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Lig sgNa7 43Sr3(BgO45)(B15054)Cl: unprecedented
combination of the largest two highly polymerized
isolated B—O clusters with novel isolated BqO, g
FBB+

Feixiang Wang,

*aP Congcong Jin?P and Shilie Pan (2 2

@byun Yang,
A new borate, LigsgNaz435r4(BoO1g)(B12024)Cl (LNSBOC), was successfully obtained via a spontaneous
crystallization method in an open system. LNSBOC crystallizes in a hexagonal crystal system with the
centrosymmetric space group of P6s/m, with a = 9.3046(2) A, c = 24.3239(7) A and Z = 2. According to
the statistics, the structure of LNSBOC is extraordinary not only because of the discovery of the novel fan-
like fundamental building block BgO;g, but also for the unprecedented coexistence of the largest two
highly polymerized (number of B atoms more than six) isolated B—O clusters in the structure. A discussion
about the cause of the rareness of borates containing two polymerized isolated B—O clusters was carried
out by investigating previous research and extant compounds. Even more significantly, a strategy to
design compounds/crystal structures containing two polymerized isolated B—O clusters is put forward in
this work from the viewpoint of structures and elements. In addition, thermal analysis and infrared and

rsc.li/frontiers-inorganic

Introduction

Over the past few decades, borates have become a research hot
spot worldwide owing to their extended structural diversity
and application potential in the fields of nonlinear optical
materials, luminophores, ferroelectric and piezoelectric
materials, and semiconductors."™* There exist three coordi-
nation environments of boron, including two, three and four
coordinated with oxygen atoms to form linear BO,, triangular
BO; and tetrahedral BO, basic units.*' The above basic
units can further connect by corner-sharing or/and edge-
sharing methods, which results in a large number of anionic
polymeric borate groups, including isolated clusters, chains,
rings, sheets, and framework structures.>’”>” The variety of
borates’ structures leads to their unique properties and makes
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UV-Vis—NIR diffuse reflectance spectroscopy were performed for the title compound.

it easy for scientists to design and synthesize new
compounds.”®?”

Among all sorts of the above structures, borates with iso-
lated B-O clusters (I-borates)*® attract researchers’ attention
because they are likely to possess outstanding properties. It is
also mentioned in previous research that borates with isolated
BO; and B;O¢ clusters arranged along the same direction
always have relatively large birefringence and the second-har-
monic generation (SHG) effect.’*™** As proof, KBe,BO;F,
(KBBF)** with isolated BO; units was the only nonlinear
optical crystal that can practically output deep-ultraviolet
(deep-UV) coherent light by the direct SHG process, until
now.** And @-BaB,0,” ™" with isolated B;O, clusters has
already realized commercial application as an excellent bire-
fringent crystal. Apart from their properties, I-borates could
also furnish a possible way to investigate the mechanism of
the regulating effect and controlling effect derived from
cations in the meantime.*®"°

According to the statistical analysis conducted by Mutailipu
et al.,>® I-borates comprise 65.5% of the 965 screened anhy-
drous borates, which illustrates that I-borates are a vital part of
borates. The frequency distribution conformed well to the
former work summarized by Becker®® in 2001 and Yuan®" et al.
in 2007 and the same point of view could also be drawn.
Normally, I-borates contain only one sort of isolated B-O
cluster, for instance, Sr,Be,B,0, (SBBO)>> and Li,Sr(BO;),**
with isolated BO; units, f-BaB,0,°* with isolated B;Og clusters,
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KZnB;04>® with isolated B0, clusters, LigRbsB;10,,°® with
isolated B;;0,, clusters, etc. Furthermore, this could also be
proved by the fact that only 35 compounds (including the title
compound) in anhydrous borates possessed two types (or
more) of isolated clusters at the same time until now. There
exists only one case of a compound, BagAl,B;4053,>” which
contains three different kinds of isolated clusters, BO3;, BgO43
and BO,,4. These cases are rare and disobey Pauling’s 5th rule
that the number of essentially different kinds of structural
units in a crystal tends to be the least.>®*° In order to diminish
the conflict with Pauling’s 5th rule, the coexisting B-O clusters
are inclined to form similar structures.*® Meanwhile, I-borates
with large isolated B-O clusters are seldom observed experi-
mentally, which is in vivid contrast to the large quantity of
I-borates. It could be proved by statistics that 419 borates with
only isolated BO; units comprise 66.3% of the above I-borates
and about 97.0% of anhydrous borates contain isolated B-O
clusters with a number of B atoms less than six in their funda-
mental building blocks (FBBs).”° Furthermore, the rareness of
the existence of highly polymerized (number of B atoms more
than six) B-O clusters can be observed in the above 35
I-borates with two kinds (or more) of B-O clusters as well.
Except for the title compound, none of them contain two
highly polymerized B-O clusters at the same time. Eventually,
a conclusion could be drawn from the above statistical data
and experimental examples that borates containing more than
one sort of highly polymerized isolated cluster are quite extra-
ordinary and unprecedented.

