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Abstract. (NH,),Mn''[B,P;0,,(OH),]Cl was synthesized as a crystal-
line colorless powder by reaction of MnCl,, (NH4),HPO,4, H3;BO;, and
H;PO, under hydrothermal conditions at 180 °C. According to X-ray
single-crystal investigations (NH,),Mn[B,P;0;;(OH),]CI crystallizes
in a new structure type in the monoclinic space group P2,/n (no. 14)
[Z = 4, a = 905.24(3), b = 847.29(3), ¢ = 1652.32(5)pm, f =
92.303(1)°, R, = 0.025, wR, = 0.063, 2227 data, 229 parameters]. The
crystal structure comprises infinite layers of corner-sharing borate, hy-

Introduction

Since the resumption of research in borophosphates in the
1990s!1-19 this class of compounds exhibits a great variety in
composition and structure; certainly we are aware of the fact
that systematic nomenclature would name such compounds as
“phosphatoborates™ but since “borophosphates” is being used
throughout the common literature we also use the latter. Boro-
phosphates are isoelectronic to silicates!!"!!121 and are thus
subject of investigations for promising properties. One struc-
tural feature — the B-O-P linkage — all borophosphates have
in common. Until now no P-O-P linking has been observed.
This avoidance appears analogously to alumosilicates, where
according to Loewenstein’st'3! as well as to Pauling’s rule con-
cerning the nature of contiguous polyhedral'*! Al-O-Al link-
ages of tetrahedra are rarely observed.['?! In borophosphates
phosphorus adopts always the coordination P®, (@ = O, OH),
while boron can be coordinated in a trigonal-planar B®; or
tetrahedral manner, i.e. B®,."?! For classification of borophos-
phates anionic partial structures are fractionized into their so-
called fundamental building units (FBUs), an assignment
which is overtaken analogously from silicate and borate chem-
istry.'112:15.161 Comprising the essential structural motif, the
FBU displays one characteristic feature of a respective boro-
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droxo-borate phosphate, and hydroxo-phosphate tetrahedra with Mn?*,
NH,*, and CI~ ions in-between. The loop-branched (IB) vierer-single
layer reveals an open-branched (oB) vierer-single ring as a novel fun-
damental building unit (FBU) 2[B,P;®,5] (® = O, OH). The Mn atom
is coordinated slightly distorted octahedrally by five oxygen atoms
from two different borophosphate layers and one chlorine atom.
Amongst others the magnetic properties of the compound are presented
confirming that the compound obeys Curie’s law.

phosphate. Besides the B:P ratio the O:OH ratio plays an im-
portant role as well.

A number of compounds with a B:P ratio of 2:3 is well
known. Depending on the O:OH ratio and the FBU the poly-
meric borophosphate anion forms chains or layers.>!7-211

Herein we represent the crystal structure of a
new diammonium-manganese(Il)borophosphate-chloride
(NH4)>Mn[B,P;0,,;(OH),]Cl with a novel FBU as well as its
optical, magnetic, and thermal properties.

Results and Discussion

Crystal Structure

(NH4)>Mn[B,P50,;(OH),]CI (I) crystallizes in a new struc-
ture type in the monoclinic space group P2,/n (Table 1,
Table 2, and Table 3). The anionic partial structure of I consists
of infinite layers of corner-sharing borate, hydroxo-borate,
phosphate and hydroxo-phosphate tetrahedra (Figure 1) avoid-

Table 1. Selected interatomic distances /pm and angles /° in
(NH,);Mn[B,P;0,,(OH),]CL*

B-O,, 145.4(3)-148.1(3)
B-Oy 143.4(3)

P-O,, 152.73(16)-157.50(15)
P—Oterm 149.03(16)-150.42(16)
P-Oy 155.60(17)

Mn-O 212.31(16)-227.74(16)
Mn—Cl 257.45(7)

