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Abstract. Single crystals of BPO,4 were grown by chemical transport
reactions with PCls using a gradient from 1073 K to 973 K as well
as with solvothermal syntheses in the temperature range between
413 K and 523 K using water, ethanol or 2-propanol as polar protic
solvents. The atomic arrangement of BPO, was reinvestigated by
means of single crystal X-ray diffraction data and confirmed the
earlier findings with significantly smaller standard deviations. Ther-
mogravimetric investigations of powdered samples which show no

extra lines in X-ray diffraction diagrams revealed weight dec-
rements which are attributed to water losses. The presence of pro-
tonated borate and phosphate species in a number of X-ray pure
solvothermally grown BPO, samples is evidenced by infrared spec-
troscopy.

Keywords: Boron; BPO,; Crystal growth; Crystal structure

Kfristallziichtung und Charakterisierung von BPO4-Einkristallen

Inhaltsiibersicht. Einkristalle von BPO, wurden durch chemische
Transportreaktionen mit PCls in einem Gradienten von 1073 K
nach 973 K sowie durch solvothermale Synthesen im Temperatur-
bereich zwischen 413 K und 523 K mit Wasser, Ethanol oder 2-
Propanol als polare protische Solvenzien geziichtet. Die Anord-
nung der Atome von BPO, wurde erstmalig mit Rontgenbeugungs-
daten von Einkristallen verfeinert und bestatigt im wesentlichen die
friheren Ergebnisse bei signifikant kleineren Standardabweichun-

gen. Thermogravimetrische Untersuchungen von pulverférmigen
Proben, deren Rontgenbeugungsdiagramme keine zusitzlichen Li-
nien erkennen lassen, zeigen Gewichtsverluste, die auf Wasserab-
gabe zuriickgefithrt werden. Die Gegenwart protonierter Borat-
und Phosphatspezies in einer ganzen Reihe solvothermal geziichte-
ter BPO,4 Proben kann durch Infrarotspektroskopie nachgewiesen
werden.

Introduction

BPO, is formed when equimolar amounts of boric and con-
centrated phosphoric acid are mixed. The compound pre-
cipitates as a white residue after boiling and evaporating
aqueous solutions [1—5]. The raw products are described
as white powders which are soluble in water. They become
insoluble and crystalline after heating the precipitate to
temperatures between 973 K and 1073 K. The formation of
BPO, was even suggested to represent a good analytical
method for quantitative determinations of the borate con-
centrations in solution [4, 6, 7]. The formation of possible
hydrates of BPO4 has been investigated by thermal methods
[8] but predicted compounds have not been confirmed inde-
pendently in a more comprehensive fashion.

An initial structural investigation of BPO, using small
tetragonal-bisphenoidically shaped crystals obtained by
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heating mixtures of (NH,),HPO, with excess H3;BOj; fol-
lowed by annealing was performed quite early [9] and re-
vealed the tetragonal space group /4 (No. 82) with a =
434.4 pm, ¢ = 664.3 pm, and Z = 2. Intensity analyses re-
sulted in a structural model revealing that boron and phos-
phorus are both tetrahedrally coordinated by oxygen. The
vertex-sharing tetrahedra form a three-dimensional net-
work closely related to that of SiO, in the low-cristobalite
(a-cristobalite) modification [10, 11]. Structural parameters
as refined on the basis of X-ray powder data using Rietveld-
methods resulted in slightly smaller lattice parameters with
a = 434.14(3) pm, ¢ = 663.7(1) pm [12]. A quartz-analogue
modification of boron phosphate can be obtained at press-
ures above 4 GPa and temperatures above 300 K [13—15].
Alternative syntheses of BPO, using triethylborate and
phosphoric acid [16] or triethylphosphate and boron tri-
chloride [17] in a sol-gel process have been presented. As
boron phosphate has manifested itself as an effective cata-
lyst in several organic reactions such as hydration [18—20],
oligomerization [21, 22] and alkylation [23], there is an in-
creasing interest in its heterogeneous catalytic properties. In
order to tailor the surface properties of BPO,, new prep-
aration methods and deposition techniques [24, 25] have
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been developed. Alkylated borate and phosphate precursors
have been used to produce boron phosphate catalysts
[26—28] with a high specific surface and in order to allow
for deposition of BPO, on metal substrates or silicate car-
riers with chemical vapour deposition methods. More re-
cently lithium doped BPO, ceramics revealed Li*-Ion con-
ductivity and have been investigated for their application as
solid electrolytes in rechargeable batteries [29—32]. Ap-
proaches using hydrothermal procedures have been per-
formed by conventional [10] and microwave techniques [33].

