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The dynamics of cross-polarization from the central transition of a quadrupolar nu¢lalsr(?*Na) to a

spin#/, nucleus {°Si) during magic-angle spinning and using low-radio-frequency field strengths are analyzed
for the mineral low albite. Under these conditions additional complications in the spin-lock behavior of the
guadrupolar nucleus and in the cross-polarization process were found experimentally and are examined in
detail. A step-by-step procedure for optimizing cross-polarization from the central transition of a quadrupolar
nucleus to a spifk nucleus is described. Significant enhancement®sf NMR sensitivity and several
applications are demonstrated.

1. Introduction TABLE 1: Silicon Sites in Low Albite (NaAlSi3;Og)

isotropic no. of Al distance to  distance to
shiftt  crystallographic nearest Al nearest  nearest Na

Silicon is an important component of many inorganic

materials including zeolites, glasses, minerals, and gels. Since (pm) T-site neighbors neighbor(s) (A) A)

these materials often have limited long-range order, solid-state

295i NMR has proven to be particularly useful in eliciting 918 T2m 2 336%109 3.291
information about their structufez2 However, the low natural —96.1 T20 1 3.132 3.494
abundance of°Si (4.7%) combined with its relatively low  —103.9 Tim 1 3.156 3.394
gyromagnetic ratio make¥’Si NMR inherently insensitive. a Chemical shift values were referenced to an external TMS standard

Furthermore, significant improvement of the signal-to-noise ratio and are within 1 ppm of literature valu&s518 ® Distances determined

by signal averaging is usually time-consuming due to the using neutron diffraction data from Harlow et’al.

typically longT; relaxation times of°Si (frequently on the order

of minutes). Consequently, two-dimensional experiments are quadrupolar nucleus depends on the relative magnitudes of the

often impractical, unless isotopic enrichment or cross-polariza- otor spinning speed, the quadrupolar coupling constant, and

tion (CPJ is used. Although cross-polarization from protons the applied spin-lock field strengf. Cross-polarization from

to silicon can greatly enhanc®Si NMR intensities, not all ~ quadrupolar nuclei during MAS has only recently been

silicates of interest contain protons. Many silicates do contain utilized?~*?and most of these studies have focused on assigning

quadrupolar nuclei such a®Al or 23Na, which are 100% peak_s_ or determining connectivities rather than on enhancing

naturally abundant and can be used as magnetization source§ensitivity.

during cross-polarization. The feldspar low albite (NaAlgDg) was chosen as a model
Cross-polarization is a process by which magnetization is comppund for®’Al-to-2%Si and*Na-to#*Si cross-polarizat!on_

transferred from one spin species to another. Each spin Speciegxpenments fqr sever_al reasons. In many ways low albite is a

is subjected to radio-frequency (rf) irradiation in the form of a typical inorganic alummosmcate, composed of a framework of

spin-lock field; the amplitudes of these spin-lock fields are conneqted AIQand.S|Qtietrah.edra and noanframework, gharge-

adjusted to permit energy-conserving magnetization transferbalanc'ng counterions (in this case N& The _anaIyS|s .Of .

between the two types of spins. Cross-polarization can lead toc_ross_—polarlzatlon from the quadrupolar nuclei in low albite is

an enhancement of the relative sensitivity of a nucleus in two SimPlified by the presence of only one crystallograpHiél

ways: (1) by transferring magnetization from a nucleus with a

site and oné3Na site. Furthermore, low albite is highly ordered
higher gyromagnetic ratio (utilizing the different Boltzmann with the silicon occupying three distinct crystallographic T-sites
distribution) or (2) by increasing the repetition rate of the

in equal amount$! Two of these sites are coordinated via
experiment (utilizing differences in the relaxation rates). Al- bridging oxygens to one aluminum atom and three silicor} atoms
though cross-polarization between two spinnuclei during _anql are commonly denoted as(QAl) Sites. The supers_crlpt4
magic-angle spinning (MAS) is routirfé, cross-polarization indicates that all four oxygens are bridging, and the integer 1
involving quadrupolar nuclei such as aluminum or sodium is

indicates the presence of a single aluminum “nearest neighbor”.
more complicated because the efficiency of a spin lock on a The third silicon site is coordinated via bridging oxygen to two

aluminum and two silicon atoms and is denoted as*@®)

" University of California, Berkeley site. Assignment of these silicon sites to three distil_wct and
* Stanford University. ' narrow 2°Si MAS NMR resonances can be found in the
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Cross-Polarization from Quadrupolar Nuclei to Silicon

cates, the potential benefitsBAl-to-2°Si and?*>Na-to#°Si cross-
polarization for sensitivity enhancement, and the difficulties in
interpreting the intensities of signals obtained by cross-polariza-
tion from quadrupolar nuclei.

The material in this paper is presented as follows. Section 2
compares experimental results with numerical simulations of
the spin-locking behavior of half-integer quadrupolar nuclei
under low-If field strengths and MAS. In section 3 the dynamics
of cross-polarization from quadrupolar nuclei to spinauclei

are analyzed. Section 4 discusses the signal-to-noise enhance-

ment per unit time achievable by cross-polarization from half-

integer quadrupolar nuclei, the advantages and limitations of

the technique, and some potential applications.

