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Three new open-framework transition-metal borophosphates Nas(HsO){ M'3[BsO3(OH)]Js(PO4)e} -2H,0 (M" = Mn,
Co, Ni) (denoted as MBPO-CJ25) have been synthesized under mild hydrothermal conditions. Single-crystal X-ray
diffraction analyses reveal that the three compounds possess isostructural three-dimensional (3D) open frameworks
with one-dimensional 12-ring channels along the [001] direction. Notably, the structure can also be viewed as
composed of metal phosphate layers [M"(PO4),]*~ with Kagomé topology, which are further connected by [B3O;-
(OH)] triborates, giving rise to a 3D open framework. The guest water molecules locate in the 12-ring channels.
Partial Na* ions reside in the 10-ring side pockets within the wall of the 12-ring channels, and the other Na* ions
and protonated water molecules locate in the 6-ring windows delimited by MOg and PO, polyhedra to compensate
for the negative charges of the anionic framework. These compounds show a high thermal stability and are stable
upon calcinations at ca. 500 °C. lonic conductivities, due to the motion of Na* ions, are measured for these three
compounds. They have similar activation energies of 1.13-1.25 eV and conductivities of 2.7 x 1077-9.9 x 1077
S cm~! at 300 °C. Magnetic measurements reveal that there are very weak antiferromagnetic interactions among
the metal centers of the three compounds. Crystal data: MnBPO-CJ25, hexagonal, P6s/m (No. 176), a = 11.9683(5)
A, ¢ =12.1303(6) A, and Z = 2; CoBPO-CJ25, hexagonal, P6s/m (No. 176), a = 11.7691(15) A, ¢ = 12.112(2)
A, and Z = 2; NiBPO-CJ25, hexagonal, P6s/m (No. 176), a = 11.7171(5) A, ¢ = 12.0759(7) A, and Z = 2.

Introduction as [NHy]4[MngB(OH)(HPQy)4(PQy)e]® with oligomeric units,
. . . . K[B 6P O1o(OH)4]” with one-dimensional (1D) loop-branched
hF(t)IIovwngl(grée2 dlticoverythof mlcr?porous alun]llnophos—k chains, MM (H,0),[BP;0g]-H:0 (M' = Na, K; M' = Mg,
pnhates in , the Syninesis of new open-lrameworx Mn, Fe, Co, Ni, Zn§ with 1D infinite tetrahedral helical rib-
phosphate-based materials has attracted considerable attentiqql’ - [BROJ*, (CoH10N2)[COBP:O1{OH)J° with two-dimen-
for their potential applications in catalysis, adsorption, and sional (2D) layered structures, and MBOs(OH)] (M =

separatiort. 2 Among these phosphate-based materials, the Fb CsJ with three-dimensional (3D) open-framework

borophosphate compounds have shown fascinating structura, .
. : . o . r res. Besi me z rophospHatésno-
chemistry and interesting properties in optical asp&t&o structures. Besides, some zeotype borophosphatesno

¢ : ber of b hosphat ith vari .. _lybdenum borophosphate polyoxometaldfe$,and vana-
ar, a large number of borophosphates with various anionic ;| ., borophosphat&s2° have also been reported.

artial structures have been reported. Examples are known o
P P P As insight into the structural characters of borophosphates,
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are only a few borophosphates containing B atoms in solely Na, 10.3 (9.51). Found (%) (calcd, wt %) for NiBPO-CJ25: Ni,
trigonal-planat'~22 or both trigonal-planar and tetrahedral 13.91 (14.57); B, 7.67 (8.05); P, 14.80 (15.38); Na, 10.10 (9.51).
coordinationg:192426 The |atter generally possesses a B/P Single-Crystal Structure Determinations. Three suitable single
ratio larger than 1.0, which agrees with the rule that crystals with dimensions 0.28 0.12x 0.08, 0.32x 0.28 x 0.24,

borophosphates with a molar ratio of B# 1 contain B and 0.20x 0.20 x 0.15 mm were selected for single-crystal X-ray
atoms in both triangular and tetrahedral coordinatfons. diffraction (XRD) analyses for MnBPO-CJ25, CoBPO-CJ25, and

On the other hand, transition-metal compounds with the NiBPO-CJ25, respectively. The data were collected on a Siemens

