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Abstract. We present the controlled grafting synthesis of pinacolborane on amorphous silica. !'B
solid state NMR and IR spectroscopies reveal that the precursor molecule anchors monopodally to
the surface and can form hydrogen-bonding interactions with neighboring unreacted silanol
groups. The extent of hydrogen bonding can be controlled by the silica pretreatment dehydration
temperature. Thermal treatment of the grafted boron materials under vacuum generates clusters of
oxidized/hydrolyzed boron regardless of boron weight loading, illustrating that boron is highly
mobile on the silica surface at elevated temperatures. The materials exhibit propane oxidative
dehydrogenation activity expected for silica-supported boron catalysts. Interestingly, the kinetic
behavior of these supported catalysts deviates from that of previously reported bulk boron
materials, prompting further studies into the reaction kinetics over these materials. The synthetic
and catalytic insights gained here can inform future studies of improved synthesis routes and

reaction kinetics.

1. Introduction

Boron-based materials are promising catalysts for the selective oxidative dehydrogenation
(ODH) of light alkanes to olefins.!"¢ The production of light olefins is an important industrial
reaction that currently requires high energy consumption.” Improvements in catalysts that produce
light olefins can result in large energy savings for the chemical industry.® In the ODH of propane
to propylene, boron-based materials, such as hexagonal boron nitride (hBN), metal borides, and
elemental boron, show higher selectivity to propylene (e.g., 80% selectivity at 8% conversion)
than the previous state-of-the-art supported vanadium oxide catalysts (e.g., 60% selectivity at 8%
conversion for V/SiO2).! Importantly, the main side-product of propane ODH over boron-based

materials is ethylene, another important olefin, rather than CO and CO: that is seen for supported



metal oxides. The origin and mechanism of this exceptional behavior has been the subject of many
recent studies.”!”

ODH over boron-based catalysts is proposed to proceed via a radical mechanism.”-1% 1418 The
product distribution is mainly determined by the gas phase radical chemistry, with selectivity being
controlled by the O partial pressure. ' The role of the surface is to initiate the reaction by forming
radicals that propagate in the gas phase, leading to the exceptional selectivity.!® A mixed boron
oxide/hydroxide phase, B2(OH)2O3.x (x = 0-3), has been identified by "B solid-state NMR
spectroscopy, along with electron microscopy, X-ray photoelectron and soft x-ray absorption
spectroscopy, as necessary for catalytic activity.!>-1% %2 This boron oxide/hydroxide layer is
predicted by theory to be highly dynamic at elevated temperature under an oxidizing atmosphere.?
Under such conditions, the oxidized boron layer can access many stoichiometries of boron and
oxygen and can form several structures within a given stoichiometry. A recent combined catalysis
and theory study identified a metastable, unsaturated {BB} unit as a potential active site whose
reactivity can explain the peculiar kinetic behavior observed for B-based ODH catalysts.'°

The unsaturated {BB} metastable active site hypothesis means that ex situ characterization
cannot directly observe active species due to their short lifetime. Instead, ex situ characterization
of catalysts before and after reaction is utilized to understand what type of boron species supported
on the surface of silica are required to generate ODH active sites. For example, boron
isomorphously substituted into a zeolite framework via hydrothermal synthesis (B-MWW) gives
rise to stable BOs-type species, with the major species being isolated B(OSi); in the zeolite
framework.!” Notably, B-MWW is inactive for propane ODH and does not restructure under
reaction conditions. When boron is post-synthetically immobilized on the B-MWW surface via

incipient wetness impregnation, producing agglomerated boron oxide/hydroxide, the material



becomes active for propane ODH.!7 These results indicate that isolated BOs species are not active
and that boron agglomeration is likely necessary for active site formation. This conclusion is in
line with the theory-predicted boron-rich metastable active site and has led us to investigate the
extent of boron agglomeration necessary for catalytic activity. Therefore, molecular-level control
over the boron speciation is essential to better understand the extent of boron agglomeration
required for catalytic activity, thus facilitating the rational design and development of next-
generation ODH catalysts.

In our group’s previous work with silica-supported boron oxide (B/SiOz), we synthesized a
series of B/SiO; materials with different weight loadings of boron via incipient wetness
impregnation (B/SiO»-IWI) using a triisopropyl borate solution.!” The motivation behind this
synthesis was to generate different surface coverages of boron oxide, thereby generating different
species ranging from isolated to polymeric to nanoparticulate, as is commonly done with supported
metal oxides.??-** Instead, we found that boron speciation — and propylene selectivity — was
independent of boron weight loading. While we could observe that the supported boron
oxide/hydroxide layer restructured during catalysis via ''B solid-state NMR spectroscopy, the
distribution of species and their dynamics under reaction conditions for the series of B/SiO2-IWI
catalysts made assigning reactivity to any individual structure intangible.

Grafting chemistry is often employed in catalyst synthesis to control the density and speciation
of (transition metal) active sites. Such studies, coupled with detailed catalytic and spectroscopic
characterization, have led to mechanistic insights for a variety of reactions such as olefin
polymerization and hydrogenolysis.?>-?¢ Grafted materials can also be used to investigate the
formation of active species; insights from such studies often inform the rational synthesis of

improved catalytic materials.?’?® In this study, we describe the controlled grafting synthesis of a



boron precursor on amorphous silica. Each grafted material is thermally treated to remove the

thermolytic precursor?®-3°

and evaluated as a propane ODH catalyst. The structures of the as-
grafted, thermally treated, and catalytically tested materials were determined by solid-state NMR
and IR spectroscopies.
2. Experimental Methods
2.1 Material Synthesis

Bpin/SiO; materials were synthesized via grafting chemistry. Silica powder (Aerosil 300 from
Evonik, specific surface area ca. 300 m*g™") was dehydrated overnight at 200, 700, or 900 °C under
vacuum (20 pbar) and stored in a N> glovebox (< 1 ppm O> and H>O) to prevent rehydration. These
support materials are denoted as SiOx(r), where T refers to the dehydration temperature.

