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MOLECULAR PHYSICS, 1994, VOL. 81, No. 5, 1109-t124 

Cross-polarization dynamic-angle spinning nuclear magnetic resonance 
of quadrupolar nuclei 

by JAY H. BALTISBERGERt,  SHERYL L. GANN, 
PHILIP J. GRANDINETTI~ and ALEXANDER PINES w 

Materials Sciences Division, Lawrence Berkeley Laboratory, 
and University of California, Berkeley, CA 94720, USA 

(Received 11 October 1993; accepted 13 October 1993) 

The use of variable-angle spinning (VAS) with cross-polarization (CP) for 
quadrupotar nuclei has been evaluated both experimentally and theoretically. 
It is known that under normal spinning speeds the best VAS angle for perform- 
ing CP is 0 ~ (parallel to the magnetic field). We show that, with the use of 
dynamic-angle spinning (DAS) probes, CP may be done at 0 ~ and detection 
in a one-dimensional VAS experiment may be performed at any angle in a 
zero-polarized VAS (ZPVAS) experiment. Finally, the combination of CP with 
k = 5 DAS (where the sample is spun first at 0 ~ followed by 63.43 ~ provides 
both the highest resolution and the greatest sensitivity under normal conditions. 

1. Introduction 

Significant increases in nuclear magnetic resonance (NMR) sensitivity can be 
achieved by transferring high nuclear spin polarization between inequivalent nuclei 
using cross-polarization (CP) techniques [1]. In addition, selective CP transfer can be 
applied as a useful tool for spectral editing [2-9]. While CP is very effective technique 
for static samples, the combination of CP with high-resolution solid-state N M R  
techniques that require sample rotation suffers from a number of difficulties. One 
of these difficulties is that the dipolar spin interactions that mediate the CP transfer 
become time dependent under magic-angle spinning (MAS), making the Har tmann-  
Hahn matching conditions more complicated and also reducing the efficiency of the 
polarization transfer [10]. Another difficulty arises when cross-polarizing the central 
transition of half-integer quadrupolar nuclei. In this situation, the time dependence 
of the large first-order quadrupolar interaction interferes with the Har tmann-Hahn  
matching [11, 12]. 

Dynamic-angle spinning (DAS) NMR provides high-resolution isotropic spectra 
for the central transition of half-integer quadrupolar nuclei, which are broadened 
owing to second-order effects, by making the angle of the spinner axis a time- 
dependent variable [13-15]. This additional degree of freedom not only gives high- 
resolution spectra but, as we have shown previously [16-18], provides a solution to 
the problem of combining CP with high-resolution solid-state NMR techniques. This 
solution exploits the time independence of the spin eigenvalues when spinning at 0 ~ 

t Present address: Department of Chemistry, Berea College, Berea, KY 40404, USA. 
++ Present address: Department of Chemistry, Ohio State University, Columbus, OH 43210, 

USA. 
w Author for correspondence. 
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1110 J .H .  Baltisberger et al. 

(paralM) with respect to the external magnetic field. By performing CP while spin- 
ning at 0 ~ the full static CP intensity can be obtained and used in a MAS, variable- 
angle spinning (VAS) or DAS experiment. A similar technique has been used by Fyfe 
et al. [19,20] to improve CP transfer between the central transition of half-integer 
quadrupolar nuclei and spin-�89 nuclei such as 31p and 29Si, which often have inefficient 
relaxation mechanisms. 

In this paper, we summarize the basic theory of CP of the central transition in 
a rotating solid and discuss experimental examples of CP under various sample 
rotation conditions. 

2. Theoretical analysis 

The theory of spin locking and CP of the central transition of half-odd integer 
nuclei has been described in detail by Vega [11,12]. In this section, for completeness, 
we present a condensed treatment of this problem. 

