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ABSTRACT: A family of boron nitride (BN)-based photocatalysts
for solar fuel syntheses have recently emerged. Studies have shown
that oxygen doping, leading to boron oxynitride (BNO), can extend
light absorption to the visible range. However, the fundamental
question surrounding the origin of enhanced light harvesting and
the role of specific chemical states of oxygen in BNO photo-
chemistry remains unanswered. Here, using an integrated
experimental and first-principles-based computational approach,
we demonstrate that paramagnetic isolated OB3 states are
paramount to inducing prominent red-shifted light absorption.
Conversely, we highlight the diamagnetic nature of O−B−O states,
which are shown to cause undesired larger band gaps and impaired
photochemistry. This study elucidates the importance of para-
magnetism in BNO semiconductors and provides fundamental insight into its photophysics. The work herein paves the way for
tailoring of its optoelectronic and photochemical properties for solar fuel synthesis.

■ INTRODUCTION
The optoelectronic properties of boron nitride (BN) have
been increasingly studied to explore the application of the
material in fields such as photocatalysis, photovoltaics and
electronics, sensing, and quantum emission.1−7 One can
employ heteroatomic doping to tune the optoelectronic
properties of BN with C-doping and, more recently, O-doping,
dominating the literature so far.8−11 Here, we explore the latter
form of doping, during which oxygen atoms substitute nitrogen
atoms, leading to the formation of the so-called boron
oxynitride (here referred to as BNO). As a result of this
doping, BNO exhibits semiconducting and magnetic proper-
ties,9,12−14 which can be exploited in photocatalysis.1−4 In a
recent study,15 we investigated oxygen doping in BN and
presented a route to readily tune and predict the relative
oxygen content and optical band gap concomitantly using a
design of experiments approach. Detailed statistical analysis
revealed a strong inverse relationship between the oxygen
content and band gap, which experimentally validated the
computational results of Weng et al.9 However, the role of
different chemical states of oxygen in band gap narrowing in
BNO remains unclear, and an understanding of these
mechanisms would lead to the design of improved semi-
conductors.

In the work herein, we delve deeper into the fundamental
photochemistry of BNO and aim to shed light on the origins of
the visible-range band gaps previously observed. The under-

lying research question framing this study is: which chemical
state in BNO contributes to red-shif ted optical band gaps and
enhanced photochemistry? Our hypothesis is twofold. First, we
postulate that paramagnetic, isolated OB3 states (i.e., a single N
atom is substituted with an O atom without neighboring N
atoms substituted) are responsible for lowering the band gap
to the deep visible region in BNO. We predict that a higher
concentration of paramagnetic, isolated OB3 states would lead
to enhanced light harvesting. Second, we claim that adjacent
OB3 centers (i.e., two or more neighboring N atoms are
substituted with an O atom) yield diamagnetic O−B−O
species (formed by placing OB3 centers adjacent to each other)
akin to those in boron oxide, which cause undesired blue-
shifted band gaps, unlike the paramagnetic, isolated OB3 states.

Here, we address our research question and hypotheses
using a combined experimental and first-principles-based
computational approach. Our experimental characterization
was previously conducted on a large BNO sample set, spanning
a range of oxygen contents (2−14 atom %) and apparent band
gaps (1.50−2.90 eV).15 Through a combination of room
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temperature X-band electron paramagnetic resonance (EPR)
spectroscopy and UV−vis diffuse reflectance (DR) spectros-
copy, we present an inverse correlation between the magnitude
of the paramagnetic OB3 signatures and the corresponding
apparent band gaps. The experimental trends were sub-
stantiated by density functional theory (DFT) simulations of
BNO nanosheets: the oxygen dopant introduces a localized
state in the band gap of the original undoped boron nitride and
significantly red-shifted light-harvesting capability with the
presence of multiple paramagnetic OB3 states. Using a
combination of spectroscopic techniques (X-ray photoelectron
spectroscopy (XPS), near-edge X-ray absorption fine structure
(NEXAFS), UV−vis DR, and X-band EPR), supported by
DFT simulations, we experimentally show that the presence of
O−B−O sites from adjacent OB3 states leads to diamagnetic
states and undesired blue shifts in the absorption spectrum,
relative to paramagnetic, isolated OB3 states. Our results
provide fundamental insight into the photophysics of BNO
and show that among the chemical states of oxygen in BNO,
paramagnetic, isolated OB3 sites appear to have a significant
influence on the optoelectronic and photochemical properties
of BNO.

■ EXPERIMENTAL SECTION AND THEORY
Synthesis of BNO. In a typical synthesis, a reaction mixture (total

of 60 mmol) of boric acid (H3BO3, ACS reagent, 99.0%, Sigma-
Aldrich) and hexamethylenetetramine (HMTA) (C6H12N4, molecular
biology grade, Sigma-Aldrich) in varying molar ratios (1:2, 2:1, and
5:1) were added to 100 mL of deionized water at 90 °C under rapid
stirring to form a boric acid-HMTA complex in solution. The solution
was allowed to evaporate overnight until the resulting white powder
was collected and subsequently dried for 24 h at 90 °C in a drying
oven. The dried material was transferred to an alumina boat crucible
(approx. 1.4 g), which was placed in a horizontal tubular furnace. The
sample was initially maintained at ambient temperature for 30 min
under pure ammonia flow, with the flow rate set to 250 mL min−1 to
establish an ammonia-rich atmosphere. Caution: ammonia is a toxic
gas. A risk analysis must be performed accompanied by the
deployment of appropriate safety measures (e.g., ventilation and
alarm systems) prior to using this gas. Once this step was complete,
the ammonia flow rate was set to a chosen flow rate (50, 150, or 250
mL min−1), and the sample was heated from ambient temperature to
a set temperature (800, 1000, or 1200 °C), with a ramp rate of 10 °C
min−1. This steady-state temperature was maintained for 3 h, after
which the samples were allowed to naturally cool to approximately
600 °C under the same ammonia flow rate. At this point, the
ammonia flow was shut off, and inert argon gas was flowed through at
a rate of 100 mL min−1 overnight until the furnace had cooled to
room temperature. Upon completion of the synthesis, either light
brown or yellow powders were obtained, which we refer to as BNO.
Synthesis of m-BNO. The first step involves the synthesis of

