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A new three-dimensional (3-D) manganese(ll) borophosphate 4]l oBo(OH)(HPO,)4(POy)e)
(denoted MnBPO-CJ26), has been synthesized by a hydrothermal method. The structure has been
determined by single-crystal X-ray diffraction. It crystallizes in the monoclinic space dz@lgp(No.

15) witha = 32.603(7) Ab = 10.617(2) A,c = 10.718(2) A, angp = 108.26(3). Its structure features
anionic manganese-phosphate layers{@ii),(HPO)4(POy)e] 1, which are made up from MnMnNOg,

PO, and HPQ polyhedral units. These anionic layers, parallel tolthglane, are further connected by
BO, tetrahedra through vertex oxygen atoms forming a novel open framework with 2-D eight-membered
ring (8-MR) channels along the [010] and [001] directions. Charge neutrality is achieved by protonated
NH3s molecules. The structure has unique B/P and Mn/P ratios €B/H5, Mn/P = 9/10). Magnetic
measurements indicate that CutM/eiss behavior above 100 K with = 4.404(3) cd mol~* K and 6

= —51.2(5) K. The value ofC is consistent with arg = % ion with g ~ 2.0 (4.38 crd mol~! K).
However, the magnetic data reveal a spontaneous magnetization at 8.0 K, indicating a cantig of Mn
moments in the antiferromagnetic ground state.

Introduction structures of borophosphates feature various anionic partial

. structures, including oligomeric units, chains, ribbons,

Open-framework metal phosphates have been widely g olg
layers, and 3-D open framework&xamples are known as

studied for their applications in sorption, separation, and 16 17 aina .
heterogeneous catalysi$Recently, metal borophosphate CQ’[BP3,C) i“]’ KS[BSPQ‘#O_HM’ MM (HZO)Z[B.PZOB]S

i . .H,O (M' = Na, K, and M = Mg, Mn, Fe, Co, Ni, Zn}
compounds have received much attention because of their,

. . . . . . M“(CzHloNz)[szgolz(OH)] (M" = Mg, Mn, Fe, NI, Cu,
fascmatmg structurgl archltectu7res and_ potennal applications Zn)2° and M[B,P,0s(OH)] (M = Rb, Cs)P° etc. Their B/P
in catalytic and optical aspects’ In addition, several boro- no

L ratios include 1/3, 1/2, 2/3, 1/1, 3/1, and 5/1.
phosphate compounds have been used as antioxidants an

: : : . . It is noted that the reports on manganese borophos-
fire proofing agents. Since the report of the first zeolite- | - " oo e rare even though they may exhibit inter-
like metal borophsophate §8:0N,)[CoB,P;0:,(OH)] in b 9 y may

9 ) esting magnetic, spectroscopic, and catalytic properties. Up
o ens stmons 1o o, ol o nturs seamanies, MOEOCH
prep y ' (POOH)?222 and Mny(OH)[B(OH)4](POy),22 and two syn-
thetic 3-D open-framework manganese borophosphates,

*To whom correspondence should be addressed. E-mail: jihong@
mail.jlu.edu.cn.
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Open-Framework Manganese Borophosphate

MIMn(Hzo)z[BPQOg;]'HzO (MI = Na, K)18 and Mn(QHloNz)-
[B2P:01(OH)],2° have been known. The two seamanites have
similar 1-D cationic manganese-phosphate chaing(®i),-
(PO;OH)** and [Mns(OH)(PQy)]*, which are further con-
nected by BQ groups forming 3-D open frameworks. All

the manganese atoms adopt octahedral coordination. Man-

ganese borophosphatéMh(H,0),[BP,Og]-H,O (M' = Na,
K)!® contains helical ribbons of corner-linked borate and
phosphate tetrahedra which are further connected by MnO
(H20), octahedra through common vertex oxygen atoms
resulting in a 3-D chiral octahedral-tetrahedral framework
related to zeolite CZP topology. Mn§BioN2)[B2P;01
(OH)]* is an analogue of CoEl1gN,)[B2P:01(OH)].° It

is composed of anionic borophosphate layers made up from

tetrahedral BQ and PQ units forming three- and nine-

membered rings. The distorted Mp©ctahedra pillar the

layers, giving rise to an open framework with 1-D 8-MR
channels.