2. Spin Locking of Half-Integer Quadrupolar Nuclei

Since cross-polarization can only occur if both spins can be
spin locked long enough for magnetization to be transferred, it
is necessary to determine the conditions under which efficient
spin locking is possible. Both spitf; and quadrupolar nuclei
undergo relaxation during a spin lock, characterized by one or
several rotating-frame relaxation time constaiits, However,
the behavior of the central transition of a half-integer quadru-
polar nucleus during a spin lock is also influenced by the time

dependence of the quadrupolar coupling under MAS, which can

dramatically reduce the spin-locking efficiency for certain

combinations of rf field strengths, spinning speeds, and quad-

rupolar coupling constants. A theoretical treatment of some of
these interference effects has been given in the litefatdPe
and will be summarized here. Throughout this papeiShpin
refers to the quadrupolar nucled$Al or 23Na) and thd spin
to the spint/, nucleus {°Si).

When a spin-lock field is applied to a quadrupolar nucleus,
the rotating-frame Hamiltonian can be written (in units of
angular frequency) as follows

H = w5 T AwS, + I:|Q (8]
wherew;s is strength of the rf field used for the spin locke
is the offset of the irradiation from the Larmor frequency, and
Hg, is the rotating-frame quadrupolar Hamiltonian. The quad-
rupolar Hamiltonian in the rotating frame can be expressed in
terms of irreducible spherical tensor operafdi@nd an operator
form of static perturbation theory can then be appfiedlhis
procedure gives a first-order term

H Y = (03RS, TS, )
whereRS, and TS, are spatial and spin tensors, respectivély,
andwq is the quadrupolar coupling constant

o — 3¢0Q _ 6w
Q 292S— 1 292S-1)

chc ()

The second-order contribution to the quadrupolar Hamiltonian
is

2

hw
~ (2) Q
A0 =100 (r0 RY (19,79 ]+ RS RETSTE)

L

(4)

wherew, is the Larmor frequency.
Because theR3, terms in eqs 2 and 4 are orientation-
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TABLE 2: Quadrupolar Parameters in Low Albite

(NaAISizOs)
nucleus Cycc (MHZ) n ref
27Al 3.37 0.634 24
3.29 0.62 13
3.32 0.64 25
2Na 2.62 0.25 24
2.58 0.25 13

since the spinning process changes the orientations of the
crystallites in a powder sample. Considering just the first-order
term of the quadrupolar Hamiltonian (eq 2), one can show that
the sign ofH(Ql) can change zero, two, or four times per rotor
cycle. The resulting time-dependent variation of the energy
levels can significantly influence the efficiency of the spin lock.
To characterize this behavior, an adiabaticity parametegnas
been definedl’

®)

where w, is the spinning speed. While the definition of the
adiabaticity parameter can be refined to explicitly include
individual crystallite orientation&23 eq 5 is adequate for a
qualitative description of the observed experimental behavior.
For nuclei in whichwg > w15, three regimes of spin-locking
behavior have been defined based on the rate at Wi
changes sign. The adiabatic-passage regimne- (1) and the
sudden-passage regime £ 1) permit efficient spin locking
by different mechanisms, but in the intermediate regime=(

1 theoretically,a. ~ 0.4 experimentall) spin locking is very
inefficient. We will show that even in the sudden-passage
regime, efficient spin locks are not always possible.

The sample of low albite used for the experiments in this
paper came from Cazadero, CA. Several sets of quadrupolar
parameters for low albite have been published in the litera-
turet324.25 and are summarized in Table 2. The values of
Kirkpatrick et all3 are used for all simulations in this paper.
With quadrupolar frequencies of this magnitude and witl3
restricted to relatively low values due to the large coil ize
used in some of the experiments (see section 3), spin locking
in our cross-polarization experiments is limited to the sudden
regime even at slow spinning speeds. In all simulations and
measurements presented in this papeis less than 0.02.

To analyze the detailed behavior of the aluminum spin-lock
efficiency at slow spinning speeds and low-If fields, experiments
were performed on a home-built spectrometer incorporating a
Tecmag acquisition system operating at a proton Larmor
frequency of 301.2 MHz, which corresponds té’al Larmor
frequency of 78.5 MHz. A Chemagnetics MAS probe with a
4 mm pencil rotor was used, and spinning speeds were regulated
to within +£5 Hz by a home-built spinning speed controller. For
each of the one-dimensional experiments 64 scans were summed
with a recycle time of 5s. The MAS spinning speed was 4000
Hz, and the selective 9(ulse length on the aluminum central
transition was 1#s, which corresponds to an rf field strength
of wid(27) = 4900 Hz.

Spectra using eight different spin-lock times (= 10us, 1
ms, 5 ms, 10 ms, 20 ms, 50 ms, 100 ms, and 200 ms) were
recorded for each of 28 different rf field strengths in the range
from wid(27) = 440 Hz to wid(27) = 4400 Hz. This
corresponds to a range of the adiabaticity parameter from
5x 105toa =5 x 1073 The integral of the central transition

_, 2
o= w5 oqw,

dependent, the pattern of energy level spacings for a quadrupolaof the Fourier-transformed spectrum was used as a measure of

nucleus under a spin lock differs for different orientations of a
crystallite with respect to the static magnetic field. This creates

the spin-lock efficiency for the corresponding rf field strength.
Figure 1a shows the spin-lock efficiency for spin-lock times

