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ABSTRACT: New alkali borosulfates were obtained by precipitation from oleum, solid-state reactions, or thermal
decomposition. The crystal structures were characterized with single-crystal data. They are all based on corner-linked BO, and
SO, tetrahedra with varying coordination of the alkali cations. According to the ratio of BO, and SO, tetrahedra, different
frameworks are observed, i.e., noncondensed complex anions (1:4), one-dimensional chains (1:3), or three-dimensional (3D)
networks (1:2). This is in analogy to silicates, where the ratio Si/O relates to the dimensionality also. For Na;[B(SO,),], which
exists in two different polymorphs, there are noncondensed pentameric units. Nas[B(SO,),]-I: space group Pca2,, a = 10.730(2) A,
b = 13.891(3) A, ¢ = 18.197(4) A. Nay[B(SO,),)-II: space group P2,2,2;, a = 8.624(2) A, b = 9275(2) A, ¢ = 16.671(3) A.
A;[B(SO,);] (A = K, Rb) are isotypic with Ba;[B(PO,);] adopting space group Ibca [K;[B(SO,);], a = 7.074(4) A, b =
14.266(9) A, ¢ = 22.578(14) A; Rb;[B(SO,);], a = 7.2759(5) A, b = 14.7936(11) A, ¢ = 22.637(2) A] with vierer chains of BO,
tetrahedra based on two bridging and two terminal SO, tetrahedra. Li[B(SO,),] [space group Pc, a = 7.6353(15) A, b = 9.342(2) A,
c=8432(2) A and f# = 92.55(2)°] comprises a 3D network that is closely related to S-tridymite. Li[B(S,0,),] [space group P2,2,2,,
a = 10862(2) A, b = 10877(2) A, ¢ = 17.769(4) A] represents the first example of a disulfate complex with noncondensed
[B(S,0,),]™ units. Vibrational spectra were recorded from all compounds, and the thermal behavior was also investigated.

1. INTRODUCTION

Recently, we reported on Ks[B(SO,),] as the first example for a
borosulfate." The interest in this new class of compounds arises for
two reasons. On the one hand, the exploitation of a new class of
compounds is one of the most exciting challenges for basic research
in the field of synthetic chemistry. So, one goal is the search for
experimental methods to gain access to new representatives.
Furthermore, these results extend our knowledge on crystal
chemical relations as well as systematics and may provide access
to novel exciting structure motifs. On the other hand, compounds
with oxidic framework structures comprising tetrahedra and thus
favoring noncentrosymmetric crystal structures are promising
candidates for new optical materials.”~® Using the high structural
variability of multinary oxides and understanding the underlying
structure—property relationships may allow one to develop cheap
and/or highly efficient optical materials for many applications such
as luminescence, up/down conversion, or nonlinear optics.6
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K[B(SO,),] represents the starting point for our consid-
erations. A first aspect gives attention to the structural
classification. The structure of Ks[B(SO,),] shows a similarity to
silicates’ and borophosphates® according to the topology of
corner-linked tetrahedra. We assumed that the resulting frame-
work of tetrahedra depends on the ratio of BO,/SO, and on the
size and number of additional cations between the tetrahedral
framework. For a ratio of 1:4, the formation of isolated tetrahedral
units similar to orthosilicates with isolated SiO," tetrahedra is
evident. In analogy to silicates, we expected chain structures for a
ratio of 1:3 (SiO;*”) and a three-dimensional (3D) network
structure for a ratio of 1:2 (SiO,). Finally, similar structures for
borosulfates A,,[B(SO,),] and borophosphates EA,,[B(PO,),]

with suitable charge and size of the cation may result. Our recent
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results on new borosulfates impressively confirm these expect-
ations, but also some unexpected features result.

A second aspect deals with synthetic access to borosulfates. In
principle, there are several ways. Besides a simple stoichiometric
solid-state synthesis, for example, ABO, + 2A,5,0, — AB(SO,),,
or precipitation from less or more concentrated sulfuric acid, there
are a great number of promising thermal decomposition reactions
such as the loss of H,0O and/or SO; from H,SO,, H;BO,, AHSO,,
A,SO,, etc, that lead to borosulfates. Especially, the recent work of
Wickleder et al.”'® has shown the great influence of the
experimental conditions. The results presented in this contribution
give a glance into versatile ways leading to the exciting new world
of borosulfates.

2. EXPERIMENTAL SECTION

2.1. Synthesis. K3[B(50,);]. The synthesis was performed
according to eq 1, starting from stoichiometric amounts of potassium
disulfate and boron oxide.

