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Abstract 

We demonstrate the utility of a two-pulse sequence in obtaining high-resolution solid state NMR spectra of half-integer 
quadrupolar nuclei with magic-angle-spinning (MAS). The experiment, which utilizes multiple/single-quantum correlation, 
was first described in a different form by Frydman and Harwood [J. Am. Chem. Soc. 117 (1995) 5367] and yields 
high-resolution isotropic NMR spectra where shifts are determined by the sum of resonance offset (chemical shift) and 
second-order quadrupolar effects. The two-pulse sequence described here is shown to provide a higher and more uniform 
excitation of multiple-quantum coherence than the three-pulse sequence used previously. 

1. Introduction lar interaction is a fourth rank interaction that cannot 
be averaged to zero by the magic-angle-spinning 

High-resolution solid-state NMR spectroscopy is (MAS) technique which is successful in averaging 
used extensively for studying a great variety of solid second rank couplings such as dipolar interactions 
materials ranging from ceramics to biopolymers. 
However, most successful applications have involved and the chemical shift anisotropy. Several years ago, 

dynamic-angle spinning (DAS) [4,5] and double-rota- 
spin 1-- 1 /2  nuclei such as 13C, lSN, 31p, etc. The tion (DOR) [6-8] techniques were developed for 
reason for this is the problem in recording high-reso- obtaining high-resolution isotropic NMR spectra for 
lution NMR spectra for I > 1 / 2  nuclei in the pres- 
ence of large quadrupolar interactions. For half-in- half-integer quadrupolar nuclei. DAS experiments 
teger quadrupolar nuclei such as 23Na(l= 3/2) ,  involve sequential sample rotation at two comple- 
27A1(I = 5 /2 )  and 170(1 ~- 5/2) ,  improved spectral mentary angles, while DOR experiments require the 

sample being spun simultaneously at two angles. 
resolution can be obtained by observing the central With these techniques, it is possible to average both 
( 1 / 2 , - 1 / 2 )  transition that is not influenced by second and fourth rank interactions and obtain 
first-order quadrupolar interactions [I-3].  However, 
the spectra are broadened by second-order quadrupo- solid-state NMR spectra for half-integer quadrupolar 

nuclei which exhibit a resolution similar to that 
lar effects. Specifically, the second-order quadrupo- observed from sp in- l /2  nuclei. However, both types 

of experiments are technically demanding and re- 
* Corresponding author, quire specially designed NMR probes. 
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Recently, Frydman and Harwood [9] demon- hydroxyapatite(Cas(plTo4)3OH) and 23Na(l= 3 /2 )  
strated the possibility of obtaining isotropic NMR results for anhydrous 23Na2SO 4 and 23Na2HPO 4. 
spectra for half-integer quadrupolar nuclei by corre- 
lating the evolution of the multiple-quantum (MQ) 
coherence ( m , - m )  with that of the central 2. Theoretical background 
(1/2 ,  - 1/2). Because the evolution of this particu- 

lar multiple-quantum coherence is governed by a 2.1. Removal of l = 4 terms in the effective Hamilto- 
Hamiltonian similar to that under which the central nian 
(1 /2 ,  - 1/2)  transition evolves, it is possible for the 

evolution of the coherence to be refocused after the Consider a spin system consisting of half-integer 
transfer of the multiple-quantum coherence into the spin nuclei ( I  > 1) that are subjected to quadrupolar 
central transition. Since the technique involves sam- and chemical shielding interactions. In the rotating 
pie rotation at the magic angle, it can be imple- frame, the average Hamiltonian (to first order) can 
mented easily using an ordinary MAS probe, be written as [16] 