. . i SMART CCD diffractometer using graphite-monochromated Mo
Kagonietopology have been of considerable interest becausey  (adiation ¢ = 0.710 73 A) at a temperature of 20 2 °C.

of their novel magnetic properties, for example, geometric pata processing was accomplished with the SAINT processing
frustration?’ To our knowledge, the borophosphates contain- programss
ing the Kagomdattice have never been reported even though  The three structures were solved by direct methods and refined
Kagomie structures are relatively abundant in inorganic by full-matrix least-squares techniques with ®IELXTLcrystal-
compoundg8-32 lographic software packagé.The Mn/Co/Ni, B, P, and O atoms
Herein, we report three new isostructural transition-metal could be unambiguously located. The™Nans and Ow atoms were
borophosphate compoundsg#sOX M"3[B0s(OH)]x(PQy)e} - subsequently located from a difference Fourier map whose fractional
2H,0 (M" = Mn, Co, Ni) (denoted as MBPO-CJ25) with a occupancies were determined accordling tg the charge balance as
new B/P ratio of 3/2. Their thermal stabilities, ionic well as compositional and thermogravimetric analyses (TGA). All

conductivities, and magnetic properties are investigated in H atoms are not found. The H atom connected with the O(6) atom
’ 9 prop 9 of the BG; group could not be added for its special position.

detail. Experimental details for crystal determinations of MBPO-CJ25 (M
Experimental Section = Mn, Co, Ni) are listed in Table 1.
Syntheses of MBPO-CJ25 (M= Mn, Co, Ni). The three title Characterizations. Powder XRD data were collected on a

compounds can be prepared by a hydrothermal method. Typically, Siémens D5005 diffractometer with Cuoi¢adiation ¢ = 1.5418
a mixture of HBOs, MCl,-nH,0 (M = Mn, Co, Ni:n = 4, 6, and A). Inductively coupled plasma analysis was performed on a Perkin-
6 for Mn, Co, and Ni, respectively), NEPO;-12H,0, and a HCI Elmer Optima 3300Dv spectrometer. TGA studies were carried out
solution (18 wt %) with the molar composition of 16.2:1.0:6.0: N @ NETZSCH STA 449C TGA/DTA analyzer in air with a

2.0-3.0 was added into a 15-mL Teflon-lined stainless steel N€ating rate of 10C min™*.

autoclave and heated at 20C for 5 days. The final product lonic Conductivities. Impedance measurements were performed
containing large single crystals in the form of a hexagonal prism PY using & Solartron Sl 1287 electrochemical interface and a
was washed with hot water (SC) until the residual HBO; was Solartron SI 1260 impedance/gain-phase analyzer. Pellets with ca.

completely removed, and then it was dried in air. Anal. Found (%) 1-2-cm diameter and 1.5-mm thickness were prepared by cold
(calcd, wt %) for MNBPO-CJ25: Mn, 13.52 (13.77); B, 7.92 (8.13); Pressing of the powder samples and were further sintered at 300
P, 14.98 (15.52); Na, 10.11 (9.60). Found (%) (calcd, wt %) for °C for 3 h to minimize the grain boundary effect. For a better

CoBPO-CJ25: Co, 14.11 (14.62); B, 7.62 (8.05); P, 14.7 (15.37); contact, both sides of these pellets were coated with Ag powders
and heated at 10TC for 2 h. The scanning frequency ranged from
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24) SHt;"fj? %he?gg%l égﬁé?slté”ogr_ 1996 211 707. Ni, respectively) at 200C for 5 days. Single-crystal XRD

(25) Hauf, C.; Kniep, RZ. Kristallogr—New Cryst. Struct1997, 212, analyses reveal that they are isostructures with empirical
a3 . formula Na(HsO) M"'5[B305(OH)]s(PQy)s} :2H,0 (M = Mn,
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Table 1. Crystal Data and Structural Refinement for MBPO-CJ25MVIn, Co, Niy

Yang et al.