In the CP experiment involving polarization transfer from a spin I = �89 to the 
central transition of a quadrupolar spin S = 3, the observable of interest, (S+(t)), is 
obtained from the relation 

(S+(t)) = Tr [a(t)S+]. (1) 

Here, a(t) is the density operator whose evolution is given by 

= v(t) (o)v t (t), (2) 

where 

U(t) = T exp ( - i  j l  H( s )ds ) ,  (3) 

T is the time-ordering operator and H(t) is the Hamiltonian. The secular Hamilto- 
nian in the rotating frame is given by 

/-/(t) +/ZD(t) + Z-/Q(t), (4) 

where 

HRF = -wl f lx  - O')lgSx, (5) 
HD(t) : c~DA~o(t)21~Sz, (6) 

A Q 1 2 HQ(t) = CVQ 2o(t)~[3Sz - S ( S +  1)], (7) 

colz and o:lS are the r.f. field strengths, and A~o(t) and AQo(t) are irreducible spherical 
tensors with principal axis system (PAS) elements P20 = 1 and P2i2 = r//61/2 (7 = 0 
for the dipolar interaction). The heteronuclear dipolar coupling between two spins, 
I = 1 and S = 3, and the quadrupolar coupling constant of the S = ~ spin are given 

2 3 2 by r =/~o7~7s h /4rcr and COQ = 3e q Q / h 2 S ( 2 S -  1) respectively. It is convenient 
to rewrite this Hamiltonian in the fictitious spin-�89 formalism [21,22] (see appendix) 
a s  

H(t) = - col,Ix - 31/2Wls(Slx 2 + S~-4) _ 2wisSax-3 + wQAQo(t)(Slz-2 _ S~-4) 

D 1 - 4  D 2 - 3  + 3a3DA2o(t)2IzSz + CODA20(t)2IzSz . (8) 

We assume that ICOlI], [CallS ] ) )  [0-)D[ and transform into a time-dependent frame [23] 
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Cross-polarization NMR 1111 

that diagonalizes HRF + HQ(t) using 

W(t)=exp(- �89 l"(~lrcSyl-4) exp 1. 2-3 exp (t)Syl-3]exp (-~lrCSy) [i2(1 [i2(2 (t)Sy2-4], 

(9) 
where 

and 

31/2C01S (10) 
tan [2~1 (t)] = _a~QA~0(t) + ~olS 

31/2WLS (1 1) 
tan [2(2(t)1 = _~oeAe( t  ) _ wlS 

The propagator  in this t ime-dependent frame is given by 

0( t )  = T exp - i  [/t(s) - il,;Vt(s) W(s)] ds , (12) 

where 

fl(t) = Wt(t)H(t) W(t) 

= - -  O d l l t  z + 031Sk(81-4z - -  82-3) -- w1-3(t)S~ -3 - ~2-4(t)  82-4 

1 - 4  1 - 4  2-3 2-3 
_ b l  S ( t ) 2 i x S x  _ b i  S ( t ) 2 i x S x  _ b l s 2 ( t ) 2 i x S 1 - 2  _ b t  S 3 - 4 ( t ) 2 I x S x 3 - 4  (13) 

with 

and 

j - 3 ( t )  = {3W~s + [CoQAQ(t) - Wls]2}l/2 = -aJQAQ(t)  + COls 
COS [2(1 (t)] ' (14) 

CO2-4(/) = --{30.)~S -I- [CoQAQ(t) + cols]2} '/2 = C~ + C~ 
cos [2(2(t)] ' (15) 

b~s4(t) = CoDAD(t) {2 COS [(I (t) -- ~2(t)] + COS [(1 (t) + (2(t)]}, (16) 

bls2(t) = coDA~(t){2 sin [~1 (t) - (2(t)] - sin [(1 (t) + (2(t)]}, (17) 

b2s3(t) z wDAD(t){2COS [(1 (t) -- (2(t)] -- COS [(1 (l) -}- (2(t)]}, (18) 

b3s4(t) = a, 'DAD(t){2 sin [(I (t) -- (2(t)] + sin [(1 (t) q- (2(t)]} (19) 

d( l  (t) 1-3 d(2 (t) 8 2-4 (20) i ( V t ( t ) W ( t ) = 2 ~ S y  + 2  dt Y ' 

where 0 ~< {(l(t) ,  (2(t)} ~< �89 Since U(t) is related to the rotating-frame propa- 
gator by U(t) = W(t)(J(t)Wt(O), equation (1) can be rewritten 

(S+(t)) -~ Tr [U(t)3(0) t ) t ( t )S+] ,  (21) 

where S+ = Wt(t)S+ W(t) and ~(0) = Wt(0)~7(0)W(0). After an initial l i t  pulse on 
the I spin, the initial density operator  is or(0) = Ix, and the t ransformed initial density 
operator  is 

~(0) = Wt(0)~r(0) W(0) = Iz. (22) 
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1112 J . H .  Baltisberger et al. 