The sensitivity of this new type of experiments 
depends critically on efficient excitation of the multi- H = Hcs + HQ (°) + H~ 1), ( 1 ) 

pie-quantum coherence. In contrast to situations in where Hcs is the chemical shielding Hamiltonian, 
solution NMR studies where two radio-frequency HQ (°) and H~ l) are the zeroth- and first-order average 
(RF) pulses are necessary for generating multiple- Hamiltonians arising from the quadrupolar interac- 
quantum coherences, a single finite RF pulse is tion and describe the first- and second-order 
capable of exciting multiple-quantum coherences for quadrupolar interactions, respectively. In this Letter, 
half-integer quadrupolar nuclei in the solid state we are only concerned with the (m, - m )  coherences 
[10-15]. In this Letter, we demonstrate the utility of where m is the magnetic quantum number; as the 
two-pulse sequence (Fig. lb) in performing triple- evolutions of such coherences are unaffected by the 
quantum (3Q) MAS experiments. As an example, we first-order quadrupolar interaction, H~ °) can be ne- 
present 170(I = 5 /2 )  NMR results for 170-enriched glected. For ease of discussion, Hcs and H~ l) can be 

expressed according to the fictitious spin- l /2  opera- 
tors [10,11] as (a) I 

H Decouple I Hc s ]~ V' "~ 1 
= ~ . . . . .  mACSlm'-iO "z m , (2) 

I 1=0,2 m 

ru'2(¢O ~ 2 ( ~ 2 ) n / 2 ( ~ )  Acq(IN) H~ l)= E ECt,,AQolz '-", ( 3 )  

$ - - a - -  ~ where 

o.i 2 

Ct,,(l ) = --Q [a~!_,,C(2, 2, l, 1, - 1 )  
to 0 

(b) 'H Doeouple [ +a~?_,,C(2, 2, l, 2, - 2 ) ]  (4) 

I and 

PI(OO P2(0p2) Acq (11~3) a(2!_m=m[41(l+ 1 ) - - 8 m  2 -  1], (5) 

S ~ t ' ,  ~ ta (~ a ( 2 ! _ , , = m [ 2 1 ( l + l ) - 2 m 2 - 1 ] .  (6) 

I I I L _ . . ~  ~_..._ In Eq. (4), C(2, 2, l, 1, - 1) and C(2, .2, l, 2, - 2) 
are the Clebsch-Gordan coefficients. At cs and AO0 Fig. 1. RF pulse sequences for the 3Q-MAS experiment. (a) The 

basic three-pulse sequence, P~ = P2 = P3 = 90° [9]; (b) the two- describe the orientation dependence o f  t h e  chemical 
pulse sequence used in this study, shielding and quadrupolar interactions, respectively. 
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If the (m, - m )  coherence (m ~ 1/2)  is allowed Under such a condition, the effective Hamiltonian 
to evolve for a period of time, t~, the propagator, becomes analogous to that for a chemical shielding. 
U(t 1, 0), can be written as Therefore, MAS is sufficient to average this effective 

U (  t I , 0 )  = exp( - i B m  _,, t I ). (7) Hamiltonian, resulting in high-resolution NMR spec- 
tra. More specifically, such an effective Hamiltonian 

If the (m, - m )  coherence is transferred into the contains a time-independent part, which is the sum 
central (1 /2 ,  - 1/2)  transition and then allowed to of the isotropic chemical shift and isotropic second- 
evolve for another period of time t 2 = ktl, the total order quadrupolar shift, and a time-dependent term 

propagator becomes that contains information about the chemical shift 
U (  t 2 , 0 )  = U (  t 2 , t I ) 9 1 U (  t l ,  0 )  anisotropy and second-order quadrupolar interaction. 