compound MnBPO-CJ25 CoBPO-CJ25 NiBPO-CJ25
empiriCal formula HoBoMn3NasO39Ps H10BoC:NasO3z9Ps HloBgNi3N3§,O3gP6
fw 1196.96 1208.93 1028.27
T (K) 293(2) 293(2) 293(2)
wavelength (A) 0.71073 0.71073 0.71073
cryst syst, space group hexagori6/m hexagonalP6/m hexagonalP6;m
unit cell dimens
a(h) 11.9683(5) 11.7691(15) 11.7171(5)
b (A) 11.9683(5) 11.7691(15) 11.7171(5)
c(A) 12.1303(6) 12.112(2) 12.0759(7)
o (deg) 90 90 90
£ (deg) 90 90 90
v (deg) 120 120 120
V (A3) 1504.76(12) 1452.8(4) 1435.79(12)
Z, calcd density (Mg md) 2,2.642 2,2.764 2,2.795
abs coeff (mm?) 1.785 2.258 2.519
F(000) 1174 1186 1192
cryst size (mrf) 0.23x 0.12x 0.08 0.32x 0.28x 0.24 0.20x 0.20x 0.15
6 range (deg) for data collection 1.988.23 2.06-28.10 2.0128.25
limiting indices —-15<h =10, —15<h =15, —15<h <15,
—15=< k = 15, —14=<k=9, —15=< k = 15,
—-14<1=<16 —15=<1=<15 —-9=<1=<15
reflns collected/unique 10725/1301 8727/1200 9081/1212
[R(int) = 0.0806] [R(int) = 0.0557] [R(int) = 0.0396]
completeness t6 28.23,100.0% 27, 100.0% 27, 100.0%
refinement method full-matrix least squaresfoh full-matrix least squares of? full-matrix least squares oR?
data/restraints/param 1301/0/107 1200/0/108 1212/0/108
GOF onF?2 1.214 1.329 1.343

final Rindices | >20(1)]
Rindices (all data)
largest diff peak and hole (e &)

R1=0.0608, wR2=0.1296
R* 0.0774, wR2=0.1336
0.791 and-0.861

R1=0.0609, wR2= 0.1396
R1=0.0610, wR2= 0.1396
0.869 ang-0.933

R1=0.0571, wR2=0.1210
R1=0.0582, wR2= 0.1214
1.093 and-1.062

aR1 = Y[AF/Y(Fo)]; WR2 = (3 [W(F2 — FA)/ I [W(FAFY2 w = LIo¥(Fed).

when the amount of HCI is increased from the initial 0.6 @
mL to 1.0 mL, while other reaction conditions are kept 0w
unchanged, NaCo@@®),[BP.Og]-H,O? related to the zeolite
CZP topology is formed.
The powder XRD patterns of MBPO-CJ25 @¥IMn, Co,
Ni) are shown in Figure S1 of the Supporting Information.
The XRD patterns of the three compounds are in good agree-
ment with their simulated ones on the basis of their single-
crystal structural data, suggesting that they are pure phases.
The thermal properties of MBPO-CJ25 @VMn, Co, Ni)

onB) @0(3\0

i g ~ Figure 1. Thermal ellipsoid plots (50% probability) and atomic labeling
were studied by TGA, and their TGA curves are shown in schemes of CoBPO-CJ25.

Figure S2 of the Supporting Information. The TGA curve
of CoBPO-CJ25 (dotted line) shows two stages of weight two crystallographically distinct B sites. The B(1) atom