~ 2  

7t/3 g, 

~D 

r~/6 

0 

Figure 1. Plots of {1 ( - -  - - - -  

y 

/ 

g/2 g 3rc/2 2r~ 

Rotor Phase/rad 

) and (2 ( ) as functions of rotor phase for a crystallite 
spinning about the magic angle (54.74 ~ with PAS oriented perpendicular to 
the rotor, e2qQ/h = 11.0 MHz and r? = 0"0. 

In figure 1 is a plot of the values of ~1 and {2 for a typical crystallite as a function 
of the rotor phase for a complete rotation. Note that, for a majority of  the rotor 
period, both {l and ~2 have values near either 0 or �89 Therefore, for the majority of 
the rotor period, the Hamiltonian in equation (8) can be written in terms of  single 
and triple quantum operators as either 

I2I(~ .~ O) ~ . . . .  co,iiz 2c01S82-3 q_ a)Q(S~o 4 8203) 6~ODA20(t)IxSxD 1-4 

D 2-3 + 2CODA2o(t)IxS x (23) 

or 

f fI(~ ~ ire)  ~ . . . .  COlliz _1_ 2colS S~-4 COQ(S~o-4 S020 3) 2CODA20(t)ixSxD l-4 

D 2-3 + 6CODA20(t)IxSx . (24) 

In general, the time-ordering operator T makes the integral in equation (12) 
complicated since H(t) and l /Vt( t )W(t)  do not commute with each other at all 
times. There are, however, certain approximations that can simplify this task. The 
adiabatic approximation is permitted when ]/~(t)] >> [l~t(t)W(t)], and the sudden 
approximation is permitted when ]/)(t)l << ]l~{(t) W(t)  L. 

If the a.diabatic approximation holds when AQo(t) passes through the extre- 
mum in WT (t) W(t), the level crossing is avoided and the propagator for all times can 
be written 

(Ta(t) = exp ( - i  Ji H(s) ds) .  (25) 

Under the Har tmann-Hahn  matching condition COll = ( S +  1)colS, and assuming 
that we start with a crystallite where {t ~ {2 ~ 0, adiabatic evolution of Iz under 
the Hamiltonian of equation (23) leads to 

gQa(/)IzUat (t) --+ �89 2-3 + Sz ), (26) 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 B

er
ke

le
y]

 a
t 1

2:
26

 1
9 

A
pr

il 
20

13
 



Cross-polarization NMR 1113 

and polarization is transferred from the I spin to the central transition of the S spin. 
CP transfer is interrupted while the sample rotation takes the first-order quadrupolar 
coupling through zero. After the zero crossing, ~l and ~2 take on values near �89 and 
adiabatic evolution of Iz under the Hamiltonian of equation (24) leads to 

(Ja( t)Iz(J~a ( t) --~ �89 (Iz + Szl-4). (27) 

During MAS, this process occurs twice or four times every rotor period depending 
on the PAS orientation. In addition, S 2-3 and S 1-4 remain spin locked and 
unchanged during those periods when they are not involved in polarization trans- 
fer. While the polarization transfer from I~ is switching between S 2-3 and 1-4 Sz , the 
effective observable is also approximated as switching between 

,~1/2./,~1-2_ 2 ~2-3 3-4 S+(~0)~2S2-3-31/2(S1-3-[-$2-4)q-.3 l[2~y -5-3-i~3y --~Sy ) (28) 

and 

2 K'I-4 3-4 ~+(r ~ !~)2 ~ -2S~ -4 + 31/2( S~-3 - $2-4) + 31/2i(Sy 1-2 +3-~y  + Sy ) (29) 

respectively. As shown by Vega [12], after multiple zero crossings the central and 
triple quantum transitions will be equally polarized from the I spin. The overall CP 
intensity will be identical with that observed for a static spin in the thermodynamic 
limit. However, the overall rate will be half as fast, since both the central and the 
triple quantum transitions are being polarized simultaneously. In the presence of a 
short rotating frame relaxation time, this will lead to a reduced overall CP intensity 
from the spins undergoing adiabatic zero crossings. 

