
Polymorphism and optical, magnetic and thermal
properties of the either phyllo- or inosilicate-
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Two polymorphs of the borosulfate Cu[B2(SO4)4] can be selectively prepared by solvothermal syntheses.

The crystal structures of inosilicate-analogous α-Cu[B2(SO4)4] (P1̄, no. 2, a = 5.2636(2), b = 7.1449(2), c =

7.9352(2) Å, α = 73.698(2)°, β = 70.737(2)°, γ = 86.677(2)°, 65 parameters, RBragg = 0.0052) and the new

phyllosilicate-analogous polymorph β-Cu[B2(SO4)4] (P21/n, no. 14, a = 7.712(3), b = 8.149(3), c = 9.092(3)

Å, β = 111.22(1)°, 3829 independent reflections, 106 parameters, wR2 = 0.054) are discussed. Further, the

optical, magnetic and thermal properties of both polymorphs are investigated with focus on the role of

the Cu2+ cation and its Jahn–Teller effect. The findings are confirmed by DFT calculations yielding

insights in the stability of the synthesised polymorphs as well as a predicted γ-modification. Additionally,

the crystal structures of two polymorphs of copper hydrogensulfate Cu(HSO4)2-I (P21/n, no. 14, a =

4.7530(2), b = 8.5325(4), c = 7.3719(3) Å, β = 100.063(1)°, 1063 independent reflections, 55 parameters,

wR2 = 0.052) and Cu(HSO4)2-II (P1̄, no. 2, a = 4.79.88(8), b = 7.857(1), c = 8.057(1) Å, α = 77.86(1)°, β =

87.02(1)°, γ = 89.82(1)°, 1044 independent reflections, 109 parameters, wR2 = 0.132) as well as that of

Cu[S2O7] (C2/c, no. 15, a = 6.6341(4), b = 8.7302(5), c = 9.0555(8) Å, β = 104.763(3)°, 1117 independent

reflections, 48 parameters, wR2 = 0.049) are presented and the cyclosilicate-analogous borosulfate

Cu[B(SO4)2(HSO4)] is fully characterised with respect to its optical and thermal properties.

Introduction

Borosulfates are an ever-expanding compound class and part
of our systematic investigation of silicate-analogous materials
including flurooxoborates,1 borates2 and tungstates.3 Silicate-
analogous materials comprise tetrahedral basic building units
as the characteristic structural motif. The absence of an inver-
sion centre within tetrahedra often leads to interesting optical
properties as they foster non-centrosymmetric coordination
environments around emitting cations and thus promote high

luminescence probabilities or even nonlinear optical pro-
perties if the whole structure lacks inversion symmetry.1,3–7

With the first crystalline borosulfate K5[B(SO4)4] discovered as
recent as 2012,8 there are over seventy compounds character-
ised to date.7,9–15 Borosulfates may be classified as silicate-ana-
logous16 in two ways: on the one hand, their anions consist
most commonly15 of corner sharing borate and sulfate tetrahe-
dra, solely. On the other hand, such structures can be under-
stood by considering supertetrahedra TX4 formed by a boron
atom acting as centre T coordinated tetrahedrally by four SO4

moieties X as frequently observed in the building unit
[B(SO4)4]

5−. Consequently, the T : X ratio determines the anion’s
topology. Hence, the borosulfates can be classified by the
dimensionality of the borosulfate anion, i.e. the connection of
supertetrahedra. For that, Friedrich Liebau’s classification of
silicates is adapted.16 There are borosulfates with 0D anions
like the cyclosilicate-analogous M2[B2(SO4)6] (M = Y, La–Nd,
Sm–Lu, Bi)5,6,17 or the nesosilicate-analogous K5[B(SO4)4],

8 1D
anions like the inosilicate-analogous (NH4)3[B(SO4)3],

10 2D
anions like the phyllosilicate-analogous α- and β-M[B2(SO4)4]
(M = Mg, Co)11,14,18 and 3D anions like the tectosilicate-analo-
gous Bi(H3O)[B(SO4)2]4.

6 In contrast to these so-called conven-
tional borosulfates, there are unconventional borosulfates
comprising S–O–S or B–O–B bridges like Sr[B2(SO4)3(S2O7)]

9
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and Mg4[B2O(SO4)6]
18 violating Pauling’s fourth19 and

Loewenstein’s rules,20 respectively.
So far, only few borosulfates exhibit polymorphism: for

Mg[B2(SO4)4] and Co[B2(SO4)4] two phyllosilicate-analogous
polymorphs differing in the location of the metal cation
within or in between the anionic layers are known,11 Na5[B
(SO4)4] shows two nesosilicate-analogous polymorphs21 and
finally two polymorphs were described for the unconventional
0D borosulfates Mg4[B2O(SO4)6] comprising B–O–B bonds18

and Mg3[H2O → B(SO4)3]2 forming a Lewis acid base adduct
with water.15 However, in all cases the polymorphs feature the
same dimensionality of the anionic substructure. For
Mg[B2(SO4)4] and Co[B2(SO4)4], the polymorphism can be con-
trolled by synthesis using the choice of reactant and solvent
and the aging interval.11 Moreover, it was shown that the
respective reactant governs the bond formation in borosulfates
for the cations of barium and strontium.9,12 Pure oleum pro-
motes the formation of disulfate units, i.e. S–O–S bonds, a
mixture of oleum and H2SO4 exclusively B–O–S bonds and
pure H2SO4 B–O–B bonds within the respective borosulfates.

In 2018, the first two copper borosulfates Cu[B2(SO4)4] and
Cu[B(SO4)2(HSO4)] were reported crystallising with inosilicate-
analogous and cyclosilicate-analogous borosulfate anions,
respectively. Besides the crystal structures, only the magnetic pro-
perties of both compounds had been investigated. Notably,
phase pure samples could only be prepared of Cu[B(SO4)2(HSO4)]
while Cu[B2(SO4)4] was obtained in mixtures with Cu[B
(SO4)2(HSO4)] and a maximum content of 22% Cu[B2(SO4)4].

22

Most commonly, Cu2+ oxo salt compounds feature CuO6

polyhedra.23 Due to the [Ar]3d9 electronic ground state of the
Cu2+ cation the octahedral coordination environment is affected
strongly by a Jahn–Teller distortion usually resulting in a (4 + 2)
coordination with four – equatorial – Cu–O distances being
shorter and two – apical – ones being longer. Nevertheless, the
formation of a compressed octahedron with (2 + 4) coordination
is equally likely according to the first order Jahn–Teller distor-
tion – however, this is rarely found.23–27

In our contribution, we address the phase pure synthesis of
both, Cu[B2(SO4)4] – more precisely α-Cu[B2(SO4)4] – and the
new polymorph β-Cu[B2(SO4)4], crystallising in the monoclinic

space group P21/n, the elucidation of their crystal structures
and the nature of the polymorphism as well as the investi-
gation of their optical, thermal and magnetic properties. The
findings are supported by the results of DFT calculations. For
the sake of completeness and comparison, Cu[B(SO4)2(HSO4)]
was also characterised with respect to its optical and thermal
properties. As sort of by-catch, we also report on the
first characterisation of two polymorphs Cu(HSO4)2-I and
Cu(HSO4)2-II of copper hydrogen sulfate and of Cu[S2O7].

