period was imple-
mented while sweeping the intensities[Fig. 4A)].*° An
example of spin-locking and the various RR conditions at
k=1/4, 1/2, and 1 in the BPDB sample is provided in Fig.
4(b). Here, the central transition of'B nuclei was spin
locked for eight rotor periods and monitored as a function of
applied rf field intensities. As can be seen in FigB¥ local
minima at 5 kHz(«k=1/4), 10 kHz (x=1/2), and 20 kHz
(k=1) with 20 kHz MAS spinning frequency are identified.
The k=n/4 (n=1,2, .. .)conditions are responsible for the
double quantum mode coherence transfer between the CTCs
of the two'B nuclei based on the HMD coupling. Addition-
ally, at thex=n/2 (n=1,2, . ..) conditions, RR recoupling
occurs under the single quantum mode for the CSA and
second-order quadrupolar interactions. At the conditiens

¥P angle does not influence the recoupling amplitude, the=n/2 (n=1,2, ... ) recoupling of the CTC to TQC occurs

2Q nutation frequency will be given as8, sin 28°/42
forn=1 and D,, sir? B°/8 for n=2 as in the cases of the

also, reducing the spin lock efficientyThe actual rf inten-
sities were also compared to the value obtained from 90°

2Q-HORROR method applied to homonuclear dipolar pairpulse length in a liquid sample.

of spin-1/2 system?

In a close analogy to the homonuclear case, the doublB. Measurements of CSA and heteronuclear dipolar
quantum mode of dipolar recoupling can be implementednteraction of half-integer quadrupolar nucleus

also for the heteronuclear dipolar interactions, when th
and| channels are being irradiated a&=n/(S+1+1). In
the simplest case 05=3/2 andl=1/2 the effective HTD
Hamiltonian in a toggling frame defined by

|§Sy expliowgt-1,)ex 'EIV
(38)

exp(2i wpt - s§3)exp(

will be

A two-dimensional version of the pulse sequefEe.
4(A)] (a similar type of this pulse sequence was used in the
spin-1/2 system for the recoupling of the CSA and dipolar
interaction$"'% was adopted to observe the recouplings op-
erating at thex=n/2 (n=1,2) conditions. The spin-locking
periods after the 90° pulse were incremented in the indirect
dimension by integer multiples of the rotor periods before
acquiring the signal under free precession. The resulting 2D
spectrum contains a normal MAS quadrupolar line shape
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FIG. 5. Comparisons between experimentally measured and simulated spec-
tra atk=0.5 and 1 on(A) BPDB, (B) anhydrous sodium sulfate, ari@)
rubidium chromate. The influences of the second-order quadrupolar interac-
0 0.4 0.8 1.2 tion in bothk values were estimated based on the 1D MAS spectra and brute
K = Orflor force simulations; BPDB(Ref. 45: €’qQ/2wh=2.5 MHz, 79=0.3;
Na,SO, (Ref. 46, €?qQ/27wh=2.6 MHz, 79=0.6; RRCro, (Ref. 47,
C e?qQ/27h=3.5 MHz, 1g= 0.3 (the second rubidium site is not considered
/ \ herg). The magnitude of CSA of'B nuclei in BPDB and’Rb in rubidium
chromate were about 50 ppm andlO0 ppm, respectively. The coinciding
CSA and quadrupolar tensors for BPDB and the relative orientations of
~ 51 {0°,70°,0% between the two tensors for rubidium chromate provided the best
E 01 matchs. The sodium nuclei of B8O, have negligible CSA valu¢< 20
= g& ppm) and the experimental spectrast0.5 and 1 were simulated only by
w- the second-order quadrupolar effect. The influence of HMD interaction at
=R k=1/2 was ignorable even in the case of BPDB due to its much smaller
order of magnitude compared to CSA or the second-order quadrupolar in-
T T T teractions.

400

F2(kHz)

FIG. 4. Experimental scheme used for the recoupling of various interactions= 2.5 MHz, 79=0.3; NaS0,,*° €°qQ/2mh =2.6 MHz, 7,
involving h.?lf;;nteger quac:rupolgr nucgl :|3/§L_.;13 NMRl;Qgt 101|-7| T =0.6; RQCrO447 ezq Q2mh=3.5 MHz, 7,=0.3). Then
magnetic field was performed at acolatodiboron, 1004H o4 _ : _ : .