When the sudden approximation holds, the propagator can be written 

Us(t) = exp ( J i  I;V~f(s)W(s)ds). (30) 

While this propagator does not hold for all times, the term We(t)W(t) has the form 
of an impulse function with an integrated area of �89 rt centred near the zero crossing of 
AQo(t). This results in a discontinuous transition between the adiabatic propagator of 
equation (25) and the sudden propagator of equation (30) (figure 2). Under the 
sudden propagator, S2z -3 and S 1-4 transform according to 

0s(t)s  -3 (31) 

and 

(Js(t)S~-4(J~s (t) --+ Sz2-3. (32) 

Therefore this coefficients of the Sz 2-3 and Slz -4 terms in the density matrix will be 
exchanged after evolving through a sudden zero crossing. After multiple zero cross- 
ings, one of  the two transitions will be completely polarized while the other will be 
unpolarized. The observable operator will always match the cross polarizing 
transition; so the polarized intensity will always remain observable, and the CP 
efficiency and rate should be identical with the static case. 

Crystallites which pass through the zero crossing in neither an adiabatic nor a 
sudden regime fall into the intermediate regime. This type of evolution is the most 
difficult to calculate analytically. To determine the evolution of the density matrix in 
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1114 J . H .  Bal t i sberger  et al. 
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Figure 2. Plot of  diagonal and off-diagonal coefficients w 1-3 ( ), w 2-4 ( . . . .  ), d(2~l ) /dt  
( - . - )  and d(2~2)/dt , ( . . . .  ) of  the t ime-dependent frame Hamiltonian in 
equations (13) and (20), as functions of wQAQo(t). The off-diagonal coefficients have 
the form of  Lorenztian impulse functions as follows: 

d [ 2 ~ ,  ( t ) ]  _ 3v~,s~Q dA~o(O 

and 

dt [~QAQ(t)+w,s]Z + 3a)~S dt 
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Cross-polarization N M R  1115 

the intermediate regime, contributions from bo th / ) ( t )  and l~ t (t)W(t), which do not 
commute at all times, must be used to construct the propagator. Vega [11, 12] has 
shown with numerical simulations that spins undergoing an intermediate-regime 
zero crossing evolve into non-spin-locked states and thus result in a significant 
loss of  CP intensity. To indicate whether a zero crossing is in the adiabatic, inter- 
mediate or sudden regime, an adiabaticity parameter a is defined: 

__ CO1-3 ( / 1 - 3 )  C02-4(t2-4) -- 3W~S dt t~ -3" 
c~ {d[2~l(t)]/dt}[t~-3 = - {d[2~2(t)]/dt}l,~-, CVQ dAQ0(t) (33) 

�9 Q 1-3 This is then evaluated at either of  the zero crossmgs, co, A . . ( t  o ) ~COls 
Q 2 - 4  . "~ ~u or cOQA20(t 0 ) ~ - W l s ,  corresponding to a maximum in the ~)t(t)W(t) term when 

~1 or ~2 goes through �88 This definition of the adiabaticity parameter is proportional 
to that used by Vega; however, now there is an additional orientation dependence as 
well which comes from the time derivative of  AQ(t) .  When the value of  c~ at the zero 
crossing is much larger than, much less than, or of  the order of one, the crossing will 
be adiabatic, sudden or intermediate respectively. 

In a multisite system it may be difficult or even impossible to adjust c~ (by 
changing the spinning rate or r.f. power levels) for optimal CP transfer of  all sites 
while spinning at the magic angle. One solution that eliminates the problem is to 
exploit the time independence of  the spin eigenvalues when spinning at 0 ~ (parallel) 
to the external magnetic field direction. By performing CP while spinning at 0 ~ none 
of the spins undergoes zero crossing and the full static CP intensity can be recovered. 
We call this approach ZPMAS and ZPVAS for zero-polarized MAS and VAS, 
respectively. In the next section, we show experimental examples using these 
approaches. 

The theory for the DAS experiment has been described previously [13, 14, 24, 25]. 
In the DAS experiment, there exists a continuous distribution of angle pairs with the 
basic requirements that the evolution periods t I / ( k  + 1) at the first angle 01 and 
k q / ( k  + 1) at the second angle 02 fulfil the following pair of equations: 

e2(cos 01) = -kP2(cos  02), 

P 4 ( c o s  01)  = - k P 4 ( c o s  02) ,  

where Pn(x) is the nth order Legendre polynomial of x. 

