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Abstract:

The measurement of dipolar and J- couplings between 2°Si and 70 isotopes is challenging owing to (i) the low
abundance of both isotopes and (ii) their close Larmor frequencies, which only differ by 19%. These issues are
circumvented here by the use of isotopic enrichment and dedicated triple-resonance magic-angle spinning NMR
probe. The surface of 2°Si-enriched silica was labelled with 0 isotope and heated at 80 and 200 °C. #Si-’0
connectivities and proximities were probed using two-dimensional (2D) through-bond and through-space
heteronuclear multiple-quantum coherences (J- and D-HMQC) experiments between 1’0 and #Si nuclei. The
simulation of the build-up of the J- and D-HMQC signals allowed the first experimental measurement of J- and
dipolar coupling constants between 0O and 2°Si nuclei. These HMQC experiments allow distinguishing two
distinct siloxane (SiOSi) oxygen sites: (i) those covalently bonded to Q3 and Q* groups, having a hydroxyl group
as a second neighbour and (ii) those covalently bonded to two Q* groups. The measured J- and dipolar coupling
constants of siloxane Y0 nucleus with Q* 2°Si nuclei differ from those with Q3 %Si nuclei. These results indicate

that the 2°Si-Y’0 one-bond J-coupling and Si-O bond length depend on the second neighbours of the Si atoms.



Introduction:

The design and understanding of catalytic materials critically depend on efficient spectroscopic
methods, in order to determine structure-activity relationships. Among the available characterisation
techniques, solid-state NMR holds a prominent position, as it provides structural information down to
the molecular level, even for sites lacking long-range positional order'3. Solid-state NMR spectroscopy
allows probing the local environment of a nucleus, not only by measuring its chemical shift and its
quadrupolar coupling, but also by observing connectivities and proximities through J- and dipolar
couplings*>. When relating this to catalytic materials, this powerful approach allows to draw a reliable
picture on the nature and topology of the sites relevant to specific reactivity. More specifically, in the
case of silica, a class of material that is used on a huge scale both as catalyst or as catalytic support, NMR
techniques have been proved to be essential for the precise characterization of their surface and of the
active sites within SiO,-supported catalysts® & 7. Moreover, the silica exhibits different local surface
environments, as a result from water elimination stemming from silanol condensation (Scheme 1).
Whereas H, 2°Si and 70O NMR and first-principles calculations are commonly used to probe the local
structure of the silica®!3, 170-2°Si heteronuclear correlation and the measurement of J- and dipolar
couplings between these isotopes remain a great challenge. The interest in its overcoming is substantial:
such correlation would provide bond and/or distance information mandatory for the precise description

of the silica structure, which would be a first step for the refined understanding of silica-supported

catalysts.
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Scheme 1: Synthesis of doubly labelled silica.

J-couplings provide unique information about the chemical bonds. They are widely used for the
structural characterization of molecules in liquids'* °, since the splitting due this interaction is often
directly observed on the 1D spectra. The J-coupling splitting can also be directly observed on the spectra
of highly mobile solids, such as plastic crystals'® 7. Conversely, in rigid solids, the J-coupling splittings are
often masked by anisotropic interactions, such as dipolar interactions, chemical shift anisotropy or

quadrupolar interaction for nuclear spin / > 1, as well as the distribution of isotropic chemical shifts due



to atomic-level disorders. Nevertheless, two-dimensional (2D) NMR experiments have been developed
to observe and measure J-coupling in solids, including:

(i) homonuclear J-coupling between spin-1/2 nuclei ( 31P-31pP18, 295j-295j 19 13C-13C20 and 5N-1°N21) or
between quadrupolar nuclei (}*B-1'B22 and 7'Ga-"1Ga?3),

(ii) heteronuclear J-couplings between spin-1/2 nuclei (31P-29Si24, 31p-113Cd24, 31p-775e24 1H-13C25) or
between spin-1/2 and half-integer quadrupolar isotopes (2’Al-31P2¢, 27A|-295j26 31p.-71Ga?’, 77Se-"1Ga?8, 13C-
170, 15N-170%9, 1H-70%, 77Al-1703Y),