Herein, we describe the third synthetic manganese boro-
phosphate (NkE4MngB,(OH)(HPO,)4(POy)s, designated
MnBPO-CJ26 (CJ26: China Jilin University, number 26),
with unique B/P and Mn/P ratios (B 1/5, Mn/P= 9/10).

Its framework consists of anionic manganese-phosphate extinction coefficient

layers, [Mry(OH)o(HPOy)4(PQy)6) 1%, which are pillared by
BO, groups forming a 3-D open framework with 2-D 8-MR
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Table 1. Crystal Data and Structure Refinement for MNBPO-CJ26

empirical formula H2B2MngN4O42P10
formula weight 1576.00
temperature 173(2) K
wavelength 0.71073 A
crystal system, space group  monoclir@2/c

unit cell dimensions a=32.603(7) A o= 90.00
b=10.617(2) A B =108.26(33
c=10.718(2) A y =90.00
volume 3523.2(12) A
Z, calculated density 4,2.971 Mgfm
absorption coefficient 3.718 mmh
F(000) 3084
crystal size 0.25¢ 0.1 x 0.08 mn¥
0 range for data collection 2.997.45
limiting indices —41<h=<42,
—13=< k=13,
—13=<1=<13

reflections collected/ unique  16858/40Ript) =
0.0413]

completeness t§ = 27.45  99.4%

refinement method full-matrix least-squares

onF2

data/restraints/parameters 4010/12/330

goodness-of-fit orfF2 1.076

final Rindices | > 20(1)] Ry =0.0313,

wR, = 0.0801

Rindices (all data) R; = 0.0374,

WR, = 0.0835
0.00035(5)

largest diff. peak and hole  1.607 an®.675 e A3
3Ry = Y(AF/Z(Fy); WRe = (S[W(Fo? =~ FA/I[W(FAZM2, w =

channels. Magnetic studies reveal that MNnBPO-CJ26 displaysll"z(F°2)'

a canted antiferromagnetic behavior below 8.0 K.

Experimental Section

Synthesis and Characterization. MNnBPO-CJ26 was pre-
pared by a hydrothermal method. Typically, a reaction mixture of
Mn(OAc),*4H,0 (1 mmol), HBOs (16.2 mmol), (NH),HPO, (3.2
mmol), and HO (55.6 mmol) was loaded into a 15 mL Teflon-

lined stainless steel autoclave directly and then heated under

autogenous pressure at 20Q for 5 days. The final product
containing light pink stick-like crystals was washed with hot water
(50 °C) until the residual boric acid was completely removed, and
then it was dried in air. X-ray power diffraction (XRD) data were
collected on a Rigaku X-ray diffractometer with CuxKadiation

(A =1.5418 A). Its experimental XRD pattern is in agreement with

the simulated one generated on the basis of single-crystal structura

data, proving the phase purity of the as-synthesized product
(Supporting Information Figure S1). The elemental analysis was
conducted on a Perkin-Elemental 2400 elemental analyzer, giving
the contents of N and H as 3.61 and 1.28 wt %, respectively
(calcd: N, 3.55; H, 1.40 wt %). Inductively coupled plasma (ICP)
analysis was performed on a Perkin-Elmer Optima 3300Dv
spectrometer and gave the contents of Mn, B, and P as 32.0, 1.54
and 20.1 wt %, respectively (calcd: Mn, 31.4; B, 1.37; P, 19.7 wt
%). The infrared (IR) spectrum was recorded within the-48000
cm!region on a Bruker-IFS 66V/S spectrometer using KBr pellets.
As seen in Supporting Information Figure S2, the bands at 3498
and 1684 cm! can be assigned to the stretching and bending
vibrations of G-H groups, while the bands at 3226, 3084, 2848,
and 1437 cm! correspond to the stretching and bending vibrations
of N—H groups, confirming the presence of liHons2* The bands

(22) ICSD: Kurkutova, E. N.; Rau, V. G.; Rumanova, |. Bm. Mineral.
1941, 26, 446.

(23) ICSD: Moore, P. B.; Ghose, 3m. Mineral.1971, 56, 1527.

