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Abstract: Under cold pressure sp'/sp-to-sp® hybridiza-
tion transformation has been exclusively observed in
covalent or molecular crystals overwhelmingly above
~10 GPa, and the approaches to lower the transition
pressure are limited on external heat-treatment and/or
catalyzers. Herein we demonstrate that, by internal-
lattice stress-transfer from ionic to covalent groups, the
transformation can be significantly prompted, as shown
in a crystal of LiBO, under 2.85 GPa for the first case in
ionic crystals. This unprecedentedly low transformation
pressure is ascribed to the enhanced localized stress on
covalent B—O frames transferred from ionic Li—O bonds
in LiBO,, and accordingly the corresponding structural
feature is summarized. This work provides an internal
structural regulation strategy for pressure-reduction of
the s-p orbital hybridization transformation and extends
the sp'/sp*-to-sp® transformation landscape from molec-
ular and covalent compounds to ionic systems. )

Introduction

The pressure-induced transformation from sp'/sp® to sp’
hybridization is an important way to densify the structures of
compounds and achieve intriguing physicochemical proper-
ties, such as superhardness in diamond,™ superconductivity in
solid-state carbon disulfide™ and ultrahigh energy density in

extended carbon monoxide.”! The s-p hybridization always
occurs during the formation of covalent bonds, so previous
studies were mainly focused on interatomic interactions of
purely covalent or molecular compounds with covalent bonds.
Owing to the strong directionality and saturation of covalent
bonds, modifications of their direction and coordination
number for the s-p hybridization transformation must over-
come large energy barriers; at room temperature, the
transition pressures are often very high,'"*** and some of
them are even higher than one hundred GPa.[*! This poses a
serious challenge for current high-pressure experimental
technology. At present, pressures below =30 GPa can be
realized with a mature large-volume-press apparatus, but the
cost increases sharply with increasing pressure. On the other
hand, a pressure above ~30 GPa is typically realized with
diamond anvil cell technology. Due to the small chamber, the
diamond anvil cell can only be used with trace samples, which
restricts low-cost and large-scale preparation of materials
with densified structures. Therefore, it is highly desirable to
lower the pressures required for sp'/sp’-sp’ transformations.
Based on the use of state-of-the-art high-pressure equip-
ment, external controlling approaches, such as applying high
temperatures and/or introducing catalysts, have been devel-
oped to reduce the pressures required for sp'/sp>-to-sp’
transformations. For example, the pressure required for the
sp>to-sp® transformation from graphite to diamond can be
reduced from =15 GPa to =5 GPa by high- treatment at
~1000°C and/or addition of metal catalysts,” and a high-
temperature treatment at ~1500°C realized the transforma-
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tion from sp’-hybridized fullerene to sp>-hybridized amor-
phous carbon with unexpected hardness at ~30 GPa.[’!

Here, we propose another avenue to reduce sp'/sp*to-sp’
transformation pressures, i.e., by introducing ionic bonds into
the coordination structures of compounds. Unlike covalent
bonds, ionic bonds do not exhibit directionality and satura-
tion. We assume that if ionic bonds are connected to sp'/sp*
hybridized covalent groups with certain structural arrange-
ments, their coordination modes could be adjusted under
pressure and the stress transferred onto the nearby covalent
groups to enhance the local stress in the covalent groups and
promote sp'/sp>to-sp’ transformations (see Figure 1). If this
is verified, it would provide an internal-structure regulating
strategy to reduce the transformation pressures of s-p hybrid-
izations.