(34) 

3. Results and discussion 

The effect of level crossings on CP efficiency can be seen clearly in figure 3, which 
shows the CP efficiencies of sodium hydroxide (NaOH �9 xH20),  and sodium pyruvate 
(CH3OCOONa) against VAS angle. All intensities are scaled relative to the corre- 
sponding single-pulse 23Na VAS and MAS spectra, using the sequence given later in 

Figure 2. Continued. 
The crystallite parameters are identical with those in figure 1. The curves in (a) are for a 
spinning rate of 100 Hz which has an adiabaticity parameter a of 5'5. The curves in (b) 
are for a spinning rate of 1 kHz which has an adiabacity parameter a of 0.55. The curves 
in (e) are for a spinning rate of 5 kHz which has an adiabaticity parameter a of 0'11 
(sudden regime). 
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1116 J .H .  Baltisberger et al. 

r,.) 

3.0 

2.5 

2.0 

1.5 

1.0 

0 . 5 -  

0.0 

�9 �9 �9 �9 �9 �9 

I I I I 
0 20 40 60 80 

2 . 0  - -  

1.5 

0 . 5 -  

0.0 
I I I I 

0 20 40 60 80 

Spinning Angle 0 

Figure 3. CP intensity as a function of VAS angle for sodium pyruvate (m) and sodium 
hydroxide (o). The results for sodium pyruvate using the ZPVAS experiment (O) are 
also shown. Curves through points are arrived at numerically as discussed in the text. 

figure 7. As expected, only under static (0 ~ VAS) conditions do we achieve the 
expected CP efficiency maximum of approximately 71/272 for sodium hydroxide 
and 371/472 for sodium pyruvate. The factors of  1 and 43- are due to the high 
abundance of  both 1H and 23Na, causing CP to be controlled by the equilibrium 
between their respective spin temperatures. As the VAS angle increases, CP efficiency 
decreases dramatically. Spinning the sample at an angle greater than approximately 
25 ~ results in an efficiency that is less than that achieved by a single pulse. This 
indicates that the level crossings are significant, even when only a reduced fraction 
of the spins are undergoing the maximum four crossings per rotor cycle. 

We can calculate the approximate CP efficiency at any given spinning angle (the 
curves in figure 3) by first determining the number of  crystallites with ~i and ~2 
excursions within 1 rt of  0 or �89 rt and thus capable of Har tmann-Hahn  matching. 
Secondly, of  those spins which can cross polarize, we sum the number that undergo 
adiabatic or sudden zero crossings. The adiabatic spins are assigned an arbitrary 
intensity between 0"5 and 1'0 since they may not be fully cross polarized before 
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Cross-polarization NMR 1117 

M A S  
S i m u l a t i o n  

x4 

C P M A S  

x4 

I I I I I I I I 
20 10 0 -10 -20 5 0 -5 

Frequency/kHz Frequency/kHz 

Figure 4. MAS spectra of sodium pyruvate acquired with MAS, CPMAS and ZPMAS pulse 
sequences. Spectra on the right are expanded to show the centre band more clearly. The 
insets show magnified sections of the baseline for better comparison of signal-to-noise 
ratios. 

rotating frame relaxation begins to impede the CP build-up while the sudden spins 
are assigned an intensity of  1.0. For  sodium hydroxide and sodium pyruvate, the 
values of  e2qQ/h were 1 '8 and 2"36 MHz  and ~ were 0"0 and 0.77 respectively in these 
calculations. The parameters for sodium pyruvate were obtained from simulations of  
the MAS spectrum while those of  sodium hydroxide were taken from Vega [12]. 
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1118 J . H .  Baltisberger et al. 

CPDAS (k = 1) 

x5 

CPDAS (k = 5) 
S/N = 123.6 

x5 

DAS (k = 1) 

x5 

DAS (k = 5) 

x5 

' I ' I ' I ' ' I ' I ' I ' 

10 0 -10 10 0 -10 

Frequency/kHz Frequency/kHz 

Figure 5. DAS spectra of sodium pyruvate acquired at both k = 1 and k = 5 with both DAS 
and CPDAS pulse sequences. Insets show magnified sections of the baseline for better 
comparison of signal-to-noise ratios S/N. 

