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Three isostructural porous Prussian blue analogues
KMJ[Cr(CN)g]-H,O (M = Zn, Mn, Fe) with alkali metal cations
K* located within the pores of the frameworks have been
constructed and characterized structurally. Thermal gravi-
metric analysis and variable-temperature powder XRD re-
sults indicate that the three porous materials are stable at
high temperatures, and their frameworks are still retained
after dehydration. The permanent porosities have been con-

firmed by nitrogen and hydrogen sorption measurements at
77 K. Sorption studies show that the framework of FeCr with
just 289 m?g~! BET surface area can take up a moderate
amount of H, at 77K and 860 Torr [112 cm?*(STP)g?,
0.71 wt.-%], which indicates that the guest alkali metal cat-
ion K* located in the pores can enhance the H, binding affin-
ity within the dehydrated porous framework.

Introduction

The US Department of Energy (DOE) has set the per-
formance targets for onboard hydrogen storage systems to
have densities of 6.0 wt.-% and 45 gL ! [at ambient tem-
perature (from 40 to 95 °C) and applicable pressure (less
than 100 atm)] by 2010 and 9.0 wt.-% and 81 gL ! by
2015. Following these goals, several families of porous
materials have been evaluated in the past decades to in-
crease the hydrogen storage density in porous solids, such
as, carbon-based solids,! zeolites®®] and metal-organic
frameworks.™!

More recently, cyanometallate-based materials have at-
tracted escalating research interest, because in comparison
to traditional zeolites, they possess lower framework densi-
ties, higher surface areas and lower enthalpies of adsorp-
tion, which have led to an enormous application potential
in gas storage.l>® To enhance hydrogen uptake capacities
of these porous materials, particularly at near ambient tem-
perature, great efforts have been devoted to the exploration
of various strategies to increase hydrogen affinities of po-
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rous frameworks. Among them, the implementation of co-
ordinatively unsaturated metal centres into porous frame-
works has been considered one of the most attractive ways.
As a result, several types of cyanide-based porous solids
with open transition-metal sites located at the surfaces of
the channels and/or cavities have been evaluated for hydro-
gen storage.l) The most promising materials are the dehy-
drated Prussian blue analogues of the type M3;[Co(CN)gl,
(M = Mn, Fe, Co, Ni, Cu, Zn, Cd),[%-%-7] which contain
open M?* coordination sites as a result of vacancies at
[Co(CN)¢]* sites within the cubic framework. Amongst
them, Cus[Co(CN)g], exhibits the highest H, storage ca-
pacity, taking up 1.8 wt.-% at 77 K and 890 Torr. In par-
ticular, the family of compounds A,Zn;[Fe(CN)4],»xH,O
(A = H, Li, Na, K, Rb, Cs), provided an opportunity for
studying the strength of H, interactions with the exchange-
able alkali metal cations located within the cavities of an
anionic metal-cyanide framework.[°¢®8] Upon dehy-
dration, a maximum excess uptake of 1.2 wt.-% at 77 K and
1.2 bar and a maximum isosteric heat of adsorption of
9.0 kImol! were observed for K,Zn;[Fe(CN)g)».

We report here the syntheses, crystal structures and nitro-
gen and hydrogen sorption properties of a family of porous
Prussian blue analogues KM[Cr(CN)g]-H,O (M = Zn, Mn,
Fe) (labelled as MCr-H,O in the following), where the
framework metal coordination environment remains satu-
rated with atoms from the CN bridges but with the exposed
alkali metal cation K*. To our surprise, gas sorption prop-
erties of the cyanometallate-based porous materials based
on the [Cr(CN)g]* building block remain poorly documen-
ted to date,’>1 and H, sorption have not yet been re-
ported.
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Results and Discussion

Crystal Structures of MCr-H,O (M = Zn, Mn, Fe)

Single-crystal X-ray diffraction analysis revealed that the
three Prussian blue analogues MCr-H,O (M = Mn, Zn, Fe)
were isostructural with each other, crystallizing in space
group Fm3n. The formula determined from single-crystal
structural data is in agreement with the composition based
on elemental and ICP analysis results.