= exp( - - iHl /2_l /2 t2)91  The latter time-dependent term is responsible for 
spinning sidebands observed in multiple-quantum 

× e x p ( -  iBm _, , t l ) ,  (8) NMR spectra. 

where 9t represents the transformation of a single 
RF pulse or a series of RF pulses that transfers the 2.2. Excitation and transfer of the tripe-quantum 
(m, - m )  coherence into the (1 /2 ,  - 1 / 2 )  central coherence 
transition. Therefore, the effective Hamiltonian for 
the total evolution period, t I + t 2, is given by It is known that, for quadrupolar spin systems 

with I = 3 /2 ,  the triple-quantum (3 /2 ,  - 3 / 2 )  co- 
l ( ~] (2m + k) At cs herence can be excited by applying a weak RF pulse, 

Beef = ~ 1~0,2 i.e. (Off < 09Q [10-12]. To better understand the exci- 
tation efficiency of the triple-quantum coherence by 

+ E [Ctm(I) + kCt,l/2( I ) ]  AQ0 a finite RF pulse in rotating solids, we carried out 
l= 0,2,4 several numerical calculations. The simulations were 

× llz/2,-I/2 (9) based upon numerically evaluating the evolutions of 
Under the sample rotation condition, At~ and AQo the spin density matrix. Fig. 2a shows the excitation 
become time-dependent and can be written using the profile of the triple-quantum (3 /2 ,  - 3 / 2 )  coher- 
Wigner rotation matrices as ence as a function of the pulse length, P~, with 

t different RF power levels. It is clear that in the 
a~o (t)  = E D~t)m',o~t'OsFcr~ t))atA,,,, (10) practical range of the RF power, increased RF field 

m'= - l  strength results in a higher efficiency for the excita- 
where A = CS, Q and OSFC(t) symbolizes the three tion of the triple-quantum coherence. For example, 
Euler angles of the transformation to the laboratory the excitation efficiency of the triple-quantum coher- 
frame from a sample-fixed-coordinate (SFC). In gen- ence is increased by a factor of = 3 when the RF 
eral, A~o(t)contains second-and fourth-rank Legen- field is changed from 60 to 120 kHz. The triple- 
dre polynomials for l = 2 and l - -  4, respectively. As quantum excitation efficiency also depends on the 
indicated in Eqs. (2) and (3), the chemical shielding strength of the quadrupolar interaction. As seen in 
term contains only the second-rank Legendre poly- Fig. 2b, the efficiency for the excitation of the 
nomial, whereas the quadrupolar term contains both triple-quantum (3 /2 ,  - 3 / 2 )  coherence is decreased 
the second- and fourth-rank Legendre polynomials, as the quadrupole coupling constant increases. How- 
The presence of both AQ0 and A o in the quadrupo- ever, it should be noted that the triple-quantum 
lar Hamiltonian is responsible for the failure of the excitation efficiency decreases to zero at two ex- 
MAS technique in averaging out the second-order tremes: (1)  tOO = 0 and (2) tore << ¢..OQ. 
quadrupolar broadening. Clearly, the effective In triple-quantum experiments it is necessary to 
Hamiltonian given in Eq. (9) will not contain A Q transfer the triple-quantum coherence into the central 
terms if the following condition can be satisfied: ( I / 2 ,  - 1 /2)  transition. Therefore, the final sensi- 

-- 3 5 C4,,(I)  +kC4.1/2(I)=0 ( m -  i ,  ~, .  ). (11) tivity of the experiment depends not only on the 
"" triple-quantum excitation but also on the transfer 
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(a) o.6- ~ transition excited by a 'solid' 90 ° pulse. Our simula- 
tions also indicate that the triple-quantum excitation 

o.4- efficiency of the two-pulse sequence is an order of 
p<~4) magnitude larger than that of the three-pulse se- 

0.2- quence [9]. 

