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Metal thiocyanates are some of the earliest reported molecular framework materials and adopt
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a diverse range of structures. This review describes the structures, properties and syntheses of

the known binary and ternary thiocyanates. It provides a categorization of their diverse structures,
and connects them to the structures of atomic inorganic materials. In addition to this description of
characterized binary and ternary thiocyanates, the review summarizes the state of knowledge for
all other binary metal thiocyanates. The review concludes by highlighting opportunities for future

materials development.

1 Introduction

Thiocyanate is one of the prototypical pseudohalide anions and
it can be found in every area of contemporary chemistry, 2 most
commonly as a ligand in molecular metallocomplexe@ but also
as an organic functional group, in biological chemistry as a key
metabolite® with potential anticarcinogenic function®, and even
in spacelz. The study of thiocyanate has a long history. NCS~
was first prepared and isolated by Porrett in 1814, well before
the isolation of elemental bromine, fluorine and iodine. B2 1n
this pioneering work, Porrett used HNCS to prepare ‘sulferetted
chyazate’ saltsﬂ of a number of elements, including K, Na, Ca,
Al, Ba, Sr, Ag, Hg, Cu, Pb, Sn, Bi, Mn, Zn, Co, Ni, Pd, U, Mo and
Cr.B Porrett’s work highlights not only the diversity of thiocyanate
chemistry but also how much is yet to be determined about metal
thiocyanate chemistry: although these compounds were reported
more than two hundred years ago, the synthesis and structures of
Pd, U, Mo, Al and Cr thiocyanate have not been confirmed. The
presence of these open questions contrasts with the ‘true’ metal
halides where nearly every feasible composition has been struc-
turally characterized, from extreme oxidation states (e.g. VClS)
to highly radioactive compounds (e.g. EsClS).[ﬁ] Pseudohalides
thus offer synthetic inorganic chemists the rare opportunity to
create new (pseudo-)binary compounds (Fig. [I).

In this review, I describe what is known about the solid-state
chemistry of inorganic metal thiocyanates. It presents a system-
atic overview of their structures and highlights opportunities for
developing their chemistry further. The very extensive chemistry
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* As is standard, where thiocyanate is bonded purely through N it has been written as
M(NCS),, and when through S as M(SCN),. In most of the described binary frame-
works thiocyanate is both N- and S-bound and for these M(NCS), is used without
implying anything about the local bonding.

T Other older trivial names for thiocyanate include rhodanide and sulfocyanide.

of thiocyanate in solution or with co-ligands has been excluded
as it is well-covered elsewhere.212113/ The review summarizes the
chemistry of the binary M(NCS), for every non-radioactive metal,
and the structure of every ternary metal thiocyanate MM (NCS),.
Special attention has been paid to the structural analogies be-
tween metal thiocyanates and other inorganic solid-state com-
pounds. I have relied, in addition to the primary literature,
on two book chapters: Golub, Kéhler and Skopenko (1986)14
and Williams (1948), which are the most comprehensive sum-
maries of metal thiocyanate chemistry thus far published. The
review begins with a general overview of metal thiocyanates high-
lighting characteristic trends. It then moves onto a description of
the chemistry of binary metal thiocyanates, describing first the
five structural families before summarising what is known about
the binary metal thiocyanates without reported crystal structures.
The structures of the ternary metal thiocyanates are then de-
scribed, being classified first by framework dimensionality and
then by characteristic structural features. The review concludes
with a brief summary and prospectus of the potential of inorganic
metal thiocyanate chemistry.

1.1 Structural chemistry

Thiocyanate is a rigid linear anion. The key contrasts in the struc-
tural chemistry between the atomic halides anion and linear thio-
cyanate arise therefore from the additional degrees of freedom
introduced by moving from a sphere to a rod. The most im-
portant new degree of freedom is the orientation of the NCS~
ligand. This can be parameterized by the M-N-C and M-S-C an-
gles for a bridging thiocyanate ligand. As thiocyanate is stiff, the
intramolecular degrees of freedom are less important, and devi-
ations from linearity and variations in the bond lengths (despite
the two distinct resonance structures) are typically small. The
orientation of NCS™ is so important for the chemistry of thio-
cyanate because of the different bonding preferences of the N-
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hydrogen ol
1 Structure Composition
H Determined  Reported Unknown
10079
lithium beryllium
3 4
Li Be
6941 90122
sodium magnesium
11 12
Na
22990 24305
potassium calcium scandium titanium vanadium chromium manganese iron cobalt
25 26

Co

58933
rhodium

Ti

47867

zirconium

\'4

50942
niobium

Cr Mn F

51.996 54938 55845
molybdenum  technetium ruthenium

2
Sc
44956
yttrium

K Ca

39098 40078
rubidium strontium

37 3 39 40 41 44 45
Rb Sr Y Zr Nb Mo Tc Ru Rh
85468 87.62 88906 91224 92906 9596 98] 10107 10291
caesium barium lanthanum hafnium tantalum tungsten rhenium ‘osmium iridium
55 56 57 72 73 74 75 76 77
Cs Ba La Hf Ta W Re Os Ir
13291 137.33 13891 17849 18095 18384 18621 19023 19222
francium radium actinium rutherfordium dubnium seaborgium bohrium hassium meitnerium
87 88 89 104 105 106 107 108 109
Fr Ra Ac Rf Db Sg Bh Hs Mt
[223] [226] 2271 [261] [262] [266] [264] 277] [268]
cerium i i p i samarium europium
58 59 60 61 62 63
Ce Pr Nd Pm Sm Eu
140.12 14091 14424 [145] 150.36 151.96
thorium  protactinium  uranium neptunium  plutonium  americium
90 91 92 93 94 95
Th Pa U Np Pu Am
23204 23104 23803 [237] [244] [243]

helium

Nonmetal/ 2
Radioactive He
40026
boron carbon nitrogen oxygen fluorine neon
5 6 10
10811 12011 14007 15999 18998 20.180
aluminium silicon phosphorus sulfur chlorine argon
13 14 16 17 18
A
Al Si P S d Ar
26982 28086 30974 32065 35453 39.948
nickel copper zinc gallium germanium arsenic selenium bromine krypton
28 30 3 3 34 36
.
Ni Cu Zn Ga Ge As Se Br Kr
58693 63546 65.38 69.723 7264 74922 7896 79.904 83798
palladium silver cadmium indium tin antimony tellurium iodine xenon
47 48 49 50 51 53 54
10642 107.87 11241 114.82 11871 12176 127.60 12690 13129
platinum gold mercury thallium lead bismuth polonium astatine radon
78 79 80 81 82 83 84 85 86
A
Pt Au HG Tl Pb Bi Po At Rn
19508 19697 20059 20438 2072 20898 [209] [210] [222]
darmstadtium roentgenium  copernicium nihonium flerovium moscovium  livermorium tennessine oganesson
110 111 112 113 114 115 116 117 118
Ds Rg Ch Nh FI Mc Lv Ts Og
[271] 272 [285] [289] [289] [290] 293] [294] [294]
gadolinium terbium dysprosium holmium erbium thulium ytterbium lutetium
64 65 66 67 68 69 70 71
157.25 15893 16250 16493 16726 16893 17305 17497
curium berkelium i If i inil fermium il nobelium lawrencium
96 97 98 99 100 101 102 103
[247] (2471 [251] [252] [257] [258] 259] [262]

Fig. 1 Periodic table of binary metal thiocyanates. The colours highlight whether: a metal binary thiocyanate is known with a determined structure
(green), the composition has been reported (blue) or there are no reports of a binary structure or where all reports have been disprove (salmon).
Elements excluded from this study (non-metals and radioactive elements) are in grey.