Pinacolborane (HBpin, Millipore-Sigma, distilled once before use) was deposited in the gas
phase onto 500 mg pretreated silica cooled to -196 °C (5 equiv. based on initial silanol content) at
ca. 20 pbar static vacuum (process illustrated in Figure S1). The transfer period (ca. 20 min) was
followed by a reaction period at room temperature (30 min) and a mild thermal post-treatment at
50 °C and 20 pbar dynamic vacuum (1 h) to remove unreacted precursor. The materials at this
stage are called Bpin/SiOxr) and stored in a N> glovebox. Thermal treatment of the Bpin/SiOx(r)
materials was done at 20 pbar dynamic vacuum and 500 °C (5 °C min™') for 10 hours. The materials
at this stage are denoted in the figures as Bpin/SiOr)>°and ST (T = 2, 7, or 9, referring to the
initial support dehydration temperature) in the text.
N,N-Bis(trimethylsilyl)methylamine, or (TMS),NMe, (Millipore-Sigma, distilled twice before
use) was used for the silylation of SiO2(700) (denoted as TMS-Si02(700)). The silylating agent was

exposed to the dried silica under 20 pbar vacuum in the same way as HBpin (using 5 equiv based



on initial silanol content) and thermally post-treated at 250 °C. Afterward, HBpin was deposited
onto the silylated material to obtain Bpin/TMS-SiOx700) (5 equiv based on initial silanol content).
2.2 Catalytic Testing

Bpin/SiOy 1) catalysts were compressed using a pellet press (Pike Technologies; pressure
program: 5 tons of force for 90 s and 7 tons of force for 60 s) and sieved to collect particles of
300-600 pum diameter to limit any potential mass transfer effects.!® About 25-50 mg of
Bpin/SiOx1)>%Y was diluted in quartz chips in a 1:2 ratio and loaded into a quartz reactor tube (8
mm i.d.) and supported on a bed of quartz wool in the middle of the tube. Additional quartz wool
was used to pack the inside of the quartz tube lightly past the catalyst bed to reduce dead volume.
Flow rates of C3Hsg (instrument grade, Matheson), O, (UHP, Airgas), and N> (UHP, Airgas) were
controlled by using three mass flow controllers (Bronkhorst) and calibrated to each individual gas
to allow total flow rates of 40-200 mL min~'. The H,O produced from the reaction was condensed
using a thermoelectrically cooled condenser held at —5 °C. The dried reactor effluent was
monitored by using an online pGC (Inficon micro GC fusion gas analyzer) equipped with three
GC modules and three microthermal conductivity detectors (LWTCD). Oz, N2, CH4, and CO were
analyzed by using a Rt-molsieve 5A column, CO; was analyzed by using an Rt-U-bond column,
and all hydrocarbons apart from CH4 were analyzed using an Rt-alumina bond/Na;SO4 column.

In each catalytic test, the reactor was heated to the reaction temperature of 500 °C under Oz and
N2 flow. The temperature was controlled by using a thermocouple inserted into the middle of the
catalyst bed. After the temperature was stabilized, the C3Hg feed was introduced and GC
measurements were begun. As there is an induction period before catalytic activity is stabilized,
each catalyst was treated for 24 h under a feed of 6:3:11 C3Hs:02:N; at 40 mL min!. After this

treatment, the gas flow rate was adjusted to give WHSV~! values ranging from 0.6 to 6.3 kgcat s



molcsus ™! (ca. 40-200 mL min!), and further GC measurements were performed. Reported
experiments showed the carbon balance closed within £3%.

2.3 Materials Characterization
IR Spectroscopy. IR spectra were recorded on a self-supporting wafer using a Bruker Alpha
spectrometer in transmission mode (resolution of 2 cm™). Intensities were normalized to the Si—
O-Si overtones of the silica framework. Analysis was performed inside a glovebox (<1 ppm of

H,0 and O»).

ICP-MS. Boron elemental analysis was performed with ICP-MS (Agilent 5110 ICP-MS). Prior to
measurement, ~20 mg of sample was digested using 200 uL of 48 wt% HF (Sigma-Aldrich), after
which the solution was diluted to 10 mL with DI water and diluted again to a 1:10 ratio for analysis.

HF is extremely dangerous and should be handled with caution.

NMR Spectroscopy (UW Madison). One-dimensional direct excitation ''B spin echo (Bpin/SiOxr)
materials) and dipolar double-quantum-single-quantum homonuclear correlation (Bpin/SiOar)>%"
materials) spectra were recorded at the University of Wisconsin — Madison on a 11.7 T (vo('H) =
500 MHz) Bruker standard bore NMR spectrometer equipped with an Avance III console and a 4
mm magic-angle spinning (MAS) HXY NMR probe. All samples were packed into 4 mm zirconia
NMR rotors in an N filled glovebox and spun with N; gas to avoid any hydration of the silica
surface. Chemical shifts were calibrated on each sample with 'H chemical shifts referenced to neat
tetramethylsilane (TMS) with adamantane as a secondary chemical shift reference (§('H) = 1.82

ppm). "B shifts were referenced using previously reported [UPAC recommended relative NMR

frequencies.®! All spectra were processed using the Bruker Topspin 3.6.1 NMR software.



Analytical simulations of the !'B NMR spectra were performed using the solid lineshape analysis
(sola) module implemented in Bruker Topspin 3.6.1.

All experimental details (magnetic field strength, number of scans, recycle delay, #1 TD
points, 1 dwell (At), dipolar recoupling duration and total experimental times) are given in Table
S1. 1D direct excitation "B NMR spectra were recorded with a rotor synchronized spin echo NMR
pulse sequence. ''B CT-selective n/2 and w pulse lengths were 8.2 and 16.4 us in duration,
corresponding to a ca. 15.2 kHz RF field and ca. 30.4 kHz central-transition (CT) nutation
frequency. "B dipolar DQ-SQ homonuclear correlation NMR experiments were recorded with the
R21 homonuclear dipolar recoupling sequence.’>33 A CT selective m pulse was applied during #
evolution to ensure only correlations from two !'B spins are observed.*? Rotor-assisted
population transfer (RAPT) was applied + 500 kHz off resonance to the !'B spins prior to all DQ-

SQ NMR experiment to enhance the !''B CT population.3+-3

NMR Spectroscopy (lowa State University). Solid-state NMR spectra were recorded at Bo = 14.1
T (vo('H) = 600 MHz) or 9.4 T (vo('"H) = 400 MHz). The 14.1 T Bruker wide-bore NMR
spectrometer was equipped with a Bruker Avance II console and a 2.5 mm magic angle spinning
(MAS) HXY NMR probe configured in double resonance mode. The 9.4 T Bruker wide-bore
NMR spectrometer was equipped with a Bruker Avance III HD console, a 3.2 mm MAS HXY
dynamic nuclear polarization (DNP) NMR probe configured in double resonance mode and a
Bruker DNP liquid N2 cooled low temperature MAS unit to reach sample temperatures of ca. 100
K. All samples were packed into the appropriate size NMR rotor (zirconia 2.5 mm rotor or sapphire
3.2 mm rotor with a silicon plug) in an N> filled glovebox and spun with N> gas to avoid hydration.

