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It is demonstrated that through-space recoupling can be achieved in dipolar coupled quadrupolar
spins in the presence of an appropriate radio-frequency field. Experimental and theoretical results
for 2Na-?Na pairs are presented that elucidate the experimental conditions leading to homonuclear
dipolar transfer. The effect of adiabatic amplitude modulation on spin-3/2 systems is compared to

spin-1/2 cases and applications of this approach in the context of high resolution multiquantum

magic angle spinning for dipolar filtering and correlation are discussed20@) American Institute

of Physics[S0021-96060)01810-9

I. INTRODUCTION methods. For this reason, a correlation technique that enables
_ dipolar transfer under MAS would be desirable.

of the key experiments in nuclear magnetic resonancgchieve dipolar recoupling employing radio frequency fields
(NMR) to elucidate molecular spin topologies and short-ynqer conventional MAS conditions. In the spin-1/2 case the
range Interactions in I|_qui'02 and solid-phase material.In dipolar interaction must be recovered without additional de-
solid-state NMR, magic angle spinnh@VAS) has become g ctive interference from isotropic or anisotropic chemical

one of the premier techniques to establish high-resolutiony,io|4ing interactions. In quadrupolar spin systems two addi-
conditions. Subsequently, substantial progress has beeff&nal challenges need to be addressed
made by a variety of techniques to retrieve through-space '

information in spin-1/2 systems under MAS where the dipo-
lar interaction is usually suppressed. On the other hanqﬁ

structural information in quadrupolar spin systems based on . . . )
: . ened by anisotropic second order interactions that usually
dipolar or scalar couplings has been scarce. Quadrupolar nv- RS .
ad to a powder distribution. In the context of dipolar recou-

clei not only can be used as sensitive probes of local ordeFIin these second order counlinas behave in a manner simi
and structuring in material science applicatiohat are also piing, piing

regularly found in a large number of chemical and biologicalIar to that opservgd for a statle=1/2 sy§tem. That s, they
processes ranging from catalytic compounds to metallo- ofSPresent orientation-dependent chemical shift tef@SA)
membrane protein® In general, homonuclear dipolar cor- that perturb the dipolar transfer in the Iabora_tory frame and
relation spectroscopy can provide valuable structural inforfN€S€ terms must be suppressed by appropriate rf schemes.
mation whenever multiple quadrupolar sites are expected in  (P) One of the design principles in spin-1/2 recoupling
close spatial proximity. experiments relgtes to the fgct that rf fleld's can usually be
Unfortunately, most spin-1/2 methods involving radio assumed to dominate the spin system Hamiltonian. As a con-
frequency(rf) irradiation (for recent comparative studies see, Sequence, spin locking and nutation of NMR coherences is
e.g., Refs. 7 and)&re not readily applicable in quadrupolar Not affected by the size of other system interactions. In con-
spin systems because of unwanted interference effects wifast, the quadrupolar interaction remains the dominating in-
the dominating quadrupo|ar Coup”ng_ In cases where dyteraction, even if modulated by MAS or if in the presence of
namic angle spinnimy’ (DAS) probes are available and re- strong rf fields. Thus care needs to be taken in designing an
laxation times are favorable, dipolar transfer can be estabf driven recoupling experiment that can be used in a regime
lished by rapidly switching the spinning assembly away fromwhere spin locking is achievable.
the magic anglé® Dipolar transfer is not suppressed for We will show in the following that both criteria can be
sample spinning away from the magic angle orientation andulfilled to a good extent by modifying a rotary resonance
this approach has been successfully utilized in quadrupolgshenomenon first observed in spin-1/2 systems in the pres-
spin systems$! However, anisotropic interactions such as theence of dipola®!® and CSA* interactions. These effects
quadrupolar coupling and chemical shielding interactionshave been utilized to study local spin geometries under
(CSA) also remain resulting in complicated powder line MAS,*>8in the context of adiabatic two-dimensional corre-
shapes that usually need to be described by computationidtion spectroscopy in spin-1/2 systérhsind for dipolar