Results and discussion
Syntheses

Both α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4] were synthesised solvo-
thermally at 450 K from Cu2[(OH)2CO3] and B(OH)3 in pure
oleum (65% SO3) or in a mixture of H2SO4 and oleum, respect-
ively. The syntheses yielded colourless powders containing large
single-crystals shown in Fig. S1.† Judging by the morphology of
the crystals we observed two different kinds in the β-Cu
[B2(SO4)4] sample and only one in α-Cu[B2(SO4)4]. The phase
composition was checked by powder XRD after washing the pro-
ducts with anhydrous acetonitrile (Fig. 1). β-Cu[B2(SO4)4] was
obtained with a side phase of α-Cu[B2(SO4)4] while α-Cu
[B2(SO4)4] could be prepared as phase pure powder. The side
phase was quantified by Rietveld analysis to 7 wt.-% (details in
Table S1†). This agrees with the morphology differences
observed by light microscopy showing two different single-
crystal species. In contrast to earlier reports by Bruns et al.,22

the formation of Cu[B(SO4)2(HSO4)] was not observed for both
syntheses. Consequently, the selective synthesis of a polymorph
is governed by the SO3 content of the solvent and the choice of
the reactants. However, the SO3 content and the synthesis temp-
erature appear to be complementary parameters. Bruns et al.22

prepared Cu[B(SO4)2(HSO4)] containing an unidentified side
phase from Cu2O with 20% SO3 at 450 K while we could syn-
thesise Cu[B(SO4)2(HSO4)] from Cu2[(OH)2CO3] with 65% SO3 at
400 K as an almost colourless very pale blueish powder.
Rietveld refinement revealed the presence of a 2 wt.-% side
phase of CuSO4 (Fig. S2 and Table S2†).

Fig. 1 Rietveld-Refinement of α-Cu[B2(SO4)4] confirming the phase purity (left) and β-Cu[B2(SO4)4] showing contents of 93% for the main phase
β-Cu[B2(SO4)4] and 7% for the side phase α-Cu[B2(SO4)4] (right); further details can be found in Table S1.†
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Crystal structures

Cu(HSO4)2. In preliminary experiments, we obtained single-
crystals of two modifications of the as yet unreported com-
pound Cu(HSO4)2 (Tables S3–S5†). The polymorph Cu(HSO4)2-
I crystallises in the monoclinic space group P21/n (no. 14) and
two formula units per unit cell depicted in Fig. S3.† Distorted
CuO6 octahedra are coordinated by six monodentate hydrogen-
sulfate anions (Fig. S4†) held together by moderately strong
hydrogen bonds with a donor acceptor distance of 262.3(2) pm
(Fig. S5†). Cu(HSO4)2-II crystallises in the triclinic crystal
system with space group P1̄ (no. 2) and two formula units per
unit cell depicted in Fig. S6.† Two crystallographically distinct
distorted CuO6 octahedra are connected via common corners
yielding chains along b. Each copper atom is coordinated by
six monodentate hydrogensulfate anions with two anions
shared between Cu(1) and Cu(2) (Fig. S7†). All three unproto-
nated oxygen atoms within the hydrogensulfate anions are
coordinating copper atoms. Consequently, the hydrogensulfate
anions connect the Cu–O chains forming layers in the ab
plane. These planes are linked via moderately strong hydrogen
bonds with a donor acceptor distance of 265.4(7) pm (Fig. S8†)
to a network. Further, weak hydrogen bonds occur alongside
the Cu–O chains with donor acceptor distances of 330.5(6) pm
(Fig. S9†). These values for the hydrogen bonds should be
treated with caution due to the limited data quality. The devi-
ations from the octahedral or tetrahedral symmetry Δoct or Δtetr

were calculated by the method of Balić-Žunić and Makovicky
based on all ligands enclosing spheres on experimental
data.28,29 All hydrogensulfate tetrahedra can be considered
regular30 with deviations of 0.15% for Cu(HSO4)2-I and 0.08%
and 0.09% for Cu(HSO4)2-II. The CuO6 polyhedra deviate sig-
nificantly from the octahedral symmetry with deviations of
29.1% in Cu(HSO4)2-I and 31.9% and 34.4% in Cu(HSO4)2-II.
This is due to the Jahn–Teller distortion which is discussed in
detail in the following in comparison to Cu[B2(SO4)4]. The
electrostatic reasonability of the crystal structures of both
Cu(HSO4)2 modifications and all coordination numbers were
confirmed by calculations based on the MAPLE concept
(MAdelung Part of Lattice Energy) presented in Tables
S6–S9.† 31–34

Cu[S2O7]. During further preliminary experiments, single-
crystals of Cu[S2O7] were obtained and used for single-crystal
XRD (Tables S10–S12†) in agreement with an earlier report.35

It crystallises in the monoclinic space group C2/c (no. 15) and
four formula units per unit cell as depicted in Fig. S10.†
Jahn–Teller distorted elongated CuO6 octahedra are co-
ordinated by two monodentate and two bidentate [S2O7]

2−

anions (Fig. S11†) with the bridging oxygen atom being the
only one not coordinating any copper atom. Along [010] alter-
nating anion and cation layers are formed (Fig. S12†). The
sulfate tetrahedron can be considered regular30 with Δtetr =
0.10% while the CuO6 polyhedron deviates from the octa-
hedral symmetry with Δoct = 26.8%. Again, this deviation is
discussed in detail in the following in comparison to
Cu[B2(SO4)4]. Finally, the electrostatic reasonability of the

crystal structure and all coordination numbers were con-
firmed by calculations based on the MAPLE concept
(Tables S13 and S14†).31–34

α-Cu[B2(SO4)4]. α-Cu[B2(SO4)4] crystallises in the triclinic
space group P1̄ (no. 2) and one formula unit per unit cell
(Fig. 2a). The borosulfate anion forms exclusively B(SO4)4
supertetrahedra consisting of tetrahedrally coordinated sulfate
and borate anions. The borate and sulfate tetrahedra can all be
classified regular30 with deviations of 0.7%, 1.2% and 1.8% for
B1O4, S1O4 and S2O4, respectively. The anion forms loop
branched vierer single chains with the Niggli formula
1
1[B(SO4)4/2]