0.0 
0 1~0 210 3~0 40 3. Experimental 

P1 (P~) 
(b) 0.6. / 'N ~ All solid-state NMR spectra were obtained on a 

home-built spectrometer operating at 105.22 and 
0.4. 53.94 MHz for 23Na and 170 nuclei, respectively. 

po4) The MAS probe was home built and equipped with a 
0.2- 5 mm spinner assembly (Doty Scientific, Inc., 

Columbia, SC). In all 23Na NMR experiments, the 
0.0- RF field strength was 80 kHz, corresponding to Z3Na 

0 10 p120(~s) 30 40 90 ° pulse length of 3.1 Ixs. The standard phase 
cycling scheme for selectively detecting triple-quan- 

(e) 0.2- tum coherence was used [17]. A sample of solid 
~~~~',,~,',r..,(". ," " ,-, r -, .,,., . sodium bromide was used to accurately set the magic 

0.0- I ~ . . - - ~ ( ~  angle (using 79 Br NMR signals) and to calibrate the 
p(23) F '  '" ~ RF field strength at 23Na NMR frequency. Anhy- 

-0.2 drous samples of Na2SO 4 and Na2HPO 4 were ob- 
tained from Mallinckrodt, Inc., and used without 

-0.4 additional purification. In ~70 experiments, the RF • l T r 
0 10 20 30 40 field strength was 66 kHz. A liquid sample of H 2 0  

P2(I~S) (15% ~70) was used for external referencing. All 
Fig. 2. (a) Calculated excitation efficiency of the triple-quantum numerical simulations were performed on Digital 
(3 /2 ,  - 3 /2 )  coherences for 1 = 3 / 2  nuclei as a function of the A X P  w o r k s t a t i o n s  using t h e  N M R L A B  program 
pulse length, Pp  The quadrupole parameters used a r e  OJQ/2" IT  = 

433 kHz and r /=  0.6. (b) Calculated excitation efficiency of the package [ 18]. 
triple-quantum (3 /2 ,  - 3 / 2 )  coherence for I = 3 / 2  nuclei as a 
function of the pulse length, P~. Parameters used in the calcula- 

tion are ~o a / 2 ~  = 80 kHz and "0 = 0. (c) Calculated transfer 4. Results and discussion 
efficiency of the triple-quantum (3 /2 ,  - 3 / 2 )  coherence to the 
central (1 /2 ,  - 1 /2)  transition as a function of the pulse length, 
P2. In all calculations, the sample spinning frequency was 8 kHz. Fig. 3a shows the free-induction-decay (FID) sig- 

nal obtained in the conventional one-pulse MAS 
experiment for anhydrous Na2SO 4, which decays to 
zero within 500 ixs. Fig. 3b displays the echo signal 

efficiency. Fig. 2c shows the calculated transfer pro- detected after the second pulse in the 3Q experiment 
file in the two-pulse experiment as a function of the with t~ = 1.285 ms and t 2 = 1.000 ms. Fig. 3c shows 
pulse length, P2, with different RF field strengths, the echo maxima as a function of the total evolution 
Again, the transfer efficiency increases as the RF time, t~ + t 2. In contrast to the case in Fig. 3a, the 
field is increased. Interestingly, it seems that a 'solid'  evolution of the echo lasts as long as 8 ms, indicat- 
180 ° pulse of P2 ( 180° pulse for the central transi- ing high resolution in the frequency domain. Indeed, 
tion) [10,11] always gives maximum transfer effi- the 1D 3Q-MAS spectrum, which is Fourier trans- 
ciency. As seen in Fig. 2c, the overall signal inten- form of the echo evolution shown in Fig. 3c, exhibits 
sity of the two-pulse sequence described here can be an isotropic peak with a line width of 109 Hz. By 
as high as 40% of that arising from the central contrast, the MAS line shape exceeds 3 kHz. 
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Similarly, 3Q experiments can also be applied to ~ .  
other half-integer ~uadrupolar nuclei such as l iO(  I 

= 5/2).  The 1D 70 3Q-MAS spectrum of solid 
170-enriched hydroxyapatite (Cas(pI704)3OH) is 
shown in Fig. 4, together with the static and MAS 
