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A remarkable enhancement of sensitivity can be often achieved in 2°Si solid-state NMR by applying the
well-known Carr-Purcell-Meiboom-Gill (CPMG) train of rotor-synchronized n pulses during the detec-
tion of silicon magnetization. Here, several one- and two-dimensional (1D and 2D) techniques are used to
demonstrate the capabilities of this approach. Examples include 1D 2°Si{X} CPMAS spectra and 2D 2°Si{X}
HETCOR spectra of mesoporous silicas, zeolites and minerals, where X = 'H or 2’Al. Data processing meth-

Key,words" ods, experimental strategies and sensitivity limits are discussed and illustrated by experiments. The
ggsl:dl\}i;a;e NMR mechanisms of transverse dephasing of 2°Si nuclei in solids are analyzed. Fast magic angle spinning, at
CPMG acquisition rates between 25 and 40 kHz, is instrumental in achieving the highest sensitivity gain in some of these
J-coupling experiments. In the case of 2°Si-2°Si double-quantum techniques, CPMG detection can be exploited to
MAS measure homonuclear J-couplings.

HETCOR © 2008 Elsevier Inc. All rights reserved.

1. Introduction

Silicon-29 is one of the most widely studied nuclei in solid-state
NMR spectroscopy. Numerous reviews have detailed the applica-
tions of 2°Si NMR to the study of silicates [1], silica surfaces [2], sil-
icon alloys [3], ceramics [4], glasses [5], and other crystalline and
amorphous materials [6,7]. The vast majority of these studies have
relied on one-dimensional (1D) experiments performed using di-
rect 2°Si polarization (DP) or 2°Si{'H} cross polarization (CP), magic
angle spinning (MAS) and 'H decoupling using a radiofrequency
(RF) magnetic field. Two-dimensional (2D) methods have also been
employed, e.g., in CP-based 2°Si{'H} heteronuclear (HETCOR) NMR
studies of organic/inorganic nanocomposites [8-11], zeolites [12],
silica [13], and mesoporous aluminosilicates [14]. Two-dimen-
sional methods for obtaining 2°Si-2°Si correlation spectra that ex-
ploit double-quantum (DQ) through-bond (scalar) or through-
space (dipolar) interactions have been reported, as well [15-17].

However, wider exploitation of multi-dimensional solid-state
NMR methods is hindered by low 2°Si sensitivity, which results
from low natural abundance of spin-1/2 isotope (4.7%), small gyro-
magnetic ratio, and unusually slow longitudinal relaxation. Fortu-
nately, the presence of a long relaxation time T; in inorganic solids
is often accompanied by a long transverse dephasing (decoher-
ence) time TS™©, defined here as the decay time of the echo train
due to time-dependent interactions that are non-refocusable by
the Carr-Purcell-Meiboom-Gill [18] (CPMG) sequence of 7 pulses
combined with MAS and/or RF decoupling schemes. This makes it
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possible to detect the signal multiple times at intervals that are
longer than the free induction decay (FID) observed following the
single-pulse excitation (often denoted as T;) but much shorter
than T;.

The multiple pulse CPMG sequence, which refocuses inhomoge-
neous line broadening and reduces homonuclear dipolar broaden-
ing in solids, was first introduced to measure the decay of
transverse nuclear magnetization [19,20]. It later found applica-
tions in various areas of magnetic resonance spectroscopy, includ-
ing experiments with field gradients or strongly inhomogeneous
static fields (e.g., imaging [21-23] and diffusion measurements
[24-26]), high-resolution liquid-state NMR (solvent peak suppres-
sion [27,28], HETCOR experiments [29-31], and exchange studies
[32]), homonuclear distance measurements in solids [33,34] and
electron spin resonance (ESR) [35,36].

In solid-state NMR applications, the most appealing advantage
offered by the CPMG pulse sequence is the sensitivity gain result-
ing from refocusing the magnetization multiple times. Indeed,
enhancement of the signal-to-noise (S/N) ratio has been demon-
strated in various studies where low natural abundance, a low
gyromagnetic ratio (y), long relaxation time T;, large line width
or any combination of these factors rendered ‘standard’ averaging
of FIDs impractical. These studies used static [37-42], MAS
[40,41,43], MQMAS [44,45], and PHORMAT [46] experiments with
spin-1/2 and quadrupolar nuclei.

In spite of long decoherence times of silicon nuclei, the CPMG
technique has been used only rarely in 2°Si NMR. The strategy
was applied in a study of silicates (a-crystobalite and Zircon),
where the sensitivity of 2°Si MAS spectra was increased by an order
of magnitude using a rotor-synchronized CPMG sequence [47] and
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at least fivefold signal enhancement was reported in 2D 29Si{'H}
heteronuclear correlation (HETCOR) experiments on clay minerals,
where the 2°Si signal was stretched by means of multiple echoes at
the expense of the chemical shift information [48].

We recently demonstrated that highly resolved 2°Si{'H} HET-
COR NMR spectra of silica-based catalytic systems can be obtained
with excellent sensitivity using multiple pulse CPMG refocusing
and appropriate data processing [49,50]. These experiments were
made possible by the use of fast MAS, at rates of 25-40 kHz, which
provided adequate 'H-'H decoupling. More importantly, fast MAS
allowed the heteronuclear decoupling to be performed using low
RF power, which was essential in these experiments due to unusu-
ally long acquisition periods (up to several seconds).

Herein, we analyze the utility of CPMG refocusing in a number
29si NMR techniques, and discuss the experimental strategies that
maximize sensitivity, as well as the future applications of these
methods. Examples of 1D 29Si{X} CPMAS spectra, 2D 2°Si{X} HET-
COR (X ="H and ?’Al) spectra and 2°Si-2°Si DQMAS homonuclear
correlation spectra are shown. This effort was largely motivated
by our interest in studying the mesoporous catalytic materials,
which is reflected in the choice of samples for this study.