Chemical shifts were calibrated by using neat tetramethylsilane (TMS) with adamantane as a



secondary chemical shift reference (8('H) = 1.82 ppm). The 9.4 T chemical shifts were calibrated
at 100 K by using the 'H NMR signal of frozen 1,1,2,2-tetrachloroethane (TCE) as a secondary
chemical shift reference (8('H) = 6.2 ppm). ''B and 2°Si shifts were referenced using previously
reported [UPAC recommended relative NMR frequencies.®! All spectra were processed using the
Bruker Topspin 3.6.1 NMR software. Analytical simulations of the "B NMR spectra were
performed using the solid lineshape analysis (sola) module as implemented in Bruker Topspin
3.6.1.

All experimental details (magnetic field strength, MAS frequency, number of scans,
recycle delay, #1 TD points, #; dwell (At1), dipolar recoupling duration and total experimental times)
are given in Table S1. A 1D !'Brotor synchronized spin echo spectrum was recorded at By = 9.4
T with 10 kHz MAS and a sample temperature of ca. 100 K. The !'B central-transition (CT)
selective m/2 and & pulse lengths were 10 and 20 ps in duration, corresponding to a 12.5 kHz radio
frequency (RF) field and 25 kHz CT nutation frequency. 100 kHz 'H RF field of SPINAL-64
heteronuclear decoupling was performed throughout the entire spin echo sequence and acquisition
of 1B.37

All solid-state NMR experimental details discussed below are with respect to spectra recorded
on the 14.1 T NMR spectrometer. '"H 7/2 and = pulse lengths were 2.5 and 5.0 ps in duration,
corresponding to a 100 kHz RF field. "B CT-selective /2 and & pulse lengths were 15 and 30 ps
in duration, corresponding to an 8.3 kHz RF field and 16.7 kHz CT nutation frequency. 'H dipolar
double-quantum-single-quantum (DQ-SQ) homonuclear correlation NMR experiments were
recorded with the previously described back-to-back (BABA) NMR pulse sequence.’®3° The n/2
pulse length in the homonuclear recoupling block was 2.5 ps in duration, corresponding to a 100

kHz RF field. Each homonuclear recoupling block was 40 ps in duration (1 rotor cycle). 'H-!'B



heteronuclear correlation (HETCOR) NMR experiments were performed with either
(Bpin/SiO2¢00), all of the fresh and spent Bpin/SiOx1)>% catalysts) 'B—'H dipolar refocused
INEPT (D-RINEPT)*-# or (Bpin/SiOx700) and Bpin/SiOx900)) 'H-!'B #1-noise eliminated dipolar
HMQC-3 (TONE DHMQC-3)* NMR pulse sequences. 1D "B—'H D-RINEPT and 'H{!'B}
TONE D-HMQC-3 experiments were performed on all samples to identify which experiment was
more sensitivity (i.e., yielded largest signal intensity per unit of time). The pulse sequence with
the greatest sensitivity was chosen to record 2D HETCOR spectra. All 'H-'"B HETCOR NMR
experiments were recorded with the symmetry-based SR4% heteronuclear dipolar recoupling
sequence applied to the 'H spins to re-introduce 'H-!'B dipolar couplings (50 kHz RF field at 25
kHz MAS).* Rotor-assisted population transfer (RAPT) was applied + 550 or 650 kHz off
resonance to the !'B spins prior to all D-RINEPT experiments and during 'H dipolar recoupling in
TONE DHMQC-3 experiments to enhance the ''B CT population.’-3¢ 'H{!!B} TONE DHMQC-
3 experiments were acquired with a 360 (9 rotor periods) or 480 (12 rotor periods) ps 100 kHz 'H
RF field Lee-Goldberg (LG) spin-lock pulse (offset: 70.7 kHz — effective RF field: 122.4 kHz) to
remove uncorrelated 'H magnetization.*> 'H-detected 'H->°Si cross-polarization (CP) HETCOR
experiments were performed with previously published NMR pulse sequences: 'H—2Si forward
CP, 2°Si Z-filter, 'H saturation at the HORROR condition (~ 400 ms in duration: 12.5 kHz RF field
@ 25 kHz MAS) and ¥Si—'H back CP for 'H-detection.**** Forward and backward 'H—?°Si CP
was achieved with simultaneous spin-lock pulses applied to the 'H (with a 90-100 % ramp) and
29Si spins with RF fields of ca. 60 and 32 kHz, respectively (25 kHz MAS). A schematic illustration

of all pulse sequences is shown in Figure S2.
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3. Results and Discussion
3.1 The effect of support dehydration temperature on HBpin grafting.

The controlled dispersion of boron on silica has mainly been studied for the synthesis of doped
electronic materials.**#” The boron molecules used in these prior grafting studies react with the
surface via organoboron or borane functionalities to generate single sites (structures shown in
Figure S3). However, these compounds often require synthesis or have a long lead times from
commercial sources. Here, we use pinacolborane (HBpin) to controllably graft boron onto the
surface of silica. The choice of HBpin for grafting is based on the phenanthrene dioxoborane
precursor used by Mathey et al. (Figure S3A), which appeared to generate controlled boron sites
when grafted to SiO, dehydrated at 500 °C.*¢ The B-H bond of HBpin can readily react with silanol
groups and the steric bulk of the pinacol ring should prevent close spacing of anchored precursors
and the self-reaction between two precursor molecules. Additionally, HBpin is commercially
available and relatively inexpensive because of its abundant use in organic reactions.

Prior to grafting, amorphous SiO; was first dehydrated at different temperatures to control the
silanol density, denoted as SiOx), where 7 = 200, 700, or 900 °C. All materials were handled in
a No-atmosphere glovebox to minimize rehydration of the treated silica surface. HBpin was
transferred in the gas phase under reduced pressures (20 pbar) into a cooled Schlenk flask
containing the pretreated SiOx(t). When the transfer was complete, the flask was slowly warmed
to room temperature and the contents lightly shaken to ensure uniformity of the sample. After a
reaction period of 30 minutes, the material was post-treated at 50 °C under reduced pressure (20
pbar) to remove any unreacted precursor. The reaction between HBpin and isolated silanol groups

is shown at the top of Figure 1. The material at this stage is called Bpin/SiOxr).
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Figure 1. Transmission IR spectra of SiO> supports (black dashed lines) and HBpin grafted
materials (blue solid lines). The intensity of each spectrum is normalized to the Si-O-Si overtone

features at ca. 1870 cm™.

