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Abstract. (NH4)2[B2P3O11(OH)] was synthesized as a crystalline col-
orless powder by reaction of (NH4)2HPO4, H3BO3, and H3PO4 under
hydrothermal conditions at 180 °C. According to X-ray single-crystal
investigations (NH4)2[B2P3O11(OH)] crystallizes in a new structure
type in the orthorhombic space group P212121 (no. 19) [Z = 4, a =
4.509(3), b = 14.490(11), c = 16.401(12) Å, R1 = 0.046, wR2 = 0.093,
1682 data, 200 parameters]. The crystal structure comprises infinite

Introduction

Ammonium compounds may act as precursor compounds
for materials, e.g. by lowering their synthesis temperature or
by providing a certain ratio of elements; moreover, they show
crystallographic relations to respective potassium compounds.
Recently, we started looking at borophosphates[1] in the con-
text of our systematic investigation of silicate-analogous
compounds; typical recent examples are the thiophosphate hy-
drate NaMg(PO3S)·9H2O,[2] strontium fluorophosphates
Sr(PO3F)·xH2O (x = 0, 1)[3] or borosulfates like Ba[B2S3O13]
with a layered polymeric anion.[4] Pure ammonium borophos-
phates are rare and so far only (NH4)2[B3PO7(OH)2][5] and
(NH4)[B3PO6(OH)3]·0.5H2O[6] have been described. The
anions of both form borophosphate chains, an ammonium bor-
ophosphate with two- or three-dimensional anionic framework
structures seems to be unknown so far.

In borophosphate chemistry the FBU (fundamental building
unit) represents the essential structural motif, which comprises
a certain B:P ratio and furthermore an O:OH ratio (if proton-
ated borophosphates are present).[7] Quite a number of com-
pounds with a B:P ratio of 2:3 is well known.[8–13] Depending
on the O:OH ratio and the FBU, the polymeric borophosphate
anions form chains or layers. Ewald et al. observed that proton-
ated borophosphates with a B:P ratio of 2:3 and an O:OH ratio
of 12:1 reveal either layer or chain structures featuring either
oB dreier-single rings or olB dreier-single rings, respec-
tively.[13] Reducing the O:OH ratio to 11:2 lead exclusively to
the formation of chain borophosphates featuring both men-
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layers of corner-sharing borate, phosphate and hydroxo-phosphate
tetrahedra with ammonium ions in-between. The loop-Branched (lB)
zweier-single layer reveals an open-Branched (oB) vierer-single ring
as fundamental building unit (FBU), which was observed in
(NH4)2MnII[B2P3O11(OH)2]Cl[1] for the first time. Besides the spectro-
scopic properties the thermal behavior is presented as well.

tioned FBUs.[7,9,14] In 2015 we discovered the first
layered borophosphate (NH4)2MnII[B2P3O11(OH)2]Cl exhibit-
ing a B:P ratio of 2:3 and an O:OH ratio of 11:2 showing an
open-Branched (oB) vierer-single ring as novel FBU.[1]

(NH4)2[B2P3O11(OH)] shows a closely related sum formula
compared to its already published sister compound
(NH4)2MnII[B2P3O11(OH)2]Cl. Up to now, all compounds with
a B:P ratio of 2:3 had in common a total number of thirteen
oxygen atoms, whereas most of them were single or double
protonated.

In this contribution we present the first ammonium boro-
phosphate with an anionic layered structure featuring the same
FBU as (NH4)2MnII[B2P3O11(OH)2]Cl. (NH4)2[B2P3O11(OH)]
(I) reveals merely two ammonium ions as cations and thus
exhibits for charge compensation an O:OH ratio of 11:1 and
in total only twelve oxygen atoms per formula unit.

Results and Discussion

Crystal Structure

(NH4)2[B2P3O11(OH)] (I) crystallizes in a new structure
type in the orthorhombic space group P212121 with four for-
mula units per unit cell. The chirality of the crystal structure
was confirmed via SHG experiments. All atoms are located on
the general Wyckoff position 4a. The anionic partial structure
of (I) consists of infinite layers of corner-sharing borate,
phosphate and hydroxo-phosphate tetrahedra (Figure 1 left)
avoiding any P–O–P connection; this is in accordance
with Pauling’s rules and was also observed in
(NH4)2MnII[B2P3O11(OH)2]Cl[1] and many other borophos-
phates.[7] The polyanion is constructed by cyclic pentameric
2
�[B2P3Φ12] (Φ = O, OH) units comprising a B:P ratio of 2:3.
The lB zweier-single layer contains an oB vierer-single
ring as FBU (Figure 1 right), which was observed in
(NH4)2MnII[B2P3O11(OH)2]Cl[1] for the very first time.
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Formed by two BO4 and three PΦ4 (Φ = O, OH) tetrahedra it
can be illustrated with the descriptor 5�:�4���.[7,14–16]