− and can therefore be described as a chain of edge
sharing supertetrahedra (Fig. 2b). The Cu2+ cation is octahed-
rally coordinated by six oxygen atoms. Six sulfate units coordi-
nate in a monodentate fashion stemming from four different
anion chains, i.e. two chains provide two oxygen atoms and
two provide one (Fig. 2c). Jahn–Teller distortion leads to
enlarged apical Cu–O distances. This is towards the anion
chains coordinating by one sulfate anion, only. The Cu–O dis-
tances are reasonably close to the sum of ionic radii
(Table S15†) with a (2 + 2 + 2) coordination, a subclass of the
(4 + 2) coordination introduced earlier.23 As expected, the
CuO6 octahedra deviate significantly from the ideal symmetry
with Δoct = 22%. Additionally, the distance of the copper atom
from the centroid of the CuO6 octahedron was calculated by
the method of Balić-Žunić and Makovicky, too.28,29 The Cu2+

cation actually centres the centroid of the octahedron (calcu-
lated deviation: 0.0(1) pm). Consequently, the Jahn–Teller dis-
tortion being a ligand field effect influences the shape of the
octahedron and not the location of the Cu2+ cation. The latter
was recently reported for the lone pair effect of Bi3+ cations in
Bi2[B2(SO4)6].

6 The electrostatic reasonability of the crystal
structure of α-Cu[B2(SO4)4] was confirmed by calculations
based on the MAPLE concept.31–34 The MAPLE values of α-Cu
[B2(SO4)4] were calculated and compared to the sum of the
MAPLE values of CuSO4, B2S2O9 and SO3, respectively
(Table S16†). The deviation is well below 1%, which is our
empirical benchmark for electrostatic consistency.
Furthermore, the calculations confirm all coordination
numbers discussed earlier (Table S17†).

According to the TX formalism introduced earlier, the B : S
ratio of 1 : 2 in α-Cu[B2(SO4)4] indicates a three-dimensional
anion. However, α-Cu[B2(SO4)4] shows exclusively the
connection pattern of SiS2

36 resulting in the one dimensional
anion.

β-Cu[B2(SO4)4]. β-Cu[B2(SO4)4] crystallises in the monoclinic
crystal system with space group P21/n (no. 14) and two formula
units per unit cell (Tables S18–S20†). The unit cell is depicted
in Fig. 2d. The borosulfate anion forms exclusively B(SO4)4
supertetrahedra. The supertetrahedra alternately share edges
and corners. Consequently, they form 2

1[B(SO4)4/2]
− layers com-

prising of zwölfer and vierer rings. Each zwölfer ring is con-
nected to four other zwölfer rings directly and to another two
via vierer rings. Consequently, the anion has phyllosilicate
topology according to Liebau’s nomenclature of silicates.16

More precisely, the anion is described by the Niggli formula
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2
1{[B(SO4)

e
2/2(SO4)

c
2/2]

−} (e = edge sharing, c = corner sharing)
by considering the supertetrahedron B(SO4)4 as building
unit.11 The supertetrahedra form sechser rings via the shared

corners and dimers via shared edges (Fig. 2e). The Cu2+ cation
is octahedrally coordinated by six oxygen atoms, i.e. mono-
dentately by six sulfate tetrahedra. Four sulfate moieties

Fig. 2 The following colour code has been used for all pictures: copper atoms are grey, borate tetrahedra green, sulfate tetrahedra yellow, oxygen
atoms red and B(SO4)4 supertetrahedra light green; (a) unit cell of α-Cu[B2(SO4)4] viewed along (100); (b) the 1

1[B(SO4)4/2]
− anion chain in α-Cu

[B2(SO4)4] depicted as edge sharing B(SO4)4 (c) octahedral coordination environment of the Cu2+ cations in α-Cu[B2(SO4)4] (left) and the location of
those octahedra between four anionic chains (right); (d) unit cell β-Cu[B2(SO4)4] viewed along (010); the 2

1[B(SO4)4/2]
− anionic layers are shown in

side view; (e) the layers in β-Cu[B2(SO4)4] formed by corner and edge sharing supertetrahedra B(SO4)4 resulting in sechser rings with the Cu2+

cations located inside and corner sharing dimers of supertetrahedra; (f ) octahedral coordination environment of the Cu2+ cations in β-Cu[B2(SO4)4]
(left) and the location of those octahedra in the zwölfer ring (right); the two additional oxygen atoms belong to the anion layers above and below,
respectively.

                               3107

https://doi.org/10.1039/d1dt04090a


belong to one anion layer with the Cu2+ cation inside the
zwölfer ring and the residual two belong to the layers above
and below, respectively (Fig. 2f). Consequently, a network is
formed. The Cu–O distances are reasonably close to the sum
of ionic radii (Table S21†). Further, Jahn–Teller distortion
leads to elongation of the apical Cu–O distances. Again, the
coordination of the Cu2+ cation can be described as (2 + 2 + 2).
However, the difference between the two sets of equatorial dis-
tances is much smaller than they differ from the apical ones.

As expected, the CuO6 octahedra not connected to further
CuO6 octahedra deviate significantly from the ideal symmetry
with Δoct = 35% with the Cu2+ cation 0.0(1) pm away from the
centroid. This is larger than the insignificant deviation for
α-Cu[B2(SO4)4] (Δoct = 22%, deviation from centroid: 0.0(1)
pm). Further, the elongation of the apical Cu–O distances is
smaller in α-Cu[B2(SO4)4], too. The Jahn–Teller distortion in
β-Cu[B2(SO4)4] is more pronounced compared to α-Cu
[B2(SO4)4]. In comparison to Cu(HSO4)2 and Cu[S2O7], the mag-
nitude of the Jahn–Teller distortion can be ranked in increas-
ing order as follows by either Δoct or the tetragonality37 T given
in parentheses and discussed in detail with the optical pro-
perties in the following: α-Cu[B2(SO4)4] (0.89), Cu[S2O7] (0.86),
Cu(HSO4)2-I (0.84), Cu(HSO4)2-II (0.83), β-Cu[B2(SO4)4] (0.82).
This can be explained by the coordination environments and
the different cooperative effects24 between the anionic sub-
structure and the copper(II) cation. This effect appears to be
the strongest in β-Cu[B2(SO4)4] and can be explained by the
rigidity of the phyllosilicate-analogous anion. In contrast to
the other structures, the anionic substructure of β-Cu[B2(SO4)4]
is strongly affected by the Jahn–Teller distortion. Apparently,
the distortion of the anionic substructure enhances a larger
Jahn–Teller distortion due to cooperative effects. On the other
hand, such cooperative effects are apparently much weaker for
α-Cu[B2(SO4)4] and its anionic chains. In comparison, they are
larger in Cu(HSO4)2-II with hydrogensulfate anions exclusively
around the Cu–O chains than in Cu(HSO4)2-I with an almost
spherical coordination of copper atoms by hydrogensulfate
anions. Similarly, the cooperative effects of the disulfate
anions appear to be even smaller than for hydrogensulfate
anions.

