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We report the structures of six new divalent transition metal hexathiocyanatobismuthate frameworks with
x—
the generic formula {M[BI(SCN)G]%} {guest}”, M = Mn, Co, Ni and Zn. These frameworks are defective

analogues of the perovskite-derived trivalent transition metal hexathiocyanatobismuthates M"'[Bi(SCN)g.
The defects in these new thiocyanate frameworks order and produce complex superstructures due to
the low symmetry of the parent structure, in contrast to the related and more well-studied cyanide
Prussian Blue analogues. Despite the close similarities in the chemistries of these four transition metal
cations, we find that each framework contains a different mechanism for accommodating the lowered
transition metal charge, making use of some combination of Bi(SCN)g>~ vacancies, Mg; antisite defects,
water substitution for thiocyanate, adventitious extra-framework cations and reduced metal coordination
number. These materials provide an unusually clear view of defects in molecular framework materials
and their variety suggests that similar richness may be waiting to be uncovered in other hybrid perovskite
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1 Introduction

Defects are ubiquitous in functional materials and play a critical
role in materials as simple as the binary rocksalt oxides™* and as
complex as high-temperature superconductors.®* The impor-
tance of vacancy chemistry to molecular framework perovskites
is becoming increasingly clear* in many important families,
including the hybrid metal-halide semiconductors,>® cyanide
Prussian Blue analogue battery cathodes™ and magnetic
formate perovskites,”'® as the number of studies making use of
defect-engineering in these materials grows. Perhaps the most
widespread strategy for introducing defects is aliovalent
doping, where an ion is replaced by an ion with a different
charge. Thus far, cationic dopants have been the most widely
used and have been introduced onto both the A, e.g. NH;CH,-
CH,NH,>" (EN**) substitutes for CH;NH;" (MA") in CH;NH,[-
Pbl;] to produce ‘hollow’ perovskites,® and the B site, e.g. Fe>*
substitutes for Fe*" in Prussian Blue."* In hybrid perovskites,
these charged point defects are typically compensated by low-
energy point defects of the opposite charge, most commonly
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vacancies, rather than by electronic defects.” For example, in
the ‘hollow’ lead iodide perovskites, the additional A site charge
is compensated primarily by vacancies on the B site, and can be
represented in the Kroger-Vink defect notation by

2ENys + Vie: )

However, this simplified defect reaction only provides
a partial description of the structure of these defective mate-
rials. Bulk chemical analysis indicates that in addition to B site
vacancies ‘hollow’ perovskites contain a substantial concentra-
tion of iodide vacancies, as much as 6%, and diffraction
measurements indicate the presence of local defect-ordering
beyond that visible in the average structure.’ This example
illustrates the general propensity for defective hybrid materials
to contain both a wide diversity of point defects and for corre-
lated defect disorder to emerge from the interactions between
defects.

These two trends are just as important for the Prussian Blue
analogue (PBA) family of cyanide frameworks. In Prussian Blue
itself, the substitution of Fe** for Fe’" is compensated by the
formation of Fe(CN)*~ vacancies:

3Fe(I) ey + Ve oy, @)

leading to a final composition Fe}[Fe"(CN)¢];-14H,0.* A
second composition, M{"M"(CN)],-xH,0, containing
M™(CN)s>~ vacancies also commonly occurs in PBAs." These
hexacyanometallate vacancies produce large voids which are

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Summary of the new defect-ordered thiocyanate Prussian Blue
structures. Colour scheme: purple, Bi; orange, transition metal; NCS
ligand, grey; and H,O, NH,4 and hydrogen bonds, red.

filled with water clusters in the as-synthesised materials.*>**

Both the vacancies and the water clusters play a critical role in
determining the functional properties of these frameworks,
including their mechanical robustness,* their stability as
pigments®™ and whether they show photomagnetism.* In
addition, the ordering in space of these defects will likely play

Table 1 Summary of reported compounds®
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a key role in mass transport through these materials for appli-
cations including ionic conduction and gas sorption.”®*7

PBAs also demonstrate one of the significant challenges of
studying defective hybrid frameworks: it can be extremely
difficult to determine their structures. Although dozens of
compositions of PBAs have been reported,"” they are typically
produced as microcrystalline powders, which inherently limits
the amount of information available through diffraction.” Even
for single crystal and total scattering studies where information
about the correlation of vacancies through the lattice can be
obtained, the high symmetry of the parent structure means the
local defect-structure determined through crystallography is
superimposed on both the non-defective structure and the
symmetry-related transformations of the defect, hindering
detailed interpretation.®'***** The presence of disorder also
complicates the interpretation of spectroscopic data, as
deconvolution of different defect sites can often be challenging
unless there are additional helpful features such as moderate
paramagnetism.”” These problems are by no means unique to
PBAs® and thus, despite the utility of accurate representations of
defect-structures, we are often forced to resort to simplified
models which omit the true complexity of defective molecular
frameworks.

