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ABSTRACT: Crystal structures of three new lithium copper borates,
Li;CuB;0;, LigCu,B,,05,, and Li,CugB;,0,5 and a new LisCuB,O,,
polymorph were solved by single-crystal X-ray diffraction. In all of the 6
structures, the boron cations form BOj; triangles, which are connected with
each other and with copper polyhedra only via corners in Li;CuB,O,, and
Li;CuB;O, and via both corners and edges in LigCu;B;,O3, and
Li,CugB,0,5. The Li;CuB3;O,; and LigCu,B,,0;, compounds were
synthesized as pure samples with only trace amounts of impurities; hence,
their magnetic properties could be investigated and analyzed in terms of
underlying magnetic couplings. Other compositions always represented
multiphase mixtures. Li;CuB;0, features infinite Cu,0O chains formed by 0

x (107 emu/mol)
-

200 300

Cu, Oy units consisting of edge-shared CuO, squares. Together with two Temperatare ()

apical oxygen atoms with long interatomic Cu—O distances of 2.7—2.8 A,

the Cu,Og units form chains extended along the a axis. These pseudochains are responsible for strong anisotropic thermal
expansion behavior. The temperature dependence of the magnetization between 4 and 380 K for Li;CuB;0, could be fit well by
a spin-dimer model. The magnetic susceptibility of LizCu,B;,03, showed a more complex temperature dependence, with two
different Curie—Weiss regimes in the temperature range of 2—380 K.

B INTRODUCTION

Copper-containing borates have attracted interest as inorganic
compounds with intricate crystal structures and diverse physical
properties.' > The Jahn—Teller distortion of Cu?* (d’
electronic configuration) often leads to a low-dimensional
character of the crystal structure and to a strong anisotropy of
physical properties. Recently, copper borates have been
investi§ated as (i) gotential optical materials (both crystalline
phases and glasses”), (ii) magnetic materials with unusual low-
temperature behavior,>* (iii) photocatalysts,® and (iv) electrode
materials for lithium-ion batteries.®”

The strong Jahn—Teller effect of Cu®* distinguishes copper
borates from other borates with divalent transition metals. For
example, Co;(BO;), and Niy(BO;), form three-dimensional
networks containing separate BO; triangles and practically
undistorted MOg octahedra,® while Cuy(BO;), features a
layered structure with separate CuO, polyhedra that share
corners with each other or with BO; groups.” In most known
copper-containing borates, boron cations form planar BO;
triangles, although some structures exhibit both BO; triangles
and BO, tetrahedra, as in another Cuy(BO;), polymorph with a
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pseudolayered monoclinic structure'® or in MCuB,O,,-nH,0
(M = Na, K) with a framework formed by octahedral CuOq,
tetrahedral BO,, and triangular BO; units."' The crystal
structure of CuB,0, contains only corner-sharing BO,
tetrahedra."> High-pressure conditions seem to stabilize BO,
tetrahedra and eliminate structural differences between double
transition metal borates: the high-pressure modification of
CuB,O; contains only BO, tetrahedra. It is isostructural with
MB,O, (M = Ni, Mn, Zn)."

Since quite different structure types were found for double
copper borates and for borates of other transition metals under
normal conditions, a similar situation could be expected for
ternary borates, such as lithium copper borates, which may be
suitable materials for intercalation of lithium cations. However,
despite numerous investigations of LiM(II)BO; phases (M =
Fe, Co, Mn), information about compounds in the Li—Cu—B—
O system is very scarce.”'™"> Three compounds with the
supposed Li,CuB,0Og, Li,Cu,B,04 and Li,CuB,O; stoichiom-
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Table 1. Details of Single-Crystal X-ray Data Collection and Structure Refinement of Lithium Copper Borates

Crystal Data

chemical formula Li;CuB;0;,
formula weight 228.80
crystal system triclinic
space group PT

a (A) 3313(2)

b (A) 8.756(5)

c (A) 9.485(6)
a (deg) 84.59(5)
B (deg) 88.70(5)

7 (deg) 85.06(5S)
cell volume (A%) 272.9(3)
V4 2

D (g/cm®) 2.785
radiation type

T (K) 296(2)
crystal form, color prism, blue

crystal size (mm?®) 0.10 X 0.09 X 0.04

Li,CugB,0,4 LigCu,B,03, LisCuB,O,
1163.46 1163.64 308.42
triclinic orthorhombic triclinic
PT Pca2, PT
3.2984(8) 25.447(10) 3.2882(12)
9.857(3) 3.3185(13) 6.645(3)
16.152(4) 14.200(6) 9.196(3)
94.333(5) 78.865(13)
95.383(5) 89.757(14)
96.494(5) 86.556(13)
517.5(2) 1199.1(8) 196.79(13)
1 2 1
3.733 3223 2.603

