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ABSTRACT: The control of thermal expansion of open-

framework Prussian blue analogues is vital but remains 

challenging. The present work proposes an effective 

method to control the thermal expansion, in which guest 

ions (Na
+
) and molecules (H2O) can adjust the coeffi-

cient of thermal expansion from strong negative, to near 

zero, to positive in GaFe(CN)6 Prussian blue analogues. 

Direct experimental evidence by high-resolution syn-

chrotron X-ray diffraction and X-ray absorption fine 

structure shows that the guest ions or molecules have 

intense dampening effect on the transverse vibrations of 

-Fe-C≡N-Ga- linkages responsible for NTE, especially 

for N atoms. The role of guests in controlling thermal 

expansion is attributed to the strong interaction of local 

environment − steric dampening. The present study 

demonstrates that electrochemical or redox intercalation 

of guest ions can be a general and effective method for 

controlling thermal expansion for those open-framework 

materials with negative thermal expansion driven by low 

Frequency phonons. 

Control of thermal expansion is an important issue for 

materials. The inherent physical property of thermal ex-

pansion generally correlates with phonons, electrons, 

orbitals, spin, and so on. It is also affected by other mac-

roscopic factors like nano-size, defects, and stress.
1
 

Negative thermal expansion (NTE) is a novel phenome-

non, which brings a chance to control thermal expansion 

of many materials.
2,3

 NTE has achieved a great progress 

in the last two decades, and many NTE materials have 

been found.
4,5

 For the issue of controlling thermal ex-

pansion of NTE materials, chemical substitution is a 

general used method.
1
 In fact, thermal expansion has 

been effectively tuned for those electronic-state-driven 

NTE functional materials, like intermetallic charge-

transfer in BiNiO3,
6
 Mott phase transition in Ca2RuO4,

7,8
 

magnetovolume effect in magnetics alloy,
9-11

 spontane-

ous volume ferroelectrostriction in PbTiO3-based ferroe-

lectrics.
12-14

 However, for many open-framework NTE 

materials whose NTE is driven by low-frequency pho-

nons, the chemical substitution is not a promising meth-

od. For example, the linear coefficient of thermal expan-

sion (CTE, al) of Zr1-xMxW2O8-y (M = Sc, In, Y) only 

varies over a narrow range (-7.3 to -8.7×10
-6

K
-1

).
15

 For 

systems strongly related to transverse vibrations, the 

control of thermal expansion should be based on struc-

tural properties, i.e., by inserting guest ions or molecules 

into the empty spaces of the framework structure we can 

hinder the transverse vibrations and thus change the 

thermal expansion. Based on these understanding, we 

achieved the control of thermal expansion in the ScF3-

based simple structure materials by inserting and remov-

ing Li ions,
 16

 and we also switched the thermal expan-

sion from negative to giant positive in YFe(CN)6-based 

Prussian blue analogues through the insertion of K ions 

and H2O molecules.
17

 

Prussian blue analogues (PBAs) are the well-known 

molecular perovskites and classic coordination com-

pounds, which have many applications in magnetism,
 18

 

energy and environment,
 19 , 20

 medicine,
 21

 and so on. 

Interesting NTE properties have been discovered in var-

ious PBAs, such as FeCo(CN)6,
22

 Ag3Co(CN)6,
23

 and 

YFe(CN)6.
17 

Due to the flexible linkages of -M-C≡N-M- 

(M is metal), NTE of PBAs originates from the trans-

verse vibrations of the whole CN atoms of -M-C≡N-M- 

linkages. Some interesting studies on the switching of 

thermal expansion from negative to positive in PBAs are 

present in the literature. For example, H2O adsorption in 

ZnPt(CN)6 can switch the NTE to positive thermal ex-

pansion (PTE),
24

 or Rb ions and H2O molecules interca-
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lation allow to achieve zero thermal expansion (ZTE) in 

Rb0.97Mn[Fe(CN)6]0.99·0.3H2O.
 25

 Despite this, a satis-

factory control of the thermal expansion in PBAs has not 

yet been achieved. In the present study, we adopt the 

GaFe(CN)6 PBAs as a representative to realize the con-

trol of thermal expansion by guest ions and molecules. 

We will show that the thermal expansion of GaFe(CN)6-

based PBAs can be continuously tuned from strong 

NTE, to ZTE, to PTE through the insertion of guest Na
+
 

ions and H2O molecules. 

