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Abstract.  

Mesoporous hexagonal boron nitride (p-BN) has received significant attention over the 

last decade as a promising candidate for water cleaning/pollutant removal and hydrogen storage 

applications. Here, high-resolution solid-state NMR spectroscopy and plane-wave DFT 

calculations are used to obtain an atomic-level description of p-BN. 1H-15N or 1H-14N 

heteronuclear (HETCOR) correlation experiments recorded with either conventional NMR at 

room temperature or dynamic nuclear polarization surface enhanced spectroscopy (DNP-SENS) 

at ca. 100 K reveal NB2H, NBH2, NBH3+ species residing on the edges of BN sheets. Ultra-high 

field 35.2 T 11B NMR spectroscopy was used to resolve 11B NMR signals from BN3, 

BN2Ox(OH)1-x (x = 0 – 1), BNOx(OH)2-x (x = 0 – 2), BOx(OH)3-x (x = 0 – 3) and BOx(OH)4-x- (x = 

0 – 4). Importantly, 2D 11B dipolar DQ-SQ homonuclear correlation spectra reveal that many 

pore/defect sites are composed of boron oxide/hydroxide clusters connected to the BN 

framework through BN2O units. 1D and 2D 11B{15N} HETCOR NMR experiments, in addition 

to plane-wave DFT calculations of nine different structural models, further confirm the 

assignment of all NMR signals. The detailed structure determination of the pore and edge/defect 

sites within p-BN should further enable the rational design and development of next-generation 
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p-BN-based materials. In addition, the techniques outlined here should be applicable to 

determine structure within other porous and/or boron-based materials.  

Introduction. 

High-surface area, porous materials are of great importance. From metal-organic 

frameworks (MOFs) to activated carbon and mesoporous silica and zeolites, the ability to tune 

porosity has provided materials for applications such as water cleaning/pollutant removal,1-5 gas 

adsorption,6-9 separation,6, 10-12 electronics,9, 13-15 and catalysis.8, 10-11, 16-20 The introduction of 

porosity to bulk materials, such as carbon (yielding porous/activated carbon), is commonly used 

to increase the specific surface area (SSA) and induce various defects or functional groups that 

can alter the chemical, physical and electronic properties. Porous hexagonal boron nitride (p-

BN), an isoelectronic analog to activated carbon, has been shown to be a promising candidate for 

water cleaning,5, 21-33 H2 storage21, 23, 34-38 and high performance electronics.39 On its own, 

hexagonal BN (h-BN; bulk, nanotubular and 2D nanosheets) has received significant attention in 

materials science applications due to its high thermal oxidative resistance (> 800 oC),40-43 

catalytical activity,44-48 high bandgap,49-52 optical properties,53-56 and low cost.  

Similar to activated carbon, the first syntheses of p-BN utilized templating reagents, such 

as activated/mesoporous carbon,57-59 silica59-61 and zeolites,62 that provided an existing porous 

framework that may be completely removed after BN substitution. Template-assisted p-BN 

syntheses typically result in materials with SSAs of ca. 175–600 m2 g-1, significantly lower than 

that of activated/mesoporous carbon analogs prepared via similar methods (ca. 780–1260 m2 g-

1).57-58 In 2013, multiple groups developed template-free syntheses to produce p-BN materials 

with high SSAs on the order of 960–2078 m2 g-1.5, 22-23, 34, 36 Since then, much work has been 

devoted to the template-free synthesis of p-BN which has resulted in materials with typical SSAs 
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of 940–1900 m2 g-1.25, 30, 33, 37, 63-68 The molecular functionality of the pore and defect sites within 

p-BN likely gives rise to its superb adsorption properties. Therefore, a detailed understanding of 

the atomic-level structure of pores and defect sites is highly desirable to facilitate the 

establishment of a structure-function relationship and enable the rational design and development 

of next-generation adsorption materials. However, common characterization techniques, such as 

electron microscopy, powder X-ray diffraction, Fourier Transform Infrared, Raman and X-ray 

photoelectron spectroscopies, often only provide an incomplete picture of molecular structure.5, 

34, 65, 68 

High-resolution magic angle spinning (MAS) solid-state NMR spectroscopy is a 

powerful technique to probe atomic-level structure within crystalline and amorphous solids. 

Takegoshi and co-workers have applied high-field (21.8 T) 11B solid-state NMR spectroscopy to 

study the structure of p-BN and mesoporous boron carbon nitride (p-BCN) produced by template 

synthesis.69 In addition to 11B NMR signals associated with h-BN, they observed several 

additional 11B NMR peaks in p-BN assigned to carbon-doped h-BN (BCN) and cubic boron 

nitride (c-BN). Schlienger et al. utilized 1D 11B solid-state NMR spectroscopy to show that p-BN 

templated from zeolites contains both major BN3 and minor BO3 species.62 Typically, 

defect/pore sites within a bulk material are terminated by hydrogen containing functional groups, 

whereas the bulk framework is hydrogen free. Therefore, defect/pore sites can be selectively 

probed by transferring nuclear polarization from 1H to the nucleus of interest.70-74 For example, 

we recently used a combination of 1H-11B, 1H-14N and 1H-15N solid-state NMR spectroscopy 

experiments to selectively show that the edges of 2D h-BN nanosheets are terminated with boron 

oxide/hydroxide and amine functional groups.75 Dipolar-based hetero- and homonuclear 

correlation NMR experiments can be further used to probe the spatial connectivity between 
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nuclear spins, allowing for the complete determination of molecular structure. Recently, we 

demonstrated the powerful use of ultra-high field 35.2 T 11B dipolar double-quantum-single-

quantum (DQ-SQ) SSNMR spectroscopy to probe molecular structure within boron-based 

oxidative dehydrogenation heterogenous catalysts.76 

 In this contribution, we use high-resolution 1H, 11B, 14N and 15N solid-state NMR 

spectroscopy, in conjunction with periodic plane-wave density-functional theory (DFT) 

calculations, to probe atomic-level structure within p-BN. The p-BN material studied here was 

synthesized by the high temperature (1050 oC) decomposition of boric acid, melamine and urea, 

following previously reported template-free protocols.65, 68 Electron microscopy images of p-BN 

illustrates a highly porous and defective material, consistent with a high surface area material. 

1H-15N heteronuclear correlation experiments performed on 15N-enriched p-BN at either room 

temperature or low temperature (~ 100 K) identify distinct nitrogen environments assigned to 

NB3, NB2H, NBH2, NBH3+ and NH4+. The identification of NB3, NB2H and NBH3+ was further 

confirmed by recording a fast MAS 1H{14N} HMQC spectrum of p-BN. Ultra-high field 35.2 T 

11B solid-state NMR experiments were used to reduce quadrupolar broadening for probing all 

boron species within p-BN. Most importantly, 35.2 T 11B dipolar DQ-SQ homonuclear 

correlation spectra of p-BN reveal the spatial connectivity of all boron species, suggesting many 

of the pores and defect sites within p-BN are composed of boron oxide/hydroxide clusters 

connected to the BN framework. 2D 11B-15N HETCOR spectra of 15N-enriched p-BN recorded 

with or without 1H→11B CP at the start of the experiment suggest that most of the BN 

framework is terminated by boron hydroxide or boron oxide, however, amine edge terminations 

are also present. Lastly, plane-wave DFT calculations were used to build structural models and 

confirm the assignment of all 11B, 14N and 15N NMR signals. The detailed structural 
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characterization presented here provides an atomic-level description of the molecular structure 

composing pore and defect sites within p-BN.  

 

Results/Discussion. 

General Characterization of p-BN. Scanning electron microscopy (SEM) is commonly 

used to gain insight into the three-dimensional morphology of a material. SEM images of p-BN 

reveal that the particle sizes are on the order of micrometers and that the morphology is 

extensively disordered with many large pores (Figure 1A-B and S1A), typical of  high SSA 

materials.68 The extent of disorder through random stacking of BN sheets can more clearly be 

seen through transmission electron microscopy (TEM) images of p-BN (Figure 1C and S1B-I). 

Closer examination of the TEM images reveals the presence of stacked BN sheets that are not 

perfectly flat, as would be observed in bulk h-BN or 2D h-BN nanosheets (Figure 1C, S1C and 

S1I). Rather, the BN exhibits minimal long range-order, consistent with a highly porous and 

defective material.   