The crystal structures of MCr-H,O are closely related to
those of the polymers reported previously.’? Selected bond
lengths for MCr-H,O are gathered in Table 1. Octahedral
[Cr(CN)¢]*~ units are linked via octahedrally coordinated,
nitrogen-bound M?* ions to give a cubic porous frame-
work, as shown in Figure 1. The cavities of the cubic lattice
are occupied by guest H,O molecules, and the alkali metal
K™ cations play the role in charge balance, with K and O
atoms fixed to have 50% occupancy each. Calculations
within PLATONI' by using the VOID routine revealed
that about 36% of the unit cell was void and thus large free
space for guest molecules sorption. These water molecules
can be removed upon heating, leaving the KM[Cr(CN)g]
framework intact and generating open coordination sites on
the alkali metal cation K™.

Table 1. Bond lengths [A] for MCr-H,O.

Compound ZnCr-H,O MnCr-H,O FeCr-H,O
MI-NI 2.072(5) 2.174(4) 1.975(6)
Cr1-C1 2.031(6) 2.066(5) 2.020(6)
C1-N1 1.187(8) 1.157(6) 1.277(10)

Figure 1. Porous framework for the cubic phases MCr-H,O. Red,
green, grey and blue spheres represent M, Cr, C and N atoms,
respectively. The cavities are occupied by K* ions and guest H,O
molecules (pink spheres).

Thermal Stabilities and Structural Integrities of
MCr‘tzO

TGA and powder XRD were used to evaluate the ther-
mal stabilities and structural integrities of MCr-xH,O. For
as-synthesized fresh samples of MCr-xH,O (M = Zn, Mn),
room-temperature powder XRD (Figure 2) results revealed
the same pattern of intense diffraction lines in each of the
simulated and as-synthesized materials. However, signifi-
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cantly decreased diffraction intensities and broadened de-
flections have been observed for FeCr-xH,O, which is
thought to be associated with the fact that Fe!' hexa-
cyanochromate(III) is an unstable coordination compound,
which on aging partially transforms into metal hexa-
cyanoferrate(Il) to form a more stable solid. In addition,
the IR absorption band observed at about 2085 cm ™' (Fig-
ure S3, Supporting Information) also corresponds to the
presence of metal-N—-C-Fe"-C-N-metal chains in the sam-
ple, which indicates partial decomposition of the sample.
However, this decomposition is not distinguished by vari-
able-temperature powder XRD and cannot lead to a loss in
porosity, as detailed below. Efforts to control the synthe-
sized process to improve the shape of peaks were unsuccess-
ful.

FeCr, as-synthesized
A PN

t |l i ZnCr, as-syntheszed
A J LA —A

l | ZnCr simulated
e
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Figure 2. Powder XRD patterns of the as-synthesized MCr pow-
ders compared to those simulated from single-crystal XRD data of
ZnCr.

As shown in Figure 3, as-synthesized MCr-xH,O lost the
crystal water molecules completely below ca. 100 °C, and
then the dehydrated structures remained stable, preserving
their porous feature, up to ca. 330, 250 and 220 °C for
ZnCr, MnCr and FeCr, respectively. The hydration degree
is estimated from the weight loss and these compounds con-
tain a large amount of water molecules, from 5.8 to 7.8
molecules per formula unit depending on the metal in-
volved.
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Figure 3. Thermogravimetric curves of MCr-xH,O.

