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/Abstract: Borosulfates are compounds analogous to sili-
cates, with heteropolyanionic subunits of vertex-linked (SO,)-
and (BO,)-tetrahedra. In contrast to the immense structural
diversity of silicates, the number of borosulfates is yet very
limited and the extent of their properties is still unknown.
This is particularly true for representatives with phyllosilicate
and tectosilicate analogue anionic substructures. Herein, we
present Ni[B,(50,),] and Co[B,(S0,),], two new borosulfates
with phyllosilicate analogue topology. While the anionic sub-
units of both structures are homeotypic, the positions of the

charge compensating cations differ significantly: Ni" is locat-
ed between the borosulfate layers, while Co'"—in contrast—
is embedded within the layer. Detailed analysis of these two
structures based on single-crystal X-ray diffraction, magneto-
chemical investigations, X-ray photoelectron spectroscopy,
and quantum chemical calculations, unveiled the reasons for
this finding. By in silico comparison with other divalent bor-
osulfates, we uncovered systematic trends for phyllosilicate
analogues leading to the prediction of new species.

/

Introduction

Synthesis, characterization, and technical applications of sili-
cates is an ever-ongoing field of research. The structural variety
of silicates is immense, resulting in a manifold of structure-re-
lated properties. In addition to compounds with the monomer-
ic oxoanions consisting of [SiO,]* units, silicates are able to
branch into further directions by vertex-linking of (SiO,)-tetra-
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hedra. Friedrich Liebau established a crystal chemical classifica-
tion, to which textbooks refer to even today."! Accordingly, sili-
cates are distinguished by their extent of poly-condensation,
starting formally from the ortho-silicic acid as well as by the
branching of the vertex-linked network of (SiO,)-tetrahedra. Re-
ferring to Liebau’s classification, minerals with the monomeric
anion [SiO,]*" are denoted as nesosilicates. Single condensa-
tion leads to sorosilicates with the [Si,0,]°” anions. Compounds
with constantly enlarged anionic chains are classified as inosili-
cates, whereas a ring closure leads to cyclosilicates with typical
anions being [Si;0,]°, [Si,0,,1* and [SisO;s]'>". A very promi-
nent representative of the inosilicates is beryl AlBe;[Sis0;5].”2
Anionic subunits with a layered arrangement are called phyllo-
silicates. If all oxygen atoms of the (SiO,)-tetrahedra bridge be-
tween two silicon atoms, a 3D network with the sum formula
of quartz (SiO,) occurs, such compounds are denoted as tecto-
silicates.

Due to the relevance of silicates for a variety of technical ap-
plications, several substitution variants were explored to fur-
ther broaden the scope of these. If silicon atoms are partially
replaced by aluminum atoms, alumosilicates are formed.®
Therefore, charge-balancing cations need to be inserted. Most
prominent representatives are zeolites, which are, for example,
used as ion exchange materials or for gas adsorption.”

After the development of alumophosphates®™ and borophos-
phates®® as further substitution variants of silicates, the first
borosulfate, Ks[B(SO,),], was reported in 2012.”7 This com-
pound exhibits the oligomeric oxoanion [B(S0,),>~ with boron
being in the center of four (SO,)-tetrahedra. In general, boro-
sulfates are inorganic metal or non-metal salts with an oxoa-
nionic substructure consisting of vertex-sharing boron and
sulfur-centred tetrahedra. Ideally, the (BO,)- and (SO,)-units are
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perfectly alternating within the anionic network.® However,
also B-0-B®*? and S-0-S®" bridges can occur. Hitherto, boro-
sulfates were synthesized with anionic®®*? and even with un-
charged® tetrahedral networks. To the best of our knowledge,
to date only 57 borosulfates have been properly characterized
by means of X-ray single-crystal analysis.® For purely S-O-B
bridged species the number decreases to 39.5'%™ To stick to
the latter, the majority of these borosulfates exhibit oligomeric
oxoanions or infinite anionic chains. Further, branching of the
anionic network is rare. Li[B(SO,),] is, thus far, the only borosul-
fate exhibiting a 3D network of perfectly alternating (SO,)- and
(BO,)-tetrahedra.®? Phyllosilicate analogue substructures of
purely S-O-B bridged species are only known for the com-
pounds Ca[B,(SO,).1,%" Mg[B,(S0,).1,°" Zn[B,(S0,),]," and
Mn[B,(SO,),1.""

In this work, we report two new transition-metal representa-
tives with phyllosilicate analogue anionic substructures.
Ni[B,(SO,),] and Co[B,(SO,),] feature anionic layers of four- and
twelve-membered rings formed by vertex-shared (SO,)- and
(BO,)-tetrahedra. Both anionic substructures are homeotypic to
each other. However, the positions of the divalent cations with
respect to the anionic layers differ significantly. All cobalt cat-
ions reside within the center of the twelve-membered rings,
whereas the nickel cations are exclusively located above and
underneath the rings.