complications when a sample is spun about the magic angle(zs.) of 10us, 1 ms, and 10 ms. As expected, the intensity at
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Figure 1. Spin-lock efficiency for?’Al in albite during magic-angle Figure 2. (a) Simulations of the spin-lock efficiency f6iNa(S=%,)
spinning +/(27) = 4000 Hz) as a function of the rf field strengths. &t an MAS frequency ab/(27) = 2400 Hz both with {] and without
The Z7Al Larmor frequency is 78.5 MHz. (a) Integrated intensity of [EI] the seco_n_d-order quadrupolar interaction. (b) Simulations of the
the aluminum central transition as a function of the rf field strength SPin-lock efficiency for*’Al(S=%) at an MAS frequency ofv/(27)
for experiments with spin-lock times<) of 10 s (O), 1 ms @), and = 2400'Hz both_ Wlt_h P1and Wlt_hout [] the second-order _quadrgpolar
10 ms ). (b) Simulations of the “equilibrium” spin-lock efficiency ~ interaction. Solid lines are guides to the eye. For all simulations the
for a spin&/, nucleus including both first- and second-order quadrupolar duadrupolar parameters of low albite were u¥ed.
interactions and using the parameters for aluminum in albite. Both
measurements and simulations show distinct decays of spin-lockedrelaxation effects from the numerical simulation. This equi-
magnetization at one-third and two-thirds of the spinning speed. librium value is plotted as a function of the rf field strength in
Figure 1b. The simulations show the same characteristic decays
7s. = 10 us is fairly constant and does not depend on the field of the spin-lock efficiency for rf field strengths equal to one-
strength. At longer spin-lock times, there is a very distinct third, two-thirds, and one times the rotor frequency as found in
dependence of the signal intensity on the rf field strength. In the experiment. At least some of the differences between the
addition to rotating frame relaxation, there are dips at spin- measurements and the simulations are due to the limitation of
lock field strengths approximately equal to one-third, two-thirds, the simulation to a one-spin system. A similar level of
and one times the rotor frequency. The measured intensitiesagreement between experiment and simulation was found for
for spin-lock times of 1 and 10 ms are very similar, which other spinning speeds (data not shown).
indicates that the decay due to the time dependence of the A full theoretical analysis of the spin-lock behavior of
quadrupolar interaction is very fast and occurs during the first quadrupolar nuclei under MAS is complicated by the fact that
few rotor cycles. The main differences between the spin-lock the Hamiltionian consists of a small time-independent term and
times of 1 and 10 ms occur at very low-rf field strengths and a large time-dependent term. Consequently, analytical expres-
are most likely due to off-resonance effects. sions for the interference process cannot be easily derived. We,
The distinct dips in intensity found experimentally are clearly therefore, performed numerical simulations to determine whether
reflected in the numerical simulations shown in Figure 1b. These the interference effects between the mechanical sample rotation
numerical simulations were performed using the NMR simula- and the spin-lock field strength are due to the first-order or to
tion package GAMMAZ” To solve the Liouville-von Neumann the second-order terms of the quadrupolar Hamiltonian. Simu-
equation for the time-dependent Hamiltonian, a small-step lations of the spin-lock efficiency fo#Na (spin®/,) and27Al
numerical integration with a time increment of 50 ns was (spin®>) in low albite both with and without the second-order
performed. The simulations included the second-order quadru-quadrupolar interaction were performed and are plotted as a
polar Hamiltonian (eq 4) but omitted all relaxation effects. The function of the rf field strength in Figure 2. The MAS frequency
Hilbert space was limited to a one-spin system; therefore, all was set taw,/(27) = 2400 Hz, which was the frequency used
scalar and dipolar couplings to other spins were neglected. Thein the cross-polarization experiments of section 3, and 300
chemical shielding tensor and chemical shift offsets were also different crystallite orientations were averaged. The rf field
neglected in the simulations. A spinning speed of 4000 Hz and strength was varied betweend(27) = 0 Hz andw:d/(27) =
a Z’Al Larmor frequency of 78.5 MHz were used. Three 6800 Hz for both thé3Na and?’Al nuclei. These parameters
hundred different crystallite orientations were averaged using result in values ofr < 0.019 for?’Al and a. < 0.015 for?Na,
the method of Cheng et &.to approximate all crystallite  both well within the sudden-passage regime. The Larmor
orientations present in a powder sample. The simulated time frequencies were 130.31 MHz f8fAl and 132.28 MHz for
domain data (intensity as a function of the spin-lock time) show 23Na. The time increment for the numerical integration was
a very rapid decay within the first 1 ms after which the intensity 80 ns. There are clear differences in the positions of the
stabilizes and does not decay further due to the omission of resonance dips between the spinand the spirf/, simulations,
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but they follow a general rule. The spin-lock efficiency for spin lock with only small-amplitude oscillations. Consequently
simulations without the second-order quadrupolar interaction the powder average (Figure 3e) shows almost no decay.
(denoted by in both parts of Figure 2) shows strong dips for Inclusion of the second-order quadrupolar interaction has a large
the condition effect on the spin-lock behavior (Figure-3). The spin-locked
magnetization oscillates between the positive and negative
W15 2N axis at a frequency that depends strongly on the crystallite
Xr - S+ 1/2 ®) orientation. The interference between these different oscillation
frequencies causes the fast decay observed in the powder (Figure

. L . . 3))-
whereN is a positive integer an8is the spin quantum number . . . .
of the spin-locked quadrupolar nucleus. At these dips, the For the simulations of Figure 4, the resonance conditions of

efficiency decavs to anproximately 50% of the nonresonance €4S 6 and 7 are simultaneously satis_fied by setting the spinning
value. 'the nur)rqber ofpgips predic):ed by considering only the speed equal to 2400 Hz and the rf field strength equal to 1600

first-order quadrupolar interaction is, however, insufficient to Hz. In Figure 4 there are strong oscillations for both the

characterize the experimentally observed spin-lock efficiency. smula;ong wnhoug(Flglljre 4{’?) ant(_j W|th|_(|F|gure 4) ;he th
In the simulations which include the both the first- and S€CONU-Order quadrupoiar intéraction. However, when the

second-order quadrupolar interactions (denote@fiy Figures second-order quadrupolar interaction is omitted, the oscillations