B-O,,-P 127.58(14)-136.72(16)

a) Oy, = bridging oxygen atom; Oy, = terminal oxygen atom; Oy =
oxygen atom of hydroxyl group.
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ing any P-O-P connection. All atoms are located on general
positions. The polyanion is constructed by cyclic pentameric
2[B,P3®,5] (@ = O, OH) units comprising a B:P ratio of 2:3.
The loop-branched (IB) vierer-single layer contains an open-
branched (oB) vierer-single ring as a novel FBU formed by
two B®, (@ = O, OH) and three P®, (& = O, OH) tetrahedra,
illustrated with the descriptor SC1:<4[J>[1. Till now proton-
ated borophosphates with a B:P ratio of 2:3 are divided into
anionic partial structures with oB dreier single-rings and open-
loop-branched (olB) dreier single-rings. Whereas chain boro-
phosphates can be either formed by olB or oB dreier single-
rings with an O:OH ratio of 11:2 or 12:1, layer borophosphates
are only formed with oB dreier single-rings and show an O:OH
ratio of 12:1.11%!

Table 2. MAPLE calculations for (NH4),Mn[B,P50,;(OH),]CL[47-#!

(NH,),Mn[B,P;0,,(OH),]JC1  MnO [27] + B,0; [28] + NH,CI
[29] + NH,H,PO, [30] + P,Os [31]

MAPLE = 125167 kJ'mol™!

MAPLE = 124335 kJ-mol™!
A=07%

Figure 1. Layered anionic partial structure of
(NH,4),Mn[B,P50,,(OH),]Cl exhibiting cyclic 2[B,P3®5] (@ = O,
OH) units and the novel FBU as an oB vierer-single ring
SO:<40>0 (phosphate tetrahedra blue, borate tetrahedra
turquoise).

So far borophosphate compounds with an O:OH ratio
of 11:2 never revealed a layered structure, but with
(NH4)>Mn[B,P5;0,;(OH),]Cl we observed this structural fea-
ture for the first time. Moreover, in borophosphate chemistry
no such FBU as the oB vierer-single ring 2[B,P® 5] (® = O,
OH) is known so far to our best knowledge. Both B and P
atoms are coordinated tetrahedrally by either oxygen atoms or
hydroxyl groups. B—O bond lengths in the borate tetrahedra
range between 143 and 148 pm, whereas P-O bond lengths in
the phosphate tetrahedra in I lie between 149 and 157 pm. The
bond lengths B—Oy (boron attached to OH) and P-Oy are
143 pm and 156 pm, respectively. B-Oy, (boron attached to
bridging oxygen) distances range between 146 and 148 pm,
whereas P-Oy, distances range between 153 and 158 pm;
P—Oye distances (phosphorus bound to terminal oxygen
atoms) lie between 149 and 150 pm. These values correspond
to typical data found for other borophosphates.l-18:21:371 Se-
lected bond lengths and angles of I are listed in Table 1.

An appropriate method for the calculation of deviation of
tetrahedra from ideal symmetry was introduced by Balié-Zunié
and Makovicky.?>231 We adopted and explained this method
on the example of a-BaHPO,.!**! The five crystallographically

different borate, hydroxo-borate, phosphate and hydroxo-phos-
phate tetrahedra in I feature the values —0.22% (B1), —0.60 %
(B2), -0.19% (P1), -0.21% (P2), and —-0.46 % (P3) and are
thus classified as regular, which holds for those polyhedra ex-
hibiting a deviation below 1%. The parallel borophosphate
layers are interconnected via common oxygen corners of
MnOsCl octahedra as demonstrated in Figure 2.

Figure 2. Layered crystal structure viewed along [010] interconnected
via common O corners of MnOsCl octahedra (yellow) and coordina-
tion sphere of manganese in (NH4),Mn[B,P;0;;(OH),]|Cl, the dis-
placement ellipsoids are drawn on a probability level of 65 %.

The single-crystal structure analysis reveals one unique site
of the Mn?* ion, which is coordinated distorted octahedrally by
chlorine and five oxygen atoms (Figure 2). The coordinating
oxygen atoms originate from a hydroxyl group of a borate and
terminal oxygen atoms of four phosphate tetrahedra belonging
to two adjacent borophosphate layers. The Mn—O bond lengths
range between 212-228 pm, the Mn—Cl distance amounts to
257 pm (Table 1); these values are in excellent agreement with
the sum of the ionic radii of high-spin-Mn™! and the coordinat-
ing atoms, i.e. 215 (OH), 218 (O) and 264 pm (CI),!>>! respec-
tively.