Investigations on multinary borophosphates were in-
itiated only a few years ago which is quite remarkable since
the existence of this type of compounds was known for a
long time in form of the minerals Liineburgite [34—37] and
Seamanite [38—40], Mgi(H,0)¢B>(OH)((PO4),] and
(Mn3(OH),[B(OH)4][POy4], respectively. Moreover, early re-
ports on phosphorus compounds explicitly assumed a for-
mation of a quasi-ternary sodium salt of these combined
oxo-acids [41]. The syntheses and characterization of a
number of borophosphates in systems M,O, — B,O; —
P,Os (= H,O) [M = main group or 3d transition metal]
initiated the development of a classification scheme based
on linking principles similar to those employed in silicate
crystal chemistry. Thus, the multinary compounds can be
categorized according to dimensionality of the anionic par-
tial structures, water content of the compounds, and molar
B:P ratio of the borophosphate anions [42].

In the context of investigating optical properties motiv-
ated by potential applications in non-linear optics, Vi-
brational spectroscopy has proven to be a suitable tool for
the characterization of different phases and the determi-
nation of certain molecular species present in borophos-
phate host frameworks [43]. However, progress concerning
the interpretation of optical and vibrational properties is
hampered by the low symmetry and the large unit cells of
the majority of these phases. Thus, we decided to study
tetragonal BPO, with the aim to determine the necessary
parameters for sound analyses of vibration spectra of the
more complex compounds. Here, we report results of
chemical transport and hydrothermal growth experiments,
single crystal structure refinements as well as investigations
by means of difference thermal analysis (DTA), thermogra-
vimetry (TG) and vibrational spectroscopy (IR, Raman).

Experimental Section

Ethanol and 2-propanol were used for solvothermal experiments in
the system H3;BO; — H3;PO, since attempts in aqueous, cation-
free media merely led to micro- or polycrystalline products. The
investigations were performed using five different temperatures in
the range between 413 K and 523 K for equimolar suspensions of
1.000 g (16.2 mmol) boric acid (Roth, 99.9%) and 1.865¢g
(16.2 mmol) ortho-phosphoric acid (Merck, 85 %, p.a.) in ethanol
(Roth, 99.8 %). Evaluation of experiments with an initial 1:1 molar
composition by means of IR spectroscopy revealed that a number
of products contain H;BOj3 as an impurity phase. Thus, a series of
reactions was carried out using an excess of phosphoric acid up to
a ratio of 1:2. In all syntheses, the fill factor of the 20 ml Teflon

656 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim

lined steel autoclaves was adjusted to 50 % — 60 %. For reactions
carried out at lower temperatures (413 K, 443 K) the autoclaves
were positioned horizontally in a commercially available chamber
oven, at higher temperatures (473 K, 493 K, 523 K) they were ar-
ranged vertically by means of a metal-block or by using an appro-
priate tube-furnace. After a reaction time of a minimum of two
weeks the raw products were filtrated, washed with hot water and
diethyl ether and dried in air at 333 K for 72 h.

Chemical transport reaction properties of BPO4 were investigated
using 20 mg of the transport media I,, PCls, or I,/P mixtures and
typically 1 g of BPO,. For these growth experiments which lasted
usually a week, micro-crystalline powders of BPO,4 were placed in
evacuated quartz ampoules (100 mm x 16 mm) and transported en-
dothermically from 7, to 7| with AT = 100 K for 7, between
1223 K and 1023 K. Using PCls as a transport agent at 7, =
1073 K, the resulting crystals of BPO4 showed a pronounced tend-
ency of intergrowth. In order to avoid crystal growth on the surface
of the quartz ampoule, deposition of BPO, crystals was finally real-
ized on glassy carbon targets.

Difference thermal analysis (DTA) and thermogravimetry (TG)
experiments were performed by means of a simultaneous analyzer
(STA 409, Netzsch, Al,O; crucibles, thermocouple, heating/cooling
rate 10 K/min). Measurements were conducted in an argon atmos-
phere (Messer-Griesheim, 99.999 %, additionally purified by pass-
ing over zeolite molecular sieve, Roth 3 A, and BTS-catalyst,
Merck, gas flow 0.1 /min) employing an experimental correction
for buoyancy.

