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ABSTRACT

Orthorhombic Al,O3-rich aluminoborate is an important ceramic material for which two slightly different
compositions have been assumed: AlsBOg (5A1,03:B,03) and Al;gB4033 (9Al,03:2B,03). The formula
Al;1gB4033 (=Aly91B1,0909) was derived from results of chemical analyses when crystal structure data
were not yet available. Subsequent structural investigations indicated AlsBOg composition. Nevertheless,
Al;gB4033 was still accepted as the correct stoichiometry assuming that additional B replaces 9% Al.
Powder samples of both compositions and ones with excess boron were prepared by solid state
reactions between a-Al,03 and B,03/H3BO3 at temperatures above 1100 °C and single-crystals were
grown from flux at 1100 and 1550 °C. Products were investigated by single-crystal and powder XRD, ''B
and 27Al solid-state MAS-NMR, Raman and FTIR spectroscopy as well as Laser-ablation ICP-MS. No
indication of the predicted 9% B— Al substitution was found. LA ICP-MS indicated 12.36(27) wt% B,03
corresponding to Alsg7B1.0309. Hence, the suggested Al;gB4033 stoichiometry can be excluded for all
synthesized samples. A very low amount of Al vacancies at a five-fold coordinated site are likely, charge
balanced by an additional nearby three-fold coordinated B site. All evidences indicate that the title

compound should be reported as Als_,B1.+x0g With x < 0.038(6), which is close to AlsBOq.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Mullite used as ceramic raw material is an important and
versatile compound in the system SiO,-Al,0s. Its properties
include high thermal stability, very low thermal expansion, low
heat conductivity, high creep and corrosion resistance and
high stiffness [1]. The composition of mullite is rather variable:
Al (Al +2xSiz _2x)010-x 0.2 <x < 0.5. However, the most common
compositions are 3:2 mullite, 3A1,05:25i0,, x=0.25 and 2:1
mullite, 2A1,05:Si0,, x=0.4.

In the system SiO,-Al,03-B,03, Werding and Schreyer [2,3]
introduced the term ‘boron-mullite’ for compounds within a
compositional range between 3:2 and 2:1 mullite and two sili-
con-free aluminoborate members (Fig. 1), AlsBOg (5Al,05:B5053)
with a mullite-type structure [4] and AIBO3 (Al,03:B,03) of calcite
structure-type, stable under hydrothermal high-pressure condi-
tions [5,6]. More recently, the term mullite-type boron compound
has been defined [7] for corresponding structures in the binary
system Al,03-B,03 whereas the name boromullite [8] is reserved
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for a mineral with sillimanite- and AlsBOg-like modules. In addi-
tion, Al3BOg [5] with norbergite structure-type [9] was synthesized
above 25 kbar and 800 °C and rhombohedral Al4BgO;5 with a
microporous framework consisting of AlOg octahedra and BOs
units has been produced from AlCl3 and H3BO3 at 350 °C [10].

In the Al,Osz-rich part of the phase diagram, Al;gB40s3
(9A1,05:2B,03) is compositionally very close to AlsBOg (5A1,03:B,05).
This material gained industrial interest because of mullite-like proper-
ties. Due to its low-cost production (4 to 5 of the cost of SiC[11,12]),its
easy fabrication in large quantities [13-19], its high strength [20-22],
and its low thermal expansion and conductivity [23,24] the compound
is used as reinforcer in metal matrix composites [14,17]. Further
applications include reinforcement in fire insulations for ships, con-
struction components in nuclear reactors because of neutron absorbing
capabilities, and in refractory linings due to high resistance against
boron-rich glass melts [25 and references therein]. Recently, nanotubes
have been synthesized [26,27] and aluminoborate fibers have been
successfully coated by boron nitride to lower interface reactions and
enhance strength between matrix and aluminoborate nanowires or
whiskers [12,28,29].

Although the aluminoborate discussed above is of high impor-
tance, results of crystal-chemical investigations have remained
inconsistent. This mullite-type boron compound is reported with
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two slightly different stoichiometries, Al;gB4033=Al;491B10909=
9A1,05:2B,03 and AlsBOg=5Al,05:B,03 (Table 1), both crystal-
lizing in the same mullite-type structure. There are no studies to
date clarifying whether both similar compounds exist, probably
because applications of this material were considered to be more
important than its exact chemical characterization. Persistent
assumption of Al;gB4033 stoichiometry may thus have complied
with tradition as this compound was originally defined on early
analytical data without considering the crystal structure.

SiO
40

60 3:2 Mullite

2:1 Mullite

Al?Bpw
AlBO, ALB,O, / AIBO,
100 | I \“l I . I ‘ |

100 90 80 70 60 50 40
ALO, B,0,
Fig. 1. Al,Os-rich part of the ternary system SiO,-Al,05-B,05. The boron-mullite

stability field according to Werding and Schreyer [2,3] is represented by the gray
area. All units in mol%.

Table 1
Theoretical composition of AlsBOg and Al;gB4033.

Al;03:B,03 Al,O3 (wt%) B,03 (wt%) Al,03 (mol%) B,0s (mol%)

AlsBOg 5:1 87.99 12.01 83.33 16.66
Al;gB4033 9:2 86.83 13.17 81.81 18.18
Table 2

Al1gB4033 and AlsBOg contain only trivalent cations, though
of different radius. AI** and B3* may both occur in four-fold
coordination. Therefore, both Al and B may exist as a solid solution
at a tetrahedrally coordinated site of a mullite-type structure. On
the other hand, Al-0 distances in an AlO4 tetrahedron are ca. 1.75 A
[30] whereas B-0O distances are ca. 1.476 A [31]. This bond length
difference of ca. 15% seems to contradict an extensive solid
solution. Furthermore, it could be expected that the degree of this
substitution is temperature dependent.

The aim of this study is an investigation of aluminoborate
samples, produced above 1100 °C by different synthesis routes
with a compositional range allowing formation of Al;g§B4033 and/or
AlsBOg. Using single-crystal and powder X-ray diffraction, solid-
state ''B and 2’Al MAS-NMR, FTIR, Raman spectroscopy and Laser-
ablation ICP-MS compositional measurements, the composition of
this important compound will be clarified.