(24) Huang, Y.; SchHarm, G.; Carrillo-Cabrera, W.; Cardoso, R.; Schnelle,
W.; Zhao, J.; Kniep, RChem. Mater2001, 13, 4348.

in the region 1097586 cn1! can be assigned to the asymmetric
stretching and bending vibrations of RC(BO,, and B-O—P
groups?® Thermogravimetric analysis (TGA) was carried out on a
Perkin-Elmer TGA 7 unit in the air with a heating rate of 10
°C/min and showed a major weight loss of 11% occurring at200
510 °C (Supporting Information Figure S3). It is ascribed to the
removal of NH molecules (calcd: 4.31 wt %) and® molecules
dehydrated from OH groups (calcd: 5.71 wt %) in the product.

Single-Crystal X-ray Diffraction. A suitable single crystal with
dimensions of 0.25¢< 0.10 x 0.08 mn¥ was selected for single-
crystal X-ray diffraction analysis. The data were collected on a
Rigaku RAXIS-RAPID diffractometer equipped with graphite-
monochromated Mo K radiation ¢ = 0.71073A) at a temperature
of 173 K. Data processing was accomplished with the PROCESS-
[AUTO processing program. Direct methods were used to solve the
structure using the SHELXTL crystallographic software packége.
The structure was solved in the space grou@2t. All framework
atoms Mn, P, B, and O could be unambiguously located. The two
guest atoms located from the difference Fourier map were suggested
to be N atoms in two protonated Nirholecules by charge balance,
IR, and elemental analysis. The N(1) atom was found to be
disordered over two sites with different occupancy: N(1)/N(1)
0.8/0.2. The H atoms of N(1) and N(yere not added. The H
atoms of the N(2) atoms and the hydroxyl groups were subsequently
located from the difference Fourier map. The positions of H(4),
H(8), and H(16) atoms attached to O(4), O(8), and O(16) were
fixed, and the temperature factors of H(4) and H(8) were fixed to
0.08. The non-hydrogen atoms were refined anisotropically.
Structure details and selected bond lengths and angles are listed in
Tables 1 and 2, respectively.

ESR and Magnetic MeasurementsThe ESR spectrum was
recorded on a powder sample at X band at room temperature on

(25) Baykal, A.; Klzilyalli, M. J. Mater. Sci200Q 35, 4621.
(26) SHELXTL Programversion 5.1; Siemens Industrial Automation, Inc.,
1997.
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Table 2. Selective Bond Lengths [A] and Angles [deg] for

MnBPO-CJ262

Mn(1)-0(1)
Mn(1)-0(2)
Mn(1)—O(5)#1
Mn(2)—0(6)
Mn(2)-0(9)
Mn(2)—0(19)
Mn(3)—0(9)#2
Mn(3)—0(10)#2
Mn(3)—O(12)#2
Mn(4)—0(12)
Mn(4)—0(14)
Mn(5)—0(11)
Mn(5)—O(16)
Mn(5)—0(14)

P(1)-0(6)

P(1)-0(8)

P(2)-0(9)
P(2)-0(12)#2
P(3)-O(1)#5
P(3)-0(17)
P(4)-O(14)#4
P(4)-0(20)

P(5-0(2)

P(5)-0(4)

