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Most binary oxides are classic examples of densely packed systems; a given compound generally adopts
only a small number of structures. Here for boron monoxide �BO� in contrast we demonstrate the existence of
many low, equienergetic forms, consistent with the limited experimental NMR data. All are dominated by
six-membered rings connected in various ways; there is considerable variation in B-O-B angles and torsion
angles but not in bond lengths. The volume per formula unit of a less dense nanoporous phase is twice that of
other denser forms.
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I. INTRODUCTION

Numerous bulk polymorphs of binary oxides have been
studied theoretically, concentrating chiefly on prototypical
dense crystal phases with structures adopted also by other
systems.1 Pressure-induced phase transitions, in particular,
provide a well-established route to new denser polymorphs.
Detailed examination of energy landscapes have also yielded
predictions of alternative phases for the bulk1 and for condi-
tions of reduced dimensionality, such as various recon-
structed and strained nanostructures and thin films. One re-
cent example is a planar graphene �or h-BN� form2 of ZnO,
subsequently confirmed experimentally.3 More recently at-
tention has also been drawn to the possibility of nanoporous
polymorphic phases with densities not higher but lower than
the ambient form.4 Ab initio calculations have suggested new
low-density nanoporous crystalline phases of MgO and ZnO
may be accessible through the coalescence of nanocluster
building blocks. Postulated polymorphs have unit-cell vol-
umes 20–110 % larger than the binary oxides under ambient
conditions, and the suggestions are similar topologically to
known SiO2 nanoporous crystals. Nanoporous phases of
alkali-metal halides have also been proposed,5 and breathing
and gate-opening structural transitions in metal-organic
frameworks are known.6

Here we report results of calculations on a binary oxide,
demonstrating the stability and energetic feasibility of new
low-density nanoporous oxide structures containing boron
and oxygen. We chose to search for a boron-related material
since novel boron oxides have received considerable
attention,7 and a wide range of structural possibilities �such
as B-O-B angles� is well established for borate glasses.8 We
investigate possible structures for boron monoxide �BO�x
rather than the trioxide and borate glasses �B2O3�, in view of
the already extensive literature on borate glasses �B2O3� and
in order to investigate the likely effects of lower oxygen
content on cross linking of polyatomic boron-oxygen build-
ing blocks. There is a long history9–14 of reports of a solid
material formulated as boron monoxide, BO or �BO�x,

formed by reduction in B2O3 or dehydration of diboronic
acid, B2�OH�4. B-B bonds15,16 are undoubtedly present but
there remains considerable uncertainty as to its structure. The
solid-state 11B NMR spectrum of BO �Ref. 16� is complex,
but shows a broad shoulder at ca 25 ppm, also observed in
the NMR spectra of trigonal bonded boron compounds con-
taining one B-B bond per boron atom, i.e., BBO2, but not
observed in materials containing trigonal BO3 units.

II. METHODS

We carried out periodic ab initio calculations using plane-
wave density functional theory �DFT� calculations in the
generalized gradient approximation �GGA� as implemented
in the CASTEP code17 with the Perdew-Wang exchange-
correlation functional.18 Only valence electrons were consid-
ered, with core electrons replaced by ultrasoft Vanderbilt
potentials19 and energy cutoff for plane waves of 380 eV.
Reciprocal space integration utilized the Monkhorst-Pack
sampling scheme20 and convergence of the energy with the
number of k points checked carefully. Cell parameters and
atomic positions were relaxed and optimized by energy mini-
mization using a conjugate-gradient algorithm with maxi-
mum force tolerance 0.05 eV Å−1 and maximum stress com-
ponent 0.1 GPa. Optimizations relaxed all degrees of
freedom.