Figure 3 also shows the CP efficiency for sodium pyruvate at the angle at which 
detection occurred under ZPVAS. Since CP always occurs at 0 ~ the observed 
efficiency is constant for all angles. However, the efficiency under ZPVAS is less 
than that observed under 0 ~ VAS because of T1 relaxation processes that occur 
during the hop from 0 ~ to the detection angle. 

In figure 4, we show the I H-decoupled MAS spectra of sodium pyruvate acquired 
with and without CP and with ZPMAS together with the simulation of  the MAS 
powder pattern. The signal-to-noise ratio is the worst for CPMAS, about 75% of 
that seen in the MAS spectrum without CP. On the other hand, the ZPMAS 
spectrum has a signal-to-noise ratio about  twice that seen in the MAS spectrum 
taken without CP. 

In figure 5, the decoupled DAS and CPDAS spectra of sodium pyruvate for the 
0o-63.43 ~ (k = 5) and 37'38~ ~ (k = 1) angle pairs are compared. For  k = 5, we 
observe over 2.5 times the signal-to-noise ratio in the spectrum taken with CP 
compared with the spectrum taken without CP. In addition, the CPDAS experiment 
at k = 5 has a signal-to-noise ratio over 4"5 times that of the CPDAS experiment at 
k = 1. This demonstrates the importance of 0 ~ CP for DAS. The CPDAS experiment 
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Cross-polarization NMR 1119 

done at 37.38 ~ (k = l) has a worse signal-to-noise ratio than the same experiment 
done without CP. Other k values will also have reduced CP efficiencies, in addition to 
having spinning side-band patterns which are more complicated than in the k = 1 or 
5 cases [25]. 

4. Dynamic-angle spinning dipolar linewidth 

While DAS removes second-order anisotropic broadenings it fails to remove 
first-order homonuclear dipolar broadenings. This is because the lr~ pulses applied 
before and after changing angles fail to store all density matrix elements owing to 
homonuclear spin-spin interactions. This results in a dipolar dephasing that is not 
refocused while spinning at the second DAS angle. However, since DAS utilizes a 
continuous set of complementary angle pairs, the degree of dipolar dephasing 
depends on the choice of the DAS angle pair. 

Using an approximation which describes the dipolar dephasing of a static homo- 
nuclear bath of spins as a Gaussian decay, the signal for an on-resonance spin may 
be written as 

S(t) = exp ( -  1M2t2), (35) 

where M2 is the second moment as defined by Van Vleck [26]. Under fast spinning 
conditions (co r > aoi)), the effective dipolar coupling is scaled by P2(cos 0) and there- 
fore the effective second moment is M2P~(cos 0) (remember that 0 is the rotation 
axis orientation with respect to the magnetic field). The signal for an on-resonance 
spin undergoing fast VAS is 

S(t) = exp [-  1M2p2(cos 0)t21. (36) 

In a DAS experiment, the sample evolves under fast VAS conditions at two different 

{ 1 lareff,2"~ (37) = exp~--~lv12 ~1) 

For the DAS angle pairs 01 and 02, the value of P2(COS 0) can be expressed in terms 
of k (from equation (34)) where P2(COS 01)= (lk)l/2 and P2(cos 02 )=- ( � 89  1/2. 
This equation yields an effective second moment for the isotropic line in the DAS 
experiment of M~ r f=  2kM2/5(k q- 1) 2, giving a linewidth 

(2kM2) 1/2 
Aw ~ (38) 

51/2(k -k 1)' 

The narrowest line in a conventional DAS experiment should therefore arise when 
the k = 5 angle pair 00-63.43 ~ is used and should be about 75% of the linewidth for 
a k = 1 experiment. 

