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ABSTRACT: We present here the structures and magnetism
of two quasi-1D linear chain compounds of BiM,BP,0,, (M =
Co, Ni), which were synthesized by traditional solid-state
reactions for the first time. Two title compounds crystallize in
the monoclinic system with space group P2,/c and feature
novel 3D structures with a linear chain structure of {MOg},
further connected by [BP,O,,]”” anionic groups. The results
of magnetic property measurements evidence the antiferro-
magnetic properties of both compounds in low magnetic field
and a field-dependent metamagnetic transition from the
antiferromagnetic to ferromagnetic ground state of the
BiCo,BP,0,, complex.

B INTRODUCTION

Inorganic functional materials possessing low-dimensional
crystal structures,' in particular, transition-metal oxides with a
linear chain structure,” have attracted much attention in solid-
state physics and chemistry since the discovery of their various
fascinating magnetic and electronic phenomena. Numerous
studies on 1D magnetic systems have been carried out, for
example, on § = 5/2 Heisenberg (Mn**),” § = 1 (Ni**, Haldane
system),* S = 1/2 Ising (Co*"),”> and S = 1/2 Heisenberg
(Cu*) systems.® The magnetic anisotropy of the spin carriers is
one key factor that affects the magnetic behavior of such 1D
systems. If isotropic ions are employed, isotropic Heisenberg
chains are to be expected, whereas if anisotropic metal ions are
used, Ising chains and hence single-chain magnets can be
expected. Considerable efforts have been devoted to the
syntheses and investigation of linear chain structure magnetic
materials with large uniaxial anisotropy because these Ising
anisotropic chains offer the possibility of studying single-chain
magnets (SCMs) with unique physical properties.” It is a great
challenge to prepare novel crystal materials with a linear chain
structure.

Much research focused on the metal linear chain system
based on borates, phosphates, and vanadate has been
established.*™'® Our research of the borophosphates has led
to some new borophosphate compounds with quite different
structures."’ Borophosphates have rich structural chemis-
try.”>”'* We started to focus on metal borophosphate
compounds to find some with a linear chain structure of
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transition metals. There is very scant information about
quaternary or quinary anhydrous systems containing transition
metals, and only M™,BP,0,, (M = Fe, In, Cr, V)"
Co;BPO,,'® CoBP;0,,'” and KZnBP,O,'® have been
reported. Recently, we have investigated transition-metal
borophosphate compounds of quaternary systems including
Bi. Bi**cations have a large ionic radius and are able to exhibit
several types of asymmetric coordination geometry as a result
of the existence of stereochemically active lone pair electrons,
which may act as a “chemical scissors”.'”*°

Guided by this idea, two new quinary compounds, namely,
BiM",BP,0,, (M = Co, Ni) with a quasi-1D linear chain
structure, have been successfully synthesized by traditional
solid-state methods. Herein, in this study, we first report on the
syntheses, structures, and magnetic properties of BiM",BP,0,,
(M = Co, Ni) .

B EXPERIMENTAL SECTION

Materials and Instrumentation. All of the chemicals were
analytically pure from commercial sources and used without further
purification. NH,H,PO,(AR), H;BO;(AR), CoC,0,2H,0(AR)/
C,H,Co00,-4H,0 (AR), Ni(HCO,),-2H,0(PR)/NiC,0,-5H,0(AR),
and Cs,CO;(AR) were purchased from Shanghai Reagent Factory.
Single crystals of the title compounds were selected for indexing and
intensity data collection on a Rigaku Mercury CCD diffractometer or
an SCXmini diffractometer at 293 K. The structures were solved by
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the direct methods and refined anisotropically by using SHELXS-97.
Microprobe elemental analyses were performed by using a field
emission scanning electron microscope (FESEM, JSM6700F)
equipped with an energy-dispersive X-ray spectroscope (EDS, Oxford
Inc). The XRD patterns were recorded on a MiniFlex2 goniometer
with Cu Ka radiation (30 kV, 15 mA) in the continuous scanning
mode, and the 26 scan range was from 5° to 85° in steps of 0.2°.
Thermogravimetric analyses (TGA) and differential thermal analyses
(DTA) were carried out with a NETZSCH STA 449C unit under an
air atmosphere. The samples were placed in AL, O; crucibles and
heated from 35 to 1200 °C at the rate of 10.0 °C/min. Magnetic
susceptibility measurements for the two compounds were performed
with a PPMS magnetometer. The raw data were corrected for the
susceptibility of the container and the diamagnetic contributions of the
sample using Pascal constants.