loss occurring from 260 to 57TC. The first weight loss in  located on the mirror plane shares tugO atoms with B(2)
atotal of 4.8 wt % (calcd: 4.47 wt %) in the region of 260  and Co(1) atoms [B(})O bond length: 1.363(6) A], leaving
530 °C corresponds to the loss of the water molecules in a terminal hydroxyl group [B(1}OH bond length: 1.385(11)
the pores. The second one of 2.6 wt % (calcd: 2.98 wt %) A] to form a trigonal plane. The B(2) atom is tetrahedrally
from 530 to 57C°C is ascribed to the removal of OH groups coordinated and shares thregO atoms with two P atoms
by dehydration. The TGA results of MnBPO-CJ25 and and one B(2) atom and also opgO atom with Co(1) and
NiBPO-CJ25 are similar to those of CoBPO-CJ25, and their B(1) atoms [B(2)-O bond lengths: 1.419(7)1.497(7) A].
total weight losses are 7.2% (calcd: 7.51 wt %) and 7.0% One unique P atom is tetrahedrally coordinated by O atoms
(calcd: 7.45 wt %), respectively. XRD studies at different and makes two PO—Co bonds and two PO—B bonds
temperatures (Figure S1 of the Supporting Information) show [P—O bond lengths: 1.514(4)1.550(4) A]. One crystallo-
that MNBPO-CJ25, CoBPO-CJ25, and NiBPO-CJ25 have a graphically independent Co(1) atom locates at the inversion
high thermal stability and that they can keep their structures center and is bonded to fous-O atoms [Ce-u2-Oay bond
intact upon calcinations at 450, 500, and 360 respectively.  length: 2.053(9) A] and twei-O atoms [Ce-us-O bond
Crystal Structures of MBPO-CJ25 (M = Mn, Co, Ni). length: 2.264(4) A], forming an octahedron. The asymmetric
Single-crystal XRD analyses show that the MBPO-CJ25 (M units of MNBPO-CJ25 and NiBPO-CJ25 are similar to that
= Mn, Co, Ni) compounds are isostructural and that all of CoBPO-CJ25, in which the Co atom is replaced by Mn
crystallize in the space grols/m (No. 176). The structure  and Ni atoms, respectively. The selected bond lengths and
consists of § M[B 305(OH)](PQy),} 2~ macroanionic frame- ~ angles of MBPO-CJ25 (M= Mn, Co, Ni) are shown in
work with a new B/P ratio of 3/2, and the charge neutrality Tables 2-4, respectively.
is achieved by Naand HO™ ions. The linkage of one B(1)@OH) trigonal plane and two
The asymmetric unit of CoBPO-CJ25 (Figure 1) contains B(2)O, tetrahedra forms a -(OH)] 3-ring motif, and then
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Table 2. Selected Bond Lengths (A) and Angles (deg) for