There is now growing interest in the potential of thiocyanate
analogues of PBAs as functional materials,®** and we have
recently shown that hexathiocyanatobismuthate can be a versa-
tile building block for the formation of Prussian Blue/
perovskite-type structures M[Bi(SCN)s] (M = Sc**, Cr¥*, Fe®*).2
The thiocyanate anion imparts strong optical absorption to the
framework through ligand to metal charge transfer bands and
also introduces large octahedral tilts through the bent Bi-S-C
bond angle, thereby significantly reducing both the symmetry
and volume of the frameworks.

In this paper we investigate the defect chemistry of thiocya-
nate analogues of Prussian Blues by investigating the divalent

Formula x’ f Guest(s)
1 Mn,Bi(SCN), - 7H,O 0 1 Mn(NCS),(OH,),-10(H,0)*
3
2 C0oBig(SCN)36- (H,O 1 1 1 1
oBIlSONse (H:0)s | : 3 CO(H20),(H20),3* 5(H:0)

4 4 2 2

3 Co5Big(SCN)30-2NH, - 16H,0-X° 1 1 [(H,0),6X"]-2(NH,)"*
2 6

4 Ni5Big(SCN)30-2NH, - 16H,0-X° 1 1 [(H20)16X"]-2(NH,)"*
2

5 0-Z1n;3Bi,(SCN)y, 0 —f —f

6 B-Zn;Biy(SCN),, 0 —f —

xX— X+
% Generic composition { [Bi(SCN), ]%} {f guest} .? x is the charge on the anionic framework charge per (framework) transition metal. © The

. - X
vacancy fraction, /' = 5 4

There is disorder over the position of thiocyanate and water, see Section 2.1 for further details. °

Cation X is likely to

be NH," but may be H;0", see Section 2.3 for further details.”/ 5 and 6 do not contain vacancies or guests.

This journal is © The Royal Society of Chemistry 2020
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x_
analogues with the {M[Bi(SCN)6]z%} {guest}™", M = Mn*,

Co®", Ni** and Zn®" [Table 1 and Fig. 1], in part inspired by
previous partial reports of other transition metal thiocyanates
hexathiocyanatobismuthates.?**” This aliovalent substitution
introduces a high concentration of defects which, when
combined with the low symmetry of the parent structure,
produces long-range defect order. The presence of long-range
order allows us to carry out detailed crystallographic investiga-
tions of both the identities and distribution of defects. We find
that despite the close similarities between the chemistry of
these transition metals, the defect structures are diverse, in
both local structure and long-range order. We show that the
point defects in these frameworks include [Bi(SCN)¢]>~ vacan-
cies, water clusters of up to 20 molecules, anti-site defects, and
incorporation of interstitial charge-balancing cations. These
point defects order into complex superlattice patterns which
are, to the best of our knowledge, unknown in perovskites, both
hybrid and conventional, and which suggest new routes to
hybrid improper ferroelectrics. We also find that where lower
coordination-numbers are feasible for the transition metal, e.g.
Zn**, new ordered structures can be favoured over defective
frameworks, while retaining the strong optical absorption of
their non-defective parents. The range of chemistry found in
these materials suggests that control over defects could produce
surprising new functionality throughout molecular perovskites.

2 Results and discussion
2.1 Compound 1: Mn,Bi(SCN),-7H,0

Evaporation of a saturated solution of manganese carbonate in
concentrated aqueous H;[Bi(SCN)e] yields diffraction-quality

Fig. 2 (a) Crystal structure of Mn,[Bi(SCN)]¢(NCS)-7H,0O (1) at 300 K. A
dashed ellipse highlights the manganese molecular complex, shown in
greater detail in (b). Disorder around the molecular cluster has been
omitted in both (a) and (b) to aid visualisation. (c) A close-up view of the
occupational disorder of the NCS and H,O ligands in the vicinity of the
molecular cluster. Colour scheme: purple, Bi; green, Mn; N, blue; C,
black; S, yellow; red, O and white, H. Dashed lines indicate H-bonds,
and partially occupied sites are indicated by striped circles.
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single crystals of Mn,[Bi(SCN)g](NCS)-7H,0, 1, (synthetic
details are available in the ESIf). Single crystal structure deter-
mination at 180 K revealed that 1 is a defective thiocyanate
Prussian Blue, where the aliovalent substitution of Mn(u) for
every M(m) is compensated for by the introduction of one
Bi(SCN)¢>~ vacancy on one third of the Bi(m) sites [Fig. 2(a)].
These Bi(SCN)s*>~ vacancies are occupied by molecular aqua-
Mn(u) thiocyanate complexes with average composition
Mn(H,0)5(NCS)*, connected to the framework by hydrogen
bonds [Fig. 2(b)]. The positive charge on the molecular complex
is balanced by an additional terminal framework thiocyanate
which replaces a bound water. The molecular Mn(u) complex is
disordered and the charge-balancing thiocyanate are disor-
dered, with the site bound to the framework occupied by water
and thiocyanate in a 0.528(16) : 0.472(16) ratio, and the site
bonded to the molecular Mn(1) complex showing the reverse.
When the temperature of the crystal was raised from 180 K to
300 K this ratio was found to be instead 0.70(3) : 0.30(3), indi-
cating that a higher proportion of the NCS ligands are now
bound to the framework, which suggests that there may be
dynamic effects. The presence of disorder means that it was not
possible to determine the relative proportions of the Mn(H,-
0)5(NCS)" Mn(H,0)s>" or Mn(H,0),(NCS), complexes [Fig. 2(c)].