monoclinic metaboric acid polymeric precursor ([B3H3O6]n), using
an adapted method of Bertoluzza et al.16 Briefly, 3.0 g of boric acid
(H3BO3, ACS reagent, 99.0%, Sigma-Aldrich) was weighed and
transferred to a glass reagent bottle. This bottle was placed in a drying
oven at 90 °C for 24 h with the lid open to release water and promote
dehydration to form orthorhombic metaboric acid. After 24 h, the lid
was sealed to prevent hydration, and the oven temperature was
increased to 140 °C. This temperature was maintained for a further 24
h to yield monoclinic metaboric acid. The second step involves the
reaction of monoclinic metaboric acid with hexamethylenetetramine
(HMTA) (C6H12N4, molecular biology grade, Sigma-Aldrich). The
synthesis conditions were matched to those for the synthesis of BNO
exhibiting the highest OB3 intensity. Then, 40 mmol of monoclinic
metaboric acid and 20 mmol of HMTA were thoroughly mechanically
mixed and transferred to an alumina boat crucible (approx. 1.4 g),
which was placed in a horizontal tubular furnace. The sample was

initially maintained at ambient temperature for 30 minutes under pure
ammonia flow, with the flow rate set to 250 mL min−1 to establish an
ammonia-rich atmosphere. Caution: ammonia is a toxic gas. A risk
analysis must be performed accompanied by the deployment of
appropriate safety measures (e.g., ventilation and alarm systems) prior
to using this gas. Once the degassing was complete, the ammonia flow
rate was set to 50 mL min−1, and the sample was heated from ambient
temperature to a set temperature of 800 °C, with a ramp rate of 10 °C
min−1. This steady-state temperature was maintained for 3 h, after
which the samples were allowed to naturally cool to approximately
600 °C under the same ammonia flow rate. At this point, the
ammonia flow was shut off, and inert argon gas was flowed through at
a rate of 100 mL min−1 overnight until the furnace had cooled to
room temperature. Upon completion of the synthesis, a light yellow/
white powder was obtained, which we refer to as m-BNO.
Electron Paramagnetic Resonance (EPR) Spectroscopy. EPR

experiments were carried out using a Bruker Elexsys E500 CW EPR
spectrometer operating at X-band frequencies (9−10 GHz/0.3 T),
equipped with a Bruker ER4118-X MD5 resonator. All spectra were
recorded at room temperature in an air atmosphere in 4mm EPR
Suprasil tubes. Spectra were acquired using 0.2 mW of microwave
power with field modulation of 100 kHz frequency and 2G
modulation amplitude in the detection sequence.
UV−vis Diffuse Reflectance (UV−vis DR) Spectroscopy.

UV−vis DR spectroscopy was conducted using a Shimadzu UV-
2600 true optical double beam UV−vis spectrophotometer equipped
with an integrating sphere. The integrating sphere has an InGaAs
detector with a detection range of 220−1400 nm. Spectral bandwidth
was set to 5 nm, and barium sulfate (BaSO4) was used as a standard
for the baseline corrections. Spectra were treated using the Kubelka−
Munk function to eliminate any tailing contribution from the UV−vis
DR spectra. The following equation was applied: F(R) = (1 − R)2/2R,
where R is the reflectance (%). The apparent band gaps (EG) were
estimated via extrapolation of the linear section of the Tauc plot of
[F(R)·hv]1/n against photon energy (hν). We consider BNO and m-
BNO as direct band gap (n = 0.5) semiconductors based on the
literature.17

XPS Measurements. XPS was employed to determine the relative
elemental composition of the samples and the chemical states of the
elements. This was conducted using a Thermo Scientific K-α+ X-ray
Photoelectron Spectrometer equipped with a MXR3 Al Kα
monochromated X-ray source (hν = 1486.6 eV). The samples were
initially ground and mounted onto an XPS sample holder using a
small rectangular piece of conductive carbon tape. The X-ray gun
power was set to 72 W (6 mA and 12 kV). Survey scans were acquired
using 200 eV pass energy, 0.5 eV step size, and 100 ms (50 ms × 2
scans) dwell times. All of the high-resolution core level spectra (B 1s,
N 1s, C 1s, and O 1s) were obtained using a 20 eV pass energy and
0.1 eV step size. Any charging effect in the core level was mitigated
using a dual-beam flood gun that uses a combination of low-energy
electrons and argon ions.
NEXAFS Spectroscopy. Near-edge X-ray absorption fine

structure (NEXAFS) spectroscopy experiments were carried out on
the beamline B07 at the Diamond Light Source Synchrotron, U.K.18

Samples were ground as powders and mounted onto carbon tape. We
used the 400 lines/mm Pt gratings of the beamline’s plane grating
monochromator with an exit slit width of 50 μm, which leads to an
energy resolution of 50 and 200 meV at the B and O K-edges,
respectively. B and O K-edge spectra were recorded in total electron
yield (TEY) mode at room temperature under ultrahigh vacuum
(UHV, typically 10−8 mbar).
DFT Simulations. All calculations were performed using the

CRYSTAL17 software package, based on the expansion of the
crystalline orbitals as a linear combination of a local basis set (BS)
consisting of atom-centered Gaussian orbitals with s, p, or d
symmetry. The ground-state geometry was optimized for each BNO
slab using the global hybrid exchange B3LYP functional to describe
electronic exchange and correlation. This functional provides a
qualitatively correct correction for electronic self-interaction and thus
reproduces the energy, electronic structure, and band gap of self-
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localizing magnetic states in 2D systems.19,20 Listed are the basis sets
utilized: boron: B_6-21G*_pople,21 nitrogen: N_6-31d1G_gat-
ti_1994,22 oxygen: O_8−411_muscat_1999,23 and hydrogen: H_5-
11G*_dovesi_198424 (see the section basis set in the CRYSTAL
webpage: https://www.crystal.unito.it/basis-sets.php). Overall, the
model considers a single hBN layer as it is not currently possible to
model the exact and complex structure of the actual material. The
XRD patterns of the material suggest little crystallinity and therefore a
structure closer to amorphous BN (aBN) than hBN. However, in
aBN, the BN layers are “arranged” randomly from one another.
Hence, considering porous BN as a collection of single BN layers
seems like a reasonable approximation. This approach was also
adopted in ref 9.

For the calculations, a pruned (99,1454) grid consisting of 99 radial
points and 1454 angular points (the XXLGRID option implemented
in CRYSTAL17) was adopted due to the ability of converging the
integrated charge density to an accuracy of about 10−6 electrons per
unit cell. A commensurate grid of k points in reciprocal space was
selected according to the Pack-Monkhorst method (using a shrinking
factor 24 for the primitive cell as a reference). The value for the
shrinking factor used was dependent on the unit cell size, whereby
doubling the cell length both in the a and b lattice directions halving
the grid of k points in the reciprocal space. Further, a Gilat net of 48
was used to calculate the density matrix and Fermi energy for higher
accuracy. A slab model (periodic along a and b and not periodic in the
perpendicular direction) was used to simulate the surface; in the third
direction, the wave function decays to zero at an infinite distance from
the surface.