3K,S,0, + B,0; — 2K,[B(SO,),] (1)
A mixture of 761.8 mg (3.0 mmol) of potassium disulfate K,S,0;
(Griissing, 99%) and 69.9 mg (1.0 mmol) of boron oxide B,O;
(ABCR, 99.6%) was transferred into a silica crucible. The latter was
heated under an ambient atmosphere to 673 K at a rate of 60 K/h and
cooled to room temperature at a rate of 30 K/h. K;[B(SO,);] was
obtained quantitatively as a phase-pure crystalline, colorless, and slightly
hygroscopic powder. Experimental and calculated X-ray diffraction
(XRD) patterns are shown in the Supporting Information (SI).

Ks[B(50,)4. The synthesis and crystal growth of Ks[B(SO,),] were
already described." Now we have obtained single crystals of superior
quality by thermal decomposition of K;[B(SO,);] according to eq 2
upon maintaining the reaction mixture at 673 K for 12 h.

SK,[B(SO,);] = 3K([B(SO,),] + B,O; + SO, ()
The powder XRD (see Supporting Information) showed only reflections
of K;[B(SO,),]). B,O; was not detected because it is probably amorphous.
This can explain the broad background between 10 and 15° (26).

Rb3[B(SO,)s]. A total of 35.0 mg (1.0 mmol) of boron oxide B,O;
(ABCR, 99.6%) and 179.5 mg (1.5 mmol) of RbCl (Merk, 99.99%)
were added to 1.0 mL of concentrated sulfuric acid H,SO, (VWR,
normapur, 95%) in a silica crucible and heated under air to 673 K for
20 h. CI” leaves as gaseous HCL Crystals of Rbs[B(SO,);] were
formed as colorless platelets. Rb;[B(SO,);] could not be obtained
phase-purely; we always obtained microcrystalline RbHSO,"" as a second
phase. According to characterization by powder XRD (see the SI), the
amounts are nearly equal.

Nas[B(50,),J-I. The synthesis was performed according to eq 3,
starting from sodium hydrogen sulfate hydrate and boric acid.

SNaHSO,-H,0 + B(OH,) — Na,[B(SO,),]

+ S0, 1 + 9H,01 3)
A mixture of 689.8 mg (4.996 mmol) of sodium hydrogen sulfate
hydrate NaHSO,-H,O (Fa. Griissing, 99%) and 62.0 mg (1.00 mmol)
of boric acid B(OH); (Fa. Griissing, 99%) was transferred into a silica
crucible. Then it was heated to 673 K at a rate of 30 K/h. After 12 h,
the mixture was cooled to room temperature at a rate of S K/h.
Na;[B(SO,),]-I was obtained quantitatively as a crystalline, colorless,
and slightly hygroscopic powder (for XRD patterns, see the SI).

Nas[B(SO,)J-Il. A few colorless single crystals of Nas[B(SO,),]-1I
were obtained as byproducts during the synthesis of Nas[B(SO,),]-I at
623 K at a cooling rate of 60 K/h. All attempts to synthesize significant
amounts of Nag[B(SO,),]-II failed, so the characterization is based
solely on the single-crystal data. XRD patterns have never shown
reflections of Nas[B(SO,),]-II (see the SI).

Li[B(S;0;),]. The synthesis was performed according to eq 4,
starting from lithium sulfate hydrate, boron oxide, and oleum.
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8H,S,0, + B,0; + Li,SO,-H,0 — 2Li[B(S,0,),]

+ 9H,SO, (4)
A total of 10 mL of oleum (Merck, 65% SO;) was added to a mixture of
14 g (11 mmol) of lithium sulfate hydrate Li,SO,-H,0 (VWR/Merck,
99%) and 1.4 ¢ (20 mmol) of boron oxide B,O; (ABCR, 99.6%). After 1
week, the precipitate was sucked off under vacuum. Li[B(S,0;),] was
obtained as a phase-pure crystalline, colorless, and extremely moisture-
sensitive powder (for experimental and calculated XRD patterns, see
the SI). Again, an amorphous byproduct occurs, probably B,O;.

Li[B(SO,),]. The synthesis was performed by thermal decomposition
according to eq S, starting from Li[B(S,0,),].

Li[B(S,0;),] — Li[B(SO,),] + 2S0,1 (5)
A sample of Li[B(S,0,),] was heated in a silica crucible in air to 573 K at
a rate of 60 K/h. After 12 h, the mixture was cooled to room temperature
at a rate of 60 K/h. Li[B(SO,),] was obtained quantitatively as a phase-
pure crystalline, colorless, and hygroscopic powder (for experimental and
theoretical XRD patterns, see the SI).