L L are only between the positive maximum and zero (Figure 4a
1 and 2), the spin-lock efficiency decreases strongly when d), leading to a reduced but nonvanishing value for the powder

average (Figure 4e). Inclusion of the second-order interaction
= ) results again in oscillation between the positive maximum and
@r S+ 1/2 its corresponding negative value (Figure-4f Consequently,
the powder average is almost zero (Figure 4j) due to the
This leads to twice as many dips in the rf field dependence of interference of magnetization from different crystallite orienta-
the spin-lock efficiency as compared to the simulations without tions. Simulations for spin-lock fields in between resonance
the second-order quadrupolar interaction and agrees with ourpoints (data not shown) show only small oscillations about
experiments. nonzero values and thus good spin-lock efficiency. Similar
With increasingwq, the overall efficiency of the spin lock  calculations were performed for spifs-nuclei and show the
decreases due to the large second-order quadrupolar Hamiltosame general behavior as the spinsimulations discussed
nian. This is the reason for the generally poorer spin-lock above.
efficiency for the?®Na in Figure 2adq = 8.11 x 10° rad/s) as The resonance conditions defined by eq 7 have an important
compared to thé’Al in Figure 2b (g = 3.10 x 10° rad/s) for consequence for cross-polarization experiments involving half-
the simulations which include both first- and second-order terms. integer quadrupolar spins. Before setting up the cross-polariza-
In making such comparisons, it is important to consider the tion condition, it is necessary to experimentally optimize the
values ofwq rather than the more commonly tabulat€gt. spin-lock efficiency of the quadrupolar nucleus for a given
values (see eq 3) since theg2S — 1)]~* scaling factor differs  sample (i.e., givemg) and spinning speed in order to avoid a
significantly for different values o8 In the case of low albite,  severe loss of magnetization.

Wss N

for instance, theCqc. for 2Na(S=%:) is less than thecc for In addition to losses due to inefficient spin locking, the
Z/AI(S=%)2), but the value ofwq for »Na is greater than the  magnetization of quadrupolar nuclei under spin-lock conditions
value ofwq for 27Al. When smaller values obg are used in is further influenced by rotating-frame spitattice relaxation.

the simulations fo”*Na (data not shown), the resonances at Unlike for the case of spif nuclei, the rotating-frame behavior
low rf fields become sharper than in Figure 2a, and the spin- of a quadrupolar nucleus cannot in general be modeled by a
lock efficiency at points between the dips increases. single exponentig®3° Consequently, no single relaxation time
The simulations shown in Figure 2 were performed for the constantTy,) can be defined. In our experimental observations,
case of on-resonance irradiation. When rf offsets of several rotating-frame relaxation of aluminum and sodium in albite
hundred hertz were incorporated into the simulations that only consists of at least two exponentially decaying components.
included the first-order contribution to the quadrupolar Hamil- Figure 5 shows such a decay fSAl in albite for w1d(27) ~
tonian, the spin-locking behavior became qualitatively similar 500 Hz andw,/(27) = 2400 Hz (the values used in the cross-
to the second-order case, and eq 7 was obeyed. polarization experiments of section 3). The solid curve in Figure
Clearly, both first- and second-order terms of the quadrupolar 5 corresponds to a least-squares fit of the data to a biexponential
Hamiltionian influence the spin-locking efficiency. However, function of the form
it is important to consider the contributions of individual
crystallite orientations to the powder average to determine I)=A exp(— l) +B exp(— E) (8)
whether the decreases in spin-lock efficiency are a property of i T
the single-crystallite Hamiltonian itself or whether they are due i, which the fast-decaying component is characterized by a time
to interference effects between different crystallite orientations. ¢onstants; = 2.7 ms, the slowly decaying component is
This has been partially discussed in the litersltirnd is  characterized by a time constant= 85 ms, and the scaling
examined here in more detail. _ parameters have valuesAf= 0.13 andB = 0.71. The rotating-
: Figures 3 a;nd 4 show spin-lock time dependences for a Spin-frame relaxation of3Na in albite also requires more than one
/> nucleus {’Al) with (f—j) and without (a-€) the second-  exponential for a good fit. With typical cross-polarization
order quadrupolar interaction for four different orientationsda  ¢ontact times on the order o = 10 ms torcp = 50 ms, the
and i) and for the powder average (e and j). For the |tating-frame relaxation of the quadrupolar nuclei in low albite

simulations of Figure 3, the spinning speed was 2400 Hz, and y4ses o problems for efficient cross-polarization.
the rf field strength was 800 Hz; these values satisfy the

resonance condition of eq 7 but not that of eq 6. This is 3. Cross-Polarization Dynamics
reflected in the fact that the simulations which exclude the  Using the results of the spin-lock efficiency study, we have
second-order quadrupolar interaction (Figure-8ashow a good investigated thé’Al-to-2°Si cross-polarization dynamics in low
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Figure 3. Simulated spin-lock efficiency fo¥Al at an MAS frequency ofv./(27) = 2400 Hz and a spin-lock field strength @fs/(27) = 800 Hz.