Scanning TEM (STEM) coupled with energy-dispersive X-ray spectroscopy (STEM-

EDS) was used to probe the elemental distribution within a p-BN particle (Figure 1D-F). STEM-

EDS images reveal that B, N, O and C atoms are homogenously distributed throughout the 

particle (Figure 1E-F). Electron-energy loss spectroscopy (EELS) is generally a more 

quantitative technique to determine elemental composition with lighter atoms. EELS spectra 

composed from two regions within a p-BN particle again reveal the presence of B, N, O and C 

atoms (Figure 1G-I). The ratio of B:N is close to the expected 1:1 ratio for BN, while the B, N, C 

and O elemental composition varies either due to sample thickness variation, carbon grid effect, 

or local structural differences in the material (Figure 1I). Nevertheless, STEM-EDS and STEM-
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EELS reveal the presence of O and C atoms (dopants) within the p-BN particles. A powder X-

ray diffraction spectrum of p-BN reveals two broad peaks at 2q values of ca. 26° and 42° that 

correspond to the (002) and (100) diffraction planes, respectively (Figure S2).65, 68 The broad 

diffraction peaks confirm that p-BN is highly disordered and non-crystalline, in agreement with 

the electron microscopy images discussed above. A Fourier Transform Infrared (FTIR) spectrum 

of p-BN shows a broad, intense feature at ca. 1355 cm–1 corresponding to B-N stretching (Figure 

S3). Importantly, there is a broad feature centered around ca. 3200 cm–1, suggesting the presence 

of many hydroxyl and/or amine functional groups (Figure S3). Below, solid-state NMR 

spectroscopy and DFT calculations are used to more precisely determine atomic-level structure 

within p-BN.  
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Figure 1. (A-B) Scanning electron microscopy (SEM), (C) transmission electron microscopy 
(TEM) and (D) high-angle annular dark-field (HAADF) scanning TEM (STEM) images of p-
BN. (E, F) Color composite STEM energy-dispersive X-ray spectroscopy (STEM-EDS) images 
of p-BN. Boron, nitrogen, oxygen and carbon are represented in red, blue, cyan and green, 
respectively. (G-H) STEM electron-energy loss spectroscopy (STEM-EELS) images of p-BN. (I) 
EELS spectra for the dashed lines shown in figures (G) and (H). The color of the spectrum 
corresponds to the color of the line in (G-H), i.e., (upper) pink corresponds to (G), and (lower) 
orange corresponds to (H), respectively. Percentages correspond to the average elemental 
composition over the dashed line.  

15N and 14N Solid-State NMR Spectroscopy. Nitrogen has two NMR-active isotopes, 14N 

and 15N, where 15N is typically the preferred nucleus for NMR spectroscopy because it is a spin I 

= 1/2 nucleus whereas 14N is a spin I = 1 quadrupolar nucleus which gives rise to broad NMR 

spectra. However, the low natural isotopic abundance of 15N (0.37 %) typically requires 15N 

labeling or the use of sensitivity enhanced NMR spectroscopy techniques, such as dynamic 

nuclear polarization (DNP). Here, 1H-15N heteronuclear correlation (HETCOR) NMR 
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experiments were performed on an 15N-enriched p-BN material. 15N-enrichment of p-BN and 

other nitride materials77 is often straightforward because inexpensive 99 % 15N-labeled urea (ca. 

$100 per 0.25 g) can be incorporated into the synthesis.77 It should be noted that the 15N isotopic 

abundance in p-BN is likely less than 50% as melamine, one of the other precursors, contains 

natural isotopic abundance nitrogen that likely also incorporates into the p-BN structure. 

 

Figure 2. (A) 2D 1H→15N CP-HETCOR spectrum of 15N-enriched p-BN recorded with 1H 
eDUMBO1-22 homonuclear dipolar decoupling during 1H evolution,78 a 5 ms CP contact time and 
25 kHz MAS. (B) 2D 1H{14N} D-HMQC spectrum of p-BN (natural isotopic abundance) 
recorded with 400 µs of total 𝑆𝑅4!" heteronuclear dipolar recoupling applied to the 1H spins and 
50 kHz MAS. All spectra were recorded at room temperature with B0 = 9.4 T. 
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  A 2D 1H→15N cross-polarization (CP) HETCOR NMR spectrum of 15N-enriched p-BN 

was recorded at B0 = 9.4 T with 25 kHz MAS, a 5 ms CP contact time and 100 kHz 1H RF field 

of eDUMBO1-22 homonuclear dipolar decoupling during the indirect acquisition of 1H (Figure 

2A).78 A 1H{15N} CP-HETCOR spectrum obtained with 50 kHz MAS and 1H detection also 

shows the same sets of 1H and 15N NMR signals (Figure S4A). The 2D CP-HETCOR spectrum 

reveals four relatively resolved 1H NMR signal at ca. 2, 4.5, 7 and 9 ppm correlating to five 

unique 15N signals at isotropic shifts of −275 to −290 ppm (purple highlight), −295 to –310 ppm 

(red highlight), −320 to −335 ppm (blue highlight), −340 to –345 ppm (orange highlight) and –

350 to −360 ppm (green highlight). Based on previous literature and our prior analysis of the 

edge termination of h-BN nanosheets, the 15N NMR signals at ca. –275 to –290 ppm are assigned 

to NB3 units while the 15N NMR signals between −295 and −310 ppm are assigned to NB2H 

species.75, 79-80 Closer examination of the 15N NMR signals in the range of −295 to −310 ppm 

shows that there are two distinct peaks, which corresponds to NB2H groups residing on armchair 

(ca. −297 ppm) or zigzag (ca. −305 ppm) edges.75 The direct excitation 15N spin echo NMR 

spectrum obtained with a 400 s recycle delay confirms that NB3 units within the h-BN domains 

are the predominant nitrogen environment (Figure 2A and 3A, Table S1). Although, the 15N spin 

echo NMR spectrum may not be fully quantitative due to long 15N longitudinal relaxation time 

constants (T1). However, quantitative 11B solid-state NMR spectra suggest that ca. 55% of the p-

BN is made up of h-BN domains (vide infra). 
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Figure 3. (A, B) Comparison of 1D 1H→15N CPMAS spectra of 15N-enriched p-BN recorded 
with (A) conventional NMR at ~ 300 K with 25 kHz MAS or (B) DNP-SENS at ~ 100 K with 10 
kHz MAS. (A) A direct excitation 15N spin echo NMR spectrum is shown above the CPMAS 
NMR spectra. (C) 15N{1H} symmetry-based recoupling separated local field (SLF) curves 
recorded with conventional NMR at ~ 300 K with 25 kHz MAS for the 15N NMR signals at (red 
diamond) –305 ppm, (blue triangle) –333 ppm and (orange square) –340 ppm. (D) 15N{1H} 
DIPSHIFT curves recorded with DNP-SENS at ~ 100 K with 3.846 kHz MAS for the 15N NMR 
signals at (red diamond) –305 ppm, (blue diamond) –333 ppm, (orange diamond) –340 ppm and 
(green diamond) –355 ppm. 1H→15N CP was implemented at the start of the 15N{1H} SLF and 
DIPSHIFT experiments to enhance overall sensitivity. The best fit SIMPSON numerically 
simulated SLF or DIPSHIFT curve for each 15N NMR signal is shown by the solid line (Figure 
S7-9). SIMPSON numerical simulations were performed with two spins (15N-1H1), three spins 
(15N-1H2) or four-spins (15N-1H3) to resemble an NB2H (–305 ppm), NBH2 (–333 ppm) or NBH3+ 
(–340 ppm) group, respectively (see Methods for more discussion). Distances marked by an 
asterisk (*) correspond to N-H species with reduced 1H-15N dipolar coupling constants due to 
rotational dynamics that partially averages the dipolar coupling constant, yielding a longer 
apparent internuclear distance. All NMR experiments were recorded at B0 = 9.4 T. 
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1D 1H→15N CPMAS spectra of 15N-enriched p-BN were recorded with conventional 

NMR at room temperature (~ 300 K) or DNP surface enhanced spectroscopy (DNP-SENS)81-82 

at ~ 100 K (Figure 3A-B). The 1H→15N CP DNP enhancements (e) was estimated to be between 

3-4 (Figure S5). While DNP enhancements were low, the primary benefit of the DNP 

experiments was the low sample temperature of 100 K which slows molecular motions that 

partially average 15N heteronuclear dipolar couplings to 1H and 11B. Comparison of the room 

temperature 1H→15N CPMAS spectra recorded with CP contact times of 0.5, 2.0 and 5.0 ms 

initially suggests that only the 15N resonances between −295 ppm and −345 ppm contain directly 

attached hydrogen atoms as they were the primary 15N NMR signals observed with a short CP 

contact time (0.5 ms). A short CP contact time will selectively probe nitrogen species with a 

short H-N internuclear distance as the rate of signal build-up is dependent on the magnitude of 

the dipolar coupling constant between the two spins (Dij). Note that Dij is inversely proportional 

to the cube of the internuclear distance (Dij ∝ rij-3). However, at low temperature (~ 100 K), the 

15N NMR signal at ca. –355 ppm was also observed in the CPMAS spectrum recorded with a CP 

contact time of 0.1 ms (Figure 3B). Therefore, comparison of the room and low temperature 

CPMAS spectra suggest that nitrogen species resonating at –355 ppm contains an N-H covalent 

bond but exhibits significant dynamics at room temperature which average the 15N-1H 

heteronuclear dipolar couplings. It is important to note that the NB3 15N NMR signals resonating 

between −275 to −290 ppm were not observed in the low temperature CPMAS spectrum 

recorded with a short CP contact time (0.1 ms), further corroborating the assignment of these 

signals to NB3. 
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Next, 15N-1H symmetry-based recoupling- separated local field (SLF) curves were 

recorded at room temperature to measure Dij and H-N internuclear distance for each 15N NMR 

signal. (Figure 3C and S6-9).83-85 In a 15N-1H SLF NMR experiment, 1H-15N heteronuclear 

dipolar interactions are recoupled, resulting in dephasing of 15N NMR signals of protonated 

nitrogen atoms. 1H-15N internuclear dipolar coupling constants and internuclear distances can be 

determined by comparing the experimental dephasing curve to that of numerical simulations. 