2. Historical background

In the late 19th century, Mallard [32] studied needle-like, facetted
crystals with orthorhombic symmetry of supposed 3Al,03:B;03
composition, synthesized by Ebelmen [33]. Until then, the only
known aluminoborate was the mineral jeremejevite, Alg(BO3)s
(F,OH)3 [32,34]. In 1938, Benner and Baumann [35] patented synth-
esis of an aluminoborate starting from molten Al,03 and B,0s. These
acicular, orthorhombic crystals were assumed to have 3Al,05:B,03
composition. Mullite-like physical properties qualified this alumino-
borate as a new ceramic raw material. Cell dimensions (Table 2)
derived from powder X-ray diffraction were presented by Baumann
and Moore [36]. From the density of 2.93 g/cm?, they concluded that
the correct formula of the crystals is 9Al,03:2B,05 (Al;3B4033), with a
unit cell content of Z=1.1. Dietzel and Scholze [37] studied glasses in
the system SiO,-Al,05-B,03. From analyses of crystalline by-pro-
ducts they proposed a solid solution between 3:2 mullite and
Al;1gB4033. Subsequent experiments in the system Al,03-B,03 [38]
indicated a new mullite-type phase of 2Al;03:B,03 (Al4B,09) com-
position [39,40] obtained by heating Al,O3 in a B,0s flux at 1000 °C.
According to the Al,03-B,03 phase diagram, Al4B,09 transforms to
Al;gB4033 at 1035 °C [38,41]. Sokolova et al. [4] grew aluminoborate
single-crystals by cooling an Al;03-B,03-Y>03-K,0-Mo0O3 melt from
1150 to 950 °C. Cell dimension and orthorhombic symmetry were in
accordance with previous findings for Al;gB4033. However, single-
crystal X-ray structure refinement yielded AlsBOg composition with
Z=4 instead of Al;gB40533 (Table 2). The structure was described with
one AlOg octahedron, three AlO, tetrahedra and one planar BO5 group.
Results of unspecified chemical analyses yielded 14 wt% B,0s

Chemical and crystallographic details of aluminoborate 9A1,03:2B,05 from cited literature.

Baumann and Moore Dietzel and Scholze Scholze [38] Sokolova et al. [4] Thara et al. [42] Garsche et al. Mazza et al.
[36] [37] [25] [39]
ag-axis (A) 15.0 5.68(5) 5.6673(7) 5.682(13) 7.6942(1) 7.621
b-axis (A) 7.5 14.98(10) 15.011(2) 14.973(34) 15.0110(2) 7.621
c-axis (A) 5.67 7.693(1) 7.693(1) 7.692(17) 5.6689(1) 2.833
Volume (A3) 654.4(2) 654.74
z 1.1 1.09 4 1.09 1.09 1.0
Space group Orthorhombic Cmc2,, C2cm, Cmcm Cmc2, Cmc2, A2.am Pbam
Density (g cm?) 2.93 2.94(1) 2.96 2.93(1)
Assigned formula  Al;gB4033 Al;gB4033 Al1gB4033 AlsBOg AlsBOg Al;1gB4033 AlsBOg
B,05 (Wt%) 13.2 13.3 14 13.1
Al,03 (Wt%) 86.6 86.7 86 86.9
Stoichiometry Al;gB4033, Al17.96B4.04033, Aly7.77B423033, Alyg,02B3.058033,
from wt% Aly91B1.0909% Al 90B1.1009° Alyg5B1.1509" Aly 91B1.0909°

¢ Normalized to 9 oxygen.
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(no esd’s given), which is closer to Al;gB4053 than to AlsBOg (Table 1).
Single-crystals grown in the system CaO-Al,03-B,03 were also
studied by Ihara et al. [42]. Results of gravimetric analyses agreed
with Al;gB4033, Z=1.09 (Table 2), but the structural data were in
agreement with those of Sokolova et al. [4]. They concluded that two
of the Al-tetrahedra specified by Sokolova et al. [4] are more precisely
characterized as five-fold coordinated AI'Y) polyhedra. The discre-
pancy between the crystallographically derived composition of
AlsBOg and the chemical composition pointing to Al;gB4033 was
explained with a disordered structure in which ;~ 9% of AI'") is
substituted by tetrahedrally coordinated B!,

Garsche et al. [25] produced single-crystals by fusion of Al;05
and B,03 in sealed platinum capsules at 1500 °C. X-ray powder and
single-crystal diffraction data (Table 2) are in agreement with
findings of Solokova et al. [4] and Ihara et al. [42]. Without further
investigations, the compound was reported as Al,gB4033, based on
the tetrahedral B substitution proposed by Ihara et al. [42].

The Al-coordination in ‘Al;gB4033’ has also been investigated by
27Al MAS-NMR [43-45] on samples produced according to Garsche
et al. [25]. One AlI™), two distinct AI'Y’ and one AIVD site were
assigned with multiplicities of 1:1:1:2 in accordance with previous
crystal structure data [4,25,42].

Mazza et al. [39] synthesized crystalline products from an
amorphous precursor of H3BO3 and AI(NOs); - 9H,0 and proposed
a solid solution Alg_xBxOg9 with 1 <x<3. The structures were
solved using a pseudotetragonal mullite model in space group
Pbam (Table 2). FTIR spectra of a member with x=1 showed no
evidence of B"Y), which was later also confirmed by ''B MAS-NMR
[46]. Mazza et al. [39] consider AlsBOg as being stable in the
temperature regime between 900 and 1000 °C, leading to Al;gB4033
with space group Cmc2; upon heating at higher temperature.

3. Experimental
3.1. Sample preparation

Using stoichiometric mixtures and mixtures containing excess
boron to exclude B,0s3 as the limiting factor for Al;gB4053 formation
(due to boron evaporation at high temperature), starting materials
were prepared in order to allow formation of Al;gB4033 and/or
AlsBOg. All syntheses were performed in lid-covered platinum
crucibles in air. Three different synthesis routes were followed:
(1) powder samples b, c and e were prepared by solid-state
reactions of «-Al,O; with B,O3 or H3BOs. The powders were
thoroughly mixed, pressed to pellets and subsequently heated at
1100 or 1200 °C. (2) Powder sample d was produced from an
amorphous precursor prepared with Al(NO3)s;-9H,0 and H3BOs3,
according to [39]. The denitrified raw material was heated at
1100 °C. (3) Single-crystals were grown from a mixture of
9A1,05:2B,03 in a K;CO3+3Mo0Os flux (borate/flux ratio ca. 1:9)
by cooling the melt at 10 °C/h from 1100 to 600 °C (sample a) and
from a pressed pellet (previously heated at 1200 °C) consisting of
Al;03:3.3H3B03 in B,03 flux by slow cooling (15 °C/h) from 1550 to
1250 °C (sample f). Fluxes were dissolved in hot deionized H-O.