2.2. Vibrational Spectroscopy. Raman spectra were recorded by
a Bruker FRA 106/S module with a Nd:YAG laser (4 = 1064 nm) in a
scanning range from 400 to 4000 cm™". IR spectra were recorded on a
Nicolet Magna 760 spectrometer using a Diamond Orbit ATR unit
(extended ATR correction with a refraction index of 1.5 was used).

2.3. Thermal Analysis. Thermogravimetric (TG) and differential
thermal (DTA) analyses were carried out in a silica glass sample holder
using a simultaneous thermoanalysis apparatus STA429 (Netzsch)
under argon (heating rate, 2 K/min; flow rate, 200 mL/min) in the
range from room temperature to 1150 K.

2.4. Crystal Structure Determination and Refinement. All
single crystals were handled in an argon-filled glovebox and enclosed in a
silica glass capillary for measurements. XRD data of single crystals were
collected on a Stoe IPDS II area detection diffractometer (room
temperature data) and a Bruker Quazar/APEX II (low-temperature data)
with a CCD detector using Mo Ka radiation (4 = 0.710 73 A, graphite
monochromated). The raw data were processed and corrected numerically
for absorption using software of the respective supplier.> **Crystal
structures were solved by direct methods and refined by full matrix least
squares refinements on F by SHELXTL." In all cases, refinements were
performed with anisotropic displacement parameters for all atoms.
Noncentrosymmetric structures were checked for the correct symmetry
by MISSYM/PLATON.'® With the exception of A;[B(SO,),] (A = K,
Rb), all crystal structures represent new structure types.

The crystal structure of Nag[B(SO,),]-I was finally refined in space
group Pca2; (No. 29). The initial structure solution, also in space
group Pca2;, was based on a smaller unit cell with a’ = '/,a and
yielded two sodium atoms spread across split positions. According to
the diffraction pattern, a weak superstructure was identified, leading to
a doubled a axis. In this model, all atoms could be localized with sound
displacement parameters on fully occupied sites. The crystal structure
(see below) confirms these findings unequivocally.

As was already mentioned, we obtained only a few crystals of
Na;[B(SO,),]-1I, so characterization is based only on the single-crystal
data. The crystal structure of Na[B(SO,),]-II was solved and refined
in space group P2,2,2; (No. 19). The investigated crystal was a
nonmerohedral twin. This might explain the slightly higher residuals.

The structures of A;[B(SO,);] (A = K, Rb) are isotypic and were
solved and refined in space group Ibca (No. 73) without peculiarities.
Later on, it turned out that both compounds belong to the
Ba,y[B(PO,);] structure type."”

Refinement of Ks[B(SO,),] was done using our known model,'
which was confirmed with significantly smaller standard deviations.

Li[B(SO,),] crystallizes monoclinically in space group Pc (No. 7)
with a = 7.6353(15) A, b = 9.342(2) A, ¢ = 8432(2) A, and 8 =
92.57(3)°. The crystal structure was solved and refined without
peculiarities.

The first measurement of Li[B(S,0,),] was done at room temperature
and resulted in a tetragonal unit cell with a = 10.9070(15) A and ¢ =
17.848(4) A. According to the Laue class, reflection conditions, and E
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statistics, the structure solution was initially performed in space group
P4,2,2. The subsequent refinement yielded a reasonable structure model
and satisfying R values of R1 = 0.034 and wR2 = 0.05S, but some of the
oxygen atoms showed enlarged displacement parameters, which seemed to
be caused by disorder/twinning. Therefore, the measurement was repeated
at 150 K. It turned out that at low temperatures the true unit cell is ortho-
rthombic, with a = 10.862(2) A, b = 10.877(2) A, and ¢ = 17.769(4) A
adopting space group P2,2,2, (No. 19). Furthermore, the crystal is pseudo-
merohedrally twinned because of the pseudotetragonal metrics (a ~ b) and
the assumed phase transition from tetragonal to orthorhombic.

