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ABSTRACT: Five iodine boracites, M;B,0 ;I (M = Mn,
Fe, Co, Ni, Cd), have been synthesized by reactions of
metal oxide, B,O;, element B, and I, at intermediate
temperature above 350 °C. Powder X-ray diffraction
analyses verify the identities and purity of the products,
which are also confirmed by magnetic property measure-
ment. Except safe, cheap, and convenient, this novel
method is significantly flexible in the selection of the
starting metal oxide. The influence of the reaction
temperature and time has also been studied.

he unusual physical and chemical properties, such as

terroelectric, magnetic, dynamical, and structural proper-
ties' of boracites, M;B,0,;X (M = divalent metals Mg, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Cd; X = usually CI, Br, I), which represents a
family of more than 25 isomorphous compounds, have been the
focus of research for many years.” Usually, boracites have been
prepared by four basic techniques, which include vapor-
transport-type methods,>* sintering-flux-type methods,™® sol—
gel processes,” and hydrothermal methods.® In the vapor-
transport method, for example, HX and MX, acted as the gas-
transp(;,rt agent, as indicated by the represented reactions listed
below:

MO + 2HX(g) = MX,(g) + H,0(g)

6MX,(g) + 7B,0, + SH,0(g)
= 2M,B,0,,X + 10HX(g)

whereas in a typical sintering-flux method boric acid acted as the
flux:®

3CoCl,-6H,0 + 7H;BO,
= Co;B,0,,Cl + SHCI + 8H,0

Hydrothermal methods were used for many systems that
discovered chalcogen,® hydroxyl,*® and lithium boracites,” but
they were not suitable for halogen boracites.

The properties of iodine boracites are special among halogen
boracites, such as direct coupling between the spontaneous
electric polarization and magnetization in Ni;B,0,;I'° and the
tendency of the Curie temperature,”'! dielectric constant, and
pyroelectric coeflicient to increase on going from chlorine to
iodine.'” Yet, the aforementioned methods had several
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disadvantages: (i) the boracite products were contaminated
with complex undesired byproducts, such as the partial
incorporation of a hydroxyl group, which will lead to an
undesirable increase of the switching field strength of boracites;”
(i) these methods need complex experimental techniques at
elevated temperatures, typically reaching 900 °C, face a high risk
of explosion or leakage of harmful gases, or require high
pressure.>>® (iii) These techniques require transition-metal
iodide as a starting reactant, such as MI, (M = Mn, Fe, Co, Nj,
Cd), which are deliquescent or decompose in air. In addition,
transition-metal iodides are generally expensive. Thus, a safe,
facile, and inexpensive method for preparing halogen boracites is
highly expected.

The newly established boron—sulfur method is a safe and
convenient approach for the syntheses of a broad range of
chalcogenides and oxychalcogenides'*~"” with easy experimental
handling, mild experimental conditions under intermediate
reaction temperature, below 500 °C, and normal pressure. The
chalcogen sources are the in situ boron chalcogenides, which are
loaded as boron and chalcogen elemental powders.">~"” In this
communication, we discovered that, starting with stoichiometric
boron, iodine elements, and metal oxide, M;B,0 ;1 (M = Mn, Fe,
Co, Ni, Cd) are synthesized via the chemical combination
reactions. We also show that this is a simple and clean approach
to iodine boracites.

In brief, this new approach is a two-crucible method modified
from the literature; >~ i.e., two silica crucibles were placed in a
silica jacket: the top one contains stoichiometric metal oxide,
B,0;, and the bottom one contains stoichiometric element
boron and I,. Then the reaction assembly was flame-sealed under
vacuum, subsequently heated in a furnace to the designated
reaction temperature in 2 h, held there for 3 days, and finally
cooled to room temperature by switching off the furnace. To
examine the effectiveness of this new procedure, five different
boracites, M3B,O ;1 (M = Mn, Fe, Co, Ni, Cd), were synthesized.
The experimental conditions and results are summarized in
Table 1. Because of their similarity, only the experimental details
on Mn;B,0,5] (ie, eq 1) are addressed: MnO (255 mg, 3.6
mmol), B,O; (278 mg, 4.0 mmol), elemental boron (8 mg, 0.8
mmol), and I, (167 mg, 0.66 mmol) were weighed and loaded.
Note that extra amounts of boron and I, according to the
stoichiometry of eq 1 (Table 1) were loaded to ensure
completeness of the reaction. The produced Mn;B-O ;I was in
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Table 1. Reaction Conditions and Some Other Details of M;B,0,;1 (M = Mn, Fe, Co, Ni, Cd)