Table 3

Prior to further investigations, samples were washed in warm
deionized H,O to eliminate any remaining H3BO5 or B,0s. Details
on samples and synthesis conditions are given in Table 3.

Both K,CO3+3Mo0O5 and B,03 flux methods yielded elongated
single-crystals with different habits. Radially grown crystals from
sample a were of elongate prismatic shape with a rather smooth
surface but with Al,O5 inclusions. No inclusions were found in
crystals from sample f, but they had a rather rough and flaky surface
(Fig. 2). A sample of Al4B,09 [39,40] was prepared according to
Fischer et al. [40] and used as reference compound for tetrahedrally
coordinated B™ in FTIR, Raman and ''B MAS-NMR spectroscopy.

3.2. X-ray diffraction

A full intensity dataset was measured with an Enraf Nonius
CAD4 diffractometer on a single-crystal of sample a (Table 4).
Lattice parameters were determined from 24 reflections centered
at four high-angular settings with + 37.9° < 0 < + 44.4° in order to
reduce crystal and beam alignment errors. After correcting the data
for Lorentz-polarization and absorption effects with WinGX v.
1.80.05 software package [47], the structure was solved by direct
methods and refined with Bruker ShelXTL v. 6.10 [48] using neutral
atomic scattering factors in space group Cmc2, (no. 36) with Z=4.
The Flack parameter [49] of 0.43(10) indicated 1:1 merohedral
twinning of the selected crystal.

Due to its significantly smaller size, a full intensity dataset of a
crystal from sample f was collected with a Bruker Smart Apex2 CCD
diffractometer (Table 4). Subsequently 15 reflections centered at
four angular settings with +11.0° <60 < +30.0° were measured
with the CAD4 for direct comparison of lattice parameters with those
of sample a. CCD data were integrated and empirically absorption-
corrected using Apex2 v. 2009-11.0 software package [50]. The
structure was refined with Bruker ShelXTL v. 6.10 [48] using the
structural model obtained from sample a. A Flack parameter of
0.60(11) indicated 1:1 merohedral twinning of the crystal. Single-
crystal data collection parameters are reported in Table 4.

XRD powder patterns were measured with a PANalytical X'Pert
Pro MPD diffractometer equipped with a Cu X-ray source (40 kV/
40 mA) and an X'Celerator detector. Automatic divergence slits and
0.02 radian soller slits were used. Patterns were collected from 10° to
80° 20 with a step size of 0.002° 26/step at 100 s/step. Lattice
parameters were derived from Pawley refinements to precisely
extract peak maxima by treating the data independently from the
structural model. Excess Al,Os (if present) was quantified by Rietveld
refinements. It was not possible to estimate the amount of excess
B,03 or H3BOs prior to the final washing step due to fast hydration of
B,0s3, resulting in a poorly crystalline mix of B,O; and H3BOs. All
powder XRD data were handled with Topas-Academic v. 4.1 [51]
using the fundamental parameter approach for peak-shape modeling.

3.3. Solid-state "'B and ?“Al MAS-NMR

1B and 27Al MAS-NMR spectra were recorded on a Bruker
Avance 400 NMR spectrometer (9.4 T) using a 2.5 mm CP/MAS

Starting materials, synthesis conditions and analytical methods used for sample characterization.

Temperature

Product

Analyzed with

Sample Al,03:B,03 Starting materials

a 9:2 Al,03, B,03 in K,CO3+3Mo0O3 Flux
b 9:2 Al,03, B,03

c 5:1 Al,03, B,03

d 1:2 AI(NOs)5 - 9H,0, H3BO;

e 1.2:1 AlL,O3, H3BO3

f 1:33 Al,03, H3BO3 in B,053 Flux

1100-600 °C
1200 °C for 10 h
1200 °C for 10 h
1100 °C for 5 h
1200 °C for 44 h
1500—- 1250 °C

Single-crystals
Powder
Powder
Powder
Powder
Single-crystals

SX/P-XRD, MAS-NMR, LA ICP-MS
P-XRD, MAS-NMR

P-XRD, MAS-NMR

P-XRD, MAS-NMR

P-XRD, MAS-NMR, Raman, FTIR
SX/P-XRD, MAS-NMR, LA ICP-MS
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100 pm B2
—

Fig. 2. SEM image of samples a and f: (A) secondary electron (SE) picture of sample a showing the prismatic habit of the crystals. (B) SE picture showing the elongate prismatic
crystals from sample f. (C) Back scattered electron (BSE) image of Al,03 inclusions as bright dots in a polished crystal of sample a. (D) BSE image showing the rough and flaky

surface of crystals from sample f.

Table 4

Measurement setup, indexing and refinement parameters for single-crystal X-ray
diffraction data collection and structure refinement of samples a and f. Note that
lattice parameters can only be compared from measurements performed on the
CAD4 diffractometer.

Sample a Sample f

Full intensity dataset
Bruker Smart APEX2 CCD

Measurement type
Diffractometer

Full intensity dataset
Enraf Nonius CAD4

X-ray radiation MoKa (0.71073 A) MoKo. (0.71073 A)
X-ray power 50 kV, 40 mA 50 kV, 40 mA
Crystal size 0.2 x 0.13 x 0.05mm> 0.15 x 0.025 x 0.05 mm>
Measurement time Max. 120 s/step 60 s/frame
Temperature (°C) 25 25

Space group Cmc2, Cmc2,4

a-axis length (A) 5.6686(2) 5.6618(7)*
b-axis length (A) 15.0060(9) 14.9981(12)*
c-axis length (A) 7.6892(4) 7.6806(7)"