(BPDB). (A) The pulse sequencéB) A calibration profile of*'B NMR 2 mode of HMD recoupling ak=1/2 W'aS ignored in the
spectra measured on BPDB as a function of rf field intensity by fixingthe C2S€ Of NaSO, and RBCrO,, and 938 Hz in BPDB from the
spin-locking time at 8, under a fast speed sample spinni@g kHz. Note ~ known bond distanc& Exact simulations based on brute-
the characteristic local minima observed at 5, 10, and 20 kHz of rf fieldforce calculation provided 50 ppm ardl10 ppm of CSA in
intensities which corresponding #©=0.25, 0.5, and 1, respectivel{C) A BPDB and rubidium chromate, respectively. Coinciding rela-

2D B NMR recoupling experiment measured on BPDBcat0.5. Strobo- fi t ientati bet th d | d CSA
scopic sampling at integer multiples ef was used in both time domains. _|ve en.sor orienta |o.ns etween the quadrupolar an
The direct sampling domain has a normal 1D MAS spectrum while theinteractions were inferred from BPDB anda,B,y}

projected spectrum along indirect domain contains recoupled information. :{0°,70°,0‘} angle set between the two tensors provided the
best fit simulation for RECrO,.%’ The second-order quadru-

) _ polar interaction alone explains most of the features of re-
along the direct domain and a recoupled spectrum along thgsypled spectra in N8O,. Based on the exact simulation,
indirect domain. Fig. ) shows an example of a 2D spec- e CSA of NaSO, is less than 20 ppm. It is noteworthy that
trum measured on the BPDB samplexat1/2. . this RR recoupling method enables the observation of a

Projections along the indirect domain of the experimen-aiher small CSA in a quadrupolar spin system which has a
tally measured 2D spectra and the corresponding best f&uadrupolar coupling constant of several MHz.
simulations of the BPDB, sodium sulfate and rubidium chro-
mate atx=1/2 andk=1 conditions are given in Figs(A),
5(B), and 5C), respectively. Since the contributions of the
second-order quadrupolar interaction and|th®ID| interac-
tion can be estimated from the 1D MAS spectrum and x- ray A selective recoupling of the dipolar interactions involv-
data, respectively, the determination of the CSAs contribuing quadrupolar nuclei can be realized when a double-
tion in the recoupled spectra was possible. K¥€l/2 con-  quantum mode of mixing is utilized. In the simplest case of a
dition is preferable over the=1 due to the less broadened half-integer homonuclear paig=I|=3/2, when a mixing
recoupled second-order quadrupolar linewidfig. 1(B)] pulse withk=1/4 is carried out on th&, (F=S,l) magne-
despite the mutual cancellation effect. This fact is also trudization before applying a 90° reading pulse, an HMD Pake
for the recouplings of HTD and HMD interactions at tke pattern can be obtained selectively along the indirect domain.
=n/(S+1/2) modes. The influences of the second-ordefThis is similar to the double quantum mode of recoupling
quadrupolar interactions at=1/2 are 2.6 kHz for BPDB, 3.2 applied for a homonuclear spin-1/2 systéraxcept for the
kHz for N& SO, and 4.1 kHz for RbCrO, as estimated from fact that here the equilibrium state Bf, was directly used
Eq. (28) and brute-force calculationd8PDB* e>qQ/27#  for the mixing. Figure 6A) shows a pulse sequence adopted

C. Recoupling of dipolar interactions in double-
gquantum mode
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) FIG. 7. A double quantum mode of HTD recoupling expected when Both
simulated and| channels are irradiated simultaneouslyxatn/(S+1+1) (n=1,2).
The signal along the indirect domain should be sampled at ev@iyl (

experimental +1)7, . The spectrum shows a double quantum mode of recoupling of HTD

. . : . " pair of S=3/2 andl=1/2 having 2 kHz of dipolar coupling. The other
-2 -1 0 1 2 parameters used in the simulation ae8¢Q/2m%)s=2.5 MHz, 73=0.3,
Frequency / kHz o /2m=20 kHz.