III. RESULTS

We have considered a large number of possible AB binary
structures for solid BO, including all those in Ref. 21 and the
framework structures of Ref. 4. Full details are given in Ref.
27 and here we concentrate only on those lowest in energy
�within a 20 kJ mol−1 range�, with the exception of one pre-
vious suggestion.22 All these lowest energy structures contain
B-B bonds as suggested by NMR.16

We start with a chain form, periodic in one dimension,
based on motif A �Fig. 1�. We also calculated the energy of a
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chain structure B based on four-membered rings B2O2, sug-
gested as a possibility at low temperature,22 analogous to the
Al2O2 units in some AlnOm compounds23 and the N2B2 rings
in some aminoboranes.24 This structure is very high in en-
ergy, by over 85 kJ mol−1 �per mole formula unit�, and so is
not considered further. We then turned our attention to two
possible layer structures �periodic in two dimensions �2D��
containing six-membered rings derived from motifs C and
D, respectively. Structure C contains B3O3 rings linked by
B-B bonds, whereas in D B4O2 rings are connected together
by O atoms.

The optimized structures are shown in Fig. 1 with results
of calculations summarized in Table I. Structures A, C, and
D are comparable in energy while clearly A has a much
higher density. We have investigated two possible stackings
of layers made up of units C and D. In the first, the layers are
stacked directly above each other �AA stacking� while in the
second, the six-membered rings of one layer lie above the
large holes in the adjacent layer formed by the larger B12O6
�C� or B8O4 /B8O8 �D� rings �AB stacking�. While the AA
arrangements are highest in energy, consistent with the unfa-
vorable electrostatic repulsions between adjacent layers
present in this stacking, the differences in energy between
stackings are only a few kilojoule per mole.

Calculated B-B bond distances �1.716 Å, 1.694 Å, and
1.717–1.720 Å in A, C, and D, respectively� are all in the
range encountered for B-B bonds in diborane�4�
compounds.25,26 B-O bond distances for A, C, and D are
1.368 Å, 1.372 Å, and 1.352–1.372 Å, respectively, which

compare well with such bonds in, for example, diborane�4�
diolates. In D, B-O bonds linking the six-membered rings are
shorter �1.352 Å� than those within the B4O2 rings them-
selves �1.372 Å�. Linking oxygen atoms are coplanar with
the B4O2 rings, with an associated B-O-B angle of 150°
while the B-O-B angle within the six-membered ring is much
smaller �120°�. We have already drawn attention to the
B-O-B angles in borate glasses,8 with which these values are
consistent.

We started our search for three-dimensional �3D� network
structures from layer motif D since unlike C, the six-
membered rings are connected by B-O-B bridges. An ex-
treme adaptation of D, still not yet a 3D network, is shown
by another essentially equienergetic local minimum in the
energy landscape, structure E �Fig. 2� in which every layer is
folded such that adjacent six-membered rings are all perpen-
dicular to each other. Whereas in �optimized� D the BOB
angle is 150°, the B-O-B angles are 129° and 141° in E,
respectively, with corresponding BBBB torsion angles 70°
and 55°.

In E the B-O-B linkages only connect rings in the same
2D sheet. We can readily connect six-membered B3O3 rings
in different layers with B-O-B bridges, thus forming our first
3D network. Figures 3�b� and 3�c� show one resulting opti-
mized structure F which we denote colloquially as the
“wine-rack” structure. The local molecular environment in F
of an individual six-membered ring is shown in Fig. 3�a�
which highlights the connections between the different rings.
The blue rings �top right and bottom left� lie above the plane
of the central six ring, while the two red rings �bottom right
and top left� lie below. The B-O-B bridge angle connecting
the rings is 145°. The energy of F is 5 kJ mol−1 lower than
structure D.

Structures A-F include both dense and nanoporous forms,
with a striking variation in density with equilibrium volumes

TABLE I. Calculated energies and unit-cell volumes of possible
BO structures. Energies relative to that of the lowest energy struc-
ture �A�, for which the calculated absolute energy is −518.211 eV
�per formula unit�. Optimized structures are available as in Ref. 27.

Relative energy
�per formula unit�

�kJ/mol�

Volume
�per formula unit�

�Å3�

A 0.0a 21.7

B 85

C AA stacking: 14 AA: 31.7

AB: 11 AB: 28.4

D AA: 15 AA: 29.1

AB: 13 AB: 26.9

E 14 30.9

F 8 53b

G 9 33b

H 9 14.5

aChains packed giving a 3D structure with P2 /m symmetry. Iso-
lated chains have same energy as F. Other packing possibilities at
most 35 kJ mol−1 higher in energy.
bVery small variation in energy with volume around the equilibrium
volume.

