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Ultra-Flexible Boron-Oxygen 3D Solid-State Networks

Frederik Claeyssens,* Judy N. Hart, Nicholas C. Norman, and Neil L. Allan*

The existence of ultra-flexible low-energy forms of boron oxides (B,0;

and BO) is demonstrated, in particular structures in which B;O; or B,O,
six-membered rings are linked by single B-O-B bridges. The minima in

the energy landscapes are remarkably broad; the variation in the internal
energies is very small over a very large range of volumes. Such volume
changes may even exceed 200%. This remarkable behavior is attributed
predominantly to the pronounced angular flexibility of the B-O-B bridges
linking the rings, which is unusual for a covalent bond. At larger volumes,
the structures are nanoporous; the pores collapse upon compression with
negligible change in energy, making these suitable as guest-host mate-
rials. In marked contrast, in other materials where low density frameworks
have been reported or predicted, such low-density phases are considerably
higher in energy. The flexibility of the structures also offers a resolution

(internal) energy structures include high
pressure for structures with higher den-
sities.?l CaO for example transforms
from the rocksalt to the CsCl structure at
around 60 GPa with a decrease in volume
of =10%. Reduced dimensionality, such
as in various reconstructed and strained
nanostructures and thin films, can also
alter the energy landscapes dramatically
because of the interfacial contributions to
the relative energies. A good example is
a planar graphene (h-BN) form of ZnO,
which we predicted® and was subse-
quently confirmed experimentally.’!
More recently, particular attention
has been drawn to possible nanoporous

of the long-standing controversy reconciling the structure and density of

vitreous 3203.

1. Introduction

Textbooks use most binary oxides as classic examples of
densely-packed systems. A given compound generally adopts
only a small number of structures, which correspond to well-
defined local, narrow minima in the energy landscape. At
given temperature and pressure known stable forms have
similar densities. Detailed examination of these and other
local minima in energy landscapes!™?l have often suggested
possible alternative phases with higher internal energies,
separated by substantial thermodynamic and kinetic barriers
from the lowest-energy forms. Familiar routes to such higher
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polymorphic phases with densities lower
rather than higher than the ambient
form.l°8] Ab initio calculations have sug-
gested that new low-density nanoporous
crystalline phases of MgO and ZnO for
example may be accessible by coalescence of nanocluster
building blocks. Postulated polymorphs have unit cell vol-
umes 20-110% larger than those of known structures under
ambient conditions, and are similar topologically to known
SiO, nanoporous crystals. Nanoporous phases of alkali metal
halides have also been proposed.’! These predicted low-den-
sity phases are all considerably higher in internal energy than
the known structures.

In this paper we demonstrate the existence of ultra-flex-
ible, low-density nanoporous forms of boron oxides. B,O; has
received considerable attention'®'2 and very recently!'? the
possible high number of low-energy polymorphs has been
linked to its ease of vitrification. We begin by noting that a wide
range of B-O-B angles is well-established for borate glasses!*®!
and also theoretically® for H,B-O-BH,. We have confirmed
there are two distinct minima in the energy landscape for this
small molecule—one with D,; symmetry and a B-O-B angle of
180°, the other C,, symmetry and an angle of 125°. The energy
difference between the two is only 3 k] mol™! and the energy
barrier between them only twice this. We have investigated this
unusual behavior further with calculations on the molecules
(B,O,H;)-0-(B,0,H;) and (B;03H,)-0-(B;03H,) (equivalent to
two six-membered rings linked by a B-O-B bridge, a possible
structural feature in B,0; glasses, Figure 1). We then examine
the consequences of this flexibility for solid, low-energy poly-
morphs of B,O; and BO. The results reveal very wide minima
in the energy landscapes for particular forms of both com-
pounds. These correspond to stable nanoporous structures, in
which the pores can easily be collapsed or expanded, a charac-
teristic at least partly related to the flexibility of B-O-B bonds
and not previously recognized.
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H H structures.