and S- termini: the N-terminus is harder and typically coordi-
nates well to harder first row transition metals and s-block met-
als; the S-terminus is softer, and most often coordinates to soft
metals (late transition metals, 4d-, 5d-transition metals and late
p-block metals). This asymmetry means that binary thiocyanates
are harder to form that might otherwise be expected, because of-
ten thiocyanate will readily coordinate through one terminus (N-
or S-) to a given metal but only bind weakly through the other
end, meaning other ligands (including solvents such as water)
can bind more strongly than thiocyanate itself. A common chal-
lenge in the synthesis of binary thiocyanates is therefore remov-
ing or avoiding competing ligands and coordinating solvents. The
large chemical differences between N and S do offer opportuni-
ties for ternary phases however, and this has been exploited in
the synthesis of cation-ordered ternary frameworks (see Section

‘16—19

The difference in bonding between termini can also be seen in
the metal and thiocyanate bond angle: the experimental M-NCS
angle distribution peaks at 180° and the M-SCN angle distribu-
tion centres on around 100°1€, due to the shapes of the frontier
orbitals. The bent M-SCN angle, together with the rod-like shape
of thiocyanate means that the symmetries of metal thiocyanates
are typically lower than of equivalent halides. This desymmetriza-
tion means that the structures are well-ordered, aside from highly
ionic salts, in contrast to unlike CN~ where the pseudosymme-
try produces extensive disorder.2? The head-tail order also offers
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new routes for polymorphism (e.g. Section [2.3). A wide vari-
ety of coordination modes are adopted by NCS™: total coordina-
tion numbers vary from two to eight, with S and N coordination
numbers going from zero to four (Fig. [2)). In general, the sulfur
terminus tends to adopt higher coordination numbers than the
nitrogen terminus in the same compound. The differences in lo-
cal bonding discussed also have consequences for their electronic
structures and semiconducting properties.21

1.2 Function

Metal thiocyanates have diverse functions. The most striking is
undoubtedly the strong optical absorption and intense colours
which arise largely due to the presence of low-lying metal-to-
ligand charge transfer bands, e.g. the well-known blood-red ferric
thiocyanate aqueous complex.2223 The strong optical absorption
has been harnessed for non-linear optical function,?# and pho-
toconductivity.2> The magnetic properties of metal thiocyanates
were originally of interest as susceptibility standards, due to the
relatively temperature independent magnetic moment of ternary
compounds such as CoHg(NCS),. This arises because the large
distances between ions produces weak magnetic superexchange
and well isolated ions, 2% however, long-range magnetic order has
been found over comparable distances in Cr[Bi(SCN)6]27 and
even CoHg(NCS), has surprisingly complex magnetism. 28 Recent
work has shown that metal thiocyanates possess a range of inter-
esting magnetic behaviours, including magnetic order at liquid
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Fig. 2 Metal coordination numbers in the known binary metal thiocyanate
structure types. Where the coordination number could be reasonably
larger or smaller, the larger coordination number has been chosen. For
structures with sites with different metal coordination numbers, both co-
ordination geometries are listed as M(NCS")x.

nitrogen temperatures?? and low dimensional magnetism29-32
The presence of electronic communication between metal ions,
despite the increased length of NCS™, has also been harnessed to
produce transparent conductors, e.g. Cu(NCS).3334 Thiocyanate
compounds are also now being explored as catalysts for a range
of reactions, including organophosphate hydrolysis and water
photo-oxidation.® The range of structures and chemistries sug-
gests that future investigation of thiocyanates may uncover other
novel functions.

2 Binary compounds

There are currently 23 binary metal thiocyanates with reported
crystal structures (Fig. [I). They can be divided into five
categories: van der Waals layered structures with octahedral
metals analogous to the Nil, structure-type in halide (Section
[2-1); 3D framework structures with eight-coordinate metals with
highly distorted CaF,-derived structures (Section ; tetrahe-
dral frameworks found for coinage metal monovalent cations re-
lated to Cul (Section; ionic structures analogous to NaCl and
CsCl found for alkali metals and T1* (Section and a variety
of complex, 1D, 2D and 3D frameworks adopted by groups 12,
14, and 15 metals (Section |2.5).

2.1 Ni(NCS),

The most common structure type for binary metal thiocyanates
is the layered Ni(NCS), structure, which is found for Ni, Co, Fe,
Mn and with some variation, Hg and Cu?* (Fig. .
This structure is analogous to the CdlI, structure type common
for metal halides, 4! comprising layers of edge-sharing MN,S, oc-

Fig. 3 Structures of the transition metal thiocyanates (M=Ni, Co, Fe, Mn,
Hg and Cu) (a) a single ab layer, (b) stacking sequence viewed along the
b layer. (c) Local coordination environment for M = Ni, Co, Mn, Fe; Hg
and Cu. Long bonds are shown by dashed lines.

tahedra. The neutral layers are held together by van der Waals
forces. The aristotype structure crystallizes in space group C2/m,
lowered from the trigonal symmetry of the analogous halides due
to the rod-like shape of thiocyanate. The M-SCN angle is around
100°, and the M-NCS angle is roughly 160°. Hg(II) and Cu(II)
have structural deviations. For Hg(Il), the tendency to lower co-
ordination numbers and its soft nature means that there are two
shorter Hg-S bonds, and four long Hg-N bonds, meaning there is
instead HgS,N, pseudo-octahedral coordination, or nearly linear
HgS, coordination. Cu(II) thiocyanate has a pronounced Jahn-
Teller distortion which lengthens one set of Cu-S bonds, lower-
ing the symmetry to P1 and producing a near one-dimensional
structure. These compounds can in general be prepared by salt
metathesis, either in water from metal sulfate and Ba(NCS),, or
in an organic solvent from e.g. M(BF,), and KNCS, with the in-
soluble by-product filtered off and then the removal of the sol-
vent from the filtrate containing M(NCS),. Typically this also
requires desolvation of a solid solvate. Hg(NCS), and Cu(NCS),,
are both insoluble in water and can be prepared by direct reaction
of a soluble metal salt and thiocyanate source. The synthesis of
Cu(NCS), can be challenging, due to the instability of this com-
pound to Cu(NCS), and it can only be prepared at high concen-
trations. It will disproportionate on prolonged exposure to water
forming Cu(NCS) and a mixture of by-products. The difficulty
of preparing pure phase Cu(NCS), meant its structure was de-
termined 180 years after the first report of its existence. 304244
Fe(NCS), is the least chemically stable of the reported Ni(NCS),
structured frameworks, oxidising in air, although other com-
pounds are sensitive to moisture: Mn(NCS), is deliquescent and
Co(NCS), can be hydrated under humid conditions.2? Thermo-
gravimetric analysis suggests that these compounds are thermally
stable in inert atmosphere up to approximately 300°C,=22 though
Hg(NCS), has long been known for its notable for its spectacular
thermal decomposition in air to carbonitrides and mercury sul-
fides and oxides, the so-called ‘Pharaoh’s Serpent’ reaction. 546
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Fig. 4 Ba(NCS), structure type viewed along the (a) b and (b) ¢ direc-
tions, adopted for M(NCS), where M = Ca, Sr, Ba, Pb and Eu.