The structure of the grafted Bpin/SiOxt) materials was probed by Fourier Transform Infrared
(FTIR) and solid-state NMR spectroscopies. Transmission FTIR spectra of SiO2200, 700, 900) contain
a sharp peak at 3747 cm™! which can be assigned to isolated silanol groups (Si-OH, Figure 1 —
black dashed lines).**° SiO»(200) features an intense, broad peak extending to ca. 3200 cm™' which
corresponds to hydrogen-bonded silanol groups. Not surprisingly, this broad feature extending
from ca. 3750 — 3200 cm™! is absent for the SiOx(700, 900) materials, consistent with reduced silanol
density caused by increased dehydration temperatures (Table S2). After grafting with HBpin, new
features in the C-H stretching region (3000-2850 cm!) appear, corresponding to the methyl groups
of the Bpin precursor (Figure 1 —blue solid lines). There is an accompanying decrease in the signal
intensity for isolated silanol groups at 3747 cm™!. For Bpin/SiO2(200), nearly 100% of the isolated

silanol groups are consumed while only ca. 70% of isolated silanols on SiO2700)and SiOx2900) react
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with the precursor. Additionally, on each Bpin/SiOxr) sample, a new, broad signal in the OH
region appears, indicating a new hydrogen-bonding interaction upon grafting. This new hydrogen-
bonding interaction is likely between an unreacted Si-OH group and grafted Bpin molecule. As
expected, the intensity of the hydrogen-bonding feature is significantly reduced with increasing

Si0; thermal treatment temperatures.

A)B,=9.4T, Temp ~ 100 K

Bpin/SiO,,

200)

B) B,=11.7 T, Temp ~ 300 K
Effective C, (MHz)
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"B SQ Frequency (ppm)
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Figure 2. 1D direct excitation "B NMR spectra of (A and B, upper) Bpin/SiO2200), (B, middle)
Bpin/SiOz700) and (B, lower) Bpin/SiOz(900) recorded at (A) 100 K and Bo = 9.4 T with 10 kHz
MAS or (B) room temperature and Bo = 11.7 T with either (upper, lower) 10 or (middle) 12 kHz
MAS. (A) The ''B NMR spectrum was analytically simulated to a single site (red dashed line): iso
= 19.5 ppm, Cq = 2.4 MHz and n = 0. (B) The ''B NMR spectra were fit to multiple sites with
identical 8iso but varying Cq from 0.5 — 2.5 MHz to represent partial averaging of the EFG tensor

via reorientation about the B-O-Si bond (see Figure 1).
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Solid-state NMR spectroscopy was used to further characterize the grafting of HBpin onto the
SiOyt) surface and probe the local hydrogen-bonding network surrounding the grafted Bpin
molecule. One-dimensional (1D) direct excitation ''B NMR spectra of Bpin/SiOx200) were
recorded at a sample temperature of either ca. 100 K or room temperature (Figure 2A, 2B upper,
respectively). Interestingly, the two ''B NMR spectra display significantly different features. At
100 K, a single, well-defined central-transition (CT) !'B quadrupolar powder pattern is observed
and can be simulated with an !'B isotropic chemical shift (8is0) of 19.5 ppm, a quadrupolar coupling
constant (Cq) of 2.4 MHz and a quadrupolar asymmetry parameter (1) of 0, typical of 3-coordinate
BO; species.!>-21:50-53 However, at room temperature, the lower frequency horn of the quadrupolar
powder pattern is mostly absent, and the center of gravity peak position is shifted to a higher
frequency (Figure 2B, upper). The observation of a narrower signal with a higher center of gravity
peak position at room temperature versus 100 K suggests that the !'B electric field gradient (EFG)
tensors are being partially averaged due to molecular motion. The partial averaging of the EFG
tensors will essentially lead to a smaller effective Co.7*>° Indeed, the room temperature ''B NMR
spectrum can be analytically simulated to multiple sites with 8iso('!'B) of 19.5 ppm and Cq varying
from 0.5 to 2.5 MHz. Thus, comparison of room and low temperature 'B NMR spectra reveal that
Bpin/SiO2200) contains only one boron species: Bpin monopodally grafted onto the silica surface
(Figure 1 — upper). The distribution in Cq observed for the room temperature ''B NMR spectrum
illustrates a distribution in the degree of mobility (i.e., monopodal rotation about the B-O-Si bond).

1D "B NMR spectra of Bpin/SiOxz00, 900y were also recorded at room temperature and display
similar trends observed for Bpin/SiOx00), confirming the presence of only monopodally grafted
Bpin (Figure 2B, middle and lower). Interestingly, the 1D !'B NMR spectra become narrower with

increasing support thermal treatment temperature, indicating that a higher fraction of surface boron
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species undergo faster reorientation. The difference in the degree of rotation is likely due to a
reduced number of hydrogen-bonding silanol species surrounding the grafted Bpin molecule,
consistent with the IR spectra discussed above. It should be noted that the room temperature !'B
NMR spectra of Bpin/SiOx(r) are consistent with that previously reported by Eedugurala et al.”®
Below, two-dimensional (2D) 'H dipolar double-quantum-single-quantum (DQ-SQ) homonuclear
and 'H-''B heteronuclear correlation (HETCOR) spectra of Bpin/SiOz00, 700, 900y confirm
molecular structure and further probe the hydrogen bonding network surrounding the grafted Bpin
molecule. Figure 3A illustrates the proposed structures supported by the spectra in Figures 3B and

C.
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Figure 3. (A) Structural representation of Bpin grafted onto the surface of (left to right)
Bpin/SiO2200), Bpin/SiO2700) or Bpin/SiO2(900). The number of near-by silanol groups is not exact
and is merely used to illustrate the correlations observed in the 2D (B) 'H DQ-SQ and (C) 'H-''B
HETCOR spectra. The highlight boxes on the structures match the highlighted correlations
overlaid on the 2D spectra. 'H-"B HETCOR spectra were recorded using either [Bpin/SiO2(200)]
"B—!'H D-RINEPT***! or [Bpin/SiO2(700,900)] 'H{''B} TONE D-HMQC-3*? pulse sequences. All

