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Abstract  150 words. The surfaces of nanomaterials with applications in optoelectronics and 

catalysis control their physicochemical properties. NMR spectroscopy, enhanced by dynamic 

nuclear polarization (DNP), is a powerful approach to probe the local environment of spin-1/2 

nuclei near surfaces. However, this technique often lacks robustness and resolution for half-

integer quadrupolar nuclei, which represent more than 66% of the NMR-active isotopes. A 

novel pulse sequence is introduced here to circumvent these issues. This method is applied to 

observe under high-resolution 27Al and 17O spin-5/2 nuclei on the surface of γ-alumina. 

Moreover, we report high-resolution 17O spectra of ZnO nanoparticles used in optoelectronics. 

Their assignment using DFT calculations allows the first NMR observation of O vacancies near 

the surfaces. Finally, we employ the introduced NMR technique to observe 11B spin-3/2 nuclei 

on the surface of partially oxidized boron nitride supported on silica and to distinguish its 

different BO2OH active sites. 
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Text  2500 words. Numerous properties of inorganic nanomaterials depend on the atomic-

level assembly of their surfaces. Hence, it is essential to unravel the structure of these regions 

to improve their applications, notably in heterogeneous catalysis and optoelectronics. Dynamic 

nuclear polarization (DNP)-enhanced NMR spectroscopy under conditions compatible with the 

acquisition of high-resolution spectra, i.e. at high magnetic field (B0  9.4 T), under magic-

angle spinning (MAS), has been demonstrated as a powerful approach to characterize the 

surfaces of inorganic materials.1,2 This approach, named DNP-SENS (surface-enhanced NMR 

spectroscopy), relies on the transfer of polarization from unpaired electrons to the detected 

nuclei via a relay through the protons since the 1H-1H spin diffusion efficiently transports the 

DNP-enhanced 1H polarization in the regions of the samples containing protons.3 The DNP 

transfer enhances the NMR sensitivity and facilitates the detection of nuclei near surfaces, 

which usually represent a small fraction of the total number of nuclei. Furthermore, for 

inorganic materials, which do not contain hydrogen atoms in their core region, the polarization 

transfer between protons and the detected isotope, which is only effective up to a few angstroms, 

allows the selective observation of nuclei located near the surface.1,2,4 

DNP-SENS of spin-1/2 isotopes, such as 13C, 15N or 29Si, employs under MAS the cross-

polarization (CPMAS) technique to transfer the DNP-enhanced 1H polarization to the detected 

nuclei.1,2 However, this technique lacks of robustness for half-integer quadrupolar nuclei, which 

represent 66% of NMR-active isotopes.5–7 This issue was circumvented by the use of 

polarization transfers without spin-lock of the quadrupolar nuclei, such as PRESTO (phase-

shifted recoupling effects a smooth transfer of order),8 and more recently D-RINEPT (dipolar-

mediated refocused INEPT).9,10 This last transfer is usually more robust and efficient than 

CPMAS and PRESTO, especially for quadrupolar nuclei subject to small dipolar couplings 

with protons, such as those distant from protons or with low gyromagnetic ratio (γ). 

Another challenge for the DNP-SENS of quadrupolar nuclei is the lack of resolution since 

the central transition between the ±1/2 energy levels is broadened by the second-order 

quadrupolar interaction.11 This broadening has been refocused using an MQMAS (multiple-

quantum MAS) filter.12,13 However, these experiments were not optimal since they relied either 

on the use of CPMAS transfers between protons and quadrupolar nuclei,12 which decrease their 

robustness, or on direct DNP transfers between unpaired electrons and these quadrupolar 

isotopes,13 which are usually less selective and sensitive than indirect DNP with 1H relay for 

the observation of surfaces.      