Furthermore, the porous frameworks of MCr-xH,O were
largely intact when the guest molecules were removed by
soft heating, and the structure of the dehydrated phase re-
867
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mained at higher temperatures, as evidenced by comparison
of the variable-temperature powder XRD patterns (Fig-
ure 4; Figure S4 and S5, Supporting Information) collected
at temperatures ranging from room temperature to 270 °C
(Figure 4). A slight weight loss from 200 to 270 °C for
MnCr (M = Mn, Fe) can be attributed to the partial de-
composition of the sample, which cannot lead to the com-
plete collapse of the framework. It should be noted that the
powder XRD pattern after dehydration in the region 10—
50°/20 of MnCr matched well with that of a related com-
plex,'! which indicated that both complexes have the same
crystal structure.
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Figure 4. Variable-temperature powder XRD patterns of as-synthe-
sized ZnCr.

It is noticeable that upon removal of water the unit cell
contracted, as was observed between the hydrated and de-
hydrated phases. An analogue structural effect on dehy-
dration has been reported for other porous cyanometallates
upon dehydration.” '] In particular, about 4.4% contrac-
tion of the unit cell parameter refined by using FullProf
Rietveld softwarel'?! was observed for the dehydrated ZnCr
framework (Figure 5) heated from 40 to 390 °C under vac-
uum. The cell contraction was detected from an obvious
peak shift to higher values in the variable-temperature pow-
der XRD patterns.

1.06

1.05 S

1.04 4

a

Unit cell /A

- -
[=] o
N w
1 L
o
-3
J
/
o
o

1.01 4 © T

1.00

150 200 250 300 350 400

Temperature / °C

0 50 100

Figure 5. Temperature-dependent unit cell of ZnCr-xH,O from
variable-temperature powder XRD data obtained under vacuum
conditions.

N, Adsorption Measurements of MCr (M = Zn, Mn, Fe)

The colours of the MCr series changed after dehydration,
and during the dehydration process, the colour of as-syn-
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thesized ZnCr changed from light-yellow to orange-red,
MnCr changed from light-green to orange-red and FeCr
changed from brick red to dark red. However, these colour
changes are not necessarily indicative of a loss of structure,
which was evidenced by IR spectra analysis (Figures S1-S3,
Supporting Information).

To investigate the permanent porosities of the three ma-
terials, nitrogen sorption isotherms were measured at 77 K
for freshly prepared samples that were completely dehy-
drated by heating at 120 °C for 12 h under vacuum. As
shown in Figure 6, all of them showed reversible type I
sorption behaviour, as expected for microporous materials.
Respective N, uptakes of 226, 181 and 112 cm*(STP)g!
(Table 2) are observed that correspond to 3.3, 2.6 and 1.6
N, molecules per formula unit, respectively (assuming only
negligible reductions in the unit cell dimensions as a result
of dehydration).
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Figure 6. Nitrogen adsorption isotherms for the dehydrated MCr
Prussian blue analogues.

Table 2. Nitrogen and hydrogen sorption properties of the dehy-
drated MCr phases.

SAlI N, uptake  H,ll uptake  H,l1  H,

[m?g1] [cm3STP)g '] [em*(STP)g '] [wt.-%] [wt.-%)]
ZnCr 869 226 138 1.22 1.66
MnCr 688 181 97 0.86 1.25
FeCr 289 112 81 0.71 1.00

[a] BET plots were constructed for nitrogen sorption isotherms,
and nominal surface areas were determined by using a linear sec-
tion over the range P/P, = 0.001-0.03. [b] Measured at 77 K and
0.99 P/P,. [c] Measured at 77 K and 860 Torr. [d] Predicted through
application of the Langmuir—Freundlich equation.