Following this procedure, H-N internuclear distances for the 15N NMR signals at ca. −305, −333 

or –340 ppm were determined to be ca. 1.06, 1.22 or 1.55 Å, respectively (Figure 3C, Figure S7-

9). The N-H internuclear distance of 1.06 Å determined for the 15N NMR signal at ca. −305 ppm 

further confirms this signal corresponds to NB2H groups. The N-H internuclear distance of 1.22 

Å determined for the 15N NMR signal at ca. −333 ppm is slightly longer than that of the typical 

N-H bond length of 1 Å. As discussed below, periodic plane-wave DFT calculations suggest that 

the 15N NMR signals at ca. −320 to −335 ppm correspond to NBH2 species. Therefore, it is not 

surprising that the experimentally determined N-H bond length is slightly longer than 1 Å as the 

N-H2 group may experience 180o hops around the N-B bond that could partially dynamically 

average the 1H-15N dipolar coupling constant. The N-H internuclear distance of 1.55 Å 

determined for the 15N NMR signal at ca. −340 ppm is significantly longer than a typical N-H 

bond length. It is well known that RNH3 groups experience rapid C3 rotation about the R-N bond 

axis. This rapid C3 rotation will significantly average out the 1H-15N dipolar interaction by a 

modulation factor of P2(cosθ), which is the second-order Legendre polynomial and θ is the R-N-

H bond angle (109.5o).86 Accurate N-H internuclear distances can be back calculated by 

multiplying the experimentally observed internuclear distance (referred to as the dynamically 

averaged internuclear distance) by |P2(cosθ)1/3| (see Supporting Information for more 
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discussion).86 Following this procedure, the N-H internuclear distance was determined to be 1.07 

Å, confirming the 15N NMR signal at ca. –340 ppm corresponds to NBH3+ species. As discussed 

below, the assignment of the 15N NMR signal at ca. –340 ppm to NBH3+ species is further 

supported by periodic plane-wave DFT calculations and by 2D 1H{14N} D-HMQC NMR 

spectroscopy. The 15N NMR signals at ca. −275 to −290 ppm or –350 to −360 ppm did not show 

appreciable dephasing in the SLF experiment recorded at room temperature (Figure S6). 

1H-15N distance measurements were also performed at 100 K with DNP-SENS to reduce 

dynamical averaging of 1H-15N dipolar interactions. 15N{1H} DIPSHIFT87 curves of p-BN 

suggest that the 15N NMR signals at ca. −305, −333, –340 and –355 ppm exhibit N-H 

internuclear distance of ca. 0.98 Å, 1.18 Å, 1.40 Å and 1.80 Å, respectively (Figure 3D). The N-

H internuclear distance of ca. 0.98 Å for the 15N NMR signals at ca. –305 ppm is in good 

agreement with that measured from the room temperature 15N{1H} SLF experiment. The N-H 

internuclear distances measured for the (−333 ppm) NBH2 and (–340 ppm) NBH3+ 15N NMR 

signals at low temperature are shorter than that measured at room temperature, further 

corroborating their assignments and the hypothesis that there are dynamics at room temperature 

(NBH2: 180o hops around the N-B bond, NBH3+: C3 rotation about the B-N bond). Interestingly, 

the 15N NMR signal at ca. –355 ppm exhibited dipolar dephasing at low temperature but not at 

room temperature, consistent with the observation that this 15N NMR signal could be observed in 

the short contact time CPMAS spectra recorded at 100 K while this signal was attenuated in the 

short contact time CPMAS spectra recorded at 300 K. The 15N NMR signal at ca. –355 ppm is in 

the typical region of ammonium ions (NH4+), as well as four coordinate N in poly-

aminoboranes/borazines.80, 88 Therefore, based upon all of the NMR experiments, we tentatively 

assign the 15N NMR signal at ca. –355 ppm to NH4+ cations trapped in the pores and/or between 
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BN layers (Figure 3A-B). The assignment of the 15N NMR signal at ca. –355 ppm to NH4+ was 

further confirmed by observing 1H-15N J-dephasing in a DNP 15N{1H} heteronuclear spin echo 

experiment (Figure S10), as well as no observable dephasing in a 15N{11B} RESPDOR 

experiment (see discussion below). We note that Takegoshi et al. previously reported c-BN 

impurities in p-BN synthesized utilizing a carbon template at high temperatures (1750 oC).69 

Prior 14N MAS solid-state NMR spectroscopy of c-BN revealed a narrow 14N NMR signal with 

an isotropic chemical shift of –360 ppm.89 While the room temperature 1H-15N double resonance 

NMR experiments discussed above suggest the 15N NMR signal at ca. –355 ppm contains 

attached H atoms, we cannot rule out the possibility of small amounts of c-BN impurities. 

Lastly, a 2D 1H{14N} dipolar-heteronuclear multiple quantum coherence (D-HMQC) 

spectrum of p-BN (with natural isotopic abundance nitrogen) was recorded at B0 = 9.4 T with 50 

kHz MAS and 400 µs of total 𝑆𝑅4!" heteronuclear dipolar recoupling applied to the 1H spins 

(Figure 2B).90-96 For spin I = 1/2 nuclei, different isotopes of the same atom yield essentially the 

same peak position which is determined by the isotropic chemical shift (e.g. 111Cd and 113Cd). 

However, because 14N is a spin I = 1 quadrupolar nucleus, the frequency at which indirectly 

detected 14N NMR signals appear in 2D spectra are determined by both the isotropic chemical 

shift (diso, same as for 15N) and the second-order isotropic quadrupolar induced shift (QIS). The 

QIS is proportional to the square of the quadrupolar coupling constant (CQ) which is dependent 

on the local symmetry surrounding the nucleus. Spherically symmetric environments yield small 

CQ and small or negligible QIS, while less symmetric nitrogen environments possess larger CQ 

and significantly positive QIS.91, 97 Here, four main 14N NMR signals were observed at center of 

gravity peak positions of ca. 50, –100, –275 and –340 ppm. Based on our prior analysis of 2D h-

BN nanosheets, the 14N NMR signals at ca. 50 and –100 ppm can be assigned to NB2H species 
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residing on a zigzag or armchair edge, respectively.75 The 14N NMR signal at ca. –275 ppm can 

be assigned to NB3 species. The NB3 sites experience a negligible QIS because it is known that 

the 14N CQ is only ca. 0.1 MHz based upon 14N NMR experiments on h-BN.75, 89, 98 Thus, the 14N 

NMR signal will resonate at the same peak position as the 15N chemical shift, confirming the 

assignment to NB3. Likewise, the 14N NMR signal ca. –340 ppm resonates at the same peak 

position as the 15N chemical shift previously assigned to NBH3+ species. NBH3+ species are 

expected to adopt a distorted tetrahedral geometry at the nitrogen, resulting in a small CQ and a 

14N NMR signal with a negligible QIS. Therefore, the observation of the 14N NMR signal at the 

same chemical shift as the 15N NMR signal further confirms the 14N/15N NMR signal at ca. –340 

ppm corresponds to NBH3+ species. It is worth noting that no 14N NMR signal was observed for 

the NBH2 group. As discussed below, periodic plane-wave DFT calculations predict that the 14N 

CQ for NBH2 groups is ca. 3 MHz. Therefore, considering lower HMQC efficiency associated 

with a higher 14N CQ and significantly larger signal breadth at B0 = 9.4 T, the NBH2 14N NMR 

signal is likely not observed due to low sensitivity (Figure S11). 

In summary, 1H-15N and 1H-14N HETCOR NMR experiments reveal five unique nitrogen 

species corresponding to NB3, NB2H, NBH2, NBH3+ and NH4+. NB3 units lie in the bulk of the 

material and make up the BN framework while NB2H, NBH2 and NBH3+ species likely reside on 

the edges of the BN sheets. NH4+ ions are likely trapped in the pores and/or between BN layers. 

Below, plane-wave DFT calculations and 11B{15N} HMQC solid-state NMR spectra further 

corroborate the assignment of all nitrogen species. We note that no 14N/15N NMR signals were 

assigned to N with directly bonded C heteroatoms. As mentioned above, STEM-EDS and 

STEM-EELS revealed C atoms homogenously distributed through the p-BN particles. However, 

DFT calculations suggest that substitution of B for C increases the 15N isotropic chemical shift; 
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substitution of C for B in NB3 to yield NB2C increases the isotropic chemical shift from –277 

ppm to ca.  –250 ppm (Figure S18-19 and Table S3-4). Furthermore, fully substituted NC2 or 

NC3, as found in graphitic carbon nitride, exhibits 15N isotropic chemical shifts of ca. –180 ppm 

and –225 ppm, respectively.77 Therefore, we infer that either (i) the atomic weight percent of C is 

very low and/or (ii) C atoms (dopants) within our samples of p-BN do not exhibit N-C bonds. 