The B3LYP-optimized 2D lattice parameters (a and b) for the
stoichiometric BN slab are a = b = 2.519 Å and γ = 120°. A nitrogen
atom was placed in the unit cell with fractional coordinates (0.0, 0.0,

0.0), and boron was placed with fractional coordinates (0.3333,
0.6666, 0.0). For BNO, a supercell of 2 × 2 was used, and the
nitrogen in the origin was replaced with an oxygen atom; within this
supercell, a ratio of 4:3:1 of boron, nitrogen, and oxygen, respectively,
was used. This concentration of oxygen corresponds to 12.5 atom %.
Due to the paramagnetic nature of this material, a spin-polarized
calculation was performed.

For the O−B−O system, a supercell of 4 × 4 was used. Oxygen
replaced nitrogen atoms with fractional coordinates (0.0, 0.0, 0.0),
(0.0, 0.25, 0.0), (−0.5, 0.0, 0.0), and (−0.5, 0.25, 0.0). Within this
supercell, a ratio of 4:3:1 of boron, nitrogen, and oxygen, respectively,
was adopted again. In this scenario, however, the oxygen atoms were
placed such that they were adjacent to each other and not isolated.

For OH-passivated BNO, a supercell of 3 × 3 was defined. The
hydroxyl group was placed vertically over a boron, and then the
atomic coordinates of the system was optimized, while the hydroxyl
group passivating a nitrogen was also placed vertically on a nitrogen
atom and then also optimized. Total electron charge and spin
densities were calculated for the ideal BNO slab looking above on the
a and b plane and through the y,z plane and plotted using
CRYSPLOT.25

The calculations were performed using the spin-unrestricted
broken symmetry Kohn−Sham formalism. The magnetization of the
cell is equal to the number of OB3 sites.

■ RESULTS AND DISCUSSION
We focus first on the characterization of the 27 BNO samples
used for this study. Here, we link the EPR patterns to the type
of O-containing site and investigate any correlation with the
apparent band gap. Based on our hypothesis, a schematic

Figure 1. Paramagnetism and apparent band gaps in BNO at T = 298 K. (a) Schematic of an “idealized” BNO nanosheet and the isolated OB3
states with alternating nitrogen atoms (red) substituted by oxygen atoms (gold) (boron atoms in blue). (b) X-band EPR spectra of the BNO
samples exhibiting the highest and lowest specific paramagnetic OB3 intensity at room temperature. (c) Absorption spectra for the BNO samples
exhibiting the highest and lowest specific paramagnetic OB3 intensity. (d) Scatter plot of the experimental apparent band gap and corresponding
specific paramagnetic OB3 intensity for all BNO samples in this study. Blue data points are those for which we observe a sharp linear decrease of the
band gap with increasing specific paramagnetic OB3 intensity from 3.0 to 1.8 eV. For these points, we present linear regression. This set of data is
presented in the Supporting Information of ref 15, and we introduce it to support new analyses. Adapted with permission from ref 15. Copyright
2022, Wiley.
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illustration of an “ideal” BNO nanosheet is shown in Figure 1a,
with isolated OB3 centers formed throughout the lattice by
alternate nitrogen atoms being substituted with oxygen. The
substitution of O for N in the formation of isolated OB3
centers introduces an unpaired electron. This gives rise to a
paramagnetic radical signal that can be observed using X-band
EPR spectroscopy in ambient conditions.26 We normalized the
intensity of the radical signal to the sample mass to allow for
valid comparison across the sample set. The intensity of the
normalized EPR signal is proportional to the number of spins
in the system.27 Since the spins in BNO originate from radicals
in isolated OB3 centers, the intensity of the normalized EPR
signal is proportional to the radical content, and hence the
number of paramagnetic, isolated OB3 states. We show the
BNO samples with the highest and lowest specific para-
magnetic OB3 content in Figure 1b. We presented the full
comparison of the 27 BNO samples in our previous study.15

We note that characterization analyses of the samples can be
found in this former work (including XRD patterns). While the
relative oxygen content of both samples is within 7 atom % of
each other (samples 10 and 27 in Table S1), the OB3 radical
content is around 40 times lower in the BNO sample,
exhibiting the minimum EPR signal intensity (Figure 1b and
Table S1). This suggests that the doped oxygen atoms are
forming diamagnetic states, identified below as O−B−O
species. The corresponding absorption spectra for the same
BNO samples are shown in Figure 1c. We make here two
important notes for contextualization: (i) the relatively high O

content of the samples is partly attributed to their amorphous
nature, and (ii) we can envision that O atoms will create a
distortion in the hBN layers, which might become “visible” for
large O contents.

The BNO sample with the highest specific paramagnetic
OB3 intensity, as measured by EPR, exhibited an absorption
edge of 696 nm, corresponding to a deep visible-range
apparent band gap of 1.78 eV; this apparent band gap was
among the lowest measured among the 27 BNO samples
screened in this study (see Table S1 for values). The BNO
sample with the lowest paramagnetic OB3 intensity exhibited a
significantly lower absorption edge of 440 nm, corresponding
to an optical band gap of 2.82 eV. This observation suggests
that a larger proportion of paramagnetic, isolated OB3 states
leads to lower apparent band gaps, as visualized by the scatter
plot presented in Figure 1d. The scatter plot shows the
apparent band gaps of all of the BNO samples synthesized in
this study in relation to their specific paramagnetic OB3
content. The experimental data was regressed with a least-
squares line of best fit (red line in Figure 1d�coefficient of
determination R2 = 0.77), with most points clustered within a
95% confidence interval (gray shaded region in Figure 1d). We
note that Figure 1d is included in our earlier contribution15

and reused here for comparison with our computational work.
However, while the scatter plot has been regressed with a
linear fit, close examination appears to suggest two separate
regions to the relationship between the specific paramagnetic
OB3 intensity and the optical band of BNO. Within the