spectrum of the same sample. The line width ob- 
served in the 3Q-MAS spectrum is approximately 
330 Hz, which is an order of magnitude smaller than I / / ~  
the 5.5 kHz width observed in the MAS spectrum. 
Analysis of the ]70 MAS spectrum yielded the fol- 
lowing parameter: 8is o = 117 ppm relative to H20, (b) ssb 
tOQ/2"t r - - - -240 kHz (e2qQ/h = 4.8 MHz) and r /=  ~ ~  
0.2. The isotropic ~70 chemical shift found for hy- 
droxyapatite is in agreement with those reported for 
simple inorganic phosphates [19]. The quadrupole 
coupling constant determined for hydroxyapatite is ssb 
also consistent with the NQR result reported for (c) ssb I ~  
solid K H 2 P O  4 [20]. Interestingly, rotational side- . , .  A 
bands are observed in the 170 3Q-MAS spectrum of 
hydroxyapatite shown in Fig. 4c. In 3Q-MAS experi- 15 10 5 0 -5 -1'0 -1'5 
ments, since isolropic echoes appear at t 2 = kt l ,  the kHz 

Fig. 4. 170 NMR spectra of hydroxyapatite. (a) Static, (b) MAS 
and (c) 3Q-MAS. The sample spinning frequency used for obtain- 
ing (b) and (c) was 11.3 kHz. In (c) the t I increment was 12.6 ixs. 
A total of 125 t~ increments were collected. For each tj incre- 
ment, a total of 624 transients were recorded. The recycle time 

(a) was 1 s. The RF pulse length was 8,0 and 2.5 p,s for Pj and P2, 
respectively. 

apparent spinning frequency in 3Q-MAS spectra is 
~ ~ _ . ;  scaled by a factor of 1 + k  where k is 1.58 for 

(b) ":"-~--~----"~--:---:'~-':~---:'~ 1----- 5 / 2  nuclei. It is noted that a smaller value of k, 
0.78, is required for spin-3/2 nuclei [9]. Therefore, 
the scaling of the spinning frequency is more severe 
for spin-5/2 nuclei. Similar scaled rotational side- 
bands have also been observed in DAS spectra [16]. 

(e) As indicated by Eq. (9), the isotropic line position 
observed in a 3Q-MAS spectrum is different from 
that found in the corresponding MAS spectrum~ As 
seen in Fig. 4, the offset of the 170 MAS line shape 
is approximately - 3 . 4  kHz; however, the offset of 

~ ~ ~ j ~ the isotropic peak in the 3Q-MAS spectrum is -0.1 
0.0 2.0 4.0 6.0 8.0 10.0 kHz.  

Time (ms) Another sample that was chosen for testing the 
Fig. 3. (a) FID observed after one pulse under the MAS condition two-pulse sequence is anhydrous Na2nPO4, since 
for anhydrous Na2SO 4. (b) FID observed after the second pulse in 

this sample is known to contain three crystallograph- the 3Q-MAS experiment with a delay between the first and 
second pulse being 1.285 ms. (c) Echo maximum as a function of ically d i s t i nc t  N a  s i t e s  w i t h  different chemical shifts 
the total evolution time, t I + t 2. a n d  quadrupole coupling constants [21]. A s  d i s c u s s e d  
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earlier, 1D 3Q-MAS spectra preserve the isotropic and asymmetry parameter (7?) for the three Na sites 
chemical shift and isotropic second-order quadrupo- in anhydrous Na2HPO 4 were previously reported 
lar shift, and so should be useful in distinguishing [21]: Na(1), 355 kHz, 0.69; Na(2), 229 kHz, 0.21; 
between crystallographically non-equivalent sites. Na(3), 617 kHz, 0.27. The fact that there are three 
However, this is at a cost of losing the anisotropic crystallographically non-equivalent Na sites in anhy- 
information associated with individual sites. Analo- drous Na2HPO 4 makes the analysis of MAS spectra 
gous to DAS experiments [5], 3Q-MAS spectra can difficult. In the 2D 3Q-MAS spectrum, however, all 
also be obtained in a two-dimensional (2D) fashion, three Na sites are clearly resolved. Furthermore, slice 