B(1)-0O(3) #6
B(1)-0(17)
O(2)-Mn(1)-0(21)
0(21)-Mn(1)-O(5)#1
O(21)-Mn(1)-0(1)
0(2)-Mn(1)-0(6)
O(5)#1-Mn(1)—O(6)
0(18)-Mn(2)—0(19)
0(9)-Mn(2)-0(5)
0(9)-Mn(2)-0(7)
O(5)-Mn(2)-0(7)
0(6)-Mn(2)-0(18)
O(7)-Mn(2)-0(18)
0(6)-Mn(2)-0(19)
O(7)-Mn(2)-0(19)
0(9)-Mn(3)-0(10)#2
0(9)-Mn(3)—0(10)
O(10)#2-Mn(3)—0(10)
O(9)#2-Mn(3)—O(12)#2
O(10y-Mn(3)—O(12)#2
O(9)#2-Mn(3)—0(12)
O(10)-Mn(3)—0(12)
0(12)-Mn(4)—0(13)
O(13)-Mn(4)—0(11)
O(13)-Mn(4)-0(14)
(12)-Mn(4)—O(15)#3
(11)-Mn(4)—O(15)#3
(15)-Mn(5)—0(16)
(16)-Mn(5)—0(19)
(16)-Mn(5)—0(18)
(15)-Mn(5)—0(14)
(19)-Mn(5)—0(14)
(15)-Mn(5)—0(11)
(19)-Mn(5)—0(11)
(14y-Mn(5)—0(11)
(7)#1-P(1)-0(8)
(7)#1-P(1)-O(10)#1
(8)-P(1)-O(10)#1
(12)#2-P(2-0(9)
(12)#2-P(2-O(13)#4
(9)-P(2)-0(13)#4
(1)#5-P(3)-O(15)#3
(1)#5-P(3)-0(17)
O(15)#3-P(3)-0(17)
O(21)-P(4)-O(14)#4
O(21)-P(4)-0(20)
O(14)#4-P(4)-0(20)
O(2)—P(5)-0(4)
0(2)-P(5)-0(3)
O(4)-P(5)-0(3)
O(3)#6-B(1)—0(16)
O(3)#6-B(1)-0(20)#3
O(16)-B(1)-0(20)#3

000000000000 O0O0O0O0O0O00OO

a Symmetry transformations used to generate equivalent atomsx,(#1)

2.192(2)  Mn(1}0(6)
2.107(3)  Mn(1}0(21)
2.139(2)  Mn(2YO(5)
2.145(2)  Mn(2}-0(7)
2.114(2)  Mn(2)0O(18)
2.314(2)  Mn(3Y0(9)
2.117(3)  Mn(3YO(10)
2.226(4) Mn(3YO(12)
2.569(3) Mn(4YO(11)
2.063(3) Mn(4Y0O(13)
2.170(2)  Mn(4yO(15)#3
2.267(3)  Mn(5¥0O(15)
2.158(3)  Mn(5)0(18)
2.230(2)  Mn(5¥0(19)
1.526(3) P(BO(7)#1
1.543(2)  P(1yO(10)#1
1.543(2) P(2yO(11)
1.530(3) P(2O(13)#4
1.515(2)  P(3)O(15)#3
1.551(2)  P(3YO(18)
1.547(2)  P(4)O(19)
1.581(3) P(4Y0(21)
1.513(3) P(5%0(3)
1.545(3) P(5y0(5)
1.469(4) B(BO(16)
1.472(4)  B(1}yO(20)#3
90.29(10) O(2yMn(1)—O(5)#1

90.65(9)
168.30(10)
106.91(9)
128.46(9)
77.95(8)
162.08(10)
80.04(15)
84.45(14)
165.41(9)
101.93(11
87.58(9)
173.22(14)
85.11(11)
117.12(11
112.74(16
87.00(9)
160.76(10)
61.27(9)
86.46(9)
93.01(10)
120.45(9)
95.95(10)

O(2)Mn(1)-0O(1)
O(5)#Mn(1)—0(1)
OB Mn(1)—0(6)
O(1Mn(1)—0(6)
O(9)yMn(2)—-0(6)
O(6yMn(2)—0O(5)
0(6yMn(2)-0(7)
0(9yMn(2)—0(18)
O(5)Mn(2)-0(18)
0(9)Mn(2)—0(19)
O(5Mn(2)—0(19)
0(9)Mn(3)—0(9)#2
0(9)#2Mn(3)—O(10)#2
0(9)#2Mn(3)—0(10)
O(9)Mn(3)—O(12)#2
0(10)#2Mn(3)—O(12)#2
O(9Mn(3)-0(12)
O(10)#2Mn(3)—0(12)
O(12)#2Mn(3)-0(12)
0(12)Mn(4)-0(11)
0(12)Mn(4)—0(14)
O(1BHMn(4)—0(14)

