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Valence-Tautomeric RbMnFe Prussian Blue Analogues: Composition and Time
Stability Investigation
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Three different stoichiometric forms of Rb,Mn[Fe(CN)g],
zH,O [x =0.96, y =098,z =0.75 (1); x =094, y = 0.88, z =
2.17 (2); x = 0.61, y = 0.86, z = 2.71 (3)] Prussian blue ana-
logues were synthesized and investigated by magnetic,
calorimetric, Raman spectroscopic, X-ray diffraction, and
57Fe Mossbauer spectroscopic methods. Compounds 1 and 2
show a hysteresis loop between the high-temperature (HT)
Fe'(S = 1/2)~-CN-Mn'(S = 5/2) and the low-temperature (LT)
Fell(S = 0)-CN-Mn'{(S = 2) forms of 61 and 135 K width cen-
tered at 273 and 215 K, respectively, whereas the third com-
pound remains in the HT phase down to 5 K. The splitting of

the quadrupolar doublets in the **Fe Mdéssbauer spectra re-
veal the electron-transfer-active centers. Refinement of the
X-ray powder diffraction profiles shows that electron-trans-
fer-active materials have the majority of the Rb ions on only
one of the two possible interstitial sites, whereas nonelec-
tron-transfer-active materials have the Rb ions equally dis-
tributed. Moreover, the stability of the compounds with time
and following heat treatment is also discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Prussian blue analogues of transition metals with the ge-
neral formula A M[M'(CN)g], zH,O (where A is an alkali-
metal cation, and M and M’ are generally first-row transi-
tion-metal cations) have attracted considerable interest be-
cause of their remarkable magnetic properties.!~®) Within
this family, several compounds present a first-order thermal
phase transition associated with a metal-to-metal electron
transfer.”#¥! Notably, the compound Rb,Mn[Fe(CN)g],:
zH,O exhibits a charge-transfer (CT) phase transition be-
tween the high-temperature (HT) Fe(S = 1/2)-CN-
Mn''(S = 5/2) and the low-temperature (LT) Fe!'(S = 0)-
CN-Mn""(S = 2) states, either of which displays markedly
different magnetic, optical, and electronic properties.[8-23
The transition between the two phases can be induced not
only by changing the sample temperature, but also by ap-
plying external pressure or by light irradiation.!'?!

In compounds having the idealized formula
RbMn[Fe(CN)g], the ground state at low temperatures is
the Fe''; ««CN-Mn"";5 (LS = low spin, HS = high spin)
configuration. However, at high temperatures, the Fe™ ¢~
CN-Mn'lyg configuration becomes the thermodynamically
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stable phase as a result of its higher entropy of electronic
and vibrational origins. In contrast, the phase-transition
temperature depends strongly on the actual sample stoichi-
ometry.l'¥ In fact, in compounds with vacant Fe(CN); sites,
oxygen atoms of water molecules coordinate to the Mn ions
instead of the nitrogen atoms of the cyanide ions and the
average environment of the manganese ions changes to
Mn(OH,) (NC)e_,. The formation of these vacancies leads
to a lower Rb* proportion in order to maintain the charge
neutrality. As a result, the ligand field strength of the Mn
ions becomes weaker, and consequently, the redox potential
of the Mn'"/Mn'" couple decreases, which leads finally to
its inability to reduce [Fe(CN)¢] to [Fe''(CN)g]. If the
water content is sufficiently high, the redox potential de-
creases to such an extent that the Fe''; -CN-Mn'!;;¢ form
becomes stable at very-low temperatures.”!! This important
role of the incorporated water molecules, which may be co-
ordinated as well as noncoordinated, suggests that the phys-
ical properties of these compounds may change with time,
but to the best of our knowledge, this occurrence has not
been discussed in the literature. It is also important to note
that the transition from the HT to LT form is accompanied
by a remarkable volume contraction of ca. 10% associated
with a structural change from cubic (F-43m) to tetragonal
(I-4m2) owing to the Jahn-Teller distortion of the Mn'!! ion
in the LT phase.!

In this paper, we report on the syntheses and detailed
physical characterization of three novel compounds of
Rb, Mn[Fe(CN)g],:zH,O with different stoichiometries:
Rbg.osMn[Fe(CN)glo.05°0.75H,0 (1), Rbg 9sMn[Fe(CN)glo ss*
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2.17H,0 (2), and Rbg ¢;Mn[Fe(CN)glg.g62.71H,0 (3), and
we discuss the effect of the stoichiometry change on their
crystallographic and electronic structure, as well as on their
spectroscopic and magnetic properties.