Synthesis of BiM'",BP,0,, (M = Co, Ni). Compound
BiCo,BP,0,, was synthesized by solid-state reaction. A powder
mixture of 0.0890 g of Cs,CO; 0.6481 g of Bi,O; 0.3831 g of
CoC,042H,0, 0.3381 g of NH,H,PO,, and 0.2991 g of H;BO; was
first ground in an agate mortar and then transferred to a platinum
crucible. The sample was gradually heated in air at 573 K for 6 h to
decompose H;BO; and NH,H,PO, and finally heated at 1233 for 24
h. The intermediate product was slowly cooled to 1073 K at a rate of 2
K/h, where it was kept for 10 h and then quenched to room
temperature. Some violet crystals of different shapes were mechanically
removed from the solidified flux. The synthesis of a single crystal of
compound BiNi,BP,0,, was carried out using the powder mixture of
0.0829 g of Cs,CO3, 0.6490 g of Bi,O, 03295 g of Ni-
(HC02),2H,0, 0.3851 g of NH,H,PO,, and 0.2946 g of H,BO,.
Some light yellow block crystals were selected carefully from the
sintered product for the single-crystal detection. After structural
analysis, the red and yellow crystalline powder samples of the two title
compounds were then obtained quantitatively by the reaction of a
mixture of Bi,O;, C,HsC00,4H,0/Ni(HCO2),-2H,0, H,BO;, and
NH,H,PO, in a molar ratio of 1:4:2:4 at 1123 K/1193 K for 30 h,
respectively. The purities of the compounds were confirmed by XRD
powder diffraction studies (Figure S1, see Supporting Information).

Single-Crystal Structure Determination. Single crystals of the
title compounds were selected for indexing and intensity data
collection on a Rigaku Mercury CCD diffractometer (Bi-
Co,BP,0,,)/SCXmini diffractometer (BiNi,BP,0;,) at 293 K,
respectively. Absorption corrections by the multiscan method were
applied for both of them,”" and both structures were solved by the
direct method and then refined on F by the full-matrix least-squares
method, with the SHELXL/PC programs.22 All atoms were refined
with anisotropic thermal parameters. Crystallographic data and
structural refinements for the two title compounds are summarized
in Table 1. The atomic coordinates are listed in Table S1 (see
Supporting Information), and important bond distances and angles are
listed in Table S2. The final refined solutions obtained were checked
with the ADDSYM algorithm in the program PLATON,*® and no
higher symmetry was found. In order to confirm the chemical
composition of the compounds, we performed microprobe elemental
analyses of the single crystals, indicating the presence of Bi, Co, and P
elements in a molar ratio of 4.6:10.3:9.1 in compound BiCo,BP,0,
and Bi, Ni, and P in a molar ratio of 4.0:7.2:11.7 in compound
BiNi,BP,0,, (Figure S3, see Supporting Information). Since the
samples were unpolished and X-ray corrections may be approximate
especially for light elements, the EDS results were in agreement with
those from single-crystal X-ray structural analyses. ICSD Nos. 423963
and 423964 contain the supplementary crystallographic data for this
paper. The data can be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (49)
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de).

B RESULTS AND DISCUSSION

In order to search for new compounds within a linear chain
structure and better understand the crystal structures and their
magnetic properties, exploration on the transition-metal
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Table 1. Crystal Data and Structural Refinements for
Compounds 1 and 2

compound 1 compound 2

formula BiCo,BP,0,, BiNi,BP,0,
fw 559.59 559.11
space group P2(1)/m (No. 14) P2(1)/m (No. 14)
a, A 5.0782(9) 5.0682(13)
b A 11.2889(10) 11.282(3)

¢ A 6.4020(11) 6.322(2)

a, deg 90 90

P, deg 107.827(9) 90

7, deg 90 90

v, A3 349.39(9) 345.79(17)
z 2 2

Dy grem™ 5.319 5.370

y, mm™! 30.323 31.286

GOF on F* 1.113 1.052

R1, wR2 [I > 26(1)]° 0.0195, 0.0470

R1, wR2 (all data) 0.0206, 0.0473
“R1 = YIE| — IEI/YIE,, wR2
Ywl(F,)* 1}

0.0258, 0.0611
0.0272, 0.0620

{Zwl(F)* = (F)*TY/

borophosphate compounds afforded two new quinary com-
pounds, namely, BiM",BP,0,, (M = Co, Ni) by traditional
solid-state methods. The two title compounds feature novel 3D
structures with a linear chain structure of {MOy}, further
connected by [BP,0,,]”~ borophosphate anionic groups.