In the following, we present the solvothermal synthesis, as
well as the rigorous characterization of Ni[B,(SO,),] and

Co[B,(S0O,),]. Analysis of the crystal structure and the bonding
situation were complemented by magnetochemical measure-
ments as well as X-ray photoelectron spectroscopy (XPS) to de-
termine the oxidation state of Co in Co[B,(50,),]. Quantum
chemical calculations further aided the characterization. By
comparison with other previously reported borosulfates, these
computational studies allowed us to rationalize the different
cation positions with respect to the anionic layers and to pre-
dict new phyllosilicate analogous borosulfates of divalent cat-
ions.

Results and Discussion

The synthesis of Ni[B,(SO,),] and Co[B,(SO,),] was performed
using a solvothermal reaction between a suitable metal
source, in this case NiO and Co;0, H;BO;, and oleum (65%
SO;) in evacuated torch-sealed glass ampoules at elevated
temperature (for details see experimental section).

Structural analysis

Ni[B,(SO,),] crystallizes in the monoclinic space group C2/c (a=
17.311(1), b=5.2682(4) c=14.326(1)A, B=126.119(2)°; see
Table 1 and experimental section for further crystal data and
structural refinement details) and is isotypic to Mg[(B,(SO,),].°¥

The crystal structure reveals a layered anionic substructure
of vertex-shared (SO,)- and (BO,)-tetrahedra, charge compen-

Table 1. Crystal data and structure refinement for Ni[B,(SO,),] and Co[B,(SO,),].

refinement method
data/restraints/parameters
goodness-of-fit on F?

final R indexes [/ > 20(l)]

final R indexes [all data]

largest diff. peak/hole/e™/A~
CSD number

Empirical formula B,NiO;S, B,C00,¢S,

formula weight 464.57 464.79

T [K] 173(2) 183(2)

crystal system monoclinic monoclinic

space group C2/c (no. 15) P2,/n (no. 14)

alA] 17.311(1) 7.8481(3)

b [A] 5.2682(4) 8.1134(3)

c[A] 14.326(1) 9.0453(3)

A1 126.119(2) 111.324(1)

volume [A%] 1055.3 536.53

V4 4 2

Peac [gem 7] 292 2.88

absorption coefficient [mm™'] 2.7 2.5

F(000) 920 458

crystal size [mm?] 0.05x0.05x0.04 0.09x0.07 x0.06

radiation Moy, (A=0.7093 A) Moy, (A=0.7093 A)

260 range for data collection 5.8 to 75.8° 5.9 to 77.0°

index ranges —29<h<29 —13<h<13
—9<k<9 —14<k<14
—24<[<24 —-15</<15

reflections collected 29705 19704

independent reflections 2848 [R;,,= 0.0505] 3012 [R;,,=0.0186]

completeness to 6 100% 99.9%

absorption correction multi-scan multi-scan

full-matrix least-squares on F?
2848/ 0/ 106

1.033 1.156
R,=0.0262 R,=0.0170
WR,=0.0555 WR,=0.0458
R,=0.0384 R,=0.0181
WR,=0.0591 WR,=0.0462
+0.61/—0.92 +0.75/—0.39
1894893 1907638

full-matrix least-squares on F
3012/ 0/ 107
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sated by Ni'-cations (Figure 1, left). Invariably, each (BO,)-unit is
coordinated by four (SO,)-tetrahedra. The latter exhibits two
terminal oxygen atoms and two oxygen atoms acting simulta-
neously as vertices of the (BO,)-tetrahedra. The O-S-O angles
within the (SO,)-tetrahedra range from 100.56(5) to 117.67(6)°
and 104.73(5) to 117.15(6)° for the S1 and S2 positions, respec-
tively. There is a significant difference in the S—O bond length
between linking and terminal S—O bonds. The latter reveals
average values of 1.43 A, while the distance between sulfur
and oxygen atoms within an S-O-B bridge is, on average,
1.53A. The B—O bond lengths range from 1.451(2) to
1.486(2) A and the bond angles from 107.2(1) to 112.3(1)°.

According to the classification of borophosphates by
Kniep,® ™ which is based on the pioneering work of Liebau,"
the basic building unit (BBU) of both compounds is a 3[]:3[]
uB trimer and the resulting fundamental building unit (FBU) is
a 6[:[1<4[1>[] oB ring with a B:S ratio of 1:2, respectively
(Figure 2).

By branching of the FBU, the extended anionic substructures
occur as oB single layers of vierer (four-membered) and zwélfer

(twelve-membered) rings and can be described with the Niggli
formula . *{[B(SO,)s,] } (Figure3). Comparable anionic
layers are also found for other heteropolyanionic compounds
like borophosphates, however, the topology of the tetrahedral
networks differ.*"d

In Ni[B,(SO,),] each zwdlfer ring shares two (BO,)(SO,)(BO,)-
units with two vierer rings. Both vierer rings are in opposite po-
sition to each other and in direct coordination to the zwélfer
rings. Two further vierer rings branch off the zwélfer rings via a
common (BO,)-tetrahedron and are opposite to each other.
Furthermore, each zwédlfer ring is surrounded by four zwdlfer
rings via a common (BO,)(SO,)(BO,)-unit (Figure 4).