eq loading ratio (mmol)* reaction product phase?/color/XRD ref
1 3.6:4.0:0.8:0.66 1SMnO + 20B,0, + 2B + 31, "% GMnp 0.1 Mn,B,0,;1%/white/Figure 1a 18
2 1.8:3.4:3.2:0.66 9Fe,0; + 17B,0; + 8B + 31, 400 °C, 3 days 6Fe;B,0,,1 Fe3B7013Id/brown/Figure 1b 19
3 3.6:4.0:0.8:0.66 18C00 + 20B,0, + 2B + 3L, ** L *" 6C0 B.0,I Co3B,0,51/cyan/Figure 1c 20
4 3.6:4.0:0.8:0.66 18NIO + 20B,0, + 2B + 31, ** "2’ ™" 6nip.0,.1 Ni;B,0,,1%/brown/Figure 1d 21
5 3.6:4.0:0.8:0.66 18CO + 208,0, + 2B + 31, "™ 6cap 0.1 Cd;B,0,51?/white/Figure le ¢
6 1.2:3.6:2.4:0.66 MO, + 68,0, + 2B + L, 'L *" aMnpoT Mn;B,0,31¢/white/Figure S1 in the SI 18
7 1.2:3.6:2.4:0.66 2Fe,0, + 6B,0; + 2B + I, 400 °C, 3 days 2Fe,B,0,,1 Fe;B,0,51%/brown/Figure S2 in the SI 19
8 1.2:3.6:2.4:0.66 2Co,0, + 6B,0; + 2B + I, 350 °C, 3 days 2Co,B,0,41 C03B7013Id/cyan/Figure S3 in the SI 20
9 3.6:4.0:0.8:0.66 18MnO + 20B,0, + 2B + 3L, 400 °C, 3 days Mn,B,0,;I + Mn,B,O, . mixture/brown/Figure S4a in the SI 18
10 3.6:4.0:0.8:0.66 18MnO + 20B,0, + 2B + 3, % *" 6Mn 3,01 Mn;B,0,31¢/white/Figure S4b in the SI 18
11 3.6:4.0:0.8:0.66 18MnO + 20B,0, + 2B + 31, & grmp.OLT Mn,B,0,;1%/white/Figure S4c in the SI 18
12 3.6:4.0:0.8:0.66 18MnO + 20B,0, + 2B + 3I, mixture/brown/Figure S5a in the SI 18
W MnyO, + MnyO, + 1, + L,O, + 2

13 3.6:4.0:0.8:0.66 18MO + 20B,0, + 2B + 31, “° S Grrnp o) 1 Mn,B,0,,1%/white/Figure S5b in the SI 18
14 3.6:4.0:0.8:0.66 18MnO + 20B,0; + 2B + 3I, 700 °C, 1 day 6Mn,B, 0,1 Mn3B7OI3Id/white/Figure S5c in the SI 18
15 3.6:4.0:0.8:0.66 18MO + 208,0, + 2B + 31, " S Gt 01 Mn,B,0,;1%/white/Figure S5d in the SI 18
16 3.6:4.0:0:0.66 18MnO + 20B,0; + 31, 450 °C, 3 days Mn(BO,), + L,O, mixture/brown/Figure S6a in the SI

17 3.6:4.0:0:0.66 600 C, 3 days mixture/brown/Figure S6b in the SI

18MnO + 20B,0, + 31,

Mn(BO,), + L,O,

“Loading ratio of MnO:B,0;:B:I, (mmol:mmol). de3B7O 5l crystallizes in Pca2,; the remaining M;B,O,;1 (M = Mn, Fe, Co, Ni) crystallizes in
cubic F43c. “Cd;B,0,;1: PDF-2 26-0247; unknown phase. “The yield based on metal oxides loaded is in the range of 70—95%; see the details in

Table S1 in the SI

a pure form (experimental details are listed in the Supporting
Information, SI). X-ray diffraction (XRD) analyses indicated the
purities of the products (after washing by distilled water and
ethanol), and the XRD patterns were well indexed as cubic F43¢
iodine boracites with parameters of 12.326(3), 12.2589(6),
12.093(4), and 11.998(5) A for manganese (eq 1), iron (eq 2),
cobalt (eq 3), and nickel (eq 4) iodine boracites, respectively,
which are in good agreement with the literature values.'*™>' The
only exception is Cd;B,O.;1 (eq S), which crystallizes in
orthorhombic Pca2; with a = 8.868(3) A, b=8.874(2) A,and c=
12.507(4) A and also agrees with that from PDF-2 data (PDF-2
26-0247). Figure 1 shows the representative XRD patterns, and
others are shown in Figures S1—SS in the SI. Note that
Mn;B,0,;I has been typically synthesized by a chemical-vapor-
transport method at 800—900 °C;"'' our new approach only
needs a considerably lower synthesis temperature that is nearly
half of these values.

