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ABSTRACT: Boron oxide/hydroxide supported on oxidized activated
carbon (B/OAC) was shown to be an inexpensive catalyst for the oxida-
tive dehydrogenation (ODH) of propane that offers activity and selec-
tivity comparable to boron nitride. Here, we obtain an atomistic picture
of the boron oxide/hydroxide layer in B/OAC by using 35.2 T ''B and
170 solid-state NMR experiments. NMR spectra measured at 35.2 T re-
solve the boron and oxygen sites due to narrowing of the central-transi-
tion powder patterns. A 35.2 T 2D "'B{*’O} dipolar heteronuclear cor-
relation NMR spectrum revealed the structural connectivity between
boron and oxygen atoms. The approach outlined here should be gener-
ally applicable to determine atomistic structures of heterogenous cata-
lysts containing quadrupolar nuclei.

Boron-based heterogenous catalysts, such as hexagonal boron nitride
(A-BN) and silica or carbon-supported boron oxides, are highly selective
catalysts for the oxidative dehydrogenation (ODH) of propane to pro-
pylene and exhibit minimal over-oxidation to undesirable COx prod-
ucts.'"'> Comprehensive structural characterization of boron-based
ODH catalysts, primarily by solid-state NMR spectroscopy, has revealed
that clusters of boron oxide/hydroxide [B(OB).(OH);.] are the cata-
Iytically active sites.> "' For example, with ultra-high field 352 T ''B
solid-state NMR spectroscopy, we showed that the ODH active boron
oxide/hydroxide layer grows directly off the 4-BN framework under re-
actions conditions, explaining why induction periods > 4 hours are re-
quired before optimal catalytic performance is reached."

The understanding that large networks of clustered boron oxide/hy-
droxide are the ODH active sites enabled rational design and develop-
ment of an oxidized activated carbon supported boron catalyst
(B/OAC) that contains high boron loadings (~ 28 wt. % B).* B/OAC
exhibits near identical propylene selectivity as the benchmark 4-BN cat-
alyst, but is twice as active per mass of catalyst and less expensive to
make.?
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Figure 1. 1D (A) "B and (B) 7O MAS solid-state NMR spectra of
B/OAC. The (black) solid and (red) dashed lines correspond to the ex-
perimental and analytically simulated NMR spectra, respectively.

Low field solid-state NMR spectroscopy, in conjunction with infra-
red, Raman and X-ray photoelectron spectroscopies, revealed that at
least 80 % of boron is clustered on the support.® However, a complete
picture of the boron layer in B/OAC ODH catalysts is lacking. In partic-
ular, "B solid-state NMR spectroscopy alone only provides information



on the extent of boron oxide/hydroxide clustering and not on the spe-
cific oxide species, i.e, linear-type borates, ring-type borates and relative
populations of bridging B-O-B species to B-O-H hydroxyl groups.’
Here, we use 35.2 T and 18.8 T "B and 7O solid-state NMR spectros-
copy to obtain a complete atomistic picture of B/OAC.

B/OAC was 7O enriched via impregnation of the synthesized cata-
lyst with 40 % OH, (see Methods). The final 7O-enrichment level is
estimated to be ca. 18 % (vide infra). One-dimensional (1D) B NMR
spectra were recorded at B = 14.1, 18.8 or 35.2 T (Figure 1A). The
solid-state NMR spectra of half-integer quadrupolar nuclei such as ''B
and 7O show improved resolution at 35.2 T due to a decrease in the sec-
ond-order quadrupolar broadening of the central-transition (CT). Res-
olution approximately increases with the square of . The advantages
of 352 T solid-state NMR spectroscopy'® of half-integer quadrupolar
nuclei for materials science applications have been demonstrated.' 725

The 35.2 T "B NMR spectrum reveals near isotropic three-coordi-
nate BO3 NMR signals with isotropic chemical shifts (8i0) of ca. 19.6,
18.5,16.6, 14.1, 11.2 and 8.0 ppm (Figure 1A and Table S1). There are
additional, weak "'B NMR signals near 0 ppm assigned to BOj sites. The
low frequency "B sites exhibit increased relative signal intensity with the
use of 2 0.5 s recycle delay (Figure S1). We note that the lower frequency
"B NMR signals are not unique and display large chemical shift distri-
butions, typical of disordered and amorphous materials.