Table 4. Selected Bond Lengths (A) and Angles (deg) for

MnBPO-CJ28 NiBPO-CJ25
Mn—O(3)#1 2.128(4)  OBIMN(L)-O(L)#1l  82.80(14) Ni(1)—0(3) 2.009(3)  O@)#ENI(1)—O(L)#1l 94.16(13)
Mn—0(3) 2.128(4)  O(2#2Mn(1)-O(L)#1 87.90(15) Ni(1)—O(3)#1 2.009(3)  O(DHNi(1)—O(L)#1  88.53(14)
Mn—0(2)#2 2.145(4)  O(2)#3Mn(1)—O(1)#1 92.10(16) Ni(1)—0(2) 2.059(4)  O(Q#ENiI(1)—O(L)#1 91.47(14)
Mn—0(2)#3 2.145(4)  O(3)#Mn(1)-O(1)  82.80(14) Ni(1)—O(2)#1 2.059(4)  O(3)Ni(1)—O(1) 94.16(13)
Mn—0(1) 2.318(4)  O(3yMn(1)-O(1) 97.20(14) Ni(1)—O(1)#1 2.231(3)  O(3)#INi(1)-O(1)  85.84(13)
Mn—O(1)#1 2.318(4)  O(2#2Mn(1)-O(1)  92.10(15) Ni(1)—0(1) 2.231(3)  O(2¥Ni(1)-O(1) 91.47(14)
P(1)-0(2) 1.513(4)  O(2#3Mn(1)-O(1)  87.90(15) P(1)-O(2)#2 1.513(4)  O(2#INi(1)-O(1)  88.53(14)
P(1-0(3) 1.511(4)  O(1)#EMn(1)-O(1)  180.00(1) P(1)-0(3) 1.512(4)  O(L)#ENi(1)-O(1)  180.00(18)
P(1-0(4) 1.556(4)  O(3}P(1)-0(2) 113.4(2) P(1)-0(4) 1.554(4)  O(3yP(1)-0(2)#2 114.4(2)
P(1)-0(5) 1.555(4)  O(3)P(1)-0(5) 105.1(2) P(1)-0(5) 1.551(4)  O(3YP(1)-0(5) 104.2(2)
B(1)-0(1) 1.358(6)  O(2)P(1)-0(5) 112.4(2) B(1)-O(1)#3 1.361(5)  O(2)#2P(1)-0(5) 112.3(2)
B(1)-O(1)#5 1.358(6)  O(3}P(1)-0(4) 111.02) B(1)-0(1) 1.361(5)  O(3YP(1)-O(4) 110.9(2)
B(1)-0(6) 1.389(11)  O(2YP(1)-0(4) 109.9(3) B(1)-0(6) 1.383(10) O(2)#2P(1)-0(4) 109.5(2)
B(2)#3-0(1) 1.505(7) O(5)P(1-0(4) 104.7(2) B(2)—O(1)#1 1.504(6)  O(5}P(1)-O(4) 105.0(2)
B(2)#2-0(4) 1.476(8)  O(1)#5B(1)—O(1) 122.9(7) B(2)-0(4) 1.477(6)  O(L)#3B(1)-O(1) 123.5(7)
B(2)-0(5) 1.498(7)  O(1)#5B(1)—0(6) 118.5(4) B(2)-O(5)#4 1.488(6)  O(1)#3B(1)—0(6) 118.3(3)
B(2)#5-0(7) 1.428(7)  O(1)B(1)-O(6) 118.5(4) B(2)-0(7) 1.412(6)  O(1}B(1)-O(6) 118.3(3)
O(3)#1-Mn(1)-O(3)  180.000(1) O(7B(2)-O(4)#6 108.8(5) O(3)-Ni(1)-O(@3)#1  180.0 O(7yB(2)-0(4) 108.6(4)
O(3)#1-Mn(1)-0(2)#2 88.95(16) O(AB(2)-0O(5) 109.5(5) O(3)-Ni(1)-0(2) 92.42(15)  O(7B(2)-O(5)#4 109.9(4)
O(3-Mn(1)-O(2)#2  91.05(16) O(4)#6B(2)—O(5) 107.9(5) O(3)#1-Ni(1)—0(2)  87.58(15) O(4}B(2)-O(5)#4 107.5(4)
O(3)#1-Mn(1)-O(2)#3 91.05(16) O(AB(2)—O(L)#4 110.9(5) O(3)-Ni(1)-O(2#1  87.58(15) O(AB(2)—O(1)#1 111.2(4)
O(B)-Mn(1)-O(#3  88.95(16) O(4)#6B(2)—O(L)#4  110.2(5) O(3)#1-Ni(1)-O@)#1 92.42(15)  O(4)B(2)-O(1)#1 110.2(4)
O(2)#2-Mn(1)-O(2)#3 180.0(3)  O(5}B(2)—O(L)#4 109.4(5) O(2-Ni(1)-O(2)#1  180.00(19) O(5)#4B(2)—O(L)#1  109.4(4)
O(3)#1-Mn(1)-O(1)#1  97.20(14) O(3)-Ni(l)-O(1)#1  85.84(13)
Na(1)-0(7) 2.369(7)  Na@O(2) 3x)  2.367(7) Na(1)-0(7) 2.363(6)  Na(2O(2) 3x)  2.347(6)
Na(1)-0(6) 2.652(8) Na(2)0(6) (3x) 2.711(8) Na(1)-0(6) 2.519(7) Na(2}0(6) (3x) 2.647(7)
Na(1)-0(5) (2) 2.611(5) Na(3)}-0(2) (3x) 2.319(6) Na(1)-0(5) (2x) 2.525(5) Na(3)-0(2) (3x) 2.326(6)
Na(1}-O(3) (2x)  2.422(5)  Na(3yO(3) (3x)  2.861(4) Na(1}-O(3) (2x)  2.460(4)  Na(3}O(3) (3x)  2.752(4)

a Symmetry transformations used to generate equivalent atoms:x#1,

—y+1,-z+1,#,x—y, X, —z+ 1, #3,—x+y, —x+ 1,z #4,-y +
1IL,x—y+ 1,z #5,X%Yy, —z+ 3 #6,y, —x+ vy, —z+ L.