Nevertheless, to the best of our knowledge, 0-2°Si J- and dipolar couplings have never been
measured. One-bond 70-2°Si lJ-coupling constants have so far only been calculated using density
functional theory (DFT) in SiP,07 polymorphs32. The only example of 2D 70-2°Si correlation spectrum
reported in the literature is a 2D !"O-detected through-space heteronuclear multiple-quantum
correlation (D-HMQC) spectrum of doubly O and 2°Si-enriched germanosilicate zeolites, for which
coherence transfer relies on 70-2%Si dipolar coupling®3. The main limitation to measure 70-2°Si couplings
is the low natural abundance (NA) of these isotopes: NA(**Si) = 4.68%, and NA(’0) = 0.037%.
Furthermore, as the 0 and ?°Si Larmor frequencies only differ by 19%, a specific triple-resonance magic-
angle spinning (MAS) NMR probe is required, for which the X and Y channels can be tuned to these close
resonance frequencies.

We show here how the connectivities and proximities between 70 and 2°Si nuclei can be probed by
measuring 70-2°Si J- and dipolar couplings. We also report the first 2D ¥’0-2°Si through-bond HMQC (J-
HMQC) spectrum. The experimental data are obtained on a ?°Si-enriched silica with surface enriched in

170.

Experimental Section

Sample preparation.

The samples were prepared in an argon-filled glove box, and materials were handled under inert atmosphere
using standard Schlenk techniques. Samples of 2Si-labelled silica (with 2°Si enrichment level of 100%) and ’0-
enriched water (with 70 enrichment level of 70%) were purchased from Cortecnet. The #Si-labelled (0.5 g) silica
was treated at 1000 °C under high vacuum (107 Torr) for 15 h, using a quartz tube reactor inserted in a tube
furnace while connected to a high vacuum line. Y’O-enriched water (0.1 g, O content 70%) was introduced in
the reactor and left to react at room temperature for 8 h34. The material was then submitted to heat treatment
under high vacuum for 15 h at the desired temperature (80 or 200°C), using the same experimental setup as for

the first annealing step. The corresponding samples are denoted SiO,.g0 and SiO,-200 hereafter.

NMR experiments

1D Hahn echo and 2D MQ-MAS NMR experiments were recorded at 18.8 T using a double-resonance
(HX) 3.2 mm MAS NMR probe, spinning at 20 kHz at the NMR facility of the Advanced Characterization
Platform of the Chevreul Institute located in Lille. Other NMR experiments were recorded at 20 T using

a triple-resonance (HXY) 3.2 mm MAS NMR probe, spinning at 20 kHz at CEMHTI located in Orléans. The