35.2 T 2D "B{'H} dipolar heteronuclear multiple quantum correla-
tion (D-HMQC) NMR spectra primarily shows high frequency ''B
NMR signals (80 > ca. 16 ppm), suggesting these correspond to B-OH
groups, however, the lower frequency ''B sites also appear spatially prox-
imate to -OH species (Figure S2). In addition, a 35.2 T 2D !'B double-
quantum-single-quantum (DQ-SQ)***” homonuclear correlation NMR
spectrum illustrates that all boron is clustered, Ze, exhibiting B-O-B
bonds (Figure S3). Therefore, the high frequency ''B NMR signals cor-
respond to B(OB)OH) .« (x=1 - 3) sites.'s 25253 The assignment of
the ''B NMR signals to specific B(OB){OH)s.c (x=1 - 3) species is
challenging because the chemical shift may change by a few ppm de-
pending on the number of B-OH/B-OB bonds and the specific oxide
structure (i.e., ring versus linear borate). However, the 2D ""B{'H},
O{'H} and “B{"70O} heteronuclear correlation experiments confirm
the assignment of the primary boron NMR signals to B(OB)(OH)s.«
species. The lower frequency "B NMR signals exhibit attenuated signal
intensity in the 2D "B DQ-SQ NMR spectrum as compared to the 1D
"B NMR spectrum, consistent with our previous assignment to boron
grafted to carbon (ie, B-O-C bonds).® Simulation of the 35.2 T ''B
NMR spectrum reveals that B(OB){OH) . sites (8io(''B) > ca. 16
ppm) correspond to ca. 92 % of boron, while only ca. S % correspond to
carbon grafted species (8io(''B) < ca. 14 ppm; Figure 1A and Table S1).

1D 7O NMR spectra were recorded at Bo = 9.4, 14.1,18.8 or 352 T
(Figure 1B). At 9.4 or 14.1 T, all 7O NMR signals are overlapping, while
at Bo = 18.8 or 35.2 T, 7O NMR signals centered at ca. 50 and 90 ppm
are clearly resolved and are assigned to hydroxyl groups (B-OH) and
bridging oxygen atoms (B-O-B), respectively. The 35.2 T NMR spec-
trum reveals two distinct bridging oxygen 'O NMR signals (Figure 1B
and S4). A 2D O multiple-quantum magic-angle spinning
(MQMAS)*-35 NMR spectrum recorded at B = 18.8 T clearly shows
two unique B-O-B 7O NMR signals as were observed in the 1D 35.2 T
70 NMR spectrum (Figure 2A). Notably, the 1D 35.2 T 7O NMR
spectrum has only slightly lower resolution than the 7O isotropic
MQMAS dimension but was acquired 40 times faster and is quantitative.
The B-O-H 7O NMR signals exhibit a 3i. between 54-60 ppm, Cq ~ 6
MHz and 1 = 0.3 (Figure 2B). The distribution in 80('7O) likely results
from differences in local hydrogen bonding interactions. Interestingly,
the two B-O-B 7O NMR signals exhibit significantly different 1 values
0f 0.4 (8is0=89.1 ppm) or 0.65 (8iso= 94.8 ppm), while Cq s ca. 4.6 MHz

(Figure 2B). Dupree and co-workers observed a similar set of B-O-B 7O
NMR signals in vitreous B,O3 via 7O MQMAS and DOuble-Rotation
(DOR) NMR spectroscopy.* With the aid of quantum chemical calcu-
lations, they showed that the low (0.4) and high (0.7) n 7O NMR sig-
nals correspond to linear and ring type B-O-B units, respectively. The
boron oxide/hydroxide phase of B/OAC clearly contains both linear
and ring-type B-O-B species, consistent with a prior Raman spectros-
copy study.®
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Figure 2. (A) 2D 70 MQMAS NMR spectrum of B/OAC. The black
and red lines correspond to the experimental and analytically simulated
NMR spectra, respectively. (B) 7O MAS NMR spectra extracted from
the isotropic dimension of the 2D MQMAS at the indicated shifts.

2D "O{'H} D-HMQC NMR spectra were recorded at By = 18.8 T
with either a short (0.25 ms) or long (1.5 ms) duration of SR4% dipolar
recoupling.’’ The 2D O{'H} D-HMQC NMR spectrum recorded
with a short duration of dipolar recoupling shows only the low frequency
7O NMR signals, confirming their assignment to B-O-H hydroxyl
groups (Figure 3, blue). At longer durations of dipolar recoupling, all
170 NMR signals are observed (Figure 3, red). Importantly, the O pro-
jection from the D-HMQC spectrum recorded with 1.5 ms of recoupling
resembles the direct excitation 7O NMR spectrum, implying that the
hydroxyl groups are homogenously distributed throughout the boron
layer.
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Figure 3. 2D O{'H} D-HMQC NMR spectra of B/OAC recorded
with either (blue) 0.25 or (red) 1.5 ms of total SR42 heteronuclear di-
polar recoupling applied to the 'H spins. A quantitative, single-pulse
(SP) 70O NMR spectrum is shown for comparison.

YO{"'B} JResolved experiments with CT-selective !'B inversions
pulses were performed to unambiguously confirm the assignment of all
170 NMR signals (Figure SS). The extent of signal dephasing in a_/-Re-
solved experiment is dependent on the number of boron atoms cova-
lently bonded to oxygen, the ''B isotopic abundance and percent of ''B
spins residing in the CT spin states (see Supporting Information for
more discussion). Analytical simulations that take into account the sta-
tistical probability of having an attached ''B spin in the CT spin state
reveal that the high and low frequency sets of 7O NMR signals have ei-
ther two or one covalently bonded boron atom, respectively, directly
confirming their assignments to B-O-B and B-O-H. The '"O-enrich-
ment level was estimated to be ca. 18 % by analytically simulating an
"UB{170O} JResolved curve recorded with a CT-selective 7O inversion
pulse (Figure S6, see Supporting Information for more discussion).”