Charge compensation is achieved by Ni' cations, which are
packed in between the anionic layers (Figure 3, left), residing
exclusively between the zwélfer rings, as previously also report-
ed for Mg[B,(50,),]°" and Ca[B,(50,),].% The Ni" cations are
octahedrally coordinated by six oxygen atoms originating from
terminal (SO,)-units and the Ni—O bond lengths range from
2.0152(9) to 2.048(1) A (Figure S3).

Figure 1. Left: Asymmetric unit of Ni[B,(SO,),]. The displacement ellipsoids are set on 90% probability level. Selected bond lengths [A]: S1-011 1.445(1), S1—
012 1.5271(9), S1-013 1.412(1), S1-0111 1.5409(9), S2—021 1.428(1), S2—022 1.430(1), S2—0211 1.518(1), S2—0212 1.5213(9), B1-012 1.453(2), B1-0111
1.451(2), B1-0211 1.486(2), B1-0212 1.484(2) (symmetry operators: 1—x,-&-y,1/2—z; 2x,—1 +y1/2—z; 34 x,—1 +y,+z; 41/2—x,3/2—y,1 —2z); Right: Asymmetric
unit of Co[B,(SO,),]. The displacement ellipsoids are set on 90% probability level. Selected bond lengths [Al: S1-011 1.4466(6), S1-012 1.4147(6), S1-0111
1.5270(5), S1-0112 1.5327(5), S2—021 1.4332(6), S2—022 1.4297(6), S2—0211 1.5228(5), S2—0212 1.5142(5), B1-0111 1.4610(9), B1-0112 1.4491(9), B1-0211
1.4769(9), B1-0212 1.4849(9) (symmetry operators: '1—x,—y,1—2z; 2= 1/2 +X,1/2—y,—1/2+2; *3/2—x,~1/2+¥,3/2—z; *3/2—x,1/2+y,1/2—2).

BBU

30:30, uB trimer

FBU

éB
&0

60:0<40>0 0B ring

Figure 2. Left: Schematic representation of the basic building unit (BBU) of Ni[B,(50,),] and Co[B,(SO,),]. Right: Fundamental building unit (FBU) of
Ni[B,(SO,).] and Col[B,(SO,).]. (SO,) tetrahedra are displayed in yellow, (BO,) units in red. The nomenclature is based on a concept first presented by Liebau'”
for silicates, expanded by Kniep®'? for borophosphates, and now adopted for borosulfates.
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Figure 3. Left: Crystal structure of Ni[B,(SO,),] in projection on the (010) plane; Right: Crystal structure of Ni[B,(SO,),] in projection on the (001) plane.
Ni[B,(SO,),] reveals an arrangement of boron-centered infinite anionic layers of vertex-linked (BO,)- and (SO,)-tetrahedra. The layers are packed perpendicular
to the crystallographic a-axis. The charge compensating Ni' cations resides in between the layers.

Figure 4. Packing of the anionic layers found for the structure of Ni[B,(SO,),] depicted as a wire model. The structure exhibits zwdlfer- and vierer-rings of

vertex-linked (SO,)- and (BO,)-tetrahedra.

The anionic substructure of Co[B,(SO,),] (monoclinic, P2,/n,
a=7.8481(3), b=8.1134(3), c=9.0453(3) A, B=111.324(1)°; see
Table 1 and experimental section for further crystal data and
structural refinement details) reveals a layered topology and is
isotypic to Zn[B,(S0,),]" and homeotypic to Ni[B,(SO,),],
Mn[B,(S0,),1,"  MgIB,(S0,),I®" as well as Ca[B,(SO,),]I*"
(Figure 1, right). The layers are constituted of vertex-shared
(BO,)- and (SO,)-tetrahedra, exclusively exhibiting zwdélfer and
vierer rings, with all zwélfer rings coordinated by two vierer
rings via common edges and two via common vertices
(Figure 5). Furthermore, all zwélfer rings are coordinated to
four neighbouring zwélfer rings.

The boron atoms are fourfold coordinated by (SO,)-tetrahe-
dra (Figure 1; right), whereas each (SO,)-tetrahedron bridges
two  (BO,)-units, resulting in the Niggli formula
2{[B(50Q4)45] "} for the anionic substructure. Two oxygen
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atoms of the (SO,)-tetrahedra remain terminal and terminate
the anionic layers. The basic building unit (BBU) is a 3[]:3[] uB
trimer and the resulting fundamental building unit (FBU) is a
6[]:1<4[]> [ oB ring with a B:S ratio of 1:2. The S—O bond
lengths range from 1.4147(6) (terminal S—O bonds) to
1.5327(5) A (bridging S—O bonds). The 0O-5-O bond angles devi-
ate in average 0.2° from the ideal tetrahedral symmetry. The
B—O bond lengths fall in the range between 1.4490(9) and
1.4849(9) A. The O—B—O bond angles vary from 103.18(5) to
114.62(6)°.