Table 3. Selected Bond Lengths (A) and Angles (deg) for

CoBPO-CJ25
Co(1)-0(3)#1 2.035(4)  O(3)Co(1-0O(1) 95.50(15)
Co(1)-0(3) 2.035(4)  O(2)}Co(1-0(1) 91.58(15)
Co(1)-0(2) 2.072(4) O(2)#:Co(1)-O(1)  88.42(15)
Co(1)-0(2)#1 2.072(4)  O(3)#:Co(1)-O(1)#1  95.50(15)
Co(1)-0(1) 2.264(4)  O(3rCo(1)-O(1)#1  84.50(15)
Co(1-0(1)#1 2.264(4) O(JCo(1)-O(1)#1  88.42(15)
P(1)-0(2)#2 1514(4)  O(2)#:Co(1)-O(L)#1  91.58(15)
P(1)-0(3) 1.515(4)  O(1}Co(1)-O(L)#1  180.0(4)
P(1)-0(4) 1.550(4)  O(2)#2P(1)-0(3) 113.7(2)
P(1)-0(2) 1.548(4)  O(2)#2P(1)-0(2) 112.3(2)
B(1)-0(1) 1.363(6)  O(3}P(1-0(2) 104.4(2)
B(1)-O(1)#3 1.363(6) O(2#2P(1)-0(4) 109.6(2)
B(1)-0(3) 1.385(11) O(3}P(1)-0(4) 111.1(2)
B(2)—O(1)#4 1.497(7)  O(2}P(1)-0(4) 105.4(2)
B(2)—O(4)#2 1.476(7)  O(1)B(1)-O(1)#3 123.4(7)
B(2)-0(5) 1.493(7)  O(13B(1)-0(3) 118.3(4)
B(2)-0(7) 1.419(7)  O(1)#3B(1)-0(3) 118.3(4)
O(3)#1-Co(1-O(3)  180.0(3)  O(7¥B(2)—O(4)#2 108.4(5)
O(3)#1-Co(1-0(2)  87.97(16) O(AB(2)-0O(5) 109.5(5)
0(3)-Co(1)-0(2) 92.03(16)  O(4)#2B(2)—0(5) 107.7(4)
O(3)#1-Co(1)-O(2)#1 92.03(16) O(AB(2)-O(L)#4 111.6(5)
O(3)-Co(1)-O(2)#1  87.97(16) O(4)#2B(2)—O(L)#4  110.2(4)
O(2)-Co(1)-0(2)#1  180.0(2)  O(5YB(2)-O(L)#4 109.4(4)
O(3)#1-Co(1)-O(1)  84.50(15)
Na(1)-0(7) 2.361(7) Na(2)0(2) (3x) 2.361(6)
Na(1)-0(6) 2.550(8) Na(2}0(6) (3x) 2.660(8)
Na(1)-O(5) (2x)  2.548(5)  Na(3yO(2) (3x)  2.326(6)
Na(1)-0(3) (2x) 2.459(5) Na(3}-0(3) (3x) 2.778(4)

a Symmetry transformations used to generate equivalent atoms:x#1,

+1,-y,—z#2,y+ 1, —x+y+1-z#3,Xy, —z+ Yy #4, -y + 1,

X—V, 2z

these 3-ring motifs are further connected with,R&rahedra
via vertex O atoms, forming 12-ring channels along the 6
screw axis in the [001] direction, in which water molecules

locate. The pore sizes of the 12-ring motifs are 4x38.35
A2 4.29x 3.25 R, and 4.28x 3.22 A (the largest ®-0O

distances) for MnBPO-CJ25, CoBPO-CJ25, and NiBPO-

a Symmetry transformations used to generate equivalent atoms:x#1,
+2,-y+1,-z#2,y+1,—x+y+1, -z #3,X, Y, —2+ Yy #4,x —
y, Xx—1, -z

(Figure 2b). These hexagonally arrayed 12-ring channels are
connected by M@ octahedra to construct the 3D open-
framework structure of MBPO-CJ25, giving rise to 6-ring
windows consisting of M@and PQ polyhedra (Figure 3a).
Interestingly, the linkages of Mg§octahedra and PO
tetrahedra result in a 2D layer structure exhibiting a famous
Kagonielattice (the inset of Figure 3a). Triboratess{®-
(OH)] act as pillars between these 2D layers to construct
the 3D structure of MBPO-CJ25 (Figure 3b).