1D H, 0 and 2°Si NMR spectra of Figs. 1 were acquired using Hahn-echo experiments for H and 1’0
isotopes and one-pulse experiment for 2°Si nucleus. The radiofrequency (RF) nutation frequencies were
equal to 90 and 45 kHz for 'H and 2°Si respectively. We used a central transition (CT)-selective pulse
lasting 10 us and a RF amplitude of 8 kHz for the ’O NMR experiment. The 1D *H, 2°Si and 0O NMR
spectra of Figs. 1 result from averaging 32, 368 and 1024 transients, respectively, with recycle delays of
1, 5 and 0.5 s. 2D Y70 triple-quantum (3Q)-MAS NMR spectrum of SiO».,00 Was acquired using the three-
pulse z-filter pulse sequence®®. The 2D 3QMAS spectrum was sheared with the xfshear program included
in the TOPSPIN software. We used excitation and reconversion pulses lasting t, = 3.9 and 1.3 ps,
respectively, with v = 64 kHz and a CT selective /2 last pulse lasting 15.2 ps with vi = 5 kHz. The T2’
time constant for the 70 transverse losses, which cannot be refocused by a 1t pulse, was measured using
Hahn echo experiment, in which the CT-selective m pulse with v; = 8 kHz was bracketed by two rotor-
synchronized delays. The Hahn echo spectra result from averaging 2560 transients with a recycle delay
tro = 0.5 s. We recorded 70{?°Si} J and D-HMQC experiments enhanced by double-frequency sweep
(DFS®®) and quadrupolar Carr-Purcell Meiboom-Gill (QCPMG)*’ as well as 2D double-quantum (2Q)-
filtered DFS-D-HMQC-QCPMG spectra. For those experiments, we used equal defocusing and refocusing
delays. Before the acquisition of JJHMQC data, the magic angle was carefully adjusted by maximizing the
intensity of the spinning sidebands in the 2H spectrum of deuterated hexamethylbenzene (HMB) in order
to minimize the residual 2°Si-170 dipolar couplings. This leads to an estimated accuracy of the magic angle
of 0.01°3% 38 The DFS pulse lasted 2 ms and used v; = 8 kHz. During the DFS pulse, the frequencies of the
RF spikelets were linearly swept in a symmetric manner from 800 to 100 kHz with respect to the CT. The
RF field strength of the central transition selective pulses on 70 channel is 8 kHz, while the RF nutation
frequency of the 2°Si /2 pulse is 48 kHz. A continuous wave *H decoupling with v; = 100 kHz was applied
during the whole pulse sequence. For D-HMQC experiment, SR4% recoupling with v; = 40 kHz was
applied on the 2°Si channel. During QCPMG acquisition, the delay between successive CT-selective 1
pulses was 1.4 ms and 50 echoes were acquired in every transient. Note that no enhancement of Si-1’OH
signal was detected when applying *H decoupling during the QCPMG scheme, indicating that the T’
constant is not limited by the *H-1’0 dipolar couplings but is governed by the modulation of the 70
quadrupolar interaction due to librational motion of the silanol groups®*. We also acquired 1D *H—"0
through-space refocused INEPT (D-RINEPT) spectrum of SiO-,00 at vg = 18 kHz. For this experiment, the
RF-field of the pulses, which do not belong to the recoupling scheme, was equal to 100 kHz on *H channel
and 8 kHz on Y70 channel. The *H-*"0 dipolar couplings were reintroduced by applying SR4% recoupling
with vi = 36 kHz on H channel. *H and 2°Si isotropic chemical shifts were referenced to the resonance of
neat tetramethylsilane (TMS) at 8o = 0 ppm, whereas the 70 isotropic chemical shifts were referenced

to water at diso = 0 ppm. Additional experimental details are given in the figure captions.

Numerical simulations
Simulations were performed with SIMPSON software?®. The powder average was calculated using 1512

different orientations between the molecular and rotor frames: 168 {omr, Bmr} X 9 Ymr angles. The {otmg,



Bwmr} Euler angles were selected according to the REPULSION algorithm*!, while the yur angle was equally
stepped from 0 to 360°. The simulations were carried out for an isolated 2°Si-1”0%°Si spin system. The 70
quadrupolar coupling constant and the asymmetry parameter of the electric field gradient were fixed to
5.4 MHz and 0.32, respectively, which correspond the best-fit NMR parameters to simulate ¥’O signal of
siloxane group in MQMAS spectrum (Fig. S1). A Y70 CSA of 50 ppm?* 43, J anisotropy and 2°Si-°Si J- and
dipolar coupling were considered. The two 2°Si nuclei were located in the XZ plane of the principal axis
system of the 170 electric field gradient (efg) tensor. As explained below, the Si-O-Si angle and the Si-O
distances were varied. We simulated the 70{?°Si} D-HMQC experiments. All pulses were applied on

resonance. Other simulation parameters were identical to the reported experimental values.