Mo Ka, 1 = 0.71073 A
296(2) 296(2) 296(2)

prism, turquoise
0.34 X 0.20 X 0.20

prism, light blue
0.06 x 0.03 X 0.03

prism, light blue
0.10 X 0.06 x 0.04

Data Collection

diffractometer
with sapphire CCD detector

data collection method

absorption coefficient 3.983
(mm™)
F(000) 218
6 range for data 2.16—28.75
collection (deg)
h, k, I ranges —-4<h<4
—-11<k<10
-12<1<L12

reflns collected/unique 4549/1342 [0.0261]

(Rine]

int.

completeness 99.9
to @ = 25.00°

refinement method

data/restraints/ 1342/0/127
parameters

goodness of fit on F* 1.043

Ry, wR, [I > 26(1)] 0.0264, 0.0420
Flack parameter -
R,, wR, (all data) 0.0404, 0.0442

largest diff. peak/hole 0.425/-0.429
(e/a)

Oxford Diffraction Xcalibur single-crystal X-ray diffractometer

Bruker Kappa Apex II single-crystal X-ray diffractometer with CCD
detector

rotation method with data acquisition using @ and ¢ scan(s)

9.201 6.240 2.818

551 1106 147

1.27-27.48 1.6—26.36 226-27.65
—4<h<4 —29<h<3l1 —-4<h<3
—10<k<12 —4<k<2 —7<k<8
-17<1<20 -17 <1< 14 —-6<1<12
3514/2343 [0.0133]  7022/2298 [0.0505]  1383/875 [0.0184]

98.9 99.5 96.9

full-matrix least-squares on F*

2343/0/226 2298/1/245 875/0/97
1.061 1.063 1.148

0.0408, 0.1143 0.0362, 0.0741 0.0234, 0.0570
- 0.45(3) -

0.0471, 0.1178 0.0476, 0.0776 0.0251, 0.0578
1.500/—-1.479 0.685/—1.001 0.367/—0.348

etry were found during investigations of this ternary phase
diagram at about 1273 K in air,"* but neither crystal structures
nor cell parameters were reported. On the basis of IR
measurements, the presence of BOj triangles in Li,CuB,Oq
and Li,CuB,O; and both BO; triangles and BO, tetrahedra in
Li,Cu,B,04 has been conjectured.14 Another lithium copper
borate, LisCuB,O, is obtained at significantly lower temper-
atures and exhibits isolated [CuB,0,,]®" units. It is a nonlinear
optical material' and presumably undergoes temperature-
induced phase transitions."®

In the present work, the three new compounds Li;CuB;0,,
Li,CuyB;,0,4, and LigCu,B,,03, as well as a new polymorph of
LisCuB,O,, were identified by single-crystal X-ray diffraction
after annealing of several compositions from the Li,O—CuO—
B,0j; system at 1273 K in air. The unusual magnetic properties
of Li;CuB;0, and LigCu,B,0;, together with the strongly
anisotropic thermal expansion of Li;CuB;0- could be explained
through the pronounced low-dimensional character of the
crystal structures. This low dimensionality is related to the
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Jahn—Teller distortion of copper—oxygen polyhedra, similar to
that in double copper borates.

B EXPERIMENTAL SECTION

Syntheses. Polycrystalline Li;CuB;0, and LigCu,B,,0;, powders
were synthesized from stoichiometric amounts of Li,CO; (Alfa Aesar,
99.9%), CuB,0,, and H;BO; (Alfa Aesar, 99.99%) in air in platinum
crucibles at 1273 K during slow cooling (10—15 K/h) of the melt.
CuB,0, was obtained from a mixture of CuO (Alfa Aesar, 99.95%)
and H3;BO;, taken in stoichiometric amounts, in air at 1273 K after
annealing for 70 h with intermediate grinding. Single crystals of
Li;CuB;0, were recovered after melting the samples with the
compositions “Li,CuB,0;” and “Li,CuB,Og” at 1373 K in air over
50 h and furnace-cooling them to room temperature. Single crystals of
Li,CugB},0,5 LigCu;B,03,, and a new polymorph of LisCuB,O,,
were obtained by melting the sample with the “Li,Cu,B,04”
stoichiometry at 1298 K over 50 h in air and furnace-cooling it to
room temperature. All of these samples were solidified melts and
contained multiple phases. The compositions Li,CuB,Og and
Li,Cu,B,04 were proposed in the work'* as individual compounds.

Phase Analysis. Phase analysis and determination of the cell
parameters of Li;CuB;0; and LigCu,B ,O3, at room temperature and
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Figure 1. (a) Crystal structure of Li;CuB;0; in the bc plane and (b) Cu,Og units in the ab plane (b). In (a), blue spheres represent Li atoms and

gray polyhedra represent Cu,Oy units.

high-temperature structure investigations of Li;CuB;0; at up to 1000
K were carried out using powder X-ray diffraction (PXRD) with a
STOE STADI P diffractometer (Mo Ka, radiation, A = 0.7093 A) in
transmission mode. According to the PXRD results, the Li;CuB;0,
samples contained 95% (w/w) desired compound and about 5% (w/
w) LiBO, as a second phase, whereas 5% CuO was present in the
LigCu;B,,03, samples together with 95% main phase.