Infrared spectra were recorded using a Bruker fourier transform
spectrometer IFS 66 equipped with a glowbar and a DTGS detec-
tor. Typical sample preparations contained 150 mg KBr and 0.8 mg
BPO,. The Raman measurements were performed with a LabRam
System 010 (Jobin Yvon) in backscattering mode. For better low-
frequency performance, the setup was equipped with additional fil-
ters and used the He-Ne 633 nm line with 15 mW as excitation
source. The powder sample is placed on a table with motorized
drives in the horizontal directions x as well as y and is imaged by
means of a microscope objective with a magnification of 50X. To
avoid any damage of the sample surface and, therefore, possible
decomposition, the beam is attenuated by using optical filters to
one third of the laser power. In order to reduce the full width at
half maximum of the modes, the samples were cooled down to 83 K
in a Linkam THMS 600 temperature stage.

Results and Discussion
Crystal growth

In the solvothermal growth experiments, the alcoholic me-
dium actually consists of a mixture of ethanol and water
due to the use of 859% aqueous H3;PO,. The solution is
likely to contain partially or fully alkylated borate species
according to

B(OH); + x EtOH — B(OH);_(OEt), + x H,0, x = 3

whereas the alkylation of the phosphoric acid is suppressed
by the water content of the solution [44].

BPO, is formed in the whole investigated temperature
range (413 K to 523 K) as evidenced by X-ray powder dif-
fraction data. Visual inspection of the samples by means
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Fig. 1 Scanning electron microscopic image of BPO,4 samples syn-
thesized by solvothermal reaction. Upper left: Tetragonal-bisphe-
noidic single crystal produced from H3;BO; and H3PO, in 2-propa-
nol. Upper right: Layer of BPO, crystals as grown on the inner
walls of the autoclave. Lower left and right: Particles showing inter-
growth and a morphology which is typical for solvothermally
grown individuals.

of optical microscopy reveals that the crystal size strongly
depends on the growth temperature. High temperatures
(523 K) lead to the formation of micro-crystalline boron
phosphate while a lower temperature, e.g., 443 K results in
the formation of particles with typical sizes ranging from
10 um to 20 um and a higher yield. After a growth period
of two weeks at this temperature, a few colourless individ-
uals of BPO,4 with a tetragonal-bisphenoidical shape (Fig.
1) and with sizes sufficient for single crystal Raman and X-
ray measurements were obtained. However, the morphology
of the crystals clearly reveals that most particles are in-
tergrown. After grinding followed by washing the samples
with an excess of hot water (353 K), X-ray powder diffrac-
tion data (Fig. 2) bear no evidence for the presence of a
second crystalline phase. Peak positions which are indexed
by automatic procedures [45—47] and refined lattice param-
eters are in good agreement with those reported earlier [9,
12].

As an alternative method to grow single crystals we inves-
tigated chemical transport reactions (CTR) since earlier
experiments indicated that this method is a useful tool in
synthesis and crystal growth even of complex oxo-com-
pounds [48 —50]. Usually, elemental halogens or halides like
NH4X and HgX, (X = Cl, Br, I) are used as transport

Z. Anorg. Allg. Chem. 2004, 630, 655—662 zaac.wiley-vch.de
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Fig. 2 X-ray powder diffraction pattern (CoKa,) of a purified BPO,
sample grown by solvothermal reaction (see experimental section).
The diffraction diagram can be indexed completely using a tetrago-
nal unit cell which is compatible with the earlier reported lattice
parameters. The diagram bears no evidence for the presence of a
second crystalline phase.

Fig. 3 Scanning electron microscopic image of BPO, particles
grown by chemical transport reaction. Left: Fragment of a platy
individual. Right: Individual showing an intergrowth which is cha-
racteristic for samples of BPO, grown by CTR.

agents. Alternatively, mixtures of phosphorus and halogen
P/X; can be utilized as additives.

Using PCl; as a transport agent at 7, = 1073 K and 7', =
973 K for t = 170 h yielded colourless and fully transparent
brick-shaped particles of BPO, as well as intergrown par-
ticles (Fig. 3). In order to gain deeper insight into the trans-
port reactions and the participating species, we performed
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Table 1 Thermodynamic data [51] of phosphates and oxides which
have been used for an estimation of AH(BPO,, s, 298 K).