To demonstrate the above concept, we concentrated on
borate crystals. This is because the boron-oxygen group is
one of the fundamental covalent groups in which both
threefold (sp*-hybridized) and fourfold (sp>-hybridized) coor-
dination patterns (i.e., [BO;] and [BO,], respectively) can
exist at ambient pressure.m In fact, although it has never been
discovered in borate crystals, an sp’-to-sp’ transformation in
borate glass was identified via in situ local structure analysis
under high pressure.’! Since there are thousands of borate
crystals, the covalent B—O groups have many modes with
which to interact with the ionic groups, so it should be
possible to find suitable candidates for our purpose. Herein,
we identify lithium metaborate (LiBO,) as the first ionic
crystal that manifests a sp>to-sp’ transformation during a
pressure-induced phase transition. Synchrotron radiation
high-pressure powder X-ray diffraction (PXRD) experiments
revealed that this transformation occurred at cold temper-
atures and an unprecedentedly low pressure of 2.85 GPa,
which was confirmed by high-pressure Raman and infrared
spectra combined with first-principles simulations. The struc-
tural requirements for reducing the pressures of sp*-to-sp®
transformations in ionic crystals are then proposed. In the
sp>-to-sp® transformation, LiBO, exhibited a large reduction
in unit cell volume of 22 %, and the incompressibility of the
high-pressure (HP-) LiBO, phase was comparable with that
of diamond. The mechanism for the low pressure sp>to-sp’
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Figure 1. Schematic for the concept of stress-transfer engineering in
jonic crystals. Under pressure (represented by the light blue arrows),
benefitting from nondirectionality and unsaturation, the coordination
pattern of ionic bonds could be adjusted to transfer the in-lattice stress
onto nearby covalent groups to promote the sp>-to-sp’ transformation.
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transformation was elucidated, and the optical, dielectric and
Li-migration properties of the high-pressure LiBO, phase are
also predicted.

Results and Discussion

At ambient pressure, LiBO, (low pressure LiBO,, LP-LiBO,)
crystalizes in the monoclinic P2,/c space group, with the cell
parameters a=5.8275(9) A, b=4.3454(5) A, c=6.4661(10) A,
p=114.5563(62)°, and V=148.931(37) A>. As depicted in
Figure 2a, each boron atom in LP-LiBO, is sp*-hybridized
with three oxygen atoms forming a [BOj;] triangle, and the
[BO;] triangles are connected to one another along the b-axis
by sharing oxygen atoms to form infinite one-dimensional
(1D) covalent {-[BOs]-}. chains (Figure 2b). The lithium
atoms are coordinated with four oxygen atoms from
neighboring {—[BO;]-].. chains to form ionic [LiO,] tetrahe-
dra. Furthermore, the covalent {—{BO;]-].. chains and ionic
[LiO,] tetrahedra are alternatively arranged along the a-axis,
and a three-dimensional (3D) framework structure is con-
structed (Figure 2b and c). It should be emphasized that since
there are no atoms located in the interstices between the
{-{BOs]-}.. chains along the c-axis (Figure 2c), distortions of
the ionic Li—-O polyhedra under pressure could make the
{-[BOs]-}.. chains approach each other and produce strong
interactions, which could induce the sp*-to-sp® transformation.

The high-pressure PXRD patterns observed for LiBO,
below 2.85 GPa at room temperature revealed that, except
for peak shifts to high angles, no peaks emerged or
disappeared, indicating that the LP-phase structure was well