Figure 2. DFT-simulated band structures of different BNO systems. Total- and partial density of states (TDOS and PDOS) plots for: (a) pristine
BN sheet with no oxygen atoms. (b) BNO sheet, with all oxygen states as paramagnetic, isolated OB3 sites. The contribution from the α and β
electrons are labeled. (c) BNO sheet with passivated hydroxyl (−OH) groups and no interior OB3 sites. (d) BNO sheet with O−B−O sites and no
isolated OB3 sites. The inset schematics illustrate the chemical environment of oxygen in each BNO system: boron atoms (blue), nitrogen atoms
(red), oxygen atoms (gold), and hydrogen atoms (gray). Note: the acronym HOMO is used in its meaning of the highest occupied molecular
orbital in the system under consideration, and this corresponds to a localized state in panels (b) and (d).
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domain of 0−100 au g−1, there appears to be a sharp linear
decrease of the apparent band gap with increasing specific
paramagnetic OB3 intensity from 3.0 to 1.8 eV (visualized in
Figure S1). As the specific paramagnetic OB3 intensity
increases beyond 100 au g−1, implying a greater free radical
content, the apparent band gap of BNO appears to plateau at a
constant value of 1.5−1.6 eV. This could suggest that beyond a
certain concentration of isolated OB3 sites, the increasing
presence of free radicals does not decrease the apparent band
gap of BNO further but may potentially influence the charge
carrier dynamics, carrier mobility, or perhaps conductivity,
which would improve photophysical properties for optoelec-
tronics applications. Another explanation could be the
influence of varying relative atomic contents of residual carbon
from the HMTA precursor in the different samples. Carbon
could be incorporated as isolated atoms within the BN
structure and/or as “graphene islands” within the hBN layers.
While both could exist a priori, we do not see patterns from
graphene using the characterization techniques we have
employed. In addition, structural features (e.g., layer sizes,
porosity) may play a role. Disentangling the contributions of
carbon and oxygen as well as structural features on the
physical−chemical properties of BN materials remains a
challenging task.28 Nevertheless, we observe a noticeable
inverse relationship between the apparent band gap and
specific paramagnetic OB3 content. This supports the notion
that the proportion of oxygen chemical states, namely,
paramagnetic isolated OB3 sites, may have the most significant
influence on the band gap in BNO materials compared to
other chemical states of oxygen. This experimentally supports
the first part of our hypothesis.

Next, we use Figure 1d to compare the experimental trends
between the specific paramagnetic OB3 content and band gap
with the first-principles DFT calculations in Figures 2 and 3.
The observed trends have been explored using DFT
calculations (in particular, the global hybrid exchange func-
tional B3LYP as implemented in the periodic quantum-
mechanical code CRYSTAL1729−32). The calculations provide
a fundamental insight into the photochemistry of the oxygen
chemical states in BNO. The DFT-simulated total- and partial
density of states (TDOS and PDOS) plots for BNO systems
with different chemical environments of oxygen are presented
in Figure 2a−d. The insets in Figure 2a−d illustrate the
chemical bonding nature of oxygen in each system. We first
consider the widely studied pristine BN nanosheet with no
oxygen atoms to (i) validate the DFT model and (ii) use it as a
reference to identify the influence of introducing oxygen to the
system. The simulations revealed a large band gap of 6.2 eV
(Figure 2a), which agrees with that reported in the
literature.9,10 Figure 2b depicts the BNO system, where every
N-substituted oxygen atom forms a paramagnetic, isolated OB3
state without the formation of O−B−O sites (see the inset of
Figure 2b). We replaced approximately 25% of the nitrogen
atoms in the pristine BN sheet (Figure 2a) with oxygen atoms.
Due to the paramagnetic nature of this BNO material, we
adopted a spin-unrestricted broken symmetry Kohn−Sham
formalism. In Figure 2b, positive and negative values for the
DOS axis correspond to spin-up (α) and spin-down (β)
electrons, respectively.

We observe a distinct decrease in the band gap from 6.2 to
0.8 eV through the addition of multiple paramagnetic, isolated
OB3 states. The TDOS plot shows the formation of a localized
state in BNO through the introduction of paramagnetic,

isolated OB3 states at ∼0 eV relative to the Fermi level (Figure
2b). Further, the HOMO and the LUMO shift to higher and
lower energies, respectively, in comparison to the pristine BN
system. As the new HOMO in the multiple paramagnetic OB3
system is the localized state of the dopant, there is a smaller
energy barrier for the electrons to overcome to be photo-
excited to the LUMO, thus increasing the light-harvesting
capability. Figure 2b also shows that the majority of the orbital
contribution to the DOS in the localized state arises from a
boron atom bonded to the central oxygen atom in para-
magnetic, isolated OB3 states (blue curve in PDOS plots in
Figure 2b). The PDOS in Figure 2b therefore suggests that the
radical in the paramagnetic, isolated OB3 state is located within
a boron orbital, which we study further below. We next
investigated the influence of hydroxyl (−OH) groups as
another chemical state of oxygen on the band gap of BNO
(Figure 2c). To do so, we passivated the BNO sheet with
−OH groups (−OH adsorption) and did not include any
interior substituted OB3 sites. The latter was omitted from the
simulation to allow us to solely ascertain the contribution of
−OH groups on band gap narrowing in BNO. After
hydroxylation, we observed that the band gap decreased to
4.1 eV (Figure 2c), which is still within the UV range. We next
modeled a BNO system with O−B−O sites (Figure 2d) and
compared this to the BNO system with multiple isolated OB3
states in Figure 2b. The simulated model with O−B−O sites
has the same relative oxygen content as that with multiple
isolated OB3 states (Figure 2b). The underlying difference is
that the OB3 centers are placed adjacent to each other to form
O−B−O sites. Compared to the BNO system with solely
paramagnetic isolated OB3 sites (Figure 2b), we observe a
larger, blue-shifted band gap of 4.5 eV in the simulated O−B−
O system. This supports our hypothesis for this study. We
postulate that the blue shift within the simulations, when
transitioning from isolated OB3 states to O−B−O sites, arises
from the chemical bonding associated with the formation of
the latter.

As shown above, the radical, derived from the paramagnetic,
isolated OB3 state, occupies a boron orbital. We postulate that
the formation of an O−B−O site from adjacent OB3 sites
results in two radicals pairing up anti-aligned, which would
result in a net S = 0, EPR silent spin state. This means the
quantum spin state of the system transitions from a doublet to
a singlet, explaining the diamagnetic nature of the O−B−O
species. Further simulations revealed that the major con-
tribution to the dopant layer in the O−B−O system (Figure
2d) is from boron s orbitals with small additional contributions
from the px and pz orbitals (Figure S2). This shows that the
paired radicals, now on the bridging boron atom, likely
predominantly participate in bonding as opposed to con-
jugation throughout the BNO system. This lack of conjugation
could explain the larger band gaps. Therefore, the combined
DFT results from Figures 2a−d and S2 confirm that
paramagnetic isolated OB3 sites are a unique chemical state
of oxygen in BNO that leads to red-shifted band gaps to the
deep visible region.