Figure 1. LB zweier-single layered anionic partial structure (FBU
highlighted) (left) and FBU as oB vierer-single ring (right) of
(NH4)2[B2P3O11(OH)]; phosphate tetrahedra blue, borate tetrahedra
turquoise, and hydrogen atoms white.

Till now all protonated borophosphates with a B:P
ratio of 2:3 reveal connection patterns with B–O–B
linking in the anionic partial structures as oB dreier-
single rings or olB dreier-single rings with exception of
(NH4)2MnII[B2P3O11(OH)2]Cl.[1] Furthermore, the anionic
partial structure always consisted of [B2P3Φ13] (Φ = O, OH)
layers or chains, which exhibited an O:OH ratio of 11:2 or
12:1.[1,7] In I the O:OH ratio is reduced to 11:1, which has
not been observed yet in ammonium borophosphates. Charge
compensation leads to the elimination of a hydroxyl group due
to the absence of an additional metal cation. 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 1.45 and 1.49 Å, whereas P–O bond lengths in
the phosphate tetrahedra lie between 1.48 and 1.56 Å. The
bond length P–OH is 1.53 Å. P–Obr (br = bridging) distances
range between 1.54 and 1.56 Å, whereas P–Oterm (term = ter-
minal) distances lie between 1.48 and 1.49 Å. These values
correspond to typical data found for other borophosphates.[1,9–

11,17] The B–Obr–P angles range in a relatively large interval
between 106 and 135°, whereas O–B–O and
O–P–O angles lie between 103 and 112° (Ø = 110°) and 106
and 115° (Ø = 109°), respectively. Selected bond lengths and
angles of I are listed in Table 1.

Table 1. Selected interatomic distances /Å and angles /° in
(NH4)2[B2P3O11(OH)].

B–Obr 1.450(7)–1.485(7)
P–Obr 1.535(4) –1.557(4)
P–Oterm 1.483(4)–1.487(4)
B–Obr–P 105.6(2)–135.3(3)
O–P–O 102.2(1)–115.1(2)
O–B–O 103.4(4)–112.2(4)

We calculated the deviation of the tetrahedra from ideal
symmetry employing the method of Balić-Žunić and
Makovicky.[18,19] The five crystallographically different borate,
phosphate, and hydroxo-phosphate tetrahedra feature the val-
ues –0.36% (B1), –0.24 % (B2), –0.19% (P1), –0.32% (P2),
and –0.14 % (P3), which are similar to tetrahedra in other com-
pounds[20–26] and can be classified as regular. The NH4

+ ions
are located between the corrugated borophosphate layers (Fig-
ure 2) and form numerous hydrogen bonds (Table S2, Support-
ing Information).
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Figure 2. Layered crystal structure viewed along [100]; moderately
strong hydrogen bonds shown by dotted thick bonds, weak hydrogen
bonds by broken thin bonds; phosphate tetrahedra represented in blue,
borate tetrahedra in turquoise, nitrogen atoms violet, hydrogen atoms
white.

To prove the phase purity, the reasonability of unit cell pa-
rameters and the reflection intensities regarding the possibility
of preferential orientation of the crystallites in our sample, a
Rietveld refinement based on the structure model of I without
refining the atomic positions was performed; this led to excel-
lent residuals of Rp = 0.041, Rwp = 0.061 and χ2 = 1.90 (Fig-
ure 3 and Table 4).

Figure 3. X-ray diffraction pattern and result of Rietveld refinement
based on our structure model of (NH4)2[B2P3O11(OH)] obtained from
single-crystal data.

Electrostatic Calculations

The electrostatic consistency of the structure model
was proved by calculations based on the MAPLE
concept.[27–29] The MAPLE value of the structure model of
(NH4)2[B2P3O11(OH)] deviates by 0.7 % from the sum of
MAPLE values of chemically similar compounds. Our crystal



structure model of (NH4)2[B2P3O11(OH)] thus shows electro-
static consistency, as presented in Table 2.

