
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/crystengcomm

CrystEngComm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Page 1 of 5 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



nately, for each of these systems electrochemical strain is

not especially reduced relative to “traditional” ion-storage

materials such as LixCoO2, and in some cases is actually

much larger.25 Encouraged both by a voltammetric study of

the [FeII/III(CN)6]4−/3− couple26 and by the discovery of

extreme flexibility in silver(I)/gold(I) hexacyanometallates,27

we have chosen to focus on reductive intercalation in silver(I)

hexacyanoferrate(III), Ag3[Fe(CN)6] [Fig. 1(a)]. Our X-ray

powder diffraction measurements, which are discussed

below, reveal that the intrinsic volume strain associated

with potassium intercalation in this system is an order of

magnitude smaller than for typical ion-storage materials. This

ranks Ag3[Fe(CN)6] amongst the few known “zero-strain”

insertion compounds (Li4Ti5O12,28 2,6-Napth(COOLi)2,29

and Na0.84Ni[Fe(CN)6]0.71 (Ref. 30)) in spite of the relatively

large ionic radius of potassium [r(K+) = 1.52 Å; cf. r(Li+) =

0.90 Å and r(Na+) = 1.16 Å].31

The crystal structure of Ag3[Fe(CN)6] has been reported

previously:26,27 octahedral Fe3+ centres are connected via

almost-linear dicyanoargentate ions to form three interpene-

trating cubic nets [Fig. 1(a)]. The structure has P3̄1m crystal

symmetry, and includes a set of small vacant channels that run

parallel to the trigonal c crystal axis. X-ray powder diffraction

patterns for KAg3[Fe(CN)6] have twice been reported,26,32

but to the best of our knowledge its crystal structure has not

yet been determined. In contrast, the structure of the Mn ana-

logue KAg3[Mn(CN)6] is known: it is closely related to that

Ag3[Fe(CN)6] except with one half of the channels occupied

by K+ cations, lowering the crystal symmetry to P312.16 This

close structural similarity suggests that cation insertion within

Ag3[Fe(CN)6] framework might be possible via straightfor-

ward inclusion of K+ ions within these same channels.

A sample of Ag3[Fe(CN)6], prepared as described previ-

ously,27 was reacted at 0 ◦C with stoichiometric quantities

of potassium naphthalenide, using dried THF as solvent and

working under a dinitrogen atmosphere on a Schlenk line.

The solid product obtained is air-stable and exhibits a qual-

itatively similar X-ray powder diffraction pattern to the par-

ent Ag3[Fe(CN)6] (as noted in Ref. 26) [Fig. 2(a)]. On

close inspection, small but meaningful shifts in the Bragg

reflection positions and intensities are evident; we note that

the difference between the diffraction patterns attributed to

Ag3[Fe(CN)6] and KAg3[Fe(CN)6] in Ref. 26 map quanti-

tatively onto to those observed here. Rietveld refinement of

our powder diffraction data (performed using TOPAS46) us-

ing a structural model for KAg3[Fe(CN)6] based on published

coordinates for KAg3[Mn(CN)6] (Ref. 16) gave an accept-

able fit [Fig. 2(a)] and a physically-sensible set of refined

parameters (see SI for full details). Our refinements indi-

cated a small but significant variation in the lattice parameters

(a = 7.0279(5) Å, c = 7.2546(5) Å for the vacant framework

and a = 7.06984(23) Å, c = 7.1836(3) Å after intercalation),

Fig. 2 (a) Powder X-ray diffraction patterns and Rietveld fits for the

empty (top, Ag3[Fe(CN)6]) and intercalated (bottom,

KAg3[Fe(CN)6]) frameworks. A representative section of the

diffraction pattern, highlighting the small shifts in peak positions

and intensities, is shown in the inset. (b) The change in CN

stretching frequencies on intercalation is as expected for FeIII/FeII

reduction. 33,34

together with a K-site occupancy of 0.920(13). Infrared ab-

sorption spectra measured for starting material and product

also reveal the redshift in CN stretching frequencies character-

istic of FeIII/FeII reduction [Fig. 2(b)].33,34 The presence of a

small quantity of remnant FeIII is suggested by a weak feature

in the infrared absorption spectrum near 2170 cm−1 [Fig. 2(b)]

and will likely include contributions both from intercalated

product (since the K-site occupancy is slightly less than unity)

and a small fraction of unreacted Ag3[Fe(CN)6] evident also

in the diffraction data (see SI). Nevertheless the dominant

product is consistent with the formulation K0.92Ag3[Fe(CN)6]

(we use KAg3[Fe(CN)6] hereafter for convenience) and with
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Table 1 Intercalation volume strains for some topical and canonical ion-storage compounds. The intercalated ion is indicated in bold.