The negative charges of the anionic frameworks are com-
pensated for by Naand HO" ions. Na(1) locates in the
10-ring side pockets within the wall of 12-ring channels (Fig-
ure 2b), and Na(2), Na(3), ands8&" ions lie in the 6-ring
tunnels delimited by M@and PQ polyhedra (Figure 3).
Figure S3 of the Supporting Information shows the coordina-
tion environments of all of the Naions. All of the Na
ions are coordinated by six O atoms, and the-Redistances
for the three compounds are listed in Tables42 respec-
tively, which are comparable to those in NaZa(Q).-

[B PzOg] * Hzo .35

So far, only three alkali-metal borophosphates, ¢80
(OH)4] (B/P = 6),” K3[BsPOyo(OH)3] (B/P = 5),24 and Li-
[B3sPOs(OH)3] (B/P = 3),2°> and one ammonium borophos-
phate, (NH)[B3sPO,(OH),] (B/P = 3),26 have been known
to possess B/P ratios higher than 1. The MBPO-CJ25+(M
Mn, Co, Ni) compounds represent the first transition-metal
borophosphates with high B contents (B# 3/2). The
remarkable feature of these structures with B/P ratios higher
than unity is the presence of trigonal-planar borate groups,
which are exclusively connected with borate species, forming

(?J25, respectively (Figgre 2a). Within the wall of thg 12- (35) Boy, |.. Stowasser, F.; Sclea, G.. Kniep, R.Chem—Eur. J. 2001
ring channel, 10-ring side pockets and Na(lyns exist

7, 834.
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Figure 2. (a) 12-ring window viewed along theaxis. (b) 10-ring side pockets and Na(1) atoms within the wall of the 12-ring channel viewed along the
a axis. Color code: P, yellow; B, sky blue; Na, purple; O, red.
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Figure 4. Plots of the bulk conductivity vs 100Dfor the Mn, Co, and
Ni compounds. The straight lines are the best fits to the equafion oo
exp(—E/KT).
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Table 5. Activation Energiesk), Preexponential Factorsd), and
lonic Conductivities at 300C (0300 for MBPO-CJ25 (M= Mn, Co,

Ni)
Figure 3. (a) Open framework of MBPO-CJ25 viewed along thaxis.
The left inset is a schematic presentation of the Kagtattize. (b) Open compound E(eV) oo (Scm?) 300 (S CnTt)
framework of MBPO-CJ25 viewed along tleaxis. The left inset is the MnBPO-CJ25 1.25 1.5 107 27x107
arrangement of Naand HO™ ions inside the 6-ring window. Color code: CoBPO-CJ25 1.19 1.4% 107 9.9x 107
M, pink; P, yellow; B, sky blue; Na, blue; O, red. NiBPO-CJ25 1.13 1.5% 107 3.3%x 107

3-ring motifs. Except for one 0D [MCeH14]2VO(PO;0H),-
(B3O30H)-4H,0,*° whose structure holds the cluster-like
borophosphate anionic parts with 3-ring motifs and a B/P
ratio of 3/4, the MBPO-CJ25 (M Mn, Co, Ni) compounds
are the first transition-metal borophosphates containing 1D
anionic channel structures and 3-ring motifs.

lonic Conductivities. The impedance measurements of
MBPO-CJ25 (M= Mn, Co, Ni) were performed on sintered

These data are comparable to those of reporteiN@Oy) -
(P207)236 and NaM”3(PO4)2(P207)37 (M = Mn, CO, Nl)
Compared with the good Naion conductors, such as
NASICON, related NASICON compounds, giialumina3®-42
however, the lower conductivity and higher activation energy
of MBPO-CJ25 indicate that Naions in these compounds
move with difficulty.

pellets. The plots of the bulk conductivity [lagl)] vs reci- (36) Sanz, F.; Parada, C.; Rojo, J. M.; Ruiz-ValeroCBem. Mater1999
procal temperature (1000) for these three compounds are 11, 2673. . _

shown in Figure 4. The data are well-itted to the Arrhen- ©7) 1ss?n12é3F i Parada, C.; Rojo, J. M.; Ruiz-Valeropiem. Mater2001,
ius expressioroT = oy exp(—E/KT), whereoy is a pre- (38) Hong, H. Y. PMater. Res. Bull1976 11, 173.

exponential factorE is the activation energy, and is the (9 ﬁ,%‘gd‘ﬂ";’gg' J. B.; Hong, H. Y. P.; Kafalas, J.Mater. Res. Bull.