Figure 2. Crystal structures of LP- and HP-LiBO,. a) [BO;] and [LiO,]
groups, b) viewed along the c-axis and c) viewed along the b-axis for
LP-LiBO,. The inset displays the as-grown crystal, and the approaches
of B and O atoms accounting for the sp>-to-sp® transformation and the
coupling adjustment of Li—O coordination are indicated by pink arrows.
d) [BO,] and [LiOg] groups. e) viewed along the c-axis and f) viewed
along the b-axis for HP-LiBO,. The Li, B and O atoms are represented
by blue, green and red balls, respectively. The covalent B—O and ionic
Li—O bonds are represented by solid and dashed lines, respectively,
and the unit cells are represented by black parallelepipeds.
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maintained. Starting from 2.85 GPa, new peaks at 7.02° and
16.91° emerged (Figure 3a and Figure Sla). Moreover, the
peaks at 15.75°, 16.42°, 17.49° and 17.81° gradually merged,
and their intensities were enhanced with increasing pressure.
These results demonstrated that a new phase (named high-
pressure LiBO,, HP-LiBO,) was formed, and its proportion
became increasingly prominent as the pressure was increased.
The phase-transition process lasted at pressures up to
8.13 GPa, at which point the compound was entirely con-
verted to HP-LiBO,. Above 8.13 GPa, the XRD patterns,
except for peak-shifting, did not change, suggesting that the
high-pressure phase was well formed. To determine the
structure of HP-LiBO,, the PXRD pattern at the highest
measured pressure (15.0 GPa) was used, since the HP-LiBO,
phase had the highest purity under this condition. Through
an elaborate process, the structure of HP-LiBO, was shown
to have the same space group (P2,/c) and Z (4) value as LP-
LiBO, with the cell parameters a=5.1506(27) A, b=4.3921
(12) A, ¢=4.9155(9) A, p=103.829(67)°, and V=107.975
(71) A%. The atomic positions and bond lengths for HP-LiBO,
at 15.0 GPa are listed in Tables S1, S2.! The phonon
spectrum calculation of the crystal structure of HP-LiBO, at
15 GPa revealed that no imaginary frequency was detected,
suggesting the dynamical stability of the solved structure
(Figure S4). In comparison with the open framework of the
LP phase, the high-pressure structure of LiBO, was changed
to a densified 3D network structure by converting the planar
groups ([BO;]) in the low-pressure structure to tetrahedral
groups ([BO,]) and by altering the ionic Li—O coordination
from four- to sixfold (Figure 2d). By sharing corner oxygen
atoms, the [BO,] moieties were connected with each other to
form two-dimensional (2D) {-{BO,]-}. layers, which are
further adhered by the ionic [LiO4] octahedra to form the 3D
structure (Figure 2e and f). Both the experimental PXRD
patterns at ~0 GPa and 15 GPa were well fitted with the LP-
and HP-LiBO, structures, respectively (see Figure 3b and 3c,
as well as the patterns in Figure S2). From the structural
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Figure 3. High-pressure PXRD data, lattice volume variations of LiBO,.
a) Evolution of PXRD patterns for LiBO,. b) and c) Rietveld refinement
plots for LP- and HP-LiBO, at ~0 GPa and 15 GPa, respectively.

d) Evolution of lattice volume with respect to pressure for LP- and HP-
LiBO,.
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comparison, one may easily determine the structural evolu-
tion involved during conversion of the LP- to HP-phase in
LiBO,: when compressed by pressure, the neighboring {—
[BOs]-}.. chains in the LP-phase structure gradually ap-
proached each other along the c-axis (see Figure 2c), which
eventually led to formation of interchain B—O bonds and
induced the sp>to-sp® transformation with construction of 2D
{-{BO,]-}.. layers in HP-LiBO, (Figure 2f). When pressure
was unloaded, the PXRD pattern reverted to that of the low-
pressure phase, and the cell parameters also reverted to the
initial values, indicating that the sp*to-sp® transformation in
LiBO, is fully reversible (Figure 3d, Figure S1b and S3).

To confirm that the pressure-induced transition was
accompanied by sp>to-sp’ transformation, we carried out
high-pressure infrared (IR) and Raman studies with max-
imum pressures of 14.9 GPa and 12.4 GPa, respectively. To
eliminate external interference as much as possible, no
pressure-transmitting medium was used during data collec-
tion. It is well known that the [BO;] and [BO,] groups in
borates can be identified by peaks located in the wavenumber
ranges 1300-1500 cm™" and 700-1200 cm™" in the Raman and
IR spectra, respectively.'”! The pressure-dependent IR spec-
tra showed that the peak at approximately 1500 cm™' faded,
while that at approximately 1000 cm™ was enhanced, with
increasing pressure (Figure 4a), which verified the conversion
from [BO;] to [BO,] during the LP- to HP-LiBO, transition.
The high-pressure Raman spectra also showed that the peak
at 1470 cm™', which represents the stretching vibrations of
B-O bonds in [BO;] groups, decreased in intensity with
increasing pressure (Figure 4b), and a peak at approximately
1190 cm™ (representing [BO,]) emerged at 2.9 GPa and
increased in intensity up to the maximum pressure applied
(12.4 GPa), confirming the gradual conversion from [BO;] to
[BO,] groups in LiBO,. On the other hand, a new Raman
peak at ~550 cm™ emerged at 1.9 GPa, and its intensity
increased as the pressure was increased (Figure 4b). Since the
characteristic frequencies for the stretching vibrations of
Li—O bonds are approximately 400-600 cm™,""! this clearly
indicated that the Li—O coordination mode was modified
during the phase transition. In addition, when the pressures
were unloaded, both the high-pressure IR and Raman spectra
reverted to those seen at ambient pressure (see Figure 4a and