Normalised intercalation Stored charge density Intercalation strain,

Compound volume change (Å3/e−) (×10−3 e−/Å3) εV = |∆V/V | (%) Ref.

MgFeSiO4 0.75 46.86 3.53 35

LiCoO2 0.86 9.87 0.85 25

LiFePO4 −4.80 14.71 7.06 36

Li2.33Ti1.67O4 0.15 13.69 0.20 37

Li2[2,6-Napth(COOLi)2] −0.39 8.55 0.33 29

LiC6 1.12 18.90 2.12 38

Na3Mn2(CN)6 −1.39 9.78 1.36 39

Na1.5VP4.8F0.7 −3.23 9.50 3.07 40

Na2FePO4F 3.99 9.39 3.75 41

Na0.84Ni[Fe(CN)6]0.71 −1.95 3.02 0.59 30

Na2FeP2O7 −6.32 5.34 3.37 42

Na3V2(PO4)3 −10.08 9.08 9.15 43,44

Na2Mn2(CN)6 8.50 3.24 2.75 39

K2Cu[Fe(CN)6] −9.55 2.84 2.71 24

K0.92Ag3Fe(CN)6 −0.70 2.96 0.21 This work

KC8 −41.24 14.13 58.28 45

a structural model in which K+ ions are incorporated within

one half of the initially-vacant framework channels.

The volume strain associated with potassium ion intercala-

tion is determined straightforwardly by the variation in lattice

constants. We find V = 310.31(5) Å3 for the vacant frame-

work and V = 310.95(3) Å3 after intercalation, corresponding

to a volume strain ∆V/V =+0.206(18)%. Table 1 places this

value in the context of volume strains measured for a range of

topical and well-known ion storage compounds; these data are

Fig. 3 Ashby-type diagram for the ion-storage compounds of

Table 1, with data points coloured by intercalant (Mg–blue, Li–red,

Na–green, K–purple). The diagonal lines connect points of constant

intercalation volume strain εV = ∆V/V . Different applications place

different demands on stored charge density (e.g. portability vs cost),

yet in all cases it is desirable to minimise intercalation strain.

represented graphically in Fig. 3, where they are distributed

according to stored charge density. While this density is (un-

derstandably) lower for KAg3[Fe(CN)6] than most Li- and

Na-based systems, the volume strain of intercalation is es-

sentially identical to that of the “zero-strain” Li-ion storage

material Li2.33Ti1.67O4.37

The small intercalation strain of KAg3[Fe(CN)6] is ex-

plained by the compensating changes in lattice parameters

during K+ insertion. On intercalation, the framework expands

modestly along the a and b crystal axes in order to widen

the channels and accommodate the extra-framework cations.

The crucial point is that expansion of the framework in one

set of directions results in a contraction along the c axis—

the framework behaves much like a three-dimensional “wine-

rack” by simply flexing whilst maintaining its basic frame-

work dimensions. So the Fe. . .Fe separation across connected

Fe–CN–Ag–NC–Fe linkages (=
√

a2 + c2) changes by just

0.2% on intercalation, whereas the angle between adjacent

linkages (given by 2tan−1
(

c
a

)

) changes by 1.0% and hence

accounts for most of the (small) strain observed. This be-

haviour contrasts with the responses observed in ion-storage

materials based on layered or dense framework structures.

In the former instance (e.g. TiS2), intercalation simply re-

sults in increasing interlayer separation; and in the latter

(e.g. LiFePO4), the whole lattice expands to accommodate

the intercalant. For both types of system the volume strain

is inherently large and positive because each of the linear

strains is positive. The key advantage offered by molecu-

lar frameworks as ion-storage media is that their mechanical

responses—whether to variations in temperature or pressure,

or to guest inclusion—can be tailored to ensure an expansion

in one or more directions is counteracted by a contraction in
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other directions.13,16,47 Whereas the linear strains induced by

changes in temperature and/or pressure can be anomalously

large, here we find that the strains can be much smaller than

those observed in conventional systems; for example, the lin-

ear strain anisotropy ∆ε = εmax − εmin in the “zero strain” ma-

terial Li2[2,6-Napth(COOLi)2] is 22.70 %, but is only 1.58 %

for KAg3[Fe(CN)6].29

In order for this “zero-strain” property of Ag3[Fe(CN)6]

to find practical application, it remains to demonstrate the

reversibility of the ion storage mechanism we explore here.