Fittings of the Brunauer—-Emmett-Teller (BET) equation
to the adsorption isotherms of nitrogen give the estimated
surface areas of 869, 688 and 289 m?g! for ZnCr, MnCr
and FeCr, respectively (Table?2), compared to 560-
870 m?g ! for Prussian blue analogues M;[Co(CN)g], (M =
Mn. Fe, Cu, Ni, Cu, Zn)!l and 220-518 m?g ! for the po-
rous tetracyanometallates.">>"l Using the Dubinin-Ra-
dushkevich (DR) equation,!'3! the respective pore volumes
were estimated to be 0.32, 0.25, and 0.10 cm3g™!, respec-
tively.
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The significantly lower surface area and N, uptake ob-
served for FeCr is likely attributed to the partial sample
decomposition within crystallites as above discussed. Sim-
ilar phenomena have also been observed in related cyano-
metallatesi®%%%1 and in the metal-organic framework
[Cu,(bptc)(H,0),(dmf);(H,0)].['4 Significantly, owing to
the presence of the K* guest cation in the framework struc-
ture of MCer, the surface areas observed are generally lower
than the reported values for related dehydrated Mj;[Co-
(CN)g]» Prussian blue analogues.[®l

H, Sorption Measurements of MCr (M = Zn, Mn, Fe)

To evaluate hydrogen storage performance, hydrogen
sorption isotherms were measured at 77 K. As shown in
Figure 7, all three compounds revealed reversible type Ib
isotherms without any hysteresis, indicative of permanent
porosity. To the best of our knowledge, these are the first
hydrogen sorption measurements reported for any Prussian
blue analogues based on the [Cr(CN)¢]*~ building block.
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Figure 7. Hydrogen adsorption isotherms for the dehydrated MCr
Prussian blue analogues in gravimetric unit (wt.-%). Solid lines rep-
resent the best fits of the Langmuir-Freundlich (L-F) equation to
the data.

Uptake at 77 K and 860 Torr varies from 0.71 wt.-% (ex-
cess) in FeCr to a maximum of 1.22 wt.-% H, in ZnCr. This
trend in hydrogen adsorption is consistent with BET sur-
face areas extracted from nitrogen adsorption data, but it
must be remembered that saturation of the surfaces by hy-
drogen is not accomplished at this pressure. Note that the
value observed for ZnCr is slightly below the 1.5 wt.-% of
Co5[Co(CN)¢]».[1 The maximum uptakes correspond to
2.0, 1.4 and 1.2 H, molecules per formula unit for ZnCr,
MnCr and FeCr, respectively. For ZnCr, this gives a mini-
mum volumetric H, storage density of 0.023 KgL!, com-
pared to 0.016-0.019 KgL ! for A,Zn;[Fe(CN)¢], (A = H,
Li, Na, K, Rb)*l and 0.016-0.025 KgL ' for M;[Co-
(CN)gl, (M = Mn, Fe, Co, Ni, Cu, Zn)!l under the same
conditions. Although the value is relatively lower than some
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reported porous MOFs with much higher volumetric H,
storage,l!*! this material is still a potential viable hydrogen
storage media for future mobile applications.

The measured temperature is well above the critical one
(33 K) for hydrogen, which suggests that maximal sorption
quantities at 860 Torr do not represent saturation loadings
without much higher pressures. Adsorption isotherms were
fitted by employing the Langmuir-Freundlich (L-F) equa-
tion,['®I which yielded estimated limiting sorption capacities
of 1.66 wt.-% for ZnCr, 1.25 wt.-% for MnCr and 1.00 wt.-
% for FeCr, compared to the highest predicted saturation
capacity of 2.3 wt.-% in Cu,[Fe(CN)4]®7 for any measured
Prussian Blue analogues. A moderate H, uptake for FeCr
with just 289 m?g ! BET surface area may arise from the
utility of the guest K* alkali metal cation for enhancing the
H, binding affinity within the porous framework. The role
of the alkali metal sited within the pore for the hydrogen
adsorption has also been explored in alkali metal ex-
changed porous coordination polymers A,Zn;[Fe(CN)gl»:
xH,0M0d:6¢1 and zeolites.'”!