The Bi(SCN)s*~ vacancies are long-range ordered and lie
within every third (010) layer of metal atoms, corresponding to
a {110}-type layer in the primitive cubic BX; aristotype. Within
these (010) planes, all the Bi(SCN),*>~ anions are missing, so the
structure comprises two successive non-defective layers fol-
lowed by a third defective layer containing only Mn metal ions
[Fig. 3]. This defect ordering pattern lowers the symmetry of the
cubic aristotype to the orthorhombic Immm space group. When
combined with the cooperative octahedral tilts produced by the
bent M-SCN bonding, the structure lowers to the observed P2,/n
space group. We confirmed that the observed framework
structure is related to the parent structure within the descent-of-
symmetry framework by using the ISODISTORT software
package and Topas Academic [ESI Video 11].?*7*° The resulting

Fig. 3 Defect ordering pattern for 1. (a) A view along the a axis. (b) A

slice through the ab-plane, with z =

D=

This journal is © The Royal Society of Chemistry 2020
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cell can be related to the Pm3m aristotype cell by the following
transformation

a 1 -1 0 a
b |=13 3 o]|b], 3)
c 0 0 2/ \¢

and isa 1 x 3 x 1 supercell of the parent M[Bi(SCN)] structure.

2.2 Compound 2: CogBig(SCN);6-(H,0)35

Using an analogous route to the synthesis of 1 but substituting
basic cobalt carbonate for manganese carbonate, we were able
to synthesise a new framework of composition CooBig(NCS)36(-
H,0)35 (2). Compound 2 also has a defective Prussian Blue
structure with missing hexathiocyanatobismuthate anions,
however the mechanism by which this is accommodated is
quite distinct from that of 1. In 2 Bi(SCN), vacancies order into
alternate (001) layers, within which half of all Bi(SCN)s poly-
hedra are absent in a chequerboard fashion. This gives a total
. 1 1 1__, .
vacancy concentration of 3%3=1 [Fig. 4(c)]. The vacant sites
are then filled by large 18 molecule water clusters in one half of
the (001) layers and in the other half by charge balancing
hydrated metal cations, Co(H,0)s>" - 14H,0 cations [Fig. 4(a and
b)].

Significant disorder is present for both the (H,0);s and
Co(H,0)e>"-14H,0 clusters, which prevents the determination
of the hydrogen atom positions due to the large atomic
displacement parameters. The complexity of the network means
that the exact hydrogen bonding pattern remains unknown,

Fig. 4 Water clusters present in 2: (a) Co'"(H,O)g-14H,O and (b)
18H,0. Colour scheme: blue, Co and red, O. Dashed lines indicate H-

1
bonds. (c) Ordering pattern for 2, slice withz=0and z = 5

This journal is © The Royal Society of Chemistry 2020
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though it is clear from the distances between O atoms and their
geometric arrangement that significant hydrogen bonding is
present. Six waters in each cluster coordinate to the framework
Co(u) atoms, completing the octahedral coordination environ-
ment of the metal atoms. Comparison of the bond-valence sums
of each of the Co atoms with literature values confirms that all
framework transition metal atoms remain in the Co(u) oxida-
tion state. The hexaaquacobalt complex which occupies half the
Bi vacancy sites has very enlarged atomic displacement
parameters and significantly lengthened Co-O bond lengths
compared to similar complexes. Elemental analysis (energy-
dispersive X-ray spectroscopy on crystalline samples and ICP-
OES on the framework dissolved in HNOj;) confirmed the
absence of other adventitious cations such as Ca** and refine-
ment of the structure with hexaquabismuth(u) produced
a significantly worse quality of fit to the experimental diffraction
data. As the refined structure shows no other defects and in the
absence of other plausible candidates, we therefore believe this
cation is likely to be Co(1).

The observed defect ordering would, on its own, reduce the
symmetry of the primitive cubic aristotype to a 2 x 2 x 4 I4/
mmm structure, and when combined with octahedral tilting,
this yields the resultant 2 x 2 x 4 P1 symmetry [ESI Video 27].
This structure relates to the M[Bi(SCN)] structure through the
following transformation matrix:

’

a 1 71 0 a
b l=(1 1 o][b]. (4)
c 0 0 2 ¢

2.3 Compounds 3 and 4: M;Bis(SCN);-2NH,-16H,0-X, M =
Co & Ni

We also explored the synthesis of frameworks using NH,SCN.
We found that by using NH,SCN as a source of SCN™ and
reacting it with Co(NOs), and Bi(NO;); using dilute HNO; as
a solvent, small, diffraction quality single crystals of a new

Fig. 5 (a) The 16(H,0)-X" cluster present in structure 3 (isostructural
to that present in 4). Colour scheme: dark blue, Co(Ni); red, O and
orange, X. Sites with half occupancy (e.g. O, X) are shown as split,
dashed lines indicate H-bonds. Hydrogen atoms on the bound waters
could not be located in the single crystal electron density maps and are
not shown. (b) Ordering pattern for 3 and 4, slice with z = 0. Half
occupied X' sites are shown as half filled orange circles.