Ultra-High Field 35.2 T 11B Solid-State NMR Spectroscopy. Next, we turn to ultra-high 

field 35.2 T 11B solid-state NMR spectroscopy to probe the structure of boron atoms within p-

BN. Because 11B is a half-integer I = 3/2 quadrupolar nucleus, the observable central-transition 

(CT) is broadened and shifted by the second-order quadrupolar interaction (QI). Therefore, in 

addition to isotropic chemical shift, 11B spectra depend on  the electric field gradient (EFG) 

tensor parameters, CQ and asymmetry parameter (h), sensitive to the symmetry and bonding 

network surrounding the 11B nucleus.99-101 The broadening of CT 11B NMR signals by the 

second-order QI is inversely proportional to the applied B0. Consequently, 11B NMR resolution is 

proportional to the square of B0, neglecting other inhomogeneous broadening effects. To 

maximize 11B resolution, NMR experiments were performed on the series-connected hybrid 

(SCH) NMR magnet at field of 35.2 T (n0(1H) = 1500 MHz) at the National High Magnetic Field 

Laboratory (NHMFL) in Tallahassee, FL.102 The power of ultra-high field NMR spectroscopy 

for acquisition of solid-state NMR spectra of half-integer quadrupolar nuclei has been 

demonstrated for a variety of materials.76, 103-111  
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Figure 4. (Upper) 1D 11B direct excitation (black) spin echo and (pink) 34o tip angle single pulse 
spectra of p-BN recorded at B0 = 35.2 T with 18 kHz MAS. Colored regions correspond to the 
degree of BN oxidation (H-atoms are omitted for clarity). (Lower, red – dashed) Analytical 
simulation of the (black) 11B spin echo spectrum. Asterisks (*) correspond to spinning sidebands. 

Comparison of 1D direct excitation 11B spin echo NMR spectra recorded at magnetic 

fields of 9.4 T, 14.1 T, 19.6 T and 35.2 T illustrates the dramatic increase in 11B NMR resolution 

with increasing magnetic field strength (Figure S12). All 11B NMR signals observed at 35.2 T 

are near isotropic in nature (Figure 4), allowing for the straightforward identification of all 11B 

NMR signals, whereas 2D 11B triple-quantum multiple-quantum MAS (3Q-MQMAS) NMR 

experiments would be required at more conventional magnetic field strengths (Figures S13-14). 

It is well known that the diso(11B) decreases as nitrogen atoms in BN3 are substituted with oxygen 

atoms while the CQ remains relatively constant in the range of 2.5 – 3.0 MHz.75-76, 101, 112-113 

Therefore, based on diso(11B), the 11B NMR signals can be assigned to BN3 (diso = 28.9 ppm), 

BN2Ox(OH)1-x (diso = 26.5 ppm, x = 0 – 1), BNOx(OH)2-x (diso = 22.9 ppm, x = 0 – 2), BOx(OH)3-x 

(diso = 17.5 ppm, x = 0 – 3) and BOx(OH)4-x- (diso ~ 0 ppm, x = 0 – 4) (Figure 4, Table S2). We 

note that the 3-coordinate 11B species in the experimental 11B NMR spectrum were fit to one site 

with ca. 2 ppm of Gaussian line-broadening to represent a distribution in diso(11B), typical of 
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disordered and amorphous materials. Periodic plane-wave DFT calculations and 2D 1H-11B 

HETCOR, 11B homonuclear dipolar correlation, and 11B{15N} HETCOR NMR spectra confirm 

the assignment of all 11B NMR signals (vide infra). Unless stated otherwise, the 

oxidized/hydrolyzed boron species will be referred to solely on directly attached heteroatoms, 

e.g., BN2O could refer to a boron atom with a bridging oxide or hydroxide group coordinated to 

boron. It should be noted that the diso(11B) reported here have a relative error of ca. 0.5 – 1 ppm 

due to slight magnet field drift of the SCH NMR magnet (see Methods). However, the field drift 

does not affect any of the results discussed here.  

The relative population of each boron species was determined through analytically 

simulating the 11B spin echo NMR spectrum recorded at B0 = 35.2 T (Figure 4, lower and Table 

S2). Based on the analytical simulation, ca. 55% of boron corresponds to BN3 units, confirming 

that the majority of p-BN consists of an h-BN framework. Partially oxidized/hydrolyzed BN 

species, BN2O and BNO2, make up ca. 8% and 6% of boron atoms, respectively, while fully 

oxidized/hydrolyzed boron species, BO3 and BO4-, correspond to ca. 23% and 8% of boron, 

respectively. It should be noted that BO4- species likely make up slightly more than ca. 8% of 

boron as the overall 11B NMR signal intensity observed in the spin echo experiment was slightly 

reduced compared to a 34o (p/6) tip angle single pulse 11B NMR spectrum (Figure 4, upper). We 

note that Takegoshi et al. assigned the 19 ppm and 1 ppm 11B NMR signals to carbon-doped BN 

and BN4 in the c-BN phase.69, 114 BN4 units in c-BN have an diso(11B) ~ 1.5 ppm.98 We do not 

rule out the possibility of c-BN impurities (BN4 units), which would likely overlap with BO4- 11B 

NMR signals. However, based on the 15N NMR spectra and 2D 11B NMR experiments shown 

below, if c-BN is present, it is in minuscule amounts (< 5%). The 15N NMR signal of c-BN 

should resonate at –359 ppm, a position similar to the signal observed at –360 ppm, which was 
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assigned to NH4+. However, as was shown above, the majority of the 15N NMR signals at –360 

ppm had attached 1H spins as evidenced by low temperature CPMAS experiments and 15N{1H} 

J-resolved experiments.    

Interestingly, the 1D 11B NMR spectrum illustrates that a significant amount of the p-BN 

material is made up of oxidized/hydrolyzed boron species. The observation of BO3 and BO4- is 

consistent with the previously reported 11B SSNMR spectra of p-BN that was synthesized 

utilizing templating reagents.62, 69, 114 However, the amount of boron oxide/hydroxide present in 

the p-BN studied here is significantly higher. Likewise, the surface area of the p-BN material 

studied here is significantly higher than that made with templating reagents. As discussed below, 

the boron oxide/hydroxide species likely compose the pores, defects and edge sites within p-BN 

that are connected to the h-BN framework; the BO3 and BO4- 11B NMR signals do not arise from 

impurities or segregated oxidized phases. 

 

 

Figure 5. 2D 11B{1H} D-HMQC spectrum of p-BN recorded at B0 = 35.2 T with 18 kHz MAS 
and 0.67 ms of total 𝑆𝑅4!" heteronuclear dipolar recoupling applied to the 1H spins. A direct 
excitation 11B spin echo spectrum (gray) is stacked above the 11B projection of the 2D HETCOR 
spectrum. 
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 1H-11B dipolar-based HETCOR experiments were used to probe boron atoms in close 

spatial proximity to hydrogen atoms. Here, a 2D 11B{1H} D-HMQC spectrum of p-BN was 

recorded at B0 = 35.2 T with 18 kHz MAS and 0.67 ms of total 𝑆𝑅4!" heteronuclear dipolar 

recoupling applied to the 1H spins (Figure 5). An additional 2D 11B{1H} D-HMQC spectrum was 

recorded at B0 = 19.6 T (Figure S15). All 11B NMR signals observed in the 1D direct excitation 

spin echo spectrum reveal correlations to 1H, suggesting that the pores/defect/edge sites are 

distributed throughout p-BN. However, the BN3 signals have attenuated intensity in the 2D 

11B{1H} D-HMQC spectrum, likely because there are larger BN domains containing BN3 

fragments that are distant from 1H spins. The BN3 and oxidized/hydrolyzed BN species (BN2O 

and BNO2) show mainly correlations to a 1H NMR signal at ca. 5.5 ppm. A similar 1H chemical 

shift was observed in the 2D 1H→15N CP-HETCOR and 1H{14N} D-HMQC spectra. However, it 

should be noted that both hydroxide and amine 1H species have a wide chemical shift range in 

the solid-state, hindering the ability to confirm if they are the same 1H NMR signals. The fully 

oxidized/hydrolyzed BO3 species exhibit correlations to 1H NMR signals at ca. 5.5, 7 and 9 ppm. 

In addition, the 11B NMR signal for BO3 is significantly more intense than all other 11B NMR 

signals. While the 2D 11B{1H} D-HMQC spectra are not quantitative, the near order of 

magnitude more intense 11B NMR signal suggests that BO3 contains the highest population of B-

OH groups. 

 Next, we turn to 11B dipolar double-quantum-single-quantum (DQ-SQ) homonuclear 

correlation NMR experiments to probe the spatial connectivity of all boron species within p-BN, 

further enabling determination of atomic-level structure.76, 115-121 In a dipolar DQ-SQ NMR 

experiment, an NMR signal will appear in the indirect DQ dimension at a frequency equal to the 

sum of the two SQ frequencies of spatially proximate (dipolar coupled) spin pairs.115 Performing 
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DQ-SQ homonuclear correlation NMR experiments at ultra-high field for half-integer 

quadrupolar nuclei provides significant line narrowing in both the direct (SQ) and indirect (DQ) 

dimensions, providing the resolution required to determine the connectivity between all 

homonuclear spins. The benefits of ultra-high 35.2 T magnetic fields for acquiring dipolar DQ-

SQ homonuclear correlation NMR spectra of half-integer quadrupolar nuclei have recently been 

demonstrated.76, 110 

 Here, three 2D 11B dipolar DQ-SQ homonuclear correlation NMR spectra of p-BN were 

recorded with 0.9, 1.8 or 2.7 ms of total 𝐵𝑅2"! homonuclear dipolar recoupling and at B0 = 35.2 

T with 18 kHz MAS (Figure 6).115, 117 Longer durations of dipolar recoupling will probe further 

internuclear distances as the build-up of dipolar DQ coherence is dependent on the magnitude of 

the dipolar coupling constant between the two 11B spins. The 11B DQ-SQ NMR spectrum of p-

