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The structure and thermal expansion of the Prussian blue analogue
RbCuCo(CN)g has been determined via neutron and X-ray powder
diffraction. The system crystallises in Cccm and harbours three
coexisting distortions relative to the parent Fm3m structure, which
leads to anisotropic thermal expansion with a near-zero component in
one direction. The difficulties associated with determining octahedral
tilt systems in Prussian blue analogues and related double molecular
perovskites are discussed.

Prussian blue analogues (PBAs) are a class of cyanide-linked
coordination polymers with general formula A,M[M'(CN)s], and
high-symmetry parent space group Fm3m. The composition
is variable and ranges from stoichiometric, A-site deficient
M[M'(CN)¢] to defective M[M'(CN)¢], (y < 1) or cation-
containing AM[M'(CN)s], depending on the charges on the
metals."” The two transition metals M and M’ are both
octahedrally coordinated and form a 3D framework analogous
to double perovskites (A,BB'X;). This article focuses on the
composition AMM'(CN)s, where only half of the cubic inter-
stices (“A-sites” in perovskite terminology) are occupied by
cations. PBAs can be considered a subset of so-called molecular
or hybrid perovskites, which are characterised by high flexi-
bility and additional degrees of freedom in comparison to
conventional oxide perovskites.®® For example, the octahedra
can rotate in phase in directions perpendicular to the rotation
axis or translate cooperatively in columns or layers, denoted
“unconventional” tilting and columnar shifts, respectively.®”
Many molecular perovskites—e.g. azides,'® hypophosphites,'* or
formates'>—are very flexible and predominantly adopt distorted
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low-symmetry (hettotype) structures. Although cubic space groups
dominate for PBAs,">'* symmetry-lowering distortions occur
under certain conditions and can act as useful design elements
for crystal engineering. For example, the inclusion of Jahn-Teller
active cations in CuPt(CN)e lowers the symmetry to tetragonal
I4/mmm, which significantly alters the thermal expansion and
compressibility.”>'® Moreover, octahedral tilting—as is well
known in perovskites—can be induced by external or chemical
pressure and has been shown to both improve the ionic transport
properties and enhance the magnetic ordering temperature.'®™*°

However, unlike many molecular perovskites, relatively few
PBAs exhibit more than one structural distortion. Coexistence
of distortions is important, as it provides a potential avenue for
the development of polar structures by improper ferroelectri-
city, as reported for other molecular perovskites.”*” Yet, some
multiply distorted PBAs are known and they often show inter-
esting features. To illustrate, the charge-transfer system
RbMnFe(CN), contains both alternating occupational Rb order
and Jahn-Teller distortions, which reduces the symmetry to the
piezoelectric space group I4m2.>* Ferromagnetism and ferro-
electricity have been demonstrated for a similar composition.>*
A related, distorted PBA is RbCuFe(CN)s, where the departure
from Fm3m symmetry is described by three distortions: octa-
hedral tilting, Rb order, and Jahn-Teller distortions.>® Struc-
ture determination is typically performed using powder X-ray
diffraction (PXRD), but this does not accurately probe Jahn-
Teller distortions and tilts, as these modes only manifest in the
positions of the weakly scattering cyanide ions. This motivates
the present study, where we use X-ray and neutron powder
diffraction to study the previously unreported RbCuCo(CN)s,
which is presumably isostructural to the hexacyanoferrate
mentioned above. This manuscript discusses the structural
distortions and their effect on the thermal expansion followed
by a discussion about the difficulties encountered when deter-
mining tilt systems for PBAs.

It is convenient to describe the symmetry-lowering distortion
by means of an irreducible representation (irrep) with respect to
parent space group. Irreps in cubic periodic structures assume the
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form ki, where k denotes the periodicity of the distortion. The
exact form of the irrep is dependent on the origin choice and here,
the origin is located at one of the transition metals (B-site in
perovskite terminology) throughout. For a conversion to other
settings, see ref. 22.

