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Abstract: Recent studies have shown that dynamic nuclear
polarization (DNP) can be used to detect 'O solid-state NMR spectra
of naturally abundant samples within a reasonable experimental time.
Observations using indirect DNP, which relies on *H mediation in
transferring electron hyperpolarization to 'O, are currently limited
mostly to hydroxyls. Direct DNP schemes can hyperpolarize non-
protonated oxygen near the radicals; however, they generally offer
much lower signal enhancements. In this study, we demonstrate the
detection of signals from non-protonated *’O in materials containing
silicon. The sensitivity boost that made the experiment possible
originates from three sources: indirect DNP excitation of 2Si via
protons, indirect detection of O through #Si nuclei using two-
dimensional #Si{*’0} D-HMQC, and Carr-Purcell-Meiboom-Gill
refocusing of 2°Si magnetization during acquisition. This 2°Si-detected
scheme enabled, for the first time, 2D "O-Si heteronuclear
correlation spectroscopy in mesoporous silica and silica-alumina
surfaces at natural abundance. In contrast to the silanols showing
motion-averaged 'O signals, the framework oxygens exhibit
unperturbed powder patterns as unambiguous fingerprints of surface
sites. Along with hydroxyl oxygens, detection of these moieties will
help in gaining more atomistic-scale insights into surface chemistry.

Oxygen is a ubiquitous element in biochemistry and materials
science, yet one that challenges solid-state (SS)NMR
spectroscopy, mainly due to the very low natural abundance of its
only NMR-active isotope, 'O (0.038 %). The lack of sensitivity is
further exacerbated in studies of diluted species on surfaces of
materials. The 17O nuclide is also quadrupolar (I = 5/2), and while
its quadrupolar moment is moderate (Q = -25.58 mb), the
resulting line broadening complicates spectral analysis. Thus far,
170 SSNMR experiments have strongly depended on 'O isotopic
enrichment, which limited their use due to synthetic difficulties and
high cost.

Recently, dynamic nuclear polarization (DNP) NMR has
opened the way for detecting signals of unreceptive nuclides
which suffer from low gyromagnetic ratios, low natural
abundance, dilution, line broadening or any combination of these
challenges.**% As a matter of course, researchers have applied
this emerging technique to the O nuclide, and demonstrated that
70 SSNMR spectra could be acquired at natural abundance from

nanoparticles* % 12-13. 1517 and even from surfaces.!® 1821 |n the
majority of studies, however, the hyperpolarization of 'O nuclei
has been achieved via protons using the route e — *H — (*H-'H
spin diffusion) — 7O — detection. This protocol, termed indirect
DNP, relies on propagation of magnetization throughout the
sample via 'H-'H spin diffusion, before the final 'H — O
polarization transfer. Although the indirect DNP scheme is
generally most sensitive and thus predominantly used, its
applications are limited by the short-range nature of the *H — 7O
transfer. Indeed, the natural abundance 1O DNP NMR has been
mostly restricted to protonated oxygens, i.e. hydroxyls,® 9 12.18-19]
with one exception of a recent report on the use of D-RINEPT.[2!
The use of advanced radical molecules?® 2224 or suitable metal
ionsl'® 51 has enabled a direct, e~ — 7O DNP route; however,
the absence of O-70O spin diffusion in naturally abundant
samples keeps most spins unpolarized.