The Euler angleso, 3, y) relate the principal-axis system of the quadrupolar interaction in a given crystallite to the reference frame of a rotor
spinning at the magic angle. The simulations—@) were done without the second-order quadrupolar interaction while the simulatieg (f)

include the second-order quadrupolar interaction-(d) and (f)-(i) show selected crystallite orientations with—= y = 0° andf = 10° ((a) and

), p = 30 ((b) and (g)),f = 50° ((c) and (h)), angs = 70° ((d) and (i)). The simulations in (e) and (j) show the average over 1154 different
crystallite orientations. For this choice of spinning speed and rf field strength, only the resonance condition of eq 7 is fulfilled. Therefore, the spin
lock is very stable without the second-order quadrupolar interaction (e) but decays rapidly when the second-order quadrupolar interaction is included

0)-

albite. Although cross-polarization was achieved from Bodh cross-polarization contact-time dependence measurements as
and 2Na, we chose to concentrate 8fAl since the cross- well as rotating-frame relaxation time measurements for the
polarized signals were more intense. As mentioned in sectionthree silicon sites.

1, albite has three different silicon sites (see Table 1), two of All cross-polarization experiments were performed on a
which (Q%1Al)) have one aluminum atom and three silicon Chemagnetics CMX-500 spectrometer operating at a proton
atoms as nearest neighbors while the third(2al)) has two Larmor frequency of 500.1 MHz. Th&Al frequency was
aluminum atoms and two silicon atoms as nearest neighbors.130.31 MHz, thé®Na frequency was 132.28 MHz, and #8i

On the basis of simple models, one might expect that the NMR frequency was 99.34 MHz. A home-built double-resonance
signal intensity corresponding to the silicon with two aluminum MAS probe and a 14 mm pencil rotor supplied by Chemagnetics
atoms as nearest neighbors would be twice as intense as thoswere used, and the spinning speed was controlled by a home-
of the silicons with only one aluminum atom as a nearest built spinning-speed controller to an accuracy4 Hz. An
neighbort? However, as a one-dimensior&bi NMR spectrum MAS speed of 2400 Hz was used for all CP experiments and
acquired using’Al-to-2°Si cross-polarization shows, this is not  silicon T1, measurements described in this section. Typically,
true in the case of low albite (Figure 6). The two silicon sites a 10-17 us pulse was used for selective excitation of the central
in albite with one aluminum nearest neighbér€ —96.1 ppm transition of aluminum. The cross-polarization was optimized
andd = —103.9 ppm) have equal intensities while the site with experimentally based on the spin-lock efficiency for the central
two aluminum nearest neighboi& £ —91.8 ppm) has a lower  transition of the quadrupolar nucleus as a function of the rf field
intensity. There is no significant difference in the line widths strength. Atw./(27) = 2400 Hz, the best spin-lock level for

of the three lines: the full width at half-maximum of a the?2’Al resonance was found to heg/(27) ~ 500 Hz, which
Lorentzian line fit wasAwi/, =~ 35 Hz for all three lines. To agrees well with the simulations of Figure 2. The cross-
investigate this behavior in more detail, we have performed polarization sequence used in these experiments incorporates
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Figure 4. Simulated spin-lock efficiency fof’Al at an MAS frequency ofu,/(27) = 2400 Hz and a spin-lock field strength @fi¢(27) = 1600

Hz. The Euler angley , y) relate the principal-axis system of the quadrupolar interaction in a given crystallite to the reference frame of a rotor
spinning at the magic angle. The simulations—@) were done without the second-order quadrupolar interaction while the simulatietfy (f)

include the second-order quadrupolar interaction-(d) and (f)—(i) show selected crystallite orientations with= y = 0° andp = 10° ((a) and

), p = 30 ((b) and (g)),f = 50° ((c) and (h)), angs = 70° ((d) and (i)). The simulations in (e) and (j) show the average over 1154 different
crystallite orientations. For this choice of spinning speed and rf field strength, the resonance conditions of egs 6 and 7 are both fulfilled. Therefore,
we see a fast decay of the spin-locked magnetization with (j) and without (e) the second-order quadrupolar interaction.

10— ‘ contact times #cp) between 0.5 and 500 ms. For these

] measurements, 128 scans of 1024 data points were summed with
a recycle delay of 5 s. Sixteen dummy scans preceded the
collection of data. The silicon rotating-frame relaxation times
(T1,) were measured using the same parameters as for the CP
time dependence studies but adding a spin-lock period after the
CP contact time. On-resonance measurements were made for
each site in both the CP dynamics and silidap experiments

to eliminate offset effects that are expected to occur at such

Intensity
[=]
(=]

©
i

02 [ ] low-rf power levels.
I ] According to Hartmann and HaRrtransfer of polarization
00 i . ! . ] between two different types of nuclei in a static sample can
0 0.01 0.02 0.03 0.04 0.05 0.06 occur if the rf amplitudes are matched according to the condition
Tg[s]
Figure 5. Rotating-frame relaxation oAl in albite at w:d/(27) ~ \/|(| +1)—m(m — Do, = \/S(S+ 1) — mymg— 1)w,g
500 Hz andw./(27) = 2400 Hz. The solid line is a nonlinear least- 9)

squares fit of the experimental points to a biexponential function with

time constants of 2.7 and 85 ms. .
wherewy = |y1Bul, wis = |y1sBigl, | andSare spin quantum

numbers, and the transitions being matched are between
spin-temperature alternatiéh.For the contact-time dependence quantum levelsm < (m — 1) for each nucleus. When
study, cross-polarization signal intensities were measured for polarization is transferred between a spinnucleus () and
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Figure 6. One-dimensional®Si spectrum of low albite obtained with
cross-polarization froni’Al. The crystallographic sites are indicated
at the three different peaks. The peakdat —91.8 ppm shows the
lowest intensity although this silicon site has two nearest-neighbor
aluminum atoms. The other two lines @t= —96.1 ppm and =
—103.9 ppm have roughly the same intensity.
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the central transition of a half-integer quadrupolar nucl&)s (
eq 9 simplifies to
wy = (S+ llz)wls (10)

whereSis the spin quantum number of the quadrupolar nucleus.
The Hartmana-Hahn match condition of eq 9 is modified