Results and Discussion

Sample 1

The y,,T value, where y,, stands for the molar magnetic
susceptibility and T for temperature, of freshly prepared
compound 1 decreases abruptly from 4.6 to 3.2 cm*Kmol™!
around 250 K upon cooling, and conversely, as the sample
is warmed up from 130 K, the y,,7T value increases around
300 K and reaches the initial y,,7" value (Figure 1). The
values of y,,T in the high-and low-temperature regions are
in agreement with the theoretical values expected for the
sum of the spin only values of Fe'''; ¢-Mn'';;g and Fe'l| ¢-
Mn'" g, respectively, thus revealing a complete transition,
which would indeed be in agreement with an approximately
1:1 Mn/Fe ratio. The width of the thermal hysteresis loop
(61 K) is defined by Ty,) = 242K and T}, 1 = 303 K.
These temperatures correlate with the general trends re-
ported in ref. [14], that is, when the Rb content is close to 1
and the water content tends to go towards zero, the phase
transition shifts to higher temperatures and the hysteresis
width decreases (see Supporting Information). The mag-
netic measurements on this sample were reproduced after
the compound had aged for six months under ambient stor-
age conditions. These reveal a smaller hysteresis (T, | =
250 K and T, T = 303 K) and an upward displacement of
the absolute values of y,,7 (Figure 1). On the whole, how-
ever, if one takes into account the measurement uncertaint-
ies the overall difference appears to be relatively small.
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Figure 1. Temperature dependence of y,,7 of 1 in the cooling and
heating modes: (O) freshly prepared sample, (M) after 6 months
storage under ambient conditions.

The first-order phase transition in an aged sample of 1
was also evidenced by differential scanning calorimetric
(DSC) measurements (Figure 2) and the associated en-
thalpy and entropy changes were determined as AH =
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15 kJmol™ and AS = 53 JK 'mol™!. These values are in
agreement with the literature data.'?* As discussed in
ref'¥ this large entropy change has, for the most part, a
vibrational origin. The completeness of the transition was
confirmed by Raman spectroscopy (Figure 3), which re-
vealed two CN stretching modes in the HT phase around
2159 and 2168 cm! (indicative of CN stretching in Fe™-
CN-Mn"), whereas the LT phase is characterized by two
modes around 2094 and 2113 cm™! (CN stretching in
Fe'"-CN-Mn'"). The sharp peaks observed in the Raman
spectra [FWHM (full-width half-maximum) = ca. 3.5 cm™!]
confirm nicely the proposed correlation between the stoi-
chiometry of the samples and the Raman linewidths, that
is, the more deviation from a “perfect” stoichiometry, the
broader the lines in the CN stretching region (see Support-
ing Information).l4!
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Figure 2. DSC curves recorded in the heating mode for samples 1
and 2.

Selected 3"Fe Mossbauer spectra of aged compound 1
acquired in the cooling and heating modes (HT and LT
phases, respectively) within the hysteresis region at 265 K
are shown in Figure 4. Values of the hyperfine parameters
obtained from the least-squares fitting procedure of the
spectra recorded in the 293-80 K region are listed in
Table 1. In the cooling mode at 265 K the spectrum corre-
sponding to Fe''; ¢ (HT phase) can be fitted with a doublet
with an isomer shift § = —0.133(2) mms! and a quadrupole
spitting 0S = 0.097(2) mms . In the heating process, the
spectrum corresponding to Fe'l; g (LT phase) can be fitted
with a doublet with an isomer shift 6 = —0.119(1) mms™!
and a quadrupole spitting QS = 0.124(8) mms~'. In other

www.eurjic.org 761



FULL PAPER

P. J. van Koningsbruggen, A. Bousseksou et al.

sample 1

T Ny 180K
e
sample 2 J\k 80K
et "
T T T T
sample 3 /‘/\ 293K
2050 2100 2150 2200

Raman shift (cm_1)

Figure 3. Raman spectra of samples 1, 2, and 3 acquired at 293
(cooling mode), 80 (cooling mode), and 180 K (heating mode).

words, taking into account the Mossbauer hyperfine pa-
rameters, distinguishing the two forms is not straightfor-
ward. However, the Mdssbauer peak areas appear signifi-
cantly different, indicating that the recoilless fractions differ
in the two phases. Indeed, the plot of the total area (A) as
a function of the temperature (Figure 5) reveals clearly a
discontinuity at the phase transition. This sudden change in
A reflects a marked variation in the Lamb—M6ssbauer fac-
tor, that is, in the lattice dynamics. In a more quantitative
manner, by using the Debye model in the high temperature
limit one can determine the so-called “Mossbauer Debye
temperature”, 0p from the temperature dependence of 4 by
using the relationship:?%-27!

Transmission (a.u.)