BN recorded with a short duration of dipolar recoupling (0.9 ms) reveals many auto- and off-

diagonal correlations (Figure 6B). Specifically, auto-correlations are observed for all boron 

species except for BO4- (Figure S16). The intense auto-correlations observed for BN3 confirms 

the presence of an extended BN framework while the intense BO3 auto-correlations suggest that 

p-BN contains clusters of boron oxide/hydroxide. Intense BO3-BO4- correlations confirm the 

assignment of the 0 ppm 11B NMR signal to BO4- and that the BO4- species reside in the boron 

oxide/hydroxide clusters, likely along the pore edges. Correlations between BN3-BN2O, BN3-

BNO2 and BN2O-BNO2 verify that the BN2O and BNO2 species are located at the edges of the 

BN framework. Most importantly, the BO3-BN2O correlations reveal that the boron 

oxide/hydroxide cluster is connected to the BN framework through BN2O species, where the two 

nitrogen atoms are connected to the BN framework and the oxygen atom is bridging to the boron 

oxide/hydroxide cluster. This connection of the boron oxide/hydroxide cluster to the BN 
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framework through BN2O species is similar to that observed in a catalytically spent oxidative 

dehydrogenation h-BN catalyst that contains a surface boron oxide/hydroxide phase.76 

Furthermore, the observation that boron oxide/hydroxide is connected to the BN framework is 

also consistent with 2D 11B SQ-SQ homonuclear correlation experiments performed on 

mesoporous BCN.114 However, the aforementioned correlations were previously assigned to a 

CN-boron domain in close spatial proximity to a BN3 domain. It should be pointed out that 11B 

SQ-SQ spin-diffusion homonuclear correlation spectra of p-BN recorded at B0 = 19.6 T also 

reveal that the boron oxide species are in close spatial proximity to the BN framework (Figure 

S17). However, the absence of meaningful auto-correlations and lower resolution provided in 

SQ-SQ spectra recorded with B0 = 19.6 T limited precise identification of the boron connectivity, 

further illustrating the benefits of the ultra-high field 35.2 T 11B DQ-SQ NMR experiments. As 

the duration of dipolar recoupling was further increased to 1.8 or 2.7 ms, all previously observed 

homonuclear correlations broaden and round out (Figure 6C-D).  

In summary, the correlations observed in the 11B dipolar DQ-SQ NMR spectra illustrate 

that boron oxide/hydroxide clusters are homogeneously distributed throughout the BN 

framework, suggesting that these boron oxide/hydroxide clusters likely compose many of the 

pores and defect sites present within p-BN. Based on the analytical simulation of the 1D 35.2 T 

11B spin echo, the BO3 and BO4- containing boron oxide/hydroxide clusters correspond to ca. 

31% of boron present in p-BN while framework BN corresponds to ca. 55 % of boron. 

Therefore, this further suggests that the p-BN material contains a high ratio of pore/defect sites 

compared to the BN framework. We note that no 11B NMR signals were assigned to B species 

containing a B-C bond. DFT calculations predict that the 11B isotropic chemical shift increases 

with the substitution of N for C; replacement of N for C in BN3 to yield BN2C increases the 
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predicted 11B isotropic chemical shift by ca. 4 ppm while CQ remains relatively constant (Figure 

S18-19 and Table S3-4). Therefore, we infer that either (i) the atomic weight percent of C is very 

low and/or (ii) C atoms (dopants) within p-BN do not exhibit B-C bonds. 

 

Figure 6. (A) Basic molecular structure of boron fragments in p-BN. (B-D) 2D 11B DQ-SQ 
spectra of p-BN recorded at B0 = 35.2 T with 18 kHz MAS and either (B) 0.9 ms, (C) 1.8 ms or 
(D) 2.7 ms of total 𝐵𝑅2"! homonuclear dipolar recoupling. The dashed red lines indicate the 
scaled diagonal that identifies autocorrelations (DQ frequency = 2×SQ frequency) and the pink 
solid lines illustrate the connectivity between correlated 11B species. The red asterisks (*) 
indicate spinning sidebands.122 

 

11B-15N Heteronuclear Correlation Solid-State NMR Spectroscopy. The 1H-14N/15N NMR 

experiments revealed the presence of NB3, NB2H, NBH2, NBH3+ and NH4+ species. Ultra-high 
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field 35.2 T 11B NMR experiments suggested that many of the pore/defect sites within p-BN are 

composed of boron oxide/hydroxide clusters that are connected to the BN framework primarily 

through BN2O species. 2D 11B{15N} D-HMQC experiments were used to probe the spatial 

connectivity between all boron and nitrogen species. A 2D 11B{15N} D-HMQC spectrum of 15N-

enriched p-BN was recorded at B0 = 14.1 T with 20 kHz MAS and 1.2 ms of total 𝑆𝑅4!" 

heteronuclear dipolar recoupling applied to the 15N spins (Figure 7A, red). A one-bond N-B 11B-

15N dipolar coupling constant is ca. 1.3 kHz whereas a three-bond N-B (N-B-N-B) 11B-15N 

dipolar coupling constant is ca. 70 Hz. Therefore, only one-bond B-N correlations will be 

observed in the 11B{15N} D-HMQC NMR experiments. The 2D 11B{15N} D-HMQC spectrum 

reveals BN3, BN2O and BNO2 species all correlating to bulk NB3, further confirming that the 

BN2O and BNO2 groups reside on the edge of the BN framework. No correlations between boron 

and the NB2H, NBH2 or NBH3+ species were observed, suggesting that the majority of 

framework BN are boron terminated. However, when the 11B{15N} D-HMQC was recorded with 

1H→11B CP at the beginning of the experiment, correlations between boron BN3, BN2O and 

BNO2 species with nitrogen NB3, NB2H and NBH2 were observed (Figure 7A, blue). This 

observation illustrates that the NB2H and NBH2 species partially terminate the BN framework 

and are in close spatial proximity to the partially oxidized BN species (BN2O and BNO2) that 

terminate and connect the boron oxide/hydroxide cluster to the BN framework. It is worth noting 

that no correlations between boron and the NBH3+ species were observed in any of the 11B{15N} 

D-HMQC spectra. However, this was likely due to low sensitivity. Indeed, a DNP-SENS 

15N{11B} dipolar dephased RESPDOR (Rotational-Echo Saturation-Pulse DOuble Resonance)123 

spectrum reveals that all 15N species except NH4+ contain a directly bonded boron atom, further 

corroborating the assignment of all 15N NMR signals (Figure 7B). It should be noted that the 
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small extent of dephasing observed in the 15N{11B} dephased spectrum was primarily due to the 

low achievable 11B radio frequency (RF) field of 11 kHz used for the saturation pulse.  

 

Figure 7. (A) 2D 11B{15N} D-HMQC spectra of 15N-eriched p-BN recorded with 1H→11B CP 
(blue, tCP = 600 µs) or direct excitation of 11B (red) at the start of the experiment. Both spectra 
were recorded with conventional NMR at ~ 300 K and B0 = 14.1 T with 20 kHz MAS and 1.2 ms 
of total 𝑆𝑅4!" heteronuclear dipolar recoupling applied to the 15N spins. An 11B direct excitation 
spin echo spectrum and 1H→15N CPMAS (tCP = 5 ms) spectrum are overlaid above the 2D 
projections. (B) Comparison of DNP-SENS 1D 15N{11B} RESPDOR spectra recorded with (red, 
dephased) or without (blue, control) a saturation pulse applied to 11B and 0.8 total ms of first-
order R3 dipolar recoupling applied to the 15N spins. Spectra were acquired at ~ 100 K and B0 = 
9.4 T with 10 kHz MAS. 

 

Plane-Wave DFT Calculations. Periodic plane-wave DFT calculations utilizing the 

gauge-including projected augment wave (GIPAW) approach is commonly used to calculate 
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NMR parameters, such as chemical shielding tensors, EFG tensor and scalar (J-) couplings, to 

aid in the assignment of NMR signals within inorganic materials.75, 85, 124-130 Here, we utilized 

periodic plane-wave DFT calculation as implemented in CASTEP to build structural models of 

p-BN and compare the GIPAW calculated NMR parameters to those determined experimentally. 

Nine different structural models were calculated containing BN3, BN2O, BNO2, BO3, NB3, 

NB2H, NBH2 and NBH3+ functional groups based on our 11B and 14N/15N NMR assignments 

discussed above (Figures 8, 9 and S20-S28). These models were chosen and constructed because 

we believe that they represent the most likely combinations of different functional groups and 

structural motifs based upon the NMR spectra. However, these models are not comprehensive or 

unique; there are likely other possible structures and configurations which could represent 

models of p-BN. DFT calculated 15N chemical shifts for a structural model containing NB3, 

NB2H, NBH2 and NBH3+ functional groups show good agreement with the experimental room 

temperature 1H→15N CPMAS spectrum (Figure 8B). In addition, the range and average 15N 

chemical shifts calculated for all structure models (Figures S20-28 and Table S5-13) show 

excellent agreement with the experimental spectrum where the 15N chemical shifts decrease with 

increasing hydrogenation of nitrogen over the series of NB3 → NBH3+. Plane-wave DFT 

calculated 14N shifts show reasonable agreement with the experimental 14N NMR spectrum 

(Figure 8C). Here, the range of 14N shifts for NB2H and NBH2 species are significantly larger 

than that of 15N because variations in the calculated 14N CQ leads to large differences in the 

second-order QIS.97 As discussed above, NBH2 species are predicted to have significantly larger 

CQ than NB2H which leads to 14N NMR signals with larger second-order QIS and signal breadths 

(Figure S11B). Nevertheless, both 14N and 15N plane-wave DFT calculations confirm the 14N/15N 

NMR assignments discussed above. 
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Figure 8. Periodic plane-wave DFT calculations. Silver, green, red and white atoms correspond 
to nitrogen, boron, oxygen and hydrogen, respectively. (A) Structural model p-BN containing 
NB2H, NBH2 and NBH3+ edge terminations. The entire structural model is given in Figure S27. 
DFT calculated (B) 15N and (C) 14N spectra for different nitrogen species highlighted in (A). 
Experimental spectra (1H→15N CPMAS and 1H{14N} D-HMQC 14N projection) are laid above 
the DFT calculated spectra. Purple, red, blue and orange correspond to NB3, NB2H, NBH2 and 
NBH3+, respectively. The simulated spectra correspond to the highlighted atoms in (A). The 
NB2H 15N spectrum corresponds to the average of the two NB2H highlighted atoms in (A). The 
open rectangles above the spectra illustrate the range in frequencies observed in DFT 
calculations of many different structural models and the square indicates the average frequency 
(see Supporting Information for all calculations). In (C), the diamond represents the average 14N 
frequency for an NB2H group connecting an armchair to zigzag edge.  