a b
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Figure 4. High-pressure infrared and Raman spectra of LiBO,. a) Evolu-
ution of IR spectra versus pressure. The small peak at ~0 GPa for
amorphous [BO,] came from the residue produced during solid-state
synthesis. b) Evolution of Raman spectra versus pressure.
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b, as well as Figure S5, which shows the variations in
intensities and frequencies for the IR peaks at ~1500 cm™
and at ~1000 cm™). This observation confirmed that the sp’
to sp’ transformation was perfectly reversible for both B—-O
coordination and B—O bond lengths in the LiBO, crystal.
This differed somewhat from the situation in borate glass, in
which, although the B—O coordination transformation was
reversed, the changes in B—O bond lengths were
irreversible.® We also calculated the IR and Raman spectra
for both LP- and HP-LiBO, phases via a first-principles
method; these were in good agreement with the experimental
data (see Figure S6), verifying the validity of the resolved
crystal structures and the occurrence of the [BO;] to [BO,]
transformation.

Note that the critical pressure of 2.85 GPa for the sp*to-
sp’ transformation in LiBO, was much lower than those for
all known compounds, including graphite (~15 GPa, room
temperature),*? BN (~14 GPa, room temperature),* CO,
(above 40 GPa, 1800K) CS, (40-50GPa, room
temperature),”’ CO (7.1 GPa, room temperature),” and N, (
~110 GPa, above 2000K),* as plotted in Figure S7. To
understand the underlying mechanism for the unprecedent-
edly low sp>to-sp® transformation pressure, we performed
finite element method (FEM) simulations of the structures
for LP- and HP-LiBO,. In the FEM simulations, the crystal
structures were modeled with ball-stick models, in which the
mechanical moduli of the components were characterized by
the linear harmonic oscillator approximation based on the
Raman spectrum (see details in the “Finite Element Analy-
sis” section in Supporting Information). The simulations
revealed that in both LP- and HP-LiBO,, the B—O frame-
work had very small distortions under pressure, and the strain
was mainly localized on the Li—O polyhedra (Figure 5a and
b). In contrast, most of the stress was concentrated on the
B—O framework, while the ionic Li—O bonds almost did not
participate in the stress resistance (Figure 5c and d). This
means that the distorted Li—O polyhedra transferred their
stress onto the nearby covalent B—O framework and
generated very high local stress on the latter, which
effectively reduced the macroscopic pressure required for the
sp>-to-sp’ transformation. Moreover, the first-principles
charge-density distributions (Figure 5¢ and f) show that
prominent electron delocalization occurred around the B—O
groups during the sp’to-sp® transformation, whereas the
charge densities around the Li—O bonds remained almost
unchanged, even though the coordination of Li was signifi-
cantly modified from fourfold to sixfold. Since electron
delocalization under pressure corresponds to a pressure-
induced energy-storage process,'” this suggests that forma-
tion of additional covalent B—O bonds from [BOs] to [BO,]
accounted for the energy stored during the phase transition.
In comparison, owing to their nondirectional character, the
Li—O bonds relatively easily adjusted to release of the
pressure-induced energy. Thus, the energy (in the form of
stress) from the ionic Li—O polyhedra was transferred onto
the B-O groups to prompt the sp’sp’ transformation, and
the energy consumed (and the critical pressure) for the phase
transition in LiBO, was significantly reduced. Indeed, as
shown in Figure 5g, the total energy difference between the
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Figure 5. Mechanism for the sp>sp’ transformation in LiBO,. FEM
simulation results for strain distributions in a) LP- and b) HP-LiBO,
and stress distributions in c) LP- and d) HP-LiBO,. The magnified
distributions of the basic structural units, [BO;] and [LiO,] in LP- and
[BO,] and [LiOg] in HP-models, are displayed in the insets. Electronic
charge density distributions in e) LP- and f) HP-LiBO,. Note that the
charge densities were calculated for the extended lattices with periodic
boundary conditions. To clearly display the charge distributions before
and after the phase transition, only those around one unit, i.e., one
B—O group and Li ions, are plotted. Lithium, boron and oxygen atoms
are represented by blue, green and red balls, respectively. Li—O bonds
are represented by black dashed lines. g) Energy differences between
sp'/sp*-hybridized and sp*-hybridized phases in crystals for which the
structures are known.