Velocity (mm s-1)

Figure 4. "Fe Mossbauer spectra of 1 acquired at 265 K in the
cooling (O) and heating (M) modes with fitted line.

d(n[AD/AT = —3E,2 Mcky0r>

where E, is the MOssbauer transition energy, kg is the
Boltzmann constant, ¢ is the velocity of light, and M has
been taken as the mass of the “bare” Mdssbauer atom (°"Fe
in the present case). A linear least-squares fit of In[4] vs. T
allowed us to determine the values of 0p as 265(%£24) K
and 333(%=14) K in the HT and LT phases, respectively. The
higher value of 6, in the LT phase signifies that the crystal
lattice is more rigid in this phase. This finding is in nice
agreement with the X-ray diffraction data,’”? which reveals
a strong lattice contraction when going from the HT to the
LT phase and also with the calorimetric results, which indi-
cate a significantly higher vibrational entropy in the HT
phase.

The X-ray powder diffraction profile of sample 1 ob-
tained at room temperature (see Supporting Information)

Table 1. Least-squares fitted Mossbauer data for sample 1 obtained in the cooling (293-80 K) and heating (265 and 293 K) modes. Values
in parentheses are the error bars of statistical origin. Italicized values were fixed during the fitting.

Doublet Doublet

T Ikl Qs 721 Area ISkl Qs 721
(K) (mms) (mms) (mms1) (%) (mms1) (mms) (mms)
293 0.151(2) 0.07(2) 0.152(5) 100

285 0.138(3) 0.17709) 0.162(7) 100

275 ~0.137(2) 0.159(7) 0.155(5) 100

265 0.133(2) 0.097(2) 0.162(7) 100

255 ~0.131(1) 0.049(3) 0.155(5) 100

245 0.126(2) 0.026(8) 0.157(8) 100

235 0.123(3) 0 0.17(1) 100

225 -0.121 0.12 0.16 78(6) -0.094 0.12 0.16
215 -0.117 0.12 0.16 53(9) -0.091 0.12 0.16
205 -0.114 0.12 0.16 20(10) -0.087 0.12 0.16
195 ~0.086(2) 0.117(9) 0.16(4)
180 ~0.080(2) 0.12(1) 0.168(6)
160 ~0.074(4) 0.145(2) 0.159(9)
140 ~0.069(2) 0.12(1) 0.164(7)
120 ~0.060(2) 0.13(1) 0.159(7)
100 ~0.054(1) 0.117(7) 0.156(3)
80 ~0.050(2) 0.12(1) 0.151(6)
265 ~0.119(1) 0.124(8) 0.165(4)
293 ~0.147(1) 0.11(1) 0.164(4)

[a] IS: isomer shift (with reference to metallic iron at 293 K). [b] QS: quadrupole splitting. [c] I": half-height width.
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Figure 5. Temperature dependence of the natural logarithm of the
total area of 3"Fe Mssbauer spectra of 1. The lines represent linear
fits on data obtained in the pure LT and HT phases.

was satisfactorily fitted by using the F-43m model pre-
viously reported by Vertelman et al.??l The atom fractions
on each crystallographic site were fixed to those obtained
from the elemental analysis, with the exception of the frac-
tions of the Rb and O atoms. For Rb, there are two crystal-
lographic distinct positions in the F-43m phase: 4c and 4d
(hereafter denoted as Rbl and Rb2, respectively). We as-
sume that the octahedral environment of the Mn ion is al-
ways maintained by coordination of water molecules; there-
fore, the O3 fraction was kept constant on 0.02. During
structural refinement, a series of constraints involving the
Rb and O fractions were set up: [Rbl1] + [Rb2] = 0.96, [O1]
+ [02] = 0.63 (= 0.75-6 X 0.02), [Rbl] + [O1] = 0.96, and
[Rb2] + [O2] = 0.63. Unfortunately, (small) negative frac-
tions occurred for Rb2 and O1. Because this does not make
sense chemically, all Rb ions were placed on Rbl and the
remaining O atoms were placed on O2. Constraints were
also placed on the isotropic atomic displacement param-
eters, Uiso: Uisoyy, = Uisog,, UisOrp; = UiSOrps = Uisog
= Uis0g,, Uisoc = Uison = Uisops. The determined Fe-C
and Mn-N distances of 1.86(4) and 2.28(3) A are indicative
of LS Fe and HS Mn!l, respectively, and match those in
the previously reported single-crystal structure of the HT
configuration [Fe-C 1.929(4) A, Mn-N 2.205(5) A], by tak-
ing into account the uncertainties in the present model.[*?]
After refinement of the profile by using this cubic model,
weak unindexed peaks were still present at 26 values of 24.5
and 35°. These peaks are indicative of the LT phase (space
group I-4m2) reported by Moritomo et al.[']