NMR spectra were recorded at room temperature and Bo = 14.1 T with 25 kHz MAS.
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A 2D 'H dipolar DQ-SQ homonuclear correlation NMR spectrum of Bpin/SiO»(200) reveals
intense autocorrelations for '"H SQ NMR signals ca. 1.5 and 4 — 7 ppm, corresponding,
respectively, to the CH3 methyl signals of Bpin and hydrogen-bonded silanol species on the silica
surface (Si-OH - - HO-Si, Figure 3B, left and S4).57 In addition, strong off-diagonal correlations
are observed between the CH3 methyl signals of Bpin and the hydrogen bonded silanol species
(CH3 - - HO-Si, Figure 3B, left). The observed off-diagonal correlations reveal that silanol species
are in close spatial proximity to the grafted Bpin molecule and the autocorrelations at ca. 4 — 7
ppm confirm that there are multiple silanol species surrounding the Bpin molecule in a hydrogen-
bonded nest. A 2D 'H-!"B HETCOR spectrum of Bpin/SiOx(200) further confirms that the silanol
species are in close spatial proximity to the grafted Bpin molecule (Figure 3C, left), leading to the
molecular structure proposed in Figure 3A (left). Here, three neighboring silanol groups are
proposed to be surrounding the Bpin molecule based on integration of a 'H direct excitation NMR
spectrum (Figure S5). However, it should be noted that there is likely a significant source of error
in this integration due to extensive signal broadening and the possibility of other types of hydrogen
bonded silanols occurring on the surface. Nevertheless, the 2D spectra confirm that there are
multiple silanol groups surrounding the grafted Bpin molecule in a hydrogen-bonded nest (Figure
3A, left).

2D 'H DQ-SQ NMR spectra of Bpin/SiOz(700,900) both display strong autocorrelations for 'H SQ
NMR signals at ca. 1.5 ppm which correspond to the CH3 methyl signals of Bpin (Figure 3B,
middle, right). Interestingly, the intensity of the H-bonded silanol autocorrelations (colored pink)
and methyl to silanol off-diagonal correlations (colored yellow) are significantly reduced for
Bpin/SiOz700) as compared to Bpin/SiO200) and are near absent in Bpin/SiOx900) (Figure 3B),

suggesting a reduced number of neighboring silanol species to the grafted Bpin molecule.
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Comparison of 2D 'H-'"B HETCOR spectra of Bpin/SiO200, 700, 900y show identical trends
observed in the 2D 'H DQ-SQ spectra, where Bpin/SiOa700) displays significantly reduced
correlations between nearby silanol species and the grafted Bpin molecule whereas these
correlations are absent for Bpin/SiO2 900y (Figure 3C, orange color). The observed reduction in the
number of hydrogen bonded silanol species to the grafted Bpin molecule is consistent with the
room temperature !B NMR and transmission IR spectra discussed above. Therefore, we illustrate
that Bpin/SiO200) contains multiple silanol species in a hydrogen-bonded nest surrounding the
monopodally grafted Bpin molecule, while the number of nearby silanol species is significantly
reduced for Bpin/SiOx00) and are near absent for Bpin/SiO200), meaning Bpin is relatively
isolated on the silica surface (Figure 3A).

To summarize, pinacolborane (HBpin) grafted in the gas phase onto silica results in selective
monopodal anchoring of Bpin to the surface by reaction with an Si-OH group (Figure 1, upper).
Neighboring unreacted Si-OH groups can form hydrogen-bonding interactions with the grafted
molecule, limiting the degree of rotation of Bpin around the B-O-Si bond. The hydrogen-bonding
environment around the grafted Bpin molecule depends on the density of surface silanol groups,

which can be controlled by the support dehydration temperature (Figure 3A).

3.2 Formation of active ODH catalysts.
The grafted Bpin/SiOx(t) materials were thermally treated at 20 pbar and 500 °C for 10 hours to
remove the organics and generate the active catalysts. The materials after thermal treatment are

-00v ' As a shorthand in the text, the materials will be referred

denoted in the Figures as Bpin/SiOx(t)
to as S2, S7, and S9, where the number corresponds to the initial support dehydration temperature

(i.e., S2 corresponds to an initial support dehydration temperature of 200 °C). The boron weight

18



loadings (determined via ICP-MS) and BET surface areas are 1.65 + 0.01 % and 246 m?g’!, 0.81
+0.01 % and 271 m?g!, and 0.18 + 0.01 % and 252 m?g! for S2, S7, and S9, respectively (Table
S2).

Transmission IR spectra of the thermally treated materials do not show aliphatic C-H stretching
near 3000 cm™!, indicating complete removal of the Bpin methyl groups (Figure S6). The IR spectra
display two sharp features at 3747 and 3704 cm’!, corresponding to SiO-H and BO-H stretching,
respectively.?!-4-38-3 In addition, all materials show a broad peak extending to ca. 3200 cm™! that
can be assigned to hydrogen bonded SiO-H and/or BO-H species. As expected, the intensity of
this broad hydrogen bonded hydroxyl signal is reduced with increasing silica thermal treatment
temperatures.

We note that the experimentally determined boron weight loadings on S2 and S7 are higher than
that calculated based on the initial silanol content, assuming HBpin grafts exclusively to isolated
silanol species (Table S2). SiO dehydrated at 700 °C has a silanol density of ca. 0.9/nm?.*° The
stoichiometric reaction of HBpin with isolated SiOH groups would result in a boron weight loading
of 0.48 wt %. The discrepancy between the calculated (0.48 wt %) and measured (0.81 wt %)
boron loadings can be explained by the reaction of HBpin with the strained siloxane bridges that
form at high dehydration temperatures. The reaction between strained siloxane bridges and a
precursor has been previously observed when grafting vanadium triisopropoxide to SiO2(700).2
Indeed, when the silanol groups on SiOxz(700) are capped with trimethylsilane (TMS) groups (TMS-
Si02(700)), leaving only siloxane bridges as possible anchoring sites (Table S2), HBpin can anchor
to the surface as seen by IR spectroscopy (Figure S7), resulting in a boron weight loading of 0.56
+0.01 % (Table S2). Silica dehydrated at 200 °C has an isolated SiOH density of 1.2/nm? and the

surface is additionally populated by hydrogen-bonding silanol nests.*’ Silanol nests are often
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assumed to be relatively unreactive; however, a recent study of the grafting synthesis of vanadium
triisopropoxide on SiOz00) revealed that the presence of a hydrogen-bond acceptor on the surface
can activate H-bonding silanols as additional anchoring sites.?’” Given the formation of new H-
bonding interactions upon the grafting of HBpin onto SiOz(200), we propose that a similar activation
of H-bonding silanols occurs, increasing the boron content of the sample. Unlike the S2 and S7
materials, the S9 sample does not show a discrepancy between expected and measured boron
loadings (Table S2). The agreement between calculated and measured weight loadings on S9
indicates a change in reactivity of siloxane bridges on the SiO»@900) support. This change in
reactivity is likely associated with the partial collapse of the SiO; framework that occurs above

800 °C, which is supported by a decreased BET surface area determined for S9 compared to S7

(Table S2).%°
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Figure 4. (Left) 2D "B—'H D-RINEPT NMR spectra of the calcined (A) Bpin/SiOx00), (B)
Bpin/SiOz700) and (C) Bpin/SiOx900) fresh catalysts. (Right) Comparison of (recycle delay > 5 x
T1) 1D ''B spin echo NMR spectra with "B projections from the 2D ''B—!'H D-RINEPT NMR
spectra. The black and red lines correspond to the experimental and analytically simulated spectra,
respectively. The exact parameters used to fit the !'B spin echo spectra are given in Table S3. All

spectra were recorded at By = 14.1 T with 25 kHz MAS.