RbCuCo(CN), was prepared by carefully placing 2 ml of an
aqueous solution of CuCl, (67.2 mg, 0.5 mmol) on top of 2 ml
of an aqueous solution of K3;Co(CN)s (166.2 mg, 0.5 mmol)
saturated with RbCl. The reaction was left undisturbed for
1 day, followed by vigorous mixing and the pale blue solid
collected by filtration in vacuo. Yields were in the range 69-79%
based on CuCl,. The sample composition was verified by energy-
dispersive X-ray spectroscopy (EDX) to be RbggoCu[CO(CN)go.oz-
The water content was estimated from thermogravimetric analysis
as 3-5 water molecules per formula unit. 5 batches were combined
for the neutron diffraction measurement and data analysis was
carried out by symmetry-mode Rietveld refinement as imple-
mented in the softwares TOPAS and ISODISTORT.**® Further
details about the characterisation are given in the ESL7

Indexing of the PXRD pattern collected at ambient condi-
tions suggested the space group Ccc2 with cell parameters
a ~ 109 A, b ~ 999 A and ¢ ~ 10.03 A (note that a and b
are interchangeable in this space group). As PBAs are rarely polar,
the centrosymmetric minimal subgroup Cccm—which has an
identical diffraction pattern—was used for refinement. This
differs from the Pmna symmetry reported for RbCuFe(CN),,>
which is a maximal subgroup of Cccm. Therefore, the structure
reported for RbCuFe(CN), is possibly solved in a space group
with too low symmetry. Group-theoretical analysis using
ISODISTORT?’ indicates that the symmetry lowering from
Fm3m to Cccm arises from a superposition of three modes: a
Jahn-Teller distortion (irrep I's), an octahedral tilt (irrep X3)
and a rod-like occupational order of the Rb cations (irrep Xj).
The combination of any two of these distortions gives the third
as a secondary order parameter, hence it is sufficient to specify
two of these distortion modes. In other words, the cation order
can be said to arise from the combination of the Jahn-Teller
distortion and the tilt, or vice versa that the tilt results from the
Jahn-Teller distortion and the cation order. The extent to which
the third mode is activated will depend on the energies of the
three modes, but such information is not available using group-
theoretical methods. This coupling can also be inferred by
comparing RbCuCo(CN)s to the Pin2 phase of RbMnFe(CN)s.>
The latter has no Jahn-Teller distortion and therefore also
lacks the Rb order, despite possessing the Xj tilt present in
RbCuCo(CN)g.

Symmetry-mode refinement against neutron diffraction
data [Fig. 1] gives accurate information about the relative
magnitude of the three distortions. The most striking distor-
tion is the occupational order of the A-site Rb cations, which
also induces a small deformation of the octahedra. This type
of order also appears in RbCuFe(CN)g, but is otherwise less
prevalent than the alternating pattern (irrep R;), giving F43m
symmetry.”>>%3% The strongest displacive mode—as calcu-
lated by the software AMPLIMODES>'—is the octahedral tilt
described by a’a’c* in Glazer notation,** i.e. an in-phase tilt
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Fig. 1 Powder neutron diffraction pattern for RbCuCo(CN)g from detector
bank 4 at the GEM diffractometer, ISIS. The Rietveld fit is shown in red, the
difference curve (data—fit) in grey and allowed reflections are indicated by
vertical bars. The three constituent distortions and their irreps are also shown.

polarised along a single axis. This tilt system is relatively
infrequent in PBAs, where the dominant tilt patterns are
a a a ora a c',"®**3%yet has a precedent in the metastable
Pin2 phase of RbMnFe(CN)g.*’ It is a conventional tilt pattern,
unlike the unconventional tilt—where neighbouring octa-
hedra rotate perpendicular to the rotation axis tilt in the same
sense”*—present in the original Pmna structure for RbCuFe(CN)q
suggested by Matsuda and coworkers.”* Finally, the cooperative
Jahn-Teller effect manifests as a cooperative elongation of
the CuN, octahedra along a, and mirrors that of CuPt(CN)s,
ACuFe(CN)g (A = Cs or Rb) and the low-temperature form of
RbMnFe(CN),.">***” In Jahn-Teller active formates and perov-
skite oxides, several distinct periodicities of the cooperative
Jahn-Teller order are possible,*®?*° whereas defect-free Jahn-
Teller-active PBAs always show in-phase arrangements (k =[0, 0, 0])
of the long axes.">** This gives a macroscopic symmetry lowering, in
contrast to most defective Cu-containing systems, which tend to
adopt the cubic aristotype symmetry.*"** Since A-site cations and
vacancies compete, the inclusion of Rb in the title compound
prevents the formation of vacancies and so leads to Jahn-Teller
order. As these examples highlight, all of the distortions present in
RbCuCo(CN), are precedented, yet they rarely coexist.