Crystal Structures. The crystal structure of Li;CuB;0, was solved
at 295 K by single-crystal X-ray diffraction using the Xcalibur system
from Oxford Diffraction. The software package SHELXTL'® as
included in X-STEP32'7 was used for structure solution and
refinement. A combined empirical absorption correction with frame
scaling was applied using the SCALE3 ABSPACK command in
CrysAlis Red."®

Single-crystal X-ray diffraction data for Li,CugB,,0,4, LigCu;B,03,,
and a new polymorph of Li;CuB,O,, were collected using graphite-
monochromatized Mo Ka radiation (4 = 0.71073 A) at 296 K on a
Bruker Kappa Apex II CCD diffractometer equipped with a 4 K CCD
area detector. The ¢-scan technique was employed to measure
intensities. Absorption corrections were applied using the SADABS
program.'® The crystal structures were solved by direct methods and
refined by full-matrix least-squares techniques with the use of the
SHELXTL package.'® All of the atomic thermal displacement
parameters were refined anisotropically.

Magnetization Measurements. The magnetizations of
Li;CuB;0; and LigCu,B,03, were measured with a superconducting
quantum interference device (SQUID) from Quantum Design.
Measurements were done in the field-cooled and zero-field-cooled
modes over the temperature range from 1.8 to 380 K with external
magnetic field strengths of 0.5—5 T.

Electronic Structure Calculations. The electronic structure of
Li;CuB;0, was calculated within the framework of density functional
theory (DFT) using the FPLO code’® and the local density
approximation (LDA) exchange—correlation potential.>' Magnetic
couplings were obtained by mapping the LDA band structure onto a
tight-binding model and, subsequently, onto a Hubbard model or from
energy differences between the ferromagnetic and antiferromagnetic
spin configurations calculated within the LSDA+U approach, where U

= 6 eV*? implies the mean-field correction for correlation effects in the
Cu 3d shell, and additionally, an on-site Hund’s exchange of ] = 1 eV
was introduced into the self-consistent procedure. A comprehensive
description of the computational method can be found in refs 22—24.

B RESULTS AND DISCUSSION

1. Crystal Structures. To explore the Li,O—CuO—B,0;
system, we repeated the syntheses of Li,CuB,Oz and
Li,Cu,B,0¢ as reported in ref 14 and additionally prepared
samples with the “Li,CuB,Os” stoichiometry, which is similar
to LizMgBZOS'.25 Different blue and green crystals together with
black crystals of CuO and white crystals of several lithium
boron oxides were found. Four new lithium—copper borates
were identified (Table 1). Atomic coordinates and equivalent
isotropic displacement parameters (Ueq) for the lithium copper
borates are presented in Tables A—D in the Supporting
Information. U, was defined as one-third of the trace of the
orthogonalized U’ tensor. In all of the compounds, boron
adopts a triangular oxygen coordination. Copper atoms are
surrounded by distorted octahedra, pyramids, and squares of
oxygen atoms. Mixed Li/Cu occupancy was observed in
LigCu;B403,.

1.1. Li3CuB;0;. Annealing of the “Li,CuB,0;” samples at
1273 K for 50 h led to a mixture of LiB02,26 CuO, and an
unknown phase. Single-crystal studies of the light-blue crystals
revealed their triclinic symmetry and Li;CuB;0, stoichiometry
(see Table 1 in the text and the tables in the Supporting
Information). The same composition, Li;MB,0,, was described
during a phase search in the Li,O—ZnO—-B,0; system. The
zinc-containing compound probably crystallizes in an ortho-
rhombic s;rmmetry, but detailed structural information was not
reported.”

The structure of Li;CuB;O, contains nearly planar, isolated
binuclear anions [Cu,(B;0,),]%" (Figure 1), allowing a
chemical formula of LizCu,B40;4 or Lis[Cu,(B;0,),] to be
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Inorganic Chemistry

introduced. The triborate anion consists of three corner-sharing
BO; triangles with the triangular planes slightly twisted by 9.2
and 9.8°. The maximum deviations from the mean plane of the
triborate anion are seen for the terminal oxygen atoms O(4)
and O(7), which are offset by 0.133 and 0.123 A, respectively,
compared with the mean deviation of 0.073 A. Two triborate
anions share six O atoms with Cu atoms to form the binuclear
complex anions [Cu,(B;0,),]*".