Along [100] and [111] oval shaped channels (approx.
700 X 440 pm) are formed (Figure 3), in which the NH,* ions
are situated. According to Steiner!?®! hydrogen bonds compris-
ing donor-acceptor distances between 250 and 320 pm can be
considered as moderate while larger donor-acceptor distances
yield weak hydrogen bonds (Table S2, Supporting Infor-
mation) existing between NH,* ions and terminal and bridging
oxygen atoms. Further hydrogen bonds can also be observed

Figure 3. Oval shaped channels along [100] and [111]; yellow octahe-
dra centered by manganese, blue, and turquoise tetrahedra centered by
phosphorus and boron, respectively.
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between the chlorine atom and the protonated borate (weak)
and phosphate tetrahedra (moderate) as well as the NH,* ions
(weak).

To prove the phase purity of our sample, a Rietveld refine-
ment based on the structure model of I was performed; this
led to excellent residuals of R, = 0.009, R, = 0.013 and
x*> = 1.46 (Figure 4) and did not show any trace of other
phases.

Figure 4. Xray diffraction pattern and result of the Rietveld refinement
based on our structure model of (NH,4),Mn[B,P;0,;(OH),]CI obtained
from single-crystal data; the high background originates from a rela-
tively wide collimator to achieve a reasonable beam intensity.

Electrostatic Calculations

The coordination numbers of manganese and the electro-
static consistency of the structure model were proved
by MAPLE calculations based on the MAPLE concept
(Madelung Part of Lattice Energy).[*’—*1 A structure model
is electrostatically consistent if the sum of MAPLE values of
chemically similar compounds deviates from the MAPLE
value of the compound of interest by less than approx. 1 %.
According to our calculations, the structure model of
(NH4)>Mn[B,P50,;(OH),]|CI thus shows electrostatic consist-
ency, as presented in Table 2.

UV/Vis Spectroscopy

All excitations in a d®> Mn?* ion in an octahedral environ-
ment are spin and parity forbidden. Since the coordination en-
vironment of Mn?* is slightly distorted those selection rules do
not that strongly apply and two weak absorption bands
can be observed in the UV/Vis reflection spectrum (Figure 5)
at 360 (°S—4T,) and 405nm (°S — “B)B%31  of
(NH4),Mn[B,P30,;(OH),]Cl. Moreover, this spectrum is in
agreement with the pink body-color of our sample.

Figure 5. UV/Vis spectrum of (NH4),Mn[B,P;0,,;(OH),]Cl.

Infrared Spectroscopy

The infrared spectrum of I is shown in Figure 6. The bands
at 3490, 3338, and 1666 cm™! can be assigned to the stretching
and deformation vibrations of the OH groups,['834-361 whereas
vibrations between 3365-2617 cm™ and at 1423 cm™! can be
assigned to N—H stretching vibrations.!*’=3%! Typical BO, vi-
brations can be found at 1163, 908, 887, 870, and 511 cm™,
whereas typical PO, vibrations range in the relatively lower
region between 1094 and 417 cm™, respectively. Characteristic
bands of symmetric or asymmetric B-O-P stretching and
bending vibrations are found at 830 (v,), 704 (vy), 606 (),
and for §(O-P-0) at 557 cm1.140:41]

Figure 6. Infrared spectrum of (NH,4),Mn[B,P50,;(OH),]Cl.

Magnetic Measurements

Since the crystal structure determination based on single-
crystal data revealed the presence of several protons the val-
ence state of manganese could only be postulated and in a first
approach be confirmed by UV/Vis spectroscopy (see above).
A real proof of the valence and spin state of manganese should
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be delivered by a magnetic susceptibility measurement of
(NH4)>Mn[B,P50,,(OH),]Cl, recorded in the field of 1000 Oe
over the temperature range of 1.8 K< 7 <400K. In the
whole temperature range the molar susceptibility obeys Curie’s
law (y,, = C/T) very well with a Curie constant of C =
4.1897 emu mol~! K~! (Figure 7). The Curie constant corre-
sponds to an effective magnetic moment per Mn?* ion of .
= 5.79 pg, which is close to the theoretical value of u.; =
5.92 pg and fits very well in the range of experimental effec-
tive magnetic moments of high-spin divalent Mn ions (5.65—
6.10 pg).**