AH®(AIPO,, s, 298 K)
AH°(FePO,, s, 298 K)
AH°(ALOs, s, 298 K)
AH°(Fe,0s, s, 298 K)
AHP(P,0, 5, 298 K)

— 1733.431 kJ/mol
— 1297.040 kJ/mol
— 1675.692 kJ/mol

— 825.503 kJ/mol
— 3009.936 kJ/mol

an analysis by means of thermodynamic data. The calcu-
lation of the standard enthalpy of formation and the free
enthalpy for BPO, (MPQ,) is based on the values given in
Tab. 1. Using these data we obtain for the reaction

2 ALO; (s) + P40y (5) — 4 AIPO, (s)

a value of AHg 95k = — 572.404 kJ/mol and in analogy
for

2 Fe,05 (s) + P40y (s) — 4 FePO, (s)

AHRW 208K — — 527184 kJ/mol

is calculated. Thus, the averaged reaction enthalpies
amount to

AHg 295k = — 549.794 kJ/mol and

AH°(B,0s, s, 298 K) = — 1271.936 kJ/mol [51].

Correspondingly, we can estimate for the reaction
2 B,05 (s) + P40y (s) = 4 BPOy (s)

a standard enthalpy of formation of
AH°(BPOy, s, 298 K) = — 1525.9 kJ/mol

By taking into account that

S°(BPOy, s, 298 K) = 62.383 J/(mol K) [52] and
Cp (BPO4, s, 700 K) = 139.383 J/(mol K)

we obtain

AH°(BPOy, s, 1100 K) = — 1413.765 kJ/mol
S°(BPOy, s, 1100 K) = 244.997 J/(mol K)
AG°(BPOy,, s, 1100 K) = — 1683.253 kJ/mol.

Thus, we achieve the data which are necessary to describe
the transport reaction thermodynamically.

A series of earlier investigations concerning the chemical
transport of phosphates with chlorine [50] indicated that
P40y (g) is the main phosphorus containing transport
species in the gas phase. Further thermodynamic calcu-
lations evidence [50] that the contribution of mixed species
like POCl; (g) or PO,CI (g) [53] to the transport of phos-
phates is not significant since the ratio p(P40,¢) to p(POCl;)
for p(P40,0) = p(Cl,) = 10° Pa at 1273 K corresponds to
278:1. Thus, the relevant transport reaction for phosphates
with composition MPO, corresponds to

4 MPO, () + 6 Cl; (2) = 4 MCl3 () + P40y (2) + 3 02 (9).
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Table 2 Thermodynamic data relevant for a thermodynamic cha-
racterization of the investigated transport equilibrium of boron
phosphate [51]. For the calculated values of BPOy,, see text.

— 273.380 kJ/mol
527.087 J/mol K
— 853.176 kJ/mol
— 342.670 kJ/mol
385.908 J/mol K
— 767.169 kJ/mol
— 2684.217 kJ/mol
745.276 J/mol K
— 3504.02 kJ/mol

AHP(PCl,, g, 1100 K)
S°(PCls, g, 1100 K)
AG*(PCls, g, 1100 K)
AH®(BCL,, g, 1100 K)
S°(BCls, g, 1100 K)
AG°(BCl, g, 1100 K)
AH°(P401, g, 1100 K)
5°(P,00, g, 1100 K)
AG°(P,01, g, 1100 K)

Taking into account the pronounced stability of BCl; (g)
against dissociation into BCl, (g) or BCI (g), the chemical
transport realizes a mechanism according to the equation

5 BPO, (s) + 3 PCls (2) = 5 BCl; (g) + 2 P,Oy, (2).

The derived data for BPO, (Tab. 2) are combined with the
values given in Tab. 1 in order to gain quantitative results
concerning the characteristic thermodynamic parameters of
the transport reaction and result in

AHR” 1100 K — 807.136 kJ/mol
ASR, 1100 K — 613.846 J/(mol K)
AGR’ 100K — 131.638 kJ/mol.

The free reaction enthalpy is correlated with the equilib-
rium constant of the transport equation by the expression

AGR = — RT anp
and the calculation adds up to
K,=54x10"".