We investigated four different
structures A-D with different unit cell sizes
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Figure 1. Energies of the molecules a) (B,O,H3)-O-(B,O,H3

the global minimum.

2. Results

The variation of energy as a function of the B-O-B bridge
angle and the BBBB/OBBO torsion angle in both (B,O,H;)-
0O-(B,O,H;3) and (B303H,)-0O-(B303H,) is very flat, as is clear
from the contour plots in Figure 1. The global minimum
energy corresponds to a bridge angle of 140°, considerably
smaller than that for H,B-O-BH, (180°).1'] For all three mole-
cules it is clear that there is a wide range both of bridging
angles and torsion angles all within a few k] mol™ of the
lowest energy. A simple valence-bond picture can explain this
large variation (Scheme 1). There are four resonance struc-
tures, one with only single bonds and favoring a smaller
B-O-B bond angle and three with O=B double bond(s) and
favoring a larger angle. Note that this bonding model is only
appropriate for molecules containing three-, but not four-,
coordinate boron because boron is restricted to an octet of
valence electrons.

In molecules, Si-O-Si, Si-O-Al, Al-O-Al and Ge-O-Ge linkages
are often also very flexible.'>™7] For example, in Hj Si-O-SiH;
and (HO);Si-O-Si(OH)s3, the variation of energy with the Si-O-Si
angle is shallow and also typically a few k] mol! over the range
130°-180°.1">16 We have carried out calculations on (HO);Si-O-
Si(OH); and (HO),Al-O-Al(OH), at the same level of theory as
used for our boron-containing molecules (see the Supporting
Information) which confirm this flexibility. Implications for the
solid statel'® include a wide range of Si-angles in silicates and
correlations between the angle distribution in zeolite frame-
works and their relative energy.*"]

Thus the remarkable flexibility we have observed in mole-
cules containing B-O-B bridges connecting two six-membered
rings raises the question if and how this flexibility influences

- +
<> R;B

Scheme 1. Possible resonance structures for R,B-O-BR,
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(3, 4, 6 and 8 formula units respectively), all
built from triangular BO; units. An analo-
gous set of structures A-R, B-R, C-R and D-R
were formed by replacing all the boron atoms
with B;O; rings. It is important to note that
the B atom and B;0; rings are interchange-
able three-coordinate structural building
blocks; the overall stoichiometry is preserved,
as shown in the schematic examples in
Figure 2.

Structure A (shown in the Supporting
Information) is the known a-B,0; crystal
structure.?% This structure is related to the
planar sheet in Figure 2c. Structure B is
taken from ref. [12] (where it is referred to as
T2) and is included here to provide a range of
different unit cell sizes. Structures A-R (shown in Supporting
Information) and B-R are formed by replacing every boron
atom in A and B respectively with a B;0; ring.

To construct Structures C-R and D-R, we started from 2D
sheets constructed from structural arrangements similar to
those observed, for example, in B;O5-ring-based networks such
as BgOy(en),@ (H,en)Cl,, B4Og(en) and (Hen),(Hen),B;40,;
(Figure 2 and Figure 3).2122l The 2D sheets contain different
numbers of building blocks surrounding the nanopores, and
this number is the same whether the blocks are single boron
atoms or B;0; rings. The DFT optimized energies of all the 2D
sheets differ at most by only 4 k] mol ™.

The 3D structures (C-R in Figure 3b and D-R in Figure 3d)
were generated from these 2D sheets by breaking one intra-
layer B-O-B bond per unit cell and then forming one inter-
layer B-O-B bond per unit cell. The analogue structures C and
D are formed by the substitution of a boron atom for every
B;0; ring.