Herein, LigsgNay 43514(BgO15)(B120,4)Cl (LNSBOC), a new
borate containing two highly polymerized isolated B-O clusters
(ByO;5 and B;,0,,), was successfully synthesized via a spon-
taneous crystallization method in an open system. Based on
our inquiry, LNSBOC has exhibited the largest two highly poly-
merized isolated B-O clusters in I-borates with two kinds of B-
O clusters so far. At the same time, the isolated ByO;g cluster
is a novel FBB observed for the first time. In this work, several
factors which possibly lead to the rareness of borates contain-
ing two polymerized isolated B-O clusters are displayed, and
we also put forward a strategy to design this kind of com-
pound. Moreover, the synthesis, crystal structure, thermal
behaviors, and spectral properties of the title compound are
reported too.

Experimental section
Synthesis

LiBO, (Aladdin, 99.9%), NaCl (Tianjinshi Baishi Chemical Co.
Ltd, >99.5%), Na,CO; (Aladdin, 99.5%), SrCO; (Aladdin, 99%)
and B,0; (Aladdin, 98%), H;BO; (Aladdin, >99.5%) were gath-
ered from commercial sources, and no further purification was
implemented.

Single crystals of LNSBOC were grown by the spontaneous
crystallization method in an open system. The raw materials,
LiBO,, NaCl, Na,CO;, SrCO; and B,0O;, were well ground in a
ratio of 12:2:7:8:15 and then put into a platinum crucible.
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It was gradually heated to 700 °C for 7 hours and kept at this
temperature for 24 hours to ensure complete melting. The
solution was slowly cooled to 550 °C at a rate of 1.5 °C h™*,
and then the slow cooling proceeded with a rate of 2 °C h™" to
400 °C. After that, it was rapidly cooled to room temperature at
a rate of 7.5 °C h™" and then colourless crystals of LNSBOC
were obtained.

A polycrystalline powder of LNSBOC was prepared via the
conventional solid-state reaction method in an open system.
The raw materials LiBO,, NaCl, Na,CO;, SrCO; and H3;BO;
were ground with a stoichiometric ratio in a clean mortar,
then placed in an aluminium trioxide crucible and preheated
at 300 °C for 10 hours, and then heated to 560 °C and held at
this temperature for 72 hours. After these sintering steps, the
sample was brought down to room temperature at a rate of
20 °C h™". Then the purity of the sample was determined
using a Bruker D2 PHASER diffractometer with Cu Ka radi-
ation at room temperature. Diffraction patterns were recorded
in the range 26 = 10-70° with a scan step width of 0.02° and a
scan rate of 1 s per step. Compared with the theoretical simu-
lation of the powder pattern generated by calculating the inter-
planar spacing and crystal plane position from the crystal
structure data, it could be concluded that the polycrystalline
powder of LNSBOC is pure (Fig. 1).

Single crystal X-ray diffraction

Colourless, block-shaped single crystals with the appropriate
size of LNSBOC were selected under an optical microscope for
structural characterization. Single-crystal XRD data were col-
lected using a Bruker D8 Venture diffractometer with Mo Ka
radiation (1 = 0.71073 A), and the data were integrated using
the SAINT program.®® The structure was solved with Olex2 and
SHELXTL by direct methods.®"** The full matrix least squares
method was also used to refine the positions of all atoms. The
Na(2) atomic sites were in disorder; therefore, the Na(2A) and
Li(2A) atoms were set to share the same sites. PLATON was
used to examine the possible higher symmetry of the structure,
but no higher symmetry was found.®® Detailed information on
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Fig.1 The calculated and experimental powder-XRD patterns of
LNSBOC.
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Table 1 Crystal data and structure refinement for LNSBOC