The thermal dependence of the lattice parameters was
monitored in the range 100-500 K using high-resolution PXRD
and the thermal expansion coefficients calculated by PASCal
[Fig. 2].** RbCuCo(CN),s shows an anisotropic thermal response,
which can be interpreted in terms of the structural distortions.
The expansivity is positive in the ab-plane, with the largest
magnitude in the a direction of 31.5(6) M K™ * and a smaller
value of 4.29(13) M K™' along b. These values are within the
range observed for the magnitude of the thermal expansion
coefficients in other PBAs.** The thermal expansion along the
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Fig. 2 The percentage change of the lattice parameters as a function of
temperature, along with lines of best fit.

¢ direction—where the Cu-N-C-Co linkages are linear on
average—is negative and very small (—1.7(3) M K '). This
suggests the presence of a low-energy transverse phonon;
a known cause of negative thermal expansion (NTE) in framework
materials.*® As a result, further phase transitions may be expected
on cooling, as the soft mode condenses. Although NTE is a
relatively rare phenomenon in general, it frequently appears in
Prussian blue analogues, although there is a strong dependence
on the metal composition.’>** The thermal expansion is consis-
tent with a decrease in the tilting angles upon heating and
suggests that the tilting vanishes at even higher temperatures.
The determination of tilts in double molecular perovskites
from the space group symmetry can be challenging. In simple

(ABX;) perovskites, distortions with periodicity k = <O7 0, %>

1
andk = <0 —> transform as different irreps, labelled X and

1
22
M, respectively. However, in face-centred double perovskites
(A,BB’X,), these points in reciprocal space are equivalent by
symmetry and so result in the same space group (see ESIT for
further discussion). Thus, determination of the correct space
group does not uniquely define the tilt pattern [Fig. 3]. By way
of example, the space group P4/mbm is usually a signature of
in-phase tilting (a°a’c") for a simple perovskite.*® In a double
perovskite, this tilt system instead drives P4/mnc symmetry,*”
yet in molecular double perovskites—which have more degrees
of freedom—this space group can also arise from the uncon-
ventional tilt system described by

0 0 0
0 0 0], 1)
+ o+ -

according to the notation developed in ref. 9. The “+” signs
denote in-phase tilting in directions perpendicular to the rota-
tion axis and is unfeasible in conventional oxide perovskites.
As a result, tilt systems cannot be assigned for double mole-
cular perovskites based on space group alone, as is often
possible for simple oxide perovskites. Care must be exerted
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Fig. 3 The tilt modes on the left hand side drive different space group
symmetries when acting on a simple perovskite-like framework (BXs).
Conversely, in the case of double perovskites (BB'Xg), the tilt distortions
yield the same space group, P4/mnc. Unit cells are indicated by black lines
and A-site cations are omitted.

during structure determination from PXRD data, as the two
different tilt systems will give very similar qualities of fits to the
data, given the weak scattering power of the cyanide anions.
This analysis (unsurprisingly) highlights the need for more
neutron diffraction studies on distorted Prussian blue ana-
logues as well as other double molecular perovskites, such as
thiocyanates and formates.*®™>°

To summarise, the structure of the Prussian blue analogue
RbCuCo(CN), has been studied with X-ray and neutron powder
diffraction. The system exhibits rod-like occupational rubidium
order, octahedral tilts and Jahn-Teller distortions, which
together reduce the symmetry from the parent space group
Fm3m to Cccm. Although distorted Prussian blue analogues are
known, coexistence of several distortions is less common, but is
a prerequisite for e.g. the development of hybrid improper
ferroelectricity.>>*> Group-theoretical analysis highlights the
coupling of the three distortions, where the presence of two
induces the third. The potential problems associated with the
determination of tilt systems for Prussian blue analogues high-
lighted here have implications for research on both PBAs and
other systems in a large number of fields. In particular, tilting
is often encountered for A-site containing PBAs, which are of
currency for their performance as positive electrode materials
in Na ion batteries.”"*
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