In order to define unambiguously the coordination polyhedra
for the copper ions, bond-valence sum calculations with the
bond-valence parameters Ry = 1.679 A and B = 0.370 A>*~*°
were performed assuming a copper oxidation state of +2 and an
oxygen oxidation state of —2. For the Li;CuB;O, compound,
the bond-valence sum calculations revealed CuO, squares as
the coordination polyhedra, with Cu—O distances of about 1.92
A. Together with two apical oxygen atoms with Cu—O
interatomic distances of 2.665(3) and 2.783(3) A, the Cu,Oq4
units form chains running along the a axis (Figure 1b).

Three independent Li sites are present in the structure. Li*
ions form distorted tetrahedra and trigonal pyramids with Li—
O distances in the range of 1.935—2.19 A. The average B—O
interatomic distances of 1.36—1.38 A in the triangles are in
good agreement with the B—O distances in BO; units in both
hydrogen-free copper borate polymorphs of Cu;B,04”' Our
single-crystal diffraction data do not give any indications of
hydrogen atoms in the structure.

The temperature evolution of the crystal structure was
studied by PXRD on a powder sample prepared by high-
temperature annealing at 1273 K. The diffraction pattern of
Li;CuB;0O, at room temperature is presented in Figure 2.
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Figure 2. Observed and fitted PXRD profiless (Mo Ka,) for
Li;CuB;0, together with the corresponding difference curve. The
fitted profiles belong to the phases Li;CuB;0, and LiBO,® (from top
to bottom).

Thermal expansion of Li;CuB;0- is highly anisotropic with a
large expansion along the a axis (Figure 3) that corresponds to
the increase in the largest Cu—O distance in the distorted
CuOyg octahedra.

1.2. Li,CugB;,0,5. The crystal structure of Li,CugB;,O0,4
consists of chains formed by CuO, polyhedra (Figure 4).
The copper polyhedra within the chains are connected with
each other via corners and edges (see Figure 4b). Two different
borate groups, the diborate anion [B,05]*” and tetraborate
anion [B,0,]*", are present in the structure. The B,O, groups
have an open-chain structure with a small deviation from the
planar configuration and radial winging (Figure 4). There are
six independent positions of Cu atoms. The bond-valence sum

R
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1.03 J{dp,u
o
1.02 ‘}/’;ﬂj
e )
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Figure 3. Relative changes in the lattice parameters a, b, and ¢ of
Li;CuB;0;, (normalized to their values at 303 K) vs temperature. The
compound melts at about 1000 K.

Figure 4. (a) Crystal structure of Li,CuyB;,0,4 along the a axis and
(b) the linkage of copper polyhedra in the chains. According to the
bond-valence sum calculations, CuOg octahedra, CuO; square
pyramids, and CuO, squares can be distinguished in the structure.
Blue spheres represent lithium ions.

calculations for copper(Il) ions led to the conclusion that the
coordination polyhedra of copper are squares, square pyramids
with four short and one long Cu—O distances (4 + 1), and
distorted octahedra with four short and two long distances (4 +
2). The lithium atoms occupy large cavities positioned along
the a axis. The only independent Li atom has a deformed
polyhedron, with four short Li—O bonds between 1.94 and
2.18 A and a longer bond of 2.38 A. The average B—O
distances of 1.36—1.38 A are similar to the values seen in the
Cu;B,0q structures.

dx.doi.org/10.1021/ic4015724 | Inorg. Chem. 2013, 52, 13974—13983
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Figure S. Crystal structure of LisCuB,O,, viewed from different directions.

It should be noted that two of the six copper sites, Cu(S) and
Cu(6), are only partially occupied. These sites could be either
fully occupied by Li and Cu simultaneously or partially
occupied by copper atoms only. However, full occupancy of
the Cu(S) and Cu(6) sites with both 0.5Li and 0.5Cu, giving
the composition Li,CugB;,0,, resulted in unreasonably large
residuals, R; = 0.0832 for 2081 reflections with I > 26(I), in
comparison with R, = 0.0408 after the refinement with partial
copper occupancy of these sites. Therefore, the partial
occupancy of Cu should be inferred.

It should also be noted that we found elongated thermal
ellipsoids for all of the oxygen atoms in the Li,CugB;,0y

structure. The ellipsoids are elongated along the direction
perpendicular to the structural layers. The origin of this effect is
presently unclear. For example, partial occupation of the Cu(5)
and Cu(6) sites might lead to a local order that is not visible in
conventional single-crystal experiments.