—

=

93.30(9)  O(13)Mn(4)-O(15)#3
128.58(9) O(14Mn(4)—O(15)4#3
108.78(9) O(15)Mn(5)—0(19)
96.48(9) O(15)Mn(5)—0O(18)
84.24(9)  O(19YMn(5)—O(18)
99.22(9)  O(16)Mn(5)—0(14)

167.06(9) O(18)Mn(5)—0(14)
88.49(9) O(16YMn(5)—0O(11)
99.41(9)  O(18yMn(5)—O(11)
75.96(9)  O(7)#EP(1)-0(6)
107.34(17) O(6YP(1)-0(8)
107.5(3)  O(6YP(1)-O(10)#1

107.43(17) O(12)#2P(2)-0(11)
103.86(14) O(1BP(2)-0(9)
111.63(15) O(1BP(2)-O(13)#4
108.42(14) O(L)#5P(3)-0O(18)
111.60(14) O(18)P(3)-O(15)#3
107.47(14) O(18)P(3)-0O(17)
107.16(14) O(2BP(4)-0(19)
110.91(13) O(19)P(4)-O(14)#4
106.01(14) O(19)P(4)-0(20)
107.45(13) O(2P(5)-0(5)
112.06(15) O(5YP(5)-0(4)
111.06(14) O(5YP(5)-0(3)
107.80(14) O(3)#6B(1)-0O(17)
108.0(3)  O(1%B(1)—~O(16)
105.9(3) O(1AB(1)-O(20)#3
109.0(3)

2.252(3)
2.127(2)
2.154(2)
2.169(3)
2.172(2)
2.117(3)
2.226(4)
2.569(3)
2.163(2)
2.102(3)
2.225(2)
2.113(2)
2.209(2)
2.184(2)
1.498(3)
1.544(3)
1.541(2)
1.546(2)
1.549(2)
1.533(2)
1.538(2)
1.513(2)
1.567(2)
1.536(3)
1.471(4)
1.477(4)
124.59(10)
100.23(10)
87.60(9)
87.09(9)
84.97(9)
93.46(10)
96.05(10)
92.20(11)
85.49(9)
89.02(9)
93.20(9)
102.32(9)
140.91(14)
117.12(11)
85.11(11)
61.27(9)
86.46(9)
87.00(9)
160.76(10)
74.37(11)
94.66(10)
170.90(10)
79.40(9)
109.70(9)
85.21(9)
92.67(9)
165.83(9)
79.99(9)
84.57(9)
87.30(9)
155.92(9)
80.86(9)
109.93(18)
112.89(14)
111.50(16)
114.05(14)
110.67(14)
108.07(14)
113.45(13)
106.41(13)
110.61(13)
113.57(13)
110.65(13)
107.91(14)
110.43(15)
111.01(14)
104.21(12)
109.8(3)
113.0(3)
110.9(3)

—y+ 2,2+ Yy #2) =Xy, —z+ U #3)X, =y + 3,z — Yz (#4)X, -y
+ 3,2+ Yy (#5) X, =y + 2,z — Yy, (#6) —X + Uy, =y + %y, —z + 1.

Yang et al.

Figure 1. Thermal ellipsoid plot (50% probability) and atomic labeling
scheme of MNBPO-CJ26.

an ER 200D ESR spectroscope. The magnetic measurement of a
powder sample was performed on a Quantum-Design MPMS-XL
SQUID magnetometer. Data were collected over the temperature
range from 4 to 300 K, both after cooling in zero applied field
(ZFC) and in the measuring field of 20, 100, 1000, and 5000 Oe
(FC). Magnetization data were collectel4K as afunction of
applied field in the range from 0 to 50 kOe. Temperature
dependence of ac susceptibility was measured in zero applied dc
field over the temperature range from 4 to 30 K with ac field
frequencied = 1, 11, 111, and 999 Hz and driving amplitulde=

2 Oe.

Results and Discussion

Crystal Structure. MnBPO-CJ26 consists of an open
framework with macro-anion [MyB,(OH),(HPQy)4(PQy)e]* .
Charge neutrality is achieved by protonatedJ\iblecules.