Table 1 shows data for the structure refinements of single crystals.
Tables 2—4 give selected distances and angles. Coordinates and
displacement parameters are listed in the SI Further details of the
crystal structure investigations presented in this work may be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, Germany (e-mail: crysdata@fiz-karlsruhe.de) upon quoting
the depository numbers CSD-425172 (K;[B(SO,);]), CSD-425178
(Rb,;[B(S0,);]), CSD-425176 (Nas[B(SO,),]-1), CSD-425177
(Nas[B(S0O,),]-II), CSD-425173 (K [B(SO,),]), CSD-425174
(Li[B(SO,),]), and CSD-415175 (Li[B(S,05),]), the names of the
authors, and citation of this publication.

All samples were checked for identity and purity by recording XRD
patterns of powdered samples. The experimental data were compared
to theoretical patterns obtained from the single-crystal data. For the
measurements, powdered samples were enclosed in a glass capillary
with 0.3 mm diameter and investigated at room temperature in
Debye—Scherrer geometry on a STOE Stadi P powder diffractometer
with Ge(111)-monochromatized Mo Ka radiation (linear PSD
detector, step width 0.5°, and acquisition time 200 s/step).

3. RESULTS AND DISCUSSION

3.1. Crystal Structures. Nas[B(50,),J-I and Nas[B(50,) J-II.
Na,[B(SO,),] crystallizes in two modifications, which both
represent new structure types. According to the ratio B/S of
1:4, the crystal structure of Nas[B(SO,),] comprises condensed
sulfate and borate tetrahedra. Similar to Ks[B(SO,),], they
form an open-branched pentameric anion with the borate
tetrahedron in the center (Figure 1) and the sodium cations

Y

“ %

Figure 1. Borosulfate anion in Nas[B(SO,),]-1. Color code: B, green;
S, yellow; O, red. Thermal ellipsoids are set to 50% probability.

between these units. The difference between the two forms is
the arrangement of the pentamers and the surrounding of Na®,
while the units themselves are quite similar.

6013

In modification I, the pentamers are stacked one above the
other along [100], forming a hexagonal rod packing (Figure 2a).
Viewed along [010], they are arranged in corrugated layers
(Figure 2b). The projections show the subcell with a’ = '/,a
(see the structure solution). The arrangement in modification
II is more isotropic (Figure 3) and closer to a bcc packing, as
was found in Ks[B(SO,),] (Figure 4).

Because of its similarity, the geometry of the pentamers will
be discussed together for both forms (data for modification II
in italics; figures in the SI). As expected and also observed for
K[B(SO,),], the bonds from the sulfur atoms to the bridging
oxygen atoms O™ are significantly longer compared with those
to the terminal oxygen atoms O*™. The bond lengths S—O*™
range from 1.43 to 1.46 A (1.40—1.46 A), thus being shorter than
the bond lengths S—O" (1.54—1.58 A; 1.53—1.59 A). The angles
O”—§—0*™ (103—110°, 101—109°) are smaller compared to
the angles O*™—S—0"™ (109—115°% 110—115°). They agree
well with typical bond lengths and angles inside other condensed
(boro)sulfates."”'® The bond lengths in the BO, tetrahedron
range from 144 to 1.51 A (1.45—1.49 A).

We have already applied measurements for the deviations of
tetrahedra from the ideal symmetry suggested by Balic-Zunic
and Makovicky,'®'® for example, to polyphosphates such as
p-Ln(PO;); (Ln = Sc, Y, Tb—Yb).?° For these, we identified
typical values for condensed phosphate tetrahedra of less than
1%. The deviations from ideal symmetry gave values in the
range from 1.22 to 1.32% (0.46%) for the borate and from 0.07
to 0.22% (0.10—0.35%) for the sulfate tetrahedra. Apparently,
the deviation is lower with higher formal charge of the central
atom; therefore, the criterion for regular tetrahedra derived from
phosphates(V) may be too strict for borate(IIl) tetrahedra. While
for the sulfate tetrahedra in Nas[B(SO,),]-II all values are well
below this value and may be classified as regular, the borate
tetrahedra in Nas[B(SO,),]-I are slightly above. In general, the
geometry of the pentamers in Na;[B(SO,),] is very similar to that
in K B(SO,),]. Once more, these results confirm our
experience'” that tetrahedra show fewer distortions with increasing
charge of the central atom.

According to the different arrangements of the pentamers,
the surroundings of the sodium atoms are different. In
modification I, the 10 crystallographically different sodium
atoms show rather different coordination spheres by oxygen.
Na—O distances are found between 2.26 and 2.99 A. This
distance range agrees well with the sum of the ionic radii; that
is, 2.56 A (CN = 8), 2.53 A (CN = 7), 242 A (CN = 6), and
2.40 A(CN = 5) for Na* and O>~.*' Most are 6-fold (Nal, Na2,
Na4, Na$, and Na8), some are 7-fold (Na3 and Na9) and
8-fold (Na6 and Na7), and only one is S-fold-coordinated
(Nal0). Nevertheless, the sum of the bond valence* is very
similar in the range between 1.21 (Na4) and 1.40 (Na2).