Results and discussion

Building on our previous experience with selectively surface-enriched silica,?* this sample was
synthesized, using commercial 2°Si-labelled SiO, and Y’0O-enriched H,0 (see experimental section). In a
first stage, the heating of the silica under vacuum at 1000 °C during 15 h provided a highly hygroscopic
material, which was then reacted with O-labelled water, yielding Si-O-Si and Si-OH centres. Further
treatment of the resulting material at 80 or 200 °C temperature leads to the samples of interest SiO2-s0
and SiOy.200, respectively (Scheme 1), which are enriched in 2°Si in the whole particle volume and in 170
near or on the surface. These treatment temperatures were chosen 1) to avoid extensive
dehydroxylation, which would deplete 70 content and 2) to limit the extent of 170 oxygen migration
into the bulk of the material so that only surface sites are enriched with 70.3* Furthermore, these
intermediate temperatures allow the removal of (most of) physisorbed H,0, while avoiding a complete

condensation of silanols (Si-OH) into siloxane moieties (Si-O-Si).
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Figure 1. 1D H, 70 and 2°Si NMR spectra recorded at 18.8 T with a MAS frequency vg = 20 kHz of (a) SiO.,00and of (b) SiO,.gp. The O denotes an impurity. The

red spectra are the simulations obtained with DMFit software**.

The 1D H, Y0 and 2°Si NMR spectra of SiO».200 are displayed in Fig. 1a. The TH NMR spectrum exhibits
characteristic signals at 3.5 and 2.1 ppm, assigned to physisorbed water and isolated Si-OH groups,
respectively as well as a deshielded shoulder ascribed to hydrogen-bonded SiOH* %6, The 2°Si spectrum
consists of two overlapping signals of Si(0Si),(OH)4-» with n =3 and 4 (denoted Q2 and Q*)*’. The relative

amount obtained with the deconvolution of these sites is 15% for the Q3 and 85% for the Q*. The 70



spectrum displays a broad signal centered at 28 ppm corresponding to Si-1’0-Si moieties as well as a
lower intensity peak at 0 ppm ascribed to Si-}’OH 3448, We also recorded 2D 1’0 3Q-MAS spectrum (see
Fig. S1) where two signals are clearly separated. The signal with 8isoc =40 ppm, Cq=5.4 MHz and nq=0.32
is assigned to siloxane Si-}’0-Si environment, while the signal resonating at 25 ppm is attributed to an
impurity. However, its relative amount is approximately equal to 5%. The lack of silanol Si-}’O-H
environment in the 2D 3Q-MAS spectrum stems most probably from its small Cq value® and low relative
amount compared to the Si-170-Si site3*. The 1D H, 10 and 2°Si NMR spectra of SiO,.g are displayed in
Fig. 1b. The 'H and 7O NMR spectra of this sample exhibit a more intense signal of physisorbed water,
in agreement with the lower temperature of the thermal treatment, whereas its 2°Si NMR spectrum is

similar to that of SiO,.200, With a greater relative amount of Q3(26% of Q2 and 74% of Q%).
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Figure 2. 170-{2%Si} DFS-HMQC-QCPMG pulse sequences using coherence transfers via 70-2°Si (a) J- or (b,c) dipolar coupling. The coherence transfer pathways
for 170 and 2°Si channels are shown at the bottom of the figure. For the D-HMQC sequences, we selected via phase cycling either (b) single-quantum (SQ) and (c)
2Q 2°Si coherences during the indirect evolution period, t;. The pulse programs of pulse sequences (b) and (c) are given in the Appendix 2 of the Supporting

Information.

To gain further insights into the connectivities and proximities between 0O and 2°Si isotopes, we
recorded 2D 70-?°Si heteronuclear correlation. 70 excitation was employed since it is more sensitive
than 2°Si excitation because 0 longitudinal relaxation times are much shorter than those of 2°Si nuclei
T, (*70) « T, (?°Si)°°%2. Besides, 1’0 detection was preferred since in the investigated sample, only the
surface sites are enriched in 70 and a significant fraction of 2°Si nuclei are not bonded to 0 and can
produce t;-noise in 2D 70-2°Si heteronuclear correlation spectra using 2°Si detection. Therefore, 1’0 and
295j signals were correlated using J and D-HMQC spectra with Y70 excitation and the indirect detection
of 2°Si nuclei (Y’0{?°Si}). Furthermore, the signal was enhanced using the DFS%®, which increases the
polarization of the CT by manipulating the population of the satellite transitions (ST). In addition, the 7>’

time constant is equal to 65 ms for siloxane 70O nuclei. Hence, their signal was enhanced by using the