2. Experimental
2.1. NMR resonance

Most of the experiments were performed at 14.1 T on a Varian
NMR System 600 spectrometer, equipped with 3.2 and 1.6 mm tri-
ple-resonance MAS probes, which can accommodate 22 and 8 pL of
sample and reach rotation frequencies of 25 and 45 kHz, respec-
tively. The 2°Si{>’Al} and DQ 2°Si-2°Si{'H} spectra were acquired
at 9.4 T on a Chemagnetics Infinity spectrometer using 5 mm tri-
ple-resonance probe operated at the MAS rates of 8-10 kHz. The
pulse sequence used in 2D 2°Si{X} experiments (Fig. 1a) is similar
to that used in our earlier study [49]. The same sequence was used
in 1D CPMAS experiments by setting t; = 0. The DQMAS homonu-
clear correlation experiments (Fig. 1b) utilized the 2°Si{'H} CP fol-
lowed by the INADEQUATE scheme for excitation and reconversion
of DQ coherences [51-53]. The & pulses were always applied syn-
chronously with the rotor.

The experimental parameters are given in figure captions using
the following symbols: By denotes the magnetic field strength, vg
the sample rotation rate, v§; the magnitude of the RF magnetic field
applied to the X spins, 7cp the cross polarization time, Ncpyg the
number of echoes acquired in CPMG experiments, Tcpvg the corre-
sponding time interval between 7 pulses, tgp the relaxation delay,
and NS the number of scans. The chemical shifts of 'H, 2°Si, and
27Al are reported using the & scale and are referenced to tetrameth-
ylsilane (TMS) and 1 M aluminum(III) nitrate (AI(NOs3)3) solution at
0 ppm.

2.2. Samples

Most of the CPMG-based experiments are conducted using
three samples of MCM-41-type mesoporous silica nanoparticle
(MSN) materials whose synthesis and characterization have been
described in our earlier reports: (i) a non-functionalized sample,
referred to as MSN [54]; (ii) a sample functionalized via co-conden-
sation with covalently bound allyl groups (—CH,—CH=CH,), re-
ferred to as AL-MSN [54]; and (iii) a sample functionalized via
grafting with chloromethyltriethoxysilane ((EtO)sSi(CH,Cl)), re-
ferred to as CMTES-MSN [50]. Based on the deconvolution of 2°Si
DPMAS spectra, we estimated that 11 + 2% and 15 * 2% of all silicon
atoms in AL-MSN and CMTES-MSN, respectively, are bound to car-
bon (functionalized) [50,54]. All silicas were studied in the absence

a ty
X
1H, 27A] H decoupling
Y
Y
29Gj
& Tcp TcPMG Neema
1H decoupling
29Sj
e o m h BB TcrmG Nerue

Fig. 1. Pulse sequences for 2D 2°Si NMR experiments with CPMG detection: (a)
29Si{'H} and 2°Si{2>’Al} HETCOR, (b) 2°Si-2°Si{'H} refocused INADEQUATE. Solid
rectangles represent  and 7/2 pulses, whereas open pulses represent cross pola-
rization and decoupling. In sequence (a), the phases are the same as in reference
[49], with the receiver phase being inverted in concert with the phase of 7/2 pulse
in the 'H channel. In sequence (b), the phase cycling during INADEQUATE is the
same as in reference [53]. The phases of 7 pulses used in the CPMG sequence
followed the phase of the last (refocusing) pulse in INADEQUATE. In addition, the
hypercomplex method was used to achieve quadrature detection in the v; dimen-
sion in all 2D experiments.

of templating molecules, which were removed by acid extraction
(MSN and AL-MSN) or calcination (CMTES-MSN). The measure-
ments were typically performed with samples packed in MAS ro-
tors after exposure to ambient conditions in the laboratory. In
the case of AL-MSN the spectra were obtained after the inorganic
hydrogen atoms on the surface had been eliminated by exchange
with deuterium. For these measurements the material was packed
using a glove bag.

To demonstrate the 2°Si{?’Al} methods, two commercially avail-
able samples were used. Andesine (sodium calcium aluminum sil-
icate, Nag7_05Cag3-05Al1.3-155127.250g) is a naturally occurring
mineral belonging to the plagioclase series of the feldspar family.
Plagioclase is a solid solution series, also known as the plagioclase
feldspar series, which ranges from albite (NaAlSizOg) to anorthite
(CaAl,Si;Og). The sample was purchased from Alfa Aesar, ground
in a mortar to a fine powder and used without further treatment.
Zeolite 13X was purchased from Research Chemicals Ltd., and also
used without further treatment.

3. Data processing and sensitivity gain

Figs. 2a and 3a show examples of echo trains induced in ande-
sine and in AL-MSN by the CPMG sequence (CP)y—[Tcpme—(T)y—
rcpMc—echo}NCPMG (as shown in Fig. 1a, with t; =0). Blanking of
the receiver was applied during the 7 pulses to eliminate the spu-
rious signals associated with high-power RF irradiation. In ande-
sine, the polarization was transferred from the 2’Al nuclei,
whereas in AL-MSN the initial excitation was applied to protons
in the allyl groups. Both samples yielded very long echo trains
(see the discussion of transverse dephasing in Section 4), which
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Fig. 2. 2°Si spin echoes obtained using CPMG sequence in andesine, acquired with
proper blanking of the receiver during the m pulses. (a) The time-domain signal
consisting of Nepwg = 1000 echoes (32,016 data points) acquired with 29Si{?>’Al}
CPMAS, under the following experimental conditions: By =9.4 T, vg = 10 kHz, 7cp =
80 ms, VA = 5.2 kHz during excitation; vit = 1 kHz during CP, v = 11 (+1) kHz
during CP (ramped, 11 steps), v§ = 21.6 kHz during 7 pulses, Tcpwc =9.75 ms, a
delay tgp between the end of data acquisition and the next scan of 30 ms, and
NS = 60. The pulse sequence included RAPT (rotor-assisted population transfer) e-
xcitation, which is not shown in Fig. 1a, followed by selective excitation of 2”Al
central transition. 'H decoupling was not used during data acquisition. Echoes 101
through 110 are shown in the inset. (b) The spikelet spectrum obtained by Fourier
transformation of the echo train.

we truncated at Neppe = 1000 for andesine and Nepyme = 165 for AL-
MSN.