(@ In contrast to the spin-1/2 case, where isotropic
hemical shifts are the only remaining interaction under
igh-frequency MAS, quadrupolar MAS spectra are broad-

filtering.18
dCurrent address:  Gorlaeus  Laboratories, Leiden  University, For the theoretical description we will use the concept of
2333 CC Leiden, The Netherlands. fictitious spin-1/2 operatot$ ' and derive an effective di-
0021-9606/2000/112(13)/5902/8/$17.00 5902 © 2000 American Institute of Physics

Downloaded 29 Oct 2001 to 18.77.2.34. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 112, No. 13, 1 April 2000 Dipolar recoupling among half-integer quadrupolar spins 5903

polar recoupling Hamiltonian in close analogy to the spin- Hrfzwrf(2|§—3+\f3(|i—2+|§—4)),
1/2 case. The transfer characteristics also allow for the dis- s o )
crimination between local spatial proximity and exchange Ho=(Qgs™+ Q45 (@,8))15
phenomena, e.g., relevant in a number of biological systems. 1-4 ~1-4 1-4

Finally, we discuss experimental variations that permit inte- Qe+ 0o (@ AN @)
gration of dipolar recoupling with MQMA%? Hg)(t)=A20(t)/\/5[I§‘2—If“‘].

Valuable insight into the spin dynamics of a Hamiltonian
Il. THEORY such as Eq(7) was outlined by Vedg&?’ by monitoring the
adiabatic evolution of eigenstates and eigenvalues. In these

Our goal is to study rotary resonance in a dipolar wdies. it b 4 that th tral t i h
coupled quadrupolar two-spin system. Since the effects of dies, It was observed that the central transition conerence

: ; 2-3 17
MAS and concomitant application of rf fields are more com-(i"’mz/be splnl Ioc_ked(lHe., f[flx _’H]_O)d whtlanever al'
plicated than in spin-1/2 applications, we will first present a— @il @Q@r<1 using the effective quadrupolar coupling

- 2 ~ . .
brief theoretical analysis of the spin-locking behavior of aan—(3e .qQ)/(2|(2| 1)ﬁ)'. Accordlng tq this result )
isolated spin-3/2 nucleus. small rf fields and large spinning frequencies promote effi-

cient spin locking. On the other hand, inspection of Ef).

A. Isolated spin-3 /2 nucleus provides a lower boundary for the rf field that must be ap-
In the high field approximation and under rapid MAS at pli'ed to suppress time-independent chemical shift terms

®,, the quadrupolar Hamiltonian is given to second order9iven byHaq) in the 2—3 subspace:

,23-25 _ _
by® Zog> 053+ 05 Y a,B). (8)

Ho=Hg (1) +HZ (1) (1) In atilted frame in which the central transition coherence is
with diagonal, these chemical shift terms are nonsecular and can
o only be neglected if the rf field is sufficiently large to com-

HQ (1) =Ax(t) Too, pensate for isotropic chemical shiftS). Equation(8) also
1 1 (2)  agrees with a recent study using Floquet th&8ry.
HO () =— 2> —Aam(DA2- (D[ Tom, To-ml, ~ To further examine the combined influence of rf irradia-
Wom==x1+2 tion and the MAS modulated quadrupolar coupling in Eq.
and (6), we transform to an interaction representation udihg
=eX|:[fBH8)(t’)dt’]. Using the commutation relations among
A, (t)= Ao(a.B,v)d exd inwst]. 3 multiqguantum (MQ) coherences in the fictitious spin-1/2
2n(t) n=1+2 2n(@.8,7)dnm( Om)exil N gt ® space(see Appendix B Eq. (6) reduces in this frame to
The quadrupolar tensor elememts,(«,B,v) in the ro- A=Fq+H, 9)

tor fixed axis system depend on the relative orientafabex 5
scribed by the Euler anglés, 3, v)] of the PAS to the rotor with Ho=H,
fixed axis system. The definition of the spatfgl,(«,3,v)

o 2-3 1-2 3-4
and spin tensor components,, can be found in Ref. 25. Hy= w1 (2157 +V3(cod {(1) (1, + 1377