The borate and sulfate tetrahedra in β-Cu[B2(SO4)4] can all
be classified regular30 with deviations of 0.4%, 0.2% and 0.7%
for B1O4, S1O4 and S2O4, respectively. The deviations calcu-
lated from the data determined by Rietveld refinement can be
found in Table S22.† Further, the electrostatic reasonability of
the crystal structure of β-Cu[B2(SO4)4] was confirmed by calcu-
lations based on the MAPLE concept.31–34 The MAPLE values
of β-Cu[B2(SO4)4] were calculated and compared to the sum of
the MAPLE values of CuSO4, B2O3 and SO3 (Table S16†). The
deviation is well below 1%. Furthermore, the calculations
confirm all coordination numbers discussed earlier (Tables
S23 and S24†). The effective coordination numbers calculated
by the MAPLE calculations also show the influence of the
Jahn–Teller distortion – especially in comparison to the home-
otypic β-M[B2(SO4)4] (M = Mg, Co).11 Additionally, these calcu-
lations confirm the stronger effect of the Jahn–Teller distortion

in β-Cu[B2(SO4)4] compared to α-Cu[B2(SO4)4] and the ranking
of the Jahn–Teller distortion including both modifications of
Cu(HSO4)2 and Cu[S2O7] as discussed above (Tables S7–S9,
S14, S17, S23 and S24†).

According to the sum formula and the TX formalism intro-
duced in the introduction, the B : S ratio of 1 : 2 indicates a
three-dimensional anionic network. However, the alternation
of edge and corner sharing supertetrahedra combines both
connecting patterns of three-dimensional networks like in
SiO2

38 and the chain like in SiS2
36 resulting in the layered two-

dimensional anion.
According to our results, β-Cu[B2(SO4)4] crystallises isotypi-

cally to Mn[B2(SO4)4] and homeotypic – differing in the orien-
tation of one sulfate tetrahedron, only – to Zn[B2(SO4)4],

39

β-Mg[B2(SO4)4] and β-Co[B2(SO4)4].
11,14 Further, the boro-

sulfates α-Mg[B2(SO4)4]
18 and α-Co[B2(SO4)4]

11,14 have an analo-
gous sum formula and similar structures. They contain also
phyllosilicate-analogous anions formed by zwölfer and vierer
rings. The structures deviate in the position of the respective
cation being located above and underneath the zwölfer rings
between two layers instead inside the rings in β-Cu[B2(SO4)4].
This configuration – “cation between layers” in contrast to
“cation within layers” – appears to be less stable for
Cu[B2(SO4)4], maybe due to the Jahn–Teller distortion requir-
ing two different sets of four short equatorial and two long
apical Cu–O distances. The equatorial and apical cation
oxygen distances deviate only slightly from each other in α-Mg
[B2(SO4)4]

18 (205–206 pm, 203 pm, ∑IR = 207 pm)40 and α-Co
[B2(SO4)4]

11 (209 pm, 204 pm, ∑IR = 210 pm).40 If the cations
are hosted between two layers, their coordination is influenced
by these two while in β-Cu[B2(SO4)4] in total three layers con-
tribute to the coordination sphere of the cations.
Consequently, there is little freedom for the Jahn–Teller distor-
tion to take shape in the former whereas the higher number of
anion layers involved in the Cu2+ coordination in β-Cu
[B2(SO4)4] provides more flexibility for the distortion. This is
confirmed by our DFT calculations including a hypothetical
structure denoted as “γ-Cu[B2(SO4)4]” where the cations are
localised between the anionic layers isotypic to α-Co[B2(SO4)4]
in the monoclinic space group C2/c (no. 15). According to the
optimised structures from DFT (lattice parameters and cell
volumes in Table S25†), the α-modification is the most stable
of the three investigated models. It is favoured over β-Cu
[B2(SO4)4] by 6.3 kJ mol−1. The hypothetical γ-Cu[B2(SO4)4]
exhibits a similar density compared to α-Cu[B2(SO4)4] and is
further 6.6 kJ mol−1 above the β-polymorph (Fig. 3a). In γ-Cu
[B2(SO4)4], the CuO6 octahedra in a fully relaxed structural
model exhibit shorter apical than equatorial Cu–O distances,
therefore being compressed instead of elongated as found for
the α- and β-polymorphs (Fig. 3b). This rather unusual (2 + 4)
coordination environment for Cu(II), which is found e.g. in
Cu3Mo2O9

27 or Cu3Cr4(PO4)6
26 can be understood as the con-

sequence of the dilemma described above with the rigid boro-
sulfate anion preventing a significant elongation of the CuO6

octahedra. A tendency towards compressed octahedra is also
present in α-Mg[B2(SO4)4] (T = 1.01) and α-Co[B2(SO4)4] (T =
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1.02) discussed above. However, due to the rather small ener-
getic difference of the hypothetical “cation between layer”-
model γ-Cu[B2(SO4)4] to the β-modification, we predict the
existence of this third polymorph of Cu[B2(SO4)4] with a
peculiar Cu(II) coordination. The DFT-optimised crystal struc-
tures are available in the ESI† as cif-files.

Cu[B(SO4)2(HSO4)]. The crystal structure of Cu[B
(SO4)2(HSO4)] was reported by Bruns et al. from single-crystal
data at 173 K.22 Once again, the Cu2+ cation is coordinated by
six oxygen atoms forming a Jahn–Teller distorted elongated
octahedron. The octahedra deviate significantly from the ideal
symmetry with deviations of 37.3% and 38.9% for Cu(1) and
Cu(2), respectively. The cyclosilicate-analogous borosulfate
anion comprises non-condensed dimers of edge sharing
supertetrahedra – similar to the ones found in M2[B2(SO4)6]

(M = Y, La–Nd, Sm–Lu, Bi)5,6,17 – with additional hydrogen
atoms at opposing terminal corners.