Although the composition, connectivity, and branching of all
phyllosilicate analogous borosulfate anions is identical, their
structures differ clearly, depending on the nature of the charge
compensating cations. Generally, three different positions of
the cations can be defined, which will in the following be rep-
resented by the structures Co[B,(SO,),, Cal[B,(50,),], and

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Cut-out of the anionic layers found for the structure of Co[B,(SO,),] depicted as a wire model. The structure exhibits zwélfer- and vierer-rings of

vertex-linked (SO,)- and (BO,)-tetrahedra.

Ni[B,(SO,),] (Figure 6). In Ca[B,(S0O,),] and Ni[B,(SO,).], the Ca"
and Ni" cations reside above and underneath the center of the
zwolfer rings. The Ca" cations are coordinated by eight oxygen
atoms originating from eight different (SO,)-tetrahedra, four
underneath and four above the Ca" cations. The coordination
number of the cations is reduced to six for Ni'. Thus, the zwél-
fer rings have to undergo reorientation, resulting in six (SO,)-
tetrahedra originating from zwélfer rings, three coordinating
from underneath and three from above the Ni' cations.
Co[B,(S0O,),] reveals the charge compensating cations to be
trapped within the zwélfer rings of the anionic substructure.
The Co" cations are coordinated by four oxygen atoms of the
incorporating rings and by one oxygen atom from above and
one oxygen from underneath, originating from the neighbour-
ing layers.

Magnetic properties

To further characterize Ni[B,(50,),] and Co[B,(50,),], for both
compounds the temperature dependence of the magnetic sus-
ceptibility (y) was measured at 10 kOe and is plotted along
with their inverse susceptibility (y~') in Figures 7 and 8(top).
The samples show paramagnetism over the whole investigated
temperature range, in line with open shell 3d cations; d® con-
figuration for Ni" and d’ for Co". The extracted magnetic data
is summarized in Table 2. The inverse susceptibility was fitted
in the temperature range from 75-300 K using the modified
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Curie-Weiss law to account for intrinsic diamagnetic contribu-
tions and impurities. The susceptibility curves were corrected
by the diamagnetic increments of y,(Co[B,(SO,),])=—799x
10 emumol™ and y,(Ni[B,(SO,),]) = —248x 107° emumol™".
Both values are significantly larger compared to the calculated
sum according to the tabulated Pascal constants of —172.8x
10" emumol™ (y(M*")=—-12x10"%emumol™; %(B*")=—-12x
10" ° emumol'; (SO, ) = —12x10° emumol ),/ suggesting
diamagnetic impurities, for example, adhesive H,SO,. The effec-
tive magnetic moments were calculated to u.;=4.86(1) pg
(Co[B4(SO,),)) and u=2.70(1) pg (Ni[B,(SO,),]). The obtained
moment for the Co compound is higher, compared to the cal-
culated magnetic moment of an expected Co”’" cation
(Uea(Co*)=3.87 pg) and rather in line with a Co®" cation
(Ueaic(CO*T) =4.90 pg). Spin-orbit coupling, however, can cause
deviations from the ideally calculated spin-only moments,
as seen in numerous examples, for example, CoPgN,,

Table 2. Magnetic data for M[B,(SO,),] (M=Co, Ni) with T being the Néel
temperature, i the effective magnetic moment, u,. the calculated spin-
only moments, 6, the Weiss constant and u.,, the saturation moment at
3 K and 80 kOe.

Compound Ty K] Ueii/ Mg Ucai/ Ms 0p [K] Usat/ Mg
Col[B,(S0,).] - 4.86(1) 3.87 —27.1(1) 1.76(1)
Ni[B,(SO.).] 3.3(1) 2.70(1) 2.83 —3.3(1) 1.71(1)

© 2020 The Authors. Published by Wiley-VCH GmbH
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Ni[B,(SO,)a]

Figure 6. Position of the charge compensating cations Co" (top), Ca"
(middle), and Ni" (bottom) in comparison to the center of the zwélfer rings
in the respective borosulfate Co[B,(S0,),], Ca[B,(S0,),], and Ni[B,(SO,),]. Left:
Projection on top of the zwélfer rings; Right: Lateral projection of the zwdlfer
rings.