Parameters

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

zZ

Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data
collection

Limiting indices

Reflections collected/unique
Completeness to theta
Refinement method
Goodness-of-fit on F*
Data/restraints/parameters
Final R indices [F,> >
20(F, )"

R indices (all data)”

Largest diff. peak and hole

Values

Lig.58Na 43574(BoO135)(B12024)Cl
1501.27

300 K

0.71073 A

Hexagonal, P6;/m

a=9.3046(2) A

¢=24.3239(7) A

1823.72(9) A®

2

2.734 gem™
6.126 mm™*
1423

0.22 X 0.12 x 0.05 mm®
2.528 to 27.478°

3

—11<h<12,-12<k<12,-31<I<
31

12 437/1429 [R(ing = 0.0447)

99.9%

Full-matrix least-squares on F>

1.141

1429/0/130

R, = 0.0345, wR, = 0.0848

Ry = 0.0385, wR, = 0.0869
0.591 and —1.334 e A™®

‘R, = ;”Fol - |FC| |/Z|F0| and wWR, = [ZW(FOZ _ FCZ)Z/ZWFO4]1/2 for Foz
Fyo).

the structural data is given in Table 1, and the redefined
atomic positions, equivalent isotropic displacement para-
meters and bond valence are listed in Table S1 in the ESLf}
The information on the selected bond lengths and angles is
given in Table S2 in the ESL.}

Infrared (IR) spectroscopy

Infrared (IR) spectra were recorded on a Shimadzu IR Affinity-
11 Fourier transform IR spectrometer in the range from 400 to
4000 cm™" with a resolution of 1 cm™". The sample was mixed
thoroughly with 500 mg of dried KBr.

Energy dispersive X-ray spectroscopy

Elemental analysis of LNSBOC was carried out on the surface
of a clean single crystal with the aid of a field emission scan-
ning electron microscope (SEM, SUPRA 55 VP) equipped with
an energy dispersive X-ray spectroscope (EDS, BRUKER X-flash-
sdd-5010).

UV-Vis-NIR diffuse reflectance measurements

The UV-Vis-NIR diffuse-reflectance spectroscopy data in a
wavelength range of 200-2600 nm were recorded at room
temperature using a powder sample of LNSBOC on a
Shimadzu SolidSpec-3700DUV spectrophotometer.
Tetrafluoroethylene was used as a diffuse reflectance standard.

Thermal analysis

Thermal gravimetry (TG) and differential scanning calorimetry
(DSC) were carried out to examine the thermal stability of
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LNSBOC on a simultaneous NETZSCH STA 449 F3 thermal
analyzer instrument under a flowing N, atmosphere. The
sample was placed in a Pt crucible and heated from 40 to

800 °C at a rate of 5 °C min™".

Results and discussion
Crystal structure

LNSBOC crystallizes in a hexagonal crystal system with the
centrosymmetric space group of P6;/m (No. 176), with a =
9.3046(2) A, ¢ = 24.3239(7) A and Z = 2. In the asymmetric unit
of LNSBOC, there exist one lithium atom, one sodium atom,
two strontium atoms, four boron atoms, eight oxygen atoms,
one chlorine atom and one common site of the sodium/
lithium atom. In the structure of LNSBOC, there exist two
different kinds of B coordination environments, triangular
BO; and tetrahedral BO,. It exhibits a complicated three-
dimensional network composed of Na(2A)/Li(2A)Os, Na(1)
0OsCl, Sr(1)0y, Sr(2)O¢, Li(1)O, polyhedra, BoO;g and B;,0,,
groups which are interconnected via corner or edge sharing as
shown in Fig. 2, 3 and Fig. S1 in the ESL{ Meanwhile, all
ByO;5 and B;,0,, groups are isolated from one another and
act as two different kinds of FBBs. The B-O bond lengths and
angles of triangular BO; are in the ranges 1.330(4)-1.401(4) A
and 118.5(3)-122.6(3)°, and the ranges are 1.446(6)-1.485(4) A
and 104.7(3)-113.3(4)° for tetrahedral BO,, respectively. The
Li(1)-O bond distances range from 1.857(7) to 2.186(7) A. The
Na(1)-O bond distances range from 2.285(3) to 2.648(3) A, the
Na(2A)/Li(2A)-O bond distances range from 2.243(3) to
2.357(3) A, and the Na(1)-Cl bond distance is 2.9699(15) A.
The Sr-O bond distances range from 2.439(2) to 2.914(2) A.
The isolated fan-like FBB ByO,5 is composed of three B;O,
units connected by shared O atoms. To the best of our knowl-
edge, isolated BoO44 (9:6A + 3T)** has been obtained for the
first time. Although a fan-like BoO;g group was mentioned in
Dong’s work,® it was not isolated and was described as a con-
necting unit between the double layers rather than a sort of
FBB (Fig. S2 in the ESIf). And the isolated petal-like FBB
B120,4 (12: 6A + 6T)* is a circle polyborate containing six tri-
angular BO; and six tetrahedral BO,, which are alternately

face-sharing
Na(1)O4Cl polyhedra

Li(1) -0
e Na(2A)
( 3 JLi(2A)