These frameworks are also the only characterized binary thio-
cyanates containing paramagnetic ions (there are no magnetic
measurements of Eu(NCS),). The first property measurements
of Mn(NCS),, Ni(NCS), and Co(NCS), included magnetic sus-
ceptibility measurements over limited temperature range, which
indicated significant antiferromagnetic interactions.4Z These ini-
tial measurements were built upon, and long-range antiferromag-
netic order has now been found in Ni(NCS)z, Co(NCS)zm,
Cu(NCS),,2% Mn(NCS), 2238 and Fe(NCS),.22 Subsequent neu-
tron diffraction revealed unusual layered antiferromagnetism in
Ni(NCS) 2,, and density functional theory calculations suggest
that these materials, like the analogous metal halides, may be
delaminated to produced 2D magnets.*8 Despite the propensity
for transition metals to adopt a variety of oxidation states, only
Cu has fully characterized compounds in an oxidation state other
than +2 (Section. Hg(NCS) has been reported to form,@' as
has Fe(NCS)3, though nothing beyond their apparent com-
position is known. This family has series of unusual pharmacolog-
ical functions, acting as both poacher and gamekeeper: Co(NCS),,
can be used as a test for the presence of cocaine,@ and Cu(NCS),

is a component in salts designed to obscure the presence of the
drug 5354

2.2 Ba(NCS),

The second most common structure type is the 3D Ba(NCS),
structure which forms for the alkaline earths Ca, Sr, Ba, and other
large divalent cations such as Pb and Eu (Fig. E) They all
crystallize with the C2/c space group and contain one crystallo-
graphically independent M2+ cation and NCS~ anion. Each M
cation is coordinated by four N atoms and four S atoms in a dis-
torted square antiprism. These polyhedra edge-share along the
c-axis through N atoms, and corner-share in the ab-plane. Each
NCS~ anion is coordinated by four M2* cations in a distorted
tetrahedron, and simplification of the structure by considering
only the centre-of-mass of the NCS™ anion reveals a distorted flu-
orite structure. These compounds can be synthesized by reaction
between NaNCS and MClI, in sealed glass ampoules. Ba(NCS),,
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S) (e) B-2H-Cu(NCS)

o,

Fig. 5 Structures of the polymorphic Ag(l) and Cu(l) thiocyanates. Struc-
ture of (a) a-Ag(NCS) containing Ag, dimers and (b) f-Ag(NCS). Argen-
tophilic interactions highlighted by red lines. Structures of (¢) o-Cu(NCS),
(d) B-3R-Cu(NCS) and (e) its polytype B-2H-Cu(NCS).

Ca(NCS), and Pb(NCS), can be formed through dehydration
of the readily synthesisable hydrates. Ba(NCS),-3H,0O is a
convenient starting point from any thiocyanate that is synthe-
sized in water due to the insolubility of BaSO,. Eu(NCS), is
the only known binary thiocyanate containing a paramagnetic
ion that does not adopt the Hg(NCS), structure, though its mag-
netic properties have not been reported. As an isotypic family,
Eu(II) can be doped into the other non-fluorescent members hosts

to produce materials with green fluorescence at low tempera-
tures. 2200

2.3 Coinage metals

The most polymorphic metal thiocyanates are the monovalent
group 10 metals, Cu(NCS) and Ag(NCS), which have three
and two distinct polymorphs (Fig. [5). Cu(NCS) has tetrahe-
dral Cu(I), coordinated by the S and one N atom, and equally
each S atom coordinates to three Cu and each N to one Cu,
i.e. NCS™ is also tetrahedrally coordinated. Like other bi-
nary tetrahedral compounds this leads to extensive polymor-
phism.m There are three reported crystal structures: or-
thorhombic Pbca o—Cu(NCS)©€3, P63me 2H—B—Cu(NCS) and
R3m 3R—ﬁ—Cu(NCS).@ All of these compounds have in common
honeycomb-like CuS layers. 2H—f and 3R—f have thiocyanates
all point in the same direction, yielding polar structures, and in
the a phase the thiocyanates alternate up and down in a stripe
order pattern, producing a non-polar structure. The two distinct
B polymorphs (which have been confusingly allocated the same
Greek letter label) differ only in the stacking of the CusS layers rel-
ative to each other, i.e. they are polytypes. 2H—f3 has AB stacking,
analogous to wurzite, and 3R—f has ABC stacking, analogous to
sphaelerite. The various polymorphs are all slightly soluble in wa-
ter, and can be prepared through various routes, including slow
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evaporation of solutions of Cu(NCS) in aqueous Na(NCS) solu-
tion and spontaneous reduction of aqueous Cu(NCS),(NH;), so-
lutions 63164

There are no reports of phase transitions on heating or cool-
ing in Cu(NCS), with powder diffraction measurements from
80 to 400 K on 2H-f showing no phase-change and modest
thermal expansion, (¢ = 10.5 MK~!, o, = —1.2 MK~1).65 In-
deed, the thermal expansion is considerably smaller than pre-
dicted through DFT using the quasiharmonic approximation.@
High pressure Raman spectroscopy and powder X-ray diffraction
measurements suggest that 2H- phase transforms slowly into o
above 4 GPa, before irreversibly amorphising through polymeriza-
tion.67 Cu(NCS) is of particular interested as the extended CuS
layers allow for significant electronic delocalization and hence p-
type transparent conduction.®334 cu(NCS) is solution process-
able and has been explored as a hole transport layer in solar
cells 68

Ag(NCS) has two reported polymorphs. B-Ag(NCS) has a
structured related to that of a-Cu(NCS) and comprises AgS;N;
tetrahedra connected by thiocyanates into a tetrahedral network,
with a honeycomb type AgS layer with alternating up-and-down
thiocyanates.70 -Ag(NCS) contains AgS;N tetrahedra, but is
quite distinct from the other structures. The tetrahedra edge-
share, and the bond lengths vary significantly. It can alterna-
tively be thought of as consisting of 1D chains running along
approximately the [101] direction, analogous to the structure
of Ag(CN), connected by longer Ag-S into a 3D network. a-
Ag(NCS) has a shortest Ag-Ag distance of 3.28 A and two further
Ag atoms at 3.30 and 3.41 A, strongly suggestive of significant
argentophilic interactions, common in the silver cyanides. 7173
The argentophilic interactions form a 3D network with the srs
or (10,a) topology and it is likely that these interactions are re-
sponsible for the unique structure of a-Ag(NCS). Ag(NCS) is
very insoluble and can be prepared by precipitation from aque-
ous solution from soluble Ag* and NCS~ salts.79 B-Ag(NCS) is
favoured by rapid precipitation, acidification and the presence
of gelatine.7? Variable temperature powder neutron diffraction
study of the o phase on cooling shows small positive thermal ex-
pansion along the a direction, and larger expansion along » and
¢ directions (4.0 MK~!, 30 MK—! and 54 MK~! respectively), but
no phase transitions were observed down to 25 K.Z1

2.4 Alkali metals

The structures and bonding of alkali metal thiocyanates are much
more ionic than other metal thiocyanates (thallium has been in-
cluded in this section due to the similarity of its chemistry) (Fig.
[). As metal pseudohalides, they adopt structures similar to the
NaCl (Na, Li) and CsCl structures (K, Rb, TI, Cs) [80H83] The
ionic bonding means that order-disorder transitions are a com-
mon feature of these compounds, like other metal pseudohalides,
with phase transitions to plastic phases reported for K(NCS),
Rb(NCS), TI(NCS) and Cs(NCS).76-80

Sodium and lithium thiocyanate both adopt rocksalt-like struc-
tures with space group Pmcn, in which both the N and S termini
are bonded to three metal ions, and each metal ion is coordinated

Pbcm b

Tl: 383K
K: 415K
Rb: 434K

Pnma

‘CSZ47OK
W\

no phase
transition

b

b —
14/mem Pm3m

Fig. 6 Structures of the alkali metal and TI(I) thiocyanates, including their
phase transitions. (a) Li(NCS) and Na(NCS) adopt rocksalt derived struc-
tures. (b) K(NCS), Rb(NCS) and TI(NCS) have CsCl-like structures,
and undergo phase transition on heating to an anion disordered tetrago-
nal phase.”8178 (c) Cs(NCS) has a different CsCl derived structure which
transforms into a cubic phase shortly before melting.€9

by three N and three S atoms.7#75 Phase transitions are reported
to be absent for Na(NCS) on heating or cooling, or on pressure up
to 4 GPa.®4 Lithium thiocyanate is an Li ion conductor due to the
presence of Li vacancies in typically synthesized samples.