De Paul et al.
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Figure 7. Intensity of signal cross-polarized froffAl to 2°Si as a
function of2°Si spin-lock field strengthpy/(27). The aluminum spin-

lock field strength waswid(27) ~ 500 Hz, the spinning speed was
wd(27) = 2400 Hz, and a 50 ms contact time was used. The match
condition clearly splits into sidebands, which is expected since the
spinning speed is faster than the size of the aluminum homonuclear
dipolar couplings. Some of the sidebands are folded over and appear
with negative intensity.

overlap of positive and negative sidebands and the difficulty of
measuring low field strengths accurately. Higher order side-
bands were also observed (data not shown), and the relative
intensities of all sidebands remained nearly constant for contact
times ranging between 10 and 750 ms.

The interference between different sideband matching condi-

by magic-angle spinning. For the case of transfer between twotions as seen in Figure 7 illustrates a second important

spint/, nuclei, it has been showh3 that when the rate of

consideration in setting up cross-polarization experiments

rotation,w;, equals or exceeds the strength of the homonuclear involving half-integer quadrupolar nuclei at low-rf powers. In

dipolar couplingswg, the match condition of eq 9 splits into
distinct sidebands

Wy = w5+ N, (11)
wheren is an integer. At short contact times the most efficient
polarization transfer often occurs for the sidebands with

+1, £2, but at longer contact times equally efficient transfer
occurs for the centerbarfd. An analogous modification of the

addition to optimizing the quadrupolar spin-lock efficiency for

a given spinning speed (as described in section 2), one must
make sure that the chosen spin-lock field strength and spinning
speed create at least some sidebands of the match condition
that do not interfere profoundly with other sidebands. Although
the criteria for selecting efficient quadrupolar spin-lock field
strengths eliminate some of the cases with the most destructive
interference, there are other valuesiag andw, which give a
good spin lock for the quadrupolar nucleus but for which the

static cross-polarization condition has been proposed for transferinterference between the cross-polarization match sidebands

between a spifk nucleus and the central transition of a half-
integer quadrupolar nucleus under MAS

wy = (S+ )w.s+ no, (12)
and has been observed experimentillyCompared to the

aluminum homonuclear dipolar couplings in low albitgy(27)
~ 200 Hz), we are in the “fast” spinning limit. Therefore, we

would be severe. Furthermore, must be kept very stable since
any change in the spinning speed will shift the positions of the
folded-back sidebands and thereby alter the intensity of the
cross-polarized signal. In our experimental setup we observed
a change in the cross-polarized signal intensity-@D% for a
change in the spinning speed of 10 Hz. For both the CP contact-
time dependence experiments and the siliEgrmeasurements,

we used the centerband match condition, which has relatively

expect to see the match condition split into sidebands underlittle overlap with the folded sidebands for our valueseaf

our experimental conditions.

Figure 7 shows the intensity of the signal cross-polarized from
27Al to 29Si in low albite as a function of the magnitude of the
29Si rf field strength,wy/(27), for a cross-polarization contact
time of tcp = 50 ms. In these experiments the aluminum field
strength wasw1/(27) ~ 500 Hz, and the spinning speed was
w(27) = 2400 Hz. The centerband isat/(27r) = 1500 Hz,
and the first positiver(= +1) sideband is aby/(27) = 3900
Hz. Then = —1 andn = —2 sidebands would be expected at
negative field strengths and are therefore folded back with
negative intensity® Based on the parameters of the experiment,
they should appear aty/(27) ~ 900 Hz andwy/(27) ~ 3300
Hz. This agrees well with the experimental match condition

andw, as Figure 7 shows.

In order to analyze the CP contact time dependence of the
29Sj magnetization, the rotating-frame relaxation rate constants
for all three silicon sites were measured on-resonance at the rf
field strength used for the cross-polarization experiments. Eight
different time points fromrs. = 500 ms tors. = 6 s were
measured four times each and fitted to a monoexponential decay.
The relaxation times that were obtained afg6 = —91.8 ppm)
=5.84+0.25,T1,(0 = —96.1 ppm)= 12.8+ 1.1 s, andl1,(
= —103.9 ppm)= 11.5+ 0.7 s. Itis interesting to see that the
silicon site with two aluminum nearest neighbors hag, aof
only one-half the value of that for the silicon sites with only
one aluminum nearest neighbor. The proportionality between

of Figure 7; however, the precise positions of the centerband the rate constant and the number of nearest neighbors suggests
and sidebands are difficult to determine due to both the partial that the main relaxation pathway involves the aluminum atoms.
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Figure 8. Cross-polarization time dependences for the three different
crystallographic silicon sites in low albite: (a) the time dependence
for the silicon Q(2Al) site at 0 = —91.8 ppm; (b, c¢) the time
dependences for the silicorf@QAl) sites atd = —96.1 ppm and) =
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TABLE 3: Parameters for Cross-Polarization Time
Dependence Fits

isotropic ki =1T*  ks=1TY  ke=1/Tcp
shift (ppm) s G G S
—91.8 0.17 45 2.8 17
—96.1 0.08 29 2.2 22
—103.9 0.09 33 2.4 25

31*1'/3‘5 for silicon were measured by independent experiments and
used as fixed parameters.

polarization rate constant, and

N, (S+ Y
1= 1 ( 2)