Fig. 2 Face-sharing Na(1)OsCl polyhedra and the coordination environ-
ments of the Li, Na and Sr atoms in the title compound.

This journal is © the Partner Organisations 2022
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(A2, NaQA)/Li(2A)O,
42674 (e) B;,0,,

Fig. 3 The crystal structure of LNSBOC. (a) View of the layer-like structure along the b-axis; (b) the plane consists of fan-like BoO1g groups; (c) the
plane consists of petal-like B;,0,4 groups; (d) isolated BgOs5 cluster; (e) isolated B;,0,,4 cluster.

joined one after the other. Each tetrahedral BO, connects with
two neighbouring BO, units by the corner-sharing method
and shares the other two terminated O atoms with a triangular
BO;. Meanwhile, the six triangular BO; units are arranged
alternately up and down to form a petal-like structure. By
measurement, the diameter of the inner rings of B;,0,, is
approximately 4.267 A. Furthermore, ByO,4 and B;,0,, groups
are separately arranged repeatedly within the ab plane, result-
ing in a two-dimensional (2D) layer-like structure. Within the
two pseudo layers, Na(2A)/Li(2A)Os and Na(1)OsCl polyhedra
serve as a connection to link the ByO;3 and B;,0,4 groups,
respectively (Fig. 3) by sharing O atoms. Then the two pseudo
layers are arranged alternately along the ¢ axis and are bridged
by Li(1), Na(1), Sr(1) and Sr(2) atoms as shown in Fig. S1 in the
ESLt

In order to further confirm the accuracy of the crystal struc-
ture, the bond valence sum (BVS) calculations for each atom in
LNSBOC were performed and the calculation results are listed
in Table S1 in the ESLT The BVS results conformed to the
expected oxidation states. Furthermore, EDS was performed on
a clean and block single crystal of LNSBOC, which confirmed
the presence of the corresponding elements (except Li) in the
compound (Fig. S3 in the ESI}). The above measurement
results indicate that the crystal structure of LNSBOC is correct.

Structural uniqueness of LNSBOC

After our investigation, the structural uniqueness of LNSBOC
is mainly reflected in the following three aspects: the unpre-
cedented coexistence of two highly polymerized (with a
number of B atoms of more than six) isolated B-O clusters; the

This journal is © the Partner Organisations 2022

discovery of novel isolated ByO;g clusters acting as FBBs,
which further trigger the structural transformation of the
space group; and the conflict between the structure of
LNSBOC and Pauling’s rules. In the following section, these
three aspects will be illustrated in detail.

First, LNSBOC possesses the largest two highly polymerized
isolated B-O clusters. Based on the inquiry among already
reported anhydrous borates, there are only 35 examples of
anhydrous borates containing two sorts (or more) of B-O clus-
ters in one structure, which are listed in Table S3 in the ESL}
By comparing the number of listed borates among all the
anhydrous borates, the rareness of I-borates with two sorts (or
more) of B-O clusters in their structures is shown clearly.
Moreover, less than one third of the listed borates (10/35; No.
23-29 and No. 33-35 in Table S3 in the ESIf) contain two sorts
of polymerized isolated clusters with a degree of polymeriz-
ation >2, and the title compound is the only example achiev-
ing the coexistence of two highly polymerized isolated B-O
clusters (polymerization > 6). Ny in Table S3 in the ESIT dis-
plays the total number of B atoms in two isolated B-O clusters,
which clearly indicates that LNSBOC has the largest two highly
polymerized isolated B-O clusters of the reported compounds
until now (Fig. 4).