The dipolar linewidths for sodium oxalate (Na2C204), rubidium perchlorate 
(RbC104) and deuterated boric acid (D3BO3) are shown in figure 6 for a range of 
k values from 0.8 to 5. It is always true that the linewidth at k = 5 is about 20% less 
than at k = 1 in agreement with equation (38). The solid curves through these data 
points are the best fitted using the function 

(2kM2) 1/2 
AC0isotropi c 7- ACOT2 -Jr 51/2(k -t- 1)' (39) 

angles. Therefore, the signal for an on-resonance spin will be 

S(q) = e x p  -�89 j exp ( ktl -~2] 
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Figure 6. Isotropic linewidth of boric acid (top), sodium oxalate (bottom) and rubidium 
perchlorate. The curves are the best fits from equation (39). 

where M 2 is the second moment due to homonuclear dipole interactions in a static 
sample and AcvT2 is the intrinsic linewidth due to field inhomogeneity and T 2 relaxa- 
tion. The values for M2 extracted in this manner are very similar to those extracted 
from static Car r -Purce l l -Meiboom-Gi l l  (CPMG) experiments. This further con- 
firms that the k = 5 angle pair is the best angle pair with which to perform the DAS 
experiment. 

5. Experimental details 

The CP experiments were performed on a home-built spectrometer at 7'04 T (1H 
N M R  frequency of 301-200MHz and 23Na frequency of 79.671 MHz). The DAS 
probe was home built with a stationary coil of 0"75 in diameter for both r.f. trans- 
mission and detection [27]. The double-tuned r.f. resonant circuit was similar to that 
described by Doty et al. [28, 29]. The input power of 300 W on the l H channel and 
100 W on the 23Na channel gave 7 ~s central transition selective �89 ~ rotations and the 
spinning rate was between 4.0 and 6.6 kHz. The samples of sodium hydroxide and 
sodium pyruvate used for these experiments were obtained from standard commer- 

(n/2)x SLy (g/2)-x (n/2)x SLy (~/2)-x 

X 
(~/2)x SLy (n/2)-x re/2 

O(t) 01 

02 

Figure 7. One-dimensional ZPVAS pulse sequence. The axis angle with respect to time is 
shown below the sequence. SL refers to spin lock. Subscripts refer to the phases of pulses. 
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Cross-polarization NMR 1121 

1H 

X 

0(t) 

(7~/2)x SLy (g/2)-x (g/2)x SLy 

[ II 
(7t/2)r (=/2)x (rff2)~3 gx (PSD)d~R 

 hop 
02 

(~/2)-x 
[ 

O(t) 01 
(a) 

(71;/2)~ 1 SLy2 (/I:/2)-~1 (r~/2)x SLy 

(~/2)~ 1 SL~2 (zt/2)x (rt/2)~3 7tx (PSD)~R 

t~._tl ~ h~ ~Zech~ ~ ]  + ,  t2 

0 2 

01 / 

(n/2)-x 

01" X Y X Y Y X Y X X Y X Y Y X Y X 

~2" Y X Y X X Y X Y Y X Y X X Y X Y 

%: X X X X Y Y Y Y X X X X Y Y Y Y 

~bR'X Y X Y 
(b) 

Figure 8. (a) Pulse sequence for two-dimensional 1H-decoupled DAS. The r.f. pulse phase 
cycle is given in [24]. (b) Pulse sequence and r.f. pulse phase cycle for two-dimensional 
1H-decoupled CPDAS pulse sequences. Details of the data treatment required with 
these sequences has been described in [24]. In both figures, SL refers to spin lock, PSD 
refers to phase-sensitive detection, subscripts refer to pulse phases, and O(t) refers to the 
axis orientation. 

cial sources. The pulse sequence for ZPVAS is given in figure 7, and the pulse 
sequence for CPDAS is given in figure 8. For the CP efficiency experiments, phase 
alternation of the 1H r.f. was used to assure that only the intensity due to CP could 
be measured. Additional details on the DAS pulse sequence and data processing 
have been described previously [24]. For CPDAS and ZPVAS experiments, a 1~ 
pulse was applied on the 23Na simultaneously with the initial 1H �89 to achieve the 
largest final sodium polarization. For the 23Na spectra without CP, recycle delays of 
30s and 16 s were used for the sodium hydroxide and sodium pyruvate respectively 
while for the CP experiments recycle delays of 10 min and 36 s respectively were used 
to assure complete relaxation for accurate intensity comparisons. For the DAS 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 B

er
ke

le
y]

 a
t 1

2:
26

 1
9 

A
pr

il 
20

13
 



1122 J .H .  Baltisberger e t  al .  

experiments we acquired 32 scans for each of the 90 tl points while for the CP build- 
up curves and ZPVAS spectra we acquired four, eight or 64 scans for each different 
contact time and angle pair respectively. For the CPDAS and ZPVAS experiments 
on sodium pyruvate the CP contact time was 20 ms. The contact time for sodium 
hydroxide was 2 ms. 