We introduce herein a novel high-resolution DNP-SENS experiment for quadrupolar nuclei, 

which combines D-RINEPT and MQMAS techniques. This novel method is demonstrated to 

observe 17O, 27Al and  11B nuclei near surfaces and it allows gaining new insights into the 

atomic-level structure of oxide nanoparticles used for optoelectronics and heterogeneous 

catalysis, including γ-alumina,13–15 ZnO nanocrystals,16–18 and partially oxidized boron nitride  

supported on dendritic and fibrous nanosilica (BN-B2O3/DFNS).19 

The new D-RINEPT-MQMAS pulse sequence is shown in Fig.S1. The DNP-enhanced 1H 

polarization is first transferred to the half-integer quadrupolar isotope, S, using D-RINEPT with 

composite-pulses, continuous-wave irradiation between the recoupling blocks, and 

heteronuclear dipolar recoupling based on the SR41
2 symmetry and built from tanh/tan adiabatic 

inversion pulses.9,10 Then, the anisotropic part of the second-order quadrupolar dephasing is 

refocused using a split-t1 amplitude-modulated MQMAS filter, for which triple- and single-

quantum (denoted 3Q and 1Q, respectively) coherences evolve during t1 and Rt1 delays, 

respectively, with R = 7/9 and 19/12 for S = 3/2 and 5/2, respectively.20,21 In this MQMAS 

variant using a z-filter, both echo and antiecho coherence pathways contribute to the processed 

signal with equal amplitude to obtain pure absorption lineshapes. Moreover, as these two 

pathways are refocused simultaneously, the sensitivity can be improved easily through a train 

of quadrupolar Carr-Purcell Meiboom-Gill (CPMG) echoes.22,23 It has been shown that for 
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radical concentrations typically employed in MAS DNP experiments, significant sensitivity 

enhancements can still be obtained by CPMG detection, even if the unpaired electrons reduce 

the transverse dephasing time, T2’, in a Hahn echo experiment.24 The conversion between 1Q 

and 3Q coherences of the S spin is improved using FAM-N (fast amplitude modulated N 

pulses).25,26 The desired coherence transfer pathways for this sequence were selected using 

phase cycles consisting of 88 and 64 steps for S = 3/2 and 5/2, respectively. All spectra were 

recorded at 105 K with B0 = 9.4 T and νR = 12.5 kHz (except in Fig.S6) and all samples were 

impregnated with a TEKPol solution in TCE (1,1,2,2-tetrachloroethane) (see Section S2). 

The proposed D-RINEPT-MQMAS experiment was initially tested to observe the 27Al 

nuclei, with 100% natural abundance (NA), near the surface of γ-alumina. Fig.1a shows the 

DNP-enhanced 2D 1H  27Al D-RINEPT-MQMAS spectrum recorded with τdip = 0.4 ms. This 

spectrum is dominated by the AlO4 and AlO6 signals with peak positions of (δiso
CS,QIS

, 2)  (84, 

66) and (16, 8) ppm, respectively. Nevertheless, a small signal at (δiso
CS,QIS

, 2)  (46, 34) ppm is 

also detected and is assigned to AlO5 sites, which reside mainly on the surface of γ-

alumina.14,27,28 This signal, which is masked by that of AlO4 in 1D 1H  27Al D-RINEPT 

spectra,10 is more easily detected in Fig.1a than in the previously reported DNP-enhanced 2D 
1H  27Al CP-MQMAS spectrum of γ-alumina impregnated with bTbk solution and acquired 

within 7 h,14 owing to the sensitivity improvements yielded by the use of TEKPol polarizing 

agent, quadrupolar CPMG (QCPMG) detection and  D-RINEPT transfer. For longer recoupling 

time, τdip = 1.2 ms, the DNP-enhanced 1H polarization is transferred to 27Al nuclei below the 

surface since the D-RINEPT transfer is not affected by dipolar truncation, contrary to the 

CPMAS scheme,9,10,14 and the AlO5 surface signal is no longer visible in the 2D spectrum 

shown in Fig.1b since it decays under 1H-27Al dipolar interactions.9 Moreover, the relative 

intensity of the AlO6 signal decreases for longer recoupling, which suggests a larger amount of 