 

The detailed structural characterization of p-BN described here allowed us to build a 

structural model that was optimized through plane-wave DFT calculations (Figure 9A). We note 

that the structural model is not unique, but it does represent the type of species likely present 

within p-BN. As determined from 1H-14N/15N and 11B-15N HETCOR NMR experiments, p-BN 

contains many nitrogen edge/defect sites mostly composed of NB2H and NBH2 species that are 

directly attached to the BN framework. We note that there are likely additional NBH3+ 
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edge/defect sites in addition to NH4+ trapped in the pores and/or between BN layers. Ultra-high 

field 11B NMR revealed many partially (BN2O and BNO2) and fully (BO3 and BO4-) 

oxidized/hydrolyzed boron species. Most importantly, the 11B DQ-SQ data revealed that many of 

the pore and defect sites are composed of boron oxide/hydroxide clusters that are directly 

attached to the BN framework through BN2O species. DFT calculated 11B NMR spectra of the 

proposed structural model are in excellent agreement with the experimental data, where diso(11B) 

decreases with increasing oxidation of BN3 (i.e., BN3 → BO3, Figure 9B and Table S13). 

Therefore, we propose that many of the pore and defect sites within p-BN are composed of boron 

oxide/hydroxide clusters, but there are other amine and boron oxide/hydroxide edge/defect sites 

throughout the material that likely compose a smaller fraction of the defect/edge and pores sites.  

 

 

Figure 9. (A) Periodic plane-wave DFT-optimized structural model of p-BN. Silver, green, red 
and white atoms correspond to nitrogen, boron, oxygen and hydrogen, respectively. The 
highlighted regions illustrate structural units corresponding to the (orange) h-BN framework, 
(blue) boron oxide pore/defect sites and (gray) amine edge/defect sites. (B) DFT calculated 11B 
NMR spectra of (upper to lower) BN3, BN2O, BNO2 and BO(OH)2/BO2(OH) species within the 
DFT optimized structural model shown in (A). The average diso(11B), CQ and h of each structural 
unit was used to simulate the 11B NMR spectra. All DFT calculated NMR parameters of the 
structural model is given in Table S13. An 11B spin echo NMR spectrum is overlaid above the 
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DFT calculated 11B NMR spectra. All spectra/simulations were performed at B0 = 35.2 T with 18 
kHz MAS. 

 

Conclusions  

In this contribution, high-resolution multinuclear solid-state NMR spectroscopy and 

plane-wave DFT calculations enabled the determination of atomic-level structure within 

mesoporous hexagonal BN (p-BN). 1H-15N HETCOR experiments on 15N-enriched p-BN 

recorded with either conventional NMR at room temperature or DNP-SENS at ca. 100 K 

revealed the presence of NB3, NB2H, NBH2, NBH3+ and NH4+ species. The identification of 

NB3, NB2H and NBH3+ was also confirmed by recording a 2D 1H{14N} HETCOR spectrum with 

fast MAS. Ultra-high field 35.2 T 11B NMR spectroscopy quantitatively probes all boron species 

within p-BN allowing for the identification of 11B NMR signals attributed to BN3, BN2Ox(OH)1-x 

(x = 0 – 1), BNOx(OH)2-x (x = 0 – 2), BOx(OH)3-x (x = 0 – 3) and BOx(OH)4-x- (x = 0 – 4) sites. 

Most importantly, 2D 11B dipolar DQ-SQ homonuclear correlation spectra revealed that 

pore/defect sites are composed of boron oxide/hydroxide clusters which are homogeneous 

distributed throughout the BN framework and connected via BN2O units. 1D and 2D 11B{15N} 

HETCOR NMR experiments further confirmed the assignment of all NMR signals. Lastly, 

plane-wave DFT calculations were used to construct structural models of p-BN and calculate 11B 

and 14/15N NMR parameters. DFT calculated 15N chemical shifts of nine different structural 

models containing NB3, NB2H, NBH2 and/or NBH3+ functional groups showed excellent 

agreement with the experimental 15N CPMAS spectra. In particular, the 15N chemical shift 

decreases with increasing hydrogenation of NB3 (NB3 → NBH3+). In addition, DFT calculated 

14N and 11B shifts also showed good agreement with the experimental spectra. The identification 

of all boron and nitrogen species present within p-BN by high-resolution multinuclear solid-state 
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NMR spectroscopy enabled us to build a proposed structural model that was optimized through 

plane-wave DFT calculations. This model shows that many of the pore and defect sites within p-

BN are composed of boron oxide/hydroxide clusters, but there are other amine and boron 

oxide/hydroxide edge/defect sites throughout the material that likely compose a smaller fraction 

of the overall defect/edge and pores sites.  

The observation that many of the pore and edge/defect sites are primarily composed of 

boron oxide/hydroxide clusters suggest that boron oxidation occurs readily and often during BN 

framework formation (during calcination) and is a leading cause for the formation of such highly 

defective materials with high specific surface areas. With such a large fraction of boron 

oxide/hydroxide clusters connected to the BN framework, we speculate that these species likely 

play an important role in the overall chemical adsorption properties of p-BN materials. 

Furthermore, the detailed structure determination of the pore and edge/defect sites within p-BN 

should further enable the rational design and development of next-generation adsorption 

materials. The functionalization of p-BN materials should be easier to implement with 

knowledge of the molecular structure of the pore and edge sites. For example, chemical 

functionalization strategies could be designed that consider the chemistry of boron 

oxide/hydroxide and/or amine groups. We anticipate that chemical modification of p-BN could 

be a strategy to tune adsorption towards specific substrates. 

Experimental  

 Materials. Porous BN was synthesized following previously published methods.65, 68 In 

general, boric acid (H3BO3, Certified ACS Reagent, Fischer Scientific), urea (CH4N2O, 

molecular biology grade, Sigma Aldrich) and melamine (C3H6N6, ACS Reagent, 99% Alfa 

Aesar), with a 1:1 molar ratio of boric acid to melamine and a 1:5 molar ratio of boric acid to 
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urea, were ground together in a mortar for 5 min to form a homogenous powder. For the 15N-

enriched material, natural isotopic abundance urea (98 % 15N, Sigma Aldrich) was replaced with 

15N-labeled urea. The mixture was collected, layered thinly in a quartz boat (35 mg), and placed 

in a horizontal tube furnace with 1 inch diameter quartz tube. The sample was purged with Ar 

gas with a flow rate of 250 mL/min for 2 h at room temperature and subsequently heated to 1050 

°C at a ramping rate of 10 °C/min and a decreased flow rate of 50 mL/min. The sample was held 

at 1050 °C for 3.5 hours and allowed to cool to room temperature. Porous BN was collected from 

the quartz boat. 

 We note that the reaction to produce porous BN gives a low yield. Loading the quartz 

boat with too much starting material as a thick layer yields a grey material, indicative of high 

carbon content. To produce pure, carbon-free materials, a thin layer of starting material was 

coated on the bottom of the quartz boat. A typical synthesis yielded ca. 3 – 4 mg of porous BN, 

completely white in color. The yield did not increase when the sample was purged with Ar or N2 

gas at a low flow rate of 25 mL/min for 2 h at room temperature and subsequently heated to 1050 

°C at a ramping rate of 10 °C/min and a decreased flow rate of 5 mL/min.  

 Electron Microscopy. SEM images were acquired on a Teneo SEM (Thermo Fisher 

Scientific). TEM study was performed at 200 kV on a probe aberration corrected Titan Themis 

TEM (Thermo Fisher Scientific) with a Super-X EDS detector and Quantum 965 GIF system. 

STEM-EDS and STEM-EELS were performed with a probe current of 150 pA and 40 pA, 

respectively. 

 Fourier Transform Infrared Spectroscopy. A Fourier Transform Infrared (FTIR) 

spectroscopy spectrum was collected using an Agilent Cary 630 FTIR equipped with an 

attenuated total reflectance (ATR) attachment containing a diamond crystal. About 5 mg of 
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sample was pressed between the stand and the ATR crystal. All spectra were obtained at a 

resolution of 2 cm–1 (from 700 to 4000 cm–1) under atmospheric pressure.  

