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Desorption of bound and unbound water molecules from the

nanoporous coordination framework ErIII[CoIII(CN)6]?4H2O to

form the apohost, ErIII[CoIII(CN)6], proceeds via a single crystal

to single crystal transformation in which the Er(III) cations

change from 8- to 6-coordinate; dehydration results in a

striking change in the thermal expansion properties.

Materials exhibiting negative thermal expansion (NTE) have

received considerable recent attention due both to their funda-

mental and commercial interest.1 Among flexible NTE systems

such as oxide-bridged (M–O–M9)2,3 and cyanide-bridged (M–CN–

M9)4–6 frameworks, NTE behaviour has been attributed to the

existence of low-energy transverse vibrational modes of the

bridging species. These vibrations typically have an effect over

wide temperature ranges and in certain cases have been shown to

be coupled throughout the lattice as rigid unit modes (RUMs)7

involving the cooperative dynamic rotation of metal centres. In the

oxide-bridged phase ZrW2O8, for example, there is an increasing

concerted rotation of the rigid ZrO6 octahedra and WO4

tetrahedra with increasing temperature.3 In the considerably

more flexible cyanide-based phases such as ZnxCd12x(CN)2

(0 ¡ x ¡ 1), the neighbouring metal centres are effectively

decoupled in their relative rotation and translation due to the

greater flexibility of the double-atom cyanide bridge.4

Among cyanide-bridged NTE systems, the nanoporous

Prussian Blue analogues MPt(CN)6?x(H2O) (M = Zn, Cd; x =

0, 2) have recently been shown to display guest-dependent NTE;

removal of unbound water from each of the hydrated Zn and Cd

analogues causes subtle changes to the thermal expansion proper-

ties.5 Here we extend our interest in such behaviour to a member

of the lanthanoid(III) hexacyanometallate(III) hydrate family,

ErIII[CoIII(CN)6]?4H2O, which contains both bound and unbound

water. The results of variable temperature single crystal X-ray

diffraction experiments on both the hydrated and dehydrated

phases are presented.

The structures of the lanthanoid(III) hexacyanometallate(III)

hydrates, LnIII[MIII(CN)6]?xH2O (Ln = lanthanoid; M = transition

metal; x = 4, 5), consist of alternating, cyanide-bridged MC6 and

LnN6Oy (y = 2, 3) polyhedra and are either orthorhombic or

hexagonal in symmetry depending on the degree of hydration at

the lanthanoid centre.8 In the orthorhombic phase

Er[Co(CN)6]?4H2O (A?4H2O), two water molecules are bound

to each Er atom and two further uncoordinated water molecules

occupy 3D channels within the lattice.

Following the collection of variable temperature unit cell and

full-sphere crystallographic data on a fresh crystal of A?4H2O,{§

the same crystal was heated in-situ during X-ray diffraction data

collection to 450 K under dry dinitrogen to convert it to the

dehydrated material, A.9 Analysis of the resulting data indicated a

retention of monocrystallinity with no observable increase in

crystal mosaicity. The transformation results in a dramatic change

to the framework structure and a conversion from orthorhombic

Cmcm (A?4H2O) to hexagonal P63/mmc (A) symmetry

(Fig. 1(a),(b)); this corresponds to an effective tripling of the

crystallographic symmetry.§ Notably, the removal of the two

bound water molecules from the Er centre is accompanied by a

transformation of the Er coordination geometry from bicapped

trigonal prismatic (C2v symmetry) to trigonal prismatic (D3h)

(Fig. 1(c),(d)). Comparison of structural data of A?4H2O and A at

100, 150, 225, 300 and 375 K indicates that the Er coordination

sphere contracts considerably following dehydration; at 100 K, the

average Er–N bond distance decreases from 2.432 to 2.332 Å.

There are no significant accompanying changes to the C–N and

Co–C distances. We note that trigonal prismatic coordination is
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Fig. 1 Polyhedral representation of the single crystal to single crystal

transformation from A?4H2O (a; unbound water removed for clarity) to A

(b) (Er polyhedra red; Co octahedra blue, C black, O red and N grey).

Dehydration results in a change in the Er coordination geometry from

8-coordinate bicapped trigonal prismatic (ErN6O2) (c) to 6-coordinate

trigonal prismatic (ErN6) (d).
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highly unusual for 6-coordinate trivalent lanthanoids, for which

octahedral coordination is generally preferred (as seen, for

example, in the anhydrous lanthanoid halides).10 This unusual

arrangement may be forced by the geometric constraint of the

framework; such a constraint arises with the network connectivity

being retained following the topotactic transformation, rather than

converting to other, potentially more stable topologies such as the

Prussian Blue lattice type.