K(NCS), Rb(NCS) and TI(NCS) all adopt the same ordered or-
thorhombic Phcn structure at room temperature, with eight coor-
dinate NCS, four through the N terminus and four through the
S, and eight coordinate metal, both in a distorted cubic coordi-
nation. 8183 op heating, T. = 415 K for K, 434 K for Rb and 383
K for Tl, a high temperature /4/mcm tetragonal structure forms,
closely related to the low temperature form, but with head-tail
NCS disorder. 7778182 The weakly first order transition has been
extensively studied for K(NCS) 7687 and is well approximated by
a pseudospin model.88 On compression, a series of additional
phases have been reported to exist from thermal analysis and Ra-
man spectroscopy measurements. This suggests that in addition
to the room-temperature ambient ordered II phase and high tem-
perature I phase, there are five additional high pressure phases,
though there are as yet no diffraction studies confirming their
structures, 84189

Cs(NCS) has, like the other larger metal thiocyanates, a struc-
ture related to the CsCl structure, with eight coordinate Cs* and
NCS~. However, both the low temperature ordered phase and
high temperature phase are different from the K(NCS) structure
type, with a more distorted low temperature Pnma phase and a
high temperature maximally symmetric Pm3m cubic phase, with
complete orientational disorder of the NCS~ anion.8 The order-
disorder transition is first order and the high temperature cubic
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phase exists only in a narrow temperature window, between 470
K and its melting point of 479 K. The symmetry relationships be-
tween the Cs(NCS) and K(NCS) structure types, and their phase
transitions have been determined by Shlyaykher et al. .82

Na(NCS) and K(NCS) are both readily commercially avail-
able. Rb(NCS) and Cs(NCS) can be prepared either by reac-
tion of NH, (NCS) with M,(CO3) in water, or by salt metathesis
between M, (SO,) and Ba(NCS), and filtering off the insoluble
BaS0,,.2H82R0 1i(NCS) - H,0 is also commercially available, and
the anhydrate can be prepared through careful dehydration.’”>
Although this review focusses on the solid metal thiocyanates,
it is worth noting that the low melting points of ionic metal thio-
cyanates means that they have significant liquid state chemistry as
molten salts/ionic liquids. 842192 Recent reports also suggest that
solid solutions of Cu(I) and Zn(II) thiocyanates may also melt,
though inhomogeneously. 22

2.5 p-block and late transition metals

The remaining binary metal thiocyanates, Sn(NCS),,”*
Bi(NCS)5,19 Sb(NCS),,% Cd(NCS),2%97 and Zn(NCS),%®
each adopt a unique structures (Fig. . Zn(NCS), has a
tetrahedrally coordinated Zn, with two distinct sites, one ZnN,
and the other ZnS,, and four distinct NCS™~ anions each of which
bridges two Zn atoms.28 This leads to a P1 van der Waals layered
structure, analogous to the SiO, bilayer. 22 The first report of the
structure of Zn(NCS),, refers to it as f—Zn(NCS),, which implies
the existence of —Zn(NCS),, perhaps of lower symmetry, and
although the analogy to SiO, suggests polymorphism is feasible,
I have found no further details of an alternate phase.

Cd(NCS),, crystallizes in P2;/c and has only a single cdz*
site, octahedrally coordinated by thiocyanate to produce a trans-
CdS4N, coordination polyhedron.?®®7 Every thiocyanate has the
S-terminus doubly coordinated, and the N-terminus singly coor-
dinated. Thus far the description of Cd(NCS),, is identical to that
of Ni(NCS),, however in Cd(NCS), there are two distinct NCS~
ions, and the overall connectivity of the framework is 3D. The
structure is thus analogous to the MnO, ramsdellite or AI(OH)O
diaspore structure-types. 100101

Sn(NCS), adopts a unique structure and crystallizes in P1 with
a prominent stereochemically active lone pair.?* There is a sin-
gle Sn ion, which is three-coordinate, SnN,S, with one N-bound
terminal NCS~, and two bridging NCS™ anions. This produces
a 1D coordination polymer connected into 2D sheets via weak
supramolecular Sn---S interactions, which might be considered
‘tetrel-bonds’.192/ The low symmetry of the structure means that
the bond lengths vary widely and alternative descriptions are ad-
mitted. Sn(NCS), appears to be a promising electron-transport
layer for photovoltaic devices!03104 Tin(1I) thiocyanate crystal-
lizes from aqueous solution of Sn(SO,) and Na(NCS), whereas
Zn(NCS), and Cd(NCS), can be prepared by salt metathesis be-
tween the metal sulfate and Ba(NCS), in water.

Bi(NCS); can be synthesized as a orange-yellow crystals
through the slow evaporation of aqueous H3[Bi(SCN)¢] solu-
tions obtained by the acid-base reaction between ethereal HSCN
and Bi,0,(C0O;).1¢ Like Sn(NCS),, it also has stereochemically
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active metal ions, crystallising in P1, however it is the most
structurally complex of all the reported metal thiocyanate bina-
ries, with two distinct metal ions and six distinct NCS™ ions.1©
Both bismuth sites are very distorted, Bil has four short bonds,
BiN,S,, but including longer bonds can be considered to be seven
coordinate, BiN,Ss; Bi2 considering short bonds is a very dis-
torted octahedron,BiN,S,, but has an additional short contact to
third N atom to make a seven coordinate {BiN_3S 4} coordina-
tion. These larger (seven vertex) polyhedra directly edge-share
through one nitrogen and one sulfur, and are connected into a 3D
framework through the length of the thiocyanates.

Sb(NCS)5 can be obtained as colourless crystals by removing
THF from the relevant solvate, itself synthesized from the reac-
tion of SbF; and trimethylsilyl isothiocyanate. 23l 1t crystallizes in
the high-symmetry yet polar I4cd space group, with a very sig-
nificant stereochemically active lone pair. Considering only the
shortest bonds it can be thought of as comprising solely of molec-
ular Sb(NCS) units. If slightly longer (3.1 A) Sb-S bonds are con-
sidered, the Sb(III) cation has distorted octahedral coordination,
SbNj5¢4. These octahedra edge-share (through the length of the
thiocyanate) to form infinite chains. These chains corner-share
(though only on alternate layers) to form a 3D network. For these
main-group and d'0 transition metal elements, the lack of crystal-
field stabilization energy appears to permit a much wider variety
of structure types, and indeed the presence of significant stereo-
chemically active lone-pairs in Sn(II), Sb(III) and Bi(III) produces
the most complex reported binary metal thiocyanate structures.

2.6 Missing binary thiocyanates

The above compounds are the 23 binary metal thiocyanates with
reported crystal structures. Nearly all stable (and some radioac-
tive) metals have been reported to form complexes with thio-
cyanate,” and it is likely stable binary metal thiocyanates can also
be formed for nearly all metals too. Indeed, 13 further metallic
elements have been reported to form binary thiocyanates, leav-
ing only 24 non-radioactive metallic elements with no reports at
all (Fig. [I). The 37 binary metal thiocyanates without struc-
tures are likely challenging to synthesize in part due to the need
to simultaneously bond both ends of the thiocyanate with their
different chemistries, and the propensity to form stable solvates
rather than extended frameworks. Below I briefly outline the
missing 37 binary metal thiocyanates, and where their synthesis
and compositions has been reported, the current state of knowl-
edge. The lack of full characterization for many of these com-
pounds means that these should be treated with caution. Even
in materials without complete characterization it is notable that
there are currently very few reports of variable oxidation states
in metal thiocyanates, even though it is likely that multiple ox-
idation states of some binaries can be prepared (particularly of
transition metal thiocyanates).