Optical properties

Infrared spectroscopy. The infrared spectra of α-Cu[B2(SO4)4]
and β-Cu[B2(SO4)4] are shown in Fig. 4a in the region of
1600–400 cm−1 (full spectra in Fig. S13†). The spectrum of
β-Cu[B2(SO4)4] agrees well with those of the homeotypic β-Co
[B2(SO4)4] and β-Mg[B2(SO4)4]

11 and the calculations for β-Co
[B2(SO4)4]

14 and Ca[B2(SO4)4].
41 The asymmetric stretching

modes νasym.(S–O) appear at 1371, 1339, 1193 and 1183 cm−1.
The subsequent bands between 1160 and 970 cm−1 can be
assigned to νasym./sym.(B–O) and are followed by νsym.(S–O) at
870 cm−1. Below the spectrum is governed by bending
vibrations, namely the asymmetric bending vibrations

Fig. 3 (a) Energy versus volume plots for α-Cu[B2(SO4)4] (P1̄), β-Cu[B2(SO4)4] (P21/n, “cation within layer”) and a hypothetical γ-Cu[B2(SO4)4] (C2/c,
“cation between layer”); (b) CuO6 octahedra in the DFT optimised structures of α-Cu[B2(SO4)4], β-Cu[B2(SO4)4] and γ-Cu[B2(SO4)4]; the Cu–O dis-
tances are given in pm from the DFT calculations and from the SC-XRD data (in parentheses, α-Cu[B2(SO4)4],

22 β-Cu[B2(SO4)4]: this work); the tetra-
gonality T (discussed in detail with the optical properties) amounts to 0.86, 0.80 and 1.04 for α-Cu[B2(SO4)4], β-Cu[B2(SO4)4] and γ-Cu[B2(SO4)4],
respectively.

Fig. 4 (a) Infrared spectra of α-Cu[B2(SO4)4], β-Cu[B2(SO4)4] and Cu[B(SO4)2(HSO4)]: the full spectra can be found in Fig. S13;† (b) UV-Vis-NIR
spectra of α-Cu[B2(SO4)4], β-Cu[B2(SO4)4] and Cu[B(SO4)2(HSO4)]: the spectra are broken around 850 nm due to the change of detector within the
measuring device.
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δasym.(O–S–O, O–B–O, S–O–B) between 720 and 550 cm−1 and
δasym.(O–S–O, S–O–Cu) below. For α-Cu[B2(SO4)4], calculated IR
modes were reported by Bruns et al.22 They agree roughly with
our experimental ones. The asymmetric stretching modes
νasym.(S–O) at 1338 and 1147 cm−1 are followed by νasym./sym.(B–
O) between 1030 and 937 cm−1 and the symmetric stretching
vibrations S–O at 884 and 855 cm−1. Then, δ(O–S–O, O–B–O, S–
O–B) appear between 724 and 602 cm−1. The deformation
modes of the CuO6 octahedra are overlapped by further δ(O–S–
O) vibrations at 529, 503 and 417 cm−1.

Further, the IR spectrum of Cu[B(SO4)2(HSO4)] depicted in
Fig. 4a is in good agreement with the calculated one reported
by Bruns et al.22 In contrast to Cu[B2(SO4)4], the asymmetric
O–H stretching and the asymmetric and symmetric S–O–H
bending modes are present at 2435, 1340 and 1230 cm−1,
respectively. They are followed by the asymmetric S–O stretch-
ing modes at 1265 and 1146 cm−1 as well as the symmetric
one at 1164 cm−1. The three bands at 1045, 1014 and
940 cm−1 can be assigned to the asymmetric B–O stretching
vibrations. Below, the spectrum is again governed by bending
vibrations like the S–O–H bending at 891 cm−1, the O–B–O
bending at 820 cm−1, δ(O–S–O, S–O–B) between 660 and
550 cm−1 and δ(O–S–O, S–O–Cu) below.

UV-Vis-NIR spectroscopy. The powder reflectance spectra of
α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4] are shown in Fig. 4b in the
range from 200 nm to 1500 nm. Besides the fundamental absorp-
tion due to the bandgap of the samples in the UV regime a broad
absorption band between 700 nm and 1300 nm can be found.
The latter can be attributed to the d–d transitions of the Cu2+

cation. The spectra are in line with colourless powders.
According to ligand field theory and the Jahn–Teller effect three
possible d–d transitions may be recorded in Cu[B2(SO4)4]: a1g →
b1g, b2g → b1g and eg → b1g.

42 The respective energy scheme is
sketched in Fig. S14.† The simplification of assuming D4h sym-
metry, i.e. a (4 + 2) coordination of Cu2+ is legitimate since the
further splitting of states due to the actual (2 + 2 + 2) coordi-
nation can be expected to be too small to influence the resulting
reflectance spectra significantly. Consequently, the ligand field
splitting energy Δ and the Jahn–Teller energy EJT can be derived
directly from the spectra (Fig. S14†). The transitions could be
located at 1.07 eV (1163 nm), 1.38 eV (900 nm) and 1.65 eV

(752 nm) for α-Cu[B2(SO4)4] and 1.08 eV (1147 nm), 1.39 eV
(895 nm) and 1.61 eV (769 nm) for β-Cu[B2(SO4)4] using three
Gaussian fits of the measured spectra, respectively (Fig. S15 and
S16†). Hence, there are ligand field splitting energies Δ of
11 116 cm−1 and 11 171 cm−1 and Jahn–Teller energies EJT of
2149 cm−1 and 2179 cm−1 for α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4],
respectively. These values are compared to other Cu2+ com-
pounds from literature in Table S26.† Borosulfates are known to
show weak ligand field splitting.11,18 Consequently, the ligand
field splitting energies are smaller than for the hexaaqua
complex [CuII(OH2)6]

2+ (13 000 cm−1).37,43 However, the ligand
field splitting is larger than for respective fluorides or sulfates
(9100 cm−1).44 EJT is – in agreement with the discussion above –

larger for β-Cu[B2(SO4)4] compared to α-Cu[B2(SO4)4] confirming
a stronger Jahn–Teller effect. The comparison with other Cu2+

compounds using Δoct appears to be not straightforward. The tet-
ragonality T37 – roughly following EJT – appears to be better
suited to compare the ‘strength’ of the Jahn–Teller distortion
(Table S26†). The same holds for Cu[B(SO4)2(HSO4)] (Fig. 4b and
Fig. S17†) with its three transitions located at 1.21 eV (1022 nm),
1.53 eV (809 nm) and 1.74 eV (714 nm). The large energy of the
last transition explains the pale blue appearance of the measured
powder – especially in comparison to colourless Cu[B2(SO4)4].
The large EJT of 2447 cm−1 can be explained by the small tetra-
gonality factor T both indicating a strong Jahn–Teller effect
(Table S26†). The ligand field splitting energy of 12 355 cm−1 is
larger than the one for both polymorphs of Cu[B2(SO4)4] but still
smaller than for [CuII(OH2)6]

2+ (13 000 cm−1).37,43

All three spectra show transitions from the valence to the
conduction band in the UV regime. The band gaps were esti-
mated using Tauc plots (Fig. S18–S20†). The experimental
values are 3.33(1), 3.82(1) and 3.76(1) eV for α-Cu[B2(SO4)4],
β-Cu[B2(SO4)4] and Cu[B(SO4)2(HSO4)], respectively.