Cell volume (A3) 654.07(6) 652.21(12)*

z 4 4

p (g/cm?) 2.942 2.950
Reflections collected 4294 5915

Max. 20 (deg) 69.93 69.94

Index range h -9...9 -9...9

Index range k —24...24 —24...23

Index range [ -12...12 -12...11
Resolution range (A) 1...0.6 1...0.62

Unique reflections 1166 1130

Reflections > 2a(I) 1045 1088

R(int) 0.0510 0.0399

R(c) 0.0375 0.0294

L.S. parameter no. 83 83

Goodness of fit 0.990 1.046

Ry; I>40Fo 0.0173 0.0186

Ry; all data 0.0273 0.0199

WR; (on F2) 0.0295 0.0370

ApPmin, close to —021eA3 01 —024eA3 All
Apmax, close to 0.24e A3 B1 0.24eA3 A2

@ Lattice parameters measured with the CAD4.

probe. The ''B and 2’ Al MAS-NMR spectra were recorded at 128.38
and 104.26 MHz, respectively, using the following parameters:
0.3 us 7/6 pulse widths, 25 kHz MAS rate, 3s (0.2 s for 27Al)

relaxation delays, appropriate number of scans for reasonable
signal to noise ratios and 77 kHz SPINAL-64 proton decoupling [52].
1B and ?’Al chemical shifts were referenced to external samples of
1 M aqueous H3BOs at 19.6 ppm [53] and 1.1 m Al(NOs); solution
at 0.0 ppm [54]. The observed 2’Al NMR line shape was exactly the
same when no proton decoupling was applied, whereas the ''B
quadrupolar powder pattern of, e.g. H3BO3 subtly depended on the
efficiency of the decoupling field [55]. Owing to the presence of
boron nitride devices in the probe, a ~16 kHz broad, asymmetric
background signal was present in the ''B NMR spectra. Before
further analysis of these spectra, the background signal recorded
with an empty spinner was subtracted from the spectrum of
interest. Quadrupolar parameters and the relative amounts of
B! and/or B™Y) atoms were determined by non-linear least-square
fits of the regions of interest using the software Dmfit v. 20080716
[56]. For H3BOs, the parameters Cq=2.51 MHz, diso=19.7 ppm and
1n=0.04 were in good accordance with literature data [55]. For
resonances originating from single components only, the para-
meters for amplitude, position, quadrupolar coupling constant,
asymmetry parameter and the zero order base line were auto-
matically and independently optimized by the fit routine. In the
case where B"" and B resonances were observed simultaneously
(Al4B,0g [39,40]), the asymmetry parameter was kept constant for
the trigonal B"Y site and a Gaussian shape was chosen for
tetrahedrally coordinated B in order to compare results to those
of Fischer et al. [40]. ?’Al NMR parameters (Jiso, Cq #) Were
determined from slices of a z-filtered MQ-MAS-NMR spectrum
and the 1D NMR spectra were subsequently simulated keeping the
preliminary evaluated parameters C; and # constant, while the
parameters for amplitude, chemical shift and zero order base line
were optimized.

3.4. FTIR and Raman spectroscopy

FTIR and Raman spectra were collected for sample e and Al,BO4
as reference for tetrahedrally coordinated BO4. IR powder spectra
were acquired from 300 to 4000 cm~! on a Bruker Tensor 27 FTIR
spectrometer equipped with a globar MIR light source, a KBr beam
splitter, and a DLaTGS detector. Sample and background spectra
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were averaged from 100 scans at 4 cm ! resolution. Two methods
were used to obtain absorption spectra: (1) the finely ground
sample was dispersed in KBr (~1:200), pressed to transparent
pellets, and measured in transmission mode in the usual sample
compartment. (2) The undiluted sample powder was pressed on
the diamond window of a Harrick MVP 2 diamond ATR accessory.
Background spectra were obtained from a pure KBr pellet and from
the empty ATR unit. Data handling was performed with OPUS v. 5.5
software [57].

Powder Raman spectra were obtained from 70 to 1670 cm ™~ ' on
a confocal edge filter-based Renishaw RM1000 micro-Raman
system equipped with a 17 mW HeNe-laser (632.8 nm excitation)
and a 50 mW multimode Ar*-laser (488 and 514.5 nm excitation,
each ~20 mW), a 1200 lines/mm grating, using a thermo-electri-
cally cooled CCD detector. Raman intensities were collected with a
Leica DMLM microscope with a 50 x /0.85 n.a. objective. Excitation
at488 nm and 10 min acquisition time yielded Raman spectra with
reasonable signal to noise ratio at a resolution of 5-6 cm~'. Data
was processed with Grams32 software v. 4.14 [58].

1

3.5. Laser-ablation ICP-MS

Al,03 and B,03 wt% were measured in-situ on epoxy-embedded
single-crystals from samples a and f (Table 3) by laser-ablation
inductively coupled plasma mass-spectrometry (LA ICP-MS). The
system consists of a pulsed 193 nm ArF Excimer laser Geolas Pro
system (Lambda Physik, Germany) coupled with a Perkin Elmer
ELAN DRCe quadrupole mass spectrometer. Details on the setup
and optimization strategies to minimize matrix effects by setting
up robust plasma conditions can be found in Pettke [59].

Al,03 inclusion-free crystal domains in sample a were usually
smaller than 50 pum; hence, the beam diameter for analysis was set
to 32 pm. To minimize matrix-load induced elemental fractiona-
tion [60], ablation rate tests were performed at 6 J/cm? energy
density on the sample with a 10 Hz pulse rate, revealing a much
higher ablation rate for NIST SRM 610 used for calibration than for
the aluminoborate crystals. Calibration shots were thus made with
16 um beam size, resulting in near-equal aerosol masses ablated
per unit time. Only 10 s signals were used for quantification, to
ensure a crater aspect (depth/diameter) ratio < 1. The aerosol was
transported to the ICP-MS using mixed He-Ar gas. For samples a
and f, a total of 11 and 12 individual spot analyses were acquired,
respectively. Data quantification was done using SILLS v. 1.2.0 [61],
employing 356 + 7 pg/g for B [62] and 2.04 wt% Al,0s. Internal
standardization was carried out by summing B,03; and Al,O5 to
100 wt%.

4. Results
4.1. X-ray diffraction

Single-crystal X-ray (CAD4) refined cell dimensions of sample a
yielded V=654.07(6)A> whereas corresponding parameters
(CADA4) for sample f were significantly smaller: V=652.21(12) A3
(Table 4).