The first class of missing binaries are those formed from the
hard, oxophilic metals, where although M-NCS bonds are facile to
form, M-SCN is not competitive with most solvents. There are two
missing group 2 thiocyanates, Be(NCS), and Mg(NCS),. Beryl-
lium thiocyanate complexes are known,192 but the solid state

https://doi.org/10.26434/chemrxiv-2024-tsqzh ORCID: https://orcid.org/0000-0002-0408-7647 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-tsqzh
https://orcid.org/0000-0002-0408-7647
https://creativecommons.org/licenses/by/4.0/

Fig. 7 Structures of p-block and late transition metal thiocyanates. (a) Zn(NCS),, viewed along the ¢ direction (left) and normal to the ab layers. 6-rings
of the distorted honeycomb shown in bright green. (b) ramsdellite-like Cd(NCS),, (c) 1D chain Sn(NCS),, (d) Sb(NCS); viewed along the polar c-axis

and (e) Bi(NCS); with two symmetry distinct Bi atoms.

preparation has rarely been attempted, and appears to be chal-
lenging. Mg(NCS), -xH,O has been extensively studied and
investigation of its dehydration suggests that preparation of the
anhydrate from the hydrate is not feasible and previous reports of
Mg(NCS), were erroneous.197 Likewise the oxophilicity of group
3 and lanthanide elements means hydrates are readily formed.
Attempts to synthesize Sc(NCS)4 from solution readily produce
solvates of stoichiometry Sc(NCS);L5, though a poorly character-
ized ‘yellow scandium trithiocyanate’ has been hinted at, 108109
Other group 3 and lanthanide binary thiocyanates are unknown,
though many octahedral molecular solvates Ln(NCS);L; and ho-

moleptic anionic complexes with N-bound thiocyanate have been
reported. 11O1LL

Moving right along the periodic table, the synthesis of Ti(NCS) ,
has been reported by the desolvation of THF solvates at 150°C
under vacuum, producing a red-black crystalline powder. Anal-
ysis of the IR spectrum of Ti(NCS), suggests octahedrally coor-
dinated Ti cations with at least some bridging NCS~ anions. 112
These data thus imply the structure is more similar to TiF,, a
1D structure comprising corner-sharing TiF¢ octahedra, 13 rather
than the later halides, TiX,, X = CI, Br, I, which are all tetrahedral
molecular materials, with no Ti—X—Ti bridges. There are
no reports of Zr(NCS), or Hf(NCS),, though the DMF solvates of
both are reported.Im It is worth noting that one of the few ways
to readily separate Zr and Hf is by preparing the thiocyanato oxo-
hydroxy metal complexes, and so it is possible that Zr(NCS), and
Hf(NCS), will have different structures and chemistries. 118

All binary group 5 thiocyanates are attested, with the most
thoroughly investigated being V(NCS)5;, which can be made
through salt metathesis in diethyl ether between NaNCS and
VCl;, producing a red-brown powderm. V(II) and V(IV) thio-
cyanate complexes are also stable, though only solvates have

been reported. Nb(NCS); and Ta(NCS); are reported to
be dimers on the basis of IR spectroscopy, and were prepared by
desolvation of the acetonitrile solvates.122

Group 6 binary thiocyanates are less well understood.
Cr(NCS),L, is well known for a range of solvents, but the an-
solvate has not proved possible to prepare, likely in part due
to the high sensitivity of Cr(I) to oxidation.37123 Cr(NCS), is
reported to be a deliquescent dark green powder, though char-
acterization is scant.1® A variety of solvated Mo(V) and W(VI)
thiocyanates can be made through the reaction of K(NCS) or
Na(NCS) with MoCl; and WCly in organic solvents forming dark
red (Mo) or dark brown (W) crystals, but desolvation was not pos-
sible by applying a vacuum.12% Oxothiocyanato metal complexes
are common in these high oxidation states,225"127 but lower
oxidation-state molecular molybdenum and tungsten thiocyanate
complexes with coligands and/or additional counter cations are
common and can include metal-metal bonding. DFT inves-
tigations of the binary Mo(NCS), and W(NCS), suggest they are
stable and adopt layered structures, analogous to the Hg(NCS),
structure, though with trigonal prismatic metal coordination and
metal-metal bonding.T3I The computational stability of these hy-
pothetical layered structures relative to cluster structures, e.g. a
Mg (NCS);, hexametallic cluster, is not reported, despite these be-
ing the stable structures of the analogous halides.132

The 3d late transition metals all form divalent binary thio-
cyanates with the Ni(NCS), structure, as described above,
though other oxidation states are unknown except for hints of
Fe(NC53). The late 4d- and 5d-block binary metal thio-
cyanates are much less well understood in contrast. Technetium
and rhenium thiocyanate complexes are known in a variety of
oxidation states, 34135 byt there are no reports of the binary
compounds aside brief discussion of an orange-red solid complex
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formed on reaction of ReO, with KNCS and SnCl,, of probably
composition Re(NCS), or ReO(NCS),. 1361137

Rh(NCS), is reported to be a brown powder formed by the
reaction of Rh,(CCl;C00,), dimers with potassium thiocyanate
which is insoluble in water, though the presence of an infra-red
absorption band at 1614 cm~! suggests perhaps more extensive
reaction than simple salt metathesis has occurred.138 The syn-
thesis of Rh(NCS); and Ru(NCS)4 as orange-red (Rh) and dark
brown (Ru) powders from the salt metathesis in acetonitrile be-
tween K(NCS) and the metal trihalide has been reported. 1321140
There are no reports of the synthesis of binary Os(NCS)x or
Ir(NCS)x though both are likely to be stable in the +3 oxidation
state as implied by the existence of molecular [M(NCS)6]3‘ an-
ions*1142 T note that Os(NCS); is likely to be the best candidate
for a magnetic ReO5-structured metal thiocyanate as it has the
most extensive linkage isomerism with thiocyanate of any param-
agnetic metal.143

Pd(NCS),, Pt(NCS), and Au(NCS) have all been reported and
chemical elemental analysis suggests they are pure phase com-
pounds. Pd(NCS), and Pt(NCS), are reported from the thermal
decomposition of M(NCS),(NH,),. 44145 Aurous thiocyanate
has also been reported to form as a white powder of by thermal
decomposition of the organometallic complex [Et,Au(NCS)],
through addition to hot xylene (125°C). Warning: the decom-
position of the solid [Et,Au(NCS)], at temperatures above 80°C
is reported to be explosive. 146 Au(NCS), has been reported to
form from the reaction of excess AuCl; with soluble alkali metal
thiocyanate salts, though further detail of the synthesis and char-
acterization is unreported.'1>

The only crystal structure of a group 13 binary thiocyanate is
TI(NCS), however many more should exist. A number of routes
for the synthesis of In(NCS)5 have been reported: salt metathe-
sis in ethanol between Na(NCS) and InCl;; metathesis in water
between Ba(NCS), and In,(SO,)s; reaction between In metal
and Hg(NCS), and sulfuration of In(CN,).147148 Analysis of X-
ray powder diffraction measurements suggests cubic cell of 12 A,
which implies a ReO;-type model consisting of alternating InNg
and InS, octahedra, though there is no atomistic structural model
or quantitative refinement of the diffraction data.14Z This struc-
ture would be related to the observed CsCd(NCS)4 structure (Sec-
tion . 147/ An analogous route to create Ga(NCS)s, that is the
aqueous metathesis reaction between Ba(NCS), and Ga,(SO,)5,
produced a hydrate with N-bound thiocyanate which could not be
further dehydrated."!42 The formation of a stable N-bound thio-
cyanate hydrate is also reported for aluminium, though again de-
solvation was not possible.1>? The potential for TI(II) or In(I)
thiocyanates has not been extensively explored, though the aque-
ous reaction of TICl; with KNCS has been reported to oxidize
NCS~ to HCN and H,S0,.1>!