Considering the chemical reactions, three of the starting
agents, MO, B,0;, and I,, are obviously the sources of metal,
boron, and iodine in the targeted M;B,0 ;] boracites; therefore,
the necessity of the fourth starting agent, boron, may be in
question. In order to probe this, two reactions (egs 16 and 17),
without loading boron compared to eqs 1 and 11, are designed
(Table 1 and the SI) The XRD patterns indicated that, without
boron, M3B,0 ;1 could not be formed at all; only Mn(BO,), and
L,O, were observed (Figure S6 in the SI). These results ensure
the important role of the boron element. We guess that it is the in
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Figure 1. Powder XRD patterns of the as-synthesized boracites: (a)
cubic Mn3B,0;1 (eq 1); (b) cubic Fe;B,Op;l (eq 2); (c) cubic
Co3B,045I (eq 3); (d) cubic Ni;B,O;5l (eq 4); (e) orthorhombic
Cd;B,0;1 (eq S).

situ formation of boron iodides>* and their reactions in gaseous
form with the metal oxide and B,0O; that generate M;B,0,;L
This proposed mechanism is deduced from that observed in the
boron—sulfur method, during which the chalcogen sources are
the in situ boron chalcogenides.”"23 Further evidence is under
investigation.
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A series of experiments (eqs 6—8 in Table 1) reveal that our
new approach can also be a redox process, during which the
starting 3+ transition-metal ion can be reduced by the in situ
boron iodide into the 2+ ion in M3B,O,;l. For example, in
reaction (6), starting Mn;0, could be reduced at 450 °C to Mn**
in the pure form of Mn3;B,O,5I under the same experimental
conditions as those of MnO (eq 1 in Table 1). Similar
phenomena were found for Fe;0, (eq 7) versus Fe,0; (eq 2)
and Co,0, (eq 8) versus CoO (eq 3). The experimental lattice
parameters calculated by the cell refinement with the aid of JADE
of the products from parallel reactions (for instance, those of eqs
1,6,10, 11,and 13—15) are consistent within experimental error
(Table SI in the SI). These indicate that the new approach is
efficient regardless of the initial oxidation states of the metal
atoms in the starting oxides. Such flexibility in the selection of
starting oxides is reminiscent of the boron—sulfur method."

In order to optimize the experimental conditions, the influence
of the reaction temperature and time was examined. As listed in
Table 1, eq 1 versus eqs 9—11 are the same reaction heated for 3
days at different temperatures, ie., 450, 400, 500, and 600 °C,
respectively. As indicated by the XRD patterns, upon heating at
400 °C, reaction (9) had not been completed yet, because other
than the targeted Mn;B-O;1, an impurity, Mn,B¢O,,,,, has also
been detected (Figure S4a in the SI). Reactions (10) and (11) at
elevated temperature, 500 and 600 °C, both produce pure phase
Mn;B,0,;I with different degrees of crystallinity. At a higher
temperature of 600 °C, the half-width of the diffraction peak
decreases (part b versus c in Figure S4b in the SI) and the
morphology of the product is improved (Figure S7 in the SI) The
scanning electron microscopy images shown in Figure S7 in the
SI also indicate that the products are in a regular cubiclike shape
with an edge size of about several micrometers to 10 ym. With an
increase of the reaction temperature, the number of irregular
smaller particles on the surface decreases, and the monodisper-
sity of the product in size and shape is improved.

Another batch of reactions were designed to probe the
influence of the reaction time. As listed in Table 1, reaction (9)
indicates that, at 400 °C for 3 days, the reaction has not been
completely converted to Mn;B,O;3I yet; a second phase
Mn,B.O,,,, was also found. Whereas reaction (12) suggests
that, at 600 °C for 1 day, Mn;B,0 ;1 is not formed at all, only a
mixture of simple binaries, Mn,O;, Mn;0,, and 1,0,, together
with one of the loading reactants, I,, was found (Figure S5a in the
SI). Evidently, heating for only 1 day is not enough. Equations
13—1S5 reveal that, within 1 day, Mn;B,O,;I occurs as a pure
phase only at/or above 650 °C (Figure SSb—d in the SI). Finally,
the optimized experimental conditions for Mn;B,O ;I are
established as starting from the reactants of MnO, B,0;,
boron, and I, with a loading ratio of 36:40:8:6.6 and heating at
450 °C for 3 days (eq 1 and the SI).

To verify the purity of the as-synthesized Mn;B,O ;I and the
oxidation state of its manganese cation, the magnetic
susceptibility has been measured. The product of eq 1 has
been selected as a representative. Figure S8 in the SI shows a
typical magnetic behavior for the Mn?* ion, following the Curie—
Weiss law at high temperatures, and an antiferromagnetic
interaction between Mn** ions at low temperature. The
calculated effective magnetic moment is 10.93 pp, which agrees
reasonably well with the theoretical value of 10.25 y3 of spin-only
Mn?* jons.”*

In conclusion, we have reported a new facile method for the
preparation of M3;B-O ;1. This method is novel and shows several
advantages: (1) safer and convenient handling; all of the starting
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reactants are stable chemically in air; (2) cheap considering the
prices of metal oxide versus metal iodide required by other
methods; (3) low risk of leakage of harmful gas; (4) flexible in
choosing metal oxide with different oxidation states as the
starting agent; (S) mild reaction conditions; this method needs
considerably lower reaction temperature, e.g., 450 versus 900 °C
for Mn;B,O ;I with respect to the chemical-vapor-transport
method; (6) promising for a wider application on the syntheses
of other boracites formed by transition metals other than Mn, Fe,
Co, Ni, and Cd reported here, main-group metals, and lighter
halogens (Cl and Br) or chalcogens (S, Se, and Te).
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