QCPMG detection, which allowed the acquisition of 50 echoes in every transient. The corresponding
sequence is displayed in Fig. 2. 2D 70{?°Si} DFS-J and D-HMQC-QCPMG spectra of SiO,.,00 are shown in
Figs. 3. The D-HMQC-QCPMG spectrum exhibits two cross peaks in the Si-O-Si region attributed to the
170 nuclei close to 2°Si(Q3) and 2°Si(Q?*) environments.*” The lack of Si-}OH signal stems from (1) the small
amount of Si-1?OH as compared to the Si-’0-Si groups and (2) their short T;’ time constant equal to 9
ms, which reduces the efficiency of the coherence transfer and the signal enhancement by QCPMG
scheme.
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Figure 3. 2D 70{?°Si} DFS-(a) J- and (b) D-HMQC-QCPMG NMR spectrum of SiO;.,qo recorded at 20 T with vg = 20 kHz (a) The J-HMQC spectrum was
recorded with T = 10 ms, 14848 transients for each of 24 t; increments with a recycle delay tzp = 0.5 s, leading to an experimental time of 50 h (b)
The D-HMQC spectrum was recorded with t =3 ms ms (recoupling time), 5120 transients for each of 22 t; increments with a recycle delay tzp = 0.5

s, leading to an experimental time of 16 h The projections along 2°Si and 7O dimensions are also shown.

The Y0{*Si} J-HMQC-QCPMG spectrum shown in Fig. 3a exhibits the same cross peaks as the D-
HMQC spectrum (Fig. 3b). These cross-peaks represent the first experimental observation of 170-2°Sj J-
couplings. For the sake of comparison, Y70-{*Si} J- and D-HMQC spectra of SiO,.g0 were also recorded
(see Fig. $3) and also display 0O-Si(Q3?) and 0-Si(Q*) cross-peaks, and no cross-peak for Si-OH. The lack of
cross-peak at §(*’0) = 0 ppm is consistent with its assignment to water (Fig. 1b).

In order to measure 0-2°Si J-couplings, we recorded 1D ¥0{?*Si} DFS-/-HMQC-QCPMG spectra with
various defocusing and refocusing delays, t (see Fig. S2). During these delays, the single-quantum
coherences associated to the 70 CT evolve under the 0-2°Si J-couplings. However, these delays are not
affected by the dipolar-quadrupolar cross-term since the Hamiltonian of this term is proportional to
[312 — I(1 + 1)1,]S,,°% 5 which commutes with the operators associated to the 1’0 CT. In the expression
of the above product of spin operators, | = 5/2 is the spin value of Y70, I, and S, denote the operators
associated to the z-component of the spin angular momentum of 70 and 2°Si nuclei, respectively, and 1,
is the identity matrix of size 2/+1. Furthermore, the magic angle was adjusted with an accuracy better

than 0.05°, which results in residual 0-%°Si dipolar couplings smaller than +1 Hz.
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Fig. 4. 1D 70-{?°Si} DFS-J-HMQC-QCPMG NMR spectra of SiO,. 5o recorded with T = 9 ms. Experimental parameters are given in the caption of

the Figure 5.

As seen in Figs. $2 and 4, 1D 70{?*°Si} DFS-J-HMQC-QCPMG spectra exhibit a peak at 34 ppm as well
as a shoulder at 22 ppm. These two signals are barely resolved in the 3Q-MAS spectrum of Fig. S1.
However, the build-up curves at these two shifts differ, as seen in Fig. 5b and c. The maximal intensity is
reached at T = 7 ms for the deshielded site, instead of 9 ms for the shielded signal. These distinct build-
up curves suggest the presence of at least two distinct 170 sites subject to different 70-2°Si J-couplings.
Furthermore, the intensity of the deshielded signal is always higher than that of the shielded one (Fig.
S2). Based on this difference in intensity, the deshielded and shielded sites were assigned to symmetrical
(Si(Q*)-0-Si(Q?*)) and asymmetrical (Si(Q3)-0-Si(Q?)) siloxane environments, respectively (see Fig. 5a),
since the amount of Q3 sites near the silica surface is known to be lower than that of Q* sites. Given the
amount of hydroxyl groups near the surface of SiO,.,00, the contribution of Si(Q3)-0-Si(Q3) sites to the J-
HMQC build-up curves has been neglected. For the symmetrical environment (scheme A in Fig. 5a), one-
bond 70-2°Si J-couplings were assumed to be equal and the transfer efficiency of 70-{?°Si} J-HMQC