1.3. LigCuB,O;p. A new polymorph of LizCuB,O,, was
identified after the synthesis of the sample with the
“Li,CuB,0y¢” stoichiometry. The structure of this polymorph
contains discrete centrosymmetric [Cu(BZOS)z]é_ anions
separated by lithium ions (Figure S). The copper atom is
located at the inversion center and is surrounded by a nearly
planar square of oxygen atoms with bond lengths of 1.937(2)

dx.doi.org/10.1021/ic4015724 | Inorg. Chem. 2013, 52, 13974—13983
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Figure 6. Crystal structures of previously known LisCuB,O, polymorphs. The left panel shows the polymorph with the small non-centrosymmetric
unit cell." The right panel shows the polymorph with the 3-fold unit cell.'> Blue spheres represent Li atoms, and gray polyhedra represent CuO,

squares.
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Figure 7. (a) Crystal structure of LizgCu,B 4,04, in the (left) ac plane and (right) ab plane without Li* ions. Gray polyhedra are occupied only by
copper ions, whereas the brown ones are occupied by both copper and lithium ions (50%/50%). Blue spheres represent lithium ions. (b) Structural
fragment of LizCu,B,,03, without Li" ions, showing a change in the orientation of layered segments from BOj triangles to CuO, squares along the a

axis.

and 1.942 (2) A. Each CuO, polyhedron is enclosed by two
B,Oj; units, each formed by two corner-sharing BO; triang]es.
The O—Cu—O angle adjacent to these B,Os units is slightly
larger than the outer O—Cu—O angle, causing the CuO,
squares to be squeezed. Two long Cu—O contacts of
2.726(17) A are found in the axial positions perpendicular to
the CuO, squares. The planar [Cu(B,0;),]° anions are
parallel to each other. The shortest contact between the copper
atoms is about 3.29 A and corresponds to the lattice translation

13979

along a. The average B—O distances in the BO; units are 1.36—
1.37 A. The lithium atoms have tetrahedral or trigonal-
bipyramidal coordination environments with bond lengths
ranging between 1.872(4) A and 2.368(5) A.

Two other polymorphs of LigCuB,O,, have been
reported.”'® In general, all three polymorphs represent very
similar structure designs with same coordination polyhedra of
copper and boron (see Figure 6). Small shifts of oxygen atoms
either eliminate the inversion center and reduce the lattice

dx.doi.org/10.1021/ic4015724 | Inorg. Chem. 2013, 52, 13974—13983
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symmetry to P1' or trigger the formation of an isosymmetric
superstructure with the 3-fold unit cell volume."> Three
structural phase transitions, two reversible and one presumably
irreversible, were detected for Liz;CuB,O;, with the 3-fold unit
cell volume from room temperature up to the melting point at
1123 K, using differential scanning calorimetry and high-
temperature PXRD.'> More detailed information about these
high-temperature polymorphs is missing, however.

1.4. LigCu,B,,03,. On the basis of the similar ionic radii®' of
Cu** (0.57 A for CuO, tetrahedra and 0.73 A for CuOq
octahedra) and Li* (0.59 A for LiO, tetrahedra and 0.76 A
for LiO4 octahedra), the simultaneous presence of Li and Cu
atoms on the same crystallographic site could be generally
expected. Indeed, this mixed occupancy was observed in the
new compound LigCu;B,O3,.

In contrast to other the Cu®" borates reported here,
LigCu,B,0;, is orthorhombic. Reflection conditions indicated
the presence of two glide planes, resulting in the space group
Pbcm or its non-centrosymmetric subgroup Pca2,. The
refinement in Pbcm was ultimately unsuccessful, and even a
satisfactory model could not be found with direct methods. In
contrast, we were able to obtain a plausible structure solution in
Pca2,. The subsequent refinement of the Flack parameter
resulted in the value of 0.45, indicating the racemic nature of
our crystals. The structure of LizCu,B,,0;, is non-centrosym-
metric, as verified by the search for missing symmetry elements
with the Platon software.**

The structure consists of nearly planar copper borate
fragments that are connected to each other to form a three-
dimensional framework (Figure 7). The copper atoms have
square oxygen coordination with an average Cu—O distance of
1.96(4) A. The (Cu,Li)O, polyhedron is intermediate between
a tetrahedron and a square. This polyhedron is attached to the
dimer formed by two CuO, squares (Figure 7b). Uncon-
strained refinement of the occupancy numbers for the mixed
Cu/Li site led to a value of '/, for each cation type. Although
the refined occupancy number for Li(1) revealed a slight Li
deficiency, the occupancy of this site was fixed to '/, according
to the charge balance. There are two types of borate anions,
namely, diborates and pentaborates. The BOj; triangles (with
average B—O distances of 1.36—1.37 A) in the open-chain
pentaborate switch the direction in the middle of the anion,
with the biggest angle value of 25.7° between the planes of BO;
triangles (the rest of the angles are in the range of 1.7—12.2°).
The lithium atoms form tetrahedra and distorted tetragonal
pyramids with an average Li—O distance of 2.0(1) A.

1.5. Implications for Lithium Transport and Intercalation.
Mixed lithium copper borates with copper(II) could have an
enhanced lithium conductivity and be used as intercalation
materials for Li batteries. While electrochemical tests remain
challenging and require suitable processing of these insulating
compounds, a simple crystallographic assessment is a natural
first step in choosing systems that support the transport of Li*
ions and/or the intercalation of additional Li atoms. To this
end, we analyzed the polyhedra of lithium and their
connectivity.