Table 2. MAPLE calculations for (NH4)2[B2P3O11(OH)].[25–29]

(NH4)2[B2P3O11(OH)] (NH4)2HPO4
[25] + B2O3

[26] + P2O5
[27]

MAPLE = 117968 kJ·mol–1 MAPLE = 118780 kJ·mol–1

Δ = 0.7%

Infrared Spectroscopy

The infrared spectrum of I was recorded between 4000 and
400 cm–1 and is shown in Figure 4. The bands at 3344 and
1645 cm–1 can be assigned to the stretching and deformation
vibrations of the hydroxyl group,[14,17,33–35] whereas vibrations
between 3310–2700 cm–1 and at 1443 cm–1 can be assigned
to N–H stretching vibrations.[33,36,37] BO4 vibrations can
be found at 1157, 1126, 901, 879, 569, 534, and
500 cm–1, whereas typical PO4 vibrations range in the region
between 1230 and 400 cm–1. Characteristic bands of symmet-
ric or asymmetric B–O–P stretching and bending vibrations
are found at 866 (νas), 677 (νs), 652–638 (δ) and for
δ(O–P–O) at 592 cm–1.[38,39]

Figure 4. Infrared spectrum of (NH4)2[B2P3O11(OH)].

Thermal Analysis

The thermal decomposition of (NH4)2[B2P3O11(OH)] (I)
was investigated between room temperature and 1400 °C and
shows a reasonable stability against thermal treatment up to
300 °C. Below 300 °C, only traces of adhesive humidity lead
to a slight weight loss of 1 wt%. The thermogravimetric curve
(Figure 5) comprises several steps of mass loss, the total mass
loss till 1000 °C amounts to approx. 33 wt %. For a better un-
derstanding a temperature-programmed powder X-ray diffrac-
tion (TPPXRD, Figure 6) was carried out between room tem-
perature and 950 °C. Temperature fluctuations between the
TPPXRD and the TG analysis of �30 °C may occur due to
the slightly different measurement settings. It confirms that the
compound is stable up to approximately 330 °C. At higher
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temperatures the intermediate formation of NH4H(PO3)2 (350–
500 °C), PON (700–900 °C), and BPO4 (340–950 °C) is rati-
fied.

Figure 5. Thermogravimetric analysis of (NH4)2[B2P3O11(OH)].

Figure 6. Temperature-programmed powder X-ray diffraction patterns
of (NH4)2[B2P3O11(OH)] recorded between 50 and 950 °C and calcu-
lated powder diffraction patterns from single-crystal data of BPO4

[40]

(grey) and PON[41] (brown); the reflections of NH4H(PO3)2
[42] as a

further intermediate phase are highlighted with asterices.

Based on the temperature-dependent X-ray powder diffrac-
tion the following decomposition equation can be suggested:

(NH4)2[B2P3O11(OH)] � NH3 + HBO2 + 2.5H2O + 0.5P2O5

+ PON + BPO4 (final product)
The new insights of the TPPXRD study including the corre-

sponding theoretical mass losses are summarized in Table 3.
The comparison with the thermogravimetric curve of

(NH4)2[B2P3O11(OH)] (Figure 5) shows that the observed total
mass loss of approx. 39 wt% till 1400 °C fits almost perfectly
the sum of the theoretical mass losses calculated based on the
TPPXRD results and formation of BPO4 (38.5 wt%). The first
step of mass loss at 350 °C reveals 15.3 wt % (incl. 1 wt % due
to humidity) matching well with the theoretical mass loss of
one and a half moles of NH3 and a mole H2O per (I)



Table 3. Decomposition process during the temperature-dependent
X-ray powder diffraction and TG of (NH4)2[B2P3O11(OH)].

Compound Temperature Calculated mass loss /
range /°C wt% (experiment)

2(NH4)2[B2P3O11(OH)] RT–350
– (3NH3 + 2H2O) � 350 13.7 (15.3)

NH4H(PO3)2 + 4BPO4 350–500
– (½P2O5 + 2.5H2O) � 500 15.8 (13.2)

PON + 4BPO4 700–900
– PON �900 9.0 (4.9)

4BPO4 � 900 ∑ = 38.5 (38.7)