Although near infrared luminescence is known for Cu2+

containing silicates45 no emission could be observed for both
α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4] up to 1500 nm.

Magnetic properties

The temperature dependent magnetic susceptibilities (χ) and
the inverse (χ−1) of both measured samples are shown in
Fig. 5. The inverse susceptibilities were fitted in the tempera-

Fig. 5 Magnetic properties (χ and χ−1 data) of α-Cu[B2(SO4)4] (1) (left) and a mixture of 93% β-Cu[B2(SO4)4] and 7% α-Cu[B2(SO4)4] (2) (right).
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ture range from 50–300 K via the Curie–Weiss law, using the
corrected data. The effective magnetic moments were calcu-
lated to be μeff = 1.76(1)μB for (1) and μeff = 1.74(1)μB for the
mixture (2). For Cu2+ (d9), the calculated effective magnetic
moment is μeff = 1.73μB, and therefore in excellent agreement
with the two samples, thus confirming the oxidations state of
the Cu2+ cations. The Weiss constants are θP = −3.5(1) K (1)
and θP = −0.9(1) K (2) indicating only very weak (antiferro)mag-
netic interactions in the paramagnetic temperature regime, in
line with the absence of magnetic ordering. Despite the crystal-
lographic variations between both polymorphs, no significant
differences in their magnetic properties were found.

Thermal analyses

The thermal decomposition of Cu[B2(SO4)4] was investigated
by thermogravimetric analysis (TGA, Fig. 6), differential
thermal analysis (DTA, Fig. S21†) under nitrogen atmosphere
and temperature programmed X-ray powder diffraction
(TPXRD, Fig. S22†) inside sealed argon filled glass capillaries.
Due to a loss of crystallinity during the TPXRD measurements,
samples of both α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4] were heated
and the residual powder was investigated by powder XRD as
well as the residue of the TGA measurement, additionally
(Fig. S23–S26†). Both α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4] decom-
pose at 460 K. A chemically plausible decomposition process
follows the reaction eqn (1)–(3).

Cu½B2ðSO4Þ4� ! CuSO4 þ B2O3 þ 3SO3ðgÞ ð1Þ

CuSO4 ! 1
3
CuOþ 2

3
CuðSO4Þ þ 1

3
SO3ðgÞ ð2Þ

1
3
CuOþ 2

3
CuðSO4Þ ! CuOþ 2

3
SO3ðgÞ ð3Þ

The expected mass losses for this process agree well with
the observed values (Table S27, and Fig. S22–S25†); we assume
here the chemically most reasonable decomposition towards
CuO in accordance with literature46,47 but mention that –

astonishingly – also the presence of Cu2S was observed
(Fig. S25†). The origin of the latter remains mysterious for the

time being. For these steps, the decomposition of SO3 to SO2

and O2 can be expected considering the temperature. This SO2

might acts as reducing agent for the formation of tiny
amounts of Cu2S. Powder diffraction depicted in Fig. S24†
revealed CuB2O4 as a further intermediate presumably formed
by the reaction of CuO and B2O3. This behaviour is well-known
from borosulfates.5,18 The competition and overlap of the pro-
cesses forming CuO, CuB2O4 and Cu2S between the second
and third step in the TG curve (1000–1200 K) are responsible
for the lack of another distinct step in the curve as well as
the ambiguous DTA signal (Fig. S21†) in this temperature
regime. In ambient air, a mixture of CuO and CuS is
formed after heating β-Cu[B2(SO4)4] to 1270 K as depicted in
Fig. S26.†

For β-Cu[B2(SO4)4], an additional decomposition step
occurs prior to the formation of CuSO4 indicating the evapor-
ation of 2.5SO3 (Fig. 6). In principle, this could indicate the
formation of the hypothetical unconventional borosulfate
Cu4[B2O(SO4)6] analogous to the respective magnesium,
manganese, cobalt, nickel, and zinc compounds18 comprising
B–O–B bonds following the reaction equation:

Cu B2 SO4ð Þ4
� � ! 1=4Cu4 B2O SO4ð Þ6

� �þ 3=3B2O3 þ 21=2SO3 ðgÞ
ð4Þ

The observed mass loss of 43.8 wt% and the expected value
of 42.6 wt% agree fairly. However, both TPXRD (Fig. S22†) and
powder diffraction on a sample heated at 570 K (Fig. S23†)
revealed only the presence of CuSO4 in this temperature
regime and no diffraction pattern related to the additional
phase indicated by TG. Additionally, syntheses analogous to
the ones employed for M4[B2O(SO4)6] (M = Mg, Mn, Co, Ni,
Zn)18 with Cu, CuO or Cu2[(OH)2CO3] as starting materials
resulted in the sole formation of CuSO4, too. Again, this struc-
ture might be unstable due to the Jahn–Teller distortion
making the formation of a dimer analogous to the M2O9 build-
ing unit in M4[B2O(SO4)6] (M = Mg, Mn, Co, Ni, Zn) comprising
two face-sharing CuO6 octahedra highly unlikely or at least
thermodynamically unstable.

Moreover, both polymorphs of Cu[B2(SO4)4] do not differ in
their thermal stability according to our thermal
analyses. Generally, a decrease in thermal stability of boro-
sulfates is reported for higher condensed networks.5,11,18 The
reason why this is not the case for Cu[B2(SO4)4] might again
be found in the Jahn–Teller distortion and the cooperative
effects.

For the sake of completeness, the thermal decomposition
of Cu[B(SO4)2(HSO4)] was investigated, too. According to
Fig. S27,† Cu[B(SO4)2(HSO4)] decomposes above 430 K via a
similar process as Cu[B2(SO4)4] with the same intermediates
CuSO4 and Cu2O(SO4) and the final product Cu2S. The experi-
mental and the expected mass losses match (Table S28†) as
well as the temperature ranges of both Cu[B(SO4)2(HSO4)] and
Cu[B2(SO4)4].

Fig. 6 Thermogravimetric analyses of α-Cu[B2(SO4)4] and β-Cu
[B2(SO4)4].
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Experimental section
Syntheses

Both α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4] were prepared solvo-
thermally. 0.25 mmol Cu2[(OH)2CO3] (Alfa Aesar, ≥55% Cu)
and 2 mmol H3BO3 (Merck, 99.5%) were loaded into a silica
glass ampoule (length 15 cm, outer diameter: 1.2 cm, wall
thickness: 0.1 cm) together with 1 ml oleum (VWR, 65% SO3)
or 0.5 ml oleum and 0.5 ml H2SO4 (Merck, 95–97%) for the
syntheses of α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4], respectively.
Subsequently, the ampoule was fused and – without further
aging – placed in a muffle furnace applying the following
temperature program: heating to 450 K with 100 K h−1,
holding the temperature for 36 h, and cooling to room temp-
erature with 6 K h−1. Colourless crystals were obtained for
both compounds. Ampoules were opened after cooling with
liquid nitrogen (Caution: During and even after the reaction
the ampoules are under remarkable pressure and must there-
fore be handled with care). After decantation of the excess sul-
furic acid, the samples were washed with 5 ml anhydrous
acetonitrile (Acros, 99.9%, extra dry) using a frit in a Schlenk
line under nitrogen atmosphere. Afterwards, the product was
transferred into an argon filled glovebox. The products are sen-
sitive towards moisture and hence were stored under inert con-
ditions for further investigations.