If the t 2 acquisition begins at the top of echo, the spectra can be displayed along the to 2 dimension 
resultant 2D FF spectrum will display isotropic peaks from each of the isotropic positions. These slice 
along the oJ~ dimension and their corresponding spectra correspond to individual sub-spectra in the 
anisotropic MAS line shapes along the w 2 dimen- total MAS line shape and can be analyzed separately, 
sion. The 2D 23Na 3Q-MAS spectrum of anhydrous yielding quadrupole parameters for each of the indi- 
NaeHPO 4 is shown in Fig. 5. Along the w I dimen- vidual sites. 
sion, the three crystallographically non-equivalent Since the positions of individual peaks in 3Q-MAS 
Na sites, Na(1), Na(2), and Na(3), are clearly ob- spectra are different from those in MAS, DAS or 
served. The line width of the three peaks is approxi- DOR spectra, caution must be exercised in interpret- 
mately 280 Hz, which is significantly narrower than ing ID 3Q-MAS spectra. For example, the Na(3) site 
the width of the corresponding MAS line shape, 8.3 appears at the lowest frequency in the MAS and 
kHz. The quadrupole coupling constant (OgQ/2"n') D O R  spectra of anhydrous Na2HPO 4, but it is at the 

- 8 . 0  

Na(3) < ~ = ~ i ~ 1 ~  ' ~  
- 6 . 0  

a h/2re 

Na(1) ' - 4 . 0  (kHz) 

- 2 . 0  

r I I 

5.0 0 -5.0 -10.0 

~2/2~ (kHz) 
Fig. 5 . 2D  23Na 3Q-MAS spectrum of  anhydrous Na2HPO 4. The sample spinning frequency was 1 1.7 kHz. The t L increment was 25.7 I~s. 
A total of 140 t~ increments were collected. For each t t increment, a total of  112 transients were recorded. The recycle time was 2 s. The 
RF pulse length was 8.0 and 2.5 Ixs for Pl and P2, respectively. The 23Na MAS spectrum (top) and ID 3Q-MAS spectrum (left) are also 
shown. 
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highest frequency in the 1D 3Q-MAS spectrum (see coherence excitation in the two-pulse sequence is 
Fig. 5). For I = 3 / 2  nuclei, the position of the less sensitive to the magnitude of quadrupolar inter- 
isotropic peak in a 3Q-MAS spectrum is given by actions, making it more likely to detect all crystallo- 

3 + k  9 / 3 - k )  to_~( graphically non-equivalent sites that may have dif- 
3Q = _ _  + 1 + 17/2). ferent quadrupole coupling constants. The 3Q-MAS 

tOis° 1 + k 0)is° " ~  ~ ~ 0 experiment can be interpreted in either one- or two- 
(12) dimensional fashion. While 1D 3Q-MAS experi- 

ments yield high-resolution isotropic spectra, the 2D 
Interestingly~e spacing between the three isotropic presentation provides useful correlations between 
peaks in the Na 3Q-MAS spectrum of Na2HPO 4 is isotropic and anisotropic interactions. 
greater than the difference between the centers of the 
MAS line shapes for individual sites. This indicates 
that 3Q-MAS spectra for spin-3/2 nuclei exhibit a Note added 
higher resolution than do DAS and DOR spectra. For 
spin-5/2 nuclei, the shift difference between After the submission of this paper, we learned 
isotropic peaks in triple-quantum 3Q-MAS spectra is that other research groups had also proposed the 
smaller than that between the centers of individual two-pulse sequence in obtaining isotropic NMR 
MAS line shapes, resulting in a poor resolution spectra for half-integer quadrupolar nuclei [22,23]. 
compared to DAS and DOR spectra. However, quin- 
tuple-quantum (SQ) MAS spectra for spin-5/2 nu- 
clei still exhibit a higher resolution than DAS and 
DOR spectra have. Acknowledgement 
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