Three refinement strategies were followed for both crystals a
and f: (1) the structures were refined with all positions fully
occupied. (2) The occupancy of the Al4 tetrahedron was fixed at 9%
B — Al substitution according to the suggestion of Thara et al. [42],
and (3) a mixed Al, B population was refined at each Al site in
separate refinements. In strategy (3), intensity data were restricted
to 0.6<2/(2sin®) <1A (high angle data) in order to reduce
contributions from bonding electrons. X-ray diffraction data con-
taining bonding electron information are not properly modeled in

standard site-occupancy refinements and lead to incorrect occu-
pancy fractions [63].

After refinement in accordance with model (1), atomic dis-
placement parameters (Ueq,) were very similar for all Al sites except
for Al2. Ueq, of Al2 was about 12% higher than the average of the
remaining three.

Strategy (2) led to increased least squares agreement factors
compared to (1) and most important, the atomic displacement
parameter of the tetrahedrally coordinated Al4 site decreased
to ca. 50% of the value refined in strategy (1).

Strategy (3) resulted in fully occupied Al polyhedra, except for
Al2. This type of population refinement has to be performed
stepwise for each Al site to reduce correlations with the scale
factor. Due to correlations between displacement parameters and
occupancy, vacancies at the Al2 site were also refined with an
isotropic displacement parameter of Al2 constrained to the one of
Al3. No significant difference in vacancy concentration was
observed, thus, we chose to refine all displacement parameters
individually. For Al2, final occupancies were Al:B=0.973(5):
0.027(5) for sample a and Al:B=0.962(6):0.038(6) for sample f.
As an alternative approach, Al vacancies were refined at the Al2 site,
resulting in 2.1(4)% vacancies for sample a and 3.2(4)% for sample f.
All refinements of strategy (3) reduced the originally (according to
strategy 1) enlarged atomic displacement factor U, of Al2 to
values similar to the ones of other Al sites within the same
structure.

Atomic coordinates, isotropic and anisotropic displacement
parameters of the vacancy model (strategy 3) for samples a and f
and calculated bond valences of sample a are listed in Appendix A.

The main features of the structure (Fig. 3) are isolated mullite-
like chains of edge-sharing Al1 octahedra running parallel to the
a-axis. Compared to mullite, the cell is doubled along [100] and [010]
resulting in an additional symmetry equivalent octahedral chain at
b/2. Proximate octahedral chains are connected by pairs of irregular
edge-sharing AlOs polyhedra (Al2 and Al3) and, additionally, by
alternating AlO, tetrahedra (Al4) and BOs triangles (B1). One side of
an edge-connected AlOs polyhedra pair is edge-connected to
octahedra and corner-linked to BO5 triangles, whereas the other side
is edge-connected to octahedra and corner-linked to tetrahedra. As a
result, octahedral chains are separated along [010] by two different
alternating segments within (101). One segment comprises AlO4 and
AlOs polyhedra (segment 1, Fig. 3); the other consists of BO; and
AlOs polyhedra (segment 2). The All octahedron, the tetrahedron
and the BOs triangle are rather regular: A(AlI1-0)pax=0.0553 A,
A(Al4-0)1ax=0.0250 A and A(B1-0);,.x=0.0138 A, whereas the
AlOs polyhedra are fairly distorted with A(AI2-0)max=0.2966 A,
and A(AI3-0);a.x=0.3692 A (Appendix A). The AIOs polyhedra
are more precisely described as AlO4.1 as Al occupies the center
of the four closest O ligands, which is also responsible for the
increased distortion.

After preferred-orientation corrections in powder Rietveld
refinements, all patterns from samples a-f were matching the
AlsBOg structure, differing only in the amount of excess corundum.
Pawley-refinement-derived lattice parameters of all samples are
shown in Table 5. They are the same within a maximum deviation
of six esd’s, except for the significantly smaller values of sample f,
confirming our previous single-crystal results. Excess corundum
was only found in samples a—c (Table 3) whereas no corundum was
found in samples d-f, prepared with excess B,03/H3BOs in the
starting mixtures (Table 5).

4.2. Solid-state ''B and %“Al MAS-NMR

In the !B MAS-NMR spectrum of Al4B,04, which was collected
as a reference, signals of highly symmetric four-fold coordinated
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Fig. 3. Structural drawing of an AlsBOg unit cell projected along the a-axis (top left), the b-axis (top right), the c-axis (bottom left) and in an arbitrary view (bottom right).
Segments dividing the mullite-like AlOg chains are indicated with arrows: Segment 1 consists of A12-0s polyhedra and Al4-0,4 tetrahedra, whereas segment 2 contains Al3-0s
polyhedra and B1-0s triangles. Note that Al2 and Al3 atoms are not in the center of the polyhedron. For better illustration of the similarity to the mullite structure, the unit cell

has been shifted by 0; 0.1164; 0.5.

Table 5

Lattice parameters and excess Al,03 content of all samples determined by powder X-ray diffraction. For better comparison, lattice parameters obtained from single-crystal

XRD are given in the bottom two rows.

Sample a(A) b (A) c(A) V (A%) GoF Al;03 (Wt%)
a 5.66848(4) 15.00512(12) 7.68971(5) 654.057(8) 1.04 8

b 5.66738(3) 15.00687(10) 7.69230(4) 654.225(7) 1.52 7

c 5.66789(4) 15.00604(14) 7.69157(6) 654.188(9) 1.47 8

d 5.66775(3) 15.00642(6) 7.68943(3) 654.006(5) 1.60 0

e 5.66869(2) 15.00741(7) 7.69005(3) 654.211(5) 1.47 0

f 5.66421(3) 15.00214(7) 7.68428(3) 652.974(5) 1.83 0

a? 5.6686(2) 15.0060(9) 7.6892(4) 654.07(6) nja n/a

fe 5.6618(7) 14.9981(12) 7.6806(7) 652.21(12) nja n/a

2 Lattice parameters from single-crystal XRD for comparison.

B™) and second-order quadrupolar broadened planar three-fold
coordinated BV were observed at distinct positions (Fig. 4). The
ratio of ~25:75 determined by line shape analysis for the B!/
sites fits reasonably to the value of ~20:80 estimated by Fischer
et al. [40]. Nevertheless, accurate quantitative results can only be
evaluated including the signal intensities of spinning sidebands.