Even under rapid sample spinning, the second order contri- Fsin(Z()(1172—13-%) (10)
bution is not suppressed and a time independel ,’iso, y Y
contribution remains ’ and £(t) =1/(\/6) f)A(t’)dt’. The observable of interest,

12-3 is obtained by solving the Liouville—von Neuman

H(Qz,)iso: él(a,ﬁ)[Tﬂ,TZ_ﬂ+w2Qz(a,,8)[T22,T2_2] (4) equation:

vv_it_h wék(a,ﬂ)f(llwo)_fk(a,ﬁ) (k= 1,2)_. An explicit defi- (D(1))=Try(a(t)D) (12)
nition of the anisotropic factorg.(«,B) is given in Appen-
dix A. Equation(4) leads to the well-known powder distri- With o(t)=U(t)a(0)U(t),D=0(0)=15"% and
bution that scales as, *. -
In the following, we will concentrate on the spih U(t)ZTEXF{—iJ Hi(s)ds
=3/2 case and study experimental conditions that promote 0
dipolar recoupling between quadrupolar spins. For thiswith the Dyson time-ordering operatdr and the Hamil-
analysis it is convenient to rewrite E¢) in terms of ficti-  tonian of Eq.(10). Obviously, the first term in Eq.10) will
tious spin-1/2 operators:2 keep central transition coherence spin locked, but the explicit
2) _ ~2-3 2_3 1-4 1-4 time dependence of the remaining terms complicates a fur-
H(Q')‘SO_QQ (e, )1 0g (@, B ® ther analytical solution of Eq11). As shown in Appendix
Under high frequency MAS, an isolated quadrupolarC, we can qualitatively predict the time evolution by using
spin in the presence of isotropic chemical shifts and rf fieldehe commutation relations of fictious spin-1/2 operators. In
may be then approximated by agreement with numerical simulations shown in Ref. 29,
_ 1 these terms generate triple-quantum coherence in the context
H=HytHao+HQ'(1) ©®  of strong (RIACT)*® or weak to medium-size rf fields that
with match a multiple of the MAS spinning frequentySpin

(12
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x= oylog k between(0.1-0.3 and Eq.(8) is fulfilled]. The effective rf
s o4 field Hamiltonian then contains the central transition coher-
0.2 ence operator. The combined effect of quadrupolar and rf
w03 field interactions in a dipolar coupled two-sgii$—spin-3/2
2 0.7 system can thus be summarized by
S H=2wq(1; >+ +Hp+Hes, (14
& X
- ~|- 05 with
[} 1
Hp=D(1)(31,S,~T9),
A (15

: * ! 2-3 2-3 2-3
0 0.5 1.0 1.5 2.0 HCS:(QI,CS+QI,Q(arB))Iz
time (ms)

2-3 2-3 2-3
+(Qg st Q) a,B)) .
FIG. 1. Time evolution of central transition coherence as a function of S.Cs SQ SZ

app"elf' rftﬁe'd st”e?gihé %‘;ﬁdm%‘)'{’g Eaur)ling a”‘:_ MIASEIFI)i"”i”Q Tfe‘?u_e”CYNote that in contrast to the spin-1/2 case, orientation-
were kept constant a z an z, respectively. All numerical simu- . .  ~2-3
lations using Eq(1) and the rf and chemical shift definitions of E@) were dependent chemical = shifts term‘QKCS,Q(a’IB) - Qk,CS

2-3 H
performed in the programming environment GAMMA. Perfect spin locking T Qi o (@,8) (K=1,S) remain. In Eq.(15), we have ne-
is described by the gray line. As expected, the spin-lock behavior generallglected the isotropic chemical shift term in the 1-4 subspace
decreases for increasing rf fields with minimasat n/2 (n=1.2,...). For  gjince to zeroth order it will not be affected by rf irradiation in

values betweerf0.1-0.3 the time evolution can, to a good extent, be de- .
scribed by a spin-locked central transition coherence that is only WeakI)Eq' (14). D(t) represents the MAS modulated d|p0|ar cou-