Chem. Sci., 2020, 11, 4430-4438 | 4433
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phase, CogBi5(SCN);4-16H,0-3NH, (3), formed rapidly, which
incorporates NH, cations. Whereas our attempts to synthesise
Ni-based frameworks using HSCN and basic Ni salts failed, we
were able to use this new route to produce a new framework
isostructural to 3, NigBi5(SCN)z0-16H,0-3NH, (4). Single crystal
diffraction revealed that 3 and 4 are defective perovskite
frameworks containing Bi(SCN)s*>~ vacancies, the structures of
which can be thought of, like 2, as {100} perovskite blocks
separated by vacancy containing layers. Just as in 2, these
Bi(SCN)s*~ vacancies order in a chequerboard fashion in (100)
layers, however, only every third layer contains vacancies and so

|
the total vacancy concentration is e

These vacancies compensate for half the negative charge
introduced by substituting M(u) for M(m). The remaining charge
is compensated by interstitial cations, which occupy two
different sites. The first site lies between two non-defective
layers, and is occupied by ammonium. For compound 4 we
were able to locate the H-atoms in the electron density differ-
ence map, allowing us to confirm this assignment. The second
site forms part of the large 18 atom water cluster (Fig. 5). This
water cluster, like that in 2, shows significant disorder, in part
because each cluster lies across a centre of symmetry but
contains only one cation, ‘X". The presence of the cation was
inferred from charge balance constraints, and we decided
which of the electron density peaks was the cation on the basis
of two factors: as it is half-occupied it will be the source of the
disorder and it will be a better hydrogen bond donor than the
water molecules. As we were unable to locate the H-atoms,
definitive assignment of X" was not possible, and although it
is likely to be NH,' as it is present in large excess in the
synthesis mixture, the high acidity of the synthesis conditions
mean that H;0" is also a feasible candidate. This water cluster
also coordinates to the Co sites which would be otherwise
under-coordinated due to the Bi(SCN)g>~ vacancies.

The ordering of the Bi vacancies on the primitive lattice
lowers the symmetry to Cmmm producing a 6 x 2 x 2 supercell
compared to Pm3m, which then is lowered by the octahedral
tilting, which has Glazer notation ¢~ b'a™ [ESI Video 31], to
a triclinic cell related to the Pm3m by the following trans-
formation matrix:

a 2 0 0\ /a
bl=(0 20]|[b], (5)
c -1 0 3/ \e¢

and to the M[Bi(SCN)] structure by
, 110
a a
b =7 oL (©)
c 1 3 c

2 0 2

2.4 Compounds 5 and 6: Znz[Bi(SCN)s],

Addition of Zn(NO3), to a dilute HNOj; solution of H3[Bi(SCN)e]
prepared from NH,SCN produced single crystals over a period

4434 | Chem. Sci, 2020, N, 4430-4438
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Fig. 6 Structures of a.- and B ZnzBi>»(SCN)s. Colour scheme: purple, Bi;
grey, Zn; yellow, sulfur; blue, nitrogen and black, carbon. (a) Asym-
metric unit of a-Zn3Bi>(SCN)g, (b) asymmetric unit of B-ZnzBi(SCN)g.
(c) Unit cell of B-Zn3Bi>(SCN)e, with coordination polyhedra drawn for
the BiSg and ZnN,. (d) Unit cell of a-Zn3zBi>(SCN)g, viewed along the
b direction, highlighting the alternating sequence of bc-layers along
the a direction. The two kinds of layers are shown along b-direction
showing (e) the pseudo-perovskite A and (f) pseudo-Cdl, B.

of minutes, and by picking out single crystals we were able to
solve two distinct polymorphic frameworks using X-ray
diffraction, o-Zn;[Bi(SCN)s], (5) and B-Zn,[Bi(SCN)e], (6)
[Fig. 6]. Despite the similarity in synthesis route to that used for
3 and 4, these new phases do not incorporate NH," from solu-
tion. In addition, unlike the other phases we describe, 5 and 6
do not contain lattice water and their structures are much less
closely related to that of Fe[Bi(SCN)s]. Rietveld refinement of
a polycrystalline sample confirmed that the polymorphs crys-
tallise concomitantly, with the predominant fraction consisting
of the B phase (92%) [ESI Fig. 1t]. Careful examination of the
powder X-ray diffraction data showed that the product contains
at least one additional phase which we have been unable to
isolate. As with the Prussian Blue derived frameworks, the bent
NCS-Bi bond angle leads to the formation of low symmetry
structures, with multiple symmetry distinct metal sites in each
(in o, two Bi and two Zn sites, and in B two Bi and three Zn sites).

The local connectivity is identical between the two phases,
and there are only minor differences in bond lengths and
angles. Despite these similarities, the topologies of framework
connectivity of the o and B phases are very different. Indeed, by
using the ToposPro software, we were able to determine that the
graphs produced by considering the Zn;Bi, sublattice for both
o- and B-Zn;[Bi(SCN)g], possess topologies which were not yet
recorded in the ToposPro topology database.** We have termed
these new topologies elwl, point symbol: {4°.6*}2{4*.6'0.8}

This journal is © The Royal Society of Chemistry 2020
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{4*.6°}{4°.6°.8’} and clw2, point symbol: {4>.6*H{4’.6*H{a*.6'"}
{4*.6°}{4°.6°.8}.