A detailed description of CPMG acquisition parameters and data
processing has been described earlier [45]. The echoes are gener-
ated using intervals Tepyg ~ 5 T;max, to allow for the acquisition
of the maximum number of echoes per unit time, yet without
broadening of any of the spectral lines. In our experiments, these
intervals were typically between 5 and 10 ms. The echo trains
could be Fourier transformed directly to yield so-called spikelet
spectra, as shown in Figs. 2b and 3b. In spite of the truncation,
the width of individual 2°Si spikelets was only 0.10 Hz in andesine
and 0.52 Hz in AL-MSN. Such narrow ‘line widths’ are exception-
ally rare in solid-state NMR spectroscopy. With local field fluctua-
tions being completely frozen, the TSP MG times encountered here
can exceed those in liquid state.

The CPMG data can also be used to increase the sensitivity of a
standard spectrum by superimposing the echoes in the time do-
main prior to the Fourier transformation. The reconstructed spec-
trum can be obtained by creating two time-domain signals,
composed of the sums of the decaying (right) and rising (left)
half-echoes, respectively [45,55]. The first signal, which should also
include the initial FID, can be filtered, Fourier transformed and
phased in a routine manner. The second one should be inverted
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Fig. 3. (a) 2°Si spin echoes obtained using the CPMG sequence in functionalized
mesoporous silica (AL-MSN), obtained following 2°Si{'H} CP: By=14.1T, wg=
40 kHz, tcp =8 ms, Vi = 100 kHz during excitation, v{. = 60 kHz (+5) kHz during
CP (tangent), v = 12 kHz during SPINAL-64 decoupling, v} = 100 kHz during CP
and 7 pulses, Tcpvg = 6 ms, Nepyg = 165, Trp = 0.8 ms, and NS = 320. Three spectra
were obtained from this dataset: the spikelet spectrum (b), the reconstructed sp-
ectrum (c, top trace), and the 2D T5™C-resolved spectrum (d). The peak assign-
ments are shown in (b), (d). In (c), the reconstructed spectrum is compared with the
ordinary spectrum obtained from the first FID. Plotted along the v;dimension of the
2D spectrum are the cross sections corresponding to Q* and T. The sum and skyline
projections are compared along v,. The inorganic hydrogen in this sample had been
exchanged with deuterium, as explained in Section 2.

in time before further processing. The final spectrum is obtained
by adding both contributions. The spikelet and reconstructed spec-
tra of AL-MSN derived from the time-domain signal in Fig. 3a are
shown in Fig. 3b and c (top trace), respectively. The dramatic in-
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crease in sensitivity becomes evident by comparing the recon-
structed spectrum with the standard spectrum obtained from the
first FID (Fig. 3c, low trace). This scheme can be easily extended
to reconstruct 2D spectra, such as 2°Si{'H} HETCOR [49,50].

We have shown earlier that the signal enhancement can be ex-
pressed as a function of the number of echoes N used for recon-
struction of the spectrum [49]

2-exp [ —(N+1)S0MC ) _ gp (_TaMC ) _ g
T3 T3
TcpMG
_TCPMG
2

exp

It has been assumed that the CPMG spectrum includes contribu-
tions from all the echoes as well as the initial FID, whose S/N
(G(0)) was normalized to unity. Eq. (1) has yielded excellent fits
to the experimental data measured for all Q" and T" silicon sites
in functionalized silica materials, with S/N gains exceeding one or-
der of magnitude being achievable [49,50,56]. As will be demon-
strated at the end of the Section 4, such remarkable
enhancements can be achieved provided that the spin interactions
that are not refocusable by the 7 pulses are eliminated to the great-
est extent possible. Fast MAS can be instrumental here, in part be-
cause it affords the use of low-power 'H decoupling during long
acquisition periods. We note that due to differences in the TS™¢
values between various sites, G(N) reaches a maximum at different
values of N for individual sites. However, the resulting spectral dis-
tortions can be minimized by limiting the number of echoes used
for the reconstruction (see below).

The CPMG dataset can be also used to construct a 2D time-do-
main s(ty,tp), where all right half-echoes (including the first FID)
are separated and aligned as if acquired versus the evolution time
t; = NAt; with At; = tepmg. A 2D-Fourier transformation of s(tq,t,)
yields a ‘TS™C_resolved’ spectrum, with CPMG-narrowed reso-
nances in the v; dimension being separated by the chemical shifts
along the v, dimension. The contribution from the left half-echoes
is included as well, as in the case of reconstructed 2°Si{'H} HETCOR
experiment described above. When plotted as a sum 2D projection
along v,, the resulting 2°Si spectrum has enhanced sensitivity and
is fully quantitative in nature. An example is shown in Fig. 3d.

4. Transverse dephasing of 2°Si nuclei in solids

The origin of surprisingly long transverse dephasing of 2°Si nu-
clei has been recently explored by several research groups [57-59].
These studies mainly targeted crystalline silicon, because of its po-
tential applications in quantum computation. Here, we will briefly
summarize the results of the latest study by Ladd et al. [58], in
which decoherence time in samples with various contents of 2°Si
isotope was analyzed by applying multiple pulse sequences and
MAS to reverse the dipolar dynamics.