HP- and LP-LiBO, structures at the phase transition point
was much smaller than those of all other compounds for
which both sp’ and sp’-hybridized crystal structures are
known (including carbon dioxide,*! graphite!™ and boron
nitridet").

According to the above analysis, one may summarize the
structural features that enable the sp'/sp>to-sp’ hybridization
transformation under pressure in an ionic crystal as follows:
(i) the microscopic structure should be constructed to make
the sp'/sp>-hybridized covalent groups and ionic groups
alternatively arranged in the crystal framework; (ii) the
coordination numbers and bond directions within the ionic
groups should be susceptible to modification under pressure;
and (iii) there should be no atoms located in the interstices
among the covalent units along at least one direction. In this
way, the stress on ionic bonds can be directly transferred to
the nearby covalent units to prompt the sp'/sp’-to-sp’ trans-
formation under a much smaller critical pressure. It should be
emphasized that this model is based on internal-lattice
structure regulation, which is absolutely different from
models based on external condition control.['”

Although it is known that the sp>to-sp® transformation
can give rise to prominent structural densification, the
pressure-induced volume collapse in LiBO, was unexpectedly
large. As shown in Figure 3d, the variations of both PXRD-
refined and theoretically calculated cell parameters for the
LP- to HP-LiBO, phases with respect to pressure clearly
illustrated a large volume collapse (AV) with experimental
and calculated magnitudes of ~22% and ~21 %, respec-
tively, at the phase-transition points (an experimental value
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of 2.85 GPa and a theoretical value of 5 GPa, as displayed in
Figure S8). This collapse magnitude is among the largest
known for pressure-induced phase transitions, including
graphite to diamond (~27 %),! hexagonal h-BN to cubic c-
BN (~21%),*! and molecular nitrogen to singly bonded
cg-N (25%).1 Such large lattice densification was also
observed during formation of another high-pressure LiBO,
phase (y-phase) synthesized under high-temperature and
high-pressure conditions (/23 % densification, which was not
explicitly pointed out by the authors)."™ Our detailed
structural analyses of the experimental structures showed that
the newly formed B—O bonds in the sp*to-sp® transformation
were almost within the (a, ¢) plane, which caused the area of
the (4, c) plane to decrease from 32.69 A? in LP- to 25.10 A2
in HP-LiBO, (by 23 %, Table S3), which was almost of the
same magnitude as the volume collapse (22 %). In compar-
ison, the cell parameter along the b-axis remained almost
constant (only increasing by approximately 1%, Table S3).
Therefore, the substantial pressure-induced structural densifi-
cation in LiBO, is predominantly ascribed to modification of
the coordination environment from [BOj;] to [BO,] due to the
sp>-to-sp’ transformation along the c-axis. Remarkably, the
fitted volume compressibility of HP-LiBO, is 1.92(15)/TPa,
which is comparable with the compressibility magnitudes for
diamond (~2.2/TPa),"® ¢-BN (~2.5/TPa),'! ReB, (~2.7/
TPa),"® BC,N (~3.54/TPa)!"” and osmium (the most incom-
pressible material in nature, ~2.16/TPa).” The ultrastrong
incompressibility of HP-LiBO, is attributed to the densified
lattice structure resulting from the large volume collapse
driven by the sp*-to-sp® transformation.