In this study, we demonstrate a DNP approach that efficiently
detects 'O signals from non-enriched and non-protonated
oxygens through other nuclei, in this case 2°Si, using a multi-step
scheme e~ — H — 2°Sj — 70 — 2°Sj — CPMGacq (Figure 1). (1)
In the first step, the electrons’ hyperpolarization is transferred to
29Sj via the abovementioned indirect DNP route e~ — H — 2°Sj,
using cross-polarization (CP) for the 'H — 2°Sj transfer. (2) The
second step employs the two-dimensional (2D) ?°Si{*”O} dipolar
heteronuclear multiple quantum correlation (D-HMQC)
spectroscopy. D-HMQC has recently become the method of
choice for the studies of spatial proximity between heteronuclei in
solids,?>28 because of the inherent low efficiency in polarization
transfer from H to a quadrupolar nuclei such as *’O by cross-
polarization. Here, we use the symmetry-based SR4 sequencel?’]
for 2°Si—’O heteronuclear recoupling, because it is easy to
optimize, tolerant of resonance offsets, and has low RF
requirements that can be easily met by our DNP MAS probe in its
1H-2°Sj-170  configuration. Note that alternative recoupling
schemes, such as SFAM, could be considered; however, T,
relaxation losses are insignificant in our experiment.?8l In the
proposed scheme, HMQC detects the 17O signal through the more
sensitive 2°Si nuclei; note that this detection method is incidentally
also termed ‘indirect’.?>%% In contrast to the typically used indirect
detection via *H, however, it can be used here without fast magic-
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angle spinning (MAS).[*4 25301 |mportantly, the slow T, relaxation
of the 2°Si nuclide enables the implementation of step (3), namely
the use of Carr-Purcell-Meiboom-Gill (CPMG) acquisition to
further boost the sensitivity.? The CPMG interval was set to 1.2
ms, so the separation of spikelets is equivalent to the difference
in chemical shift between silicon sites Q2 and Q3, and Q® and Q*
((=Si0),Si(OH), (=Si0)3Si(OH), and (=SiO).Si, respectively).
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Figure 1. Pulse sequence to acquire non-protonated O NMR spectra at
natural abundance with DNP.

We first used the previously studied sample of 20% '7O-
enriched silica gel® 8 to (i) demonstrate the ability of 2°Si{*’O} D-
HMQC to detect non-protonated oxygen sites and (ii) test the
efficacy of 2°Si refocusing by CPMG. Figures 2a and 2b compare
the DNP spectra obtained with direct polarization (DP)MAS and
"O{*H} PRESTO, which was effectively enhanced by CPMG due
to favorable T, value for 27O in this sample. The DPMAS spectrum
represents the MAS-scaled central transition of siloxane oxygens
in silica, which is additionally broadened by the distribution of local
structural parameters, namely the Si-O-Si tetrahedral bond
angles and Si-O distances.?3% Note that the direct 'O DNP
enhancement was very low in this sample (~1.3, see Figure S2in
the Supporting Information). Thus, most of the YO nuclei were
excited by the direct (non-DNP) process, resulting in uniform
polarization of silica gel and the observed predominance of
siloxane oxygens in the spectra. As expected, the PRESTO MAS
spectrum shows the signal almost exclusively from surface silanol
oxygens, and agrees with those observed previously in
mesoporous silicas SBA-15 and MCM-41.° 18]
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The 2D 2°Si{*’0O} D-HMQC-CPMG spectrum (Figure 2c)
showed strong *’O-?°Si correlation signals. Interestingly, the 'O
skyline projection of this spectrum bears closer resemblance to
the DPMAS spectrum than the PRESTO MAS (see the top of
Figure 3c), suggesting that the technique effectively illuminates
the non-protonated siloxane oxygen sites at or near the surface.
Note that the preponderance of siloxane oxygen in the HMQC
spectrum is not surprising. Under the CP conditions used in our
study (*H — 2°Si CP time = 8 ms), the contribution of Q* sites was
~35%. Considering the fact that a Q2 site bonds to three siloxane
oxygens and only one hydroxyl oxygen, about 84% of surface
oxygens detected in the HMQC spectrum is involved in Si-O-Si
linkages. One notable difference between the two spectra is the
emphasized singularity at -30 ppm. The ’O DPMAS signals from
the entire particle is given as the sum of subspectra with various
Ne values which reflect the distribution of Si—O-Si angle in the
silica particles. B% 32 In contrast, the DNP-enhanced D-HMQC
measurement comprises the signals from 7O near the surface.
The different 7O lineshapes obtained using DPMAS and D-
HMQC indicate that the Si—-O-Si angles near the surface are
wider than those in the bulk. According to the analysis reported in
ref. 32 such change suggests that the surface siloxanes exhibit
wider Si-O-Si angles that those in the bulk. The signal from silanol
oxygens appears to be too weak to be clearly discerned. Note that
we did not detect any significant differences between 7O line
shapes associated with spikelets at 5 2°Si = -90 ppm, -100 ppm
and -110 ppm. Figure 2d shows the 17O-?°Si correlation spectrum
obtained using the same experimental conditions except for the
CPMG acquisition. As can be seen in their 7O projections, the
CPMG acquisition of 2°Si signal offered a roughly 10-fold signal
enhancement.