experiment is proportional to

2A[sin?(m], 1) cos®(m],7)] [exp (- %)] (eq. 1).

where J; denotes the J-coupling constant of the symmetrical Y70 site bonded to two 2°Si(Q*) nuclei and
A is a pre-factor related to the signal amplitude. For the asymmetrical siloxane (scheme B in Fig. 5a), the

transfer efficiency of Y70{?°Si} -HMQC experiment is proportional to

2T

A[sin?(m],T) cos?(m],T) + sin?(xt/,T) cos?(n],T)] [exp (- —)] (eq. 2).

Tyr

where J; and J; denote the 1J-coupling constants of the asymmetrical 70 site with 2°Si(Q?*) and 2°Si(Q3)
nuclei, respectively. In order to constrain the simulation of the build-up curves for the asymmetrical 70
site, the J-coupling constants between 0 site and 2°Si(Q*) nuclei were assumed to be equal in both
symmetrical and asymmetrical sites. Furthermore, for the build-up curves simulation of both
symmetrical and asymmetrical siloxane 70 sites, we used T,’ = 65 ms, measured using Hahn-echo

experiment.
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Figure 5 (a) Structure of local siloxane environments. (b,c) Build-up curves of 170{?°Si} DFS-J-HMQC-QCPMG signals at (b) 34 and (c) 22 ppm assigned
to siloxane sites. The red points and the blue squares correspond to the experimental data, whereas the black lines are the simulated curves. The
build-up curves were obtained by averaging 10624 transients for each of 30 t; increments with a recycle delay trp = 0.5 s, leading to an experimental

time of 45 h. The red and the blue points correspond to the experimental data, whereas the black lines are the simulated curves. The errors bars in

the experimental curves subsume the contributions of the noise standard deviation and the error due to the nonlinear fit with DMFIT46.

The experimental J-HMQC build-up curve shown in Fig. 5b was fitted to Eq. 1. The best-fit was
obtained for J1="(o:si(aa)) = 34 Hz. Using this J; value, the experimental J~-HMQC build-up curve in Fig. 5¢c
was fitted to Eq. 2 and the best-fit J,=YJ(0-si(a3)) parameter was 23 Hz, which is lower than Yo.siqqa)) = 34 Hz
(Table 1). The significant difference between J-coupling constants with Q* and Q* sites shows the
influence of the second neighbours of 2°Si nuclei on the strength of the J-coupling with siloxane 1’0
nuclei. This effect might result from difference between Si(Q*)-0-Si(Q*) and Si(Q3)-0-Si(Q*) angles. The
deviation between experimental data points and the simulated curves in Fig. 5b for long t delay probably
stems from a distribution of the J-coupling constant owing to the amorphous nature of the investigated
silica. Note that the best-fit 70-2°Si 1J-coupling constants are comparable to the 3C-170 YJ-coupling
constants measured using heteronuclear spin-echo 2° or a J-resolved experiment®®, which ranges from

21 to 37 Hz.

Table 1. Best-fit 170-29Si LJ-coupling constants in Hz and A pre-factor determined from the fit of experimental build-curves shown in Fig. 5b and c to

Egs. 1 and 2, respectively.