In an isotopically enriched (97%) single-crystal silicon sample, a
TS™C of 2 s was observed using the CPMG-MREV-16 x 120 pulse
sequence (a homonuclear decoupling sequence based on MREV-
16, in which inhomogeneous offsets were periodically refocused
by applying n pulses every 120t., with t. being the duration of
the MREV-16 cycle). The TS™¢ versus t. dependence showed that
decoherence was dominated by second-order terms in the average
dipolar Hamiltonian. A T; time of only 450 pis was measured in the
same sample following single-pulse excitation. In a similar sample
with naturally abundant 2°Si, a TS™® of 25 s was observed using
the CPMG-MREV-16 x 120 pulse sequence; i.e., the 2°Si spins pre-
served the phase coherence for approximately 10° precessional
periods [58]. Under the CPMG sequence alone, a TS™¢ of 11 ms
was measured in the same sample. This decay was followed by a
long tail lasting several hundred milliseconds, which was also

reported in an earlier work and whose origin is not well under-
stood [57]. In an isotopically depleted single crystal sample with
approximately 1% of 2°Si, a spin echoes decay time of only 8s
was observed under the CPMG-MREV-16 x 120 pulse sequence;
its relative ‘brevity’ was attributed to the presence of lattice defects
[58]. In polycrystalline silicon with natural 2°Si abundance, the
same TS™¢ value of 8s was observed under CPMG-MREV-
16 x 120, with no dependence on t.. Under MAS with CPMG,
TS™MC was a linear function of vg (at least in the range
1 kHz < vg < 5kHz used in this study), with the longest value
TSPMG = 2.6 s measured at vg = 5 kHz. In summary, it has been con-
cluded that in isotopically enriched and natural single crystals, the
decoherence process is dominated by residual dipolar coupling,
whereas in polycrystalline samples the T5™¢ value is limited to
8 s by the magnetic fluctuations induced by impurities (the so-
called 1/f noise [60]) at silicon surfaces [58].

Although detailing the mechanism of transverse dephasing was
not the goal of this report, we explored the effect of various exper-
imental strategies on the coherence lifetime in samples of our
interest. To this end, we measured the spin-echo trains in AL-
MSN as a function of vg, both with and without 'H decoupling
using SPINAL-64 [61]. Prior to Fourier transformation the echoes
were co-added to produce the reconstructed spectra. The S/N gain
G was then measured as a function of the number of echoes N for
all individual sites in this sample. The results shown in Fig. 4 are
representative of sites that are isolated (Q* Fig. 4a) and in the
proximity of hydrogen (T3, Fig. 4b). Similar curves have been ob-
tained for Q2 Q3 and T? sites (not shown). As demonstrated in
Fig. 4, these data could be fitted using Eq. (1), using TsS™® as the
only variable parameter. The results are given in Table 1 along with
the transverse dephasing times T5® measured using the rotor-syn-
chronized Hahn echo sequence (CP)y—t —(n)y—7. This sequence re-
moves contributions from magnetic field inhomogeneity, magnetic
susceptibility and the distribution of chemical shifts, but has min-
imal effect on heteronuclear dipolar interactions and no effect on
homonuclear dipolar dephasing.

We first note that in the absence of homonuclear decoupling the
dephasing due to 2°Si-2°Si dipolar interaction is expected to be on
the order of 50 ms in naturally abundant silica. This implies that in
all measurements performed under the static condition the deco-
herence was mainly due to heteronuclear dipolar interaction with
protons. When neither MAS nor 'H decoupling was used, the THE
times (0.6-0.9 ms) were only slightly longer than T; (~0.2 ms).
The 'H decoupling extended the TH® by approximately one order
of magnitude. The use of the CPMG sequence instead of a single
7 pulse further increased the decoherence time, to 5-12 ms in
the absence of 'H decoupling and to 10-20 ms with 'H decoupling.
The CPMG refocusing averages out the inhomogeneous terms of
the broadening Hamiltonian, which are linear in the observed
spins’ I, operator and which do not fluctuate during the period
Tepmc [20]. Thus, with Tcpwc = 6 ms, the dephasings due to 29Si-29Si
interactions and (in the absence of 'H decoupling) "H-2°Si interac-
tions become partly refocused.

To facilitate the discussion of results obtained under MAS, we
note that the TS™© values were measured without 'H decoupling
for vg = 10, 25 and 40 kHz, whereas 'H decoupling was only used
under fast MAS (vg =40 kHz). This was necessary because at the
lower MAS rates, efficient heteronuclear decoupling required the
use of high-RF magnetic field strength, which exceeded v by a fac-
tor of at least 3 [62]. With acquisition times approaching 1 s, high
power could not be safely dissipated within the probe. Under MAS
at 40 kHz, however, efficient heteronuclear decoupling could be
easily achieved by using low-RF field strength corresponding to a
precession frequency much smaller than vg [49,63].

MAS can average out the interactions leading to inhomogeneous
line broadening as well as the homogeneous dipolar effects (to zero
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Fig. 4. Sensitivity gain as a function of N (0 < N < Nepmc) for Q* sites (a) and T2 sites
(b) in AL-MSN, measured in a static sample (vg =0, Ncpmc = 30) and under MAS
(vg =10, 25 and 40 kHz; Ncpmc = 165). Solid lines represent data obtained without
'H decoupling. SPINAL-64 'H decoupling was applied under static condition (using
Vi = 25 kHz, triangles) and under 40 kHz MAS (with v = 12 kHz, circles). Other
experimental conditions were as given in the caption to Fig. 3a. The quality of fits
obtained using Eq. (1) is demonstrated for data obtained under 40 kHz MAS and
SPINAL-64 decoupling (dashed lines). (c) Examples of spectra reconstructed using
N =33 under different experimental conditions.

in the zeroth order, whereas higher order corrections are still pres-
ent). At the lowest MAS rate used (vg = 10 kHz), the modulation of
dipolar interactions was already faster than that in the case of CPMG
alone, as indeed reflected by the increased Ts™¢ values, which
reached 250 ms for Q* sites. As expected, the TS™C values measured
for all Q" and T" sites are roughly proportional to vg [62]. However,
for sites T? and T> MAS alone is powerless in refocusing 2°Si magne-
tization for an extended period of time, even at 40 kHz, due to more
rapid dephasing of their magnetization by the residual dipolar cou-
plings with protons in allyl groups. Only by combining 40 kHz MAS

Table 1
Transverse dephasing times Th" and TS (ms) measured for T" and Q" sites in an AL-
MSN sample under various MAS (vg, kHz) and 'H decoupling (v, kHz) conditions