We applied this method to naturally abundant MCM-41 silica
and silica-alumina (SIRAL® 40/HPV, with Al:Si ratio of 3:2, see the
Supporting Information), and successfully obtained the 2D 7O-
2%Sj correlation spectra after 60-70 h of acquisition for each
(Figure 3b and 3e, respectively). In MCM-41 silica, the 'O
projection of the correlation spectrum showed a signal similar to
that of the ’O enriched silica gel, with a center of gravity at a
lower field than that of the 7O signal obtained by PRESTO MAS
(Figure 3a), which again corroborates the detection of non-
protonated oxygens near the surface.
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Figure 2. DNP-enhanced MAS NMR spectra of 20% *’O-enriched silica acquired using 1D 'O DPMAS (a), 1D ’O{*H} PRESTO-CPMG (b), and 2D #’Si{*’0} D-
HMQC with (c) and without CPMG acquisition (d). The acquisition times were 1 min (a), 7 min (b), and 1.8 h (c, d). In (b), both the spikelet (grey) and the reconstructed
spectra (black) are shown. For direct comparison, the 1D O DPMAS (dotted) and the 1D "O{*H} PRESTO-CPMG (dashed) spectra are superimposed onto the
170 skyline projection of the 2D D-HMQC spectrum (solid) in (c). The *’O skyline projections in (solid lines in ¢, d) show the absolute intensity, demonstrating the
effect of CPMG acquisition. The silica sample was impregnated with a 16 mM solution of TEKPol®*! in non-hydrogen bonding solvent (1,1,2,2-tetrachloroethane)
and spun at 10 kHz at a temperature of 100~105 K. 60 echoes and 160 echoes were accumulated for the PRESTO-CPMG (b) and D-HMQC-CPMG (c) experiments,
respectively. Note that in ¢ and d, the direct (2°Si) and the indirect (’O) axes are transposed for better readability of the 1O projected spectra.
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Figure 4. Simulated and experimentally obtained 1O NMR spectra. The spectra
of Si-O-Si, Si—-OH, Si—O-Al, and Si—O(-Al). were simulated on the basis of
DFT computed NMR parameters, while that of Al-O(H)-Al was reproduced
using the experimentally obtained parameters reported in Ref. 39 and 40,
respectively. 500 Hz of Gaussian line broadening was applied to the simulated
lines.

Table 1. DFT Computed® and Experimentally Obtained ’O NMR Parameters
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Figure 3. 70O SSNMR spectra of natural abundance MCM-41 silica (a-c) and
silica-alumina (d-f) acquired using the DNP-enhanced 1D *O{*H} PRESTO-
CPMG (a, d), 2D #Si{*’0} D-HMQC-CPMG (b, e), and ?*Si{*H} CPMAS (c, f)..
The acquisition times were 70 h (b) and 60 h (e). The enhancement factor in the
295j{1H} CPMAS signal of MCM-41 was ~90; for silica-alumina the signal without
DNP was undetectable, suggesting that the enhancement was at least 200 (see
Fig. S2). For easier analysis of 2D spectra, the chemical shifts of indirectly
detected nuclei (:’0) are shown on the horizontal axis.

The same set of experiments was performed on the silica-
alumina sample. The PRESTO-derived 'O spectrum (Figure 3d)
was slightly broader than in Figure 3a. The *’O projection of the
2D spectrum shows a featureless 'O signal (Figure 3e), and
again, the center of gravity of the 1O signal is at a lower field of
than that of the PRESTO MAS signal. The ?°Si{*H} CPMAS signal
of silica-alumina appeared at a lower field (centered at -90 ppm,
Figure 3f) than that of MCM-41 silica (centered at -100 ppm,
Figure 3c), and was assignable to Si(—OAl);(—-OSi)(—-OH)
(hereafter referred to as Si(2Al, Si, OH)), Si(Al, Si, 20H), Si(3Al,
Si) and Si(2Si, 20H) species which are all expected at around -
90 ppm. 2536l