Symmetrical O

Asymmetrical O

J(0-si(aa)) J1=34+2Hz J1=34+2Hz
1J(o-si(Qa)) J,=23+2Hz
A 2.1+0.2 1.4+0.2




Similarly, we recorded the build-up curves of 1D 70-{?*Si} DFS-D-HMQC-QCPMG experiment. The
corresponding build-up curves for symmetrical and asymmetrical siloxane sites resonating at 34 and 22
ppm are displayed in Fig. S5. In order to analyse these build-up curves, we simulated using SIMPSON
software?® the build-up curve of ?0-{?Si} D-HMQC-QCPMG scheme for {#*Si-170-2°Si} spin systems. The
two Si~O distances were assumed to be equal for the symmetrical O site but to differ for the
asymmetrical 170 site. For the symmetrical 170 site, the Si~O distances were varied from 1.562 to 1.628
A (corresponding to a dipolar coupling constant of =750 and —850 Hz respectively), whereas Si—0 —Si
was varied from 130° to 170° (Fig. S6 and S7). The best agreement between the simulated and
experimental build-up curves was obtained for dg_gjqs) = 1.628 A and 140° < Si— 0 —Si < 150°. Such
value is in line with published data®®. For the asymmetrical siloxane environment, one distance was fixed
to dg_si(qa) = 1.628 A. The best agreement was found for an angle of Si — O —Si = 144° and a distance
do. si(q3) = 1.562 A which is significantly shorter than the do. si(qs) distance, measured here or
reported in the literature®®>’. The small deviations between experimental and simulated build-up curves
might stem from (i) a slight distribution of 70-2°Si dipolar constant owing to the amorphous nature of
the investigated silica, but also (ii) the dipolar coupling of 1”0 nucleus with nearby non-covalently bonded
295j nuclei which is approximately equal to 75 Hz or the effect of 2Si-2°Si J- or dipolar coupling constants,

which are approximately equal to 12 and 150 Hz %59,
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Figure 6. 2D 70{?°Si} 2Q-filtered DFS-D-HMQC-QCPMG NMR spectrum of SiO,.,o recorded at 20 T with vz = 20 kHz. The projection along 2°Si 2Q
dimension is also shown. The spectrum results from averaging 8192 and the recycle delay is 0.5 s. The recoupling time is 2 ms leading to an

experimental time of 25 h.

We also carried out 2D 70-{?*Si} DFS-D-HMQC-QCPMG experiment of SiO,.200, for which the double-
quantum (2Q) coherences of 2°Si nuclei were selected during the indirect evolution period, t;, using
phase cycling (see Fig. 2c). Such experiment allows selecting the signal of 170 nuclei near two 2°Si nuclei®.

As seen in Fig. 6, 70 signal correlate with 2Q 2°Si shifts of coherences at =214 and —204 ppm, ascribed
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to 29Si(Q%)-170-2°Si(Q?) and 2°Si(Q%)-170-2°Si(Q3) moieties, respectively. This result confirms the presence
of these two environments near the silica surface as well as the negligible amount of 2°Si(Q3)-170-°Si(Q3)

sites, which would resonate near —194 ppm.

Conclusion

We have probed connectivities and proximities between 2°Si and 70 nuclei in silica sample enriched
in 2°Si and 0 isotopes near the surface using ’0{*°Si} J- and D-HMQC experiments at high-magnetic
field. These experiments have allowed the observation of two distinct siloxane oxygen atoms, those
linking two Q* sites and those linking Q® and Q* sites. However, the signal of silanol groups has not been
detected because of their short 77> time constant. Furthermore, we have measured for the first time 7O-
295j 1-coupling constants for siloxane groups. We have found that the 70-2°Si J-coupling constants are
smaller for Q* sites than Q3 ones and hence, that the second neighbour of 2°Si nuclei, H or Si atoms, affects the
amplitude of Y70-%°Si YJ-coupling for siloxane 70O nuclei. We have also shown that the simulation of the
build-up of 0{°Si} D-HMQC signals allows estimating 2°Si—'’0 bond length and Si—0 —Si angle. The
access to these elusive coupling constants opens new prospects for the characterization of silica

surfaces, silica-supported catalysts and silicate-containing materials.
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