In addition to the well-known Pb(NCS), and Sn(NCS),, group
14 metal thiocyanates with +4 oxidation state should be feasible.
Sn(NCS), is reported to form from the reaction of thiocyanogen
(NCS), and Sn(OH),, in ethereal solution,>2 though without any
further characterization.
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3 Ternary Metal Thiocyanates

In addition to the binary metal thiocyanates outlined above, there
are many more solid-state inorganic metal thiocyanates with
more complex compositions. In this review I have restricted dis-
cussion to the ternary homoleptic thiocyanates, A;M,(NCS),, as
they illustrate the distinctive features of metal thiocyanate chem-
istry. Ternary thiocyanates can be broadly classified by the di-
mensionality of the coordination framework: 3D-, 2D- and 1D-
connected frameworks, and OD salts containing only discrete
metal thiocyanate complexes.

3.1 3D: Perovskitoid

There are two main families of 3D frameworks which can be
realized for a wide range of compositions: perovskitoid, based
on octahedrally-coordinated metals, and diamondoid, based on
tetrahedral metals. In common with other metal thiocyanates,
the different chemistries of the N and S termini is key, and means
that in both cases, ‘double’ structures with alternating cation-
order predominate. The distinctiveness of each end of the lig-
and means all reported metal thiocyanate perovskitoid and di-
amondoid structures are containing alternating MN,, and MS,
polyhedra. This means most of these materials use two differ-
ent framework-forming metal ions: a harder metal for the MN,,
polyhedron, and a softer metal for the MS,, polyhedron.

The perovskitoid structures comprise corner-sharing octahe-
dra linked by a single p; coordinated thiocyanate potentially
with cations contained with the pseudocubic cavity (Fig. [g).
Like the non-molecular perovskitoid analogues, these metal thio-
cyanates are an extremely diverse family. I have also included
here some perovskitoids of more complex stoichiometry, to sit-
uate the chemistry of these materials within the broader family
and highlight some of the unique structural features. The limited
range of softer metals means currently known NCS-perovskitoids
can be classified into three families by the identity of the
MS, cation: AXM[Bi(SCNG)y],16‘154 155 AxM[Pt(SCN)(11%? and
AxM[Cd(SCN)¢] 15311561157 The occupancy of A site cation varies
from x = 0, (i.e. an ReO; or Prussian Blue type structure>%), to
x =2, the standard perovskite stoichiometry.

The very first known perovskitoids were M[Pt(SCN)¢], M = Fe,
Cu, Co, reported by Buckton in 1856,12 though the stated stoi-
chiometry was wrong due to the incorrectly determined masses
of N and S at the time, and the lack of structural characteriza-
tion techniques available at the time precluded an understand-
ing of its perovskitoid structure. Recent work has determined
the structures of not only these, but also M = Mn and Ni, 22|
Although Buckton’s initial report was understandably lacking in
diffraction-based characterization, it did include an unlikely to
be replicated thorough gustatory characterization, highlighting
the “exceedingly nauseous taste” of soluble [Pt(SCN)6]4‘ com-
pounds. In addition to the perovskitoid structured compounds,
Buckton also reported K,[Pt(SCN)s] (Buckton’s salt), now par-
tially structurally determined (Section, 159 and otherwise un-
known compounds of [Pt(SCN)6]4‘ with Hg, Ag, Pb and Au.
Other platinum-based perovskitoids are very likely feasible. 162

The first metal thiocyanate perovskitoid to have its structure
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determined was CsCd(NCS)4 and it is unusual. Rather than hav-
ing distinct hard and soft cations on the MN¢ and MSg sites, it has
Cd ions on both. The Cs* cation reside in the pores of the anion
framework. 153 Larger cations can also be incorporated within this
framework, as shown by [(CH3)BS]2{Cd[Cd(SCN)6]}. Cad-
mium thiocyanate perovskitoids can also occur with mixed met-
als, where the MNg site is occupied by a harder first-row transition
metal, including A, {Ni[Cd(SCN)¢]} A = K, NH,, (CH;),NH, and
[(CH3),NH,],{Mn[Cd(SCN)1}. 1561157

The use of Cr[Bi(SCN)¢] to quantitatively analyse the pres-
ence of bismuth in solution date from the 19305, but
its structure was determined only recently, together with the
isostructural Sc[Bi(SCN)4] and Fe[Bi(SCN)G].lm Other bismuth-
based perovskitoids containing divalent transition metals and A
site cations are now known, including both A{Ni[Bi(SCN)4]1},
A K, NH,; and CH3;NH;, and more complex stoi-
chiometries: C(NH2)3{Ni[Bi(SCN)6]5/6}, Mn,Bi(NCS),-7H,0,
COgBig (NCS)4¢ - 38H,0, MgBis(NCS)4,-16H,0-3NH, M = Ni,
Co I3

As perovskitoids, multiple orderings lowering the symmetry
from the Pm3m naturally arise. Rocksalt ‘M’ site order is strongly
enforced in all known NCS perovskitoids, due to the prefer-
ence for MSy and MNg octahedra. The fact that the S-terminus
binds in a bent fashion imposes large cooperative tilts, meaning
that NCS perovskitoids have tilts along every axis, which com-
bined with the presence of the rocksalt order means only six sim-
ple tilt-sequences are possible, in the Glazer notation atata™,
atbtct,a a a ,a b ¢, a*b*b*,aﬂz*c*. Of these, the
MI[Pt(SCN),] perovskitoids adopt the a~h~ ¢~ sequence and most

SCN)gl} .18

MI[Bi(SCN)4] and M[CdA(SCN)4] compounds adopt the atb—b~
sequence. As the sulfur bond angle guarantees a tilted struc-
ture, larger cations (e.g. molecular cations) induce complex tilts,
e.g. CH3NHg{Ni[Bi(SCN)¢]} adopts the atpT T ¢t~ tilt,
or cation vacancies, e.g. C(NH,)4;{Ni[Bi(SCN)¢];5 /6 t0 accommo-
date them.I54 The greater coordinative flexibility of perovskites
with Cd(NCS)g or Mn(NCS), octahedra, allows for unconven-
tionial tilts and columnar shifts (a degree of freedom impossible
in non-molecular perovskites), particular in the presence
of larger cations, whether molecular or Cs*. 153157 (CH3)39)*
is the largest A site cation reported in a thiocyanate perovski-
toid, and when even larger cations are used which cannot be
included within the cages non-perovskite phases start to form,
most typically a 1D face-sharing chain CsNiCl;-analogue struc-
ture type. 167169

There are also potential orderings associated with the A-site. In
general, molecular A-site cations are orientationally ordered due
to the low-symmetry of the frameworks™>%, but an order-disorder
phase transition has been found in (NH4)2{Ni[Cd(SCN)6]},
and A-sites are often disordered in frameworks containing B-site
vacancies. 154155 1n perovskites with partial occupancy of the A
site, the tilts strongly couple to the A-site order, producing com-
plex orders not found in non-molecular perovskites, which have
the potential to produce electrical polarity.