Experimental conditions Silicon site
VR VR T T Q Q’ Q!
e 0 0 08 09 0.6 0.7 0.9
0 25 7.0 6.5 7.0 9.0 12.0
40 0 50 25 — 80 100
40 12 60 90 — 200 120
TSPME 0 0 5 7 4 7 12
0 25 20 15 10 15 20
10 0 20 50 — 150 250
25 0 60 80 — 300 450
40 0 200 130 — 400 600
40 12 420 650 350 500 900

Under MAS, the T%PMG values were obtained by fitting the G(N) curves using Eq. (1).
Static data were fitted directly using the echo trains.

and low-power 'H decoupling could long-lived trains of spin echoes
be generated for all sites. We have not established the relative con-
tributions of homo- and heteronuclear interactions to the largest
TS™C value found under these conditions (900 ms in Q* sites). How-
ever, the observed difference in T5™® values between Q* sites and
the most protonated sites in AL-MSN (T? and Q?) indicates that bet-
ter averaging of '"H-2%Si interactions is still possible by using faster
MAS and/or decoupling sequences designed specifically to increase
the coherence lifetime [64].

The G(N) values observed in mesoporous silicas under 40 kHz
MAS and 'H decoupling are remarkably high. Indeed, for Q* sites
in AL-MSN, a sensitivity gain exceeding one order of magnitude
can be achieved by utilizing all available echoes (Fig. 4a). Due to
shorter TS™¢ time, the gain is noticeably lower for T° sites in the
same sample (Fig. 4b). However, the dependence of signal
enhancement on TS™® could be practically eliminated by reducing
the number N of echoes used for reconstruction. In the case of AL-
MSN, by limiting N to 33 (which corresponds to an acquisition time
of ~200 ms, as marked in Fig. 4a and b), the S/N gain for all sites is
between 6.9 and 7.2; i.e., the resulting spectra are quantitative to
within a few percent. In other samples of our interest, sensitivity
gains on the order of 3-10 could be typically obtained under sim-
ilar conditions while accurate relative intensities were maintained
(see below) [49,50]. The effect of MAS and 'H decoupling is evident
in Fig. 4c, which shows four spectra reconstructed using the same
number of echoes (N = 33). Clearly, slower MAS and lack of decou-
pling discriminate silicon sites with stronger coupling to protons
from other silicon sites.

5. 29Si NMR spectroscopy with CPMG acquisition

Recent studies performed in our laboratory have demonstrated
that sensitivity gains described in previous sections can be pro-
jected onto various 1D and 2D 2°Si NMR experiments involving
mesoporous silicas, zeolites, and other inorganic materials.

5.1. 2°Si{’"H} HETCOR NMR of functionalized mesoporous silica
materials

The structures of organic-inorganic interfaces are best probed
using the 2D 2°Si{'H} HETCOR NMR method, which determines the
location of organic groups relative to various silicon sites. However,
such experiments usually require acquisition times on the order of
days, even in studies of hydrogen-rich interfaces between a silica
surface and a surfactant [10,11]. Most of our recent studies have fo-
cused on functionalized silica surfaces from which the surfactant
species were previously removed [49,50,54]. In several cases the or-
ganic content of such samples was below the sensitivity limit of the
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‘standard’ 2°Si{'H} HETCOR method, yet such an examination be-
came possible by implementing the CPMG refocusing. Two exam-
ples of the reconstructed versions of such spectra measured in AL-
MSN and CMTES-MSN are shown in Figs. 5 and 6.

Interestingly, strong cross peaks were observed between Q* sil-
icon sites and hydrogens H2 and H3 in AL-MSN. These cross peaks
result from spatial proximity rather than 'H-'H spin diffusion.
Thus, some of the allyl groups appear to be in a prone orientation
with respect to the silica surface [65]. A similar spectrum of this
sample has been earlier acquired at a lower magnetic field (9.4 T)
[49].

We previously used the spectrum of CMTES-MSN (Fig. 6a) as
part of our studies of covalent linkages formed during organic
functionalization of MCM-41 silica with chloroalkylsilanes [50].
The 'H cross sections shown in Fig. 6b correspond to silicon sites
in the ‘T’ range, which are directly bound to one carbon. By corre-
lating the 'H traces with the corresponding '*C{'H} HETCOR spec-
trum, it has been shown that 2°Si resonances at —77 and —80 ppm,
labeled T3 and T3, correspond to (=Si0);Si(CH,Cl). Very different
'H traces are observed at —66 ppm (T2), —69 ppm (Tz) and
—73 ppm (T2), which represent (=Si0),Si(CH,Cl)(OCH,CH3) sites
bound to both CH,Cl and ethoxy groups [50]. The Q> and Q* sites
in CMTES-MSN are correlated with 'H resonances representing
the attached functionalities and the hydrogen bonded species
=Si-OH-(H,0), (note that this sample was studied in non-deuter-
ated state). An unexpected caveat associated with this spectrum is
the discrepancy between traces reconstructed using two different
sections of the echo train. This can be best illustrated by analyzing
the 1D 2°Si{'H} dataset, acquired with more scans. Trace 1 in Fig. 6¢
represents the first FID and echoes 1 through 6, whereas the tail of
the echo train (echoes 140 through 160) was used to create trace 2.
There is a clear change in resolution between the traces, which
must be attributed to the heretofore unidentified distribution of
TS™C times associated with individual silicon sites. Evidently, the
signals that contribute to trace 2 represent sites with increasingly
longer TS™¢ and narrower T2 and T° resonances. This may be asso-
ciated with the existence of sample regions with various degrees of
local order [2].
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Fig. 5. 2°Si{'H} HETCOR spectrum obtained in AL-MSN silica using following con-
ditions: Bo=14.1T, vg=40kHz, tcp=8ms, Vi =208KkHz during excitation,
Vi =130 + 5kHz during CP (ramped), v§ = 12 kHz during TPPM decoupling,
Vit = 90 kHz during CP and CPMG pulses, Ncpumig = 124, Tcpmc = 4 ms, Trp = 0.8 s, and
NS =200; and 80 increments of 100-ps were used in the t; dimension. The total
experimental time was 12 h. The inorganic hydrogen in this sample had been ex-
changed with deuterium, as explained in Section 2.