Second, the anhydrous borates with petal-like B;,0,, clus-
ters have been reported several times in previous studies and
are shown as compounds 1-10 in Table S4 in the ESI.} It could
be observed that all non-radioactive elements of the alkali and
alkaline-earth metals (include Li/Na/K/Rb/Cs and Be/Ca/Sr/Ba)
are contained in LNSBOC and these 10 compounds. And
almost all of them contain Li* and Na" cations, only except for

Inorg. Chem. Front,, 2022, 9, 4614-4623 | 4617
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No. 1 Borates containing two kinds No. 35

of isolated B-O clusters

Fig. 4 Chart displaying the statistical N (the total number of B atoms
in two isolated B—O clusters) data of compounds containing two kinds
of isolated B—O clusters. The B-O clusters in a compound are ordered
from small to large of boron atoms and named I-B-O, II-B-0O, and
111-B-0 in this order.

LizKB4Og/LioK3(B1,0,4),°° which merely contains Li*. Further
structural comparison reveals an obvious rule that all these 10
previous compounds with isolated B;,0,, clusters crystallize in
the same space group, R3. This rule shows that the entire sym-
metry of these compounds is seriously influenced by the local
symmetry 3 of the B;,0,, clusters and the type of cation has
little effect on that.®®®® Considering the wide range of vari-
ations in the ionic radii of alkali and alkaline-earth metals,
which is favourable for adjusting the structure, the related
compound system is very valuable to study the effects of the
substitution of the same group elements on the properties and
structure. In LNSBOC and these 10 compounds, all kinds of B-
O clusters (whether B;,0,, or BO3 or BygOyg) are respectively
arranged as a 2D layer-like structure (Fig. S4 in the ESIf), and
they are divided into three classes for further explanation.
First, seven compounds (No. 1-7) contain merely lamellar
arranged B;,0,, clusters in their structures, and
LiNa,Srg(B1,0,4)F¢CI°® is shown as an example in Fig. S4a and
S4b in the ESIL.} Interestingly, although the seven compounds
contain different cations with a wide range of ionic radii, their
lattice constants remain highly consistent (only except for the
¢ axis of LiNa,Srg(B1,0,4)FsCl), which proves the decisive role
of B;,0,, clusters in the structure. Second, three compounds
(No. 8-10) contain isolated B;,0,, and BOj; clusters in one
crystal structure at the same time, and
CagLi,NagBeg(BO3)s(B120,4)F,%” is shown as an example in
Fig. S4c and S4d in the ESI} Although isolated BO; is added
to the structure, the three compounds maintain the R3 space
group without any change, which further demonstrates the
dominance of B;,0,, clusters in these structures (Fig. S5 in
the ESIt). Nevertheless, for the third class, the emergence of
the unprecedented isolated ByO;g clusters in the title com-
pound LNSBOC breaks up the monopoly of B;,0,, in deter-
mining the crystal structure, resulting in LNSBOC crystallizing
in the space group P6;/m rather than R3 like the other 10 com-
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pounds. In order to vividly display the structural transform-
ation in the three classes of compounds, the structural vari-
ation from LiNa,Srg(B1,0,4)FsCl to Ca;Li,NagBeg(BO3)g(B12024)
F, to LNSBOC is selected as the representation of each class,
respectively, and is shown in Fig. S4 in the ESL{ In this
section, the effect of the unprecedented isolated BoO;g cluster
on the structure of LNSBOC is fully demonstrated through the
structural comparison.

Third, the conflict between the structure of LNSBOC and
Pauling’s rules makes the title compound even more remark-
able and rare. First, the existence of face-sharing Na(1)OsCl
polyhedra (Fig. 2) conflicts with Pauling’s third rule that the
presence of shared edges, especially of shared faces, in a co-
ordinated structure decreases its stability.® According to the
assessment of Pauling’s rules conducted by George et al. in
2020, within about 5000 samples of oxides in the Inorganic
Crystal Structure Database, face-sharing polyhedra comprise
1.6% of the polyhedra with a coordination number equal to 8
or smaller. For the coordination polyhedra of Na ions, about
91% of polyhedra are in the connection mode of corner-
sharing or edge-sharing.®® While the face-sharing Na(1)OsCl
polyhedra conflict with Pauling’s third rule, the coexistence
of two different kinds of B-O clusters further breaks the limit
of Pauling’s fifth rule and contributes to the uniqueness of
LNSBOC as well. Wang et al.®® analyzed the B-O clusters in
Na,Be,(BO;),(B,05),  7-K;Beg(BO3)5(B;30¢),,  KBa,Zn,(B;Og)
(B6O13) and Q;3Mgs(B501¢)3(B;014).F (Q = Rb and Cs) and
found that the structures of two kinds of isolated clusters in
the above compounds are topologically similar, indicating that
the coexisting clusters tend to have similar structures to
resolve the conflict with Pauling’s fifth rule. It is clear that
Pauling’s fifth rule imposes a restriction on the formation of
I-borates containing two types (or more) of isolated B-O clus-
ters. To sum up, the title compound breaks the restriction of
Pauling’s rules in two aspects, the existence of face-sharing
polyhedra and the coexistence of two different B-O clusters,
which also shows the uniqueness of its structure.