In Figure 2b, we observed that the major contribution to the
localized state, arising from paramagnetic isolated OB3 states, is
from a boron atom neighboring the oxygen atom. This
suggests that the radical is occupying a boron orbital. We
explore this further by constructing molecular orbital (MO)
diagrams from first principles, using linear combination of
atomic orbitals (LCAO), for an isolated OB3 and NB3 state
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Figure 3. Molecular orbital diagrams for NB3 and OB3 states, DFT-simulated orbital contributions to dopant state, electron charge- and spin
density distribution in BNO. Molecular orbital (MO) diagrams derived from first principles through a linear combination of atomic orbitals
(LCAO) for (a), an isolated NB3 site and (b), an isolated OB3 site. (c) Orbital contributions from boron atoms to TDOS and PDOS in BNO
sheet, with all oxygen states as isolated OB3 sites. The inset shows the major contribution to the localized state originating from the boron pz
orbitals. The α and β electrons states are labeled. (d) Distribution of electron charge density for the BNO system shown in Figure 2b, where all
oxygen atoms are paramagnetic, isolated OB3 states. Distribution of electron spin density for BNO system in Figure 2b, where all oxygen atoms are
paramagnetic, isolated OB3 states, in (e) x−y plane (i.e., bird’s eye view) and (f), y−z plane (i.e., looking above and below the plane of the BNO
lattice). Both the electron charge density and spin density are localized and concentrated about the boron atoms in the paramagnetic isolated OB3
states, confirming the radical position in a boron orbital, as predicted by the MO diagram in Figure 3b.
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(Figure 3a,b, respectively). The MO diagrams provide
fundamental insight into the bonding nature of the para-
magnetic OB3 states and the origins of band gap narrowing.
We constructed the MO diagrams through reasoning the
orbital symmetries. The spatial and energetic overlaps are
based on educated guesses. Therefore, exact orbital energy
values are not given. Additionally, although there may be some
orbitals within range for spatial and energetic overlap to occur,
e.g., boron 2p(y) e′ and oxygen 2p(y) e′, they are assumed to
be weakly interacting in comparison to the boron 2s e′
interaction and the oxygen 2p(y) e′, and so they are ignored.
Examining the results, NB3 (Figure 3a) exhibits a singlet spin
state, and the degenerate HOMO occupies an antibonding
orbital that possesses an e′ symmetry. This is in contrast to the
HOMO in the OB3 center (Figure 3b), which is a nonbonding
boron 2p orbital, exhibiting a doublet spin state. The key
messages from the MO diagrams, derived from first-principles-
based linear combination of atomic orbitals (LCAO), are: (i)
the formation of an isolated OB3 state results in the HOMO
being shifted to higher energies, which reduces the HOMO-
LUMO gap, and (ii) the radical from isolated OB3 states
occupies a nonbonding boron 2p orbital, which further
supports the DFT results in Figure 2. The location of the
radical in a nonbonding boron 2p orbital (Figure 3b) is
confirmed through the PDOS plot in Figure 3c, illustrating that
the primary contribution from boron to the localized stated in
Figure 2b is from the boron pz orbitals.

To further confirm the location of the radical, we plotted the
distribution of electron charge- and spin density in the BNO
system in Figure 2b, where all oxygen atoms are paramagnetic

isolated OB3 sites. The electron charge density is concentrated
about the boron atom (Figure 3d). In contrast, the electron
charge density surrounding N and O atoms is more diffuse
further from the center of the atoms (see Figure S3 for further
details). Equally, the spin density is localized about the boron
atom, as seen in Figure 3e. Figure 3e represents a bird’s eye
view of the spin density in the x−y plane, such that one is
looking at the BNO sheet from above. To elucidate the
location of the spins, we examined the spin density in the y−z
plane (Figure 3f), which illustrates the spin density localized
above and below the plane of the BNO sheet in a boron pz
orbital. By combining the results from the electron charge- and
spin density (Figure 3d−f) with the DOS plots and MO
diagrams (Figures 2b and 3a,b, respectively), we conclude that
the radical from paramagnetic, isolated OB3 sites occupies a
boron 2pz orbital. As the orientation of the radical-occupied
boron 2pz orbitals lies out of the plane, it is theorized that
these orbitals delocalize across the BNO sheet through π
conjugation with adjacently aligned boron 2pz orbitals. This
extended π conjugation in BNO systems with multiple
paramagnetic, isolated OB3 sites would result in band gap
narrowing. Overall, the experimental and DFT results in
Figures 1−3 show that paramagnetic OB3 states red-shift light
harvesting in BNO to the deep visible region, confirming the
first part of our hypothesis.

We now turn our attention to the second part of our
hypothesis surrounding the effect of O−B−O states. To
compare the behavior of OB3 and O−B−O sites, we developed
a two-step synthesis route to promote the formation of O−B−
O sites over isolated OB3 states in a control BNO sample.

Figure 4. Chemical, magnetic, and optoelectronic properties arising from OB3 and O−B−O states at T = 298 K. (a) O-K-edge and (b) B-K-edge
NEXAFS spectra in BNO and m-BNO. The inset schematics depict the chemical states of oxygen in relation to the corresponding π* transition
peaks: boron atoms (blue), nitrogen atoms (red), and oxygen atoms (gold). (c) X-band EPR spectra comparing the specific paramagnetic OB3
intensities of BNO and m-BNO. (d) Absorption spectra for BNO and m-BNO, highlighting the diminished light-harvesting capability caused by
the absence of OB3 states and the formation of O−B−O sites.
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Whereas BNO samples exhibiting the highest specific para-
magnetic OB3 intensity use boric acid (H3BO3) as the
precursor, the control was synthesized using monoclinic
metaboric acid ([B3H3O6]n), a polymeric boron precursor
with an abundance of O−B−O species. All other synthesis
conditions were kept the same. The control sample is labeled
and referred to as m-BNO. The formation of monoclinic
metaboric acid was confirmed through Fourier transform
infrared spectroscopy (FT-IR), in agreement with the
literature16 (see Figure S7). Using X-ray photoelectron
spectroscopy (XPS), the relative oxygen contents and atomic
compositions of BNO and m-BNO were found to be virtually
identical, with values of 10.6 and 10.5 atom %, respectively
(see Table S2 for values). Importantly, the same oxygen
content between the two samples allows us to ascribe
variations in the magnetic and optoelectronic properties to
the chemical states of oxygen.