The question arises to what extent the above approach to mea-
suring 2D 2°Si{'H} spectra under fast MAS offers an advantage over
the traditional method utilizing slower spinner and multiple pulse
'H decoupling (e.g., FSLG), assuming that both experiments are
performed with CPMG refocusing. The benefits of using fast MAS
include better sensitivity per spin, lack of spinning sidebands, lack
of a scaling factor in the 'H dimension, the accessibility of low-
power decoupling schemes and simple experimental setup.
Whereas larger rotor can accommodate more sample, its volume
has to be restricted because of stringent requirements of multiple
pulse 'H decoupling on the RF magnetic field homogeneity. For
example, in our earlier '>C{'H} HETCOR experiments with 5 mm
rotors we used only one third (~50 pL) of the available rotor capac-
ity to avoid degrading the 'H resolution. The CP efficiency is more
difficult to compare, as it also depends on RF circuitry (especially
the coil design) and may vary from sample to sample. Our evalua-
tion of '3C{'H} HETCOR strategies in mesoporous catalysts, per-
formed without the CPMG acquisition, showed that the fast MAS
approach yielded spectra of similar sensitivity and resolution than
those obtained in a 5-mm rotor using FSLG 'H decoupling [49]. A
reasonable albeit untested expectation is that the sensitivities
would behave similarly in the case of 2D 2°Si{'H} NMR. Since, as
shown in Section 4, the CPMG detection performs better under
high spinning rates, the overall benefits of using fast MAS in such
experiments outweigh the sensitivity gain due to high sample vol-
ume. It should be noted that until now our experience with such
experiments has been limited to samples in which MAS at
40 kHz can provide sufficient '"H homonuclear decoupling. There
is considerable interest in the development of RF sequences for
high resolution 'H spectroscopy under fast MAS, which can make
the CPMG approach even more attractive.

5.2. Quantitative 2°Si DPMAS measurements

Whereas there is a clear advantage of using the CPMG refocus-
ing under fast MAS in the context of 2°Si{'H} HETCOR, the useful-
ness of such strategy for acquisition of quantitative 1D 2°Si DPMAS
spectra is more difficult to assess. We compared the CPMG method
with the long-established approach of measuring a single FID in a
larger (5 mm) rotor, under the criterion that spectra must be quan-
titative to within 5%. As described earlier (Section 4), in deuterated
AL-MSN the S/N ratio could be increased sevenfold (with N =33,
Fig. 4a and b) under fast MAS. A similar measurement performed
on this sample in a 5-mm rotor (fully loaded with the studied
material, under 8 kHz MAS and 30kHz TPPM 'H decoupling)
yielded the same S/N ratio per scan with N =0 (the first FID). We
found this result to be typical of other functionalized silica materi-
als. In cases when ‘good’ (i.e., quantitative) echoes can be acquired
at low MAS rate, large volume rotors provide undistorted DPMAS
spectra with best overall sensitivity. We found the number of such
echoes to be typically between 1 and 5. This number was generally
higher in samples that were deuterated and/or dried prior to the
measurement.

5.3. 25Sif?”Al) HETCOR NMR of zeolite 13X

Heteronuclear 2°Si{?’Al} NMR spectra, if routinely available,
would be extremely helpful in studies of aluminosilicates. How-
ever, such experiments are inherently challenging due to the low
efficiency of the CP process involving quadrupolar nuclei [66,67]
and low concentrations of 2’Al-2°Si spin pairs, especially in mate-
rials with high Si/Al ratios. The feasibility of 2°Si{?’Al} NMR meth-
ods has nevertheless been demonstrated in 1D and 2D studies of
zeolites [68], minerals [69], and ceramic materials [70]. In the lat-
ter study, the sensitivity was enhanced by increasing the popula-
tion inversion across the central transition using RAPT [71]. More
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Fig. 6. 2°Si{'H} experiments on CMTES-MSN. (

a) 2Si{"H} HETCOR: By = 14.1 T, vg = 25 kHz, tcp = 8 ms, Vi = 104 kHz during excitation, v, =

30 + 3 kHz during CP (ramped),

Vi = 6 kHz during TPPM decoupling, v§. = 55 kHz during CP and CPMG pulses, Ncpymc = 160, Tepmc = 6 ms, Trp = 1's, and NS = 80; and 100 increments of 80-us were used in
the t; dimension. The total experimental time was 9 h. (b) Cross-sections along the 'H dimension corresponding to T? and T3 sites. (c) 2°Si spectra of T" sites reconstructed
from 1D 2°Si{'H} echo train using echoes 1 through 6 (top) and 140 through 160 (bottom). Experimental conditions were the same as in (a) except for NS, which was set to

1280.

recently, the isotropically resolved 2°Si{?’Al} HETCOR spectrum of
the mineral microcline (KAISisOg) has been recorded by combining
RAPT-CPMAS and SPAM-MQMAS methods [72].

The CPMG acquisition of 29Si{?’Al} spectra is less likely to yield
the overall sensitivity gains achieved in 2°Si{'H} NMR. First, the T;
relaxation of 2’Al nuclei is usually very fast, which allows for the
use of short recycle delays. However, even when the recycle delay
(defined as the interval between the completion of FID detection
and the start of the next pulse sequence) can be as short as
10 ms, the overall cycle time of the experiment (defined as the
interval between analogous points of successive pulse sequences)
is prolonged considerably by the RAPT sequence, the t; evolution
and the CP period. Thus, the CPMG refocusing can still offer an
advantage because it extends the cycle time by only a few ms
per echo. Second, several conflicting factors have to be considered
while optimizing the experimental strategy for cross polarization
and decoupling. The spin dynamics during CP generally favors
the use of fast MAS, under the so-called sudden passage condition
[66,67,73]. Similarly, 2’Al decoupling should be more effective un-
der fast MAS. Indeed, under slow MAS conditions the spin echoes
are likely to be attenuated due to the recoupling of the 2°Si-?’Al
dipolar interaction as a result of adiabatic transfer of populations
among the 27Al Zeeman states (TRAPDOR effect) [74,75]. The spin
dynamics involved in these processes depends on the quadrupole
parameters and resonance offsets, and has complex orientational
anisotropy. On the other hand, the CPMG refocusing in our
295i{27Al} experiments has not been strongly influenced by 'H
decoupling. With extended 'H irradiation no longer needed, the
use of larger MAS rotors may become advantageous.