= 15

Ns (I + %) )
is a scaling factor describing the different spin environments.
For the silicon sites with one aluminum nearest neighbas,
equal to 3 while for the silicon site with two aluminum nearest
neighbors,/ equals®,. Although most of the intensity in the
295i MAS spectrum of low albite aty/(27) = 2400 Hz is
concentrated in the centerbands, a few low-intensity sidebands
are present for each site. Thus, a small correction fa&fas,
included for each site so that the centerband intensities can be
directly compared.5 represents the fraction of the total intensity
of a given site that is in the centerband. Because the principal
values of the?®Si chemical shielding tensors in low albite are
known38 £ can be calculated. Ab/(27) = 2400 Hz £ is equal
to 0.76, 0.83, and 0.81 for th& = —91.8 ppm,0 = —96.1
ppm, andd = —103.9 ppm sites, respectively. These values
are quite similar to each other and show that, for our case, this
is indeed a small correction. However, for slowly spun samples
that contain sites with vastly different chemical shift anisotro-

—103.9 ppm, respectively. The fits through the experimental data points Pies, the differences i§ would be significant.

assume an analytical model (see egs 13) based on a thermodynamic
theory for spinY/, nuclei. The parameters extracted from these fits are
summarized in Table 3.

Figure 8 shows the cross-polarization intensity as a function
of contact time for all three silicon sites. The measurements
were done as three separate on-resonance measurements to avol
resonance offset effects due to the low spin-lock field strengths.
The most remarkable feature of these measurements is that the

maximum polarization reached for the site with two aluminum

nearest neighbors is lower than the maximum intensities of the

two silicon sites with one aluminum nearest neighbor. The

contact time dependences were fit to a simple model based on

a thermodynamic description of cross-polarizaibn.This

model makes no assumptions about whether the mechanism fo
magnetization transfer is based on the dipolar coupling interac-

tion, the scalar coupling interaction, or both. The modifications

necessary to describe cross-polarization involving the central

transition of a half-integer quadrupolar nucl&usere included
and lead to the following equation for the intensity of trepin
as a function of contact time:

(rcp) = orexp( (s + g + koL ) + Wircy/2) -

exp((ks + k + kg(1 + 1) = Wze/2)] (13)

where

W= (ks — K — k(L — A)° + 4ks 7

S is the initial Sspin magnetizatiork, andks are the relaxation
rate constants of theandSspins, respectivelyks is the cross-

(14)

r

To determine the cross-polarization time dependences, the
measured values of the silicon rotating-frame relaxation times
(k = 1/TY) were used, and three-parameter fits were per-
formed to extract values fd®, ks, andks, The results of the
best fits are summarized in Table 3. The rate constants for the
c(r]oss-polarization process are, as expected, all in the same range
since the distances to the nearest-neighbor aluminum atoms are
very similar (see Table 1). However, the initi& spin
magnetizations and the aluminum relaxation rate constants show
a rather large and unexpected variation. Since there is only
one aluminum site, one would expect to obtain very similar
values for these two parameters.

To determine how sensitive such fits are to the parameters,
eq 13 was used to generate simulated curves for several sets of
parameters. Specifically, pairs of curves with identical values
of § andks were generated fot = 3, (the G/2Al) site) and
for A = 3 (the G(1Al) sites). The other parameters were varied
but were constrained to have the same order of magnitude as
the values in Table 3. The maxima of these simulated curves
appeared especially sensitive to the valukspf With just slight
variations in the value dfg), the relative intensities of theQ
(2Al) and the Q(1Al) sites changed considerably. In most
cases, they were within a few percent of each other, but
sometimes the Q2Al) site was more intense than thé(QAl)
site and other times the converse was true. Thus, there is no
simple relationship between the maximum intensity of the cross-
polarized signal and the number of nearest-neighbor aluminum
atoms for the conditions of our experiments. In view of these
simulations, our experimental observation that the maximum
intensity reached for the site with two aluminum nearest
neighbors is lower than the maximum intensities of the two
silicon sites with one aluminum nearest neighbor is not



3248 J. Phys. Chem. B, Vol. 101, No. 16, 1997 De Paul et al.

TABLE 4: Principal Values? of 2°Si Chemical Shielding Tensors in Low Albite and Low Microcline

mineral 0iso (PPM) o011 (ppm) 022 (Ppm) o33 (ppm) n A0aniso(PPM)
low albite -91.8 —64+4 -90+ 3 -122+5 0.9+0.2 -30+5
—-96.1 —7442 -93+1 —121+2 0.8+0.1 —25+2
—103.9 -82+2 —99+ 2 —131+2 0.6+0.1 —27+2
low microcline —94.0 —-58+6 —94+4 —-130+ 4 1.0+ 0.2 —36+6
-96.4 —78+ 20 —94 4 1b —118+ 1° 0.7+ 0.1 —214+ 20
-99.5 —86+4 —93+2 —120+ 3 0.3+0.1 —20+4

aThe principal components of the chemical-shielding tensor are defined according to the convention of de Grdainet akre extracted by
fitting the spinning sideband proffie® of the anisotropic dimension for each sifSince our sample of low microcline, like almost all samples
found in naturg? contains domains of nearly pure albite, the peak-86.4 ppm is actually due an overlap of albite and microcline resonances.

