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Abstract: This paper demonstrates the importance of the structural changeover in controlling the physical—
chemical properties of hexacyanometalate-like materials (Prussian Blue). A meticulous in situ study of
compositional variations using electroacoustic impedance techniques associated to electrogravimetric
techniques in hexacyanoferrates containing K* alkali metals reveals the existence of a nanostructural
changeover coupled to a change of the magnetic properties of these electromagnetic materials. In the
same way, the electroacoustic impedance techniques can be useful both in the understanding and in the
in situ monitoring of the structural changeovers and the magnetic behavior of all kinds of materials.

Introduction are the 3D transition metal. In this periodic nanostructure, M

Hexacyanometalate-like materials display a wide range of IS generally_ asc?rlbed to the T'gh spin metalhq site, arid i
important magnetic (e.g., room-temperature magnetic ordering)the Iow_spm S'te'_ The MM" ratio strongly influences th(_e )
and magneto-optical (e.g., ferromagnetism, photoinduced (de)_electronlc and spin stat(is of hexacyanometalates contglnlng
magnetization) propertiés:® These properties are associated alkali met‘?ls (e.g. Na,K ! etc.l). Asa resu!t, j[hese materials
with the flexibility of their nanostructure which allows one to tolerate _d'ﬁerem electronic spins, which I_|m|ts the superex-
improve them by selecting the appropriate electronic and change interactions to those across CN bridges and allows the

. . 0
magnetic configurations. The electromagnetic configurations can magnetism and coloration to be chan@édf? Elaborate_
be tailored by external conditions, such as the magnetic*field th.eoretlcal analyses suggest that the local dlsordgr a_ssouated
and light4”8 and by changes in a specific local crystal with the structural defects, e.g., th®(CN)e¢} vacancies filled

environment (e.gin situ electrochemical compositional varia- by {(H-0)} clusters, plays an important role in determining

. ) : o the photomagnetic propertiés.
t d the ch t d b
rsgogcsr%rég;%;rmg © charge compensation imposed by & It has been shown by X-ray studiéshat the hexacyano-

Traditional hexacyanometalate materials are represented bymetalate-llke materials form a face-centered cubic lattice nano-

AT T : . ' tructure in which the high-spin metal and low-spin metal sites
the general MA[M"'(CN)g];-mH-0 formula in which M and M S .
g MM (CNeli-mH are both octahedral and surrounded-bMC and—CN units,
T UniversitePierre et Marie Curie. with the potassium counterions and water molecules occupying
;Eepgrta}mgnt de I%milcaUFB_ica, l_intivdflfs\i;;} de Vateia. the interstitial sites. Accordingly, for the established nanostruc-
unaacioGeneral de la Universitat de ela. . _ - H H [
(1) Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, P.; VerdaguerNdture1995 ture with kil = 1, the first COOI‘dInﬁtIOf_] shells of Mand M
378 701-703. are{M'(NC)g} and{M"(CN)e}, respectively. However, fdvl

) ?gg" 0. lyoda, T.; Fujishima, A.; Hashimoto, Bciencel 996 272, 704~ > 1 in the general formula, some of the vacancies are filled by

® IJ-els'cou'ﬁze\? %; Vaissvﬁﬂrm%nn, J; RU\i(Z-Pgretztz, Ch Lllgre\tl,v F; C(?rr?sc%v R.;water molecules (or clusters), and ideally, the first coordinations
ulve, M.; vVeraaguer, M.; Dromzee, Y.; Gattescni, D.; vernsdorier, . I} " : ] "
Angew. Chem., -Int. E@003 42, 1483-1486. of M" andM" are, respectively,M'(CN)s-nm(H-0)} and{M"'-

(4) Hayami, S.; Gu, Z.-z.; Shiro, M.; Einaga, Y.; Fujishima, A.; Sato,JO. (CN)g}. In the latter case, there are two types of water
Am. Chem. So@00Q 122, 7126-7127.

(5) Yamamoto, T.; Umemura, Y.; Sato, O.; Einaga,JYAm. Chem. So2005 molecules: (i) water molecules coordinated t6 dttahedral
127, 16065-16073. in empty nitrogen sites and (ii) uncoordinated water molecules
(6) Champion, G.; Escax, V.; Cartier dit Moulin, C.; Bleuzen, A.; Villain, F.; .. P y. . 9 .. 1 ( )
Baudelet, F.; Dartyge, E.; Verdaguer, Nl Am. Chem. So001, 123 in interstitial pOSItI0n§-
12544-12546. The valence modulation of the’NMnd M' metals associated