To identify the chemical states in BNO and m-BNO, we
recorded O and B K near-edge X-ray absorption fine structure
(NEXAFS) spectra (Figure 4a,b) and compared these with
band structure calculations (Figures 2 and S8). The near-edge
absorption spectra represent electronic excitations from O 1s
or B 1s orbitals into unoccupied states above the Fermi energy.
Dipole selection rules only allow transitions into p-like states
overlapping with the respective atoms, which are depicted in
Figure S8. Neither orbital overlap nor lifetime broadening of
excited states is considered in the calculations; therefore, the
height and width of the calculated projected DOS do not
necessarily correspond to that of the NEXAFS spectra. We
focus first on the O K-edge spectra, where we observe a
distinct broad peak at 532.4 eV (π1*) in the O K-edge
spectrum for BNO (Figure 4a), attributed to the π* transitions
in the BN2O state, where one nitrogen atom is substituted by
one oxygen atom,9,12,33 forming an isolated OB3 coordination.
We associate this peak with the pz states between 1.3 and 3.1
eV in the BNO O-projected DOS of Figure S8. This π1* BN2O
peak is absent in the O K-edge spectrum of m-BNO, indicating
the absence of isolated OB3 centers. The broad features (π2* at
534.1 eV and π3* at 536.4 eV), which are observed above the
absorption edge (around 533 eV) are associated with
transitions into the p states above 4 eV, which dominate the
DOS plots of both BNO and m-BNO in Figure S8. Notably, in
the O K-edge spectra of BNO or m-BNO (Figure 4a), we do
not observe a peak at 538 eV (π4*), which would correspond
to π* (B−O) transitions in boron oxide (B2O3).12,34 This
confirms that both BNO and m-BNO remain BN materials
despite oxygen doping, and we have not formed an oxide.

We now turn our attention to the B K-spectra. In the DOS
calculations shown in Figure S8, the unoccupied p states have
nonzero DOS above 0.8 eV for BNO and above 4.3 eV for m-
BNO. We would therefore expect the first resonance observed
for m-BNO to appear at photon energies approximately 3.5 eV
higher than for BNO. For the latter, we observe distinctive
peaks at 191.6 eV (π1*), 192.0 eV (π2*), 192.6 eV (π3*), and
193.2 eV (π4*), which can be mapped onto the features in the
B-projected pDOS for BNO between 0.8 and 4.5 eV (Figure
S8). π1* is associated with the π* transitions in the BN3 state
in BNO and m-BNO, confirming the formation of a BN
material (Figure 4b).35,36 This is supported by the high-
resolution B 1s and N 1s core level XPS spectra for BNO and
m-BNO (see Figures S5 and S6). π2*, corresponds to π*
transitions in the BN2O state, leading to isolated OB3
centers.35,36

The B-K-edge spectrum of m-BNO spectrum shows a new
peak at 193.9 eV (π5*), i.e., 2.6 eV above the lowest energy
peak seen for BNO and in reasonably good agreement with the
shift of 3.5 eV expected from the calculations. Additional
features at higher photon energies are assigned to the pDOS
states of m-BNO above 4.3 eV. Weak signals of π1*, π2*, π3*,
and π4* can also be seen in these spectra, highlighting the fact
that the layer is not pure. The NEXAFS spectra in Figure 4a,b
thus confirm: (i) isolated OB3 centers are the dominant
chemical state of oxygen in BNO, and (ii) O−B−O species are
the dominant state in m-BNO.

The disparity of chemical states in BNO and m-BNO is
reflected in the contrasting magnetic signatures, as measured
by EPR spectroscopy (Figure 4c). BNO exhibits a radical
signal proportional to the specific paramagnetic OB3 content,
while no such signal was detected for m-BNO. This confirms
the diamagnetic nature of O−B−O sites and m-BNO. The
paramagnetic and diamagnetic states of BNO and m-BNO,
respectively, bring about distinctly different optoelectronic
properties, as shown by the absorption spectra in Figure 4d.

BNO, exhibiting the highest paramagnetic OB3 intensity,
displays a deep visible range apparent band gap of 1.78 eV.
However, the increased presence of diamagnetic O−B−O
states and absence of paramagnetic, isolated OB3 centers in m-
BNO leads to a significant blue shift in the apparent band gap
to 4.51 eV. The key conclusion from Figure 4a−d is that a
higher proportion of diamagnetic O−B−O species results in a
significantly larger apparent band gap when compared to the
apparent band gap narrowing achieved with multiple para-
magnetic, isolated OB3 sites. Naturally, this severely restricts
the light-harvesting capability of the material, which in turn can
impair its photochemistry.

■ CONCLUSIONS
To conclude, we have demonstrated through a combined
experimental and first-principles-based computational ap-
proach that paramagnetic isolated OB3 centers in BNO are
chemical states that red-shift light absorption and photo-
chemistry to the deep visible region. This extended π
conjugation in BNO systems with multiple paramagnetic,
isolated OB3 sites seems to result in band gap narrowing.
Employing room temperature X-band EPR spectroscopy and
UV−vis diffuse reflectance (DR) spectroscopy, we presented
an inverse correlation between the magnitude of the
paramagnetic OB3 signatures and the corresponding apparent
band gaps over a set of 27 BNO samples. The DFT simulations
provided additional evidence that paramagnetic, isolated OB3
states appear to be the sole chemical state of oxygen that can
facilitate light harvesting in the deep visible region in BNO. We
developed a first-principles theoretical framework using
molecular orbital (MO) theory and linear combination of
atomic orbitals (LCAO) to gain fundamental insight into the
chemical bonding and location of the radical in the
paramagnetic, isolated OB3 sites. The MO diagrams predicted
that the radical occupies a nonbonding 2p orbital on the boron
atom. This agrees with DFT simulations, illustrating the
electron charge- and spin density to be localized about the
boron atom in a pz orbital in the paramagnetic OB3 sites. Thus,
we conclude that the radical from paramagnetic, isolated OB3
sites occupies a nonbonding boron 2pz orbital. A synthesis
route was developed to produce m-BNO, a control sample,
with the same relative oxygen content as BNO but O−B−O
sites instead of isolated OB3 sites. Using NEXAFS spectros-
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copy, we confirmed the presence of paramagnetic isolated OB3
sites in BNO and the absence of such states in m-BNO, which
only appeared to exhibit diamagnetic O−B−O sites. The
contrasting chemical and magnetic states in BNO and m-BNO
yielded significant red- and blue-shifted light-harvesting
behavior, respectively. The study herein not only provides
valuable insight into the photochemistry of BNO at the
fundamental level but also brings to light the importance of
paramagnetism in tailoring and optimizing the optoelectronic
and photochemical properties of BNO.
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Marshall, A. F.; Aharonovich, I.; Vucǩovic,́ J.; Narang, P.; Heinz, T. F.;
Dionne, J. A. Revealing multiple classes of stable quantum emitters in
hexagonal boron nitride with correlated optical and electron
microscopy. Nat. Mater. 2020, 19, 534−539.