Structural Descriptions. X-ray analysis revealed that the
compounds BiM",BP,0,, (M = Co, Ni) are isotypic and
crystallize in the monoclinic system with space group P2,/c.
Since they are isostructural, only the structure of BiCo,BP,0,,
will be discussed in detail as a representative.

The asymmetric unit of BiCo,BP,0,, consists of one
bismuth ion, one cobalt ion, and one borophosphate anionic
group, [BP,0,,])"". All of the atoms represent independent
crystallographic sites. As seen from Scheme 1la, the B atom is
tetrahedrally coordinated by four oxygen atoms, forming a BO,
tetrahedron geometry with B—O bond lengths ranging from
1.456(9) to 1.478(6) A (Table S2, see Supporting Informa-
tion). Each BO, tetrahedral geometry shares two corners with
two different PO, tetrahedra to form the [BP,0,,]””
borophosphate anionic group and uses two other corners to
connect with four [CoO4] octahedra. Hence, each BO,
tetrahedral group is hexacoordinate with two PO, tetrahedra
and four [CoOg] octahedra. Scheme 1b shows that each P atom
is also coordinated by four oxygen atoms in a tetrahedral
geometry with P—O bond distances ranging from 1.520(4) to
1.553(4) A (Table S2, see Supporting Information). The
longest P—O distances are found from the P—O-B linking
(1.553(4) A), and the distances of P—O bonds within the P—
O-Co linking are 1.520(4) and 1.543(4) A. Each PO,
tetrahedral group acts as pentacoordinate with one BO,
tetrahedron and four [CoOg] octahedra (Scheme 1b). Col is
connected by six oxygen atoms to form a little distorted
octahedral geometry with the Co—O distances ranging from
2.066 to 2.207 A (Table S2, see Supporting Information). The
most remarkable structural feature is that magnetic Co** ions
have independent crystallographic sites with the arrays of edge-
shared CoOyg octahedra forming quasi-1D linear chains along
the b-axis, and the skew chains are separated by nonmagnetic
[BP,0,]7, resulting in a quasi-1D structural arrangement,
which also can be seen from Figure la. The neighboring
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Scheme 1. Coordination Modes of the Anion Group in
BiCo,BP,0,,"

E

(a) (b)

(c) (d)

“Bi, Co, P, B, and O atoms are represented by yellow, blue, pink, dark
green, and red circles respectively.

(a) (b)

Figure 1. View of the structure of BiCo,BP,0,, along the a-axis (a);
selected Co---Co distances within the chain and between chains (b).
Bi, Co, and O atoms are represented by yellow, blue, and red circles,
respectively.

Co--Co separations between a pair of edge-sharing CoOyq
octahedra chains are in the range 3.201(2)—3.285(1) A, and
the shortest interchain Co--Co separation is 5.078(2) A
(Figure 1b). The metal bismuth ions are located inside the
tunnels formed by the corner sharing of the [Co,0,0] dimer
and [BP,0,,)"” borophosphate anionic groups. The bismuth
ions are surrounded by six oxygen atoms at Bi—O distances less
than 3.3 A (Table S2). The coordination polyhedron of Bi**
can be better characterized by one short Bi—O bond (2.112 A)

and five longer ones (2.351—2.452 A) (Table S2, see
Supporting Information). For Bi ions, all the oxygen atoms
are located on the same side with respect to bismuth (Scheme
1d), showing for this cation a rather strong stereoactivity. It is
well established that Bi’* ions often generate distorted
structures due to the electrostatic effect of the lone pair of
electrons and act as “chemical scissors”.

Many borophosphate compounds known to date are
systematically classified in terms of reviews by R. Kniep et
al.">" To further understand the structure, we have employed
Kniep’s concept and nomenclature of borophosphate funda-
mental building units (FBUs) to analyze the borophosphate
partial structures of the two title compounds. As far as we
know, there are two main classification criteria of borophos-
phate compounds: one is the ratio of borate to phosphate in
borophosphate anions, and the other is disassembling the
anionic partial structure into its fundamental building units. So
the FBU of the borophosphate partial structure of
BiCo,BP,0,, is [BP,0,,]”” with B:P = 1:2, 30:30 (O
represents BO, and PO, tetrahedra).