Sample 2

Figure 6a shows the product of the molar magnetic
susceptibility and the temperature for freshly prepared sam-
ple 2 as a function of temperature measured at a rate of 2
and 0.3 Kmin!, respectively. At room temperature the y,, 7T
value is ca. 4.6 cm*Kmol . The first cooling was carried
out at a rate of 2 Kmin! and a partial transition was ob-
served between 160 and 130 K leading to a partially
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quenched HT phase. At 80 K, the y,,7 value reaches ca.
4.0 cm?® K mol !, which corresponds to a mixture of ca. 40 %
LT and 60% HT phase. In the heating mode, around 130 K,
the quenched, metastable HT phase relaxes and conse-
quently the y,,7 value decreases to ca. 3.5 cm®Kmol .
This value indicates the presence of a residual HT fraction
even after the relaxation. As shown in Figure 6a, if the sam-
ple is slowly cooled down at a rate of 0.3 Kmin™! one can
avoid quenching the system. The width of the thermal hys-
teresis loop (135K) is defined by Ty, = 147K and
T1» 1 =282 K. Such a large hysteresis width is an appeal-
ing property for the application of these materials in various
devices (e.g., memories). It is interesting to note that in the
warming mode for both experiments, the phase transition
occurs in two steps with a very small plateau around 280 K.
This unprecedented result may have a crystallographic ori-
gin. The two steps are also reflected in the DSC curve of
the sample (Figure 2).

T T T T T T T T
100 150 200 250 300 350
T(K)

Figure 6. (a) Temperature dependence of y\ 7 of freshly prepared
sample 2 recorded at different cooling rates: 2 (M) and 0.3 Kmin !
(O). (b) Temperature dependence of yy T (recorded at 0.3 Kmin™!
cooling rate) of 2 after 1 month ageing (A), followed by a heat
treatment at 403 K (V).

The incomplete nature of the transition in sample 2 was
confirmed by Raman spectroscopy (Figure 3), which re-
vealed the presence of a small fraction of the reduced
Fe'l| «CN-Mn'"; form (vcy = 2082 and 2120 cm ') in the
HT phase and a significant quantity of residual Fe™ ¢
CN-Mn"};g form (ven = 2161 and 2169 cm™) in the LT
phase at 180 K (heating mode). It should be noted that at
80 K the Raman spectrum of this compound corresponds
to the HT phase even if the sample is cooled down at a very
slow cooling rate. This observation reflects the fact that the
exciting laser light instantaneously transforms the LT phase
into the HT phase, which then remains trapped due to the
slow relaxation kinetics at this temperature.

The stoichiometry of sample 2 deviates significantly from
the general trend observed previously!'¥ (see Supporting In-
formation), which means that the sample does not consist
of a homogeneous phase. This fact is also reflected in the
Raman and Mdssbauer spectra. It is therefore difficult to
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discuss in this case the correlation between the sample stoi-
chiometry and the phase-transition temperatures. In con-
trast, it is possible to measure the broadening of the Raman
spectral lines, which correspond to the HT phase. It appears
that the two CN stretching modes in the HT phase display
a significant line broadening: the FWHM values measured
at room temperature are 4.9 and 6.0 cm! for the modes
centered around 2170 and 2159 cm™!, respectively. This line
broadening is in fairly good agreement with the relatively
large amount of Fe(CN)4* vacancies and also with the ob-
served phase-transition temperatures (see Supporting Infor-
mation).

Sample 2 appeared to be unstable under ambient storage
conditions. As shown in Figure 6b, only a small fraction
(ca. 5%) of the compound exhibits a charge transfer after
one month. This temporal evolution of sample 2 towards
the HT phase suggests that an additional amount of water
molecules entered the crystal lattice to such an extent that
the Fe!'l, « CN-Mn'';;5 form becomes stable whatever the
temperature. The most plausible explanation of this phe-
nomenon is water uptake from the air. Indeed, one should
notice that this sample contains a large amount of
Fe(CN)g* vacancies and the coordination sphere of manga-
nese ions must be completed somehow. If this hypothesis is
correct, a supplementary heat treatment may allow removal
of a certain amount of water molecules and the charge
transfer should thus be restored. We have thus carried out
a thermal treatment on sample 2 (HT form) in an oven at
130 °C for 5d. As shown by the magnetic measurements
(Figure 6b), the sample exhibits a large hysteresis loop fol-
lowing this treatment even if the final phase-transition tem-
peratures are somewhat different from those observed in the
starting material.