(tter=4.27(1) pg),™ Co,P,0;, (tter=5.16 pg)">'® or CoSO, (ter=
5.65 ug)."”! The effective magnetic moment of Ni[B,(SO,),] in
contrast is lower than expected (uc(Ni**) =2.83 pg) and might
be explained by diamagnetic impurities, for example, H,SO,,
adhered to the sample. The low-field measurements conduct-
ed in zero-field-cooled/ field-cooled mode (ZFC/FC) mode are
depicted in Figures 7 and 8 (middle). Both compounds exhibit
an antiferromagnetic anomaly with Ty;.,,=7.3(1) K for the Co-
compound and Ty=3.3(1) K for the Ni-representative. The in-
crease of the susceptibility of Co[B,(SO,),] after the anomaly,
however, suggests that this anomaly is an antiferromagnetical-
ly ordered impurity rather than a bulk phenomenon (and is al-
ready suppressed in the 10 kOe measurement). Another possi-
bility that could also be ruled out would be an antiferromag-
netic ground state along with a very low critical field (meta-
magnetic transition). The 3 K isotherm shows a monotonic in-
crease in the low-field regime without any S-shape, in contrast
to the nickel compound.

For Ni[B,(SO,),] the anomaly is intrinsic. This interpretation is
further underlined by the magnetization isotherms recorded at
3 K, shown in Figures 7 and 8(bottom). While the isotherm in
the case of Co[B,(SO,),] shows almost the ideal trend for a
paramagnetic compound at low temperatures (at low fields an
anomaly is visible caused by the impurity), the trace of
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Figure 7. Magnetic data of Co[B,(SO,),]. (top) magnetic and inverse magnet-
ic susceptibility (y and x ' data), measured at an applied external field of

10 kOe; (middle) low-field measurements conducted in zero-field-cooled/
field-cooled mode (ZFC/FC) with an applied field of 100 Oe; (bottom) mag-
netization isotherms recorded at 3, 10, 50 and 100 K.

Ni[B,(S0O,),] exhibits a pronounced S-shape. This feature is a so-
called meta-magnetic step, also known as spin-reorientation
from an antiparallel to a parallel spin alignment forced by the
applied external magnetic field. While the 10K isotherm for
Co[B,(S0,),] is still slightly curved, all other isotherms for both
compounds are linear, in line with the typical paramagnetic be-
havior. The saturation magnetizations reach wu.,=1.76(1) pg
(Co) and uy,=1.71(1) pg (Ni) at 3 K and 80 kOe, which is below
the expected values of u,,=3.87(1) pg (Co) and i, =2.83(1) g
(Ni), caused by the polycrystalline sample and the limited field
strength.
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Figure 8. Magnetic data of Ni[B,(SO,),]. (top) magnetic and inverse magnetic
susceptibility (y and x” data), measured at an applied external field of

10 kOe; (middle) low-field measurements conducted in zero-field-cooled/
field-cooled mode (ZFC/FC) with an applied field of 100 Oe; (bottom) mag-
netization isotherms recorded at 3, 10, 50 and 100 K.

XPS measurements

Based on the magnetic measurements alone, the oxidation
state of Co could not unambiguously be determined as the
measured magnetic moment was higher than the theoretical
value for Co®>". Hence, XPS measurements were performed
using crystals of Co[B,(SO,),] in order to check film composi-
tion and oxidation states of the Co.
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Often when using XPS, the oxidation states of a given ele-
ment in a sample is determined by the absolute binding
energy of characteristic core level states; this can be unreliable,
as in many cases a wide range of values can be found in litera-
ture. For transition metal oxides with open d-shells, the oxida-
tion state can be determined accurately by the presence of
satellite peaks in the core level spectra. Upon photoexcitation
of an electron out of the strongly bound p-state, a hole is cre-
ated. As for example discussed by Gupta and Sen,"® unpaired
d-electrons can interact with this hole, resulting in various final
state configurations which differ in energies. This leads to the
presence of shake-up peaks in the XPS spectra of transition
metals with unpaired electrons, making it possible to distin-
guish for example, the open shell Co" from a closed shell Co";
in the latter case, no shake-up peaks are expected."” Figure 9
shows the Co 2p region with its spin-orbit split 2p;, and 2p,,,
features at binding energies of 782.27 and 798.51 eV, respec-
tively. In addition, both peaks have a strong shake-up feature,
shifted to higher binding energy by 4.0 eV with respect to the
main peak, which confirms the expected oxidation state of Co"
being present."”

50 |-

Intensity (counts/s)

| N 1 L o} 1 1 L | L 1 L 1

810 805 800 795 785
Binding energy (eV)

Figure 9. XPS core level spectrum of Co 2p region for Co[B,(SO,),]. After
background subtraction, the region was fitted using four Voigt profiles. Blue
peaks correspond to the main 2p,,, and 2p,, features, while orange ones
mark the shake-up features induced by the interaction with the unpaired 3d
electron in the Co" oxidation state. The black curve presents the overall fit
to the data (open circles).

Quantum chemical investigations of Ni[B,(SO,),] and
Co[B,(S0,),]

To further characterize the new divalent borosulfates, quantum
chemical investigations were performed. Fully optimized crys-
tal structures agree very well with the experimental X-ray
structural data as evident from comparison of the unit cell pa-
rameters listed in Table S9. To assess the electronic structures
of the two new solids, high-spin (hs) and low-spin (Is) states
were converged. However, for both borosulfates, the high-spin
states are energetically more favorable (AE,,,>300 kJmol™),
which is in line with the magnetochemical measurements that
found paramagnetic behavior.