We present in Figure 4 energy vs. volume curves for the four
structures without B;O; rings, A, B, C and D (Figure 4a), as
well as their analogues with the rings, A-R, B-R, C-R and D-R
(Figure 4b). The variation of energy with volume for structures
A-R, B-R C-R and D-R is remarkably flat, varying by <2 k] mol™!
over an enormous range of volumes (for D-R, as much as
15-65 A® atom™). This is a variation which to our knowledge
is unprecedented and indicates very broad local minima in the
energy landscape.

For comparison, we turn briefly to boron oxides with dif-
ferent stoichiometries and in particular to a low-energy form
of boron monoxide, a compound which has received recent
attention.?3] Following ref. [18], we examine a structure based
on sheets consisting of six-membered B,O, rings (rather than

Energy /
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Figure 2. Equivalent 2D sheets consisting of a,c) BO; units and b,d) B;O;-rings. The replacement of each boron atom with a B;Os ring preserves the
connectivity and the stoichiometry; (a) generates (b), and (c) generates (d). The sheets in (a,b) contain nanopores surrounded by 4, 6, and 8 building
blocks and were used to construct Structures C and C-R. In the sheets in (c,d) all nanopores are surrounded by 6 building blocks (shown in grey); this
sheet was used to construct Structures D and D-R.

B;03) once again connected by B-O-B bridges (Structure F in  remarkably flat, varying by < 5 kJ mol™! over the volume range
Figure 3 in ref. [18]) to form a 3D-network. Figure 5 shows the ~ 12-30 A atom™, even if not as broad as for the B,0O; structures
energy variation of this structure with volume. Again this is  containing B;0; rings (Figure 4).

(@ @ 3. Discussion

In order to probe the remarkable energy vari-
ation, we have examined the structures of the
ultra-flexible forms at different volumes. Bond
lengths hardly change. For example, for Struc-
ture D-R, at a volume of 12 A3 atom™?, the B-O
bond lengths are between 1.35 and 1.39 A,
while at a volume of 78 A3 atom™ the bond
lengths are between 1.38 and 1.43 A. These

© 2 are similar in Structure C-R. In contrast,
again looking at structure D-R, at the smaller
o volume the B-O-B bridge angles are between
123° and 143°, while at the larger volume
they lie between 165° and 180°—a very large
variation. Again C-R is similar. The intra-ring

[4 A

angles hardly change and are always close to
120°. This suggests that one primary cause of

Figure 3. a) 2D sheet used to generate b) 3D Structure C-R; c) 2D sheet used to generate d) 3D the very broad energy vs. volume curve is the
Structure D-R. Boron atoms are grey and oxygen atoms are black. flexibility of the B-O-B bridging bonds.
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Figure 4. Energy (per mole of atoms) vs. volume curves for a) the four structures without B;Oj3 rings A-D and b) their analogues with B;O; rings, A-R,
B-R, C-R, D-R. All energies are plotted relative to the lowest energy calculated, the minimum for Structure A-R. Structure A is included in both plots for
comparison. The interconnecting lines are fourth order polynomial fits present solely to guide the eye.

Similarly, for BO, at small volume the bond lengths are
almost identical to those at much larger volumes; the changes in
the structure at different volumes are reflected in the bridging
B-O-B angles and accompanying changes in the torsion angles
which govern the relative orientation of neighboring rings.

As the unit cell size increases from A/A-R to D/D-R, the
flexibility of the structure (i.e., the width of the minimum in
the energy vs. volume plot) increases. For example, structures
C/C-R and D/D-R were built from 2D sheets, and the volume
of the primitive unit cell is larger for D/D-R. Both contain two
intersheet connections per cell, so the flexibility appears to be
associated with the density of these interlayer connections.
A/A-R and B/B-R have smaller unit cells and are more inter-
locked structures; they are clearly less flexible than C/C-R and
D/D-R.