For the isotropic linewidth measurements, samples of sodium oxalate and 
rubidium perchlorate were obtained from commercial sources while the deuterated 
boric acid was made by exchanging the protons in boric acid (H3BO3) with deuter- 
ium oxide (D20), both commercially obtained. The experiments were performed at 
11 "7 T (87Rb frequency, 163.623 MHz; 23Na frequency, 132-201 MHz; 11B frequency, 
160.446MHz) with the same probe as above. The pulse sequence used for DAS was 
the same as above although without decoupling. The selective �89 rt times were between 
4 and 8 Its and the recycle delays were between 1 and 4 s. The spinning speeds were 
between 5.0 and 7'0kHz which effectively removed all spinning side-bands from 
these spectra. The sweep widths were set to 10kHz, and between 256 and 1024 
scans were acquired for each of 60 tl points at each k value. 

6. Conclusion 

We have shown that the efficiency of CP can be strongly attenuated unless the 
spinning axis is close to 0 ~ Therefore in any VAS or DAS experiment it will be 
difficult to achieve maximum CP efficiency unless one does the magnetization trans- 
fer at 0 ~ as a part or before starting the experiment. In addition, for the case of DAS, 
the choice of 0 ~ and 63.43 ~ possess the additional benefit of giving the largest 
effective spinning speed, -sa) and narrowest residual homonuclear dipolar line- 6 r ,  

width. These results should prove quite valuable for systems with low abundance 
such as 87Rb (27.8% abundant) or where isotopic labelling is crucial such as 170 
(0'037% abundant), which could have polarization enhancements of 3.1 and 7.4 
respectively, leading to large savings in experiment time. In addition, for spin-�89 
systems (such as 1H-13C or 1H-15N), where the time modulation of  the dipolar 
interaction leads to modulations of the Har tmann-Hahn match condition, the use 
of ZPMAS may yield better CP efficiencies and reduce CPMAS distortions. 

We wish to thank Lyndon Emsley and Lucio Frydman for helpful discussions. 
This investigation was supported by the Director, Office of Energy Research, Office 
of Basic Energy Sciences, Materials Sciences Division, US Department of Energy, 
under Contract No. DE-AC03-76SF00098. J. H. B. was supported by a National 
Science Foundation graduate fellowship. 

Appendix 1. Fictitious spin-~ formalism 

S r - s  = �89 I + I s ) (rl) , 

Sy -~ =�89 + Is)(r[), 

S~z - s  =�89 - I s ) ( s l ) ,  

S~o ~ = �89 + Is)(sl), 
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Cross-polarization N M R  1123 

exp ( - i r  r-~) 

exp ( - i r  -s) 

exp ( - i~S  r-s) 

} ~ s-I 1 r-t s -t I Sx cos + sin (�89 
s-t l r-t s-' Sy cos ( ~ )  - Sx sin (1r 

Sy exp (i~S r-s) = s-t 2 1 r-t 
S s-t /S~  cos (i~) + S z  sin 2(1~) 

/ S60 t s-t 2 1 r-t I, S00 cos (g~)+S00 sin2(�89 
s-t 1 r-t 

( Ssx-t }s- t  [Sxc~189 1 r-t 
Sy e x p ( i ~ S y _ S ) = J S y  c o s ( ~ ( ) - S y  sin(�89 
S s-t I S  s-t cos 2 (�89 + S r-t sin 2 (�89 

S~o t [,S~o' cos e (�89 + Sroo t sin 2 (�89 

s-, cos (�89 + S s-' sin (�89 Sy 
S s-t exp (ir -s) = ~ S s-t, 

S~+-t [ Ss+-t exp (�89 i{), 

SS_ -t [ S*_-t exp (�89 i{), 

4- �89 Sy -s  sin ~, 

4- �89 S y  s sin ~, 

- �89 S~, -s sin {, 

�89 S r-s sin {, 
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