Boltzmann constant. The anda, parameters, together with  (40) winand, 3. M.; Pulmont, A.; Tarte, B. Mater. Sci.199Q 25, 4008.
the conductivities at 300C, are outlined in Table 5. Their  (41) Collongues, R.; Kahn, A.; Michel, BAnnu. Re. Mater. Sci1979 9,

E values fall in the range of 1.33L.25 eV, and conductivities (42) k,lzsr'mezduarez A.; PecharrémeC. Iglesias, J. E.; Rojo, J. M.
(0) at 300°C change from 2.% 1077t0 9.9x 07 S cnT. Phys. Chem. B998 102, 372.

3592 Inorganic Chemistry, Vol. 45, No. 9, 2006



Three New Transition-Metal Borophosphates

Magnetic Properties. The temperature dependences of the only values. This is attributed to the orbital contribution of
magnetic susceptibilities of MBPO-CJ25 @ Mn, Co, Ni) Mn?2* jons 4344
were recorded at an applied magnetic field of 1000 Oe over conclusions

the temperature ra_nge 0f—800 K. Figure S4 of the Three new isostructural transition-metal borophosphates
Supporting Information shows the plots)gf and 1fmvsT  \1gp0.CJ25 (M= Mn, Co, Ni) with a new B/P ratio of 3/2
of the three compounds, respectively. The susceptibility haye been prepared by the hydrothermal method. These
obeys the CurieWeiss rule fm = C/(T — 6)] over awide  compounds are the first examples containing 1D 12-ring-
range of temperatures {800 K) for MNnBPO-CJ25. The  channel anionic partial structures with both Bénd BQ
effective magnetic moment per Mncalculated from the  groups. They are also the first borophosphates containing a
derived Curie constant is 6.0ds. The negative Weiss 2D Kagonielattic built up from the connection of P&nd
constant,§d = —2.4 K, implies a weak antiferromagnetic MOs polyhedra. The ionic conductivity measurements show
interaction between M ions. As insight into the structure  that the three compounds have similar activation energies
of MNnBPO-CJ25 based on the magnetic point, although the @nd conductivities at 300C, suggesting that Naions can
Mn2+ ions are positioned at the vertexes of the triangles, MOVe with difficulty. The magnetic.studies show that the
they are connected through P@roups within the Kagorme three compounds are all weak antlferromagnets_. The suc-
layers and by the [BD;(OH)] triborates between the Kagéme cessful preparation of MBPO-CJ25 (# Mn, Co, Ni) will
layers. Correspondingly, the MrMn distances are ca. 5.984 promo t € the further development of new op_en-f_ramewc_)rk

; . transition-metal borophosphate materials with interesting
and 6.965 A, resp(.actlvely.. leferen.t from a concentrated structural architectures and properties.
Kagomestructure with a spin-frustration phenomertéthe ] )
absence of spin frustration in MNBPO-CJ25 may be due to . Acknowledgmgnt. This Work_ls suppo_rted by the Na-

) . tional Natural Science Foundation of China.

the larger distance between the adjacent metal atoms. The
magnetic measurement results of CoBPO-CJ25 and NiBPO- Supporting Information Available: The crystallographic data

. . in CIF format, X-ray powder patterns, TGA curves, coordination
CJ25 are similar to those of MNBPO-CJ25. The negative environments of Na atoms, and tagvs T and 14 vs T plots for

Weiss constants) = —15.2 K for CoBPO-CJ25 and = MBPO-CJ25 (M= Mn, Co, Ni). This material is available free of
—5.5 K for NiBPO-CJ25, suggest a very weak antiferro- charge via the Internet at http://pubs.acs.org.

magnetic exchange ordering occurring among the metallic
centers. The room-temperature effective magnetic moments
derived from the measurements, i.e., 5ibper CS* ion Efflg gﬂg‘gFfN'-'\C"ﬁgﬂztoéhe;?éﬁéysf”r\‘l\glggg/ega% egers“_';"ﬁ’rfgé .
and 3.46ug per N?* ion, are higher than the expected spin- Chem.2004 43, 2564.
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