Conclusions

In summary, three porous Prussian blue analogues con-
structed from the [Cr(CN)¢]*~ building block have been syn-
thesized and structurally characterized. Hydrogen sorption
studies demonstrated that guest the K* alkali metal cation
located in the pores can perhaps enhance the H, binding
affinity within the dehydrated porous framework. Future
work will focus on performing H, adsorption isotherms at
87 K to quantify the strength between H, and the porous
framework, doping with electropositive elements (such as,
Li, Na, Rb, and maybe Cu, Ag and Au) to increase H,
binding energy and varying the covalent metal types to ex-
ploit new materials for H, storage.

Experimental Section

Materials: Unless otherwise noted, all reactants were used as pur-
chased, without further purification. K5[Cr(CN)g]-H,O was pre-
pared according to a published procedure.!®]

KZn|Cr(CN)g]'xH,O: The crystalline powder was prepared by the
reaction of K;[Cr(CN)g]'H,O (2.0 mmol) and ZnSO47H,O
(2.0 mmol) in aqueous solution. Yield: 31% on the basis of
ZnS0O4TH,0. KZnCr(CN)g7H,0 (439): caled. C 16.43, H 3.22, Cr
11.85, K 8.91, N 19.16, Zn 14.91; found C 16.14, H 3.17, Cr 11.68,
K 8.79, N 19.32, Zn 15.09. The amount of water molecules per
formula unit based on elemental and ICP analysis data is in agree-
ment with the results determined from TG analysis (Figure 3). The
crystallinity was checked by X-ray powder diffraction as shown in
Figure 2. Light-yellow, block-shaped single crystals were obtained
by slow diffusion of aqueous solutions of Kj[Cr(CN)g]-H,O
(0.05mmol) and ZnSO47H,O (0.05 mmol). C¢H>CrKN¢OZn
(331): caled. C 21.80, H0.61, Cr 15.73, K 11.83, N 25.42, Zn 19.78,;
found C 21.71, H 0.65, K 11.79, Cr 15.82, N 24.49, Zn 19.95.

869

www.eurjic.org



FULL PAPER

A.-H. Yuan et al.

KMn|[Cr(CN)g]'-xH,O: The crystalline powder was prepared by the
reaction of K;[Cr(CN)g]'H,O (2.0 mmol) and MnCl,4H,O
(2.0 mmol) in aqueous solution. Yield: 33% on the basis of
MnCl,-4H,0. KMnCr(CN)g-8H,0 (446): caled. C 16.15, H 3.61,
Cr 11.65, K 8.76, N 18.83, Mn 12.31; found C 15.97, H 3.50, Cr
11.34, K 8.99, N 18.64, Mn 12.06. The amount of water molecules
per formula unit based on elemental and ICP analysis data is in
agreement with the results determined from TG analysis (Figure 3).
The crystallinity was checked by X-ray powder diffraction as shown
in Figure 2. Light-green, block-shaped single crystals were obtained
by slow diffusion of aqueous solutions of K;[Cr(CN)g-H,O
(0.05 mmol) and MnCl,4H,O (0.05 mmol). C4H,CrKMnNzO
(320): caled. C 22.51, H 0.63, Cr 16.24, K 12.21, Mn 17.16, N
26.25; found C 22.39, H 0.68, Cr 16.27, K 12.30, Mn 17.08, N
26.18.

KFe|Cr(CN)gl'xH,O: The crystalline powder was prepared by the
reaction of Kj;[Cr(CN)¢]'H,O (2.0 mmol) and FeSO45H-0
(2.0 mmol) in aqueous solution. Yield: 25% on the basis of
FeSO,4:5H,0. KFeCr(CN)g6H,O (411): caled. C 17.53, H 2.94, Cr
12.65, Fe 13.58, K 9.51, N 20.44, found C 17.24, H 2.84, Cr 12.74,
Fe 13.45, K 9.67, N 20.51. The amount of water molecules per
formula unit based on elemental and ICP analysis data is in agree-
ment with the results determined from TG analysis (Figure 3). The
crystallinity was checked by X-ray powder diffraction as shown in
Figure 2. Brick-red, block-shaped single crystals were obtained by
slow diffusion of aqueous solutions of K;[Cr(CN)g-H,O
(0.05 mmol) and FeSO45H,O (0.05 mmol). C4H,CrFeKNzO
(321): caled. C 22.45, H 0.63, Cr 16.20, Fe 17.39, K 12.18, N 26.18;
found C 22.38, H 0.70, Cr 16.13, Fe 17.48, K 12.01, N 26.21.