The o phase is derived from the parent phase by the incor-
poration of Zn>" interstitials in half of all layers. More
completely, it is built from two different layers, a Prussian Blue-
like layer and CdI,-like layer, which stack in an alternating
fashion along the a axis to form a three-dimensional framework
[Fig. 6(d)]. The Prussian Blue-like layer has the composition
ZnBi(SCN), and can be described as a {100} layer of a hypo-
thetical ‘ZnBi(NCS)s’ analogue of the Fe[Bi(NCS)] structure
[Fig. 6(e)]. As the Zn is four-coordinated, its bonding require-
ments are saturated within the layer, and so the layer is con-
nected to the layers above and below through the Bi atom. The
second layer has composition Zn,Bi(NCS)s-NCS and a pseudo-
Cdl, structure, where the Bi (‘Cd’) atoms approximately form
a triangular lattice, in which the interstices are occupied by Zn
(‘T) atoms [Fig. 6(f)]. In this layer, the Bi atoms are saturated by
bonds within the layer, and so the connection to the other layer
occurs through the Zn atoms, which are bound to an additional
thiocyanate.

The predominant size of ring in the B-Zn;Bi,(NCS),, phase is
the sixteen-membered Zn,Bi,(NCS), ring (four-membered ring,
considering only metal cations) common to the M[Bi(SCN)g]
perovskite. The ring-statistics are otherwise very different
[Fig. 6(c)] and the structure cannot be easily decomposed into
simple crystal-chemical units. The coordination geometry for
both o and B phases remain similar, and there is only slightly
larger variation in the octahedral coordination of BiSs distor-
tions in the B phase.

The differences observed between Zn-based frameworks and
the other transition metals derives from the increased favour-
ability of the tetrahedral coordination, which permits the
formation of charge-neutral and coordinatively saturated
frameworks from Zn(NCS), tetrahedra and Bi(SCN)s octahedra
without the need for point vacancies or coordinating water
molecules. This is directly akin to the cyanide Prussian Blue
family, for which Zn;[Fe(CN)s], can form both an ordered phase
in which zinc is tetrahedrally coordinated, and a defective
disordered cubic phase, analogous to the other Prussian Blues,
in which Zn is octahedrally coordinated.?* In Znz[Fe(CN)e],, the
polymorphism occurs between a disordered and an ordered
phase, whereas both polymorphs of Zn;[Bi(SCN)s], are ordered.

2.5 Optical properties

Each of these new phases possesses a very strong coloration, as
found in the parent M[Bi(SCN),] family.>® We carried out initial
diffuse reflectance spectroscopy measurements which allowed

Table 2 Experimental optical band gaps®

b

1 2 4 5&6

Eg (eV) 2.13(5) 2.24(5) 2.30(5) 2.28(5)

% Estimated standard errors in parentheses. Optical band gaps

determined using a direct band gap Tauc plot [ESI Fig. 3]. ? Sample
consisted of a mixture of compounds 5 & 6.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

us to quantify the optical absorption onset. They revealed that
in each case the band gap is close to that observed for Sc
[Bi(SCN);],* suggesting that the transition is primarily LMCT in
character: from the HOMO of NCS™ to the empty Bi p-states
[Table 2]. However the band gaps of 1 and 2 are slightly
smaller than those of the other compounds and weak sub-band
gap absorptions are seen, suggesting that metal d-states may
mix with the Bi p-states and that d-d transitions also contribute
to the observed spectra [ESI Fig. 3 and 47].

3 Discussion

To the best of our knowledge, the only previous reports of any
compounds belonging to this family were by Cyganksi,?**” but
in these early studies the analysis was confined principally to
determining their composition. The following compositions
were reported: MnBi(SCN)s, Mn;[Bi(SCN)¢],-7H,O, Mnjy[-
Bi(SCN) ], 12H,0, Ni3[Bi(SCN)s],-10H,0, which do not corre-
spond to any of the phases uncovered in our study;
Coj3[Bi(SCN)g,*12H,0 which corresponds approximately to 2,
and Zn;[Bi(SCN)s] which corresponds to 5 and 6. The fact that
these early studies report compositions we have not yet syn-
thesised ourselves indicates that perhaps there is even more
latent complexity in this family of materials than we have
uncovered.