It shows unique B/P and Mn/P ratios (B# 1/5, Mn/P=
9/10). To the best of our knowledge, MNBPO-CJ26 possesses
the smallest B/P ratio in the family of borophsopahtes. As
seen in Figure 1, each asymmetric unit contains five
crystallographically distinct Mn sites. Mn(1) and Mn(4) are
pentacoordinated to five oxygen atoms (MrfQ,,: 2.164

A; Mn(4)—0,,; 2.145A) to form a trigonal bipyramid,
respectively. Although the pentacoordinated manganese atom
is common in manganese phosphates, it is first observed in
manganese borophosphate materials. Mn(2), Mn(3), and
Mn(5) are octahedrally coordinated to six oxygen atoms
(Mn(2)—0a,: 2.178 A; Mn(3)-04,: 2.304 A; Mn(5)-0..:
2.194 A) to form an octahedron, respectively. The-Mh
bond lengths in MNBPO-CJ26 are comparable to those in
the reported manganese borophosphate and manganese
phosphate material8:1°27.28 Bond-valence calculatiofs
suggest that all the manganese atoms are present &s Mn
and this is further confirmed by magnetic measurements
which will be discussed below. Of the five crystallographi-
cally distinct P atoms, P(1) makes one-/-O—Mn(Mn)

bond and two PO—Mn bonds and possesses a terminal
P—O(8)H group; P(2) makes threeJas-O—Mn(Mn) bonds

(27) Escobal, J.; Pizarro, J. L.; Mesa, J. L.; Lezama, L.; Loazcuaga, R.;
Arriortua, M. |.; Rojo, T.Chem. Mater200Q 12, 376.

(28) Escobal, J.; Mesa, J. L.; Pizarro, J. L.; Lezama, L.; Loazcuaga, R.;
Rojo, T.J. Mater. Chem1999 9, 2691.

(29) Brese, N. E.; O’Keefe, MActa Crystallogr, Sect. B1991, 47, 192.
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work, and Figure 4b). Within the layer (IV), Mn(1}O
bipyramids and Mn(2)@octahedra are connected by apex-
sharing, forming the infinite chains, while Mn(43@igonal
bipyramids and Mn(5)@octahedra are connected by edge-
sharing and apex-sharing, alternately forming additional
infinite chains. The two chains are further connected by the
quasi-squares composed of Mn(2¥md Mn(5)Q octahedra,
resulting in the 10-MR windows. Layers (IV) are further
connected by Mn(3)@octahedra through sharing corners
with Mn(2)Os octahedra and Mn(4)X bipyramids to form

the layer (lll). It is noted that the MnO—Mn layer is rare

not only in manganese borophosphate compounds but also
in manganese phosphates. Only one example is observed in
the manganese phosphate minerals{#iaO),[POs;(OH),]-
(POy),.2%31 The fact that all the manganese atoms connecting
with each other by oxygen atoms in MnBPO-CJ26 implies
the possible existence of magnetic interactions.

Magnetic Studies of MNBPO-CJ26.The ESR spectrum
of the powdered sample measured at room temperature shows
a broad isotropic signaj = 1.996.

The variable-temperature magnetic susceptibility of
MnBPO-CJ26 measured on a powder crystalline sample in
the field of 5000 Oe is shown in Figure 5. The molar
magnetic susceptibility per Mh above 100 K obeys the
Curie-Weiss law xm = C/(T — 0)) very well with a Weiss
constantp = —51.2(5) K, and a Curie constait,= 4.404-

3) cn® mol™t K. The latter corresponds to one spin-onl
Figure 2. Open framework of MnBPO-CJ26 viewed along the [001] (a) (3) P P y

. ) s _
and [010] (b) directions. The double layer (I) is labeled by a dotted Mn(“) ions with S._ /2 ?‘ndg = 2.007. TheXmT vergusT
framework. Key: Mn, red; P, blue; B, yellow; N, purple; O, gray. curve measured in the field of 5000 kOe is shown in Figure