In spite of these complexities, the CPMG proved very helpful in
295i{27Al} experiments. In Fig. 7 we show an example of a 2°Si{?”Al}
HETCOR spectrum of zeolite 13X, which exhibits connectivities be-
tween tetrahedral aluminum sites (labeled Al and AL') and Q*
sites associated with three and four Al neighbors (labeled
Q;1 and Qj, respectively). We are not aware of earlier reports that
would show the existence of different Al'Y sites in this zeolite. By
using a moderate MAS rate (8 kHz) and three CPMG echoes, we
were able to boost the sensitivity by a factor of ~2, which was fur-
ther doubled by RAPT. Similar gains were achieved in the recently
reported studies of mesoporous aluminum silicate catalysts [76]

o]
< -
(=3
0 -
] Aly
(=3
(O_
4 v
] Al
o ]
~ -
(=3
m-

-70 -80 90 -100 -110 &g

Fig. 7. 2°Si{?’Al} HETCOR-CPMG spectrum of zeolite 13X: By=9.4T, vg =8 kHz
(5 mm rotor), Tcp = 6 ms, vak = 5.2 kHz during RAPT (with modulation frequency of
167 kHz and duration of 1.4 ms), v4: = 5.2 kHz during excitation, vf = 1 kHz dur-
ing CP, v = 11 (+1) kHz during CP (ramped, 11 steps), v§: = 21.6 kHz during CP-
MG pulses, Ncpmcg=3, Tcpmg=6ms, Tgp=12ms, and NS=16,000; and 50
increments of 50-pus were used in the t; dimension. The total experimental time
was 18 h.

and in synthetic zeolite ZSM-4 [77], where new and unexpected
correlations were observed between different components of 2°Si
and ?7Al spectra. We have not performed extensive optimizations
of these experiments; it is quite likely that further improvements
can be made.

5.4. 255i-29Si DQMAS homonuclear correlation NMR of mesoporous
silica

Another potential application of CPMG refocusing is in DQMAS
295i-29Si NMR. DQ filtering eliminates the dominant single quan-
tum (SQ) coherences from isolated 2°Si spins, which simplifies
the spectra, especially in naturally abundant samples. The DQ
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coherences can be created and reconverted under MAS by using
dipolar recoupling methods, such as BABA [78] and C7 [79], or by
using isotropic J-couplings (via bridging oxygen atoms, 2°Si-
0-295i) in the INADEQUATE experiment [51]. Since the dipolar cou-
pling constants in 2°Si—-0-2°Si pairs (~160 Hz) are larger than the
corresponding ?s;_s; couplings (typically 5-15 Hz) [52,80,81], the
dipolar recoupling sequences lead to much faster coherence
build-up [15]. The utility of both approaches has been demon-
strated in several studies of naturally abundant silicates and alumi-
nosilicates, including zeolite ZSM-5 [16], zeolites ZSM-12 and KZ-2
[52], highly ordered mesostructured silicas [11,17] and clathrasil
[15]. Due to their well-ordered structure, these materials exhibited
relatively narrow 2°Si resonances, ranging between 0.2 and
1.5 ppm (FWHM). The MSN materials of interest to us are highly
amorphous, leading to considerably wider distribution of local
environments. The resulting broadening of 2°Si lines (typically 5-
8 ppm for any given type of site) affects both SQ and DQ dimen-
sions of 2D spectra, thereby posing a sensitivity challenge.

Most important for CPMG refocusing of DQ-filtered 2°Si coher-
ences is that they usually involve chemically bound nuclei experi-
encing homonuclear ?Jsi_s; coupling. For example, all nuclei
contributing to INADEQUATE spectra of MSNs are coupled through
295i-0-29Si bridges. This coupling is not refocused by the 7 pulses,
which results in modulation of the observed CPMG echoes. In addi-
tion, the decay time of the echo train can decrease due to distribu-
tion of the J-coupling values. This limits the number of echoes
available for reconstruction using the scheme proposed above.
With extended 'H decoupling being unnecessary, the use of MAS
rotors with larger volume becomes advantageous in such experi-
ments. We note that in INADEQUATE experiments with disordered
samples this argument may be outweighed by the need to spin fast
in order to minimize the losses during coherence transfers. Indeed,
there are well-known benefits of using the refocused version of the
INADEQUATE experiment in samples with a short time constant T;
[53]. Using fast MAS should slow down the TH* dephasing, and thus
reduce the loss of 2°Si magnetization during time delays 7, and 7,
(see Fig. 1b).

An example of a 2°Si-2°Si{'H} refocused INADEQUATE spectrum
of an MSN sample acquired with CPMG detection is shown in
Fig. 8a. Due to modulation by J-coupling, only the first four out
of 10 acquired echoes were used for reconstruction, which limited
the sensitivity gain to ~2.5. Still, the Q®*-Q*, Q*>-Q> and Q*-Q* cor-
relations are clearly identified.