3.2 3D: Diamondoid

For tetrahedral metals bound by thiocyanate, the 1:1 hard:soft
stoichiometry typically produces a diamondoid net, comprising
alternating MN, and MS,, tetrahedra (Fig. E[) This structure type
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(a)

Fig. 9 Structures of (a) diamondoid Co[Hg(SCN),] and (b) the related
Cu[Hg(SCN),4].

was first determined by Jeffery for CoHg(SCN) 4, historically
widely used in microanalysis and as a calibrant for measures of
magnetic susceptibility, though there is both a significant easy-
plane zero field splitting, with D = +10.6(5)cm ™!, and weak su-
perexchange zJ = —0.2(1)cm ™! 28 A5 this family crystallizes in
the polar /4 space group, these compounds are also of interest for
their non-linear optical properties, particularly ZnHg(SCN) 4}@
MnHg(SCN),, and FeHg(SCN),,. 172

The structure is now known for M[Hg(SCN),] for M =
Zn, 171 co,17 Fe, 172/ Mn, 172 ¢d;173 and zn[Cd(SCN),]. 174175
Cu[Hg(SCN),] adopts a related but distinct structure contain-
ing square planar Cu(NCS), ions, which has two subtly different
monoclinic and orthorhombic polymorphs. Ni[Hg(SCN),]
is not known, with hydrates and methanolates forming instead
(likely due to the difficulty of preparing tetrahedral Ni(1I)).178
The crystal structure of a related composition, NiHg, (SCN), has
been reported but the unphysical NiNg coordination sphere, with
N—N distances as short as 1.64 A, and N—Ni—N angles of 50° sug-
gests the structure is incorrect. 172 The true structure may be re-
lated to the complex structure of MnHg, (SCN)¢ (Section.

3.3 3D: Other Structures
There a number of other more complex, 3D framework struc-
tures reported, formed from a mixture of tetrahedral and octa-
hedral cations or other coordination geometries, though connec-
tions to the perovskitoid and diamondoid can be often be made
(Fig. . Zn4Bi,NCS; is polymorphic, with both polymorphs
assembled from ZnN, tetrahedra and BiSg octahedra connected
by NCS~, with multiple symmetry independent Bi and Zn sites
in each structure. The topologies (clw1 and clw2) of these two
structures are otherwise unknown in the ToposPro database ™81,
a-7Zn,Bi,NCS, is of particular interest as it can be thought of as
comprising Zn[Bi(SCN) 4]-perovskite type layers, with every other
layer containing an addition Zn,* cation connecting them. 155
Zn[Ag,(SCN),] is assembled from corner-sharing ZnN, and
AgS, tetrahedra which are connected through the length of
the NCS ligands, but each S atom is shared between two
AgS, tetrahedra, meaning NCS~ is three coordinate. The ex-
tended inorganic connectivity is reminiscent of semiconducting
Cu(NCS). 182183
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Fig. 10 Structures of 3D ternaries. (a) Rb[Bi(SCN),] has an anionic
[Bi(SCN)]™ framework, (b) B-Zn3Bi,NCSq is assembled from BiSg and
ZnN, polyhedra. (c) ZnAg(SCN), comprises ZnN, and AgS, tetrahe-
dra with 3-coordinate S. (d) a-Zn3Bi,NCSg consists of ZnBi(SCN), per-
ovskite layers connected by Zn(NCS), tetrahedra.

RbBi(SCN), structure is related to both the perovskite and post-
perovskite structures, with edge-sharing chains, corner-sharing
in the perpendicular directions to form a 3D network. The Rb*
cations sit within the pores of this structure.’®¥ Literature reports

make clear that many more 3D ternary thiocyanate frameworks,
are feasible,24/185H191]

3.4 2D Layers

There are a number of different ternary metal thiocyanates with
primarily 2D connectivity (Fig. [L1). The most widely explored is
the post-perovskite structure, first reported for Rb[Cd(SCN)?,],IEI
and later expanded to Cs[M(NCS);], where M = Ni, Co,

(a) Cs[Mn(NCS),]

(b) Zn[Pb(SCN),] (c) KIAg(SCN),]

Fig. 11 Structures of the layered ternary metal thiocyanates. (a) Post-
perovskite Cs[Mn(NCS);], (b) Zn[Pb(SCN),] with its (110) block per-
ovskite structures and (c) K[Ag(SCN),] formed from edge- and corner-
sharing AgS, tetrahedra.
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Mn 21192 These materials, like the perovskites, are formed from
two different metal coordination environments, but in this case
they are MS,N, and MS,N,. These polyhedra edge-share through
the length of the NCS™ ligand with polyhedra of the same kind
and corner-share with the others, to form anionic sheets of com-
position [M(NCS);]~, with the counter-cation lying between
them. The post-perovskite oxides and halides are typically formed
at GPa to 100 GPa pressures, e.g. MgSiOs, 1931194 CalrO, 192l and
NaMF; (M = Mg, Zn, Ni, Co, Fe)1267200, and so the relative ac-
cessibility of thiocyanate post-perovskites has allowed for more
detailed investigation of their magnetism.3!

Pb[Zn(NCS)4] comprises Pb(SCN)4 octahedra and Zn(NCS),
tetrahedra, both significantly distorted and connected into neu-
tral layers.18 Unlike the other discussed ternaries thus far, there
are direct Pb—S—Pb connections in this structure and the PbS,
substructure thus resembles a 2D perovskite with {110} type lay-
ers, e.g. the MnF, substructure in BaMnF,,.201

MnHg, (SCN)¢ has a large number of distinct metal environ-
ments, with four different Hg sites and two different Mn sites. 189
All Hg atoms form part of Hg, (SCN)¢ dimers of tetrahedra, with
one dimer consisting of edge-sharing Hg(SCN),, tetrahedra linked
through the S atoms, and the other containing one Hg(SCN),
tetrahedron and one Hg(NCS)(SCN), tetrahedron, edge-sharing
with one M-S-M bridge and one M-SCN-M bridge. One Mn is
octahedrally coordinated and the other has unusual square pyra-
midal coordination. The Hg, dimers when considered as a unit
are five or six coordinate, like the Mn ions, and are connected in
an alternating fashion through the length of the thiocyanate lig-
and. The Hg, and Mn coordination polyhedra edge-share along
the c-axis, but are corner-sharing along the a-axis. The five coor-
dinate square pyramidal Mn and the five-coordinated Hg, dimer
are aligned along the a-axis and hence only have half the inter-
chain connections due to their reduced coordination numbers.
The layer structure can therefore be related to the M(NCS), layer
found post-perovskite structure, though with considerable addi-
tional structural complexity.

K[Ag(SCN),] is formed from AgS, tetrahedra which edge-
share through the S atom to create dimers, and then these dimers
corner-share through the S atom to form infinite anionic sheets.
The N-termini of the NCS~ anions point into the interlayer gallery
towards the K atoms. 2021203

3.5 1D Chains

Low-coordinate soft metals can, in the right stoichiometry, form
1D structures with thiocyanate and alkali metals (Fig. [12).
Rb,[Ag(SCN);] comprises a 1D chain of corner-sharing AgS,
tetrahedra.20* Similarly, Rb[Hg(SCN),] consists of chain of cor-
ner sharing HgS, tetrahedra connected through the S-atom of
the NCS~ ligand.1>% Cs[Hg(SCN),] also has a chain structure of
tetrahedra, but in this case, the tetrahedra edge-share through
S to form Hg,S¢N), dimers, which are connected through the
length of thiocyanate to form extended 1D connectivity. 123

The isostructural family M[Au(SCN),] M = K, Rb, Cs, have
an very different kind of chain structure, comprising linearly co-
ordinated Au(I) anions [Au(SCN),]~ stacked and connected by

(a) Rb,[Ag(SCN),] (b) KIAU(SCN),]

==tF=0
{ ‘.
a ;

(d)  Cs[Hg(SCN),]

Fig. 12 Structures of 1D ternary metal thiocyanates. (a) Rb,[Ag(SCN);]
comprising chains of corner sharing AgS, tetrahedra, (b) K[Au(SCN),]
consists of [Au(SCN),]™ anions connected through strong aurophilic in-
teractions, (c) Rb[Hg(SCN);] also consists of chains of corner-sharing
HgS, tetrahedra and (d) Cs[Hg(SCN);] contains edge-sharing dimerized
tetrahedra connected through a Hg—NCS—Hg linkage.

aurophilic interactions, with a slight alternation of Au-Au dis-
tance e.g. for K[Au(SCN),] day—au =3.04&3.00 A R0SIpifferent M
cations lead to slightly different da,_ay, which in turn produces
differences in the optical fluorescence.