With complete 7O NMR signal assignment on hand, the population
of all 7O species was determined by analytically simulating the 35.2 T
1D 7O NMR spectrum (Figure 1B, S4 and Table S2). Interestingly,
there is a ca. 1:1 ratio of bridging oxygen atoms (B-O-B) to hydroxyl
groups (B-O-H), revealing that the boron oxide/hydroxide layer is very
hydroxyl dense. The amount of hydroxyl groups may decrease under re-
action conditions due to the high temperatures used for catalysis (ca.
550 °C), however the room temperature NMR experiments still provide
valuable insight into the ambient structure of highly active ODH cata-
lysts. The 35.2 T magnetic field provided resolution between the ring
and linear-type borate bridging O atoms, enabling their populations to
be accurately determined (Figure S4). There is a ca. 4:3 ratio of ring to
linear-type borate species, illustrating that many of the B/O atoms are
present within a ring (Table S2). We note that the relatively high level
of 7O-enrichment, the high proportion of -OH groups indicated in both
the 70O NMR experiments and ''B{'H} D-HMQC experiments (Figure
S2), and the similarity of the 1D !'B spin echo spectra and the ''B pro-
jection NMR spectrum from the 2D '"B{"?0O} D-HMQC spectrum (Fig-
ure 4) all suggest that the '”O enrichment was uniform and that the 170
NMR spectra are indeed quantitative.
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Figure 4. 2D "'B{”O} D-HMQC NMR spectrum of B/OAC recorded
at By=35.2 T with 0.8 ms of REDOR recoupling applied to the ''B spins.

Lastly, we recorded 2D "'B{}”O} D-HMQC NMR spectra at Bo= 14.1
T, 18.8 T or 35.2 T (Figure 4 and S7-S8). We note that several groups
have developed techniques for challenging 2D correlation NMR experi-
ments involving half-integer quadrupolar nuclei.?*** The 'B{’O} D-
HMQC NMR spectrum greatly benefits from acquisition at ultra-high
field due to significant CT line narrowing in both dimensions. With a 5
0f 18.8 T and 35.2 T, the B-O-B and B-O-H 7O NMR signals are clearly
resolved in the 2D HMQC spectra. However, with a 5 0f 35.2 T, unique
correlations between ''B and the linear or ring-type borate 7O NMR
signals are distinguishable. In addition to the dramatic increase in reso-
lution, there are also large sensitivity gains. The 2D 'B{"”O} D-HMQC
NMR spectra acquired at By = 14.1 T, 18.8 T or 35.2 T were recorded in
ca. 38 h, 15 h or 3 h, respectively.

The 35.2 T "B{70} D-HMQC NMR spectrum shows that the high
frequency "B NMR signals correlate with all ’O NMR signals, con-
sistent with the high population of these ''B sites and suggesting a ho-
mogenous distribution of hydroxyl groups and linear and ring-type bo-
rate species. Interestingly, the low frequency ''B NMR signals predomi-
nantly correlate with the linear-type bridging oxygen atoms, suggesting
that the boron oxide/hydroxide layer is grafted to the carbon surface via
linear-type borate groups.

In conclusion, ultra-high field 35.2 T "B and 7O solid-state NMR
spectroscopy enabled us to reveal a complete atomistic picture of the bo-
ron oxide and hydroxide layerin B/OAC ODH catalysts (Figure S). The
simplified structural model shown in Figure 5 is not necessarily unique
but represents the type of species found within the boron layer. Over 90
% of boron is clustered and located within the amorphous oxidized/hy-
drolyzed layer, while only a small fraction of boron is grafted on the car-
bon support. Hydroxyl groups (B-O-H) are homogenously distributed
throughout the active phase and are highly abundant (ca. 1:1 ratio B-O-
H : B-O-B), suggesting that a majority of boron takes the form
B(OB)2(OH) or B(OB)(OH).. There is a ca. 4:3 ratio of ring to linear-
type bridging oxygen atoms. Based on the populations of all oxygen spe-
cies, a majority of hydroxyl groups likely terminate linear-borate species
[ie, B(OB)(OH),]. The 35.2 T 2D “B{"0} D-HMQC NMR spec-
trum suggests a relatively homogenous distribution of linear and ring-
type borate groups. These findings suggest that any type of boron oxide
clusters on a support should be active for ODH of light olefins. But, a
careful assessment of how the relative population of hydroxyl groups and
ratio of linear to ring-type borate species affect ODH performance
should be explored. We anticipate that ultra-high field NMR spectros-
copy will become more routine in revealing atomistic structural models



of active sites within heterogenous catalysts containing quadrupolar nu-
clei.
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Figure S. Structural model of the boron oxide/hydroxide layer grafted
to the OAC support. The color of O atoms correspond to the 7O NMR
analytical fits.
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