1D direct excitation !'B spin echo NMR spectra of S2, S7, and S9 display two main groups of
signals centered at ca. 0 or 10 ppm, corresponding to 4-coordinate (BOs) and three-coordinate

(BOs) boron oxide-type species, respectively (Figure 4, right column).!> 2!-30-53 The broad signal
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centered at ca. 10 ppm (BOs-type species) can be analytically simulated to four unique boron sites
with a Cq between 2.2 and 2.5 MHz and diso(''B) ~ (blue) 17 — 19 ppm, (green) 15 ppm, (orange)
12 ppm, and (red) 10 ppm (Figure 4, right column, Table 1). The identification of each site is
discussed below. We note that each !'B fit in the analytical simulations have a significant amount
of gaussian broadening to represent a distribution in shift/Cq caused by structural disorder, typical
of surface supported boron oxide/hydroxide species.!> 2D '"B—'H dipolar refocused INEPT (D-
RINEPT) HETCOR spectra of S2, S7, and S9 recorded with a short duration of dipolar recoupling
(0.96 ms) all display intense "H NMR signals at ca. 3 ppm correlating to !B NMR signals centered
at ca. 12 — 14 ppm (Figure S8). The short duration of dipolar recoupling ensures that the 'H and
"B NMR signals arise from boron hydroxide species (B-OH); the 'H NMR signal at ca. 3 ppm is
assigned to B-OH, similar to that observed in B-MWW and B/SiO»-IWL.!> 17- 21 An analytical
simulation of the 2D !''B projections reveal that there are two unique boron species containing
hydroxyl groups with 8iso(!'B) ~ (green fit) 15 ppm or (blue fit) 17 — 19 ppm (Figure 4, right
column). As the dipolar recoupling duration is increased to 2.9 ms, enabling the observation of H-
B spin pairs further away in space, an additional correlation between the same !'B NMR signals
and a "H NMR signal at ca. 2 ppm is observed (Figure 4, left column). The 'H NMR signal at ca.
2 ppm is assigned to a nearby isolated (i.e., not hydrogen bonded) silanol (Si-OH) group (Figure
5, §9).51.57.60

The 2D 'H-!''B HETCOR spectra identified B-OH containing boron species and revealed that
they are in close-spatial proximity to isolated silanol groups. It is well known that Siso('!B)
decreases as B-O-B groups are replaced with B-O-Si; B(OB); and B(OSi); on silica/zeolites
typically resonance at ca. 17 and 10 ppm, respectively.!> 30-31. 61-64 Therefore, based on the high

Siso(!!B) and strong 'H-''"B HETCOR correlations observed with a short duration of recoupling,
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we assign the ''B NMR signals at Siso(!'B) ~ 17 — 19 ppm to B(OB)«(OH)3. (x = 1 — 2) exhibiting
at least one B-O-B and B-O-H bond (Table 1). The "B NMR signal at diso(''B) ~ 15 ppm also
displays strong 'H-!'B heteronuclear correlations and thus contains a B-OH bond. However, the
decrease in shift is likely a result of replacing a B-O-B group with B-O-Si, suggesting this species
corresponds to B(OB).(OH)>..(OSi) (x = 0 — 1) (Table 1). The "B NMR signals at ~ 10 and 12
ppm observed in the direct excitation experiment were not observed in the 'H-''B HETCOR
spectra and thus do not contain a hydroxyl group. Based on well-established literature and the low
observed diso(!'B), the ''B NMR signals at diso(!'B) ~ 12 and 10 ppm correspond to B(OB)(OSi).
and B(OSi); species, respectively (Table 1).!530-3161-64 1 B dipolar DQ-SQ NMR spectra of
S2 and S7 resemble that of 1D direct excitation "B NMR spectra, corroborating our NMR
assignments and illustrating that the majority of 3-coordinate boron is clustered on the silica
surface (Figure S10). It should be noted that we were unsuccessful in recording a ''B DQ-SQ
spectrum of S9, however, this is attributed to low sensitivity associated with the DQ-SQ
experiment and low B weight loading (~ 0.18 wt %) on the silica surface. Lastly, no 4-coordinate
BO; species were observed in the 'H-''B HETOR spectra, revealing that BO4 is not proximate to
'H spins. The BOj4 species are likely charge balanced by ion impurities in the silica, such as Na*,?*
65 which has been previously reported for borosilicate zeolites.’! Therefore, we hypothesize that

BO; is likely incorporated into the silica framework, taking the formula B(OSi)4 (Table 1).
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Table 1. Structure of boron species, NMR parameters, and percent population for each

Bpin/SiOx1)>%Y material.

BIH BH o~ 5 S‘? AN ;o
. 0-Si-C -Si- \
o) ‘?,O\B/H - O‘Q’O‘B/H / 61\0/0\ /(\) PEC o O\S\’C‘)O'Si\lO\
o) O\ .0 - $ $ 5 ? /SLO/ o ‘O—é—007
Species* 0B oSt Qs" N s A | U
P S SR SR § 2
ECN
B(OB)OB/Hy  B(OB/H)(OSi)  B(OB)OSi) B(OSi)s B(OSi)
Siso (ppm) ~17-19 15 12 ~10 -0
Co (MHz) 2425 22 22 23 0.5

Percent Population (%)

Bpin/SiOz(2005%" 24 29 25 13 9
Bpin/SiOz(700y5%" 17 32 29 10 12
Bpin/SiOz(900y3%" 27 33 18 10 12

“Species with “OB/H” means it is either an O-B or O-H functional group.