AlO6 sites near the surface of hydrated γ-alumina nanoparticles in agreement with structural 

models and previous NMR observations.14,27  

The D-RINEPT-MQMAS experiment was then applied to observe the local environment of 
17O nuclei near the surface of γ-alumina nanoparticles. For this sample, it has been shown that 

sensitivity gain provided by DNP allows the acquisition of 1D 1H  17O D-RINEPT-QCPMG 

spectra in few hours in natural abundance (NA = 0.038% for 17O).9 Therefore, 2D experiments 

involving 17O isotope are unpractical without isotopic enrichment. To enhance the sensitivity, 

the γ-alumina nanoparticles were enriched in 17O isotope using grinding assisted by 17O-labeled 

water (section S2).29 Almost a three-fold larger DNP enhancement was achieved when grinding 

was carried out using zirconia jar and balls, instead of stainless steel (Fig.S2). The lower DNP 

enhancement in the case of stainless steel may stem from the incorporation of ferro- or para-

magnetic impurities in the γ-alumina sample, which accelerate the longitudinal nuclear 

relaxations and hence, reduce the DNP transfer efficiency. The DNP-enhanced 2D 1H  27Al 

D-RINEPT-MQMAS spectrum of γ-alumina using τdip = 0.4 ms is not significantly modified 

after the liquid-assisted grinding, as seen in Fig.S3. Hence, this procedure does not alter the 

atomic-level structure of the γ-alumina surface. Moreover, the 1H  17O D-RINEPT 1D spectra 

shown in Fig.S4 are also similar to those recently reported for isotopically unmodified γ-

alumina.9  

The 1H17O D-RINEPT-MQMAS 2D spectra of γ-alumina nanoparticles recorded with 

short or long dipolar recoupling times are shown in Fig.2 and their simulations with the NMR 

parameters given in Table S2 are displayed in Fig.S5. For τdip = 40 μs, the 2D spectrum (Fig.2a), 

only exhibits a single resonance assigned to AlyOH sites (y = 1 or 2), which are subject to large 

quadrupolar interactions with CQ ≈ 6.1 MHz (Table S2), owing to their covalent bond with 

hydrogen atom. This signal decays rapidly under 1H-17O dipolar couplings and for τdip = 1.12 

ms, the 1D D-RINEPT spectrum is dominated by overlapping signals of unprotonated OAlx 
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sites with x = 3 or 4 (Fig.S4).13,15 Conversely, the 2D spectrum acquired with similar recoupling 

time (1.04 ms) shown in Fig.2b allows resolving the signals of two OAl4 sites subject to low 

quadrupolar interaction (CQ  1.2-1.3 MHz) and one OAl3 environment with a larger CQ  2.6 

MHz, owing to lower symmetry. The shielded and deshielded OAl4 signals, with isotropic 

chemical shifts, δiso
CS  = 61 and 72 ppm, were assigned to subsurface and surface sites, 

respectively.15 The 2D spectra were acquired in about 2 h, a time comparable to that of 2D 17O 

MQMAS experiments enhanced by direct DNP on γ-alumina enriched using 17O2 gas.13  

We then applied the D-RINEPT-MQMAS experiment to probe the O sites near the surface 

of ZnO nanoparticles stabilized or not by dodecylamine (DDA) ligands (denoted ZnO@DDA). 

As 2D experiments involving 17O nuclei cannot be acquired in natural abundance, these samples 

were labelled using 17O-enriched water during the synthesis for ZnO@DDA or liquid-assisted 

grinding for ZnO. As seen in Fig.S6, the DNP-enhanced 1H17O D-RINEPT 1D spectra of 

these nanoparticles acquired with short recoupling times exhibit a broad signal, which decreases 

for longer τdip delay and hence, must stem from O atoms close to protons. This broad signal 

overlaps for τdip  500 μs with a narrower signal near −30 ppm, which is more shielded and 

broader than the peak at −18 ppm visible in the direct excitation spectrum and assigned to core 

O atoms.17,30,31 Furthermore, a broad resonance with a maximum around 50 ppm is also detected 

(Fig.S7).  

The 1H17O D-RINEPT-MQMAS 2D spectra of ZnO@DDA recorded with three different 

τdip delays are shown in Fig.3 and their simulations with the NMR parameters given in Table 

S3 are displayed in Fig.S8. Similar spectra were recorded for ZnO (Fig.S9). No signal 

resonating near 2  50 ppm was detected in the 2D D-RINEPT-MQMAS spectra because of 

the low intensity of this signal.  