3,4

Fig.7 Diagrams illustrating vacancy ordering patterns for compounds
(@ 1 () 2 (c) 3 & 4 and (d) for a hypothetical four-fold doubling
vacancy-ordering which generates a net polarisation when combined
with the a~a~c* octahedral tilts. The polar direction is illustrated by an
arrow. Only metal cations are shown in this representation, and bonds
are drawn between nearest-neighbour metals whether or not they are
connected by a thiocyanate ligand.
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Aside from 6, all structures retain strong similarities to the
parent Fe[Bi(SCN),] structure, despite the stark differences in
composition. If the unit cell volume is normalised by the
number of Bi atoms, this normalised volume is within a few
percent of Fe[Bi(SCN)e] for every compound, with the biggest
discrepancy (5.5%) found for compound 6. This suggests that
the high vacancy concentration does not produce significantly
contracted frameworks, which is likely due to the fact that
potential voids are filled by water clusters and molecular
complexes. For the compounds containing octahedrally coor-
dinated transition metal ions, 1-4, the pattern of tilts observed
in the parent structure is retained [ESI Videos 1-3t]. In addition,
the (large) magnitude of the octahedral tilting is not signifi-
cantly perturbed, as the primary source of tilts is the shape of
the frontier orbitals of NCS™ and the resultant bent Bi-S-C
bond angle. The retention of tilt-cooperativity in each of 1-4 is
more surprising and is probably due in part to the presence of
three dimensional connectivity of octahedra combined with the
fact that no framework node has lower than four-fold coordi-
nation. These factors suggest that this Fe[Bi(SCN)s] structure
type is robust and likely to be found in other members of this
family and that it may be possible to synthesise porous
analogues, without large guests or water clusters.

The vacancy orderings found in compounds 1-4 are relatively
complex for perovskite-type materials [Fig. 7] and lead to, in
combination with the retained cooperative octahedral tilts, large
and low-symmetry unit cells. Although cation ordering and
octahedral tilting are unable to generate polarisation on their
own, the ability of certain combinations of A- and B-site cation
order and octahedral tilting to generate polar structures is well
established, e.g. the combination of layered ordering of the A-site
cations, rock-salt ordering of B-site cations and a a ¢’ tilts
generate a polar structure in space group P2,.** The use of
simultaneous cation order and octahedral tilts to generate
‘hybrid improper’ ferroelectrics has been shown to be particularly
efficacious for layered perovskite-derived materials.***® Although
compounds 1-4 all crystallise in non-polar space-groups, the
unusual vacancy orderings we observe suggest that a new route to
hybrid improper ferroelectricity: combining octahedral tilts with
complex vacancy order. Indeed, we predict that a vacancy
ordering pattern closely related to that of compound 1, consisting
of a four layer repeat of {110} type vacancy containing layers, will
produce polar order in combination with the retained a a ¢"
found in each of these phases [Fig. 7(d)], despite neither the
vacancy-ordering or tilting producing polarisation on their own.
Future synthetic efforts should therefore be alive to the possi-
bilities of new vacancy orders.

The introduction of a divalent metal such as Mn** onto
a trivalent metal site, M, introduces a single net negative charge,
in the Kroger-Vink notation, Mn,,. As the framework is an
overall charge-neutral insulator, the framework must compen-
sate by introducing charge balancing defects, and we found that
there are a wide variety of mechanisms. a-Zn;[Bi(SCN)e] can be
thought of as containing Zn>" interstitials:

27Zny + Zn;, 7)
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For the other transition metals, the transition metals retain
octahedral coordination, even though tetrahedral Co(u) is well-
known, and so they adopt structures more closely related to the
M[Bi(SCN)4] structure. Compounds 1-4 all contain Bi(NCS)s*~
vacancies, and a key difference in these structures is how the
resultant voids are filled and the open structures are stabilised.
This is also a feature of the cyanide PBAs, which contain
significant quantities of zeolitic water.*” In these thiocyanate
frameworks the guest species are considerably more varied, and
include molecular metal complexes with water and thiocyanate
as ligands. These species may be more challenging to realise in
PBAs, as cyanide tends to be a more strongly binding ligand
than thiocyanate, and thus water will likely be less competitive
as a co-ligand. However, the high symmetry of PBAs hinders
detailed study of guest species, and so it is feasible that
molecular metal complex guests are present in some PBAs, but
have evaded definitive identification. The defect chemistries of
compounds 1-4 can be described as follows. Compound 1
contains molecular Mn(NCS),(H,0), complexes in the Vgiscn),
sites which are hydrogen-bonded to the network, instead of
water clusters:

3Mny + [Mn(NCS),] o - “

Compound 2, like 1, contains anti-site transition metal
cations, which occupy half the Vgjscny, sites. However, these
Co*" cations are not coordinated to thiocyanates, and water
clusters occupy the remaining half of Vgiscn, sites:

8Coy + Visen, Cogiseny 9)

6

The presence of other interstitial cations, such as NH," in 3
and 4, adds an additional source of complexity, just as found in
the cyanide Prussian Blues. Both 3 and 4 compensate for the
effective negative charge of the divalent cation by the formation
of Vgi(scn),, which are all filled with water clusters, and ammo-
nium cations:

6Niy + Viisony, + 3(NHa);. (10)

The ability of the thiocyanate perovskite framework to
accommodate monovalent A-site cations has been previously
demonstrated for CsCd(NCS); (ref. 38) and (NH,),CdNi(NCS),>*
however the large molecular guests found in 1 and 2 imply that
it may be possible to deliberately include large molecular
species in framework cavities. Including functional molecular
complexes as guests would be a powerful route for introducing
useful properties. Polar molecular complexes or organic cations
could be a source of electrical polarisation and light-emitting or
photocatalytic metal complexes could make use of the strong
absorption of the metal-thiocyanate framework. In particular,
we anticipate further investigations into the optical properties
of these materials will shed light on the ways that both frame-
work topology and guest-framework interactions can be used to
control the electronic structure and optical properties of this
family of materials.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01246g

Open Access Article. Published on 09 April 2020. Downloaded on 1/12/2026 5:48:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

The diversity of guests and vacancy orderings we have found
in this family of chemically similar materials suggests that the
factors dictating which phase forms are relatively subtle. The
notable differences in the aqueous chemistry of divalent tran-
sition metal thiocyanates, e.g. the ready hydration of Co(NCS),
compared to Ni(NCS),,**** suggest that the study of solution-
phase thiocyanate complexes may provide valuable insights in
the origins of variation in the solid state and suggest future
routes to generate novel structures.