Design strategies for borates with two polymerized isolated
B-O clusters

In order to answer the question of why there are so few borates
containing two polymerized isolated B-O clusters and figure
out the law of their formation, some empirical analyses from
the viewpoint of elements and structures based on previous
research and our inquiry were performed.

To start with, the demand for specifically coordinated
cations may be the first factor. According to the statistics dis-
played in Table S3 in the ESI,} a rule could be discovered that
most of the I-borates with two sorts (or more) of isolated clus-
ters (33/35) contain four/six-coordinated cationic polyhedra
([TO4s), T = Be, Zn, Sr, Na, Y, etc.) with relatively strong
covalent bonds. Likewise, the Li(1)O,, Na(1)OsCl, Na(2A)/
Li(2A)O¢ and Sr(2)Os polyhedra observed in LNSBOC possibly
act as a “bond terminator” which not only decomposes the B-O
anionic framework to reduce the dimensionality, but also sep-
arates the isolated B-O clusters. As shown in Fig. 5a and d,
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Fig. 5 The distribution of cations in the title compound shows
the “bond terminator” role of (a) Sr(2) atoms, (b) Na(2A)/Li(2A) atoms,
(c) Na(1) atoms, and (d) Li(1) atoms.

Sr(2) and Li(1) residing in the interstices between the ByO;5 and
B1,0,4 layers cut off the bridging B-O bonds to separate the
two layers. And as for Na(1) and Na(2A)/Li(24A) (Fig. 5b and c),
they are respectively located in the interior of the ByO,5 and
B1,0,,4 layers and separate the B-O clusters from each other.
Under the action of these four “cation scissors”, Li(1), Sr(2),
Na(1) and Na(2A)/Li(24), the structure of LNSBOC eventually
appears to be a combination of two kinds of zero-dimensional
isolated B-O clusters. Except for Q;3Mgs(B501¢)3(B;014),F (Q =
Rb and Cs) in Wang’s work,*® the title compound provides
another instance that further proves that the existence of
cations possessing a strong bonding potential is highly indis-
pensable for acquiring borates containing two types (or more)
of isolated B-O clusters.>

Second, the appropriate ratio of cations/boron could be
another significant factor. According to P. Becker’'s con-
clusions drawn from statistical analysis,>® cations could effec-
tively restrain the polymerization of B-O units, indicating that
the increasing ratio of cations/boron is undoubtedly in favour
of obtaining borates with isolated B-O clusters. In contrast,
the decreasing ratio of cations/boron is beneficial for generat-
ing polymerized B-O clusters.’® Therefore, the target to obtain
borates containing two polymerized isolated B-O clusters faces
an internal contradiction that isolated clusters require the
ratio of cations/boron to increase, but the need for polymeriz-
ation demands the ratio of cations/boron to decrease.
Consequently, there must be a compromise on the ratio of
cations/boron, which is apparently not easy to realize and
further makes the appropriate ratio become a non-negligible
factor. To verify the above analysis, the cations/boron ratios of
all the 35 compounds were calculated and are listed in
Table S3 in the ESL.T It is obvious that the cations/boron ratios
of all the 10 borates (No. 23-29 and No. 33-35 in Table S3 in
the ESIf) containing two sorts (or more) of polymerized iso-
lated clusters are lower than 1, while the ratio is not less than
1 for the other borates with at least one unpolymerized BO;
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and BO, (No. 1-22 and No. 30-32 in Table S3 in the ESI{). For
instance, the title compound wboron ra/boron ratio of 0.86
contains polymerized ByO;g and B;,0,4, a/f/y-Pb,Ba,Zn,(B,0s)
(B¢O13),”° with a cations/boron ratio of 0.71 contain polymer-
ized B,05 and B¢O;3, and M;LiNa,Be,(BO;3)g(B1,0,4)F (M = Sr,
Cd, Ca) with a cations/boron ratio of 1.20 contain unpolymer-
ized BO; and polymerized BsO;;. Therefore, it is clear that an
appropriate cations/boron ratio is crucial for the formation of
borates with two isolated polymerized B-O clusters.