The crystal structure of Li;CuB;O, exhibits channels along
the a axis formed by BO; triangles and LiOg polyhedra (see
Figure 8). These channels exhibit large voids that might be
suitable for an insertion of 0.5 Li per formula unit on the 1a (0,
0, 0) site with full occupancy. The presence of empty channels
with vacant positions suitable for Li atoms should trigger ionic
transport in Li;CuB;0,. This mechanism of diffusion resembles

Figure 8. Structure fragments along the a axis in Li;CuB;0,. Green
spheres represent B atoms, blue spheres represent lithium atoms in
pristine structures, and orange spheres show most likely lithium
positions in the case of possible Li insertion. For the Li;CuB;0,
structure these correspond to the la sites. Gray polyhedra represent
CuQ, squares.

that in simple lithium borates such as Li,B,O,, where a direct
jump of Li along the [001] direction is not possible and thus a
vacancy mechanism is operative.”> Unfortunately, our XRD
data are by far insufficient to verify a similar mechanism in
Li;CuB;0; via a refinement of Li positions at high temper-
atures. Neutron diffraction experiments would be necessary for
this purpose.

In Li,CugB,0,5 an enhanced ionic conductivity and a
possibility for the insertion of lithium atoms could be expected
as well. The lithium atoms occupy large cavities built up of
tetraborate B,O, units and CuO, squares. Additional Li atoms
could occupy the 1k (0.5, 0.5, 0.5) sites. The average Cu—O
distance of 1.97 A in the CuO, squares around the cavities
would match for copper(I) in the case of lithium intercalation.
The copper vacancies in the Cu(6) positions, which are corner-
sharing with LiOg polyhedra, should also benefit a vacancy
mechanism for lithium transport.

Although the crystal structure of LizCuB,O, exhibits small
channels along the a axis (Figure S), the insertion of additional
lithium atoms on the 1c sites in the middle of the channels
while preserving the structure is rather unlikely because of too
long Li—O bond lengths of 2.32 and 2.78 A for the inserted
lithium. However, this 1c site could be involved in lithium
transport as a transition state.

LigCu,B,,0;, does not have any visible channels in the
structure, whereas the change in the orientation of layered
segments from BOj triangles to CuO, squares along the a axis
(Figure 7b) would further impede a hopping mechanism of Li
migration in the structure. Therefore, this compound is
probably not suitable for Li intercalation.

Although the crystal structures of lithium copper borates
seem to be influenced by the strong Jahn—Teller distortion of
Cu®', the oxidation or reduction of copper would not
necessarily destroy these complex frameworks because both
Cu" and Cu’" may support the square-planar oxygen
coordination. We believe that at least two new copper borates
reported in this work may be promising materials for the
intercalation of lithium. Their further investigation is highly
desirable.

2. Magnetic Properties. Presently, only Li;CuB;0, and
LigCu,B,0;, could be prepared as bulk powder samples
without magnetic impurities. In the following, we report the
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magnetic properties and a brief microscopic analysis of these
novel Cu®* borates.

2.1. LisCuB3;0;. The magnetic susceptibility of Li;CuB;0,
shows a broad maximum around 220 K indicative of short-
range antiferromagnetic order. At low temperatures, the
susceptibility becomes negative and keeps decreasing, although
with a slight upturn below 50 K (Figure 9). While the presence

s T ¥ T T " T
Li,CuB,0,
_— ﬁ i T
]
E
s
S 4f E
,IE Experiment (u,/H=2T)
= —— Fit: Eq. (1)
i —~ — — spin dimer T
L. ¥ 2 s impurity
0 L = e R R qe=o-- . dzzszsmsss
0 100 200 300 400

Temperature (K)

Figure 9. Magnetic susceptibility of Li;CuB;0; and its fit to eq 1,
shown by the dark solid line. The dashed and dotted lines are the
intrinsic susceptibility of the spin dimer and the Curie-like
contribution of paramagnetic impurities, as given by the first and
second terms of eq 1, respectively.

of Cu® ions renders Li;CuB;O, paramagnetic, multiple
diamagnetic contributions related to the core diamagnetism,
sample holder, and the LiBO, impurity phase lead to the overall
diamagnetic signal at low temperatures. As the crystal structure
of Li;CuB;0, features well-defined Cu,Og4 dimers (Figure 1),
we analyzed the experimental magnetic susceptibility using the
model of an isolated spin dimer,

_ Nguy 1 C

+ +
keT  exp(J/kgT) +3 T+ 0 %o

(1)
where the first term is the susceptibility of an isolated spin
dimer with intradimer coupling J, the second term is the
Curie—Weiss contribution of defects or impurities responsible
for the low-temperature upturn, and y, is the temperature-
independent diamagnetic contribution. Using Avogadro’s
number (N,), the Bohr magneton (yg), and Boltzmann’s
constant (kg), we arrived at an excellent fit with | = 361.9(2) K,
g=179(1), C = 1.4(1) x 107 emu K/mol, y, = 0, and 0 =
7.2(4) K. Although the amount of the paramagnetic impurity is
as low as 0.4% (w/w), the respective contribution is clearly
visible as the low-temperature upturn in the susceptibility,
because at low temperatures the intrinsic susceptibility of
Li;CuB;O; is vanishingly small.

