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Cross-polarization dynamic-angle spinning nuclear magnetic resonance
of quadrupolar nuclei
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The use of variable-angle spinning (VAS) with cross-polarization (CP) for
quadrupolar 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 = 5DAS (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 NMR
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 Hartmann—
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 Hartmann—-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°
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(parallel) 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-% nuclei such as *'P and ?Si, 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 7 =% to the
central transition of a quadrupolar spin S = 3, the observable of interest, (S.(7)), is
obtained from the relation

(84+(0)) = Tr[o(1)S,]. (1)
Here, o(t) is the density operator whose evolution is given by
o(t) = U)o U1 (1), (2)
where
U(t) = T exp <—i J(: H(s) ds), 3)

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

H(t) = Hgr + Hp(f) + Ho(), (4)
where
Hgp = —wiy — w158, (5)
Hp(1) = wpAn(1)2L,S,, (6)
Ho(1) = woA3y(1)§ 387 — S(S + 1)), (7)

wyy and wyg are the r.f. field strengths, and AR (¢) and A%(t) are irreducible spherical
tensors with principal axis system (PAS) elements p)o = 1 and p,42 =7/ 6'/% n=0
for the dipolar interaction). The heteronuclear dipolar coupling between two spins,
I= % and S = %, and the quadrupolar coupling constant of the S = % spin are given
by wp = ponsh’/4nr? and wqQ = 3¢?qQ/h2S(2S — 1) respectively. It is convenient
to rewrite this Hamiltonian in the fictitious spin-% formalism [21, 22] (see appendix)
as

H(t) = —wyl, —3Pw05(Sy2+ 8374 — 2w15822 + wodR ()(S12 — 8374
+ 3wp AR (2L, + wp A (1)21,8273. (8)

We assume that |wy,|, |wis| > |wp| and transform into a time-dependent frame {23]
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that diagonalizes Hgrg + Hq(?) using
W(t) = exp (—3inl,) exp (3 11tS1 ) exp (- 21‘rtS2 %) exp [12{1(t)S1 3 exp [i2¢5( t)S 4,

)
where
_ 3172, ¢
tan [2¢,(8)] = —qugo(t) o (10)
and
B 31/2w1s
tan [26,(1)] = A3 () —wrs. (11)
The propagator in this time-dependent frame is given by
U(t) = T exp (—i J(:[fl(s) - iWT(s) W(s)] ds), (12)
where
A = wiH@O W)
= —wyl, +wis(S;7 = 8777 - (817 - (ST
= bis*(020,SY7* — b5 (120,57 — bis (0208577 — bis (02453 (13)
with o
3 —wqAx(t) +w
W20 = (3uls + o) - s} = —E e a— (19)
_ UJQAQ (t) + ws
W) = —(Buds + (WA (f) + wisP}/* = T?[EW’ (15)
bis* (1) = wpAxp(£) {2 cos[61(r) — &(2)] + cos [£,(2) + &()]}, (16)
bis’ (1) = wp AR (D)2 sin [&,(¢) — &(1)] — sin [€1(r) + &(1)]}, (17)
bis> (1) = wp AR (1){2 cos [€1 (1) — &2(1)] — cos [€1(7) + &(N]}, (18)
bis*(£) = wpAR(1){2 sin [¢,(1) — &(1)] + sin [&1(7) + &(1)]} (19)
and
it (w() =2 —dE' (1) g1-3 4 5 961 g2 (20)

dt
where 0 < {&,(2), 52(t)} < in. Since U(t) is related to the rotating-frame propa-

gator by U(t) = W()U()W Jr(0) equation (1) can be rewritten
(S,(0) = Tr 00301981, (21)

where S‘+ = WJf(t)SJr W(t) and 6(0) = wt (0)0(0) W(0). After an initial 1= pulse on
the I spin, the initial density operator is 6(0) = I, and the transformed 1n1t1al density
operator is

5(0) = wt©)a(0)w(0) = 1. (22)
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Figure 1. Plots of §; (— — —) and &, ( ) as functions of rotor phase for a crystallite

spinning about the magic angle (54-74°) with PAS oriented perpendicular to
the rotor, €2¢Q/h = 11-0MHz and 7 = 0-0.