In modification II, three sodium atoms are 6-fold (Nal, Na3,
and Na$) and two are 7-fold-coordinated (Na2 and Na4) by
oxygen in a range from 2.26 to 2.99 A. The valence sum spans
from 1.08 (Na2) to 1.43 (Nal), which is broader than that in
modification I and might explain the dominance of form I. On
the other hand, there are more distorted BO, tetrahedra in
modification I than in modification IL

A3[B(SO,)s] (A = K, Rb). Both compounds crystallize
isotypically to Bay[B(PO,);]."” The crystal structure contains
condensed sulfate and borate tetrahedra, forming an open-
branched vierer single chain (Figure 4). These borosulfate chains
are running zigzag-shaped parallel [010] with two terminal and
two bridging sulfate anions. Between these polymeric chains are
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Table 2. Selected Interatomic Sistances/A and Angles/deg
for Nas[B(SO,),] (Estimated Standard Deviations in
Parentheses)

distances/angles Na[B(SO,),]1 Na,[B(SO,),]-11
Na—O 2.257(4)-2.991(4) 2.262(10)—2.988(10)
S—Qtem 1.432(3)—1.457(3) 1.404(9)—1.464(8)
eld 1.537(3)—1.581(3) 1.535(9)—1.590(7)
B-O 1.444(5)—1.507(5) 1.450(16)—1.488(14)

Qtem_g_Qterm 109.4(2)—115.2(2) 110.7(5)—115.3(6)

obr—g—Qtem 103.2(2)—110.1(2) 100.7(5)—109.1(6)
S—0O"-B 126.9(3)—132.6(3) 124.8(8)—139.8(7)
0-B-0 101.1(3)—115.3(4) 103.8(10)—112.5(10)

Table 3. Selected Distances/‘gx and Angles/deg for
A;[B(SO,);] (A = K, Rb; Estimated Standard Deviations in
Parentheses)

distances/angles K;[B(SO,)5] Rb,[B(SO,);]
M-0 2.746(7)—3.228(9) 2.764(5)—3.214(7)
S1—Qtem 1.439(7)—1.462(7) 1.438(6)—1.448(6)
S1-0 1.603(6) 1.591(5)

S2—Qm™ 1.437(7) 1.452(6)

$2-0 1.519(6) 1.515(6)

B-04 1.515(9) 1.510(9)

B-01 1.427(8) 1.440(8)
otem_g—Qtem 111.7(4)-116.2(3) 112.3(4)—114.8(5)
obr—g—Qtem 102.9(4)—111.4(3) 102.9(4)—111.2(3)
S—0"-B 125.6(5)—128.9(5) 125.9(4)—129.6(4)
0-B-0 106.4(3)—117.7(10) 106.3(3)—119.2(9)

Table 4. Selected Distances/A and Angles/deg for
Li[B(S,0,),] and Li[B(SO,),] (Estimated Standard
Deviations in Parentheses)

distances/angles Li[B(S,0),] Li[B(SO,),]
Li—O 2.047(9)—2.193(10) 1.911(7)-1.979(7)
S—or™ 1.376(5)—1.425(4) 1.420(3)—1.429(3)
$—0 (=8) 1.605(5)—1.624(4)

S—0O (-B) 1.491(4)—1.532(4) 1.517(2)—1.525(2)
B-O 1.433(7)—1.490(9) 1.444(4)—1.472(4)

oterm_g_ Qterm

119.7(3)-121.7(3)

116.6(2)—117.38(18)

obr—g—Qtem 104.0(3)—114.0(3) 106.63(15)—111.42(16)
obr—s—ob 99.1(2)—103.1(2) 97.08(14)—103.44(15)
$—0"-§ 120.2(2)—124.7(3)

S—0"—B 119.9(3)—132.8(4) 127.1(2)-131.8(2)
0-B-0 103.1(4)—114.5(5) 107.0(2)—-113.3(3)

located the cations. The Al positions are between the terminal
sulfate anions, and the A2 positions are arranged in ordered zigzag
chains between the bridging ones (Figure 5).