(13.7 wt %) leading to a mixture of NH4H(PO3)2 and BPO4,
respectively. Indeed, the synthesis of NH4H(PO3)2 is reported
to occur around 400 °C, but nothing is mentioned about its
decomposition.[42] Also, the second step around 500 °C
(13.2 wt%) fits roughly to the theoretical mass losses
(15.8 wt%) in this temperature range. After decomposition and
loss of PON the final product BPO4 is obtained. At 950 °C
BPO4 is present as single crystalline phase. With further in-
creasing temperature up to 1400 °C further steadily mass loss
is observed, which is due to the continuous evaporation of
amorphous residues. According to Schmidt et al. BPO4 is
stable up to at least 1100 °C.[40]

Conclusions

In this contribution we demonstrated the phase-pure synthe-
sis and crystal structure determination as well as the spectro-
scopic and thermal characterization of (NH4)2[B2P3O11(OH)]
as a further representative in the borophosphate family with a
B:P ratio of 2:3. In this group it is the first borophosphate
with a reduced O:OH ratio of only 11:1. Previously, the
oB vierer-single ring as FBU was exclusively found in
(NH4)2MnII[B2P3O11(OH)2]Cl.[1] In the title compound it
forms parallelly corrugated lB zweier-single layers with NH4

+

ions in-between. It is therefore the very first ammonium boro-
phosphate comprising a layered polymeric anion and only the
third ammonium borophosphate to date. The absence of an
inversion center in the crystal structure was proven by a suc-
cessful SHG test (more details can be found in the sup-
plement). All bands observed in the IR spectrum could be as-
signed to the corresponding groups. The electrostatic consist-
ency of the new structure type was confirmed by MAPLE cal-
culations. The layered structure is stable up to 300 °C before
NH4H(PO3)2 and PON are formed as intermediate decomposi-
tion products besides BPO4 which is the only crystalline phase
present above 900 °C.

Experimental Section

Synthesis: (NH4)2[B2P3O11(OH)] was synthesized under hydrothermal
conditions. A mixture of (NH4)2HPO4 (792.8 mg, 6.004 mmol, Merck,
99%), H3BO3 (247.7 mg, 4.006 mmol, Merck, 99.8 %) and H3PO4

(0.77 mL, VWR, 85%) was transferred into a 10 mL Teflon autoclave
and was kept at 180 °C for 8 d. A colorless suspension was obtained.
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The product was washed with hot water several times, filtered off, and
dried in air overnight. (NH4)2[B2P3O11(OH)] was obtained as a color-
less crystalline powder.

X-ray Powder Diffraction: The homogenized samples were prepared
on a stainless steel sample holder and flattened using a glass plate.
The measurement was carried out with a Seifert XRD T/T 3003 reflec-
tion powder diffractometer at room temperature using Cu-Kα radiation
(λ = 1.5418 Å, Meteor 1D linear detector, steps of 0.2°). For the high-
temperature measurement the sample was enclosed in a silica-glass
Hilgenberg capillary of 0.5 mm outer diameter and investigated be-
tween 50–950 °C with a Bruker D8 Advance diffractometer using
Cu-Kα radiation (LynxEye 1-D detector, steps of 0.2°, acquisition time
7 s/step, soller slits 2.5°, fixed divergence slit 8 mm, transmission ge-
ometry). The generator was driven at 40 kV and 40 mA. The obtained
product was phase pure according to X-ray powder diffractometry. The
structure model was confirmed and refined by Rietveld analysis[43,44]

(Figure 3) using the FullProf program suite and the WINPlotR graphi-
cal user interface.[45]

Crystal Structure Analysis: A suited single-crystal was selected for
single-crystal X-ray diffraction analysis. Diffraction data were col-
lected with a Bruker D8 Venture diffractometer using Mo-Kα radiation
(λ = 0.7093 Å) at a temperature of 298�2 K. The structure was solved
by direct methods and refined by full-matrix least-squares technique
with the SHELXTL crystallographic software package.[46,47] The N,
B, P, and O atoms could be clearly located. Hydrogen atoms

Table 4. Crystal data and structure refinements.