During handling we observed the highly hygroscopic nature
of Cu[B2(SO4)4]. The colourless compound reacts with moist-
ure from air readily forming CuSO4·H2O (Fig. S28†).
Consequently, the decomposition via hydrolysis is
accompanied by an instant colour change to blue occurring
within less than one minute when wielding the powder under
non-inert conditions.

Cu[B(SO4)2(HSO4)] was prepared solvothermally from
0.25 mmol Cu2[(OH)2CO3], 1.6 mmol H3BO3, 0.5 ml oleum
(65% SO3) and 0.5H2SO4 by the same procedure as above
solely changing the furnace temperature to 400 K.

Single-crystals of Cu(HSO4)2-I were obtained by a solvo-
thermal synthesis. First, 2 mmol B(OH)3 and 5 ml H2SO4 were
mixed and stirred inside a nitrogen flushed Schlenk flask at
470 K for 1 h. Next, 2 ml oleum (65% SO3) and 10 mmol metal-
lic Cu (Aldrich, 99%) were added. After stirring the suspension
for another hour at 470 K it was transferred into a silica glass
ampoule. Subsequently, the ampoule was fused and placed in
a muffle furnace at 670 K for 24 h with heating and cooling
ramps of 200 K h−1. The single-crystals of Cu(HSO4)2-II were
synthesised alike starting from 1 mmol B(OH)3, 5 ml H2SO4,
2 ml oleum (65% SO3) and 1 mmol Cu and changing the
heating program to 620 K for 72 h. Ampoules were opened
after cooling with liquid nitrogen (Caution: During and even
after the reaction the ampoules are under remarkable pressure
and must therefore be handled with care) and the single-crys-
tals were taken directly out of the ampoule.

Single-crystals of Cu[S2O7] were prepared solvothermally.
Beforehand, 6.7 mmol CuO (Alfa Aesar, 99.7%) and 7.3 mmol
B2O3 were ground, transferred into a corundum crucible and
heated for 12 h at 1070 K inside a muffle furnace with ramps

of 200 K h−1. 0.0746 g of the product – CuB2O4 with CuO and
Cu3B2O6 side phases according to powder XRD (Fig. S29†) –
and 0.25 mmol B2O3 were ground and filled into a silica glass
ampoule together with 0.5 ml H2SO4 and 0.5 ml oleum (65%
SO3). Subsequently, the ampoule was fused and – without
further aging – placed in a muffle furnace applying the follow-
ing temperature program: heating to 450 K with 100 K h−1,
holding the temperature for 36 h, and cooling to room temp-
erature with 6 K h−1. The product contained colourless and
highly moisture-sensitive single-crystals of Cu[S2O7]. However,
after washing as detailed above a mixture of α-Cu[B2(SO4)4],
β-Cu[B2(SO4)4] and Cu[S2O7] was present according to powder
XRD (Fig. S30†).

It is worth to say that for the successful preparation of
both, Cu(HSO4)2 and Cu[S2O7], the addition of boron contain-
ing species appears to be crucial since analogous syntheses
without it resulted in the solely formation of CuSO4.

Single-crystal structure determination

Immediately after opening an ampoule, single-crystals were
taken directly out of the mother liquid and transferred into
perfluorinated polyether. Suitable single-crystals of Cu(HSO4)2-
I, Cu(HSO4)2-II and β-Cu[B2(SO4)4] were selected for single-
crystal XRD under a polarising microscope. Diffraction data
were collected with a Bruker D8 Venture diffractometer using
Mo-Kα radiation (λ = 0.7093 Å). Absorption correction was per-
formed by the multi-scan method. The structures were solved
by Direct Methods and refined by full-matrix least-squares
technique with the SHELXTL crystallographic software
package.48 The hydrogen atoms were refined using residual
density of electrons for localisation and a reasonable restraint
for the length of the O–H bond.49 All hydrogen atoms were
assigned fixed isotropic displacement parameters equal to
1.2Ueq of the bonded oxygen atom. Relevant crystallographic
data and further details of the structure determinations are
summarised in Tables S3–S5, S10–S12 and S18–S20.†

Further details of the crystal structure investigations may be
obtained at https://www.ccdc.cam.ac.uk/on quoting the deposi-
tory numbers CSD-2118186 (β-Cu[B2(SO4)4]), CSD-2118185
(Cu(HSO4)2-I), CSD-2118183 (Cu(HSO4)2-II), CSD-2118184
(Cu[S2O7]), the names of the authors, and citation of this
publication.

X-ray powder diffraction

The samples were ground and filled into a Hilgenberg glass
capillary (outer diameter 0.3 mm, wall thickness 0.01 mm)
inside an argon filled glovebox. The data were collected with a
Bruker D8 Advance diffractometer with Cu-Kα radiation (λ =
1.54184 Å) with a 1D LynxEye detector, steps of 0.02° and
transmission geometry. The generator was driven at 40 kV and
40 mA. The background at lower diffraction angles is due to
the absorption of the glass capillary.

Temperature-programmed X-Ray Powder Diffraction
(TPXRD) was performed with the same device using a furnace
attachment and a silica-glass Hilgenberg capillary (outer dia-
meter 0.3 mm, wall thickness 0.01 mm). The strong back-
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ground between 12.5° < 2θ < 30° is due to the used furnace
attachment.

The non-hygroscopic powders, e.g. decomposed Cu
[B2(SO4)4] (for further details see Thermal analysis) were
measured with a Seifert 3003 TT diffractometer at room temp-
erature in Bragg–Brentano geometry using Cu-Kα radiation (λ =
1.54184 Å), a GE METEOR 1D line detector and a Ni-Filter to
suppress Kβ radiation (X-ray tube operated at 40 kV and 40 mA,
scan range: 5–80°, increment: 0.02°, 40 scans per data point,
integration time: 200 s per degree, variable divergence slit).