In eq 1, g stands for the g factor, which is typically above 2.0
in Cu® compounds.***® Our fitted value was below 2.0,
though. This discrepancy can be attributed to interdimer
interactions that modify the first term of eq 1** and/or to
diamagnetic contributions that merely scale this term down. To
elucidate the role of the interdimer interactions, we calculated
individual magnetic couplings within DFT. A qualitative
scenario can be obtained directly from the LDA band structure,
where two bands of Cu 3d,>_ origin are found right below the
Fermi level and about 0.4 eV above the Fermi level (Figure 9).
Here the x and y axes are directed toward neighboring Cu
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atoms, and x’—y” is the highest crystal-field level of Cu**. The
LDA band gap is somewhat small considering the pale-blue
color of Li;CuB;0,. However, underestimated band gaps are a
typical shortcoming of the LDA**™>* due to the missing part of
electronic correlations in the Cu 3d shell.

An isolated dimer would manifest itself by two flat bands
separated by 2t, where t measures the intradimer interaction
(electron hopping between the sites of the dimer). The
calculated LDA bands (Figure 10) are close to this ultimate

LDA bands Tight-binding fit

Energy (eV)

¥

r z 25

- 50
DOS (eV™")

Figure 10. (left) LDA band structure of Li;CuB;0O, showing the two
d;_y bands arising from weakly coupled Cu,Og dimers. (right)
Electronic density of states, with Cu and O contributions marked by
different colors. The contribution of B orbitals is negligible in this
energy range.

scenario, although the weak dispersion evidences nonzero
interdimer couplings. When these couplings were taken into
account, we obtained ¢ = 0.235 eV for the intradimer hopping
and t' = —0.016 eV for the leading interdimer interaction. Since
J ~ £,>*7** the J'/] ratio was well below 0.01, so the interdimer
couplings should have little or no effect on the magnetic
behavior. A quantitative estimate of ] could be obtained from
LSDA+U calculations, which yielded ] = 343 K, in good
agreement with the experimental value of 362 K.

Our DFT results confirmed that the model of isolated spin
dimers is appropriate for the description of Li;CuB;0,. The
low g value obtained from the susceptibility fit is therefore a
mere consequence of diamagnetic impurities that reduce the
intrinsic signal of Li;CuB;O,, thus leading to an under-
estimation of the g value (note that in eq 1, g is a simple scaling
factor).

The strong antiferromagnetic exchange within the Cu,Oq
dimer is somewhat unexpected, because this coupling geometry
entails Cu—O—Cu bridging angles close to 90°. Although the
Goodenough—Kanamori—Anderson rules prescribe ferromag-
netic exchange for bridging angles close to 90°, even a minor
deviation toward larger angles may result in an overall
antiferromagnetic coupling®” as seen in SrCu,(BO;), with
the bridging angle of about 98.0° (J ~ 85 K).*® Larger bridging
angles lead to larger antiferromagnetic couplings, as in a-
Cu,As,0, (J ~ 164 K, Cu—O—Cu angle of 101.7°)** and
Cu;AsO,(OH); (J & 290 K K, Cu—O—Cu angle of 101.9°).**
Nevertheless, the | value of 362 K in Li;CuB;0, is clearly
exceptional, especially considering the Cu—O—Cu angle of only
100.4° in this Cu* borate.

This comparison suggests that borate anions are more
efficient than arsenate anions in mediating the Cu—O—Cu
superexchange. The same trend is seen in CdCu,(BO5),, where
J ~ 180 K (i.e., as lar§e as in a-Cu,As,0,) despite the bridging
angle of only 98.2°. ® However, SrCu,(BO;), with a similar
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bridgin§ angle of about 98.0° features a weaker exchange of J &
85 K.*° Thus, the magnetic exchange is highly sensitive to
details of the atomic arrangement. The values of the bridging
angles, as considered in the Goodenough—Kanamori—Ander-
son rules, provide only a rough picture. For a given bridging
angle, the coupling may vary within 100—200 K depending on
the structure of the Cu,Og dimer [e.g,, whether it is flat as in
CdCu,(BO;), or bent as in SrCu,(BO;),] and surrounding
anions (e.g., BO; in borates or AsO, in arsenates).