In figure 1 is a plot of the values of £, and &, 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 £ and &, have values near either 0 or %n. 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

HE=0) ~ —wyl, — 2015877 + wo(She* — 35°) — bwp AR (1), 5L
+ 2wp AR (ST (23)
or
HEmin)~ —wyl, + 20155, — wo(Ske* — 5%°) — 2wp AR (I, SL
+ 6wp AR (I, S22, (24)

In general, the time-ordering operator T makes the integral in equation (12)
complicated since H(f) and W1(¢)W(¢) 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 |H(1)] > |WT( t)W(1)|, and the sudden
approximation is permitted when |H(r)| < IWT( Hw(t)|.

If the ?dlabatlc approximation holds when A (f) passes through the extre-
mum in W7 (¢) W(z), the level crossing is avoided and the propagator for all times can
be written

U, (1) = exp (—i J(: H(s) ds) . (25)

Under the Hartmann-Hahn matching condition w;; = (S 4 1)w;s, and assuming
that we start with a crystallite where ¢, ~ & ~ 0, adiabatic evolution of I, under
the Hamiltonian of equation (23) leads to

O.0LOL () — 41, + s2°9), (26)




Cross-polarization NMR 1113

and polarization is transferred from the 7 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, £; and &, take on values near %n, and
adiabatic evolution of I, under the Hamiltonian of equation (24) leads to

O.(LTL(0) > 11, + 51%). (27)

During MAS, this process occurs twice or four times every rotor period depending
on the PAS orientation. In addition, S and § 1-4 temain 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 Sf_3 and S174, the
effective observable is also approximated as switching between

Si(€=0) 285273 347 4 $TH 43282+ 5870+ 857 (28)
and
S (€~in) ~ 28 434S - ST 434S 2+ 55 5,70+ 877 (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

-~ t .
b,(1) = exp ( J Wt () wis) ds). (30)
0
While this propagator does not hold for all times, the term WT(t) W(t) has the form
of an impulse function with an integrated area of %n centred near the zero crossing of
A2 (7). This results in a discontinuous transition between the adiabatic pr tor of
20()- propagator o

equation (25) and the sudden propagator of equation (30) (figure 2). Under the
sudden propagator, S2~3 and S!™* transform according to

0.0 01 (1) — s (31)

and

g, sol (1 - s, (32)

Therefore this coefficients of the $2~> and S! 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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Figure 2. Plot of diagonal and off-diagonal coefficients w'™> (——), w?™* (- - - -), d(2¢,)/d¢
(—--) and d(2¢;)/dt, (— — —) of the time-dependent frame Hamiltonian in
equations (13) and (20), as functions of wQA?O(t). The off-diagonal coefficients have
the form of Lorenztian impulse functions as follows:

e () 32w swq d43(0)
ds - WQA%(t) +wsl + 3wt dt
and
d26(1) _ 3V 2wnswq 430

dt [woAS () +wis) +3u2,  dt
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the intermediate regime, contributions from both H(¢) and WT(I) 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 « is defined:

It s D WO O )

* {dR&(0)/de}as  {dR&@)]/de}a-  wq dAS (1) lg-

This is then evaluated at either of the zero crossings, wQA%(t(l,‘3) = Wi
or wQAgo(t(z,_“) ~ —wyg, corresponding to a maximum in the W1(¢)W(f) term when
&, or & goes through %n. 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 A?O(t). When the value of « 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 o (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 #;/(k + 1) at the first angle 6, and
kt,/(k + 1) at the second angle 6, fulfil the following pair of equations:

Py(cos 0)) = —kP,(cos 6,),

(34)
Py(cos 6) = —kPy(cos 6,),

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

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 - xH,0), and sodium pyruvate
(CH;0COONGa) 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 () are for a
spinning rate of 100 Hz which has an adiabaticity parameter o of 5-5. The curves in (b)
are for a spinning rate of 1 kHz which has an adiabacity parameter « of 0-55. The curves
in (c) are for a spinning rate of 5kHz which has an adiabaticity parameter o of 0-11
(sudden regime).
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Figure 3. CP intensity as a function of VAS angle for sodium pyruvate (@) and sodium
hydroxide (e). The results for sodium pyruvate using the ZPVAS experiment (@) 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 3v,/4~, for sodlum pyruvate. The factors of and 3 are due to the high
abundance of both 'H and Na, 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 ¢, and &,
excursions within &= of 0 or In and thus capable of Hartmann-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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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 ¢?qQ/h were 1-8 and 2-:36 MHz and 7 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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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 T, relaxation processes that occur
during the hop from 0° to the detection angle.

In figure 4, we show the 1H-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
0°-63-43° (k = 5) and 37-38°-79-19° (k = 1) angle pairs are compared. For k = 5, we
observe over 2:5S 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 45 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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done at 37-38° (k = 1) 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
S 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 %1: 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 (-3 Myt?), (35)
where M, is the second moment as defined by Van Vleck [26]. Under fast spinning
conditions (w, > wp), the effective dipolar coupling is scaled by P,(cos 6) and there-
fore the effective second moment is M2P%(cos #) (remember that @ 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 [~ § M, P3(cos 6)17). (36)

In a DAS experiment, the sample evolves under fast VAS conditions at two different
angles. Therefore, the signal for an on-resonance spin will be

2 2
= - d kt
S(#) expl 1 M, P}(cos 91)<%1—1) ] exp [—%Mng(cos 02)(k 11> ]

= exp (—§ M5"1}) (37)
For the DAS angle pairs 6, and 6,, the value of P,(cos 8) can be expressed in terms
of k (from equation (34)) where P,(cos 6,) = (%k)l/ 2 and Py(cos 6;) = —(%k)l/ 2,
This equation yields an effective second moment for the isotropic line in the DAS
experiment of M$T = 2kM,/5(k + 1)?, giving a linewidth

(kM)
TSIk 1)

The narrowest line in a conventional DAS experiment should therefore arise when
the k = 5 angle pair 0°-63-43° is used and should be about 75% of the linewidth for
a k = 1 experiment.

The dipolar linewidths for sodium oxalate (Na,C,04), rubidium perchlorate
(RbClO,) and deuterated boric acid (D;BO;) 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

Aw (38)

(2kM,)'/?

Awisotropic = Dwr, + STz(ic_-l_—_l—)’

(39)
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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, is the second moment due to homonuclear dipole interactions in a static
sample and Awr, is the intrinsic linewidth due to field inhomogeneity and T), relaxa-
tion. The values for M, extracted in this manner are very similar to those extracted
from static Carr—Purcell-Meiboom—Gill (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 (‘H
NMR frequency of 301-200 MHz and **Na frequency of 79-671 MHz). The DAS
probe was home built with a stationary coil of 0-75in 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 'H channel and
100 W on the **Na channel gave 7 ps central transition selective %n 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-
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i
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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Figure 8. (a) Pulse sequence for two-dimensional H-decoupled DAS. The r.f. pulse phase
cycle is given in [24]. (b) Pulse sequence and r.f. pulse phase cycle for two-dimensional
H-decoupled CPDAS pulse sequences. Details of the data treatment requlred 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 6(¢) 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 'H 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 prev1ously [24]. For CPDAS and ZPVAS experiments, a ix
pulse was applied on the 2 ’Na s1multaneously with the initial 'H ;n to achieve the
largest final sodium polarization. For the 2*Na 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