Sites Oiso (ppm) |Col (MHZ) no source
Si-O-Si 40 (3) 5.3(0.1) 0.22 (0.05)  this work (DFT)®!
Si-O-Si 400 5.2 (0.7) 0.2 (0.2) ref. 37 (exp)
Si-OH 2 (1) 7.9(0.3) 0.65 (0.05) this work (DFT)®!
Si-OH -3 7.3 0.46 ref. 38 (DFT)
Si—O-Al 29 (14) 4.3(0.7) 0.62 (0.24)  this work (DFT)
Si-O—(Al)2 35 (10) 4.3 (0.6) 0.76 (0.16)  this work (DFT)
Al-O(H)-Al 40 5.0 0.5 ref. 39 (exp)
Si-O(H)-Al 28 6.6 0.8 ref. 40 (exp)

[a] Averaged value (standard deviation). [b] The DFT computed parameters for
the silica slab model, which is curved from cristobalite, followed by termination
of dangling bonds with hydroxyls and structural relaxation, are in good
agreement with those for amorphous silicas. [c] diso is estimated from the figure
within the reference.

To make more definitive assignments, density functional theory
(DFT) calculations were performed on silica and silica-alumina
models (see Supporting Information for details). The computed
0 NMR parameters along with the previously reported
experimental values®®’-% are listed in Table 1; the corresponding
spectra are drawn in Figure 4. For MCM-41, the ?°Si-detected 'O
spectrum is in good agreement with the 'O spectrum simulated
for Si-O-Si, whereas the PRESTO 'O spectrum, which must
represent mostly silanol groups, is much narrower than the
corresponding simulated line for silanols. The silanol group is
dynamic® 41 even under the DNP conditions (the presence of
frozen solvent at ~100 K),l and the 7O line width is reduced by
the partial averaging of the 1O electric field gradient. It has also
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been reported that the elongated O-H bond length due to
hydrogen bonding results in smaller Cq values.*? The 2°Si{*’O}
D-HMQC spectrum of silica-alumina (Figure 3e) is considerably
different from that of MCM-41. Notably, the Si-O-Si links are not
present in detectable quantity. Instead, the 1’O projection agrees
with the simulated spectra for Si—-O-Al and Si—O(-Al), links.
These observations suggest that the Si and Al atoms are well
intermixed, at least at or near the materials’ surface, as would be
expected in accordance with the Léwenstein’s rule. The signal
from Al-O(H)-Si link was not detected, which is consistent with
the fact that that the Brgnsted acid sites are rare in this
material.**! Note that another possible structure, Al-O(H)-Al,
would not be observable in the 2°Si-detected 'O spectrum.
Consequently, the PRESTO MAS spectrum is attributable
primarily to aluminols 191,

In summary, we demonstrated the indirect detection of 7O
NMR via ?°Si, using DNP-enhanced ?°Si{*H} CPMAS followed by
2D 2°Si{}’0} D-HMQC-CPMG. By utilizing the third nucleus, >°Si,
this approach takes advantage of the high sensitivity of *H-
mediated DNP without limiting its applications to protonated
oxygen. Remarkably, the combined use of DNP, HMQC and
CPMG refocusing allowed to detect O signals from non-
protonated oxygen in naturally abundant MCM-41 silica and
silica-alumina. In addition, 7O signals from the framework
oxygens are not motion-averaged, and offer valuable structural
information that cannot be obtained through mobile hydroxyls.
This development will extend the opportunities for characterizing
surfaces of other silica, silica-alumina and zeolite materials, 3461
through ubiquitous and abundant oxygens, while minimizing the
need for expensive isotopic enrichment. Other applications may
include studies of quantum materials, e.g., coordination of
phosphine capping agents on CdSe nanoparticles via 3*P{*’O} or
13Cd{*’0} D-HMQC.k"
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Indirect detection of non-protonated oxygen at natural abundance

e NMR
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Combination of indirect DNP, indirect detection through 2°Si, and 2°Si-CPMG acquisition enabled measurements of non-protonated
oxygen at natural abundance.
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