A Hirshfeld population analysis corroborated divalent cat-
ions, positively charged sulfur and boron atoms as well as neg-
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atively charged oxygen atoms as listed in Table 3. These find-
ings show little dependence on the density functional as all
three essentially yield the same results. They also agree with
earlier investigations of various divalent borosulfates®? includ-
ing those of phyllosilicate type.®

Calculated IR and Raman spectra (see Supporting Informa-
tion Figures S6-S7 and Tables S10-S11) also show the typical
borosulfate signatures: S—O and B—O stretching modes are
found above 870 cm™', bending modes of 6(0S0), 6(0BO), and
0(SOB) dominate in the regime between 900 and 350 cm™’,
and Ni—O and Co—O stretching and bending modes prevail
below 400 cm™. These results are in line with those found for
other phyllosilicate type borosulfates®™ and once more indi-
cate their close chemical relationship.

Despite these similarities distinct differences in the position
of the divalent cation with respect to the anionic borosulfate
layers are found. Ni" prefers a position between the layers,
whereas Co" is located in the layer. In fact, besides Ni" (and the
isotypic Mg[B,(S0O,),]), Ca is the only other divalent cation that
prefers a position between the borosulfate layer, while in all
other known phyllosilicate type borosulfates the cation is lo-
cated within the anionic layer.

To assess the origin of this structural preference, in an in
silico experiment Ni' and Co" were replaced in their respective
crystal structures by Ca" and the structures were optimized.
Two distinct structures were converged, but an analysis of the
electronic energy revealed that Ca" prefers neither of these po-
sitions and both in silico structures have a higher relative

Table 3. Hirshfeld population analysis for Ni[B,(SO,),] and Co[B,(SO,),] ob-
tained with different density functionals. Results for the high-spin states
(Ni: d® and Co: d) are depicted (for details see Quantum chemical meth-
odology).

M S (6] B

Ni

PBESOL +1.85 +2.07-42.20 —0.94-—-0.64 +1.32
HSESOL +1.96 +2.34-+248 —1.03--0.72 +1.51

B3LYP +1.95 +2.33-+246 —1.02-—-0.72 +1.55

Co

PBESOL +1.92 +2.07-+2.21 —0.99-—-0.65 +1.28
HSESOL +2.03 +2.34-+248 —1.02--0.74 +1.48-+1.49
B3LYP +1.96 +2.32-4245 —1.00-—0.74 +1.51

energy (~ + 80 kJmol ") than observed for the Ca" in its exper-
imentally found (and quantum chemically optimized) crystal
structure. Thus, Ca" has no tendency to reside on the Ni" posi-
tion and does not like to relax into the layer either (compare
Figure 3). This can be rationalized by the size (ionic radius of
1.26 A) and the number of coordination partners (here eight)
that is very different from all other borosulfates.

Next, Co" was replaced by Ni" and the such obtained Ni" bor-
osulfate with the charge compensating cations in the layer
was optimized. Again, an in silico structure, where Ni" is situat-
ed in the borosulfate layer could be converged but this struc-
ture is less stable than the one with Ni'" between the layers
(see Table 4). The results for both density functionals are very
similar. Thus, the discussion is restricted to the results obtained
with HSESOL only, while the reader is referred to Table S12 for
the PBESOL results. Surprisingly, replacement of Ni' by Co",
leading to a structure where Co" is situated between the layer,
showed that this arrangement is energetically preferred. The
influence of the electron configuration of Co" was also tested
but both, the high-spin and the low-spin state prefer the Ni"
position, that is, between the borosulfate layers. Hence, the
spin state does not impact nor determine the position of the
cation. It is noteworthy, that the low-spin state is again
significantly higher in energy than the high-spin state
(4300 kJmol™" for HSESOL Co" on Ni" position).

To check whether the energetic preference of the cation to
occupy a position outside the anionic borosulfate layer is sys-
tematic or just a peculiarity of Co", the two other phyllosilicate
type borosulfates with charge compensating cations located
within the layer were investigated too. These are
Zn[B,(S0,),1,"" and Mn[B,(SO,),].""" Ni" was replaced by Zn",
and Mn", respectively, and the two in silico structures were op-
timized. In addition, as Mg[B,(SO,),] is isotypic to Ni[B,(SO,).]
with the charge compensation cations located between the
layers, the Co" atoms in Co[B,(SQO,),] were also replaced by Mg"
yielding another in silico modification. Results of these optimi-
zations are summarized in Table 4. Indeed, neither Zn" nor Mn"
relaxed back into the borosulfate layer but for both stable con-
formations with the cation between the layers were found. Un-
expectedly, also for Zn" a position between the borosulfate
layers is energetically favored over the experimentally found
position within the layers, while for Mn" both positions are
very similar in energy. Similarly, Mg" prefers its position be-

Cation between layer

Table 4. Relative stabilities of various phyllosilicate type borosulfates. In the left columns results for structures with the charge compensating cation be-
tween the borosulfate layers are shown, whereas in the right columns structures with the cation situated within the borosulfate layer are listed. “Opt. exp.
struc.” denotes the relative energy of the optimized crystal structure, “Opt. in silico” denotes the energy of an in silico structure. lonic radii are given in A.
Results were obtained with the HSESOL density functional. Energies are given in kJmol.