In view of the above discussion, the existence of specific
four/six-coordinated cations possessing relatively strong
covalent bonds and appropriate cations/boron ratios which are
no less than 0.5 but lower than 1 comprises two indispensable
factors for obtaining borates with two polymerized isolated
B-O clusters. And the conclusion could also be seen as an
effective strategy for designing this kind of compound.
Nevertheless, the above discussion is merely based on a
summary of extant compounds, and the insufficiency of the
examples makes the discussion merely empirical. We look
forward to the further discovery of I-borates with two polymer-
ized isolated B-O clusters to enrich the structural diversity of
borates and verify the discussion to make it theoretical.

UV-Vis-NIR diffuse reflectance spectroscopy

The UV-Vis-NIR diffuse reflectance spectrum shown in Fig. 6
illustrates that the reflectance of LNSBOC is 48% at 200 nm,
which shows that the title compound has a UV cutoff edge
below 200 nm. The result is comparable with those of related
compounds including LiNa,Srg(B;,0,4)F¢Cl (<190 nm),
LigNa,Bas(B12024)"" (<190 nm) and Sr;LiNa,Bey(B1o0,4)F
(<200 nm). The short UV cutoff edge could be partially attribu-
ted to the existence of alkali and alkaline-earth metal cations,
which get rid of the effect of d-d and f~f transitions. The UV-
Vis-NIR diffuse reflectance spectrum indicates that LNSBOC
may possess application potential in the deep-UV region.

IR spectroscopy

The infrared spectrum shown in Fig. S6 in the ESIf was
obtained to verify the coordination environment of B-O
groups in the title compound, and the assignments for the

40 - 200 nm, 48 %

Reflectance (%)

0 L I L I I
500 1000 1500 2000 2500

Wavelength (nm)

Fig. 6 The UV-vis—NIR optical spectrum of LNSBOC.
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Fig. 7 The TG-DSC curves of LNSBOC.

absorption peaks are listed in Table S5 in the ESL{ The result
conforms to the crystal structure of LNSBOC and the spectrum
is similar to those of other compounds containing B;,0,,4
groupsh67,68,72—79

TG and DSC analyses

On the TG-DSC curves of LNSBOC shown in Fig. 7, an
endothermic peak emerges near 656 °C during the heating
process with no obvious weight loss, which indicates that the
compound is quite stable. The endothermic peak could be
ascribed to the melting process of LNSBOC. To further
research its thermodynamic behavior, the polycrystalline
sample of LNSBOC was put in a platinum crucible and then
placed in a single crystal growth furnace and heated to 800 °C,
then slowly cooled to room temperature. Powder XRD analysis
was conducted again on the ground crystallized product. The
analysis of the XRD reveals that the entire solid product exhi-
bits a diffraction pattern different from that of the initial pure
powder, as shown in Fig. S7 in the ESL{ The pattern of the
melted samples was analyzed by comparison with relevant
XRD patterns, and the results show that SrB,0, (PDF#15-0779)
is the major component of the molten products, and a small
amount of undecomposed LNSBOC and some other small
peaks that could not be recognized also contribute to the
pattern. The above analysis further indicates that LNSBOC is
an incongruent melting compound.

Conclusions

In conclusion, a new borate, LNSBOC, was successfully
obtained via a high-temperature solution method in an open
system. It crystallizes in the centrosymmetric space group P6;/
m and contains two large isolated B-O clusters, B;O;g3 and
B,,0,4, acting as fundamental building blocks (FBBs). To the
best of our knowledge, the title compound is the only borate
that exhibits the coexistence of the largest two highly polymer-
ized isolated B-O clusters (B;O;3 and B;,0,,) among all the
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reported borates. Meanwhile, the isolated ByO,g unit is a novel
FBB obtained for the first time. LNSBOC displays a wide trans-
parency region with a deep-UV cutoff edge below 200 nm.
Furthermore, the factors affecting the formation of borates
with two polymerized isolated B-O clusters have been empiri-
cally analyzed, and the corresponding design strategies are
proposed from the viewpoint of structures and elements as
well. The design strategies will be helpful to discover more
borates with two polymerized isolated B-O clusters to further
enrich the structural chemistry of borates.
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