X-ray Crystallographic Analysis: Diffraction data for MCr-H,O
were collected with a Bruker Smart Apex diffractometer equipped
with Mo-K,, (4 = 0.71073 A) radiation (Table 3). Diffraction data
analysis and reduction were performed within SMART, SAINT
and XPREP!'"! Correction for Lorentz, polarization and absorp-
tion effects were performed within SADABS.?% Structures were
solved by using the patterson method within SHELXS-972' and
refined by using SHELXL-97.221 K and O atoms were fixed to have
50% occupancy each in the structure of MCr-H,O. CCDC-745564
(for FeCr), -729603 (for MnCr) and -729604 (ZnCr) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Table 3. Crystallographic data and refinement details for
MCr-H,O0.

Compound ZnCr-H,O MnCr-H,O FeCr-H,O
Chemical formula CgH,CrKNsOZn CcH,CrKNsOMn C¢H,CrKNzOFe
Formula weight ~ 330.61 320.18 321.09

Crystal system cubic cubic cubic

Space group Fm3n Fm3n Fm3n

T/K 291(2) 291(2) 291(2)

al A 10.5801(7) 10.7936(11) 10.604(1)

VA3 1184.32(14) 1257.5(2) 1192.37(19)

VA 4 4 4

Deieq. | gem™ 1.854 1.691 1.789

wu/ mm! 3.280 2.185 2462

GOF on F? 1.051 1.004 1.047

R [I>26(1)] 0.0284 0.0182 0.0310

@R (all data)  0.0715 0.0532 0.1062

[a] Rl = Z"||Fo| - |Fc||/E|F0| [b] wRZ = [E(JU(FO2 - F02)2/Zw(F02)2]1/2.
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Physical Measurements: Elemental analyses for C, H and N were
performed with a Perkin—Elmer model 2400 CHN analyzer,
whereas those for K, Cr and M (M = Zn, Mn, Fe) were determined
by inductively coupled plasma (ICP) analysis by using a JY38S
spectrometer. IR spectra were measured with a Nicolet FT 1703X
spectrophotometer in the form of KBr pellets in the 4000400 cm ™!
region. Variable-temperature powder X-ray diffraction (XRD) pat-
terns were collected with Cu-K,, radiation by using a D8-Advance
X-ray diffractometer (Bruker-AXS). All the patterns were collected
from 5 to 50°/20 with a rate of 2°min . Thermal gravimetric analy-
ses (TGA) were carried out at a ramp rate of 2 °Cmin~! under a
dry nitrogen atmosphere by using a Perkin—Elmer Pyris Diamond
TGA analyzer.

Gas Adsorption Measurements: Sample tubes of a known weight
were loaded and sealed by using a transeal. Samples were degassed
at 120 °C for 12 h with a Micromeritics ASAP 2020 analyzer until
the outgas rate was no more than 1 mTorrmin!. The degassed
sample and sample tube were weighed and then transferred back
to the analyzer (with the transeal preventing exposure of the sample
to air after degassing). The outgas rate was again confirmed to
be less than 1 mTorrmin !. Samples were maintained at constant
temperature by immersion in a liquid-nitrogen bath (77 K). UHP
grade N, and H, (99.999%) gases were used for all measurements.

Supporting Information (see footnote on the first page of this arti-
cle): IR spectra (vcn vibration region) of the as-synthesized sam-
ples and the samples after gas sorption experiments for MCr (M =
Zn, Mn and Fe); variable-temperature powder XRD patterns of as-
synthesized MnCr and FeCer.
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