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Metallophilic interactions are recognized as one of the most
important supramolecular bonding motifs, capable of producing a
range of fascinating physical, structural, and chemical effects.1 As
a means of directing molecular and framework topologies, recent
applications include the syntheses of metallomacrocylic Möbius
strips and interwoven Borromean sheets, metallophilicity-driven
guest inclusion in metallocryptands, and even the spontaneous
resolution of homochiral coordination polymers.2 The design of
reversible RGB-color switches has exploited their tunable phos-
phorescence,3 just as their electronic sensitivity to chemical
environment and temperature has led to the development of
vapochromic, spin-crossover, photoreactive, and rotator phases.4

We have recently reported “colossal” thermal expansion in
Ag3[Co(CN)6] [1],5 a flexible framework material that contains
layers of Ag atoms connected via argentophilic interactions. The
material is remarkable because, when heated, its structure expands
and contracts (in different directions) at rates more than ten times
greater than the usual positive thermal expansion of “normal”
materials. What is not yet clear is whether this highly unusual
behavior can be attributed to extreme geometric flexibility of its
covalent lattice or whether metallophilic interactions also play a
key role. Resolving this issue is of fundamental importance because
it may help understand a wealth of unusual temperature-dependent
effects in other systems containing these interactions.

Here we show that argentophilicity is required for colossal
thermal expansion in 1. Our approach is to study compositional
variants with the same structure type, and hence with similar
geometric flexibility, but with Ag · · ·Ag interactions sometimes
retained and sometimes absent. Comparison of the thermal expan-
sion behavior of these materials then provides a method of assessing
the roles of flexibility, argentophilicity, and chemical composition
in the “colossal” behavior of 1. We use X-ray and neutron powder
diffraction experiments to measure thermal expansion in two key
A3[M(CN)6] variants: Ag3[Fe(CN)6] [2] and D3[Co(CN)6] [3].
Previous reports of the structure of 3 at 293 and 77 K led us to
anticipate that it would not show colossal expansion;6 however,
the absence of expansivity data for Ag-containing analogues such
as 2, or indeed any extensive data for 3 precluded any conclusion
as to the role of Ag · · ·Ag interactions.

Compounds 1-3 crystallize with a trigonal structure in which
octahedrally coordinated MIII ions are connected in a linear fashion
by pentanuclear CN-AI-NC bridges.7–9 The framework structure
formed is topologically equivalent to the cubic R-Po network of

the Prussian blues, but in this case the network is sufficiently open
to allow 3-fold interpenetration (Figure 1a) along a unique body
diagonal of the Prussian-blue-like “cages”. The structures of all
three compounds are extended along this axis, such that the Ag+

or D+ cations in perpendicular planes are brought together to form
Kagome nets with relatively short Ag · · ·Ag or D · · ·D distances
(Figure 1c). Expansion within these planes makes the Prussian blue
cages more upright if the covalent M-CN-A-NC-M bond
lengths are preserved (Figure 1b).

The thermal expansion behavior of each phase was measured
using X-ray and neutron powder diffraction to monitor the lattice
parameters as a function of temperature (Figure 2). In all cases,
the a lattice parameter is exactly twice the separation between
neighboring atoms in the Kagome sheets, while the c parameter is
directly proportional to the elongated cube diagonal. The “ideal”
cube geometry occurs for c ) a/�2. Data were collected on cooling
from room temperature to ∼10 K; no phase transitions were
observed (including magnetic transitions in the case of 2). Coef-
ficients of thermal expansion are shown in the bottom panels of
Figure 2, and mean values obtained via linear fits to the lattice
parameter data are listed in Table 1. What is immediately evident
is that 2 exhibits colossal thermal expansion behavior similar to 1
(i.e., |R| g 100 MK-1), while the thermal expansion effects in 3
are an order of magnitude less extreme and hence not atypical for
a framework material. Consequently, chemical variation at the
octahedral transition metal site does not have any qualitative bearing
on the thermal expansion behavior, while substitution at the Ag
site has a profound effect.

There is a remarkable similarity in the a unit cell parameters of
compounds 1 and 2 at corresponding temperature points. This is
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Figure 1. Representations of the crystal structure of the A3[M(CN)6]
extended Prussian blue framework (a) and the contraction along the trigonal
axis toward the ideal cubic framework (b) effected by expansion of the
Kagome Ag/D lattices (c). [MC6] polyhedra are given as filled octahedra
and -N-Ag/D-N- linkages in ball and stick representation.
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in contrast to the c parameter values, which, despite varying with
temperature in a similar way for both compounds, differ by 0.11 Å.
This suggests that the a lattice parameter is determined by the ideal
Ag · · ·Ag separation at each temperature, a value which might be
expected to remain unchanged with variation at the octahedral
transition metal site. The increased size of the Fe3+ cation (dFeIII-C

) 1.92 Å; dCoIII-C ) 1.86 Å) is then accommodated via distortion
along the cube diagonal; i.e., increasing c. As in many hexacyano-
ferrate(III) salts10 we found some evidence for a slow autoreduction
process in 2 whereby Fe3+ is reduced by cyanide to Fe2+. Aged
samples showed a decrease in the value of c (note that one expects10

dFeII-CN < dFeIII-CN), and a slightly more moderate thermal expansion
behavior as network connectivity is progressively reduced with time
(data not shown).

The framework structure of 3 is closer to the ideal cube geometry
than that of either 1 or 2. This need not affect the flexibility of the
framework, since variation in the cube angle can still occur.11

Instead the geometries reflect a considerable difference in N-D
and N-Ag bond lengths.12 The contrasting behavior of 3 relative
to that of Ag-containing analogues 1 and 2 is a strong indication
that some property of the Ag atoms is responsible for the colossal
thermal expansion effects.13 One might reasonably expect that the
vast difference between Ag and D atomic masses would only reduce
thermal motion in 1 and 2 relative to 3; moreover, density functional
theory calculations show that the degree of covalency in Ag-N
and D-N bonds is similar in these materials.14 Consequently the
evidence strongly suggests that Ag · · ·Ag interactions are responsible
for the unusual behavior observed.

Finally, we note that marked temperature-dependent shifts in
fluorescence energies have been observed in large families of other
flexible framework materials containing Ag · · ·Ag or Au · · ·Au
interactions.15 Our work suggests that these spectroscopic observa-
tions might be understood in the context of very large thermal
expansion effects; indeed, the two effects appear to be strongly
coupled in K2Na[Ag(CN)2]3.16 On the basis of the apparent

generality of this unusual behavior, we anticipate that extreme
thermal expansion may be a widespread property of flexible
framework materials containing metallophilic interactions.
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Figure 2. Temperature-dependent cell parameters (top) and thermal
expansion coefficients (bottom) of the A3[M(CN)6] family from neutron
(open circles) and X-ray (filled circles) powder diffraction data.

Table 1. Mean A3[M(CN)6] Coefficients of Thermal Expansion (Ra
) ∂ ln(a)/∂T; Rc ) ∂ ln(c)/∂T) from Neutron and X-ray Powder
Diffraction

compound Ra
a(MK-1) Rc

a (MK-1) T (K)

1 +144(9) -126(4) 10f 300
2 +124.0(10) -113(3) 8f 310
3 +17.4(6) -5.04(24) 8f 304

a The errors in the values of R given are from the least-squares linear fits
to the data over the specified temperature range; these errors neglect any
systematic experimental effects and subtle non-linearities of behavior.
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