DFT calculations of NMR parameters on ZnO slabs were carried out to help the assignment 

of 17O signals (Fig.S10 and Table S4). The signal with δiso
CS = −33 ppm and CQ < 0.5 MHz, 

which is detected for the longest recoupling time (Fig.3c and Table S3), exhibits NMR 

parameters close to OZn4 sites located in, or below, the second subsurface atomic layer (sites 

4-7 in Table S4). The minimal distance between the proton on the surface and these OZn4 sites 

is at least of 7 Å, and hence these sites are mostly observed for long recoupling times. However, 

a ZnO slab devoid of vacancies and hydrogen atoms cannot account for the other signals with 

large δiso
CS

 and CQ values. Therefore, we carried DFT calculations of NMR parameters for 

different ZnO structural models containing protons and O vacancies in different locations. The 

slabs we have used are shown in Figs.S11 to S16 and the corresponding DFT parameters are 

given in Tables S5 to S10. Based on these calculations, the nuclei with δiso
CS = −4.5 ppm and CQ 

= 5.6 MHz (Table S3), which are the closest to protons, must correspond to HOZn3 sites near 

surface vacancy (e.g. site 2 in Table S9), whereas those with δiso
CS = −6.1 ppm and CQ = 4.8 

MHz (Table S3), which are slightly more distant from protons, must stem from unprotonated 

surface OZn3 sites near surface O vacancy (which according to DFT calculations, are subject 

to large quadrupolar interactions, as seen in Tables S7 and S8).  

Furthermore, the subsurface 17O nuclei near O vacancy exhibit isotropic chemical shifts 

ranging from 15 to 81 ppm (sites 7 to 11 in Table S6), which could account for the broad signal 

with a maximum near 50 ppm detected in the 1D 1H  17O D-RINEPT spectra (Fig.S7). The 

other signals detected for τdip = 640 μs with −38.2 ppm ≤ δiso
CS ≤ −3.3 ppm and CQ ≤ 1.8 MHz 

could stem from OZn4 sites located in the first atomic layer below the surface. The presence of 

O vacancies near the surface increases their CQ values (compare Tables S4 and S9). Hence, the 

combination of these NMR data and DFT calculations proves the presence of O vacancy in the 

subsurface and on the surface of ZnO@DDA and ZnO. To the best of our knowledge, these 

results represent the first direct NMR observation of O vacancies near oxide surfaces.32 This is 

an important achievement since these point defects strongly influence the optoelectronic and 
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catalytic properties of oxide surfaces, but their atomic-level structure is challenging to 

characterize owing to their low amount and their lack of long-range order. 

D-RINEPT-MQMAS experiments were demonstrated in the case of spin-3/2 isotope by 

observing 11B nuclei (NA = 80.1%) near the surface of BN-B2O3/DFNS, which has been 

recently demonstrated as an efficient catalyst for the oxidative dehydrogenation of propane.19 

Direct excitation spectra shown in Figs.S17a and S17b exhibit overlapping signals of BN3, BO3 

and BO4 sites. Direct DNP enhances more the BN3 signal with respect to those of BO3 and BO4 

environments. This result is consistent with the slower longitudinal relaxation  of 11BN3 nuclei 

(T1  7.3 s for BN3 instead of 5.1 s for BO3/BO4,), which improves the efficiency of electron 

 11B transfer and spin diffusion.33 Conversely, as seen in Figs.S17c and S17d, the DNP-

enhanced 1D 1H  11B D-RINEPT spectra only show the signal of BO3 and BO4 groups, 

indicating that the surface and subsurface of BN-B2O3/DFNS mainly consist of boron oxide. 

The 11BN3 site is observed by direct DNP but not by indirect DNP due to the longer range of 

hyperfine couplings compared to 1H-11B dipolar interactions.4 This result proves that the BN3 

phase is located more than a few angstroms below the surface and is oxidized into boron oxide.19  

Nevertheless, the 1D 11B spectra alone do not allow to resolve the different boron 

environments. To circumvent this issue, we recorded the 2D 11B MQMAS spectra of BN-

B2O3/DFNS. The 11B MQMAS spectrum shown in Fig.4a acquired using the z-filter 

sequence,34 and enhanced by direct  DNP allows resolving four 11B signals assigned to BN3, 