In A;[B(SO,);] (A = K, Rb), also the bond lengths S—O"
for the two different sulfur atoms are dissimilar. The bond
lengths S—O'"™ range from 1.44 to 1.46 A (from 1.44 to 1.45 A
for the rubidium compound). The bond length S1-0" is 1.60 A
(1.59 A) and is significantly longer than $2—O with 1.52 A.
This situation could be very well compared with the oligo-
sulfates Pb[S;0,0]>* and (NO,),[S,0,;],>* where the two
S*™—Qb distances are significantly longer than the S""—O
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distances. Again, all tetrahedra in A;[B(SO,);] can be
classified as regular [for A = K, BO, = 0.58%, S(1)O, =
0.11%, S(2)0, = 0.55); for A = Rb, BO, = 0.65%, S(1)O, =
0.14%, S(2)0, = 0.76].

The alkali ions are surrounded irregularly 8-fold by oxygen
atoms (figure in the SI) with distances between 2.75 and 3.23 A
{2.76—3.21 A for Rb[B(SO,);]}. This distance range agrees
well with the sum of the ionic radii; that is, 2.91 A (CN = 8) for
K*/O* and 3.00 A for Rb*/0*"*!

Li[B(SO,),]. In a continuation of the building principles of
borosulfates, the crystal structure of Li[B(SO,),] consists of a
3D framework of corner-linked tetrahedra with lithium cations
in between (Figure 6). Because BO, tetrahedra are only
connected to SO, tetrahedra and vice versa, the 1:2 ratio
between boron and sulfur results in a 3D framework. The two
symmetry-independent BO, tetrahedra are quite similar and
regular (B—O = 144—147 A; O—B—O = 107—113°). The high
regularity results from the 3D framework, where all coordinating
SO, tetrahedra have the same character. The S—O distances are
split into two groups, ie, longer distances to oxygen atoms
connected to BO, tetrahedra (1.52—1.53 A) and shorter ones in
coordination to Li* (1.42—1.43 A). This is perfectly in line with
the other borosulfates. In general, the deviations from tetrahedral
symmetry are small (tables in the SI).

The two independent lithium cations are tetrahedrally
coordinated. The distances are quite similar (1.91—1.97 A)
and the tetrahedra remarkably regular (107—113°). All
coordinating oxygen atoms come from terminal oxygen atoms
of the sulfate anions.

Because all cations show tetrahedral coordination with corner
linkage, there is an interesting relation to the structures of SiO,.
As shown in Figure 7, the arrangement of LiO,, BO,, and SO,
tetrahedra is the same that as found in S-tridymite. Li[B(SO,),]
represents an ordered variant with a 4-fold enlarged unit cell.
The monoclinic a axis of Li[B(SO,),] corresponds to the ¢ axis
of tridymite, and the bc plane relates to the orthohexagonal
setting of the tridymite unit cell. Deviations from the ideal
metrics (¢/b = 0.903 # \/3/2) come from the Li/B/S ordering
as BO, and LiO, tetrahedra form parallel zigzag chains in the
direction [001] (figures in the SI).

Li[B(S,0;),]. Li[B(S,0,),] represents the first borosulfate
with disulfate groups (Figure 8). According to the composition,
the four SO, tetrahedra coordinating the central boron atoms
come from two disulfate anions. This results in an isolated
monoanion [B(S,0,),]” (Figure 9). There are two symmetry-
different anions with small differences in the orthorhombic low-
temperature form. The observed distances and angles
correspond to the different topological situations. The B—O
distances (1.43—1.49 A) and O—B—O angles (103—115°) of
the BO, tetrahedron show more variation than those in
Li[B(SO,),] because of the reduced symmetry of the
tetrahedral framework. The S—O distances are divided into
three groups: short terminal bonds (1.38—1.43 A), medium
bridging bonds to the BO, tetrahedron (1.49—1.53 A), and
long bridging bonds of the disulfate unit (1.61—1.62 A). An
analogous behavior is apparent in looking at the angles; i.e., the
smallest values are around 100° between bridging oxygen atoms
and the highest values around 120° between terminal ones.
Again, these findings fit the tendencies in borosulfates, but
additionally they are very similar to other disulfate complexes,
as described by Wickleder and co-workers.>®

In contrast to Li[B(SO,),], the Li* cations show octahedral
surroundings, with enlarged Li—O distances between 2.05 and

dx.doi.org/10.1021/ic400267s | Inorg. Chem. 2013, 52, 6011-6020
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Figure 2. Overview of the unit cell of Nas[B(SO,),]-I: (a) view along [100]; (b) view along [010]. Color code: yellow, SO, tetrahedra; green, BO,

tetrahedra; blue spheres, Na.