FIG. 6. Comparisons between experimentally measured and simulated
double quantum mode homonuclear dipolar recoupling of-tBe-1'B pair ing. To our knowledge, this is the first example of pure di-
in BPDB sample at 11.7 T. A longitudinal mixing pulse @+0.25 was olar Pake-tvpe atterﬁ for a homonuclear dipolar pair con-
incremented by 4, in the indirect dimension before a 90° reading pulse was p_ - ype p . ) ’ p p
applied(A). The experimentally measured and simulated time domain specSisting of quadrupolar nuclei. The line width ef1.3 kHz
tra alongt, (B) and their Fourier transforms into frequency domain after DC agrees well with the 2.5 kHpr (*'B='B) =1.71 AJ*® of di-
correction(C) are compared. The 2.5 kl-ﬂz(l.lB—llB):lj_A] (Ref. 48 of polar coupling strength based on thB 3 sin 2ﬂD/4\/§ scal-
HMD coupling strength compares well with the experimentdl.3 kHz ing factor available from AHT theorv. When Sil}BE— 1 the
width of the Pake-type pattern which can also be predicted by AHT. The g - - Y - )
simulated dipolar double quantum decay signal has a line broadening facta?-5 kHz of dipolar strength provides 1325 Hz of magnitude
of 200 Hz. The wiggling features outside of the CTC's Pake-type patternof dipolar pattern which agrees well with the experiment. As
may come from a higher-order effect or an influence of the satellite transi—Was discussed earlier, the=1/4 condition is away from any
tions. o )
ons other resonance conditions because there is no loss of CTC
to MQC or the recouplings of CSA, second-order quadrupo-
) o o lar interaction, etc.
for this purpose. Mixing .at thg equilibrium state followed by A double quantum mode of separation of the HTD inter-
a 90° pulse encodes a time signal based on the double quaggtion can also be realized by irradiating both treed theS
tum mode of pure HMD interaction along the indirect do- channels atk=n/(S+1+1) (n=1,2) as explained in the
maint;. '_I'he indirect domain has to be incremented by fourtheory section. Figure(A) shows a pulse sequence for this
rotor periods to only observe the double-quantum mode Oburpose, and Fig. (B) shows the corresponding simulated
dipolar oscillations. A DC offset correction may be needed tospectrum incorporatingD,/2m=2 kHz, €2qQ/2mh=3
remove the uninteresting shgrp.peak at zero frequency due 1AHZ, 7q="0 of a dipolar pair §=3/2,1=1/2) by irradiating
the uniform elevation of an indirect 1D FID signal alofig  poth channels ak=1/3. Other conditions may also provide
formed on each MAS spectrum obtained by the Fourieipe gouble quantum mode of HTD recouplings as long as
transformation along the direct time domatin An offset (g 112)wS+ (1 + 1/2)wk=w, or 2w, conditions are satis-
difference also affects the characteristic features of spectrufilay Based on brute-force simulations. however. not all of
observed as can be inferred from E8@). In the experiment,  onditions showed the desired Pake pattern due to their fail-
the rf pulse was on resonance which provides the best coRye to provide a coincident peak pattern of side bands to the
dition for the double quantum mode of mixing. ~ central peak. A selective HTD recoupling occurred on the
Figures 6B) and GC) show, respectively, the decay sig- sige hand peaks in all the cases, but if it did not coincide

nal of the pure homonuclear dipolar interaction in the doublgith the central peak, a complicated line shape not predict-
quantum modéthe slices covering the MAS scaled second-gp|e by the simple AHT theory was obtained.

order quadrupolar anisotropic line shape along the direct do-

main were summedand its Fourier Fransformed spectrum IV. DISCUSSION AND CONCLUSIONS

measured on the BPDB sample. A simulated spectrum using

the brute-force calculation was also provided in each case. RR conditions provided by a low rf field and high spin-
The resulting simulated time domain signals were apodizeaing speed not only provide efficient MQC preparation but
using a exponential multiplication with 200 Hz line broaden-also reintroduce various interactions such as the CSA, dipo-
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lar, and the second- order quadrupolar interactions which aron of the magnitudes, asymmetries, and relative orienta-
otherwise averaged to zero or scaled down under MAS. Theons of the various tensors involved. The ambiguities can
dual modulated nature of the spatial part of interactions unpartially be relieved by the 1D MAS spectrum by determin-
der a spin-locking condition provided by a low rf field and ing the magnitude and asymmetry of quadrupolar interaction
high spinning condition(a<1) renders a possibility of re- and by any x-ray diffraction data in order to determine the
moving the quadrupolar anisotropic line broadening from thegipolar coupling strength if available. Simulations have dem-
line shapes. A part of CTC remained @&=n/(S+1/2) (N onstrated that the relative tensor orientations between qua-
=1.2,...) issubject to make various recouplings such asyrypolar and dipolar interaction are not so critical when a
the CSA, dipolar and the second-order quadrupolar interacyo hle quantum mixing of dipolar interaction is under con-
tions. When the CSA value involved in the quadrupolarsideration_

nucleus is relatively small, this method provides a promising The recoupling linewidths of CSA, dipolar couplings

mechanism to evaluate the CSA parameters of a half-lnteg%rnd the second-order quadrupolar interaction are well pre-
quadrupolar nucleus.