surprising and agrees qualitatively with the phenomenological interaction!®?® Although switched-angle spinning experiments
theory. In fact, precise quantitative agreement between our datatake advantage of the increased cross-polarization efficiency for
and eq 13 is not expected. The spin-temperature model we havesamples spun about an axis parallel to the static magnetic
used assumes an exponential decay of the spin-locked magnefield,191° they cannot be performed on conventional MAS
tization, but as pointed out in section 2, the relaxatioR’sf equipment. Furthermore, the design of switched-angle spinning
in low albite is at least biexponential. The fact that there is no probes which are capable of spinning about an axis parallel to
simple way to incorporate biexponential relaxation processesthe static field®*! precludes the use of a large volume rotor,
is one of the limitations of the phenomenological model. but use of a large rotor greatly enhances sensitivity. Thus,
However, eq 13 is still a useful approximation. The values of despite the loss in intensity per scan, cross-polarization from
T(li) extracted from the fits (see Table 3) all fall into the quadrupolar nuclei during MAS can still be a useful technique
physically reasonable range of being larger than the fast- In many cases.
decaying component and smaller than the slow-decaying In addition to large differences i, times, two other
component of the measured rotating-frame relaxatioA’Af conditions must be fulfilled for cross-polarization from quad-
in low albite (see Figure 5). rupolar nuclei to be advantageous: (1) the quadrupolar coupling
Cross-polarization intensities often cannot be quantitatively constant must be small enough to allow efficient spin locking,
interpreted even for the relatively simple case of cross- and (2) theT,, relaxation times of both spins must be long
polarization between two spitt; nuclei. When quadrupolar  compared to the inverse of the cross-relaxation rate constant.
nuclei are involved, there is the additional complication that a  Optimization of polarization transfer from the quadrupolar
selective pulse on the central transition will not uniformly excite nucleus is more difficult than in the spiy case because of
all possible crystallite orientations. Thus, the valueidior interference effects between the spin-lock field strength and the
the Q}(2Al) site would be expected to deviate frot. It is spinning speed. The spin-lock efficiency at low-rf field
conceivable to correct for all these unknown scaling factors by strengths and slow spinning speeds shows characteristic resonant
explicitly taking the experimental conditions into consideration decays if the rf field strength is an integer multiple of the
and simulating the relevant part of the spin system numerically. spinning speed divided by the sum of the spin quantum number
Such an approach may enable quantitative extraction of relativeand one-half. The location and number of the resonance
intensities from cross-polarization spectra involving half-integer conditions depend on whether the contributions from the second-

quadrupolar nuclei. order quadrupolar interaction or the offset are significant. Based
. on the choice of the rf field strength for the quadrupolar nucleus,
4. Conclusions the Hartmana-Hahn match must then also be experimentally

In general, the improvement in signal-to-noise ratio that can optimized. ltis important. to avoid destructive overlap of the
be obtained by using cross-polarization depends on two fac- centerband and folded sidebands from the Hartmaiahn
tors: (1) the gyromagnetic ratio of the two spins and (2) their match.
longitudinal relaxation times. The relaxation time determines ~ The cross-polarization time dependences clearly show that
how fast an experiment can be repeated, and a shorter relaxatio®ne should not expect a direct correlation between the peak
time has the advantage of permitting faster signal averaging. intensity and the number of nearest-neighbor atoms in all cases.
In low albite, the signal-to-noise ratio per unit time was There is a qualitative agreement with the theoretical predictions
enhanced by a factor of 5 for tR&Al-to-2°Si cross-polarization of a thermodynamical model, but there are differences in the
experiment relative to the direct excitation experiment when guantitative behavior. If a quantitative evaluation of intensities
both were optimized. Performing the cross-polarization experi- is required, numerical simulations of the relevant spin systems
ments with a linear amplitude rafip3° on the spinY» nuclei and the experimental conditions could be used to obtain the
during the spin lock (data not shown) led to an additional 40% relative scaling factors, which would then allow the extraction
signal enhancement and a slight modification of the cross- of information about the environments of the various sites.
polarization parameters. However, the relative heights of the An advantage of the faster repetition rate fdAl-to-2°Si
three peaks did not change. Although in a single scan the signalcross-polarization is the increased feasibility of two-dimensional
obtained by cross-polarization is actually less intense than theexperiments since a 5-fold increase in signal enhancement
direct excitation signal, there is a still a gain in the signal-to- corresponds to a 25-fold savings in time. We have used cross-
noise ratio per unit time due to the faster repetition rate in the polarization fron?’Al-to-2°Si to measure two-dimensionBi
cross-polarization spectrum (5 s) compared to the direct excita- isotropic-anisotropic correlation spectra using several different
tion spectrum (2000 s). pulse sequences, all of which require only standard MAS

The cross-polarization experiment gives less signal per scanequipment. Table 4 shows the measured principal values of
than the direct excitation experiment because the cross-polarizathe2°Si chemical shielding tensors for different sites in low albite
tion efficiency for quadrupolar nuclei is usually very low fora and low microcline. Due to the presence of domains of low
sample spun about an angle greater thah f8@m the static albite in almost all samples of low microclirié,the one-
field due to the time dependence of the first-order quadrupolar dimensional°Si MAS NMR spectrum of low microcline has
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many overlapping peaks, and the principal values of the
chemical shift tensors could not have been determined from a
one-dimensional spectrum. A detailed discussion of the methods
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for measuring such chemical shielding tensors will be published 140.

elsewhere®

Another example of a use for cross-polarization from quad-

rupolar nuclei during MAS is in heteronuclear correlation
experiment®4°> designed to extract qualitative information

about connectivities between atoms. Such experiments hav

been performed for quadrupolar nuclei under MAS con-
ditions 89124648 However, care must be taken in the choice
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of the spinning speed and the rf field as described in section 2.1993.

If these parameters are not set carefully, destructive interference
between the spinning speed and the spin-lock field strength
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