Figure 3. Overview of the unit cell of Nas[B(SO,),]-II: view along [100].
Color code: yellow, SO, tetrahedra; green, BO, tetrahedra; blue spheres, Na.

2.19 A (figures in the SI) being well within the expected range
based on the sum of the ionic radii. All coordinating oxygen
atoms are terminal atoms of the disulfate anions. Interestingly,
there are two terminal oxygen atoms of each disulfate group
that are not coordinated to lithium (OS1 and O61 in Figure 9;
additionally 022 and O41).

3.2. Lattice Energies. We checked our structure models for
electrostatic reasonability with simple lattice energy calculations
using the program GULP.*® The resulting values of the lattice
energy (U) are the same as the MAPLE®’ values. A comparison
with values of chemically similar compounds shows that all of
the structures of the novel borosulfates are electrostatically
consistent (tables in the SI).

3.3. Vibrational Spectroscopy. The IR and Raman
spectra of K;[B(SO,);], Nas[B(SO,),]-I, Li[B(SO,),], and
Li[B(S,0,),] (figures in the SI) show that the characteristic
bands of the tetrahedral BO, and SO, groups are observed
between 1500 and 400 cm™'.*73¢ In general, the number of
observed modes is higher for the IR spectra than for the Raman
spectra. According to the structural similarity, the spectra of

dx.doi.org/10.1021/ic400267s | Inorg. Chem. 2013, 52, 6011-6020
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Nas[B(SO,),]-I are nearly identical with those of Ks[B(SO,),] Because the focus of this contribution is on the synthesis and
despite the different arrangements of the [B(SO,),]” anions. structural characterization of novel borosulfates, a more
Furthermore, there is a closer similarity between Nas[B(SO,),]-I detailed discussion of the vibrational spectra will be given in

and K;[B(SO,);] than to the lithium compounds, which deliver a subsequent publication. It will contain experime;lstal and
calculated spectra of further sulfates and borosulfates.

3.4. Thermal Analyses. As pointed out in the Introduction,
the thermal behavior of borosulfates is of central interest for the
synthesis. Besides the formation by thermally activated evaporation
of H,0 and/or SO;, we expect rearrangements of the tetrahedral
o i framework, changes of the cation’s coordination, and decom-
between 1150 and 1400 cm™. Between 400 and 1100 cm™, the position to other solid phases. Figure 10 shows the TGA and DTA
spectra are dominated by the modes of the bridging S—O and measurements of Nag[B(SO,),]-I, K;[B(SO,);], and Li[B(S,0,),].

higher frequencies. The higher number of modes observed for
K;[B(SO,);] may result from the branched chain because two
different types of bridging and terminal S—O bonds occur. Because
of the fact that all B—O bonds are bridging ones, we expect the
highest frequencies for the terminal S—O modes, ie., the range

B—O bonds. This is in agreement with the literature data for BO,, Nas[B(5S0,)J-I. Thermal analysis of Nas[B(SO,),]-I shows

and SO, tetrahedra®*** and the findings of Wickleder et al. for the evaporation of SO; within the temperature range from 707

oligosulfatesg’10’24’25 as well. to 968 K. The detected mass loss of 23.0 wt % corresponds to
The assignment in a qualitative manner can be made in 1.5 SO; molecules per formula unit, as expected for the

analogy to Ks[B(SO,),]," which was based on a simulation with formation of Na,SO, (theory: 23.5 wt %).

the program VIBRATZ.>” Around 1200 cm™, there are 1,,(S—0O) K3[B(SO,)3]. From 669 to 1093 K, we see the release of SO;.

vibrations of the SO, tetrahedra and, around 1000 cm™", 1/, (BO,) The detected mass loss of 28.6 wt % nicely corresponds to 1.5

. SO; molecules per formula unit, as expected for the formation
2;%S)oi;h§ei?tz dt e:rriiflrz Oghz Olzz)er;f:_l% modes 5(SO,) and of K,SO, (theory: 28.8 wt %). Experiments show that the first
4 — .

step is the formation of K;[B(SO,),]. Therefore, we suppose
that the two steps proceed as indicated from eqs 3 and 4.

K,[B(SO,);] = 0.6K([B(SO,),] + 0.650, + 0.2B,0;  (3)

Figure 4. Borosulfate anion in K;[B(SO,);]. Thermal ellipsoids are set Figure 6. Unit cell of Li[B(SO,),]: view along [100]. Color code:
to 50% probability. yellow, SO, tetrahedra; green, BO, tetrahedra; blue spheres, Li.