(6) Exarhos, A. L.; Hopper, D. A.; Patel, R. N.; Doherty, M. W.;
Bassett, L. C. Magnetic-field-dependent quantum emission in
hexagonal boron nitride at room temperature. Nat. Commun. 2019,
10, No. 222.

(7) Gottscholl, A.; Kianinia, M.; Soltamov, V.; Orlinskii, S.; Mamin,
G.; Bradac, C.; Kasper, C.; Krambrock, K.; Sperlich, A.; Toth, M.;
et al. Initialization and read-out of intrinsic spin defects in a van der
Waals crystal at room temperature. Nat. Mater. 2020, 19, 540−545.

(8) Pang, J.; Chao, Y.; Chang, H.; Li, H.; Xiong, J.; He, M.; Zhang,
Q.; Li, H.; Zhu, W. Tuning electronic properties of boron nitride
nanoplate via doping carbon for enhanced adsorptive performance. J.
Colloid Interface Sci. 2017, 508, 121−128.

(9) Weng, Q.; Kvashnin, D. G.; Wang, X.; Cretu, O.; Yang, Y.; Zhou,
M.; Zhang, C.; Tang, D.-M.; Sorokin, P. B.; Bando, Y.; Golberg, D.
Tuning of the optical, electronic, and magnetic properties of boron
nitride nanosheets with oxygen doping and functionalization. Adv.
Mater. 2017, 29, No. 1700695.

(10) Huang, C.; Chen, C.; Zhang, M.; Lin, L.; Ye, X.; Lin, S.;
Antonietti, M.; Wang, X. Carbon-doped BN nanosheets for metal-free
photoredox catalysis. Nat. Commun. 2015, 6, No. 7698.

(11) Ci, L.; Song, L.; Jin, C.; Jariwala, D.; Wu, D.; Li, Y.; Srivastava,
A.; Wang, Z. F.; Storr, K.; Balicas, L.; et al. Atomic layers of
hybridized boron nitride and graphene domains. Nat. Mater. 2010, 9,
430.

(12) Liu, L.; Sham, T.-K.; Han, W. Investigation on the electronic
structure of BN nanosheets synthesized via carbon-substitution
reaction: the arrangement of B, N, C and O atoms. Phys. Chem.
Chem. Phys 2013, 15, 6929−6934.

(13) Singh, R. S.; Tay, R. Y.; Chow, W. L.; Tsang, S. H.; Mallick, G.;
Teo, E. H. T. Band gap effects of hexagonal boron nitride using
oxygen plasma. Appl. Phys. Lett. 2014, 104, No. 163101.

(14) Gou, G.; Pan, B.; Shi, L. The Nature of Radiative Transitions in
O-Doped Boron Nitride Nanotubes. J. Am. Chem. Soc. 2009, 131,
4839−4845.

(15) Shankar, R. B.; Mistry, E.; Lubert-Perquel, D.; Nevjestic, I.;
Heutz, S.; Petit, C. A Response Surface Model to Predict and
Experimentally Tune the Chemical, Magnetic and Optoelectronic
Properties of Oxygen-Doped Boron Nitride. ChemPhysChem 2022,
23, No. e202100854.

(16) Bertoluzza, A.; Monti, P.; Battaglia, M. A.; Bonora, S. Infrared
and raman spectra of orthorhombic, monoclinic and cubic metaboric
acid and their relation to the “strength” of the hydrogen bond present.
J. Mol. Struct. 1980, 64, 123−136.

(17) Watanabe, K.; Taniguchi, T.; Kanda, H. Direct-bandgap
properties and evidence for ultraviolet lasing of hexagonal boron
nitride single crystal. Nat. Mater. 2004, 3, 404−409.

(18) Held, G.; Venturini, F.; Grinter, D.; Ferrer, P.; Arrigo, R.;
Deacon, L.; Quevedo Garzon, W.; Roy, K.; Large, A.; Stephens, C.;
et al. Ambient-Pressure Endstation of the Versatile Soft X-ray
(VerSoX) Beamline at Diamond Light Source. J. Synchrotron Radiat.
2020, 27, 1153−1166.

(19) Muscat, J.; Wandar, A.; Harrison, N. M. On the prediction of
band gaps from hybrid functional theory. Chem. Phys. Lett. 2001, 342,
397−401.

(20) Pisani, L.; Montarini, B.; Harrison, N. M. A Defective graphene
phase predicted to be a room temperature ferromagnetic semi-
conductor. New J. Phys. 2008, 10, No. 033002.

(21) Orlando, R.; Dovesi, R.; Roetti, C.; Saunders, V. Ab initio
Hartree-Fock calculations for periodic compounds: application to
semiconductors. J. Phys.: Condens. Matter 1990, 2, 7769.

(22) Gatti, C.; Saunders, V.; Roetti, C. Crystal field effects on the
topological properties of the electron density in molecular crystals: the
case of urea. J. Chem. Phys. 1994, 101, 10686−10696.

(23) Scaranto, J.; Giorgianni, S. A quantum-mechanical study of CO
adsorbed on TiO2: A comparison of the Lewis acidity of the rutile (1
1 0) and the anatase (1 0 1) surfaces. J. Mol. Struc.: THEOCHEM
2008, 858, 72−76.

(24) Dovesi, R.; Ermondi, C.; Ferrero, E.; Pisani, C.; Roetti, C.
Hartree-Fock study of lithium hydride with the use of a polarizable
basis set. Phys. Rev. B 1984, 29, 3591.

(25) Beata, G.; Perego, G.; Civalleri, B. CRYSPLOT: A new tool to
visualize physical and chemical properties of molecules, polymers,
surfaces, and crystalline solids. J. Comput. Chem. 2019, 40, 2329−
2338.

(26) Shankar, R.; Lubert-Perquel, D.; Mistry, E.; Nevjestic,́ I.; Heutz,
S.; Petit, C. Boron-Doped Boron Nitride Photocatalyst for Visible
Light-Driven H2 Evolution and CO2 Photoreduction. ChemRxiv 2020,
DOI: 10.26434/chemrxiv.12333314.v2.