Cation within layer

Ni[B,(50.,),] Mg[B,(SO,),] Col[B,(SO,),] Zn[B,(S0,),] MnI[B,(S0,),]
Opt exp. struct. 0.0 0.0 0.0 0.0 0.0
Opt in silico® 31.4) 27.7" —26.69 —22.2 4.4
lonic radius@? 0.83 0.86 0.89(hs)/0.79(Is)* 0.88 0.97(hs)®

+2 and an octahedral coordination. [e] hs: high-spin, Is: low-spin.

[a] optimized in silico structure. [b] Co replaced by M, M=(Ni, Mg), optimization on experimental Co[B,(SO,),] structure with M located within the layer.
[c] Ni replaced by M, M=(Co, Zn, Mn), optimization on experimental Ni[B,(S0O,),] structure with M located between the layers. [d] for the oxidation state
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tween the layers and a structure with Mg" within the borosul-
fate layer is not favored (see Table 4).

To rationalize these findings, we would like to emphasize
that Mn" has with r=0.97 A the largest ionic radius of all inves-
tigated octahedrally coordinated divalent cations, while all
other cations have ionic radii of 0.89 A (in their high-spin
states) or smaller. This may point to the preference of larger
ions to adopt a position within the borosulfate layer. Based on
our investigations, we furthermore propose the existence of
new Zn", Mn", and Co" phyllosilicate-type borosulfate phases,
where the charge compensating cations occupies a position
between the anionic layers.

Conclusions

We reported two new transition-metal containing borosulfates
of the phyllosilicate type, Ni[B,(SO,),] and Co[B,(SO,),], where
vertex-linked (BO,)- and (SO,)-tetrahedra form a 2D anion,
charge balanced by the divalent cations. These add to the
family of phyllosilicate analogue borosulfates, which are still
poorly investigated. The anionic substructures are very similar,
the structural difference of Ni[B,(SO,),] and Co[B,(SO,),] are
mainly due to the position of the charge compensating cat-
ions.

Magnetochemical studies confirmed the open-shell high-
spin state, where Ni" has two and Co" three unpaired electrons,
as found in most octahedral coordination environments. The
oxidation state of Co was furthermore confirmed by XPS analy-
sis.

Quantum chemical studies are fully consistent with the ex-
perimental findings. They further corroborate the typical boro-
sulfate characteristics, that is, a charge distribution, where S
and B are positively charged, while O is negatively charged.
The calculated vibrational signatures agree with those of other
borosulfates. In accordance with magnetic measurements, the
energetically most favored state of Ni and Co is high-spin.

By exchange of the metal cations in in silico experiments,
we unveiled systematic trends in the series of borosulfates
concerning the position of the charge balancing ion: in con-
trast to previous experimental findings, cations with a small
ionic radius show a tendency to be situated between the boro-
sulfate layer, thus not only Ni' and Mg" but also Co" and zZn"
prefer this position. Our results suggest that with increasing
ionic radii, the cation position within a layer becomes more fa-
vorable for divalent cations. These findings led us to propose
new phyllosilicate type borosulfate structures giving hints for
new materials and an ever expanding class of silicate analo-
gous.

Experimental Section

Synthesis of Ni[B,(SO,),] and Co[B,(S0,),]: H;BO; (99.8%, 300 mg,
Carl Roth, Karlsruhe, Germany), 1 mL oleum (65% SO,, Sigma-Al-
drich, Darmstadt, Germany) and NiO (99.9%, 50 mg, Strem Chemi-
cals, Kehl, Germany) for Ni[B,(SO,),] or Co;0, (99.5%, 50 mg, Fluka,
Minchen, Germany) for Co[B,(SO,),] were loaded into a thick-
walled borosilicate glass ampoule (I=300 mm, =16 mm, thick-
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ness of the tube wall=1.8 mm). The ampoules were torch sealed,
placed into a tube furnace and heated up to 523 K. The tempera-
ture was maintained for 24 hours and finally reduced to 298 K with
a cooling rate of 0.1 Kmin™'. A large number of yellow crystals (Fig-
ure S1) for Ni[B,(SO,),] and violet crystals (FigureS2) for
Co[B,(SO,),] were obtained. The crystals are very moisture sensitive
and decompose immediately after exposure to air. Thus, the prod-
ucts were handled strictly under inert conditions.