The ''B MAS-NMR spectra of samples a—f showed the same
shapes of resonances (Fig. 4). Chemical shifts and quadrupolar
parameters obtained by line shape analysis (Table 6) yielded
convergent results for all synthesis routes (Table 3). The influence
of a simulated B™) signal on the expected experimental line shape
of sample a is shown in Fig. 5. For fractions as low as 2-3% of B'), a
distinct deviation of the quadrupolar broadened line shape of the
spectra can be observed. As shown in Fig. 4, none of the measured
1B MAS-NMR spectra suggest evidence for B!V,

27A1 MAS-NMR spectra of samples a—f match each other (Fig. 6),
only the amount of excess corundum varies, depending on synth-
esis conditions. In the 2’Al 3Q-MAS-NMR spectrum of sample a
(Appendix A) at least three distinct aluminum species were
observed and from chemical shift arguments A"V, AIV) and AIVP

are present. The spectrum showed the same resonances already
observed by Gan et al. [44], recorded at the same magnetic field.
Since they also collected MQ-MAS data at higher frequencies, it is
evident that two different AlY) sites are present. DOR NMR
diffusion experiments [45] allowed assignment of the AlY) signals
to AlYY) (A2 in this study) and AlS” (Al3 in this study). All 1D ?7Al
MAS-NMR line shape simulations performed in our study (Fig. 7)
yielded four different Al species: AI™), AI{), AIY) and AIVD
(Appendix A) with a ratio of ca. 1:1:1:2. The shape of the 1D 27Al
NMR spectra of samples d and e (lowest amounts of Al,03) are both
in perfect agreement with literature data [43].

4.3. Raman and FTIR spectroscopy

FTIR powder spectra are shown in Fig. 8. Note that IR band
positions from the KBr and ATR techniques are almost identical,
although different intensities result in somewhat different band
patterns. Moreover, compared to KBr spectra, ATR band positions
are systematically shifted to slightly lower values, which is a common
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Fig. 4. Experimental and simulated ''B{'H} MAS-NMR spectra (128.38 MHz) of

reference Al4B,09 powder (top) and powdered samples a-f. In the spectra of
Al4B,0g, the narrow resonance around —1 ppm is assigned to BO,.

Table 6
Chemical shifts and ''B quadrupolar parameters obtained by line shape simulation.

Sample 5""Biso (ppm) Cq (MHz) n

H;BO; 19.7 251 0.04
Al4B,09 17.4 2.66 0.10
a 16.8 2.62 0.09
b 16.7 2.61 0.09
c 16.8 2.61 0.09
d 16.8 2.61 0.08
e 16.8 2.62 0.08
f 16.7 2.61 0.09

3 The four-fold coordinated !'B site was simulated by a Gaussian shape at
—1.0 ppm (line width of ~140 Hz). Ratio determined: B!V/B!")~75:25,

effect in ATR spectra [64]. In contrast, due to different selection rules,
Raman spectra appear quite different (Fig. 9). Considering the
structural units of the investigated borates, the spectral regions (both
IR and Raman) may be assigned to certain vibrations. The antisym-
metric stretching vibrations of the BOs; group are expected at
~1450-1200 cm~ ! (predominant in IR spectra, Fig. 8), the symmetric
stretching vibration at ~900-1050 cm~! (predominant in Raman
spectra, Fig. 9). The characteristic [R-active antisymmetric stretching
bands of the BO4 tetrahedron in the vibrational region at ~950-
1200 cm~! are only observed for the Al,B,Oq reference but not in
sample e (Fig. 8). The strong BO3 characteristic symmetric stretching
mode of the BO5 group occurs in Raman spectra at 1016 cm ™! (Fig. 9).
The Raman spectrum of the reference material Al4B,0g9 shows in
addition a strong BO, characteristic band at ~960 cm™~!, which is
absent in sample e (Fig. 9). The bending motions of the BOs group and

5%
| 4%
| 3%
2%
1%
0%

20 10 0 -10
3'"B [ppm]

Fig. 5. Experimental ''B{'H} MAS-NMR spectra of powdered single-crystals from
sample a with a series of simulated spectra considering the signals of 0-5%
tetrahedrally coordinated BOg.

Al,B,O,

AlLO,

1 1 1 1 1 1 1 1
100 80 60 40 20 0 -20 -40 -60 -80
37Al [ppm]

Fig. 6. 1D 2’Al MAS-NMR spectra (104.26 MHz) of Al4B,0s (top), samples a-f and
pure corundum (bottom).
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Fig. 7. 1D 27Al MAS-NMR spectrum of sample b with spectrum simulation using the
quadrupolar parameters extracted from simulation of the 27Al 3Q-MAS-NMR
spectrum.
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Fig. 8. ATR and KBr pellet FTIR spectra of sample e (top) and Al4B,0q (bottom). The
well resolved peaks between 1250 and 1450 cm ™' (top) are assigned to the BOs
group in sample e. Peaks of stretching vibrations of BO,4 in reference Al4B,09
(bottom) are between 950 and 1200 cm ! (bottom). In the spectra of sample e, no
indication for BO4 can be found.

all other vibrations of the AlO, polyhedra and lattice vibrations are
contained in the complex band region between 900 and 100 cm~".
Because of this complexity, the latter will not be discussed.

To answer the question for boron speciation (B and/or B'Y)
coordination, one or more structural sites) the possible vibrations
of a BOs group need to be considered. The ideal anion group (e.g. in
solution or in a calcite-type structure) has symmetry D3, resulting

Sample e
= 5k
£, |
: / C
Ik AT ﬂ\ ,\ MJU\ |
N"“m“"mwv.uwwﬁ L) Ur\/‘w-/ W \J ' U\j VU
1500 1300 1100 900 700 500 300 100
Raman shift (cm™)
AlB.O,
- 3k |
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E N f
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Raman shift (cm™)

Fig. 9. Raman spectra of sample e (top) and reference Al4;B,09 (bottom). The single
strong Raman band at 1016 cm~ ! is assigned to the symmetric stretching mode of
the BO3 group (top), whereas the double peak in the Al4B,09 pattern corresponds to
vibrations of BO3; and BO4 groups.

in four possible vibrations (Appendix A). Two of them, i.e. the E’
species v3 and v4, are doubly degenerate and active in both IR and
Raman spectra. In contrast, v; is only Raman-active and v, is only
IR-active. If the symmetry of the BO3 group is lowered in a crystal
structure, the degenerate E species split into two bands, and
formerly inactive vibrations may become active. In AlsBOg the
Wyckoff site of boron is 4a with site symmetry m (Appendix A). The
effective symmetry of the BO3 group, however, is higher, as is
indicated by the very similar bond lengths of B-03 (1.36 A) and
2 x B-07 (1.38 A) (Appendix A), and almost identical bond angles
close to 120° i.e. it represents a flat isosceles triangle with
symmetry C,, (mm2). Independently, if the true site symmetry
or the effective symmetry are preferred, the vibrational E' modes
split up and the selection rules are released.