The modulation of the DQ-filtered train of CPMG echoes is evi-
dent in the spikelet spectrum obtained via Fourier transformation
of the entire echo train (not shown). The individual spikelets in-
clude two main components separated by the mean value of the
scalar couplings between 2°Si nuclei. More detailed insights can
be gained by measuring the first row of 2°Si-2°Si{'H} refocused
INADEQUATE spectrum and constructing a new time domain
s(ty,tz) in which the half-echoes are aligned along t;, where
t1 = Ntepmg (1 < N < Nepumg), as explained in the end of Section 3.
After 2D-Fourier transformation one obtains the DQ-filtered and
J-resolved spectrum shown in Fig. 8b. In this case, we used
Ncpmc = 50, in order to include the entire J-evolution. The theoret-
ical principles of spin-echo modulation, as a function of echo dura-
tion, due to homonuclear J-couplings in isolated pairs of spin-1/2
nuclei under MAS were scrutinized in a recent study by Duma
et al. [82]. The modulation depends on the degree of magnetic
equivalence, chemical shift anisotropy (CSA) parameters, strength
of dipolar interactions, relative orientation between the dipolar
and CSA tensors, and experimental conditions (vg). In short, two
major modulation regimes were described: regime A, in which
J-modulation is small or absent, observed under fast MAS in pairs
of nuclei with very similar CSA parameters; and regime B, in which
the J-modulated component is dominant, observed under moder-
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Fig. 8. (a) 29Si-2%Si{'H} refocused INADEQUATE spectra of MSN: By=9.4T, vg =
8 kHz (5 mm rotor), tcp=12ms, v=71kHz during excitation, v§ =52 + 3 kHz
during CP (ramped, 11 steps), Vi = 35 kHz during TPPM decoupling, v§: = 44 kHz
during CP, vii. = 50 kHz during CPMG pulses, 71 = 72 = 15 ms, Ncpmc = 10 (only four
echoes were used to generate the spectrum), Tcpmg =10.125 ms, trp=1.2's, and
NS = 2560; and 82 increments of 250-us were used in the t; dimension. The total
experimental time was 60 h. The J-resolved spectrum (b) was obtained by measu-
ring the first row of INADEQUATE spectrum (t; = 0) with Ncpmg = 50 and NS = 320,
under otherwise the same conditions. The 2D spectrum was obtained by rearrang-
ing all echoes to produce a second time-domain, as explained in the text. The line
styles used in the cross sections correspond to the arrows on the spectrum.

ate vg in the presence of dipolar coupling and/or CSA, especially
in spin pairs with different isotropic chemical shifts [82].

Our experiments showed that the modulation generated by a
CPMG train of 7 pulses is additionally sensitive to the length of
the tcpmg period (with rotor synchronization being always used).
Whereas further studies are necessary to better understand and ex-
ploit the spin dynamics in these experiments, several remarks can
be made. First, Fig. 8b shows that for most spins the observed mod-
ulation is indeed dominated by ?Js;_s; couplings. Most likely, these
resonances correspond to what Duma et al. [82] referred to as re-
gime B, i.e., spin pairs with different chemical shifts (i.e., %Jsi_s; cou-
plings between Q* and Q3 sites). The width of the 2D spectrum in
the v; dimension can be attributed at least in part to the distribu-
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tion of J values. Indeed, there is a noticeable correlation between
?Jsi_si couplings and the corresponding chemical shifts. For example,
the more shielded Q* sites (at around —113 ppm) have %Js;_s; values
of ~ 14 Hz, whereas Q* resonances at —105 ppm have ?Jg;_g; values
centered at 10 Hz (the corresponding cross sections are shown in
Fig. 8b, right). These values can be associated with the mean
Si-O-Si bond angles [81]. It has been recently shown that condi-
tional probability distributions of chemical shifts can be extracted
from 2D INADEQUATE spectra [83]. Although, it is not yet clear to
what extent the widths of individual cross sections along v, are
due to the distribution of s;_g; values, similar analysis of the spec-
trum in Fig. 8b may provide a new source of information about
structural disorder in silica materials. Second, there is a consider-
able fraction of spins for which the modulation is quenched. These
resonances may be due to Q*-Q* and Q®>-Q? pairs with similar shifts
(regime A) (Note that truly magnetically equivalent spins should
not be observed in the INADEQUATE experiment). Another possible
origin of the central peak is the contribution from isolated non-cou-
pled 2°Si spins due to incomplete DQ filtering.

6. Conclusions

We have evaluated the uselessness of CPMG refocusing in the
context of several 2°Si NMR techniques and analyzed the strategies
that maximize the sensitivity. The greatest utility of CPMG refocus-
ing was found in CP-based 2°Si{'H} HETCOR experiments per-
formed under fast MAS on functionalized mesoporous silicas. The
examples of such spectra shown here are representative of numer-
ous materials studied recently in our laboratory, for which remark-
able sensitivity gains have been achieved without creating
excessive spectral distortions. The 2°Si{'H} HETCOR spectra, which
under standard conditions would be prohibitively time consuming
to acquire, were measured in less than a day. We achieved similar
enhancements in 2°Si{'°F} HETCOR experiments.

295i DPMAS spectra can be also enhanced by CPMG acquisition,
although the number of echoes must be carefully controlled if quan-
titative accuracy is to be preserved. Typically, the use of CPMG under
fast MAS can roughly make up for the loss of intensity due to smaller
rotor size. Drying of the sample or exchange of protons in H,0 and
OH groups with deuterium usually permits the use of CPMG echoes
in high volume rotors, providing the highest overall sensitivity.

The best strategies for 2°Si{?’Al} CPMAS and 2°Si-2°Si INADE-
QUATE CPMG experiments are less clear-cut. In our 2°Si{>’Al} mea-
surements, 'H decoupling did not significantly affect the
refocusing. Whereas polycrystalline andesine yielded 1000 echoes
in a 10-s train, the mesoporous aluminum silicates and zeolites
typically produced only a few echoes, even under fast MAS and
H decoupling. When 'H decoupling is not needed, the use of larger
MAS rotors becomes advantageous. On the other hand, 2°Si{*’Al}
CP and 2’Al decoupling may favor fast MAS. The efficiency of our
295i{27Al} experiments, which were mostly performed with 5 mm
rotors under 8-10 kHz MAS, was at least doubled by CPMG refo-
cusing. Fast T; relaxation of 2’Al nuclei allowed for acquisition of
2D spectra in some of the samples within a day. Better decoupling
methods, including double 'H and 2’Al decoupling, need to be ex-
plored. The DQ-filtered 2°Si-?°Si experiments can also benefit from
CPMG acquisition. In this case the echoes are modulated by
?Jsisi coupling, which can be exploited in J spectroscopy. Again,
further studies are needed to assess the utility of fast MAS in study-
ing homonuclear silicon-silicon correlations.
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