Crystal structures and thermal expansions were deter-

mined by high-resolution synchrotron X-ray diffraction 

(SXRD), while the role of guest ions and molecules has 

been investigated by Extended X-ray Absorption Fine 

Structure (EXAFS) spectroscopy. Like many known 

Prussian blue analogues, the structure of GaFe(CN)6 is a 

cubic network with a linear bridging of alternating FeC6 

and GaN6 octahedra (see Figure S1 in the Supporting 

Information). Figure 1a shows a sketch of the crystal 

structure. It should be noted that it is equivalent to ABX3 

perovskite, where the A-site is vacant. The NTE of 

GaFe(CN)6 PBAs is derived from transverse thermal 

vibrations of CN ions, which give the shrinkage of the -

Ga-C≡N-Fe- linkages (Figure 1b). We infer that if guest 

ions or molecules intercalation led to sterically hinder or 

reduce the transverse vibrations (Figure 1c), thus inhibit-

ing the NTE, it will effectively control the thermal ex-

pansion.  

 

Figure 1. How the thermal expansion of GaFe(CN)6 can be 

tuned via guest ions and molecules. (a) Sketch of the cubic 

structure of GaFe(CN)6 consisting of alternating GaN6 and 

FeC6 octahedra. The empty space indicated by the dash 

circle can host guest ions or molecules. (b) The negative 

thermal expansion of GaFe(CN)6 is derived from the trans-

verse vibrations of CN cyanogen ions. (c) The transverse 

vibrations of CN cyanogen ions are hindered by guest ions 

or molecules, thus inhibiting the NTE and resulting in posi-

tive thermal expansion. 

The insertion of Na
+
 ions into the pore was performed 

by both Na-ions battery technology and NaI redox (de-

tails in support information). It should be noted that the 

guest H2O molecules in the as-prepared sample can be 

removed at elevated temperature. As shown in Figure 2, 

GaFe(CN)6 shows isotropic NTE (αl = −3.95(5) × 10
−6 

K
−1

, 100 − 475 K). Interestingly, thermal expansion can 

be effectively controlled from NTE to PTE with increas-

ing content of guest Na
+
 ions and H2O molecules. The 

NTE is weakened by insertion of Na
+
 ions in 

Na0.25GaFe(CN)6 (αl = −2.83(3) × 10
−6 

K
−1

) and 

Na0.5GaFe(CN)6 (αl = −1.51(2) × 10
−6 

K
−1

). An interest-

ing isotropic ZTE is achieved in NaGaFe(CN)6 (αl = 

+0.30(2) × 10
−6 

K
−1

). With further introduction of H2O 

molecules, a PTE is achieved in NaGaFe(CN)6·2H2O (αl 

= +3.98(4) × 10
−6 

K
−1

). So, we can effectively tune the 

thermal expansion of GaFe(CN)6 PBAs through control-

ling the concentration of guest ions or molecules. 

 

Figure 2. Temperature dependence of the relative change 

in lattice constant of GaFe(CN)6-based compounds. 

It is interesting to highlight that a wide controllable 

CTE range has been achieved in the present PBAs, 

which was rarely observed in framework materials. For 

example, in the ScF3-based fluorides,
26

 a linear CTE can 

be achieved from -3.3 to 3.3 × 10
-6 

K
-1 

through the Fe 

and Ga chemical substitutions. In M
II
Pt(CN)6 (Mn, Fe, 

Co, Ni, Cu, Zn, Cd),
27

 the adjustable CTE range is from 

-10.02 to -1.02× 10
-6 

K
-1

. Moreover, an interesting ZTE 

property is found in NaGaFe(CN)6 over a wide tempera-

ture range when compared with others ZTE materials, 

such as Zn4B6O13 (13 − 110 K),
28

 FeCo(CN)6 (4.2 − 300 

K),
22

 Mn3.243Ni0.747N (140 −230 K).
29

  

Now, we aim to gain new insights into the role of 

guest ions and molecules on the control of thermal ex-

pansion. For this reason, we investigate the phenomenon 

through the comparison between high-resolution SXRD 

and EXAFS spectroscopy. Firstly, let us recall that the 

bond length obtained by high-resolution SXRD is the so-

called “apparent” bond length, while the one between 

neighboring atoms measured by EXAFS is the “ture” 

bond length. As shown in Figure 3, one can find that for 

GaFe(CN)6 the “apparent” Ga-N and Fe-C bond lengths 

display NTE, while the “true” ones shows an opposite 

PTE as function of temperature. The difference is strictly 

related to the transverse thermal vibrations After the Na 

insertion into the pores of GaFe(CN)6, the thermal ex-

pansion of Ga-N bond is dramatically affected (Figure 

3a), while much less evident is the effect on the Fe-C 

bonds (Figure 3b). This suggests that the guest Na
+
 ions 

has a strong effect on the lattice dynamics of Ga-N 

bonds, much less on that of Fe-C bonds.  
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Figure 3. Temperature dependence of the relative change 

of chemical bonds. (a) Ga-N and (b) Fe-C bond expansion 

in GaFe(CN)6 (red colors) and NaGaFe(CN)6 (blue colors). 