Figure 7. Temperature dependence of the inverse magnetic suscep-
tlblllty of (NH4)2MH[B2P30] I(OH)z]Cl

Thermal Analysis

(NH4)>Mn[B,P50,;(OH),]Cl shows a reasonable stability
against thermal treatment. The thermogravimetry curve (Fig-
ure 8) reveals a single step of mass loss of 21.1 wt% in the
temperature range between 340 and 640 °C. Assuming that
along with one mole of NH4CI a further mole of NH;3 and
H,O0 evaporates (theor. mass loss: 19.5 wt %) a composition of
Mn[B,P;0;;(OH)] might be expected. With further increasing

Figure 8. Thermogram of (NH,),Mn[B,P;0,,(OH),]CI.

temperature and maintaining the sample at 1350 °C a further
mass loss of 2.6% is observed. X-ray powder diffraction
analysis revealed MnPOy as crystalline product after the treat-
ment at 1350 °C competing with an intense background. The
latter might be due to amorphous B,O3 and P,Os, which show
a strong tendency to become amorphous at higher tempera-
tures. Heating the compound to 600 °C in a nitrogen atmo-
sphere a crystalline intermediate was obtained. X-ray powder
diffraction analysis revealed Mn,P,O, and BPO, as main and
side product, respectively. Temperature-dependent X-ray pow-
der diffraction confirms that I is stable up to 340 °C (Figure 9).
At higher temperatures the formation of Mn,P,0; and BPO,
is confirmed. It can be concluded that instead of forming
Mn[B,P;0,,(OH)] the borophosphate decomposes.

Figure 9. Temperature-dependent X-ray diffraction patterns of
(NH,4)>Mn[B,P50,,(OH),]ClI recorded between 50-900 °C.

Conclusions

In this contribution we demonstrated the phase-pure synthe-
sis, crystal structure determination, and spectroscopic charac-
terization of (NH,)>,Mn[B,P50;,(OH),]Cl as a new representa-
tive of the borophosphate family. The oB vierer-single ring
2[B,P3®;5] (@ = O, OH) as a novel FBU forms IB vierer-
single layers with NH**, Mn?*, and CI~ ions in-between. All
observed bands in the IR spectrum could be assigned to the
corresponding groups. The compound shows weak absorption
in the visible range as possible transitions are parity and spin
forbidden and thus appears colorless. Two weak absorption
bands in the UV region are still visible because the coordina-
tion sphere of Mn>* is distorted octahedrally. The valence and
spin state of the manganese ions are further confirmed by the
magnetic measurements revealing the oxidation state of Mn"!
and thus the composition of the title compound; moreover, no
interaction between the Mn>* atoms could be detected. The
two layered structure is stable up to 340 °C before presumably
NH,CIl, NH;, and H,O are released to form Mn,P,O; and
BPO, and further amorphous compounds.
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Experimental Section

Syntheses: (NH4),Mn[B,P;0,;(OH),]Cl was synthesized under hy-
drothermal conditions. A mixture of MnCl, (251.5 mg, 2.014 mmol,
Fluka, 99 %), (NH4),HPO, (528.4 mg, 4.002 mmol, Merck, 99 %),
H;BO; (123.7 mg, 2.053 mmol, Merck, 99.8 %), and H;PO, (0.4 mL,
VWR 85 %) was transferred into a 10 mL Teflon autoclave and was
kept at 180 °C; after 8 d a slightly pink suspension was obtained. The
product was washed with hot water, filtered off, and dried in air over-
night. (NH4),Mn[B,P3;0,;(OH),]Cl was obtained as an almost color-
less, crystalline powder.

X-ray Powder Diffraction: The crystalline sample was finely ground,
enclosed in a Hilgenberg glass capillary of 0.3 mm outer diameter and
investigated at room temperature with a Bruker D8 Advance dif-
fractometer using Cu-K, radiation (LynxEye 1-D detector, steps of
0.2°, acquisition time 7 s per step, soller slits 2.5°, fixed divergence
slit 8 mm, transmission geometry), the obtained product was phase
pure according to X-ray powder diffractometry. The structure model
was confirmed and refined by Rietveld analysis!*>*# (Figure 4) using
the FullProf program suite and the WINPIotR graphical user inter-
face. 143!