 Density Functional Theory. Periodic plane-wave density functional theory (DFT) 

calculations were performed with the gauge-including projected augment wave (GIPAW)131 

approach as implemented in CASTEP version 2017 R2.132 NMR calculations and geometry 

optimizations utilized the Generalized Gradient Approximation (GGA) with the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional,133 Tkatchenko-Scheffler (TS) dispersion 

corrections,134 On-the-Fly ultrasoft Pseudopotentials,135-136 zeroth-order regular approximation 

(ZORA) relativistic treatments,137 a 0.07 Å–1 k-point spacing and a 630 eV kinetic energy cutoff. 

DFT calculated 11B and 14N/15N isotropic chemical shieldings (s) were converted to isotropic 

chemical shifts (d) using our previously published calibration curves.75 DFT calculated 11B 

quadrupolar coupling constants (CQ) and asymmetry parameters (h) were slightly corrected using 

our previously published calibration curves.75 

 All porous h-BN structural models were initially constructed from structurally modified 

supercells (typically ranging from 6×6×1 to 10×10×1) of the previously published single-crystal 

X-ray diffraction structure of h-BN.138 Structural models containing “edge terminations” were 

built by cleaving the crystal structure of h-BN along the {0–10} plane. Structural models 

containing “defects/pores” were built by removing interior sheet atoms and keeping the entire 

structure periodic. We note that some models were constructed as either a single sheet with a ca. 

6 Å vacuum between additional sheets or as an infinitely stacked “bulk-like” structure with a 

layer spacing of ca. 3.5 Å. However, our previous work on h-BN nanosheets showed that the 

interlayer spacing (i.e., single sheet versus bulk-like structure) had no impact on the DFT 
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calculated NMR parameters.75 The crystal files for all structural models are available in the 

Supporting Information. 

 Solid-State NMR Numerical Simulations. Numerical simulations of 15N{1H} SLF and 

DIPSHIFT solid-state NMR spectroscopy experiments were performed using SIMPSON 

v4.2.1.139-141 All simulations were performed with the same magnetic field strength, MAS 

frequency and pulses (i.e., pulse duration and RF field) as the experimental data. All simulations 

were performed with the rep168 crystal file, 8 gamma angles and a (DIPSHIFT) 1 µs or (SLF) 

1.5 µs maximum time duration where the Hamiltonian was considered time independent. Larger 

crystal files, more gamma angles, and smaller time durations where the Hamiltonian is 

considered time independent were performed for a select number of simulations to ensure the 

simulations fully converged with the above-mentioned parameters. 15N{1H} SLF and DIPSHIFT 

numerical simulations used to fit the experimental curves for the 15N NMR signals assigned to 

(−305 ppm) NB2H, (−333 ppm) NBH2 and (−340 ppm) NBH3+ utilized a two (1H-15N), three 

(1H2-15N) or four (1H3-15N) spin system to accurately represent the species probed. Euler angles 

relating 1H and 15N CSA and dipolar tensors were obtained from plane-wave DFT calculations. 

15N{1H} SLF and DIPSHIFT numerical simulation text files used to fit the experimental curves 

for the 15N NMR signals assigned to (−305 ppm) NB2H, (−333 ppm) NBH2 and (−340 ppm) 

NBH3+ are available in the Supporting Information. 

General Solid-State NMR Spectroscopy. All experimental parameters (magnetic field 

strength, MAS rate, recycle delay, number of scans, t1 TD points, t1 dwell (Dt1), CP/recoupling 

duration, and total experimental times) are given in Table S14. All 1H and 11B longitudinal 

relaxation constants (T1) were measured using a saturation recovery experiment. All NMR 

spectra were processed using either Topspin 3.6.1 (Avance II or III data) or Topspin 4.0.7 
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(Avance NEO data). Analytical fits of NMR spectra were performed using either the solid 

lineshape analysis (sola) module as implemented in Topspin or the ssNake NMR software. 142 A 

schematic illustration of all pulse sequences is given in Figure S29. 

 Solid-State NMR Spectroscopy @ 9.4 T. Solid-state NMR spectroscopy experiments were 

performed on a 9.4 T (n0(1H) = 400 MHz) Bruker wide-bore magnet equipped with a Bruker 

Avance III HD console and either a 2.5 mm HXY or 1.3 mm HX magic-angle spinning (MAS) 

NMR probe. A 20 pF shunt capacitor was placed in parallel with the X-channel of the 9.4 T 1.3 

mm HX MAS NMR probe in order to tune the X channel of the probe to 14N (~ 28.9 MHz). 1H 

chemical shifts were referenced to neat tetramethylsilane (TMS) with adamantane (diso(1H) = 

1.82 ppm) as a secondary chemical shift reference. 11B, 14N and 15N shifts were indirectly 

referenced to (11B) BF3∙Et2O or (14/15N) CH3NO2 using previously published IUPAC 

recommended relative NMR frequencies. 143  

 All 1H p/2 and p pulse lengths were 2.5 µs and 5 µs in duration, corresponding to a 100 

kHz radio frequency (RF) field. 11B p/2 and p pulse lengths were 5 µs and 10 µs in duration, 

corresponding to a 25 kHz RF field and 50 kHz central-transition (CT) nutation frequency. 15N 

p/2 and p pulse lengths were either (1.3 mm probe; 50 kHz MAS) 4.125 µs and 8.25 µs or (2.5 

mm probe; 25 kHz MAS) 5.15 µs and 10.3 µs in duration. 1H→15N CP was achieved at 25 kHz 

MAS with simultaneous 1H (85-100 % ramp) and 15N spin-lock pulses with RF fields of ca. 64 

kHz and 40 kHz, respectively. 1H→15N CP was achieved at 45 kHz MAS with simultaneous 1H 

(90-100 % ramp) and 15N spin-lock pulses with RF fields of ca. 66 kHz and 20 kHz, 

respectively. A 2D 1H→15N CP-HETCOR spectrum was recorded with 25 kHz MAS and 

eDUMBO1-22 1H homonuclear dipolar decoupling (100 kHz RF field) during the indirect 

acquisition of 1H.78 15N{1H} symmetry-based recoupling separated-local field (SLF) experiments 
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were performed with either 15N detection and 25 kHz MAS or 1H detection (15N→1H backward 

CP) and 45 kHz MAS.83-84 Both 15N{1H} SLF experiments utilized the symmetry-based 𝑆𝑅4!" 

heteronuclear dipolar recoupling scheme applied to the 1H spins.144 1H{14N} dipolar HMQC 

experiments were performed with the symmetry-based 𝑆𝑅4!" heteronuclear dipolar recoupling 

scheme applied to the 1H spins and a 20 µs (1 rotor period; 50 kHz MAS) 14N excitation pulse 

length with a ca. 37 kHz RF field.90, 92-94, 96, 144 11B split-t1 triple-quantum multiple-quantum 

MAS (3Q-MQMAS) experiments were performed with 3Q excitation and 1Q reconversion pulse 

lengths of 2.04 µs and 0.6 µs and an RF field of ca. 225 kHz.145-147 High-power 100 kHz 1H RF 

field of SPINAL-64 heteronuclear decoupling was applied during the direct and indirect 

detection of 15N at 25 kHz MAS.148 Low-power HORROR (RF field = 0.5×MAS rate) 

continuous-wave 1H heteronuclear decoupling was performed during the direct and indirect 

acquisition of 11B or 15N at MAS rates greater than or equal to 45 kHz. 

Solid-State NMR Spectroscopy @ 14.1 T. Solid-state NMR spectroscopy experiments 

were performed on a 14.1 T (n0(1H) = 600 MHz) Bruker wide-bore magnet equipped with a 

Bruker Avance II console and a 2.5 mm HXY MAS NMR probe. 1H chemical shifts were 

referenced to neat tetramethylsilane (TMS) with adamantane (diso(1H) = 1.82 ppm) as a 

secondary chemical shift reference. 11B and 15N shifts were indirectly referenced to (11B) 

BF3∙Et2O and (15N) CH3NO2 using previously published IUPAC recommended relative NMR 

frequencies. 143  

All 1H p/2 and p pulse lengths were 2.5 µs and 5 µs in duration, corresponding to a 100 

kHz radio frequency (RF) field. 11B p/2 and p pulse lengths were 8 µs and 16 µs in duration, 

corresponding to a 15.625 kHz RF field and 31.25 kHz central-transition (CT) nutation 
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frequency. 15N p/2 and p pulse lengths were 6 µs and 12 µs in duration, corresponding to a 41.67 

kHz RF field. 1H→11B CP was achieved at 20 kHz MAS with simultaneous 1H (90-100 % ramp) 

and 11B spin-lock pulses with radio frequency (RF) fields of ca. 48 kHz and 5 kHz, respectively. 