The large positive value of the reaction enthalpy reflects the
experimental finding that the transport is endothermic and
reproduces also the transport direction from 75 to 7 cor-
rectly. In general, an efficient chemical transport requires
the reversibility of the participating reactions, the existence
of a potential gradient and finally experimental conditions
close to the equilibrium. These requirements are usually ful-
filled by systems which can be described by independent
reaction equations and which are characterized by free reac-
tion enthalpies in a range from —100 kJ/mol to 100 kJ/mol.
These conditions seem to be violated by the relatively high
value of the free reaction enthalpy for the investigated reac-
tion. For the interrelationship between equilibrium constant
and partial pressures of the species we obtain

K, = p>(BCl3) X p*(P40y0) / p*(PCly).

Assuming the pressure of the transport medium to corre-
spond to

p(PCls) = 10° Pa
we get for BCl; (g) as well as for P,O;, (g) transport rel-

evant partial pressures beyond 1 Pa. Thus, despite a rela-
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tively high reaction enthalpy the chemical transport of
BPO, using PCls appears to be coherent in the light of the
thermodynamic data and is appropriately characterized by
the specified essential transport equation.

A quantitative analysis of the transport rates was im-
peded by the reaction of BPO, with the SiO, of the am-
poule material. Qualitatively it is found that the transport
rates increase with rising temperatures. In the experiments
with iodine or I,/P mixtures, the results do not evidence
transport of significant amounts of BPO,.

Single crystal structure refinements

The atomic arrangement of BPO4 was refined by means of
X-ray single crystal diffraction data (Tab. 3 — Tab. 5). The
observed small differences in lattice parameters (Tab. 3)
may be attributed to different real structures of the individ-
uals due to strongly dissimilar growing conditions, i.e., the
crystal obtained by chemical transport represents BPO,
material which is quenched from approximately 1000 K
whereas the hydrothermally grown crystals are formed at
much lower temperatures. BPO, crystallizes in a distorted
and ordered superstructure of the low-cristobalite type
(Fig. 4) with an axial ratio ¢/a = 1.53 strongly deviating
from the value of V2 = 1.41 for cubic high-cristobalite (§-
cristobalite). The [POy»] and [BOy, ] polyhedra are connec-
ted in an alternating fashion by sharing common vertices
thus forming a 3D-infinite network. The resulting angle
(B—O—P) of 132.1(1)° is rather large and we would like to
point out here that the observed displacement of oxygen is
maximal in the direction perpendicular to the plane
through the B, O and P atoms (see Tab. 5).

P 04 |2

Fig. 4 Crystal structure of BPO,. The atomic arrangement repre-
sents a distorted and ordered superstructure of the low-cristobalite
(o-cristobalite) type. The organisation can be described as a 3D
network of vertex-sharing [BOy,] and [POyy] tetrahedra. Dark te-
trahedra represent POy, units, pale ones BOy».

DTA-TG and infirared spectroscopy

The thermoanalytic investigations of BPO,4 powders reveal
that the chemically transported samples show no detectable
mass loss between room temperature and 1373 K (Fig. 5).
Commercially available microcrystalline powder shows a
weight loss at 373 K which is attributed to the evaporation
of water as evidenced by results of IR measurements (see
Fig. 6 and text below). As-grown material by means of sol-

Table 3 Crystallographic data as well as parameters of intensity data collection and refinement of BPO,4 at ambient conditions (7" = 293 K).
Lattice parameters are determined from X-ray power diffraction data recorded using LaBg (¢ = 415.69 pm) as an internal standard.

Chemical Transport

Hydrothermal growth

Tetragonal bisphenoid

0.035 mm X 0.039 mm X 0.045 mm
14 (No. 82)

zZ=2

a = 433.79(1) pm

¢ = 665.13(3) pm

Crystal Prism-shaped fragment
0.14 mm X 0.06 mm X 0.07 mm
Space group 14 (No. 82)
Formula units per unit cell zZ=2
Unit cell a = 434.04(1) pm
¢ = 665.02(2) pm
Volume V = 125.284(6) X 10° pm?,

Calculated density
Data collection

p=2804gcm 3

Rigaku R-AXIS Rapid,
Mo K, /2 = 71.069 pm,
graphite monochromator,

V = 125.16(4) X 10° pm?
p=2807gcem 3
Rigaku AFC7-CCD,

Mo K, 4 = 71.073 pm,
graphite monochromator,

52 images, 300 images with
Aw = 5°,70° = w = 130°, z, = 0°, Ap = 0.8°,
¢ = 0°, 75 images with
x2 = 45°, 0, = 90° Aw = 0.8°.
No. of measured / unique reflections 1484 / 440 4751159
Ry 0.032 0.018
Measured range 20max = 90.18° 20max = 58.76°
—-8=h=8 -6=k=8,-11=1=9, —4=h=4 —-5=k=4-8=1[=<8,
No. of reflections used for refinement 428 157