modulated by the time-dependent terms. These results are in qualitatveling and is given by
agreement with additional simulations using different quadrupolar couplings

and spinning frequencies. D’ ) i
D+ =L___Si 2 et W,
Sy (284
locking relates to an experimental regime where the second D’
and third term in Eq(10) can be minimized. To give a more Dﬂ:Tsinz(ﬂd)eisz, (16)

guantitative understanding of the spin-lock regime as a func-

tion of rf field strength, MAS spinning frequency and qua-
drupolar coupling, we performed numerical simulations us- p-
ing Eqg.(1) and the rf and chemical shift definitions of E@) Amr

in the programming environment GAMMX. For all simu- B4 and y4 are the polar angles that describe the direction of
lations discussed in the following the time dependence of the, . internuclear dipolar vectat in a rotor-fixed coordinate

system n?Hsz:;\miltonian was descAgri‘E)ed by the Floquely gtem with itsz axis along the sample rotation axis,
formalisnt™implemented in GAMMA™ or using a piecewise  oqresent the gyromagnetic ratio of spirFor spin-3/2, the

constant approach. , o dipolar Hamiltonian of Eq(15) can be rewritten using the
In Fig. 1 the time evolution of the central transition co- definition of the angular momentum operators:

herence given by Eq11) is monitored as a function of the

M07|2h
=—,

ratio of rf field and MAS frequency: A=V3(AL 2+ A H+2A273
— 1-2 3-4 2-3
= % (13) Ay=V3(AJ 2+ ASH+2A273, (17)
R

— 1-4 2-3
Quadrupolar coupling and MAS spinning frequency were Az=3A; A

constant at 3 MHz and 10 kHz, respectively. As expectedwith A =1,S. Combining Egs(17) and (15), terms that are

the spin lock efficiency generally decreases for increasing rhilinear in the 2—3 subspace are readily isolated:
fields with minima atk=n/2 (n=1,2,...). These effects have b 293

previously been observéd® and in the following we will  H3 & =2D(1) (17737 3- 21773 °- 2127350 7%). (19
assume that these settings are avoided. On the other hand
Fig. 1 indicates that for values of between(0.1-0.3 the

time evolution can effectively be described by a spin-locke
central transition coherence that is only weakly modulate
by the time-dependent terms in Ed.1). Additional calcula- studied by using a tited frame withwy oi(@f)

tions varying the quadrupolar parameters and the MAS fre=" > 5 . .
quency are in good agreement with these observations pr%\/&k'CSQ(a’B) *(20r)” along the new” axis (see Fig.

vided that Eq(8) is not seriously violated.

' Since we are interested in double-quant(d®) recou-
ling conditions in the 2—-3 subspace, all additional terms
(j)hat result from combining Eqg17) and (15) can be ne-
glected. DQ recoupling between spinand S can now be

Az=cosO A, +sinf Ay,

B. Dipolar coupled S=3/2 system )
_ ) Ax=(—sinf)A,+cosf Ay, (19
In the following we assume that the rf fields and MAS

spinning frequencies meet the criterion of spin locking., Ay=Ay,
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z 0 x =0.25
d s ‘ |
0 1.0 2.0
\ tix (MS)
y FIG. 3. Numerical simulation of dipolar recoupling in a dipolar coupled
26 guadrupolar two-spin system. At timte=0, the system is prepared with
X central transition coherence on the fifge., l) spin and the polarization

transfer on spirS is monitored for different rf fields. The MAS spinning
FIG. 2. Graphical representation of the tilted frame used in the 2-3 subfrequency is kept constant. Only for the recoupling conditions discussed in
space to describe dipolar recoupling. The tilt anglie defined in the text.  the text, substantial polarization transfer is observed in agreement with the
theoretical predictions.