Figure S. Overview of the unit cell of K5[B(SO,);] viewed approximately along [100]. Color code: yellow, SO, tetrahedra; green, BO, tetrahedra;
blue spheres, K.

6017 dx.doi.org/10.1021/ic400267s | Inorg. Chem. 2013, 52, 6011—-6020
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Figure 7. Relationship between Li[B(SO,),] and 8-tridymite. Color code: yellow, SO, tetrahedra; green, BO, tetrahedra; blue, LiO, tetrahedra; gray,

SiO, tetrahedra.

1=

Figure 8. Unit cell of Li[B(S,0,),]. Color code: yellow, SO,
tetrahedra; green, BO, tetrahedra; blue spheres, Li.

0.6K;[B(SQ,),] = 1.5K,SO, + 0.9SO; + 0.3B,0;  (4)

Li[B(5,0;),]. The decomposition of Li[B(S,0;),] starts
around 350 K. The mass loss of 43.5 wt % up to 530 K indicates
the formation of Li[B(SO,),] (theory: 43.2 wt %) according to eq
S. The weight loss continues at 550 K and is nearly completed at
850 K (27.5 wt %). The X-ray pattern of the residue shows the

6018

Li2

Li1

Figure 9. [B(S,0,),]™ anion in Li[B(S,0,),]. Thermal ellipsoids are
set to 50% probability.

reflections of Li,SO,, so a reaction according to eq 6 can be

assumed with the formation of amorphous B,O;.
Li[B(S,0;),] = Li[B(SO,),] + 250, (5)
2Li[B(SQ,),] — Li,SO, + 3SO, + B,0; (6)

dx.doi.org/10.1021/ic400267s | Inorg. Chem. 2013, 52, 6011-6020
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Figure 10. TGA and DTA of Na;[B(SO,),]-I (top) and K;[B(SO,);]
(middle), and Li[B(S,0),)] (bottom).

4. CONCLUSIONS

The emphasis of our second publication about borosulfates lies on
the systematic exploration of the crystal chemical possibilities that
borosulfates may offer. Accordingly, in this contribution, we
showed not only the ability for synthesizing further phase-pure
borosulfates by variation of the reaction conditions. We also
demonstrated the existence of one-dimensional, two-dimensional,
and even three-dimensional condensation of the basic tetrahedral

6019

building unit [B(SO,),] to form chains and networks, thus an
analogy to silicate chemistry. We elucidated the crystal structures
of A;[B(SO,);] (A = K, Rb), Nas[B(S0,),], and Li[(B(SO,),].
The latter was obtained be a well-defined thermal decomposition
of Li[B(S,0,),], the first representative of a borosulfate containing
a disulfate group. Additionally, the thermal measurements show us
a new way for synthesizing K;[B(SO,),] by tempering K;[B-
(SO,);]. We have further undertaken vibrational studies that are
similar to those reported for Ki[B(SO,),].

Up to now, all alkali borosulfates contain solely BO,
tetrahedra that are corner-linked only to SO, tetrahedra. This
is in contrast to borophosphates, where trigonal-planar BO; units
and a direct connection of boron polyhedra are observed, a motif
that is to be discovered in borosulfate chemistry. On the other
hand, we have found the condensation of sulfate to disulfate
moieties attached to borate tetrahedra, which is so far not known
for borophosphates, where this should, in principle, also be
possible. Because both connecting modes may occur simulta-
neously, the structure chemistry of borosulfates is expected to have
a complexity similar to that found for borophosphates.

More detailed investigations on the vibrational spectra might
enable assignment of the different connecting modes without
determination of the crystal structure, ie., the occurrence of
isolated units (As[B(SO,),), chain structures (A;[B(SO,);]), a
3D network (A[B(SO,),]), or disulfates (A[B(S,0-),]). This
would be of great help in determining structural features in
glassy borosulfates. Furthermore, these results may give insight
into the structures existing in solution.

Protonated species of borosulfates may represent a special
type of complex acid of extraordinary acidity. This high acidity
runs parallel with a very low coordination tendency with
predominating ionic interactions. Thus, borosulfates are weakly
coordinating ions and, therefore, ideal counterions for
fluorescent lanthanide ions.’ Detailed investigations on the
physical properties are in progress. Up to now, the majority of
borosulfates performs a noncentrosymmetric space group. So,
nonlinear optical properties can be expected. The investigation
of a new class of compounds is like the discovery of a new
“continent” (although maybe small).
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