FIG. 1. �Color online� Calculated optimized chain and layer
structures for solid boron monoxide �boron green/grey, oxygen red/
dark grey� and their chemical formulas.

CLAEYSSENS et al. PHYSICAL REVIEW B 82, 094119 �2010�

094119-2



�per formula unit� varying from 25 to 55 Å3. Structure F has
the optimized structure shown in Fig. 3�b� corresponding to a
volume of 53 Å3 which compares with 27 Å3 for D. Figure
3�c� is a structure G with the same topological connectivity
as F but at higher densities �33 Å3 / f.u.�. The orientations of
Figs. 3�b� and 3�c� are identical. G and F have very similar
B-O bond lengths �1.35 Å for the B-O bonds connecting the
rings and 1.37 Å for the B-O within the ring� even though
the unit-cell volumes are markedly dissimilar; the change in
volume is reflected in the inter-ring B-O-B angles and the
torsion angles which determine the relative orientations of
these rings.

On compression of structure A we obtained a third 3D
structure H, equivalent in energy to F �within 1 kJ/mol� and
similar in structure to �-InS. This is the densest of all calcu-
lated low-energy structures with a volume per formula unit
of 14.5 Å3. In this low-volume structure,27 illustrated in Fig.
4, there is a key change in coordination number—the boron
atoms are fourfold coordinate, forming one bond to boron
and three to oxygen while the oxygen atoms are

three-coordinate to B.27 Similar changes in coordination
numbers of boron and oxygen have recently been observed
in B2O3 glasses at high pressure �4–20 GPa�.28

Finally we estimate the relative thermodynamic stability
of boron monoxide with respect to other boron oxides. Cal-
culated heats of formation of B6O, BO, and B2O3 are
−520 kJ mol−1, −365 kJ mol−1, and −1210 kJ mol−1, re-
spectively. Disproportionation of BO to B and B2O3 is
slightly exothermic ��45 kJ mol−1�. This of course ignores
the entropic contribution to the Gibbs energy of formation,
and the likely accuracies of the DFT calculated energies are
such that the formation of boron monoxide cannot therefore
be ruled out on thermodynamic grounds. Slow kinetics asso-
ciated with first-row elements may also help.

IV. CONCLUSIONS

In summary, we find many structures low in energy for
boron monoxide, dominated by six-membered rings con-
nected in various ways. There is a striking flexibility which
leads to an unprecedented wide range of possible densities,29

as shown by the very similar energies of F and G. Overall
we have demonstrated the stability and energetic feasibility
of low-density nanoporous oxide structures containing B
and O. The ability to modify the B-O-B angle offers in prin-
ciple a wide range of structural, and thus chemical and elec-
tronic possibilities. Experimental data are limited but it is
encouraging that our calculated low-energy structures are
consistent with the bonding pattern suggested by the NMR.
Encouraged by reports of synthesis of a compound with sto-
ichiometry BO, we hope this study will encourage experi-
mental efforts toward the synthesis and characterization of
such materials.
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FIG. 2. �Color online� Layered structure �local minimum� E.
The BOB angles are 129° and 141°, and associated BBBB torsions
70° and 55°, respectively.

FIG. 3. �Color online� �a� Relative positions of six-membered
rings in structure F �b� 3D structure �V=53 Å3� viewed along the b
axis. BOB bond angles are 131° and 136°, with associated BBBB
torsion angles 120° and 63°, respectively. �c� Higher density 3D
structure G �V=33 Å3� �with the same connectivity as F� viewed
along the b axis, respectively. BOB bond angles are 143° and 146°,
with associated BBBB torsion angles 103° and −117°, respectively.
Note �b� and �c� are viewed along the same direction.

FIG. 4. �Color online� The structural transformation from struc-
ture A �assuming stacking of chains with P2 /m symmetry� to a
high-pressure form structure H containing four-coordinate boron.
The thermodynamic transition pressure for A→H is �10 GPa. �a�
Energy �per formula unit� vs volume for A and H. All energies
relative to that of the lowest energy structure �a� at zero pressure.
�b� High-pressure �-InS form H �c� Structure A.
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