with 6,=arctan(2¢/Qy csola,B)) andA=12%>"3, These theoretical predictions are also supported by nu-
A subsequent transformation into an interaction frame demerical simulations in GAMMA for an isolated,S) spin-3/2
fined by spin system and are shown in Fig. 3. Quadrupolar couplings
Ueﬁ=exr[—iw.,eﬁ(a,ﬁ)liﬁ]exr[—iwsyeﬁ(a,,[:’)siﬁ] of 1.2 MHz and 2.4 MHz were assumed fbrand S spin,

respectively. A homonuclear dipolar coupling of 2 kHz was
(20) : e :
assumed. The spin system is initially prepared with 2—3 co-
allows to investigate interference effects between the menherence on spin and the signal according to E¢l1) is
chanical sample rotation and the rf irradiation. In a dipolarmonitored withD =S2723. For the numerical calculations, rf,
coupled spin-1/2 system an analogous procedure has begfadrupolar and dipolar interactions were included as given
shown to_ .resulst in double-, single-, and zero-quantum transm Eqs.(1), (7), and(15), respectively. To simplify the analy-
fer con(-jmonﬁ In close analogy, double-quantum dipolar sjs, a chemical shift offset was chosen that matches the iso-
recougllgg 2W||| be established by the effective Hamiltoniantropic quadrupolar second-order contribution. In this case,
(A=1%788"79) the effective field is identical to the rf field and recoupling
H=0(8,0o)d. (12735231 |2-3g2-3 21 should occur fork=0.25 andK_=_0.5. Indeed, negative co-
QU1 B9)dn(17S5 ) 1) herence transfer characteristic for a double-quantum
with Q(#6,,60s)=[1—2 cos@)cos@y—+2sin@)sin(f9] and  Hamiltoniari’ is observed with higher efficiency at the

A.=A*iAy. The effective dipolar couplingl, results =1 (i.e., x=0.25) condition. As stated earlier this condition
from Eq.(16) usingD,=d, exd *inyy] and the generadi- is preferable in order to avoid unwanted SQ conditions
polar double-quantujirecoupling condition is given by that—as indicated in Fig. 3 fot=0.5—significantly dimin-

_ ish the transfer efficiency. In addition, E@1) indicates that
el @ B) T Oser( @, f)=Nwg. 22 ihe dipolar coupling element is largksee Eq.(16)] for the
Note that this result is analogous to the spin-1/2 treatment=1 condition. Further, these results are in agreement with
except for the effective nutation frequency that is a factor 2calculations of a complete two-dimensional recoupling ex-

larger than in the spin-1/2 case and the anisotropic chemicgleriment(discussed in the followingand indicate the occur-
shift dispersion due to the occurrence of the quadrupolarence of negative cross-peaks regions which are also ob-
couplings. Equationé21) and(22) result from transforming served in spin-1/2 applicatiorié.
the bilinear terms of Eq(18). In addition, single- and zero- Due to the presence of orientation-dependent isotropic
guantum recoupling conditions can be established that corshifts, the recoupling condition of E22) cannot be fulfilled
nect both 2—3 subspaces or, unlike to the spin-1/2 situatioripr all spins simultaneously. However, using an amplitude
recouple the 2—3 and 1-4 subspaces of ltled S spins, modulationw— w(tmy) establishes the recoupling condi-
respectively. These recoupling conditions are given by tion for a larger number of crystallites during the mixing
time of a 2D correlation experiment. This technique has pre-
kel @ B)=Nog, k=15, (238 yiously been demonstrated in homonuclear spin-1/2
01 el @, B) — s il @, B) = Nwg, (23p  applications.’'® The range of rf fields used in the experi-
ment and presented in the following were restricted to the
and generally require larger rf fields, i.e., larger value&.of regime «(t)=3%+2t<[0,T] using tangential amplitude
In the particular case of single quantum recoupling, 2—3 andhapes?®
1-4(1,S) subspaces are recoupled simultaneously—in addi-
tlon_to the(spln—llz analogq&s](Z—B),S(Z—3) condition. Il EXPERIMENTS
As in the spin-1/2 case, significant signal loss results. To
avoid these effects, we will in the following assume rf fields ~ The method discussed above was experimentally tested
and MAS frequencies which approximately satisfy E2R). ~ on anhydrous N41PQO, that has been shown to contain three
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FIG. 4. (a) Experimental protocol to observe central transition coherence as b)

a function of spin-lock time or rf field strengthw,. (b) Two-dimensional 20

dipolar correlation experiments to observe recoupling among different qua-
drupolar sites. Allm/2 are adjusted to give central transition coherence only.
After the conventional evolution timf, dipolar recoupling occurs during
the mixing timet,, in which the rf field close to th&=0.25 is modulated

by a tangential shape. Subsequently fiter is employed to remove any
unwanted coherences.