In contrast to other Cu®" compounds, long-range super-
exchange pathways play a little role in the magnetism of
Li;CuB;O,. The leading interdimer exchange connects
neighboring dimers along [110] and involves a long Cu—O—
O—Cu pathway with two oxygen atoms separated for 4.5 A by a
Li cation. We did not find any appreciable superexchange
involving BO; triangles because these triangles simply
encompass the dimer without linking neighboring dimers to
each other. By contrast, when nonmagnetic polyhedra link the
Cu,0¢ dimers, sizable Cu—O—O—Cu super-superexchange
couplings emerge, as in CuWO, and the isostructural CuMoO,-
I polymorph.*"*

2.2. LigCu;B;,403,. Above 100 K, the magnetic susceptibility
of LigCu;B,,0;, shows only a weak temperature dependence
with a very broad bend around 150 K (Figure 11). Below 100

o LiCuB O, at05T

71432

0.0032

0.0024

0.0016

0.0008

Susceptibility [ emu/mol(Cu) ]

Figure 11. Magnetic susceptibility (y) of LizCu,B,,0;, and (inset) the
inverse susceptibility (1/y) vs temperature.

K, the susceptibility sharply increases. Although the complex
crystal structure of this compound prevented a detailed
microscopic analysis, a simple phenomenological interpretation
can be given using the inverse susceptibility 1/y. The two linear
parts of the curve yielded p g = 0.6p5/Cu**, = —0.7 K below
50 K and p¢ = 1.43u/Cu®, @ = —224 K above 200 K. The
high value of @ at high temperatures indicates strong
antiferromagnetic coupling between the Cu®* ions. At low
temperatures, 6 is close to zero, which shows that the
antiferromagnetic couplings eventually split the system into
weakly interacting magnetic moieties that bear a nonzero
magnetic moment manifesting itself by a Curie—Weiss-like
magnetic behavior (linear region in 1/y).

The low-temperature effective moment is 1.59up/fu. and
roughly corresponds to one unpaired electron per formula unit
(fu.), which should yield g4 = 1.73up/fu. for a spin-only
contribution. This low-temperature regime implies that six out
of seven Cu’* ions are coupled antiferromagnetically, while the
remaining Cu®" spin is idle. An identification of these
antiferromagnetically coupled and idle spins among the
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Cu(1)—Cu(4) crystallographic sites is, however, not possible.
It would require a careful evaluation of individual exchange
couplings that lies beyond the scope of the present study.

The high-temperature Curie—Weiss regime shows that the
magnetic couplings in LigCu,B,,0;, are predominantly
antiferromagnetic. However, the effective moment, which is
somewhat lower than 1.7345/Cu?", reflects residual interactions
present up to at least 380 K. Overall, the spin system of
LigCu,B,,0;, is very complex. It combines Cu,Og dimers,
Cu;Oy trimers, and individual CuO, plaquettes that may be
attached to Cu;Oy trimers when the Cu(3) site is taken by Cu*
or isolated when the Cu(3) site is occupied by Li* (Figure 7).
This coexistence of different magnetic units is reminiscent of
intricate and still poorly understood Cu®* magnets such as
Na,Cu;Si 0, "** We hope that advanced computational
studies will be capable of elucidating magnetic models of
these intricate compounds.

B CONCLUSIONS

Three new centrosymmetric and one non-centrosymmetric
lithium copper borates were identified in the Li,O—CuO—B,0;
system after high-temperature syntheses in air. In all of the
compounds, boron atoms form BOj triangles that share corners
and edges with other polyhedra. Despite the different
stoichiometries, the obtained borates show certain similarities
in the hierarchical borate classification that is generally used in
borate chemistry.*> This classification is based on the
topological character of fundamental building blocks as finite
clusters [B,0,,] with n < 6 and the structural units.*> Only a
simple sequence of clusters containing corner-sharing BO;
triangles without complex polymerization was observed for all
of the new lithium copper borates. For example, a polyborate
anion consisting of several corner-sharing BOj triangles can be
described as 3A:AAA in Li;CuB;0, as 4A:AAAA and
2A:AA in Li,CugB;,0,5 as 2A:AA in LigCuB,O,, and as
SA:AAAAA and 2A:AA in LigCu,B,,0;,. The shortest unit
cell dimension in all of the obtained borates corresponds to the
nearest Cu—Cu interatomic distance of about 3.3 A. Copper
atoms form different coordination polyhedra, including squares,
square pyramids, and distorted octahedra. Strongly anisotropic
thermal expansion behavior was found for Li;CuB;0,, which
exhibited a much larger expansion along the a axis between
planes in which the Cu,O4 dimers of edge-sharing CuO,
squares are located. Because of the presence of structural
channels, Li;CuB;O, and LigCu;B;,0;, can be promising
materials for lithium insertion and should possess high ionic
conductivity. High ionic conductivity is also expected for
LisCuB,O,,. The magnetism of Li;CuB;0; is well-understood
in terms of the model of isolated spin dimers. The intradimer
coupling (J ~ 360 K) is remarkably large for the Cu,Og
structural dimer. LigCu,;B,03, shows complex magnetic
behavior with at least two different linear regimes in the
inverse susceptibility 1/y.
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Atomic coordinates and equivalent isotropic displacement
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