Rietveld refinement

Analysis of diffraction data was performed using the Rietveld
method with the program TOPAS V.50 The instrumental resolu-
tion function was determined empirically from a set of funda-
mental parameters using a reference scan of Si (NIST 640d).51

The structural models of β-Cu[B2(SO4)4] from our single-crystal
XRD measurement, α-Cu[B2(SO4)4] and Cu[B(SO4)2(HSO4)]
reported by Bruns et al.22 and CuSO4 by Wildner and Giester52

were used as a starting models for Rietveld analysis. The iso-
tropic displacement parameters were constrained to one
common value for all atoms in order to minimise quantifi-
cation errors. The parameters of the hydrogen atoms were not
refined. Details are displayed in Tables S1 and S2.† Further
details of the crystal structure investigations may be obtained
at https://www.ccdc.cam.ac.uk/ on quoting the depository
numbers CSD-2118182 (α-Cu[B2(SO4)4]) and CSD-2118180
(β-Cu[B2(SO4)4]), the names of the authors, and citation of this
publication.

FTIR spectroscopy

The Fourier-transform infrared spectra were recorded at room
temperature with a Bruker EQUINOX 55 T-R spectrometer
using a Platinum ATR device (scan range: 400–4000 cm−1,
resolution: 2 cm−1, 32 scans per sample).

UV-Vis-NIR spectroscopy

UV-vis-NIR spectra were recorded as diffuse reflection spectra
at room temperature on a PerkinElmer λ 750s spectrometer
equipped with a Labsphere 60 mm RSA ASSY integrating
sphere with a 0° d−1 measuring geometry. Labsphere
Spectralon SRS-99 was used as the white standard. Scan range:
200–1500 nm, increment 1 nm, scan rate: 120 nm min−1.

Thermal analysis

The thermogravimetric (TG) and differential thermal (DTA)
analyses were performed with a NETZSCH STA 409 PC Luxx
thermobalance under nitrogen atmosphere with 70 mL min−1

flow in alumina crucibles (heating rate: 10 K min−1). The resi-
dues after these measurements were investigated by powder
diffraction. Additionally, samples of both α-Cu[B2(SO4)4] and
β-Cu[B2(SO4)4] were heat treated in order to investigate the
thermal decomposition process in more detail. α-Cu[B2(SO4)4]
was heated for 10 h at 970 K in ambient air inside a corundum
crucible using a muffle furnace. β-Cu[B2(SO4)4] was heated for
10 h inside a corundum crucible using a tube furnace at 570 K

in nitrogen atmosphere with 70 mL min−1 flow and at 1270 K
in ambient air, respectively. The former product was handled
under inert conditions.

Microscopy

Both α-Cu[B2(SO4)4] and β-Cu[B2(SO4)4] products were investi-
gated by light microscopy both through the closed ampoule
and after opening embedded in perfluorinated polyether. An
Olympus IX70 Microscope with a Abrio CRi CCD camera was
used.

Magnetic properties

The powdered samples of α-Cu[B2(SO4)4] (1) and a mixture of
93% β-Cu[B2(SO4)4] and 7% α-Cu[B2(SO4)4] (2) were loaded into
polyethylene (PE) capsules in an argon filled drybox and
attached to the sample holder rod of a Vibrating Sample
Magnetometer (VSM) for measuring the magnetization M(T,H)
in a Quantum Design Physical Property Measurement System
(PPMS). The samples were investigated in the temperature
range of 3–300 K with an applied external magnetic field of 10
kOe. The recorded susceptibilities were corrected by the dia-
magnetic contributions, calculated to χdia(Cu[B2(SO4)4]) =
−171.8 × 10−6 emu mol−1 (= 1 × χ(Cu2+) + 2 × χ(B3+) + 4 ×
χ(SO4

2−) = −11.0 × 10−6 emu mol−1 + 2 × −0.2 × 10−6 emu
mol−1 + 4 × −40.1 × 10−6 emu mol−1) using the increments
tabulated in ref. 53.

DFT calculations

Quantum chemical calculations were performed in the frame-
work of density functional theory (DFT) using a linear combi-
nation of Gaussian-type functions (LCGTF) scheme as
implemented in CRYSTAL17.54 Spin polarized (open shell) cal-
culations were performed using the PBE55 xc-functional with
D3 dispersion correction.56 Experimental structures of α-Cu
[B2(SO4)4], β-Cu[B2(SO4)4] and α-Co[B2(SO4)4] served as starting
points for full structure relaxations. All-electron basis sets for
Cu, B, S and O were taken from ref. 57. The outermost coeffi-
cient of the S basis set was modified to 0.515. The convergence
criterion was set to 1 × 10−8 a.u. with a k-mesh sampling of 6 ×
6 × 6.

Further details of the crystal structure relaxations may be
obtained at https://www.ccdc.cam.ac.uk/ on quoting the
depository numbers CSD-2118178 (α-Cu[B2(SO4)4]),
CSD-2118179 (β-Cu[B2(SO4)4]) and 2118181 (γ-Cu[B2(SO4)4]).

Conclusions

In this contribution, the two polymorphs α-Cu[B2(SO4)4] and
β-Cu[B2(SO4)4] were prepared solvothermally. Their crystal
structure was redetermined and determined for the first time,
respectively. α-Cu[B2(SO4)4] is composed of infinite chains of
edge sharing supertetrahedra (1D anion) while β-Cu[B2(SO4)4]
forms 2D borosulfate anions comprised of vierer and zwölfer
rings formed by alternately corner and edge sharing superte-
trahedra. In both polymorphs, the Cu2+ cation is octahedrally
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coordinated showing Jahn–Teller distortion resulting in
elongated octahedra. The stability of the two polymorphs α-Cu
[B2(SO4)4] and β-Cu[B2(SO4)4] was compared based on DFT. A
third polymorph with a hypothetical structure isotypic to α-Co
[B2(SO4)4] (“cation between layers”) is energetically close to the
known structures and can therefore be predicted. This model
(γ-Cu[B2(SO4)4]) features a rather unusual compressed CuO6

octahedral geometry.
Further, the optical, magnetic and thermal properties of

both polymorphs and the further copper borosulfate Cu[B
(SO4)2(HSO4)] were characterised extensively. The Cu2+ cations
confirmed by magnetic measurements govern the UV-Vis-NIR
spectra with three distinct d–d transitions revealing the weak
coordination behaviour of the borosulfate anion. Thermally,
Cu[B2(SO4)4] and Cu[B(SO4)2(HSO4)] decompose above 460 and
430 K, respectively.

Hence, the three borosulfates Cu[B(SO4)2(HSO4)], α-Cu
[B2(SO4)4] and β-Cu[B2(SO4)4] consist of cyclo- (0D), ino- (1D)
and phyllosilicate-analogous (2D) anions, respectively. In other
words, for one cation, namely copper, there are three borosul-
fate anions differing in their dimensionality. Additionally,
Cu[B2(SO4)4] is the first example in borosulfate chemistry of
polymorphism with two polymorphs differing in the dimen-
sionality of their borosulfate anion.
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