10

-
o o

23Na chemical shift (ppm)
N
o

0
o

distinct Na sites in the unit cetf Quadrupolar and chemical

. . . . . -10 0 -10 -20 -30
shift parameters have been determined previously and indi- 28Na chemical shift (ppm)
cate that MAS spinning frequencies of 8 kHz or higher are

sufficient to suppress MAS sidebands at fields at or abovE!®: 8- Two-dimensional correlation patterns on anhydrougHR&, for
mixing times of 0.5(a) and 6 ms(b), respectively. Positive contour levels

500 MHz [Se(_:—' also Fig. @]. . . ~ (along the diagonalare shown in linear increments from 5-20 %. All con-
The rf fields were determined approximately usingtour levels in the cross peak region visible(l) are negative.

NaBr. To identify rf amplitudes that fulfil the conditions out-
lined in Eqg.(22) more precisely, a spin-lock experiment as
outlined in Fig. 43 was performed on N&PO, and is  effect. In general, dipolar induced DQ coherence recoupling
shown in Fig. §b). Here, the central transition coherence iswill lead to signal decrease of the central transition coher-
monitored after a spin-lock time of 1 ms as a function of theencel 2-3+ S2~3, The characteristic minima observed in Fig.
size of the applied rf field strength. As discussed in the pres(b) are observable across the entire MAS line shape shown
ceding section and shown in Figl, we observe character- in Fig. 5a).
istic resonance minima at=n/2, n=1,2 for a MAS fre- Next, we recorded a 2D recoupling experiment follow-
quency of 8.3 kHz. In addition, a small signal minimum ing the experimental protocol outlined in Fig(b4 Phase
aroundx=0.25 is observed, indicative of a DQ recoupling sensitive detection was accomplished using the method of
Rubenet al3® and all#/2 pulses used rf fields in the order of
5-10 kHz to ensure efficient excitation of only the central
transition coherence. In addition, MAS experiments using
proton decoupling during data acquisition and 2D proton-
driven spin-diffusion experimentsee, e.g., Refs. 40 and 41
were performed. It was found that the influence of hetero- or
8 homonuclear dipolar couplings to surrounding protons can
be neglected. Further experimental details can be found in
N — the caption.
0 e chemea shift (o In Fig. 6 the experimental results for two different mix-
a chemical shift (ppm) . . . . .
ing times are displayed. As expected, no cross peak intensi-
b) ties are observed for vanishing or very short mixing times
[Fig. 6@]. The carrier frequency was set at approximately
the value to fulfil the spin-lock criterion of Eq22) for all
spins at a small carrier offset. In Fighb) the contour pattern
after 6 ms mixing is illustrated and significant negative in-
tensities are observable across the entire map. Unlike to
L staticcorrelation experiments using proton or rf driven trans-
rit. field (kHz) fer techniquessee, e.g., Refs. 40 and ¥1he cross-peak
FIG. 5. (3) 2Na MAS spectrum of anhydrous B4PO, at 10 kHz spinning  '€gions feature negative intensities which, close to the diag-
frequency and 11.7 T magnetic field strength. Chemical shift values ar@nal, lead to a partial cancellation of signal intensity. For this
referenced_to 0.1M NaCI_. Numbering of the three Na sites correspon_ds tpeason, only regions with the highest negative cross peak
the analysis performed in Ref. 2%b) Central transition coherence in intensities are displayed.