The energy—volume curves in Figure 4 show that the B,0,
structures without the B;0; rings (A to D, Figure 4a) are much
denser and topologically more rigid than those with these rings
(A-R to D-R, Figure 4b); the energy minima are much narrower.
Very large B-O-B angles are more readily accessible to struc-
tures with these rings. For example in Structure A, the B-O-B
bond angles at an energy of 10 k] mol™" above the minimum
(on the high-volume side) are between 150° and 166°, while

12

10+

-1

Energy / kJ mol

04 w

5 10 15 20 25 30 35
Volume / A® atom’”
Figure 5. Energy (per mole of atoms) vs. volume for boron monoxide

(Structure F from ref. [18]). The interconnecting line is a fourth order
polynomial fit present solely to guide the eye.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for comparison in A-R the bridging B-O-B angles are all 180°.
For Structure D at the same energy, the B-O-B bond angles
vary from 158° to 180° (with 16 of 24 angles in the unit cell
< 160°), while for D-R the bridging angles lie between 165°
and 180°. Thus the overall flexibility of the structures appears
to be related in part to the flexibility of these B-O-B angles in
structures containing rings. Structures D and A-R have approxi-
mately the same optimized unit cell volume but A-R is much
more flexible (Figure 5), suggesting that the flexibility is not
simply an effect of the unit cell size. A difference in the flex-
ibility of the O-B-O angles in the structures with and without
rings may also play a role; at an energy of 10 kJ mol~! above the
minimum, in Structure D-R, these angles vary between 114.5°
and 123.6°, compared with a range of only 118.6° to 120.7° in
Structure D.

In this context and with reference to Figure 2, it is worth
noting that in structures containing B;0; rings the formation
of the low-density structure requires each boron to participate
in one near-linear B-O-B linkage. The remaining two B-O-B
linkages which form part of the B;05 ring remain bent. In con-
trast when B30j; rings are absent every boron atom participates
in three nearlinear B-O-B links; this arrangement appears to
correspond to a much higher energy penalty for increasing the
B-O-B bond angle. This is consistent with the formal valence
bond picture presented in Scheme 1; the first-row element
boron is restricted to an octet of outer shell electrons. This
suggests that it is the flexibility of B-O-B bonds, as observed
in small molecules, in conjunction with particular structural
features in the solid state that produces these remarkably flat
energy vs. volume curves.

Across different silicates, considerable variations in Si-O-Si
angle are seen, consistent with the flexibility observed in anal-
ogous molecules, but individual solid silicates do not possess
energy vs. volume curves with such wide minima as those pre-
sented here. Silicon is four coordinate rather than three, and
while individual Si-O-Si linkages can be flexible, such as those
connecting corner-sharing tetrahedra, it appears that there is a
significant energy penalty when a single Si is associated with
more than one large bond angle. More work remains to be car-
ried out on the importance of other structural features in deter-
mining flexibility more generally.

Adv. Funct. Mater. 2013, 23, 5887-5892
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Figure 6. The structures adopted by C-R and D-R at representative low
and high volumes (10 and 70 A® atom™, respectively): a) C-R at low
volume; b) D-R at low volume; ¢) C-R at high volume; d) D-R at high
volume. Boron atoms are grey and oxygen atoms are black.

On the high-volume side of the energy minima, the struc-
tures are nanoporous. The overall effect of the volume change
is a collapse of the nanopores at small volume. The structures
adopted by C-R and D-R are shown for representative high and
low volumes (10 and 70 A? atom™ respectively) in Figure 6.
Similar behavior is seen for the BO structure (shown in the
Supporting Information).

It is important to note that all the structures investigated are
low in energy and so thermodynamically accessible. Each struc-
ture with a B;0; ring is very similar in energy to its analogue
without the ring and all of the structures containing such rings
have very similar energies to Structure A, the known o-B,03
crystal structure. Our results also predict the instability of struc-
tures with B;0; rings relative to those without at very low vol-
umes (high pressures).