TGA indicated that the compounds BiM",BP,0,, (M = Co,
Ni) are thermally stable up to the high temperature (Figure S2,
see Supporting Information). There are no obvious steps of
weight loss before 1100 °C in the curves of TGA. For the two
title compounds, the total weight losses are 9.6% and 5.5% at
1200 °C, respectively, which is also confirmed by the DTA
curve. The weight loss corresponds to the decomposition of the
compound. The two title compounds, in which the four oxygen
atoms around the B atoms are all further connected by other
atoms, have higher thermal stability, which also can be seen in
other anhydrous borophosphates, such as KMBP,Og (M = Sr,
Ba),"* and Sr¢BP;0,,.>*

Magnetic Properties. Magnetic susceptibilities of Bi-
M"BP,0,, (M = Co, Ni) were measured at a field of 1000
Oe over a temperature range of 2—300 K. The temperature
dependences of dc magnetic susceptibility and the correspond-
ing reciprocal susceptibility of the polycrystalline material are
shown in Figure 2. For compound BiCo,BP,0,y, the
susceptibility exhibits a sharp peak around 13 K, indicative of
a long-range antiferromagnetic ordering. A Curie—Weiss fit to
the high-temperature susceptibility data (15—300 K) yields a
Curie constant C of 7.54(4) emu K/mol and a Weiss constant
of —57.33(2) K (Figure 2a). For compound BiNi,BP,0y,, the
magnetic susceptibility seems to be the same as that for
BiCo,BP,0,, and the susceptibility exhibits a sharp peak at 7.0
K. A typical Curie—Weiss behavior is observed, giving the Curie
constant C = 2.89(1) emu K/mol and Weiss constant 6 =
—20.46(2) K, as shown in Figure 2b. The negative Weiss
temperature indicates antiferromagnetic exchnage between
transition-metal ions. The effective magnetic moment of Co*"
and Ni** ions in the system is calculated to be 5.49(2) and
3.40(1) uB, respectively, while the values obtained from Co*"
(S = 3/2) ions and Ni** (S = 1) for spin-only magnetic
moments with a g factor of 2 are 3.87 and 2.82 uB, respectively.
It is indicated that Co®* ions have a high spin state and a higher
value than is presumably due to the orbital contribution, which
is very typical for octahedrally coordinated Co**.* For the Ni**
compound, the effective magnetic moment p¢ is 3.40(1) uB, a
little larger than the theoretical value 2.82 uB, assuming that the
Ni(II) ion in the octahedral environment also has a small
orbital contribution to the total magnetic moment.”®

To estimate the exchange coupling within the [MOg], chain
via edge-sharing, the y,, T data can be fitted by an infinite-chain
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Figure 2. 1/y vs T and y vs T plots for BiCo,BP,0,, (a) and BiNi,BP,0, (b). The dark red line represents the linear fit of data according to the
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Figure 3. Temperature dependence of y,,T for compound for BiCo,BP,0y, (a) and BiNi,BP,0;, (b). The circles correspond to the experimental
data. The simulation is depicted as a red line by using a 1D Fisher model.

model of classical spins developed by Fisher with H
—ZJZS;S,-H.27 The corresponding analytical expression for
the y,,T product is listed as follows (eqs 1 and 2).

CNgBS(S+ 1)1+ u

T * 1-u 0
Y Coth[]S(s + 1)] B kT
B kT JS(S + 1) )

where N, g f, and k have their usual meanings and ] is the
superexchange coupling constant between adjacent Co(II) ions.