In addition to the symmetry considerations above, it is impor-
tant to note that boron consists of two abundant natural isotopes
1B and '°B with a ratio of about 80:20 [65]. This isotope ratio is also
found in the common boron-bearing chemicals, such as B,03 and
H5BO3 used in the syntheses of the present study. Due to the
different mass of the isotopes (10 rel%), the frequencies of vibra-
tions, where motions of boron isotopes are involved (therefore not
in v;1), are different by several tens of cm~! [66-68].

4.4. Laser-ablation ICP-MS

LA ICP-MS measurement data for samples a and fare reported in
Table 7. Compositions of the two synthetic products are identical.
They are marginally higher with ~12.35 wt% B,05 than expected
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for pure AlsBOg (12.01 wt% B,03), but significantly lower than for
Al1gB4033(13.17 wt% B,03, Table 1). External reproducibility of one
standard deviation uncertainties on B,0s3 are ca. 0.25 wt%, which is
of the same order as the uncertainty quoted for the B concentra-
tion of the standard reference material NIST SRM 610 used for
calibration [62].

5. Discussion

The excellent agreement of cell dimensions (Table 5) of samples
a-e synthesized along different routes and starting compositions
suggests that they are structurally and chemically very similar
differing in the amount of excess corundum. This is also confirmed
by !B and 2Al MAS-NMR data (Figs. 4 and 6, Table 6). LA ICP-MS
compositional data of samples a and f are equal within esd’s
(Table 7). Atomic coordinates of samples a and f (single-crystal
X-ray data) are also identical. Indications for differences between
samples a and f are: (1) the cell dimensions (Table 5), which are
most sensitive due to their ability to sum up small structural
differences, (2) the crystal from sample f had also systematically
larger atomic displacement parameters than the crystal from
sample a (ca. 20% for cation sites, corresponding to ca. 10 esd’s,
and ca. 10% for O sites, corresponding to 5 esd’s). Both data sets
were of corresponding quality but were measured on different
machines. Nevertheless, we have previously tested reference
crystals to corroborate that both machines produce comparable
results. Thus, the increased displacement parameters of sample f
must be related to crystal properties, such as increased strain
compared to the crystal from sample a. The only systematic
experimental difference between samples a-e and sample f,
distinct by their unit cell volumes (Table 5), is the higher synthesis
temperature for sample f (at 1550 °C cooled to 1250 °C) whereas
samples a-e were treated at 1200 °C or below. The higher crystal-
lization temperature and subsequent air quenching to ambient
conditions could explain the suspected increased strain. But is
B — Al substitution the origin of the significantly smaller unit cell
volume of sample f? LA ICP-MS results (Table 7) seem to exclude
this interpretation. A possible answer will be discussed below.

The ‘hypothetical’ Al;gB4033 (=Al4.91B1.0909) composition with
the structure of AlsBOg can only be achieved if:

(1) 9% B substitutes for Al at the Al4 tetrahedron according to Ihara
et al. [42]. B is only known in three- and four-fold coordination
by O [31,69]. Therefore, B is not expected to occupy one of the

Table 7
Al;03 and B,05 concentrations (wt%) from LA ICP-MS.

Spot no. Sample a Sample f

Al,03 B,03 Al,O3 B,05
1 87.71 12.29 87.65 12.35
2 87.75 12.25 87.65 12.35
3 87.63 12.37 87.99 12.01
4 87.72 12.28 87.33 12.67
5 87.69 12.31 87.72 12.28
6 87.75 12.25 87.29 12.71
7 87.60 12.40 87.72 12.28
8 87.72 12.28 87.69 12.31
9 87.84 12.16 87.78 12.22
10 87.09 12.91 87.08 12.92
11 87.71 12.29 87.89 12.11
12 87.86 12.14 n/a nja
Average 87.66 12.33 87.62 12.38
ESD 0.20 0.20 0.27 0.27
ESD SRM 610 n/a 0.25 n/a 0.25

@ Standard deviation according to uncertainty of NIST SRM 610 [62].

other five- or six-fold coordinated sites within the mullite type
AlsBOg structure.

(2) Minor Al vacancies at one of the other Al sites (six-coordinate
Al1 or five-coordinate Al2 and Al3) may be charge balanced by a
BO4 or BO3 polyhedron at a nearby interstitial position. In case
of Al;gB4033=Al491B10909, 9% Al vacancies may either be
located (2a) at one single position, or (2b) 9% vacancies are
statistically distributed throughout all Al positions in the
structure.

Ad (1): Single-crystal XRD investigations on crystals from
samples a and f do not show any indication for the 9% B—Al4
substitution as proposed by Ihara et al. [42]. If applying a constraint
of 9% B and 91% Al to the tetrahedral Al4 site, agreement factors
increase (R1: from 0.0198 to 0.0203 for sample a and 0.0212 to
0.0218 for sample f) and most important, the atomic displacement
factor (Ueq) at Al4 becomes halved. This Ueq behavior has a
straightforward explanation: if the electron density (occupancy)
at a structural site is underestimated in the refinement model, the
probability density cloud around the atomic site (represented by
Ueq.) contracts because integration over the observed electron
density is already satisfied (according to the model) for a smaller
cloud volume. Theoretically [30] the opposite should be observed:
occupational disorder leads to increased displacement parameters.
Furthermore, the Al4 tetrahedron is rather undistorted with
A(Al4-0)max=0.0250 A and the average bond length < Al4-0 > (o=
1.7464(12) A is in agreement with a fully occupied AlO,4 tetrahedron
[30]. By assuming a mean tetrahedral bond length for BO, of 1.476 A
[31], the average bond length of a tetrahedron occupied with 91% Al
and 9% B is expected to be ~1.72 A.