(27) Eaton, G. R.; Eaton, S. S.; Barr, D. P.; Weber, R. T. Quantitative
EPR; Springer Science & Business Media, 2010.

(28) Weng, Q.; Zeng, L.; Chen, Z.; Han, Y.; Kang, J.; Bando, Y.;
Golberg, D. Hydrogen Storage in Carbon and Oxygen Co-Doped
Porous Boron Nitrides. Adv. Funct. Mater. 2020, No. 2007381.

(29) Erba, A.; Baima, J.; Bush, I.; Orlando, R.; Dovesi, R. Large-scale
condensed matter DFT simulations: performance and capabilities of
the CRYSTAL code. J. Chem. Theory Comput. 2017, 13, 5019−5027.

(30) Dovesi, R.; Civalleri, B.; Orlando, R.; Roetti, C.; Saunders, V. R.
Ab initio quantum simulation in solid state chemistry. Rev. Comput.
Chem. 2005, 21, 1.

(31) Dovesi, R.; Erba, A.; Orlando, R.; Zicovich-Wilson, C. M.;
Civalleri, B.; Maschio, L.; Rerat, M.; Casassa, S.; Baima, J.; Salustro,
S.; Kirtman, B. Quantum-mechanical condensed matter simulations
with CRYSTAL. WIREs Comput. Mol. Sci. 2018, 8, No. e1360.

(32) Dovesi, R.; Saunders, V. R.; Roetti, C.; Orlando, R.; Zicovich-
Wilson, C. M.; Pascale, F.; Civalleri, B.; Doll, K.; Harrison, N. M.;
Bush, I. J.; D’Arco, P.; Llunell, M.; Causa,̀ M.; Noël, Y.; Maschio, L.;
Erba, A.; Rerat, M.; Casassa, S. CRYSTAL17 User’s Manual;
University of Torino: Torino, 2017.

(33) Liu, L.; Sham, T.-K.; Han, W.; Zhi, C.; Bando, Y. X-Ray Excited
Optical Luminescence from Hexagonal Boron Nitride Nanotubes:
Electronic Structures and the Role of Oxygen Impurities. ACS Nano
2011, 5, 631−639.

(34) Love, A. M.; Thomas, B.; Specht, S. E.; Hanrahan, M. P.;
Venegas, J. M.; Burt, S. P.; Grant, J. T.; Cendejas, M. C.; McDermott,
W. P.; Rossini, A. J.; Hermans, I. Probing the transformation of boron
nitride catalysts under oxidative dehydrogenation conditions. J. Am.
Chem. Soc 2019, 141, 182−190.

(35) Jiménez, I.; Jankowski, A. F.; Terminello, L. J.; Sutherland, D.
G. J.; Carlisle, J. A.; Doll, G. L.; Tong, W. M.; Shuh, D. K.; Himpsel,
F. J. Core-Level Photoabsorption Study of Defects and Metastable
Bonding Configurations in Boron Nitride. Phys. Rev. B 1997, 55,
12025−12037.

(36) L’Hermitte, A.; Dawson, D. M.; Ferrer, P.; Roy, K.; Held, G.;
Tian, T.; Ashbrook, S. E.; Petit, C. Formation Mechanism and
Porosity Development in Porous Boron Nitride. J. Phys. Chem. C
2021, 125, 27429−27439.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c01646
Chem. Mater. 2023, 35, 1858−1867

1867

https://doi.org/10.1038/s41563-020-0616-9
https://doi.org/10.1038/s41563-020-0616-9
https://doi.org/10.1038/s41563-020-0616-9
https://doi.org/10.1038/s41467-018-08185-8
https://doi.org/10.1038/s41467-018-08185-8
https://doi.org/10.1038/s41563-020-0619-6
https://doi.org/10.1038/s41563-020-0619-6
https://doi.org/10.1016/j.jcis.2017.08.012
https://doi.org/10.1016/j.jcis.2017.08.012
https://doi.org/10.1002/adma.201700695
https://doi.org/10.1002/adma.201700695
https://doi.org/10.1038/ncomms8698
https://doi.org/10.1038/ncomms8698
https://doi.org/10.1038/nmat2711
https://doi.org/10.1038/nmat2711
https://doi.org/10.1039/c3cp50498k
https://doi.org/10.1039/c3cp50498k
https://doi.org/10.1039/c3cp50498k
https://doi.org/10.1063/1.4872318
https://doi.org/10.1063/1.4872318
https://doi.org/10.1021/ja809550u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809550u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.202100854
https://doi.org/10.1002/cphc.202100854
https://doi.org/10.1002/cphc.202100854
https://doi.org/10.1016/0022-2860(80)80122-0
https://doi.org/10.1016/0022-2860(80)80122-0
https://doi.org/10.1016/0022-2860(80)80122-0
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nmat1134
https://doi.org/10.1038/nmat1134
https://doi.org/10.1107/S1600577520009157
https://doi.org/10.1107/S1600577520009157
https://doi.org/10.1016/S0009-2614(01)00616-9
https://doi.org/10.1016/S0009-2614(01)00616-9
https://doi.org/10.1088/1367-2630/10/3/033002
https://doi.org/10.1088/1367-2630/10/3/033002
https://doi.org/10.1088/1367-2630/10/3/033002
https://doi.org/10.1088/0953-8984/2/38/005
https://doi.org/10.1088/0953-8984/2/38/005
https://doi.org/10.1088/0953-8984/2/38/005
https://doi.org/10.1063/1.467882
https://doi.org/10.1063/1.467882
https://doi.org/10.1063/1.467882
https://doi.org/10.1016/j.theochem.2008.02.027
https://doi.org/10.1016/j.theochem.2008.02.027
https://doi.org/10.1016/j.theochem.2008.02.027
https://doi.org/10.1103/PhysRevB.29.3591
https://doi.org/10.1103/PhysRevB.29.3591
https://doi.org/10.1002/jcc.25858
https://doi.org/10.1002/jcc.25858
https://doi.org/10.1002/jcc.25858
https://doi.org/10.26434/chemrxiv.12333314.v2
https://doi.org/10.26434/chemrxiv.12333314.v2
https://doi.org/10.26434/chemrxiv.12333314.v2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202007381
https://doi.org/10.1002/adfm.202007381
https://doi.org/10.1021/acs.jctc.7b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.1360
https://doi.org/10.1002/wcms.1360
https://doi.org/10.1021/nn102881j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn102881j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn102881j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.55.12025
https://doi.org/10.1103/PhysRevB.55.12025
https://doi.org/10.1021/acs.jpcc.1c08565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c08565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