4 Conclusion

We have found six new framework compounds of the approxi-
mate formula Mn"[Bi(SCN)],_ 1. The primary mechanism by
which the charge of aliovalent M(u) cations is accommodated by
the frameworks is through the introduction of Bi(SCN)s vacan-
cies, analogous to the M(CN)4 vacancies found in the Prussian
Blue; however anti-site defects, large water clusters and even
neutral and cationic molecular metal complexes are also
accommodated. In addition to this, we find that the low
symmetry of the structure enables long-range order of these
defects: vacancies tend to segregate into {100} or {110} type
layers. The complexity of these structures is such that single-
crystal X-ray diffraction data was required to uncover it.

Despite the relatively high concentration of vacancies, we
also found that the octahedral tilt patterns of the pattern
structures are retained in all the Prussian Blue-derived
members of this family, showing their robust nature.
Compounds 3 and 4 demonstrate that as in the Prussian Blues,
the presence of other cations can have a powerful effect on the
resultant structure, as their incorporation leads to drastically
different ordering patterns. The observed combination of
complex vacancy order and retained cooperative octahedral tilts
may produce new routes to hybrid improper ferroelectricity.

In conclusion, we have shed light on the surprising complexity
of aliovalent doping in this family of hybrid framework materials.
We anticipate that as the investigation of hybrid frameworks
advances, the range of defects we have uncovered in thiocyanate
frameworks will be reflected in other anion chemistries. These
novel defect types will have different energetic formation costs,
and the complex orderings will perturb the cooperative proper-
ties, such as mechanical flexibility, magnetism or electrical
polarisation. The adaptability of these structures further suggests
that guests of significant complexity such as molecular
complexes could be included in these frameworks to introduce
new functional behaviour, whether directly in synthesis or post-
synthetically through ion-exchange processes.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

M. J. C. acknowledges the support of the School of Chemistry,
University of Nottingham for the award of a Hobday Fellowship
and Sidney Sussex College, University of Cambridge for

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

financial support. E. N. K. thanks NSERC of Canada for a PGSD.
Use of the Advanced Photon Source at Argonne National Labo-
ratory was supported by the U. S. Department of Energy, Office
of Science, Office of Basic Energy Sciences, under Contract No.
DE-AC02-06CH11357.

References

1 F. Koch and J. B. Cohen, Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem., 1969, 25, 275-287.

2 P. J. Saines, M. G. Tucker, D. A. Keen, A. K. Cheetham and
A. L. Goodwin, Phys. Rev. B: Condens. Matter Mater. Phys.,
2013, 88, 134418.

3 T. M. McQueen, Q. Huang, V. Ksenofontov, C. Felser, Q. Xu,
H. Zandbergen, Y. S. Hor, J. Allred, A. J. Williams, D. Qu,
J. Checkelsky, N. P. Ong and R. ]J. Cava, Phys. Rev. B:
Condens. Matter Mater. Phys., 2009, 79, 014522.

4 T. D. Bennett, A. K. Cheetham, A. H. Fuchs and F.-X. Coudert,
Nat. Chem., 2016, 9, 11-16.

5 I. Spanopoulos, W. Ke, C. C. Stoumpos, E. C. Schueller,
0. Y. Kontsevoi, R. Seshadri and M. G. Kanatzidis, J. Am.
Chem. Soc., 2018, 140, 5728-5742.

6 Y.-K. Jung, J. Calbo, J.-S. Park, L. D. Whalley, S. Kim and
A. Walsh, J. Mater. Chem. A, 2019, 7, 20254-20261.

7 X. Wu, J.J. Hong, W. Shin, L. Ma, T. Liu, X. Bi, Y. Yuan, Y. Qi,
T. W. Surta, W. Huang, J. Neuefeind, T. Wu, P. A. Greaney,
J. Lu and X. Ji, Nat. Energy, 2019, 4, 123.

8 A. Simonov, T. De Baerdemaeker, H. L. B. Bostrom,
M. L. Rios Gomez, H. ]J. Gray, D. Chernyshov, A. Bosak,
H.-B. Biirgi and A. L. Goodwin, Nature, 2020, 578, 256-260.