Caution: Oleum is a strong oxidizer and needs careful handling.
During and even after the reaction the ampoule might be under
remarkable pressure. It is mandatory to cool down the ampoule by
liquid nitrogen prior to opening.

X-ray crystallography: The mother liquor was separated from the
crystals via decantation, the acid containing side of the ampoule
was cooled with liquid nitrogen and several crystals were trans-
ferred into inert oil directly after opening. The remaining bulk ma-
terial was transferred to the glovebox for further characterization.
Under a polarization microscope, a suitable crystal was selected
and mounted onto a glass needle (¢ =0.1 mm) and immediately
placed into a stream of cold N, inside the diffractometer (Bruker
D8 Quest «, Bruker, Karlsruhe, Germany), respectively. After unit
cell determination, the intensity data was collected. Structure solu-
tion and refinements were conducted with the SHELX program
package.”?"

Further details of the crystal structure investigations may be ob-
tained from the joint CCDC/FIZ Karlsruhe online deposition service
by quoting the deposition numbers CSD-1894893, and 1907638.

Ni[B,(SO,),]: The crystal structure of Ni[B,(SO,),] was solved in the
monoclinic crystal system in the space group C2/c. The heavy
atom positions were determined by SHELXS-20082" using Direct
Methods. Further atoms could be successfully located by difference
Fourier techniques during refinement with SHELXL-2013.%% A
multi-scan absorption correction was applied to the data using the
program SADABS-2014/5.%% Finally, the structure and model were
refined to R, =0.0384 and wR,=0.0591 for all data. Selected bond
lengths and angles are presented in the Tables S3 and S4.

Col[B,(SO,),]: The crystal structure of Co[B,(SO,),] was also solved
in the monoclinic crystal system in the space group P2,/n. The
heavy atom positions were determined by SHELXT-2014/4% using
Direct Methods. Further atoms could be successfully located by dif-
ference Fourier techniques during refinement with SHELXL-2014/
722" A multi-scan absorption correction was applied to the data
using the program SADABS-2014/5.2% Finally, the structure and
model refined to R, =0.0181 and wR,=0.0462 for all data. Selected
bond lengths and angles are presented in the Tables S7 and S8.

Prior to all following measurements, the samples were washed
with dry CCl, and dried under reduced pressure to remove remain-
ing amounts of adhesive acid.

X-ray powder diffraction: The measurements were carried out
with a Stoe Stadi P powder diffractometer in transmission geome-
try. The flat sample was irradiated with Ge(111)-monochromatized
Moy,-radiation (1=0.7093 A), which was detected by means of a
Dectris Mythen 1 K detector. Rietveld refinement was accomplished
using Toras 4.2 The diffraction patterns are shown in Figure S5.

Magnetochemical investigations: The crystalline samples of
Co[B,(SO,),] and Ni[B,(SO,),] were packed into polyethylene (PE)
capsules in an argon filled drybox and attached to the sample
holder rod of a Vibrating Sample Magnetometer (VSM) for measur-
ing the magnetization M(T,H) in a Quantum Design Physical Proper-
ty Measurement System (PPMS). The samples were investigated in
the temperature range of 2.5-300 K with applied external magnetic
fields up to 80 kOe.
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X-ray photoelectron spectroscopy: For this investigation, the crys-
tallites of Co[B,(SO,),] were pressed onto a conductive copper tape
and loaded into the ultra-high vacuum system without air expo-
sure. The measurements were carried out using a non-monochro-
matic Aly, X-ray source (VG) at hv=1486.6 eV. The kinetic energy
of the electrons was recorded using a hemispherical analyzer (Phoi-
bos 100, Specs) at 15 eV pass energy under normal emission. Peak
fits were performed using the XPSPEAK41 software, employing
Voigt line shapes and a linear background that is subtracted in the
data shown in Figure 9.

Quantum chemical methodology: The experimentally obtained X-
ray crystal structures of Ni[B,(SO,),] and Co[B,(SO,),] were used as
starting conformations for the quantum chemical investigations.
Both structures were fully optimized using Density Functional
Theory with periodic boundary conditions as implemented in
CRYSTAL17.2¢ Three different density functionals, the pure
PBESOL,?” the range-separated hybrid HSESOL,”*¥ and the hybrid
B3LYP™® density functionals were used together with all-electron
basis sets for all atoms: Ni,?” Co,*” Zn,B" Mn,? Mg,B? 5,53 O,*
B,®¥ whereas for Ca effective core potentials were used in addi-
tion.”® For the borosulfates, spin-unrestricted open-shell calcula-
tions were performed for a high-spin state as well as for a low-spin
state (in case of Ni this is a closed-shell configuration) to evaluate
which spin state is energetically favored. Analyses of the electronic
structures were complemented by an iterative Hirshfeld population
analysis as implemented in CRYSTAL17.%® Here, the partial charge
at each atom results from the difference of the total electronic
density and a promolecular atomic density.
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