As shown in Figure 3a, the susceptibility of BiCo,BP,0,
above 14 K can be fitted well with J/kz = —5.75 K and g = 3.65,
and the agreement factor defined by R = Z()(mTexp — yaT.)?/
Z(){mTexp)z is 6.5 X 107* Figure 3b shows that the
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susceptibility of BiNi,BP,0,, in the whole temperature range
can be fitted well with J/kg = —5.15 K and g = 2.44, and the
agreement factor defined by R = Y (YmTep — XmTea)’/
Y (UmTep)® is 6.0 X 107°. The negative | suggests an
antiferromagnetic interaction within the chain.*®

As shown in Figure 4, the behaviors of magnetization (M) as
a function of applied field (H) at 2.5 K for the Co compound
and at 2 K for the Ni compound are quite different. For the Co
compound, dc magnetization was measured at various applied
fields up to 140 kOe, and a linear behavior of magnetization is
seen below 48 kOe, which is in good agreement with the AF
ground state in the system, while a sudden increase appears
above ~48 kOe, displaying a hysteresis loop with a large
coercive field (H = 48—140 kOe) (Figure 4a), which indicates a
metamagnetic transition from the antiferromagnetic to
ferromagnetic ground state. For the Ni compound, magnet-
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Figure 4. Magnetization (M) as a function of magnetic field (H) for BiCo,BP,0, (a) and BiNi,BP,0,, (b).

ization isotherms obtained at 2 K follow a linear variation in the
whole range of the magnetic field strength (0—80 kOe), and
the high value of magnetization attained at higher fields (M =
6.85 X 10° emu/mol, at 80 kOe) indicates that the Ni
compound is a canted antiferromagnet (Figure 4b), which
agrees with the Heisenberg-like behavior of Ni magnetic
moments.

To gain further insight into a field-induced metamagnetic
transition in BiCo,BP,0,, magnetic susceptibilities were
measured at various applied fields (H) over a temperature
range of 2—50 K. As shown in Figure S, when the applied field

0.25+ . 50
BiCosBP>0 a
2572510 ® 10kOe
0.20 A 20kCe
~ ¥ 30kOe
= @ 50kOe
50.154 < 60kOe
l",E P 80kOe
§
~—0.10
=
=
0.054
0 10 20 30 40 50

Temperature (K

Figure 5. Magnetic susceptibilities at different applied field (H = $, 20,
30, 50, 60, 80 kOe) over a temperature range of 2—50 K.

H was below 50 kOe, a sharp peak is clearly observed at 13.0 K,
indicative of 3D Neel temperature (Ty). With increasing the
field over 50 kOe, the susceptibility below S K increases rapidly
and Ty shifts slightly to a lower temperature. The results are in
good agreement with a metamagnetic transition from the
antiferromagnetic to ferromagnetic ground state induced by an
applied field.

A more convincing argument for the different nature of
magnetism in the Co- and Ni-containing compounds was
presented. It is clear that both compounds display a similar AF
ground state due to the fact that magnetic ions (Co or Ni) have

8846

a similar spin—lattice with a linear chain structure. The Ni** (d®,
tzgéegz) ions have weak spin—orbital coupling in an octahedral
environment, and the Ni compound is likely a canted
antiferromagnet, which agrees with the Heisenberg-like
behavior of Ni magnetic moments. Co*" (d’, t, ,’e,”) has a
larger orbital moment contribution octahedrally coordinated by
oxygen atoms; thus it is reasonable that a field-dependent
metamagnetic transition from the antiferromagnetic to
ferromagnetic ground state can be observed, which agrees
with the fact that cobalt oxides usually exhibit large magnetic
anisotropy and also show interesting field-induced magnetic
transitions. >’

B CONCLUSION

In summary, two new anhydrous borophosphate compounds
generally formulated as BiM,BP,0;, (M = Co, Ni) containing a
quasi-1D linear chain structure have been reported for the first
time. The 3D network structures, borophosphate anionic
groups, and the stereochemical activity of the Bi** lone pair
have also been discussed. As evidenced by magnetization
measurements at low magnetic field, this framework is a strong
antiferromagnet due to adjacent magnetic coupling interactions
within edge-bridged chains, and the y,,T data can be fitted by
an infinite-chain model of classical spins developed by Fisher,
while there is a considerable field-induced metamagnetic
transition from the antiferromagnetic to ferromagnetic ground
state of the Co compound. It is expected that more
borophosphates with a linear chain or low-dimensional
magnetic framework structure and novel physical properties
can be prepared by using similar synthetic methods in the near
future.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic files in CIF format, atomic coordinates
(Table S1), selected important bond lengths (Table S2),
simulated and experimental XRD powder patterns for
compounds 1 and 2 (Figure S1), TGA and DTA diagrams
for compounds 1 and 2 (Figure S2), and results of the
microprobe analysis (Figure S3). These materials are available
free of charge via the Internet at http://pubs.acs.org.
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