The analytical simulations of the 1D ''B NMR spectra (recycle delay > 5 X T;) suggest that the
relative populations of each type of boron species is similar between all catalysts, with minor
differences that are likely within error of the simulations (Table 1). However, comparison of 'H
NMR spectra reveal significant differences between the catalysts (Figure 5). A 'H DQ-SQ NMR
spectrum of S2 displays an intense, broad signal centered at ca. 4 ppm which is assigned to
hydrogen-bonded Si-OH species (Figure 5 and S11). Alternatively, this broad NMR signal at 4
ppm is nearly absent in the 'H DQ-SQ NMR spectrum of S7 and is completely absent in the 'H
DQ-SQ NMR spectrum of S9, revealing that the hydrogen bonding network in the active catalysts
is significantly reduced with increased SiO: thermal pre-treatment temperatures (Figure 5 and

S11). The observation of decreased hydrogen bonding with increased SiO; thermal treatment is
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consistent with that observed in the transmission IR spectra discussed above (Figure S6). Closer
inspection of the 'B—!H D-RINEPT NMR spectra of S2, S7, and S9 shows there are two unique
B-OH 'H chemical shifts at ca. 3.0 and 3.4 ppm. Interestingly, only the B-OH 'H NMR signal at
ca. 3.4 ppm is observed in the 'H DQ-SQ spectra of S7 and S9 and displays autocorrelations,
showing that the B-OH 'H NMR signal at ca. 3.4 ppm is proximate to another B-OH species while
the B-OH 'H NMR signal at ca. 3.0 ppm is relatively isolated (within ~ 5 A distance) from other
hydrogen atoms (Figure S11). We note there are two additional 'H NMR signals at ca. 0 and 1
ppm that come through the DQ-filter that did not reveal correlations to 'B (Figure 4, 5, S8 and
S11). The 'H NMR signal at ca. 1 ppm has been previously assigned to water-inaccessible or
internal non-hydrogen bonded Si-OH species that likely reside inside the silica rather than near or
on the surface;6-® the Si-OH 'H NMR signal at ca. 2 ppm is likely near or on the surface as it
correlated to the surface boron oxide/hydroxide "B NMR signals (Figure 4, left column).
Therefore, we assign the 'H NMR signal at ca. 1 ppm to internal non-hydrogen bonded Si-OH
species. The '"H NMR signal at ca. 0 ppm is preliminarily assigned to silicone vacuum grease
impurities that immobilized on the silica surface during the thermal treatment of Bpin/SiOxt). We
note that the 0 ppm 'H NMR signal was also observed in the as-grafted materials, further

suggesting assignment to silicone vacuum grease (Figure S5).
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Figure 5. Comparison of 1D direct excitation (DEPTH) 'H, !'"B—'H D-RINEPT, 'H{*Si}
CPMAS and 'H DQ-SQ spectra for (upper, blue) Bpin/SiO2200°, (middle, orange)
Bpin/SiO2700°%’Y and (lower, green) Bpin/SiO2900)>??". The exact experiment is given above each

spectrum. All spectra were recorded at Bo = 14.1 T with 25 kHz MAS.
In summary, !'B solid-state NMR spectroscopy revealed that the boron speciation after thermal

treatment is not dependent on the initial silanol density or the boron weight loading. The grafted

materials, Bpin/SiOxr), contained monopodally grafted molecular boron and the number of
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neighboring hydrogen bonded silanol groups was controlled by the temperature of SiO> thermal
pretreatment, where Bpin/SiOzwo00) exhibited little to no hydrogen-bonded silanol species.
Therefore, the observation of similar boron species for all catalysts illustrates that boron
oxide/hydroxide can move around on the surface of SiO> under the thermal treatment conditions
to form an agglomerated boron oxide/hydroxide phase regardless of boron weight loading and
surface hydrogen bonding networks. The boron speciation and the presence of a large proportion
of silanol groups suggests the formation of small boron clusters or particles rather than an even
monolayer on the support surface. 'H solid-state NMR and FTIR spectroscopies suggest that the
main difference between the different catalyst materials is the hydrogen bonding network on the
surface of silica, where increased silica pretreatment temperatures lead to decreased surface
hydrogen bonding networks, as expected. Future studies should evaluate the effect of thermal

treatment conditions on the boron speciation.

3.3 Evaluating catalytic activity and changes in boron structure.

Propane ODH experiments were performed in a fixed bed quartz reactor at 500 °C under a
mixture of CsHs, Oz, and N> in a 6:3:11 molar ratio. The conversion stabilized over 24 hours
(Figure 6A), after which the gas flow rates were changed to acquire the conversion-selectivity
trends shown in Figure 6B. As is seen in Figure 6A, each material undergoes an induction period

before reaching steady-state conversion. For each catalyst, steady-state conversion is ca. 2 %
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Figure 6. (A) Conversion as a function of time-on-stream and (B) Propylene selectivity as a

function of propane conversion. Different conversions were achieved by changing the gas flow

rate between 40 and 200 mL min™!.

lower than the initial conversion. We presume that some boron is removed from the surface during
this induction period as the surface likely restructures under reaction conditions. Elemental
analysis of the catalysts after reaction showed that the boron weight loading of S2 and S7 decreased
from 1.65 to 0.33 wt.% and 0.81 to 0.32 wt.%, respectively (Table S2). The weight loading of the
spent S9 sample could not be reliably determined, likely because of very low boron content (0.18

wt. % initial B loading). The conversion-selectivity trends in Figure 6B are typical of other B/Si0,
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catalysts in the literature.!® 1% 2! There are slight differences in the conversion-selectivity trends
between the materials which might be correlated with the amount of unselective silanol groups

exposed on the surface.
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500V
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Figure 7. Comparison of relatively quantitative (recycle delay > 5 x T1) 1D "'B spin echo NMR

spectra of the B/spin/SiOx1)°*Y materials (black, solid) before and (blue, dashed) after catalysis.

B solid-state NMR spectroscopy analysis of the catalysts after reaction do not show a drastic
change in boron speciation (Figure 7). For each material, the ''B NMR spectra for the spent
catalysts (dashed blue lines) display similar 3-coordinate !'B NMR signals as the fresh catalysts
(solid black lines). Notably, there is an increase in the relative amount of BO4 species in each
sample. Based on the decrease in boron weight loading for S2 and S7 mentioned above, the relative
increase in BO4 is most likely due to leaching of surface BO3 species; however, we cannot rule out
the possibility of forming new B(OSi)s4 species under reaction conditions. There is also a clear loss
of the boron-rich clusters that show up at the high frequency edge of the ''B NMR spectrum of the
S9 material. This loss of boron-rich clusters is consistent with our previous observation that

boroxol ring-type species are lost from B/SiO»-IWT after catalysis.!> 2! Notably, the shape of the
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"B NMR spectra for all spent catalysts are near identical, revealing that similar ODH active boron
oxide/hydroxide clusters are present for all materials regardless of the initial silica thermal
dehydration temperature (Figure S12). This further suggests that boron oxide/hydroxide is highly
mobile on the silica surface under reaction conditions.