Mossbauer spectra of compound 2 (freshly prepared) at
selected temperatures are shown in Figure 7 and values of
the hyperfine parameters obtained from the least-square fit-
ting procedure are listed in Table 2 for each spectrum. At
room temperature, the Mdssbauer spectrum can be satisfac-
torily fitted by using three components: two quadrupolar
doublets and one singlet with approximately 40:45:15 area-
% ratios. On the basis of the hyperfine parameters and the
strong temperature dependence of the quadrupole splitting,
the doublets can be clearly assigned to low-spin (LS)
iron(I1T) species in two different distorted cubic environ-

ments.”! On the sole basis of the isomer shifts, the singlet
component can be assigned either to LS iron(Il) or LS
iron(IIT) in a local cubic symmetry. Nevertheless, in agree-
ment with the Raman results, the singlet component can be
straightforwardly attributed to a LS iron(II) species corre-
sponding to the reduced form of the complex (Fe'-Mn").
The temperature dependence of the Mdssbauer parameters
indicates that the species with the largest quadrupole split-
ting (about 45 area-% ratio) is not involved in the phase
transition. When the sample is cooled down to 170 K, the
area of the LS iron(IIl) doublet with the small quadrupole
splitting decreases and, conversely, the area of the LS
iron(IT) singlet increases. At 80 K, this iron(III) species is
converted almost completely into the corresponding
iron(IT) species. The main finding here is that the Mdss-
bauer data gives unambiguous evidence for the existence of
two structurally different LS iron(III) environments in the
sample at room temperature, with only one of them being
involved in the thermal phase transition. This result is sim-
ilar to what we have found in single crystals of this com-
pound and the difference between the two iron sites must

Cooling

Heating

Transmission (a.u.)

T T T

-2 -1 0 1 2
Velocity (mm s™)

Figure 7. >"Fe Mssbauer spectra (@) of 2 acquired in the cooling
and heating modes at 210 K with fitted line consisting of three
subspectra: two doublets (black shaded area and O) [LS iron(III)]
and one singlet (grey shaded area) [LS iron(II)].

Table 2. Least-squares fitted Mossbauer data for sample 2 obtained in the cooling (293-80 K) and heating (170 and 210 K) modes. Values
in parentheses are the error bars of statistical origin. Italicized values were fixed during the fitting.

Doublet Doublet Singlet
T ISt QStb! 1728 Area ISt QStb! 1728 Area 1St 728 Area
(K) (mms') (mms!) (mms') (%) (mms') (mms!) (mms') (%) (mms') (mms) (%)
293 “0.15(1)  0.46(1)  0.1538)  458)  —0.15 0.13  0142)  39(10) -0.099(6) 0.118(6)  16(3)
210 “0.116(8)  0.55(1)  0.175(5)  44(2)  -0.12(1) 0.170(5) 0.20(1)  38(3)  —-0.08(1) 0.150(5  18(2)
170 “0.10(1)  0.64(1)  0.173(6)  42(6)  -0.090(2) 023 0.152)  42(4) -0.067(3) 0.160(1)  16(3)
140 _0.08(1)  0.70(1)  0.166(5)  36(4) -0.0753) 028  0.152)  29(6) -0.0552) 0.16009)  35(4)
80 ~0.076(8) 0.77(2)  0.1812)  36(1)  —0.065 034  0.126)  3(2) -0.0494)  0.2I 61(2)
170 “0.103(7)  0.62(3)  0.1723)  34(1) ~0.0793) 0.20Q2)  66(2)
210 “0.113(1)  0.54(1)  0.169(5)  37(2) ~0.097(5)  0.195)  63(3)

[a] IS: isomer shift (with reference to metallic iron at 293 K). [b] QS: quadrupole splitting. [c] I": half-height width.
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Table 3. Least-squares fitted Mdssbauer data for sample 2 following rapid cool down to 20 K. Values in parentheses are the error bars

of statistical origin. Italicized values were fixed during the fitting.

Doublet Doublet Singlet Sextet
T ISl Qs 726 ISl Qs 726 ISkl 728 ISkl H Arca
(K)  (mms') (@mms?!) (mms!) (mms') (mms!) (@mms?!) (mms!) (mms!) (mms?) (kOe) (%)
20 0076(7) 0.847(6) 0.190(4) -0.072(8) 0.346(5 0.184(9) —0.0402) 0.2 4213812010
15 -0.069(7) 086(2) 021 0070 036 0.21 0.021 021 -014(1) 13057 Y 1111/ 14/
10 L001(1) 021 -0.08(1) 184.8(9) 0/0/12/88
5 0.001) 021  -007(1) 191.4(8) 0/0/11/39

[a] IS: isomer shift (with reference to metallic iron at 293 K). [b] QS: quadrupole splitting. [c] /" half-height width.

probably be traced back to the different occupation of the
interstitial sites either by rubidium ions or by water mole-
cules.?2!

To investigate the electronic state of the quenched HT
phase, compound 2 (freshly prepared) was cooled down to
5K at a rate of 20 Kmin~! and M®&ssbauer spectra were
measured between 5 and 20 K (Figure 8, Table 3). At 20 K,
the spectra can be satisfactorily fitted by using three com-
ponents; two quadrupolar doublets and one singlet with ap-
proximately 42:38:20 area-% ratios. The similar proportions
determined at room temperature confirm the total quench
of the system. At 15 K, the intensities of both quadrupole
doublets start to decrease and an enlarged magnetic compo-
nent appears spontaneously. Below 15 K, the magnetic sex-
tet was fitted by a least-squares fitting procedure, and the
obtained local magnetic hyperfine field has a value of about
200 kOe. This value is much higher than predicted by the
—220<S.> rule for a single unpaired electron, but presum-
ably there will also be orbital and dipolar terms.*®! These
findings are in reasonable agreement with the report of
Ohkoshi et al.?°! who revealed an antiferromagnetic order-
ing around 11.5 K in the HT phase by neutron diffraction
measurements.