6. TheymT first decreases continuously with the decrease of

and one P-O—Mn bond; P(3) and P(4) each make two temperature and reaches a minimum of 1.104 gral 1 K
P—us-O—Mn(Mn) bonds, one PO—Mn bond, and one  at 17 K. The decrease gf,T and the negative Weiss constant
P—O—B bond; P(5) makes one-f«-O—Mn(Mn) bond, one  suggest a dominated antiferromagnetic interaction. On further
P—O—Mn bond, and one PO—B bond, leaving one  cooling, however, the rapid increase #aT and the field
terminal P-O(4)H group. Their P-O bond lengths are in  dependence of the susceptibility below 8.0 K indicates the
the range of 1.498(3)1.581(3) A. The one unique B atom  onset of long range order with a spontaneous magnetiz&tion.
is tetrahedrally coordinated and shares thwe® atoms with  According to the above observation, this magnetic behavior
adjacent P atoms and one OH group with Mn(5) atom.  should be either ferrimagnetic or canted antiferromagnetic,

Figure 2a and 2b shows the framework of MNnBPO-CJ26 which will be discussed below. The second dropyail
viewed along the [001] and [010] directions, respectively. below 8.0 K may arise from the magnetic field saturation
Unlike the reported manganese borophosphdtgs}23 the effect and/or antiferromagnetic interaction between the layers.
structure of MnBPO-CJ26 features anionic manganese-The fact that the decrease giT below 8.0 K at higher
phosphate double layers, [MOH)(HPO,)4(POy)e] % (1), magnetic field is more than that at lower magnetic field (inset
which are made up from the linkages of Mg@®™nGQg, PO, of Figure 6) implies a magnetic field saturation effect. The
and HPQ polyhedra (Figure 2a: dashed framework). These critical temperatureT) is further determined as 8.0 K from
layers are further connected by B@roups forming the 3-D  the maximum ofy’ and the emergence gf,", wherey’
open framework with 2-D 8-MR channels along the [010] andy" are the in-phase and out-of-phase alternating current
and [001] directions, respectively. The complex layer (1), as (ac) susceptibilities at zero external magnetic field and a 2
seen in Figure 3a, can be viewed as composed of anothefOe oscillating field frequency range of-B99 Hz (Figure
two anionic manganese-phosphate single layers(®lH)- 7). The field dependence of the magnetizatior %0 kOe)
(HPQy)2(PQy)2]%~ (Il) (Figure 3a: dashed framework, and was measured at 4.0 K. As seen in Figure 8, the shape of
Figure 3b), which are further connected by Mynahd PQ the M(H) curve is typical of a canted antiferromagnet with
polyhedra. The layer (l1) is built up from MnROMNGg, PQ,, a fast increase of the resulting magnetization at very low
and HPQ polyhedra, giving rise to 6-MR windows in which ~ fields and a linear variation dfi(H) atH > 1.2 T3 The
the protonated NE molecules reside to compensate the
negative charge of the anionic framework. When all phos- (30) icsp: Moore, P. B.; Araki, TAm. Mineral.1973 58, 302.
phorus atoms are omitted in the layer (1), a M@—Mn (31) Sharma, C. V. K.; Chusuer, C. C.;'Gle, R.; Mdler, T.; Dunbar, K.
double layer (Ill) (Figure 4a), consisting of two MiO— R.; Clearliele, A.Inorg. Chem.2003 42, 8300.

: ) (32) Chippindale, A.; Gaslain, F. M.; Bond, A. D.; Powell, A. ¥.Mater.
Mn single layers (IV), appears (Figure 4a: dashed frame- Chem.2003 13, 1950.
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Figure 4. (a) The layer (lll) viewed along the [001] direction. (b) The layer (IV) viewed along the [100] direction.
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Figure 5. ym vs T and 1fm vs T plots with a measuring field of 5 kOe.

curve reaches a value of 0.64 per Mr?* ion which is
considerably smaller than the value ofub per Mr?* ion

(33) Riou-Cavellec, M.; Lesaint, C.; NogsieM.; Grenehe, J.; Feey, G.
Inorg. Chem.2003 42, 5669.
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Figure 6. Temperature dependencey@fT measured with a field of 5 kOe.
The inset is the temperature dependencg.df measured with a field of
20, 100, and 1000 Oe, respectively.

expected for a ferromagnetically ordered phase. This lack
of saturation at high fields further confirms that the low-