11B{15N} D-HMQC experiments were performed either with or without 1H→11B CP at the 

beginning of the experiment and 20 kHz MAS. 40 kHz RF field of the symmetry-based 𝑆𝑅4!" 

heteronuclear dipolar recoupling scheme was applied to the 15N spins to re-introduce the 11B-15N 

dipolar interaction.144 

Solid-State NMR Spectroscopy @ 19.6 T. Solid-State NMR spectroscopy experiments 

were performed on a 19.6 T (n0(1H) = 833 MHz) magnet equipped with a Bruker Avance NEO 

console and Low-E 3.2 mm HX MAS NMR probe. 1H and 11B chemical shifts were indirectly 

referenced using 17O shift of tap water (diso = 2.825 ppm) and IUPAC recommended relative 

NMR frequencies for 1H (neat TMS) and 11B (BF3∙Et2O).143 

1H p/2 and p pulse lengths were 5 µs and 10 µs in duration, corresponding to a 50 kHz 

RF field. 11B CT-selective p/2 and p pulse lengths were 5 µs and 10 µs in duration, 

corresponding to 25 kHz RF field and 50 kHz CT-nutation frequency. 11B{1H} D-HMQC 

experiments were performed with the symmetry-based 𝑆𝑅4!" heteronuclear dipolar recoupling 

scheme applied to the 1H spins.144 11B triple-quantum multiple-quantum MAS (3Q-MQMAS) 

experiments were performed with 3Q excitation and 1Q reconversion pulse lengths of 7.1 µs and 

2.3 µs and an RF field of ca. 89 kHz.145-147 11B single-quantum-single-quantum (SQ-SQ) spin-

diffusion homonuclear correlation experiments were performed with a basic 3 pulse sequence 

consisting of a spin-diffusion period while the 11B spins are aligned with the magnetic field. 11B 

dipolar double-quantum-single-quantum (DQ-SQ) homonuclear correlation experiments were 
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performed with the 𝐵𝑅2"! homonuclear dipolar recoupling sequence to generate DQ coherence 

directly from 11B Z-magnetization.117 A CT-selective p pulse was applied during t1 evolution to 

ensure only CT DQ coherence was selected during phase cycling.115 Each p pulse in the 𝐵𝑅2"! 

block was 1 rotor cycle in duration (71.43 µs @ 14 kHz MAS). 50 kHz 1H RF field of SPINAL-

64 heteronuclear decoupling was applied during the direct acquisition of 11B.148 

Solid-State NMR Spectroscopy at 35.2 T. Solid-State NMR spectroscopy experiments 

were performed on a 36 T series connected hybrid (SCH) magnet operating at a field strength of 

35.2 T (n0(1H) = 1500 MHz). The 36 T SCH magnet was designed, built and is stationed at the 

National High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL.102 The 36 T SCH 

magnet is equipped with a Bruker Avance NEO console and a 3.2 mm Low-E HX MAS NMR 

probe designed and built at the NHMFL. The magnetic field strength of the SCH NMR magnet is 

regulated with a magnetic flux sensor and 7Li NMR signal from an external lock sample that is 

located 9 mm away from the NMR sample.102 1H chemical shifts observed in the 2D 11B{1H} D-

HMQC were indirectly reference from the 2D 11B{1H} D-HMQC spectrum recorded at B0 = 19.6 

T. 11B chemical shifts were initially indirectly referenced using 2H shifts of D2O (diso = 4.7 ppm) 

and the previously published IUPAC recommended 11B relative NMR frequency (BF3∙Et2O).143 

To ensure accurate 11B shifts are reported, the 11B shifts were slightly corrected by calibrating the 

4-coordinate BO4- 11B NMR signal in a direct excitation spin echo experiment to that observed in 

a direct excitation spin echo experiment at B0 = 19.6 T (d = 0.25 ppm) because there is 

essentially no quadrupolar induced shift (QIS) for sites with CQ < 0.5 MHz at these field 

strengths.76 All subsequent 11B spectra recorded on the SCH were then referenced based on the 

corrected 11B spin echo NMR spectrum. This additional 11B chemical shift correction was 

implemented because the field stability is within only ca. 1 ppm after sample changes (where the 
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magnetic field must be ramped down from 35.2 T to 0 T, and then back to 35.2 T) and the 

homogeneity is ca. 1 ppm over 1 cm3. We note that there can be field drift up to ca. 0.5 ppm 

during an NMR experiment, which may broaden the NMR signal. Therefore, we anticipate that 

the reported 11B shifts have an uncertainty of ca. 0.5 ppm due to magnetic field drift and the 11B 

shift correction mentioned above. However, the small uncertainty in the reported 11B shifts do 

not affect the analysis. 

1H p/2 pulse lengths were 5.4 µs in duration, corresponding to a ca. 46 kHz RF field. 11B 

CT-selective p/2 pulse lengths were either 3 µs (11B spin echo), 12 µs (11B{1H} D-HMQC) or 20 

µs (11B DQ-SQ) in duration. A quantitative p/6 single-pulse 11B NMR spectrum was recorded 

with a pulse duration of 1 µs (ca. 41.7 kHz RF field) and recycle delay of 100 s. 11B{1H} D-

HMQC experiments were performed with the symmetry-based 𝑆𝑅4!" heteronuclear dipolar 

recoupling scheme applied to the 1H spins.144 11B dipolar double-quantum-single-quantum (DQ-

SQ) homonuclear correlation experiments were performed with the 𝐵𝑅2"! homonuclear dipolar 

recoupling sequence to generate DQ coherence directly from 11B Z-magnetization.117 A CT-

selective p pulse was applied during t1 evolution to ensure only CT DQ coherence was selected 

during phase cycling.115 Each p pulse in the 𝐵𝑅2"! block was 1 rotor cycle in duration (55.56 µs 

@ 18 kHz MAS). 11B DQ-SQ experiments were recorded with a t1 dwell (Dt1) equal to half a 

rotor period (~ 27.8 µs @ 18 kHz MAS). A sign reversal of the NMR signal occurs when the Dt1 

is equal to a half of a rotor cycle because the dipolar Hamiltonian depends on the rotor rotation 

angle under 𝐵𝑅2"! homonuclear dipolar recoupling.122 50 kHz 1H RF field of SPINAL-64 

heteronuclear decoupling was applied throughout the entire 11B DQ-SQ experiment.148 Rotor 

assisted population transfer (RAPT) was performed at the beginning of all 11B{1H} D-HMQC 
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and 11B DQ-SQ experiments with a WURST pulse applied 250 kHz off-resonance and with a 

frequency sweep equal to the MAS rate (18 kHz MAS).149-150  

 Dynamic Nuclear Polarization @ 9.4 T. Dynamic nuclear polarization enhanced solid-

state NMR spectroscopy was performed on a 9.4 T 400 MHz/263 GHz spectrometer equipped 

with a Bruker Avance III console and 3.2 mm HXY DNP MAS NMR probe. 15N-enriched p-BN 

was prepared for DNP by mixing ca. 4 mg of p-BN with 5 µL of 16 mM TEKPol in 1,1,2,2-

tetrachloroethane (TCE). The mixture was then packed into a 3.2 mm sapphire NMR rotor, 

sealed with a Teflon plug, and capped with a zirconia drive cap. Before performing NMR 

experiments, the sample was degassed by freezing the sample in the NMR probe (~ 100 K), and 

then ejecting the rotor into the sample catcher for ca. 4 minutes (~ 295 K) before re-inserting the 

rotor into the NMR probe (~ 100 K). 1H chemical shifts were referenced to neat 

tetramethylsilane (TMS) with frozen TCE (diso = 6.2 ppm) as a secondary external shift 

reference. 11B and 15N shifts were indirectly referenced to (11B) BF3∙Et2O and (15N) CH3NO2 

using previously published IUPAC recommended relative NMR frequencies. 143  

 1H-15N double resonance NMR experiments were performed with the DNP MAS probe in 

double resonance 1H-Y mode and a 39 pF shunt capacitor attached in parallel to the Y-channel. 

1H p/2 and p pulse lengths were 2.5 µs and 5 µs in duration, corresponding to a 100 kHz radio 

frequency (RF) field. 15N p/2 and p pulse lengths were 5 µs and 10 µs in duration, corresponding 

to a 50 kHz RF field. 1H→15N CP was achieved at 10 kHz MAS with simultaneous 1H (90-100 

% ramp) and 15N spin-lock pulses with RF fields of ca. 54 kHz and 32 kHz, respectively. 

1H→15N CP was achieved at 3.846 kHz MAS with simultaneous 1H (90-100 % ramp) and 15N 

spin-lock pulses with RF fields of ca. 42 kHz and 32 kHz, respectively. 15N{1H} DIPSHIFT 

experiments were performed with 3.846 kHz MAS.87 Frequency-switched Lee-Golberg (FSLG) 
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pulses were 10 µs in duration with a ca. 81.7 kHz RF field.151-152 100 kHz 1H RF field of 

SPINAL-64 heteronuclear decoupling was applied during the direct acquisition of 15N.148 

 1H-11B-15N triple resonance experiments were performed with the DNP MAS probe in 

triple resonance mode and a 22 pF shunt capacitor attached in parallel to the Y channel. 15N p/2 

and p pulse lengths were 13.25 µs and 26.5 µs in duration, corresponding to a ca. 19 kHz RF 

field. 1H→15N CP was achieved at 10 kHz MAS with simultaneous 1H (90-100 % ramp) and 15N 

spin-lock pulses with radio frequency (RF) fields of ca. 41 kHz and 19 kHz, respectively. 

15N{11B} RESPDOR experiments were performed with first order R3 applied to the 15N spins (10 

kHz RF field @ 10 kHz MAS) and a 150 µs (1.5 rotor period) 11B saturation pulse with a ca. 11 

kHz RF field. 100 kHz 1H RF field of SPINAL-64 heteronuclear decoupling was applied 

throughout the entire 15N{11B} RESPDOR experiment.148 
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Supporting Information 

The Supporting Information is available free of charge at pubs.acs.org. Additional microscopy 

images, FTIR spectra, solid-state NMR spectroscopy spectra, numerical simulations, DFT 

calculated structures, DFT calculated NMR parameters, NMR experimental parameters, 

illustration of all NMR pulse sequences, and SIMPSON numerical simulation input files. 
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