Transmission (a.u.)

-4 -2 0 2 4
Velocity (mm s1)

Figure 8. >’Fe Mossbauer spectrum (@) of the quenched HT phase
of 2 recorded at 5 K with fitted line consisting of two subspectra:
one sextet (grey shaded area) [LS iron(IIl)] and one singlet (black
shaded area) [LS iron(II)].

Sample 3

Figure 9 displays the evolution of the molar magnetic
susceptibility of sample 3 as a function of temperature. The
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magnetic behavior clearly shows that the sample does not
exhibit an electron transfer, which is in agreement with the
literature for a Rb,Mn[Fe(CN)¢],»zZH,O compound with
this stoichiometry.l!'42!1 The y,,7T value at room tempera-
ture is 4.75 cm*K mol!. This value is exactly what would
be expected for a paramagnetic {S;:S>} = {5/2:1/2} spin
system. The room-temperature Raman spectrum of sample
3 is characterized by two large CN stretching modes around
2159 and 2168 cm™! with FWHM = 9.2 and 6.0cm™!,
respectively (Figure 3). These large linewidths are due to the
significant deviation from a perfect RbMn[Fe(CN)¢] stoi-
chiometry of the sample and correlate nicely with the lack
of charge transfer in this sample (see Supporting Infor-
mation). The Raman spectrum reveals also the presence of
a small amount of the reduced form in this sample (2122
and 2082 cm™') besides the HT form. This reduced form
appears also from the fit of the room-temperature Moss-
bauer spectrum, which displays a singlet and a quadrupolar
doublet (Figure 10, Table 4). Indeed, the former species can
be assigned to a small amount of ferrous species, whereas
the latter is attributed to ferric ions. It is interesting to note
the relatively large quadrupole splitting (0.44 mms') in the
iron(I1T) subspectrum. This value is comparable with values
observed in sample 2, as well as in single crystals of
RbMn[Fe(CN)4]'H,O for the ferric ions that do not show
electron transfer.??l This is in contrast with the case of the
electron-transfer-active iron(IIl) species (observed in sam-
ples 1 and 2 as well as in single crystalsi??), which display
either a singlet or a doublet with very small quadrupole
splitting (ca. 0.15 mms") in their >"Fe Mdssbauer spectrum
at room temperature. One may suggest therefore that the
more the environment of the Fe™ ion deviates from the
perfect cubic symmetry of the Prussian blue structure, the
more the quadrupole splitting increases. In this way, the
room temperature Mdssbauer spectrum is a direct measure
of the electron-transfer efficiency to be detected at lower
temperatures.

The X-ray diffraction profile of sample 3 was fitted in
the same way as for sample 1 (see Supporting Information).
For Rb and O two scenarios were tested: one in which the
Rb ions were equally distributed over the two interstitial
sites (4c and 4d) and the vacancies on these sites were filled
by O atoms, and one in which all the Rb ions were placed
on the 4c¢ position and the remaining vacancies on both
sites were filled by O atoms. Of these two scenarios the first
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Figure 9. Temperature dependence of y,,7 of 3 in the cooling and
heating modes.
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Figure 10. ’Fe Mdssbauer spectrum (@) of 3 acquired at 295 K
with fitted line consisting of two subspectra: one doublet (black
shaded area) [LS iron(III)] and one singlet (grey shaded area) [LS
iron(1I)].

Table 4. Least-squares fitted Mossbauer data for sample 3. Values
in parentheses are the error bars of statistical origin.

Doublet (293 K)

ISE! (mmsT) -0.156(4)
QS (mms ™V 0.44(2)
721 (mms™) 0.155(9)
Area (%) 84(13)
Singlet (293 K)

IS (mms -0.13(1)
721 (mms™) 0.15(7)

[a] IS: isomer shift (with reference to metallic iron at 293 K).
[b] QS: quadrupole splitting. [c] I': half-height width.

clearly gave the best agreement. Unfortunately, refinement
of the fractions of Rb and O led to an unstable refinement.
The determined Fe-C and Mn-N distances were 1.98(2)
and 2.16(2) A, respectively, which are close to the values
found for single crystals.??l The profile showed the same
weak unindexed peaks as in the profile of sample 1. From
the refinement of our X-ray powder diffraction profiles
combined with findings reported in the literaturel!0:!1.22.25]
it is clear that in the structure of compounds that are elec-
tron-transfer active, the majority of the Rb ions are located
on the 4c¢ position in the F-43m space group and the nonco-
ordinated water molecules are located on the 4d position;
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this result is in good agreement with those reported by the
group of Ohkoshi on similar compounds.>>! Therefore, it
appears that besides a favorable stoichiometry, the distribu-
tion of the Rb ions and water molecules over the interstitial
sites is also of crucial importance for determining the elec-
tron-transfer activity. Indeed, in the case of single crys-
tals®?l we have shown that even a difference of 75:25 in the
distribution of the Rb ions over the two interstitial sites
leads to a reduction of 50% in the electron-transfer effi-
ciency.