9 M. Maczka, A. Gagor, K. Hermanowicz, A. Sieradzki,
L. Macalik and A. Pikul, J. Solid State Chem., 2016, 237,
150-158.

10 H. L. B. Bostrom, J. Bruckmoser and A. L. Goodwin, J. Am.
Chem. Soc., 2019, 141, 17978-17982.

11 H. J. Buser, D. Schwarzenbach, W. Petter and A. Ludi, Inorg.
Chem., 1977, 16, 2704-2710.

12 A. Walsh, D. O. Scanlon, S. Chen, X. G. Gong and S.-H. Wei,
Angew. Chem., Int. Ed., 2015, 54, 1791-1794.

13 P. Franz, C. Ambrus, A. Hauser, D. Chernyshov,
M. Hostettler, J. Hauser, L. Keller, K. Krimer, H. Stoeckli-
Evans, P. Pattison, H. B. Biirgi and S. Decurtins, J. Am.
Chem. Soc., 2004, 126, 16472-16477.

14 H. L. B. Bostrom, I. E. Collings, A. B. Cairns, C. Romao and
A. L. Goodwin, Dalton Trans., 2019, 48, 1647-1655.

15 F. Grandjean, L. Samain and G. ]J. Long, Dalton Trans., 2016,
45, 18018-18044.

16 A. Bleuzen, C. Lomenech, V. Escax, F. Villain, F. Varret,
C. Cartier dit Moulin and M. Verdaguer, J. Am. Chem. Soc.,
2000, 122, 6648-6652.

17 S. S. Kaye and J. R. Long, Catal. Today, 2007, 120, 311-316.

18 K. W. Chapman, P. D. Southon, C. L. Weeks and C. ]J. Kepert,
Chem. Commun., 2005, 3322-3324.

19 H. L. B. Bostrom and R. 1. Smith, Chem. Commun., 2019, 55,
10230-10233.

20 A. Kumar, S. M. Yusuf, L. Keller and J. V. Yakhmi, Phys. Rev.
Lett., 2008, 101, 207206.

Chem. Sci., 2020, 1, 4430-4438 | 4437


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01246g

Open Access Article. Published on 09 April 2020. Downloaded on 1/12/2026 5:48:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

21 D. Chernyshov and A. Bosak, Phase Transitions, 2010, 83,
115-122.

22 A. Flambard, F. H. Kohler and R. Lescouézec, Angew. Chem.,
Int. Ed., 2009, 48, 1673-1676.

23 H. Tabe, M. Matsushima, R. Tanaka and Y. Yamada, Dalton
Trans., 2019, 48, 17063-17069.

24 K.-P. Xie, W.-]. Xu, C.-T. He, B. Huang, Z.-Y. Du, Y.-J. Su,
W.X. Zhang and X.-M. Chen, CrystEngComm, 2016, 18,
4495-4498.

25 M. ]. Cliffe, E. N. Keyzer, M. T. Dunstan, S. Ahmad,
M. F. L. D. Volder, F. Deschler, A. J. Morris and C. P. Grey,
Chem. Sci., 2019, 10, 793-801.

26 A. Cyganksi, Rocz. Chem., 1963, 37, 1543-1545.

27 A. Cyganksi, Rocz. Chem., 1964, 38, 1699.

28 H. T. Stokes, D. M. Hatch and B. J. Campbell, ISOTROPY
Software Suite.

29 B.]J. Campbell, H. T. Stokes, D. E. Tanner and D. M. Hatch, J.
Appl. Crystallogr., 2006, 39, 607-614.

30 A. Coelho, TOPAS - Academic: General Profile and Structure
Analysis Software for Powder Diffraction Data, Version 4.1,
Brisbane, Australia, 2007.

4438 | Chem. Sci, 2020, N, 4430-4438

View Article Online

Edge Article

31 V. A. Blatov, A. P. Shevchenko and D. M. Proserpio, Cryst.
Growth Des., 2014, 14, 3576-3586.

32 J. Rodriguez-Hernandez, E. Reguera, E. Lima, J. Balmaseda,
R. Martinez-Garcia and H. Yee-Madeira, J. Phys. Chem. Solids,
2007, 68, 1630-1642.

33 G. King and P. M. Woodward, J. Mater. Chem., 2010, 20,
5785-5796.

34 M. Senn, A. Bombardi, C. Murray, C. Vecchini, A. Scherillo,
X. Luo and S. Cheong, Phys. Rev. Lett., 2015, 114, 035701.

35 A. B. Harris, Phys. Rev. B: Condens. Matter Mater. Phys., 2011,
84, 064116.

36 N. A. Benedek and C. ]J. Fennie, Phys. Rev. Lett., 2011, 106,
107204.

37 F. Herren, P. Fischer, A. Ludi and W. Haelg, Inorg. Chem.,
1980, 19, 956-959.

38 G. Thiele and D. Messer, Z. Anorg. Allg. Chem., 1980, 464,
255-267.

39 E. Shurdha, S. H. Lapidus, P. W. Stephens, C. E. Moore,
A. L. Rheingold and ]. S. Miller, Inorg. Chem., 2012, 51,
9655-9665.

40 E. Dubler, A. Relier and H. R. Oswald, Z. Kristallogr., 1982,
277, 265-277.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01246g

	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...

	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...
	The structures of ordered defects in thiocyanate analogues of Prussian BlueElectronic supplementary information (ESI) available: Details of synthesis,...