2D ""B—'H D-RINEPT spectra of the spent materials are also very similar to that of the fresh
catalysts, with some minor differences in the !'B projections likely due to the partial leaching of
boron rich clusters containing hydroxyl groups (Figure S13 and S14). It should be mentioned that
the 2D !'"B—'H D-RINEPT spectra of the spent catalysts required significantly longer
experimental times which is consistent with a decrease in boron loading after reaction and the
partial removal of boron hydroxide species (Table S1).!° Interestingly, 'H dipolar DQ-SQ spectra
of fresh S7 and S9 are significantly different than the spent materials (Figure S15). All spent
catalysts reveal an intense, broad feature center at ca. 4-5 ppm in the '"H DQ-SQ spectra which is
assigned to hydrogen-bonded surface silanol species. This broad hydrogen-bonded surface silanol
species was present in fresh S2 but was near absent in fresh S7 and completely absent in fresh S9
(Figure 5 and S15). The observation of surface hydrogen-bonding silanol species after catalysis
for S7 and S9 further confirms the restructuring and partial leaching of boron oxide/hydroxide

clusters under reaction conditions.
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Figure 8. Propane conversion as a function of inverse weight hourly space velocity for all

Bpin/SiOx1)>%°Y materials.

Although these materials do not allow us to probe the effect of initial boron agglomeration, we
can probe the effect of boron weight loading on catalyst activity, uncomplicated by differences in
initial boron speciation. We emphasize that we do not attempt to ascribe the catalytic activity to
any one boron species. Rather, we seek to understand activity based on the overall structure and
composition of the catalyst surface. Because the boron oxide/hydroxide phase is dynamic under
reaction conditions, the accessible structures under such conditions are likely distinct from those
observed at room temperature using ex situ characterization, where the most thermodynamically
favorable phases are detected.

Figure 8 shows the propane conversion as a function of inverse weight-hourly-space-velocity
(i.e., the contact time between the gas and the surface) for each catalyst. As expected, when weight
loading increases, the conversion at a given contact time increases. Often, such a plot is fit with a
linear line to determine the initial reaction rate. However, for all three materials, the conversion

begins to level off at higher contact times. This is unlike the behavior of the bulk boron-based
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materials, which show a linear increase of conversion as the contact time increases.” This
difference suggests that the observed catalytic results do not have a straightforward interpretation
and are likely complicated by the gas phase chemistry that occurs during the reaction.

The propylene productivity normalized per mole of boron is shown in Figure S16. The S9
material is the most productive per mole B, followed by S7, then S2. This trend is consistent with
the formation of different sized particles on the surface of the materials. The particles on S9 are
smaller than those on the higher weight loading S2 material, so more boron atoms are at the surface
of the particles on S9 and are able to participate in the reaction. For each material, the normalized
productivity decreases as the conversion and contact time increase. To understand this behavior,
we must put these results into context with our hypothesized mechanism and the role the surface
plays within that mechanism.

Scheme 1. Simplified proposed reaction network showing only reactions involving BOe. The

square denotes the active site.

2BO
*OOH C3Hg
0,
(BB}
0, -H,0 C;H;
2BOH

The proposed mechanism proceeds via a radical pathway.”!% ¥ The main role of the surface is
to initiate the reaction by generating radical species.” Under reaction conditions, the surface

generates unsaturated {BB} units that can activate O2 to form 2BOe species. As can be seen in the
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simplified reaction network in Scheme 1, any reaction with BOe is a termination reaction that
generates B-OH groups. B-OH groups are not readily reactive and must be dehydrated to
regenerate active {BB} sites. The calculated barrier for this regeneration step is 222 kJ/mol,'? in
line with experimentally reported apparent activation energies of 200-250 kJ/mol for hBN-
catalyzed ODH.? '° Based on the closeness of the calculated barrier and experimental activation
energies, we have hypothesized that active site regeneration is the rate-limiting reaction step in the
overall mechanism. We emphasize that the hypothesized BO+ surface species would only form
under reaction conditions and that such a species would not be detected using ex situ
characterization techniques.

While more systematic kinetic studies are needed to better understand the behavior of these
supported materials, the proposed mechanism offers a possible explanation for the observed loss
of activity at higher conversions. As the gas moves more slowly through the catalyst bed, more
active sites are consumed. The consumption of the active sites leads to the eventual formation of
unreactive B-OH groups that must be regenerated. If active site regeneration is indeed rate limiting,
perhaps the loss of productivity per mole B occurs because at high conversions, the reaction
becomes limited, as there is a fixed amount of boron available in a given cluster or particle on
Si0», and the surface can eventually become saturated in B-OH groups, decreasing the active site
concentration and the rate of initiation. Such saturation-like behavior does not occur with bulk
materials where boron is abundant. A more thorough exploration of the reaction kinetics over these

materials is ongoing in our lab.
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4. Conclusions

A combination of transmission FTIR and solid-state NMR spectroscopies revealed that the
grafting of HBpin onto SiO; generates isolated, monopodally grafted Bpin (B-O-Si bond to the
silica surface) that can form hydrogen bonds with nearby unreacted silanol groups. The number of
neighboring hydrogen-bonded silanol species can be decreased with increased silica thermal
treatment temperature, enabling high controllability of the local chemical environment
surrounding the isolated, singly anchored Bpin molecule. However, the control over surface
speciation is lost during the thermal treatment of Bpin/SiOz(t) materials, as a similar boron
oxide/hydroxide phase is observed for all catalysts. The observation of similar boron species,
especially for S9, which contained ~ 0.18 wt. % B and exhibited highly isolated grafted Bpin
before thermal treatment, illustrates that boron oxide/hydroxide is highly mobile on the SiO»
surface and is able to generate clustered boron oxide/hydroxide under thermal treatment
conditions. Modification of thermal treatment conditions, chemically treating the surface before
or after grafting, and/or doping the silica surface could potentially enable better control over the
species formed on the silica surface by reducing boron oxide/hydroxide mobility.

The catalytic activity of Bpin/SiOzr)>%

materials is typical for silica-supported boron oxide
catalysts previously reported.!®> 2! Because these materials of different boron weight loadings
contained similar boron speciation, we were able to probe the effect of boron content on catalytic
activity. We observed the highest propylene productivity per mole of boron in the S9 material,
consistent with the presence of boron oxide/hydroxide particles. Additionally, we observed the

loss of productivity at increased conversions for all catalysts. More thorough kinetic studies are

needed to understand this observation in terms of the proposed reaction mechanism.
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The image depicts the change in surface structure after the as-grafted material (left) is thermally
treated to form the active catalyst material (right). The colors of the boron atoms correspond to the

"B NMR analytical simulations.
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