Conclusions

The physical and spectroscopic characterization of
Rb, Mn[Fe(CN)g],zH,O samples with different stoichio-
metries allowed us to observe in which way the spectral (Ra-
man and Mdssbauer) and structural characteristics as well
as the charge-transfer (CT) phase transition vary with the
sample stoichiometry. In samples with a stoichiometry that
is close to Rb/Mn/Fe, 1:1:1, the transition is more complete
and the hysteresis loop is relatively narrow. Furthermore,
the linewidths of the modes present in the CN stretching
region in Raman spectra become narrower. This is in line
with our previous findings.'¥ An unprecedented finding of
this paper is that the temporal stabilities of the samples de-
pend strongly on the synthetic conditions. In certain cases
(samples 1 and 3), the magnetic properties and notably the
CT phase transition appears quite stable for several months,
but in the case of sample 2 the phase transition is com-
pletely suppressed within a few weeks. Interestingly, heat
treatment allows the recovery of the phase transition sug-
gesting that exchange of water molecules between the lattice
and the atmosphere has a huge influence on the magnetic
properties. Further investigation of this phenomenon might
be interesting in view of the application of this material in
humidity sensors.

Another new feature in this manuscript is that the room-
temperature °’Fe Mdssbauer spectra give a direct measure
of the amount of electron-transfer-active material present in
the sample. The part of the material that is electron-transfer
active shows a doublet with a small quadrupole splitting
(=0.10 mms™") for LS Fe'"| indicating a very small devia-
tion from cubic symmetry. In contrast, the part that is not
active shows a doublet with significant larger quadrupole
splitting (>0.45 mms™!). The relative areas of these dou-
blets are directly proportional to the fraction of electron-
transfer-active material present in the sample. It is interest-
ing to note, in contrast, that the hyperfine Mdssbauer pa-
rameters do not allow for a straightforward distinction be-
tween the LS ferrous and ferric species in the LT and HT
phases and the transition is better observed through the
variation of the Lamb-Madssbauer factors.

From the refinement of the X-ray powder diffraction
profiles it may be concluded that in electron-transfer-active
materials the majority of the Rb™ ions is located on one of
the two possible interstitial sites, thereby presumably ensur-
ing the cubic environment of the Fe and Mn ions. In con-

Eur. J. Inorg. Chem. 2009, 760-768



Valence-Tautomeric RbMnFe Prussian Blue Analogues

Eur|IC

trast, in nonelectron-transfer-active materials the Rb ions
appear to be equally distributed over the two interstitial
sites, thus apparently contributing to creating a less cubic
environment for the metal ions.

Experimental Section

Syntheses: All chemicals purchased from Sigma-Aldrich were of
analytical grade and used without further purification.

1: A solution of MnCl,4H,0 (0.495 g, 2.5 mmol) in H,O (25 mL,
room temperature) was added to a solution of Kj;[Fe(CN)y]
(0.823 g, 2.5 mmol) and RbCl (3.023 g, 25 mmol) in H,O (25 mL,
43 °C). The resulting solution was stirred. The addition speed was
kept constant to 6 mLh ! with a syringe pump model 352 of Sage
Instruments. A brown powder precipitated and this was centrifuged
and washed with room-temperature water (2X). The sample was
dried overnight in vacuo. Yield (based on Mn): 653 mg (73%).
Rbg.96Mn[Fe(CN)4]o.05°0.75H,0 (358.10): caled. C 19.76, H 0.42,
Fe 15.32, Mn 15.33, N 23.05, Rb 22.79; found C 20.34, H <0.20,
Fe 15.44, Mn 15.33, N 22.80, Rb 22.79.