Similarly, the use of other alkali metals (e.g. Li) and fine-

tuning of the redox potentials by substitution at the Fe site are

avenues for future work. The key result of this preliminary

investigation is to demonstrate how the crucially important

problem of intercalation strain might in principle be overcome

by exploiting geometric flexibility, whether such an approach

is based on hexacyanometallate chemistry or otherwise.

The authors gratefully acknowledge financial support from

the E.P.S.R.C. (EP/G004528/2) and the E.R.C. (Grant Ref.:

279705) to J.A.H., A.B.C., and A.L.G., and from the Diamond

Light Source to S.J.C. (Cassidy).

References

1 Y.-M. Chiang, Science, 2010, 330, 1485–1486.

2 F. Cheng, J. Liang, Z. Tao and J. Chen, Adv. Mater., 2011, 23, 1695–1715.

3 F. Yang, J. Power Sources, 2011, 196, 465–469.

4 W. H. Woodford, W. C. Carter and Y.-M. Chaing, Energy Environ. Sci.,

2012, 5, 8014–8024.

5 Thermal Expansion of Crystals, ed. R. Krishnan, Pergamon Press, Ox-

ford, 1979, vol. 22.

6 K. T. Nam, D.-W. Kim, P. J. Yoo, C.-Y. Chiang, N. Meethong, P. T. Ham-

mond, Y.-M. Chiang and A. M. Belcher, Nature, 2006, 312, 885–888.

7 A. Magasinski, P. Dixon, B. Hertzberg, A. Kvit, J. Ayala and G. Yushin,

Nature Mater., 2010, 9, 353–358.

8 N. Yabuuchi, K. Kubota, M. Dahbi and S. Komaba, Chem. Rev., 2014,

114, 11636–11682.

9 M. Pasta, C. D. Wessells, N. Liu, J. Nelson, M. T. McDowell,

R. A. Huggins, M. F. Toney and Y. Cui, Nature Commun., 2014, 5,

doi:10.1038/ncomms4007.

10 G. D. Barerra, J. A. O. Bruno, T. H. K. Barron and N. L. Allan, J. Phys.:

Condens. Matter, 2005, 17, R217–R252.

11 J. L. C. Roswell, E. C. Spencer, J. Eckert, J. A. K. Howard and O. M.

Yaghi, Science, 2005, 309, 1350–1354.

12 Y. Wu, A. Kobayashi, G. J. Halder, V. K. Peterson, K. W. Chapman,

N. Lock, P. D. Southon and C. J. Kepert, Angew. Chem., 2008, 120, 9061–

9064.

13 A. L. Goodwin, M. Calleja, M. J. Conterio, M. T. Dove, J. S. O. Evans,

D. A. Keen, L. Peters and M. G. Tucker, Science, 2008, 319, 794–797.

14 A. E. Phillips, G. J. Halder, K. W. Chapman, A. L. Goodwin and C. J.

Kepert, J. Am. Chem. Soc., 2010, 132, 10–11.

15 A. L. Goodwin, D. A. Keen and M. G. Tucker, Proc. Natl. Acad. Sci.,

U.S.A., 2008, 105, 18708–18713.

16 A. B. Cairns, A. L. Thompson, M. G. Tucker, J. Haines and A. L. Good-

win, J. Am. Chem. Soc., 2012, 134, 4454–4456.

17 W. Li, M. R. Probert, M. Kosa, T. D. Bennett, T. Alagarsamy, R. P. Bur-

wood, M. Parinello, J. A. K. Howard and A. K. Cheetham, J. Am. Chem.

Soc., 2012, 134, 11940–11943.

18 C. Serre, C. Mellot-Draznieks, S. Surblé, N. Audebrand, Y. Filinchuk and
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Intercalation of potassium into the molecular framework silver hexacyanoferrate occurs with remarkably 

small volume strain.  
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