The thermal expansion of the “true” (solid symbols) and 

“apparent” (open symbols) bonds is determined by EXAFS 

and SXRD, respectively. The solid lines are a guide to the 

eyes. 

In order to describe the vibrational dynamics of CN 

cyanide, the perpendicular and parallel mean square 

relative displacements (MSRD) of the Ga-N and Fe-C 

bonds have been extracted according to well-established 

procedures.
30

 GaFe(CN)6 has a strong NTE which comes 

from the strong transverse thermal vibration of CN cya-

nide. Indeed, as shown in Figure 4a-b, the perpendicular 

MSRDs are much larger than the parallel MSRDs ones 

for both Ga-N and Fe-C bonds of GaFe(CN)6. In specif-

ic, the perpendicular MSRD of Ga-N is about twice that 

of Fe-C at room temperature. This is a direct experiment 

evidence that the driving force for the NTE of 

GaFe(CN)6 is the transverse vibrations of N and C atoms 

with the predominant contribution from N atoms. How-

ever, with the presence of Na in NaGaFe(CN)6, the val-

ues of perpendicular Ga-N and Fe-C sharply reduce, 

while those of parallel ones nearly does not change. This 

reveals that the insertion of Na
+
 ions inhibits or weakens 

the transverse vibrations of cyanogen (Figure 4a), with a 

remarkable effect on the transverse vibrations of N at-

oms, smaller on C atoms.  

For a given atomic pair, the anisotropy of the relative 

thermal vibrations can be evaluated by the ratio γ = 

MSRD⊥ / MSRD. In the NTE GaFe(CN)6, the ratio γ of 

Ga-N bonds approximate ∼50 at high temperature (Fig-

ure 4c), a value much larger than other NTE materials 

like CuScO2,
31

 ZrW2O8 
32

 or ScF3.
33

 Differently, in the 

ZTE NaGaFe(CN)6, the ratio γ of Ga-N bonds assumes 

much lower values. A similar behaviour, although less 

pronounced, is also observed for the ratio γ of Fe-C 

bonds (Figure 4d). The present results reflect that Na 

insertion has a significant influence on the transverse 

vibrations of N and C atoms. The thermal ellipsoids of 

relative thermal vibrations of N and C atoms, recon-

structed from the data reported in Figure 4a-b, are shown 

in Figure 4e. These ellipsoids give an immediate visuali-

zation of the large transverse vibrations of C and N at-

oms, perpendicular to the -Ga-N≡C-Fe- linkages. The 

Na
+
 ions insertion weakens the transverse thermal vibra-

tions of CN atoms, in particular for N atoms.  

 

Figure 4. Local vibrational dynamics in GaFe(CN)6 and 

NaGaFe(CN)6. (a) Perpendicular MSRD⊥, and (b) Parallel 

MSRD∥ of Ga − N (solid symbols) and Fe – C (open sym-

bols) bonds. Anisotropy γ = MSRD⊥/ MSRD∥ of relative 

thermal vibrations of (c) Ga – N, and (d) Fe – C bonds The 

lines are the best fits by utilizing the Einstein model. (e) 

Schematic representation of the thermal ellipsoids of the 

relative Ga-N and Fe-C thermal vibrations in GaFe(CN)6 

and in NaGaFe(CN)6. 

A similar dampening behavior of NTE was observed 

in other open-framework NTE materials, such as H2O in 

ZrW2O8,
34

 CCl4 in Cd(CN)2,
35

 He2 in CaZrF6,
36

 and 

CO2/H2 in MOF.
37

 The role of guests on NTE has been 

ascribed to the steric dampening effect on the transverse 

thermal vibration. In this work, GaFe(CN)6 is used as an 

example to study the direct experimental evidence to 

such steric dampening effect. Na
+
 ions weaken the 

transverse vibration of cyanogen, which can therefore 

control the thermal expansion. Furthermore, the contri-

bution of NTE from N and C atoms has been well dis-

tinguished.  

In summary, this work shows that guest Na ions or 

H2O molecules can successfully control the thermal ex-

pansion of GaFe(CN)6. The presence of guests in the 

interstitial void can significantly hinder or damp the 

transverse vibrations of Ga-N and Fe-C bonds, in partic-

ular for N atoms, whose contribution to NTE is domi-

nant. This method of tuning the coefficient of thermal 

expansion in GaFe(CN)6 PBAs could be used in other 

NTE materials with open-framework, such as oxides, 

cyanides, metal-organic frameworks, and zeolites. 
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Supporting Information. The Supporting Information is 

available free of charge on the ACS Publications website. 

Materials synthesis, Experimental details, Data analysis 

procedures and Supporting Figure.  
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