Na,HPO, as a function of rf field strength for the indicated spin-locking . . . L .
time and a MAS frequency of 8.3 kHz. A one-dimensional slice along the ~ 11€ data obtained in Fig.(8) clearly indicate dipolar

Na(1) (see also Ref. 25s shown. correlations among different parts of the MAS spectrum in

a)

0.1

)
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couplings, the carrier frequency should be set close to the
on-resonance case for these sites. Finally, it is also possible
to combine the approach described here with the MQMAS
method? to achieve a high-resolution dimension. Since re-
coupling occurs in the 2—3 subspace, the technique can be
inserted after MQ reconversion and prior to acquisition. This
approach introducesf applied as shown in Fig.)4an addi-
tional evolution dimension that will increase the overall ex-
periment time. Alternatively, the conventional MQMAS ex-
O ONa@ periment can be modified to achieve a high-resolution
b) Na(t) QNa(@) dimension in a 2D correlation experiment. As demonstrated
by Wimperiset al** amplitude- or phase-modulated “split-
t,;” MQMAS experiments can be used to fully refocus the
second-order broadening during the evolution period of an

a)

10 0 -10 -20 -30
23Na chemical shift (ppm)

Na (3) Na (3) MQMAS experiment. The homonuclear recoupling tech-
@) O nigue discussed here could be inserted after MQ reconver-
Na (2) Na (1) sion and would yield a 2D dipolar correlation spectrum with

a high resolution dimension alorig.
Na (3 ONa M
Na (2) O )

IV. CONCLUSIONS

FIG. 7. (a) One-dimensional slice along the position indicated by the arrow Homonuclear polarization transfer represents one of the
in Fig. &) that reveals negative signal intensities in the cross peak region. p p

Numbering indicates the approximate resonance regime where the thrdé€y elements for structure elucidation in spin-1/2 applica-
distinct Na sites(as defined in Ref. 25are found.(b) Plot of the local  tions. A number of techniques are available for assignments,
environment of thedP O3~ anions[according to Balduet al. (Ref. 25] distance and torsion angle determinattéfi®
that reveals the local arrangement of the Na sites. In this contribution we have demonstrated that dipolar
recoupling can also be achieved in quadrupolar spin systems.
As long as an rf field strength is used that allows for spin
Na,HPO,. In this particular case, the three Na sites contrib-locking in the order of ms, dipolar correlations #Na of
uting to the overall signal can mostly be confined to three3—6 A can be probed. The technique depicted here is effi-
different regions of the spectrum. Comparing the results andient in systems where the isotropic chemical shift dispersion
the renewed x-ray structure the most significant cross peais small (such as N%) and where the width of the second-
intensities are found for th@Nal, Na2 and(Na2, Na3 pairs  order quadrupolar broadening does not exceed the range of
(numbering as in Ref. 25in accordance with the closest MAS frequencies. The latter aspect can generally be im-
distances in the unit celshown in Fig. Tb)]. However, the proved by using higher magnetic fields. Even at the highest
broadband amplitude modulation establishes dipolar transfasbtainable spinning frequencies, the experiment is very for-
among all three spins during the mixing period and thereforagiving with respect to the size of the applied rf field strength,
care must be taken to relate the observed cross peak intensind thus can be employed using readily available hardware.
ties to intermolecular distances. This broadband recouplinghe experiment should be designed to minimize signal losses
behavior is visible from the 1D slice shown in Figaythat due to off-resonance nutation and amplitude modulations
indicates negative cross peak intensities across the entire liveherex €[ 0.1,0.3 are preferred.
shape. These effects could be taken into account by perform- Since the present approach involves double-quantum
ing a numerical simulation of the recoupling pattern similartransfer in the rotating frame, the method promises to be
to techniques used for the analysis of static tensowseful in the context of discriminating between chemical ex-
correlationg!®=42 change processes and spatial proximity. Similar approaches

Additional experimental results indicate that varying theare routinely used in liquid state NMR.It is, e.g., well
carrier frequency by several kHz can be used to enhance dnowrf'®*’that exchange processes between free and protein
suppress the dipolar transfer in particular subsections of thbound molecules occur in solid-phase membrane proteins.
spectrum. This is due largely to the fact that the isotropicThe results described here could be used to study correla-
chemical shift suppression is accomplished by an amplitudéons as a function of temperature and concentration in cat-
sweep, which, for the experimental conditions of Figs. 6 andonic solvents.