The structural densification caused by the sp*to-sp’
transformation can also result in the enhancement of optical,
dielectric and Li-migrating properties of LiBO,. The first-
principles electronic band structures (Figure S9) showed that
the band gap energies of LP- and HP-LiBO, are 7.1 eV and
8.3 eV, which corresponds to ultraviolet adsorption edges of
175 nm and 149 nm, respectively, in good agreement with the
UV-vis diffuse reflection measurement of the LP phase (<
200 nm,®! and the value for the HP phase is not available
owing to the limit of the apparatus). Enlargement of the
transparent range for HP-LiBO, is attributed to the energy
gap for the frontier orbitals in the [BO,] groups, which is
larger than that for the [BO,] groups.” Moreover, we predict
that the dielectric permittivity at zero frequency (g,) for HP-
LiBO, is 8.46, an increase of approximately 60 % compared
with that of LP-LiBO, (¢,=5.30, Table S7), which, combined
with the high resistance resulting from the wide band gap,
would favor applications in dielectric devices. Since LiBO,
contains lithium ions, we also theoretically investigated Li
migration in the material. The calculated barrier for migration
of lithium ions in LP-LiBO, was 0.56 eV, consistent with the
available experimental values (0.21-0.23 eV, 030eV and
0.71-0.80 V).l For HP-LiBO,, we predict that the Li-
migration barrier will be reduced to 0.40 eV because B-O sp*
hybridization saturated the electronic charge on oxygen,
which in turn weakened the Li—O interaction (the average
bond valence of the Li—O bond was reduced from 0.24 in LP-
LiBO, to 0.18 in HP-LiBO,) during the transition. As a result,
the lithium-ion conductivity at room temperature would be
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increased by approximately 470 times on going from LP-to
HP-LiBO, because the ion mobility is proportional to e *%7,
where g, K and T are the migration barrier, Boltzmann
constant and temperature, respectively.”!

Conclusion

In summary, by using internal-lattice stress-transfer engineer-
ing of ionic bonds, we discovered LiBO, as the first ionic
crystal that exhibits a pressure-induced sp*-to-sp® transforma-
tion under low pressure. This transformation occurred under
a very low critical pressure of 2.85 GPa and is accompanied
by a large unit cell collapse of 22 %. The unprecedentedly
low transition pressure for LiBO, is ascribed to the localized
stress transferred onto the covalent B-O framework from the
nondirectional ionic Li—O bonds, which was also confirmed
from the viewpoint of energy storage, thus providing a
fundamental understanding of the structural evolution of
ionic crystals under pressure. Accordingly, the structural
features required to enable a low critical pressure for sp'/sp*-
to-sp® transformations in ionic crystals were suggested, i.e., (i)
an alternating arrangement of the sp'/sp>hybridized covalent
groups and ionic groups, (ii) ionic groups apt to modify their
coordination geometry under pressure, and (iii) no atom
located among the covalent groups along at least one
direction. Benefitting from the densified atomic packing
induced by the sp’to-sp’® transformation, HP-LiBO, is
expected to exhibit intriguing physicochemical properties,
including ultrastrong incompressibility, large dielectric per-
mittivity and high lithium-ion conductivity. This work
provides an internal-structure approach for regulating the
critical pressure reductions of s-p orbital hybridization trans-
formations and extends sp'/sp’-sp® hybridization transforma-
tions from molecular and covalent crystals to ionic crystals.
This is believed to have significant implications for new high-
pressure chemistry, which would open up an avenue through
which to explore high-pressure syntheses of new materials.
Interestingly, numerous minerals, especially ionic salt com-
pounds, are condensed into sp’-hybridized fourfold coordi-
nated structures in the crust and upper mantle in the Earth,
where the pressure is well below ten GPa.”*! Elucidation of
the mechanism for sp'/sp>sp’ transformations in ionic
crystals, as presented in this work, may also be beneficial in
understanding the formation of solid matter during geological
and planetary evolution.
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