For the temperature-dependent measurement (Figure 9) the sample was
enclosed in a silica-glass Hilgenberg capillary of 0.5 mm outer dia-
meter and treated between 50 and 900 °C on the same instrument. The
generator was driven at 40 kV and 40 mA.

Crystal Structure Analyses: A suited single-crystal was selected for
single-crystal X-ray diffraction analysis under a polarizing microscope.
Diffraction data were collected with a Bruker D8 Venture dif-
fractometer using Mo-K, radiation (4 = 0.7093 A)at a temperature of
297 =2 K. The structure was solved by direct methods and refined by
full-matrix least-squares technique with the SHELXTL crystallo-
graphic software package.[*®! The Mn, B, P, O, and Cl atoms could be
clearly located and the N atoms were subsequently assigned from the
difference Fourier map. Hydrogen atoms were added geometrically
and were confirmed by MAPLE calculations.*’#! Relevant crystallo-
graphic data and further details of the structure determination are sum-
marized in Table 3. Table 4 and Table S1 (Supporting Information)
show positional and displacement parameters for all atoms, respec-
tively.

Further details of the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, ~Germany (Fax: +49-7247-808-666; E-Mail:
crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/request for de-
posited data.html) on quoting the depository number CSD-429214 for
(NH4)>Mn[B,P;0,,(OH),]CL.

Infrared Spectroscopy: An infrared spectrum was recorded at room
temperature with a Bruker EQUINOX 55 FT-IR spectrometer using a

Platinum ATR device with a scanning range from 4000 to 400 cm™'.

UV/Vis Spectroscopy: The optical reflection spectrum of
(NH,4)>Mn[B,P;0,;(OH),]JC1 was recorded with a Varian Cary 300
Scan UV/Vis spectrophotometer in the range of 200-800 nm.

Magnetic Investigations: The temperature-dependent magnetic
susceptibility data were recorded with a Quantum Design MPMS-XL
super-conducting quantum-interference device (SQUID) magnetome-
ter in the field of 1000 Oe between 1.8 K < T'<< 400 K; the data are
shown in Figure 7 and Figure S1 (Supporting Information).

Table 3. Crystal data and structure refinements.

(NH4),Mn[B,P;0,,(OH),]CI (I)

Temperature /K 297(2)

Molar weight /g'mol™! 450.87

Crystal system monoclinic

Space group P2,/n (no. 14)

a /pm 905.24(3)

b /pm 847.29(3)

¢ /pm 1652.32(5)

pr 92.303(1)

V /106 pm? 1266.31(7)

Z 4

Calculated density p, /grcm™ 2.366

Color colorless
Dimensions /mm? 0.044 X 0.034 X 0.026
4 /mm™! 1.709

F(000) 900

Radiation Mo-K,, (A = 0.7093 A)
Diffractometer Bruker D8 Venture
Absorption correction multi-scan

Index range (hkl) —10/-10/-19-9/10/19
Theta range (0pnin—0may) /° 2.47-25.00
Reflections collected 33345

Independent reflections 2227

Parameters 229

Rin 0.033

R (all data) 0.025

wR,(all data) 0.063

Goodness of fit (GooF) 1.057

Residual electron density, -0.39/ 0.38
min/max /e-107° pm™>

Rietveld refinement:

a /pm 905.29(2)

b /pm 846.69(2)

¢ /pm 1651.65(3)

p° 92.272(1)

V /10° pm? 1264.99(4)

Ry, Ry 1 0.009 /0.013 / 1.46

Thermal Analysis: Thermal analysis was carried out with a Netzsch
STA-409 PC thermal analyzer in the temperature range of 22-1350 °C
in a nitrogen atmosphere with a heating rate of 5 °C-min".

Supporting Information (see footnote on the first page of this article):
Plot of the temperature dependence of the magnetic susceptibility; an-
isotropic displacement parameters and hydrogen bonding parameters
of (NH,4),Mn[B,P;0,,(OH),]CI.
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