The inability to find structural models with the experimental
density for vitreous B,0; (1.8 g cm™) and in which most of
the boron atoms are in B3;O; rings has been a long-standing
and controversial aspect of B,0; structure prediction and
analysis.[2242%] The ultra-flexibility of the structures with B;O3
rings provides a resolution to this problem since a small varia-
tion in the B-O-B angles in the bridges in structures with B;0;
rings has a large effect on the volume and thus also on the den-
sity. But the energetic cost of this volume variation is negligible.
Our results also confirm the higher relative stability of struc-
tures with B;O5-rings at larger volumes and thus typical glass
densities. Previous studies relying on empirical force-fields
with harmonic angular B-O-B terms are likely to be inaccurate

Adv. Funct. Mater. 2013, 23, 5887-5892
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because they cannot reproduce the energy variation of the poly-
morphs with B;0; rings which our quantum mechanical calcu-
lations have revealed.

4, Conclusion

Overall we have demonstrated the stability and energetic feasi-
bility of boron oxide structures that are stable over a very wide
volume range. The striking flexibility in B-O-B bond angles,
unusual for covalent bonds and evident in both 3D structures
and small molecular analogues, leads to an unprecedented wide
range of possible densities. The energy variation with volume
of 3D structures in which six-membered B;0; or B,O, rings are
linked by single B-O-B bridges is minimal over a wide range of
volumes; there are very broad minima in the potential energy
surface, with equienergetic configurations differing in volume
by well over a factor of two. All our calculated structures are
low in energy. Low-density frameworks have been reported or
predicted for other materials,®® but in such cases in marked
contrast these low-density phases are considerably higher in
energy then the denser polymorph. As a result of the ability
to modify the B-O-B bridging angle with negligible change in
energy, 3D structures containing these bonds are ultra-flexible.
At their volume maximum, these boron oxide structures are
nanoporous with very low density; the pores can be readily col-
lapsed and expanded. These materials thus offer in principle
a wide range of structural, and thus chemical and electronic,
possibilities, as well as novel guest-host systems. The flexibility
of these structures also offers a resolution of the long-standing
controversy regarding the structure and density of vitreous
B,0;. Successful synthesis of these nanoporous materials may
well require methods which promote formation of low-density
structures such as template-directed techniques. We hope this
study will encourage experimental efforts towards the synthesis
and characterization of these materials with such unusual
energy profiles.

5. Methods

Molecular calculations were carried out with the Jaguar pro-
gram,?l using the hybrid Becke three-parameter exchange
functional,*”] the Lee-Yang-Parr correlation functionall®l
(B3LYP), and the 6-31G#x* basis set. CASSCF calculations were
also carried out on H,B-O-BH, to confirm that a single deter-
minant description is sufficient for this type of molecule and
confirm the MP2 and MP4 results for this molecule.

For the solid-state materials, 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 codel?’! with the Perdew-Wang
exchange correlation functional.?¥ Only valence electrons were
considered, with core electrons replaced by default on-the-fly
pseudopotentials. After consideration of the energy cut-off for
the plane waves (given in Supporting Information), a cut-off of
490 eV was selected. Reciprocal space integration utilized the
Monkhorst-Pack sampling schemel®!] and convergence of the
energy with the number of k-points was checked carefully. For
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fixed cell volume calculations, all cell parameters and atomic
positions were optimized by energy minimization using a
conjugate-gradient algorithm with maximum force tolerance
0.01 eV A1, an energy convergence criterion of 5 x 107 eV, and
a displacement convergence criterion of 1 x 1073 V. There were
no symmetry constraints. Calculated unit cell parameters and
bulk modulus for the experimentally known B,0; structures,
given in the Supporting Information, are in good agreement
with experiment with differences those typically observed in
GGA calculations. Additionally, the structural parameters of and
the energy difference between the A and A-R structures obtained
by PW91/GGA calculations were in good agreement with calcu-
lations using different exchange correlation functionals (PBE)
and calculations at different levels of theory (LDA and B3LYP).
These results are given in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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