BN2O, BO3 and BO4 groups.19 Moreover, the 1H11B D-RINEPT-MQMAS 2D spectra 

acquired using the pulse sequence shown in Fig.S1b provide additional information on the 

proximity with protons. The spectrum with τdip = 0.32 ms, shown in Fig.4b, allows the selective 

observation of 11B nuclei covalently bonded to OH groups and exhibits four 11B signals assigned 

by decreasing isotropic shift to BO2OH groups residing in boroxol ring or chain, B(OSi)x(OB)3-

xOH with 0 ≤ x ≤ 3 and B(OB)3OH (Fig.S18c).19 In particular, this spectrum allows to resolve 

clearly the signals of the two types of BO2OH groups, which have been identified as the active 

sites for the catalytic oxidative dehydrogenation of propane.19,35,36 In the MQMAS spectrum of 

Fig.4a, their signals are overlapped by those of unprotonated BO3 species. For longer τdip delays, 

these signals decrease and the MQMAS spectrum is dominated by those of unprotonated BO3 

and BO4 sites (Figs.4c and S18b).  

In conclusion, we demonstrated the possibility to acquire high-resolution spectra of spin-3/2 

and 5/2 isotopes near the surface of inorganic nanoparticles by combining DNP, D-RINEPT, 

MQMAS and QCPMG techniques. This novel DNP-SENS experiment was applied to observe 

surface and subsurface 27Al and 17O nuclei in γ-alumina. Furthermore, the assignment of high-

resolution 17O DNP-SENS spectra of ZnO nanoparticles with the help of DFT demonstrates for 

the first time the possibility to observe O vacancies near oxide surfaces using NMR. Finally, 

this experiment was applied to distinguish the different BO2OH groups, which form the active 

sites on the surface of BN-B2O3/DFNS for the catalytic oxidative dehydrogenation of propane. 

Supporting Information: Pulse sequences of D-RINEPT-MQMAS-QCPMG; Experimental 

details; DNP-enhanced NMR spectra of γ-alumina, Zn17O and BN-B2O3/DFNS; Structural 

models of ZnO slabs and corresponding NMR parameters calculated by DFT. 
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Fig.1. DNP-enhanced 2D 1H 27Al D-RINEPT-MQMAS-QCPMG spectra along with their

skyline projections in both dimensions of g-alumina impregnated with 8 mM TEKPol solution

acquired with τdip = (a) 0.4 and (b) 1.2 ms, and 8 QCPMG echoes. The symbol * denotes spinning

sidebands. The isotropic chemical shift (CS) axis and quadrupolar-induced shift (QIS) direction

are displayed since the isotropic chemical shift of a resonance can be determined by projection of

its center of gravity on the CS axis along the QIS direction.
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Fig.2. DNP-enhanced 2D 1H 17O D-RINEPT-MQMAS-QCPMG spectra along with their

skyline projections in both dimensions of g-alumina enriched in 17O isotope using grinding in

zirconia jar for (a) 1 and (b) 15 min and then impregnated with 10 mM TEKPol solution. The

spectra were acquired with τdip = (a) 40 μs and (b) 1.04 ms, and (a) 20 and (b) 15 QCPMG

echoes. The symbol * denotes spinning sidebands. The CS axis and QIS direction are also

displayed.
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Fig.3. DNP-enhanced 2D 1H 17O D-RINEPT-MQMAS-CPMG spectra along with their skyline

projections in both dimensions of ZnO@DDA impregnated with 16 mM TEKPol solution. The

spectra were acquired with τdip = (a) 40, (b) 640 and (c) 2000 s, and (a) 20, (b) 19 and (c) 26

QCPMG echoes. The CS axis and QIS direction are displayed.
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Fig.4. DNP-enhanced 2D 11B MQMAS-CPMG spectra along with their skyline projections in

both dimensions of BN-B2O3/SiO2 impregnated with 10 mM TEKPol solution acquired using (a)

the z-filter MQMAS technique and (b,c) the 2D 1H 11B D-RINEPT-MQMAS-QCPMG scheme

with τdip = (b) 0.32 and (c) 1.44 ms, and 16 QCPMG echoes. The CS axis and QIS direction are

displayed.
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