2: In contrast to the “usual” synthesis route of compounds 1 and
3, which were obtained from a pure aqueous solution, compound
2 was obtained from a water/ethanol mixture by instantaneous mix-
ing a ethanolic solution (3 mL) of MnCl,4H,O (0.1 M) and an
aqueous solution (3 mL) containing both K;Fe(CN)g (0.1 M) and
RbCI (0.8 m). All solutions were heated to a temperature of 50 °C
before the addition procedure. The brown powder precipitate was
filtered, washed with water (2X), and dried in air at room tempera-
ture. Yield (based on Mn): 89 mg (82%). For sample 2, it was not
possible to determine an accurate chemical formula because of its
instability and also because of the significant mixture of different
valencies of iron in this compound. The elemental analysis gave Rb
22.42%, Mn 15.23%, and Fe 13.69%, from which we derived only
the relative proportions of the metal ions as Rb/Mn/Fe, 0.94:1:0.88,
and an approximate formula as RbgosMn[Fe(CN)glggs2.17H,O
(360.79). The magnetic, Raman, Mdossbauer, and DSC measure-
ments, reported above, were performed on freshly prepared sam-
ples, but the acquisition of Mdssbauer data took more than one
week. It should be noted also that the thermodynamic parameters
(AH, AS) as well as the molar magnetic susceptibility could not be
accurately evaluated for this sample due to the approximated molar
mass and also the relatively high amount of residual fractions re-
maining unaltered during the phase transition.

3: A solution of MnCl,4H»O (0.495 g) in H,O (25 mL, room tem-
perature) was added to a solution of Kj3[Fe(CN)g] (0.823 g) and
RbCI (3.023 g) in H,O (25 mL, 43 °C). The resulting solution was
stirred at a constant speed of 5.5 rotations per second. The solution
was added instantaneously (=5 s for 25 mL). A brown powder pre-
cipitated and this was centrifuged and washed with room-tempera-
ture water (2X). The sample was dried overnight in vacuo. Yield
(based on Mn): 727 mg (86%). Rbg ¢ Mn[Fe(CN)glo.ge'2.71H,O
(338.07): caled. C 18.34, H 1.61, Fe 14.21, Mn 16.20, N 21.39, Rb
15.49; found C 19.02, H 1.30, Fe 14.26, Mn 16.20, N 21.22, Rb
15.49.

Microanalyses: Analysis for C, H, and N were performed after
combustion at 850 °C by using IR detection and gravimetry with a
Perkin—Elmer 2400 series 1I device. Fe, Mn, Rb, and K concentra-
tion were determined by the Service Central d’Analyse du CNRS
(Vernaison) by using ICP-AES (inductively coupled plasma atomic
emission spectroscopy) after acid digestion in H,SO4,/HNO;. Stan-
dard deviations of the measured metal concentrations were typi-
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cally around 2 rel.-%. The O and H atoms were assumed to be the
only others elements present in the samples and the H,O content
was obtained by difference to 100%. (The K concentration was
found negligible.).

Magnetic Studies: The magnetic properties were measured at vari-
ous cooling and heating rates under a field of 0.1 T by using a
Quantum Design MPMS superconducting quantum interference
device magnetometer. The experimental data were corrected for the
diamagnetic contribution using Pascal’s constants.

Differential Scanning Calorimetry (DSC): DSC analysis was carried
out with a Netsch DSC 204 instrument under helium purging gas
(20 cm®*min ') at a heating/cooling rate of 10 K min!. Temperature
and enthalpy were calibrated by using the melting transition of
standard materials (Hg, In, Sn). The uncertainty in the transition
enthalpy (AHyy) and entropy (ASyp) was estimated to ca. 10%
owing to the subtraction of the unknown baseline.

Raman Spectroscopy: Raman spectra were collected between 300
and 80 K by using a LabRAM-HR (Jobin-Yvon) Raman micro-
spectrometer and a Linkam THMS-600 cryostage. The 632.8 nm
line of a HeNe laser was used as the excitation source and a spectral
resolution of ca. 1 cm™' was obtained. Least-square fitting of the
Raman peaks was carried out with the assumption of Lorentzian
line shapes.

X-ray Powder Diffraction: Measurements were carried out in
Bragg-Brentano geometry by using a Bruker D8 Advance dif-
fractometer operating with Cu-K,, radiation. The finely ground
powder was attached to the sample holder with Vaseline. Data were
collected between 20 = 10° and 26 = 70° with a step size of 0.02°,
measuring for 4 s per step. The sample was rotated at 60 rpm. The
resulting diffraction profiles were analyzed by using the GSAS soft-
ware suite.[?®]

Massbauer Spectroscopy: 3’Fe Mssbauer spectra were recorded by
using a conventional constant-acceleration type spectrometer
equipped with a 50 mCi >’Co source and a flow-type, liquid helium
cryostat. Spectra of the powder samples (ca. 30 mg) were recorded
between 5 and 300 K. Least-square fitting of the Mdssbauer spec-
tra was carried out with the assumption of Lorentzian line shape
by using the Recoil software package.[*)

Supporting Information (see footnote on the first page of this arti-
cle): Evolution of the Raman linewidths of the CN stretching
modes, stoichiometry relationships, phase-transition temperature
and stoichiometry relationships, and powder X-ray diffraction
data.
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