1TB MAS-NMR spectra show no evidence for tetrahedrally
coordinated B"Y) in samples a-f. Due to the low detection limit
and the good agreement of the B!):BU"" ratio for Al4B,0q [40],
partially occupied tetrahedral BO, sites with occupancies > 2%
should be clearly detectable (Fig. 5). From FTIR spectra, 9% of B in
tetrahedral coordination can also be excluded, because the char-
acteristic vibrational region of the IR-active antisymmetric stretch-
ing vibrations of the BO, tetrahedron at ~950-1200 cm ™! [67] is
empty (Fig. 8). Moreover, there is only one Raman band at
1016 cm~! (Fig. 9) that can unequivocally be assigned to the
symmetric stretching mode of the BOs group; hence, no band is left
to be assigned to v, of a potential BO4 group.

Ad (2a): Site occupancy refinements on crystals a and f provided
no evidence for 9% vacancies at All, Al2 or Al3. In addition, all
spectroscopic methods applied in this study yielded no indication
of additional BO4 or BO3 with 9% occupancy.

The single, strong Raman band at 1016 cm~! (Fig. 9) does not
suggest an additional BO3 group occupied to 9%. Within detection
limits (2-3%), IR and Raman spectra (Figs. 8 and 9 and Appendix A)
are consistent with assumption of a single BO3 group, considering
both natural B isotopes. The symmetric stretching mode v is
visible only as a very weak band at 1015 cm~! in IR spectra (IR
active due to distortion from the ideal symmetry of the planar BO3
group). The different B isotopes do not split this mode, as the central
B atom is almost inert during this vibration. A similar position
(1017/1019 cm ') of this v; mode was observed in Raman spectra
of another aluminoborate with additional REEs by Xia et al. [70].
The antisymmetric stretching mode (doubly degenerate in case of
ideal planar symmetry) is split into two modes by the lower site
symmetry and further doubled by the two B isotopes. The resulting
four bands are clearly visible between 1250 and 1450 cm ™! in the
IR spectra, whereas only two very weak bands are observed around
1400 cm~! in Raman spectra [70].

Ad (2b): The hypothesis that ca. 9% vacancies are distributed
over several Al polyhedra (AI1VY, A12™), A13™), and Al4™’) and for
charge balance BOs triangles at nearby interstitial positions are
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occupied, can also be rejected based on the above spectroscopic
arguments. Most convincing, results of LA ICP-MS measurements
clearly show that the investigated crystals of samples a and fcannot
have a composition of Al;gB;,033. Averaged LA ICP-MS data of
12.36 wt% B,03 with a standard deviation of 0.25 wt% result in
Al 99B1.0109 < Aly 97B10309 < Aly95B10509. Due to reasons men-
tioned above (e.g., similarity in unit cell volumes), it is very likely
that these values apply for all samples.

One of the striking results of structure refinements presented in
this study is the significantly large Ueq value for Al2 compared to all
other Al sites. This observation is consistent with previous, less
accurate structural data [4,25,42]. Results of single-crystal struc-
ture refinements allow the interpretation of a small amount B at Al2
(2.7(5)% for sample a and 3.8(6)% for sample f). In corresponding
refinements, displacement parameters for the Al2 site are no longer
larger than those of the other Al sites in refinements with fully
occupied cation sites (Appendix A). In this model B occupies the
center of the tetrahedron formed by O1, 2 x 02 and O5. From
H1B('H} MAS-NMR simulations BO, with more than ca. 2% occu-
pancy in addition to BOs can be excluded for samples a and f(Fig. 5).
On the other hand, the average of the four shortest AI2-0 distances
is ca. 1.79 A.It seems that this type of substitution is rather unlikely,
considering the large size difference due to the characteristic
tetrahedral B-O bond length of 1.476 A.

An X-ray site occupation refinement is mainly sensitive on the
number of scattering electrons. Thus alternatively to partial B
occupancy, 2.1(4)% and 3.2(4)% vacancies at Al2 may also be
successfully modeled for samples a and f, respectively. In this case,
we assume interstitial B in three-fold coordination for charge
balance. The AlI2 polyhedron comprises 5 oxygen ligands, of which
01 has the lowest bond valence (Appendix A). Therefore, a new
boron position must be close to the Al2 site and close to O1. Due to
the low occupancy, no distinct new boron position could be found
in difference Fourier-maps of single-crystal X-ray structure refine-
ments (2% B is equal to an electron density of 0.10e). Nevertheless,
we assume that the new boron position is centered within one of
the three faces of the Al2 polyhedron sharing O1 as apex. A similar
substitution is known from the natural mullite-type borosilicate
werdingite [71], in which BOs groups are correspondingly dis-
ordered with Al tetrahedra. If the interstitial boron site in AlsBOg is
statistically distributed among all three faces, it is below the
detection limit of FTIR/Raman or single-crystal X-ray diffraction
methods. Low concentrations of vacancies at Al2 with B in three-
fold coordination distributed in the 01-05-02 (twice due to
symmetry equivalent sites) and the 01-02-02 faces would locally
distort the structure because O-0 separations are much shorter in
BO; than in the irregular AlOs polyhedron. Therefore, slightly
different concentrations of vacancies at the Al2 position compen-
sated by interstitial BO; polyhedra could explain the observed
difference in cell parameters of samples a and f.

None of the Al,Osz-rich mullite-type aluminoborates synthe-
sized above 1100 °C had Al;gB4033 composition. The exact stoi-
chiometry is close to AlsBOg. Values derived from single-crystal
diffraction data suggest Als_,B;.xOg with 0.021(6) < x < 0.038(6),
which agrees with compositional data from LA ICP-MS yielding
x=0.03(2). Considering the historical background, it is assumed
that the claimed Al,;gB4053 stoichiometry is probably an artifact
due to old inaccurate chemical analyses.
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Appendix B. Structural information

Crystal structure data according to the vacancy model refine-
ment (strategy 3) of sample a can be obtained from Fachinforma-
tionszentrum Karlsruhe FIZ, 76344 Eggenstein-Leopoldshafen,
Germany (fax: +49 7247 80 86 66; crysdata@fiz.karlsruhe.de)
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