[F(hkl) > 4 cF(hkl)]
Crystal structure refinement

full matrix least squares on F>(/ikl)

full matrix least squares on F>(hkl)

No. of refined parameters; GooF 14; 1.19 14; 1.20
R(F), wR2 0.025, 0.057 0.026, 0.055
Z. Anorg. Allg. Chem. 2004, 630, 655—662 zaac.wiley-vch.de © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim 659
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Table 4 Positional and displacement parameters (in 10* pm?) as
well as interatomic distances d(P—0) and d(B—O) for BPO, as
determined by single crystal structure refinements of individuals
which were grown by chemical transport or by hydrothermal syn-
thesis, respectively. Phosphorus is located on Wyckoff position 2a
(0,0,0), boron on 2¢ (0,1/2,1/4) and oxygen on 8g (x,,2).

Chemical Hydrothermal
Transport Growth
Ueq (B) 0.0069(3) 0.0076(9)
Ueq (P) 0.0052(1) 0.0083(3)
Uesq (0) 0.0081(1) 0.0092(4)
x(0) 0.1405(2) 0.1397(4)
»(0O) 0.2579(2) 0.2574(4)
z(0) 0.1271(1) 0.1273(3)
d(B—0) / pm 146.43(7) 146.3(2)
d(P—0) / pm 152.94(7) 152.7(2)

Table 5 Anisotropic displacement parameters U;; / pm? of BPO,
grown by a) chemical transport reaction and b) solvothermal syn-
thesis, respectively.

a)

Atom Upn, U, Us;

B 67(4) Uy 73(8)

P 54(1) Uy, 98(3)

0o 73(2) 86(2) 83(3)
U23 U13 U12

o) —-32(2) -1(2) -1(2)

b)

Atom Uy, U, Uss

B 67(14) Uy, 93(20)

P 82(4) Uy, 86(5)

o) 69(8) 113(9) 94(8)
Uy Uiz U,

o) 4(6) 4(6) 2(6)

vothermal reactions using an educt ratio H3BO3:H;PO, of
1:1 reveals no extra lines in X-ray powder diffraction pat-
terns (see Fig. 2) so that the results would be consistent
with pure BPO4. However, signals of boric acid are clearly
discernible in some IR spectra, e.g., at 3220cm™ !,
2260 cm™! and 1473 cm™!. Further investigations of care-
fully cleaned and dried solvothermal samples grown with
educt ratios H;BO3:H3;PO, ranging from 1:1.5 to 1:2 result
in typical weight losses of 1.5 % starting at 560 K. More-
over, they show the onset of a second, more gentle decline
at 800 K which amounts to typically —1 %. Thermogravi-
metry combined with mass spectroscopy unambiguously
evidence that the evaporating species of both steps corre-
spond to water. Analyses of X-ray powder diffraction data
evidence that heating to 1273 K induces a small, but signifi-
cant reduction of the full width at half maximum of the
diffraction lines, e.g., from 0.1373(7)° to 0.1309(3)°. How-
ever, in our investigation the values for unheated samples
range from 0.1228(3)° to 0.1359(3)° thus indicating that dif-
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995 |- ¢) Solvothermally grown
sample, heated to 1273 K|
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90 in air for 30 d T
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Fig. 5 Thermogravimetric measurements with correction for buoy-
ancy of different BPO, powders: a) sample grown by chemical
transport reaction (CTR) which shows constant mass between
room temperature and 1373 K; b) desorption of water of a solvo-
thermally-grown sample which was dried at 1373 K and subse-
quently exposed to air for approximately four weeks; ¢) product
grown by solvothermal reaction which shows step-wise weight de-
crements due to water losses.