(34) Carlin R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986.
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3.5 35 Table 3. Mn—O—Mn Bond Angles (deg) and Distances (A) for
MnBPO-CJ26
3.0 T 4 30 angles (deg) distance (A)
Mn1—-05-Mn2 108.25(11) 3.478
2.5 _ oo Mn1—06—Mn2 110.36(11) 3.610
Hue= 0. H= 2067 25 Mn2—018-Mn5 100.36(9) 3.365
— o1 Hz Mn2—019-Mn5 96.80(9) 3.365
5 2.0 - o—11 Hz J20 %= Mn4—011-Mn5 90.41(9) 3.144
= —— 111 Hz ) Mn4—014—Mn5 91.19(9) 3.144
£ 15 —v—999 Hz 3. Mn4—015-Mn5 107.00(10) 3.488
= 115 3 Mn2—09-Mn3 121.23(12) 3.687
oL 10 =2 Mn4—012-Mn3 123.87(11) 4,094
] 110 magnetic exchange to occur, suggesting that coupling occurs
05 . g via the oxygen anions. The possible superexchange path-
1 os ways’ catior-anion—cation angles and MaAMn distances
0.0 ] Sossssssssssosos are listed in Table 3. According to the qualitative coupling
S ki ° | 00 rules developed by Goodenough-Kanani®myl these su-
0 5 10 15 20 25 30 perexchange interactions which are between high-spond
Temperature (K) via anion p-orbitals will be antiferromagnetic. The presence

Figure 7. Zero-fieldac susceptibility measurements performed in the range of a ferromagnetic component and the small magnetization
f 4—30 K, at Hae = i o O dinat ; ; ; ;

ghowing . inf;haszec?ﬂ?(%?‘;:lf%ﬂf_‘;‘;ﬁi;sfeiw,l%mliilén&;rl‘sd :tgfa_HZ' at high field are indicative of possible spin canting, resulting
80 K. from the absence of an inversion center between the
neighboring Mn ion$?-#! In general, the complexity of the

5 structure implies a very complicated magnetic behavior
o—0—0"" which prevents a simple explanation. Further investigation

is undergoing.
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sl & e Conclusions

By using a hydrothermal synthesis method, a new open-
) o framework manganese(ll) borophosphate with unique B/P

02+ and Mn/P ratios (B/P= 1/5, Mn/P = 9/10) has been

] successfully prepared. The three-dimensional structure
0s0] °° i i i has 2-D 8-MR channels along the [010] and [001] direc-

] tions. It is based on anionic manganese-phosphate double
layers [Mry(OH)o(HPOy)4(PQy)6) 1%, which are pillared by

H (KOe) BO, tetrahedra. The complex anionic layers (I) can be de-

scribed as built up from individual manganese-phosphate
single layers (Il), MA-O—Mn double layers (lll), and

temperature magnetic ground state is a canted antiferro-Mn—O—Mn single layers (V). Magnetic measures reveal
magne* 36 that this compound shows canted antiferromagnetism below

Examination of the structure suggests that magnetic 8:0 K. The infinite Mn—O—Mn layers are believed to be

interactions between adjacent manganese-phosphate layer€SPonsible for this behavior. The complex superexchange
(1), which are ca. 6.578 A apart (MaMn) at a minimum mechanism needs to be further investigated. The synthesis

are likely to be comparatively weak. The Fmion is ofthis novel compound and finding of its magnetic property
normally considered to be a Heisenberg spin and thereforeill Promote further development of new open-framework

magnetic order is only achieved once exchange interactionsMaterials with interesting physical properties.

propagate in all three dimensions through the structlime. Acknowledgment. This work is supported by the National
this case, the exchange between bilayers is likely to be thenatural Science Foundation of China and the State Basic
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value of T in relation to the Weiss constant. The stronger
magnetic exchange might be dominated by intralayer interac-

tions, predominately within those individual Mi©—Mn nates with isotropic temperature factors and hydrogen bonds.

double layers (llf). Within the double Iaye_zr (Il1), the MO This material is available free of charge via the Internet at
MnOs polyhedra are connected by sharing common edgesy./pubs.acs.org.

or common vertex with the Mia-Mn distances in the range
of 3.144-4.094 A. It is too large for significant direct
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Figure 8. Field dependence of magnetization at 4.0 K.
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