Comparison of the variable temperature unit cell data reveals

that A displays near-isotropic NTE from 100 to 375 K, with

aa = da/adT = 28 6 1026 K21, ac = 29 6 1026 K21 and

al = 1/3 dV/Vdt = 29 6 1026 K21 (Fig. 2). The intermediate

magnitude of the thermal expansion coefficients relative to those of

the M(CN)2
4 and MIIPtIV(CN)6

5,11 phases is consistent with the

intermediate average metal–cyanide bond energies of this material,

supporting the view that thermal population of low energy

transverse vibrations of the cyanide bridges is principally

responsible for the NTE behaviour. Calculations within

PLATON
12 reveal that 31.7% of the unit cell is void and thus free

space for such vibrations.

Examination of the anisotropic thermal displacement para-

meters reveals a progressive elongation of the thermal ellipsoids of

the cyanide atoms perpendicular to the Co…Er axis with

increasing temperature (Fig. 3). In considering the influence of

the low energy transverse vibrations of the cyanide bridge, it is

pertinent to note that this phase is unique among known cyanide-

based NTE systems in having non-linear M–CN–M9 linkages. As

such, both the vibrational amplitude and any net translation and

rotation of the cyanide unit towards or away from the M…M9 axis

will influence the M…M9 separation. Comparison of the Co…Er

distances shows that this phase behaves like the linear M–CN–M9

systems in that the metal centres are drawn progressively closer

together with increasing temperature: the crystallographic Co…Er

distance decreases from 5.3695(2) Å at 100 K to 5.3568(2) Å at

375 K.

As with the M(CN)2 and Prussian Blue families,4 the transverse

cyanide vibrations can be coupled to form volume-reducing

RUMs of CoC6 and ErN6 polyhedra (see Fig. 4 for a

representation of two simple RUMs for this structure). An

intriguing feature that distinguishes this framework from other

oxide- and cyanide-bridged NTE materials, however, is the

presumed relative instability of the trigonal prismatic coordination

geometry about the Er centre. It seems likely that dynamic

deviations from this geometry towards the trigonal antiprismatic

arrangement (akin to eclipsed towards staggered) may occur at

relatively low energy, raising the possibility that ‘non-rigid unit’

motion about this centre may contribute significantly to the

observed NTE.

In contrast to A, the hydrated material A?4H2O displays

positive thermal expansion (PTE) with aV = +11 6 1026 K21

(Fig. S1). We attribute this property principally to an increase in

kinetic volume of the bound and unbound water molecules with

increasing temperature; a similar steric effect involving unbound

Fig. 2 Temperature-dependent unit cell parameters of A, as determined

by single crystal X-ray diffraction. Values are given relative to those at

100 K. Error bars are ¡1 e.s.d.

Fig. 3 Orthogonal perspectives of the temperature-dependent thermal

ellipsoids of the asymmetric unit of A, drawn with 50% probability level.

Fig. 4 Schematic representation of two possible low energy rigid unit

modes involving rotation of CoC6 and ErN6 coordination polyhedra in A;

each mode leads to a reduction in crystal volume.
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water only has recently been seen in ZnPt(CN)6?x(H2O) (x = 0, 2).5

The presence of distinctly non-linear M–CN–M9 linkages may also

favour PTE in this phase. The average crystallographic Co…Er

distance increases from 5.296 Å at 100 K to 5.322 Å at 375 K, with

an accompanying straightening of the average Er–N–C and Co–

C–N angles from 157.9u to 159.8u and 178.8u to 179.0u,
respectively.

In summary, we demonstrate that dehydration of

Er[Co(CN)6]?4(H2O) occurs via a remarkable single crystal to

single crystal transformation. The dehydrated phase, Er[Co(CN)6],

exhibits pronounced NTE and is notable both in having an

unusual lanthanoid coordination geometry and a non-linear

cyanide linkage between the metal centres.
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Notes and references

{ Synthesis of A?4H2O: Crystals were grown by slow diffusion in aqueous
solution. Three solutions were layered in a single 10 ml screw cap vial:
110.9 mg (0.25 mmol) Er(NO3)3?5H2O in 0.5 ml H2O; 300 mg (2.97 mmol)
KNO3 in 1 ml H2O; and 83.1 mg (0.25 mmol) K3[Co(CN)6] in 2 ml dist.
H2O. Pink crystals (76.7 mg) were filtered off after one week.
§ Crystal data of A?4H2O at 100 K: C6H8N6ErCoO4, M = 454.37,
orthorhombic, space group Cmcm, a = 7.2835(15), b = 12.584(3),
c = 13.462(3) Å, V = 1233.8(4) Å3, Z = 4, Dc = 2.446 g cm23, m =
8.115 mm21, F(000) = 820, 4247 reflections measured, 835 unique
(Rint = 0.0368). Final residuals (for 58 parameters) were R1 = 0.0297,
wR2 = 0.0701. Crystal data of A at 100 K: C6N6ErCo, M = 382.31,
hexagonal, space group P63/mmc, a = 7.3887(10), c = 13.044(3) Å, V =
616.69(17) Å3, Z = 2, Dc = 2.059 g cm23, m = 8.074 mm21, F(000) = 346,
8106 reflections measured, 415 unique (Rint = 0.0173). Final residuals (for
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wR2 = 0.0236. For crystallographic data of A?4H2O (CCDC 296841–
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