ferences between the individual samples are more pro-
nounced than the effect of heating. Infrared spectra of the
as-grown solvothermal material indicate a number of ab-
sorptions (Fig. 6) in the frequency range from 3200 cm™!
to approximately 3600 cm~!. In agreement with the results
from the TG measurements, the feature at 3520 cm~! has
been attributed to the presence of H,O (or OH), that at
3555cm™ ! to B-O—H groups which are hydrogen bonded
to P—O—H groups, the structure at 3595c¢cm~! P-O—H
groups which are hydrogen bonded to B—O—H species, and
the peak at 3635 cm™! to P—O—H units [54—56]. Finally,
our experimental data indicate that the pronounced struc-
ture at 3230 cm ™! also has to be assigned to water. Thus,
the experimental IR data are consistent with the TG/MS
results both evidencing that the as-grown product contains
a significant amount of water as well as protonated borate
and phosphate groups which release water upon heating.
After grinding and heating the sample to 1273 K with 10 K/
min and keeping it in direction of decreasing temperatures
at 1073 K for two hours, the extra-lines of the hydrogen-
bonded P-O—H and B—O—H groups are no longer vis-
ible. The peaks at 3230 cm ! and at 3520 cm ™! weaken, but
remain clearly discernible. This finding is only compatible
with the presence of additional water in form of inclusions.
When the dried samples are exposed to air for weeks, water
is absorbed as is consistently evidenced in IR and TG
experiments by showing an increased intensity of the bands
at 3230 cm ! and at 3520 cm ™! as well as by exhibiting a
weight loss which amounts to approximately — 0.3 % with
an onset temperature of 373 K, respectively.

In the context of hydrated species it seems promising to
investigate if OH-groups influence the catalytic activity of
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Fig. 6 Infrared spectra of B,O3 as a reference and different BPO,
samples (a — f). Sample a) was grown by chemical transport reac-
tion (CTR), samples b — d) were synthesized under solvothermal
reaction conditions (see experimental section for details): b) is as
grown, ¢) was subsequently heated up to 1273 K with a rate of
10 K/min, d) was exposed to air for one week after the heating; e)
and f) are commercially available powders: e) shows a spectrum of
the material as delivered, f) that of a dried specimen (12 h, 420 K,
dynamic vacuum). The weak structures at 3520 cm ™! are attributed
to water or OH-groups (see text), the strong band at 3230 cm™!
(indicated by a dashed-dotted line) to water. The weak peaks in b)
between 3500 cm~! and 3600 cm™! indicate hydrogen bonded
B—OH and P—OH groups in solvothermally-grown BPO,.

the material. In an earlier investigation, different activities
and selectivities of boron phosphate catalysts in the dehy-
dration and dehydrogenation of alcohols have been ob-
served. However, the disparities have been assigned to the
different B:P quotient of the materials originating from dif-
ferent compositions [19] since the focus of the work was to
investigate the interdependence of B:P ratio and activity.
For solvothermally grown BPO,, a similar composition de-
pendence is unlikely since the material shows only small
variations of the B:P ratio with an average of 1:1.02(1) be-
ing close to the ideal molar ratio of 1:1. The quantitative
amount of boron present in the sample was determined by
means of chemical analysis and indicates that the investi-
gated sample consisted to 96.8 weight percent of BPO,
which is in good agreement with the observed mass losses
in TG ranging from 1.5 % to 3.5 % for different samples.

Raman scattering experiments

Several IR [33, 56—62] and Raman [60, 61, 63, 64] spectra
of BPO4 have been published so far. Concerning the mode
assignment, no direct measurements of the mode symmetry
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Fig. 7 Spectra in form of intensities (left scale) versus Raman shift
(lower scale) measured at 83 K in comparison to room temperature
infrared data in form of absorption (right scale) versus frequency
(upper scale). For both Raman and IR investigations solvother-
mally grown BPO, has been used.

have been reported and the modes have been discussed
merely in terms of the internal vibrations of the PO, and
BO, tetrahedra.

According to a group theoretical analysis one would ex-
pect 6 X 3 = 18 vibrations for BPO, of which 15 are op-
tically active and 3 are acoustic. The 15 optical vibrations
can be grouped by irreducible representations as follows:
I'=3 A4 + 4 B + 4 E, while the three acoustic vibrations
are of symmetry B and E, respectively. Concerning the op-
tical modes, all modes are Raman active while only those
with symmetry B and E can be observed in IR experiments.
To conclude, we expect 8 modes in a powder IR measure-
ment and 11 modes in powder Raman scattering, where the
latter number may increase due to LO-TO splittings of the
B and E modes. The actuality that more modes are ob-
served in both types of spectra (see Fig. 6 and Fig. 7) is
subject of an ongoing theoretical investigation by means of
first principles lattice dynamics calculations. An assignment
on the basis of these results will be subject of a forth-
coming contribution.
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