3.6 0D Salts

The final class of ternaries are those with no extended coordi-
nation, which can be called salts, or vacancy-ordered deriva-
tives of framework-structures as appropriate (Fig. [I3). Coordi-
nation to alkali metals is neglected as the bonding is primarily
ionic, non-directional and hence not framework-forming. An-
ionic homoleptic metal thiocyanate complexes are probably the
most diverse family of metal thiocyanate compounds, but re-
ported crystal structures typically include organic countercations
or solvent BH1L212 There are thus surprisingly few crystal struc-
tures of purely inorganic ternary thiocyanate salts.

Most 0D metal thiocyanate structures have isolated metal cen-
tres, but there are two reported structures containing dimerized
Ag(D) tetrahedra, Cs,[Ag(SCN);] and K,[Ag(SCN),], compris-
ing edge-sharing AgS , tetrahedra, stabilized by intradimer argen-
tophilic interactions (dag—ag = 3.3 A) 2021204

The most diverse class of salts contain octahedrally coordinated
metals, i.e. [M(NCS),(SCN)¢_.]>~ anions, for which crystal struc-
tures exist for y from 2 to 4, and for x = 0 or 6, other values are
reported with organic cations and solvates. Na,[Mg(NCS)¢] has
a trigonal structure, P31c, built from two kinds of layers, the first
composed of alternating [Mg(NCS)6]4‘ and Na™ cations and the
second containing just Na* cations.2% Cs,[Mo(NCS),] is hexag-
onal, with columns of [Mo(NCS)6]3‘ anions with Cs™ cations
in between. The crystal structure shows very significant disor-
der which remains present down to 115 K.21¥ K, [Rh(SCN)],
despite the compositional similarity adopts a different structure
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(@  K,[Hg(SCN),] (b)

K,[PA(SCN),]

Cs,[Ag(SCN),]

A ;

(©) Na,[Mg(NCS),] (d) Cs,

[U(NCS),]
o

Fig. 13 Structures of metal thiocyanate salts. Example of salts with each kind of local geometry are shown: (a) tetrahedral K2[Hg(SCN)4], (b) square
planar K,[Pd(SCN),],297 (c) octahedral,Na,[Mg(SCN)¢]2% (d) square antiprismatic Cs,[U(NCS)g],2%9 (e) tetrahedral dimers in Cs,[Ag(SCN)5],2%4 and
mixed salts (f) K2Li(NCS)3, and Csg[Co(NCS),4]4(NCS), in which the non-bonded thiocyanate ion has been shown larger for clarity.

with isolated [Rh(SCN)6]3’ anions, but the structure (due to
limitations of contemporary crystallography) has no information
about the SCN~ ligand location.214 The limitations of historic
crystallographic analysis unfortunately also affect K, [Pt(SCN)¢]
and Rb, [Pt(SCN)¢], which are isostructural and crystallise in the
space group P3m1.159 The thiocyanate anions cannot be resolved,
but the arrangement of the alkali cations and [Pt(SCN)G]Z‘ anion
is likely an anti-CdI, structure type. 132

Next, there are four reported crystal structures with
four coordinate metals, tetrahedral ~ K,[Hg(SCN) 4]
and K3[Ag(SCN) 4] and the square-planar isostructural
K, (PA(SCN) 4) and K, [Pt(SCN),], both of which have weak
axial M-S bonds which would connect the square planar units
into chains.

The final family of coordination complexes are the eight coordi-
nate f-block metals. Cs5[Nd(NCS)g] has a NdNg coordination ge-
ometry intermediate between cubic and square antiprismatic,
whereas Cs,[U(NCS)g] has a square antiprismatic UNg coordina-
tion,2%9 Both crystallize with isolated anions in tetragonal space
groups, Nd in /4 and U in P4 /n.

In addition to these simple salts, there are complex salts for
which there are additional isolated thiocyanate ions, alongside
the thiocyanatometallate complexes. Csqy[Co(NCS)4]1,(NCS) con-
tains, in addition to the tetrahedral [Co(NCS) 4]2‘ anions which
stack on top of either other, free NCS~ anions. 211 K,Li(SCN),4
crystallizes in polar Pna2, space group, with the polarity largely
arising from the arrangement of NCS™ anions. If coordination

12| Journal Name, [year], [vol.], 1

bonds between the alkali metals and NCS~ were considered, the
structure could instead be thought of as a chain structure with
LiN,S tetrahedra bridged into chains through the length of a
NCS~ ligand. Each individual chain is polar and each chain has
the same polarity.

4 Conclusion

The chemistry of known metal thiocyanates is very rich and de-
spite this richness, there are likely many more compounds to be
discovered. The binary compounds presently known can be sepa-
rated into five broad categories: the layered octahedral structures
derived from the Ni(NCS), structure type; the distorted fluorite
eight-coordinate structures analogous to Ba(NCS),; the polymor-
phic tetrahedral structures found for Cu(I) and Ag(I); the ionic
NaCl and CsCl derived structures found for group 1 and TI* thio-
cyanates; and the complex framework structures found for the d'°
and p-block metals. These categories will likely become clearer
as more structures are discovered, and there are 37 metal thio-
cyanates yet to be structurally characterized, of which 24 have
not yet been reported at all.

Ternary thiocyanates naturally adopt a wider range of struc-
tures than the binaries. Two general themes are the prevalence of
perovskitoid and diamondoid structures and the frequency with
which a mixture of soft and hard metals occurs. There are un-
doubtedly many more ternary structures feasible, let alone qua-
ternary or higher order compositions. The complexity of some
of these structures is such that crystallography has been essential
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to determine the basic chemistries, with simple IR spectroscopic
rules of thumb sometimes being misleading.

Making connections between molecular framework and atomic
inorganic materials can be very productive, both better to under-
stand the structures of molecular framework materials and also
to suggest potential structure-types that have not yet been re-
alized in functional materials. Notably, none of the missing bi-
nary thiocyanates are present in the extremely large hypothetical
materials datasets recently produced.2167218 This perhaps arises
from the difficulty current computational approaches have with
molecule-containing materials, which are typically metastable
thermodynamically despite their synthetic accessibility. This re-
view also highlights that the experimental literature continues to
offer opportunities to discover new functions through reinvesti-
gation of known materials.21? For example there are nine binary
and ternary thiocyanates which are structurally two-dimensional
with neutral layers but that have not been investigated as poten-
tial monolayer materials (M(NCS),, M = Cu, Ni, Co, Fe, Mn, Zn,
Hg; ZnPb(NCS), and Mn,Hg(NCS),) and more than half of these
have not been previously proposed to be stable as monolayers the-
oretically,210/220-222] This suggests that the chemical insight and
deep searching of chemical literature can still be a fruitful route
for uncovering brand new materials and useful functionality. In
particular, although the majority of materials described in this re-
view were described using salt-metathesis, alternative synthetic
routes, whether classical or using more modern techniques, could
allow for the realization of presently unknown compounds.

This review builds on the book of Golub, Kéhler and Skopenko,
last updated in 1986, and our structural understanding of this
family has dramatically improved over the intervening decades
due to dedicated efforts of synthetic inorganic chemists and the
significant advances in characterization. I anticipate that the con-
tinuing efforts of chemists, supported by the growing power of
computation, means that a review of metal thiocyanates in 2060
will be much broader in the chemistry and deeper in its under-
standing.
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