7 are of the order of several kHz. Since off-resonance rf The methods are also extendable to multidimensional
irradiation generally decreases the spin-locking efficiencycorrelation studies involving spin-1/2 nuclei. Double quan-
[Eq.(8)], an rf carrier close to the isotropic chemical shifts of tum coherence created during the homonuclear transfer step
the spin system under study is preferable. could also be detected using pulsed field gradi#hts.

The presented techniques are most efficient in systems Finally, it is also possible to combine the approach with
where the chemical shift dispersion among different sitegshe MQMAS method to achieve a high-resolution dimension
with significant quadrupolar couplings is small. Since theduring a multidimensional correlation experiment. Different
efficiency of the spin locking only interferes with sites of approaches have been discussed and are currently under ex-
medium to large(i.e., larger than 1-2 MHzquadrupolar perimental study.
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APPENDIX A

Using the explicit definition of the MAS modulated spa-
tial tensor elementé\,(t), Eq. (2) can be rewritten as

>

1
‘L, EAZK(O‘”B")’)dkm(@M)

*
*1,+£2
*

1,x2

1

(2) 4y =

HY (=

K=

=
X Ag(a,B,7)di - m(OM)[ Tom, To-m]

Xexgi(k+1)wgt]. (A1)

Time-independent contributions resultkif= —1 and can be
described by Eq(4) using the following definitions:

>

=¥1+

X (A (Oy)d_k-1(Oy)
+di—1(OW)d_1(O)),

>

k=12
X (dia(Op)d i 2(Oy)
+dy—2)(Op)d_12(Oy).

fl(alﬁ):k 2A2k(a1ﬁ!7)A2—k(arﬂ!7)

(A2)

1
f2(a7ﬁ)= EAZK(avﬁi’}/)A27k(a!ﬁ17)

i

+ 3 [ATA[AB]]]+- (CD
we can qualitatively predict the time evolution of the central
transition coherenck. 3 under the effective Hamiltonian of
Eqg. (10). Obviously, the first term in Eq.10) represents the
spin-locking part of the Hamiltonian and we can concentrate
on the cos/sin modulated components of ELp). For the
cos-modulated part we can identify

A=117241374

B=12"3 (C2

and use the commutations relations given in Refs. 19 and 20.
We obtain

[ABI=[1 2+ 1 =[5 2+ 0E

i
= E(|§—3—|§-4) (C3
and, subsequently
i
[ALABI= LT 4 5 (1571579
=3(15-17Y. (C4)

For the sin-modulated part of the effective rf field we obtain

[ABI=Ly =1y =y A= 045

The explicit definitions of the reduced Wigner elements

dy(0) can be found in Ref. 23.

APPENDIX B

The propagatorU leading to the transformatiort
=UHU can be defined by

U=exdig(t)(1372=137%] (B1)

with £(t)=1//6/}A,(s)ds andH as given in Eq(6). For
two fictitious spin-1/2 operator® and Q that fulfil [P,Q]
=ikR the transformation rule

exd —i0P]Q exdi dP]=Q cosk6+Rsink 6 (B2)

can be derived. Using = (1172—127% and the general com-
mutations relations as given in Refs. 19 and 20 we find

[ 21390 1=5 205 31- 041 %=0,
(772 1279,0 7 579 ]=10y72= 1579,
[(1;72=1379.127%=0,

[(i2=13-% 1179=0.

Using Egs.(B2) and(B3), Eqg. (10) is obtained.

(B3)

= %iui‘sﬂi“‘) (5
and, subsequently
[A.[A,B]]= I§‘2—|§‘4,—i§(li‘3+li“‘>
=3 (537179, (o)

From Eqs(C4) and(C6), we find that the effective rf Hamil-
tonian of Eq.(10) connects 2—3 and 1-4 coherences in an
MAS modulated manner. As a result, RIACT MQ excitation
and reconversion occurs for strong rf fields or rotary reso-
nance recoupling of MQ coherences can be established if the
rf field matches the MAS frequendy.
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