(NH4)2[B2P3O11(OH)] (I)

Temperature /K 298(2)
Molar weight /g·mol–1 343.62
Crystal system orthorhombic
Space group P212121

a /Å 4.509(3)
b /Å 14.490(11)
c /Å 16.401(12)
V /Å3 1071.7(14)
Z 4
Calculated density /g·cm–3 2.130
Color colorless
Dimensions /mm3 0.018�0.026�0.102
Absorption coefficient, μ /mm–1 0.626
F(000) 696
Radiation Mo-Kα (λ = 0.7093 Å)
Diffractometer Bruker D8 Venture
Absorption correction multi-scan
Index range (hkl) –5/5; –16/16; –18/18
Theta range (θmin–θmax) /° 2.48–24.00
Reflections collected 14522
Independent reflections 1682
Parameters 200
Rint 0.1309
R1 (all data) 0.0457
wR2 (all data) 0.0930
Flack parameter x 0.05(17)
Goodness of fit (GooF) 1.037
Residual electron density,
Min/max /e–·Å–3 –0.47/0.38
Rietveld refinement:
a /Å 4.5202(2)
b /Å 14.541(1)
c /Å 16.399(1)
V /Å3 1077.88(6)
Rp, Rwp, χ2 0.041, 0.061, 1.90



Table 5. Atomic coordinates, Wyckoff symbols, and isotropic displacement parameters Ueq /Å2 in (NH4)2[B2P3O11(OH)] (Obr = bridging oxygen
atom; Oterm = terminal oxygen atom; OH = oxygen atom of hydroxyl group); standard deviations in brackets.

Atom Wyckoff symbol x y z Ueq

P1 4a 0.1083(3) 0.24777(11) 0.40040(8) 0.0139(4)
P2 4a –0.2579(3) 0.00008(10) 0.36214(9) 0.0160(4)
P3 4a 0.3125(3) –0.15455(10) 0.55036(10) 0.0145(4)
B1 4a 0.6029(13) 0.1549(5) 0.4523(4) 0.0153(16)
B2 4a –0.1912(14) –0.1566(4) 0.4517(4) 0.0149(15)
Obr1 4a –0.2204(7) 0.2184(2) 0.4028(2) 0.0145(9)
Obr2 4a 0.1562(8) 0.3303(2) 0.4597(2) 0.0164(9)
Obr3 4a 0.2911(7) 0.1659(2) 0.4322(2) 0.0153(9)
Obr4 4a –0.3112(8) 0.0587(2) 0.4397(2) 0.0174(9)
Obr5 4a –0.1026(8) –0.0892(2) 0.3911(2) 0.0153(9)
Obr6 4a 0.4889(8) –0.1466(3) 0.4702(2) 0.0139(9)
Obr7 4a 0.3633(7) –0.2529(2) 0.5851(2) 0.0144(9)
Obr8 4a –0.0191(8) –0.1456(3) 0.5283(2) 0.0152(9)
Oterm1 4a 0.1867(8) 0.2793(2) 0.3171(2) 0.0169(9)
Oterm2 4a –0.5309(8) –0.0200(3) 0.3144(2) 0.0240(11)
Oterm3 4a 0.3891(9) –0.0856(2) 0.6132(2) 0.0192(10)
OH1 4a –0.0358(8) 0.0478(3) 0.3051(2) 0.0193(10)
N1 4a 0.8881(12) 0.0214(4) 0.6411(4) 0.0263(13)
N2 4a –0.3136(13) 0.2778(4) 0.2137(4) 0.0353(15)
H1 4a 0.169(5) 0.026(4) 0.302(4) 0.050
H2 4a 0.717(9) –0.020(4) 0.634(4) 0.050
H3 4a 1.079(7) –0.008(4) 0.630(4) 0.050
H4 4a 0.908(15) 0.028(5) 0.7001(10) 0.050
H5 4a 0.879(15) 0.081(2) 0.613(3) 0.050
H6 4a –0.136(8) 0.277(5) 0.248(3) 0.050
H7 4a –0.473(10) 0.258(4) 0.251(3) 0.050
H8 4a –0.279(14) 0.233(3) 0.170(3) 0.050
H9 4a –0.304(15) 0.335(2) 0.182(3) 0.050

were added geometrically and were confirmed by MAPLE calcula-
tions.[27–29] Relevant crystallographic data and further details of the
structure determination are summarized in Table 4. Table 5 and Table
S1 (Supporting Information) show positional and displacement param-
eters for all atoms, respectively.

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-432664 for
(NH4)2[B2P3O11(OH)] (I).

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–1.

Thermal Analysis: The thermal analysis was carried out with a
Netzsch STA-409 PC thermal analyzer in the temperature range of
22–1400 °C in a nitrogen atmosphere with a heating rate of
5 K·min–1.

Supporting Information (see footnote on the first page of this article):
anisotropic displacement parameters of all atoms, overview over rea-
sonable hydrogen bonds and further information on the SHG measure-
ments are given.
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