dicted by average Hamiltonian theotpHT). However, in

Among the two recoupling modes of rotary resonance . .
conditions [ k=n/(S+1/2) (n=1.2)] the first one, which order to understand all of the spin dynamics at the RR con-

usesn=1 Fourier index, provides a better condition due todltlons, a better method such as the bimodal-Floquet theory

its less broadened feature of the line shape although thid'ay be mcqrporated. OtherW|§e,_a brute—fo_rce simulation
mode shows a mutual cancellation effect with respect to th§USt be carried out for a quantitative comparison to the ex-
second-order quadrupolar interaction. However, neither oP€rimental spectrum even though the AHT theory qualita-
these modes is adequate for the measurements of HTD &vely explains all the recoupling conditions.
HMD because of the nonselective nature among them as well When a system consisting of many chemically and mag-
as the dominating CSA and the second-order quadrupoldi€tically distinct sites is investigated, the pulse block of the
interactions. R® has to be combined with the MQMAS experiment in
A longitudinal mixing was used to build up a double order to have recoupling information on the top of site spe-
quantum mode of coherence transfer between a dipolar padific resolution? A 3D version of this experiment is required
involving quadrupolar nuclei. Double quantum modes of di-to characterize not only the usual 2D MQMAS spectrum but
polar recoupling for HMD and HTD occur at=n/(2S  also a recoupled spectrum of CSA or dipolar interactions of
+1) (n=1,2,...) and atk=n/(S+1+1) (n=1,2,...), each site. A FASTER MQMAS methdticombined intoR®
respectively. The required stroboscopic samplings along thef dipolar interactionboth HTD or HMD) will have the full
recoupling domain should be implemented by evens (2 advantage of using the characteristics of half-integer quadru-
+1)7, for HMD and (S+1+1)7, for HTD, respectively. polar nuclei under low rf field and high spinning speed in the
The very selective nature of these double quantum modes @fnse that an efficient spin-locking, an effective double quan-
dipolar recoupling also contains the additional advantage ofym coherence transfer, and an intense multiple quantum
being able to occur away from RR conditions of losing CTCpreparation and conversion can be incorporated.
to MQC w!thin a single_nucleus. Both modes of double’  \when H or F are considered together with a half-
quantum dipolar recoupling have potential to be valuablénieger quadrupolar nucleus, a new way of cross polarization
_tools to elucidate strugtures for nuclear spin syste_ms mvoly(cp) under high spinning and low rf fields, based on the RR
ing quadrupolar nuclei. In contrast to the recpupl!ng Cond"phenomenon operating in the zero- or double-quantum
tion x=n/(25+1) for the HMD case, the calibration of 0 s expectet > Our condition applied for the double

=n/(S+_I_+1) for the HTD coupling is difficult because no guantum mode of heteronuclear dipolar recoupling satisfies
local minimum can be observed when the quadrup&ar ) X
one of these CP requirements because the rf field$ of

nucleus is considered alone. An iterative, trial-and-error_ 1/2 channel and the quadrupoBchannel satisfy the con-
method might be required to calibrate this resonance condi q P

i~
tion by irradiating both and'S channels. dition (S+1/2)w5+ (I .+.1/2)w',f=w,. Actually therSe are
Considering the facts that the relaxation in Iongitudinalmany other CP conditions as long as #@H1/2)wy= (I

| L_ _ H fofi 0,51
mixing is T, limited rather tharT, limited and that neither + L/2)@r(l+1/2)wi=no; (n=10rJ is satisfied” > How-

the second-order quadrupolar interaction nor the CSA is in€Vel, We want to emphasize that an efficient CP requires not

volved during the mixing evolution at=n/(2S+1), or onlylthe Iabove specified condition but also thet(/2)
=n/(S+1+1), these conditions may be exploited for X(@+®?)#nw, (n=1 or 2,1="H or **F) condition.
samples containing dipolar pairs of quadrupolar nuclei with

guadrupolar coupling constants in the range of several MHz.

A solid echo type of measurement is also promising when it

is used as a detection method. The double quantum mode of

coherence transfer adopting a transverse mifjmgse se- ACKNOWLEDGMENTS
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APPENDIX: FOURIER EXPANSION COEFFICIENTS OF

THE SPINNING MODULATED SECOND-ORDER

QUADRUPOLAR HAMILTONIAN

We give here the explicit expression fofy(a?, 89) re- |
quired for the recoupling of the second-order quadrupolage'\/‘- H. Levitt, Chem. Phys. Let242, 304 (1995.

interaction in the rotary resonance conditions as defined iy

Eqg. (23):
0_5 2,1 BZ+C2 s D2+E2
Pe96” T34 o) 48la o
*1

1 BD AB CE i
22 9 8!

.o 1(4C7 AD BZ+2i 2BC—-AE
©Q"=zg| 9 AP~ +3(2BC-AF)
ca_ (BD+ E+i(BE CD))
Q@ 242\ 4 9 76 ’
.4 7(D? E2+|DE
a7 %7 9 30

where

A=3cog B°—1+ nq sir? B2 cos 2%,
B=sir? ,BQ( 1- % cos ZxQ) ,

C= g sin 2 sin 22,

D=sir? B9+ %(co§ Bo+1)cos n°,

E= 7g cosB? sin 22°.
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