(7) Sato, O.; lyoda, T.; Fujishima, A.; Hashimoto, 8ciencel996 271, 49— . i ]
51. with the hexacyanometalate lattice nanostructure can easily be
(8) Sato, O.; Kawakami, T.; Kimura, M.; Hishiya, S.; Kubo, S.; EinagaJY ; ; B
Am. Chem. So@004 176 13176-13177, performed electrochemically through the different redox pro
(9) Gimenez-Romero, D.; Bueno, P. R.; Garcia-Jareno, J. J.; Gabirielli, C.;
Perrot, H.; Vicente, FJ. Phys. Chem. B00§ 110, 2715-2722. (11) Herren, F.; Fischer, P.; Ludi, A.; Halg, Vihorg. Chem 198Q 19, 956.
(10) Itaya, K.; Akahoshi, H.; Toshima, 3. Electrochem. Sod.982 129 1498. (12) Keggin, J. F.; Miles, F. DNature 1936 137, 577.
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cesses of these materifl§his control is traditionally recognized  the frequency variation of the quartz crystal and the mass change
as anin situ metal alkali compositional change where th¢ M without any viscoelastic artifacts. Details are given in ref 14.
M" atomic composition ratio varies according to the electro-  To monitor the structural variation of KF[Fe!" (CN)g]-mH,O by
chemical potential. Depending on the potential, ions are Means of acoustic fundaments, the RQCM utilizes an internal phase
exchanged between the hexacyanometalate nanostructure anlgck oscillator referred to as a voltage controlled oscillator to drive the
the solution to compensate the charge lost or gained by thequartz crystal. The crystal current is monitored and the frequency of
. . the oscillator is adjusted until there is zero phase between the crystal
nanostructure during the different redox processes of these

ials. leadi ial lled o | .~ ~voltage and current. At this point, the magnitude of the current is directly
materials, leading to a potential-controlled compositional varia- proportional to the crystal conductance. This current is monitored by

tion. In the Prussian Blue (PB, a subclass of hexacyanoferrate),iheo RQCM and displayed as motional resistaticEhe interaction of
the modulation of the MM" ratio can be described as folloWs:  the piezoelectric layer with an external magnetic field was realized by
means of the approximation of a magnet to an electrode of quartz crystal
+ in air and at a distance of about 1 mm.
_ ) = (1) re (1) The setup of the electroacoustic measurements at steady-state
ne =K, Fe.)Fe"[Fe (CN)gl;*mH,0O (1) conditions was based on a classical network analyzer (HP 4194A). Al
)y re (1) _ " the experimental measurements were computer-controlled through
KhFQ(< [Fe™(CN)gl;*mH,O(nOH ") +nHeIectronte+ homemade software HP-VEE language. All the electrical admittance

ne = KhF(‘:ﬂﬂﬁFé]") [Fe(")(CN)6]|-mH20(nHzO) 2) was auto_matically performed using a 10 mV perturbatio'n signal a_lt 201
frequencies around the resonance frequency. Electrical admittance

K FQ(!“) [Fe(”)(CN)G] “MH.O + nH.O + measurements were performed after 1 min of stabilization at each
h B :“) 2“) n 8 N potential.
ne = K Fe")Fel’[Fe" (CN)g] smH,O(MH;0™) (3) KFe" [Fel™ (CN)g]-mH-0 was electrochemically deposited on a gold
electrode of the quartz crystal by immersion in 0.02 MF&CN) (A.R.,

where the KFaJFe(CN)]-mH,O (PB) is reversibly converted ~ Panreac), 0.02 M Fe€l(Sigma) and 0.01 M HCI (A. R, R. P.
t0 KninFanFe[Fe(CN)]-mH,0 (known as Everitt's Salt or NORMAPURTM) solution. A controlled cathodic current of 40
ES). Thus, the amount of exchanged ions can be controlled by”A'Cnrrz was applied for 150 s or 250 s (the films of 250 s were used

_ ’ . . only during the measurements realized at steady-state conditions) to
anne  modulation and hence by the potential.

Two't (I sit ot during thi ional control, 2Pt F&" [Fe(CN)e]smH,O. After this deposition, the KFH#-
WO types o sites exist during this compositional control. [Fe (CN)s]-mH,0 nanostructure was generated in several voltammetric

One type of site is adjacent to the' {&N)s-»m(H20) vacancies cycles [0.6,—0.25] V in 0.50 M KCI with a pH of 3.06, according to
and is preferentially occupied while the other type suffers (efs 16-18.

repulsive interactiof® During the compositional changes;'K
must preferentially fill sites adjacent to F€N)s_m(H:0) Results and Discussion
vacancies in the structure that are formed during thieefFe-
(CN)g]i-mH0 stabilization process. Thus, when all sites of the
first type are occupied, which represent a fraction of about 25%,
the next possibility is the occupation of thetksites of the
nanostructure not adjacent to’ &N )e—m(H20).13

The main goal of this paper is to demonstrate the structural
changeover that occuis situ during the alkali metal composi-
tion modulation due to the redox processes of the hexacyano-
ferraf[e nanostr_ucture. I IS associated with a change of ce_rtam.l.he interactions with the coating or/and solution cause changes
physicat-chemical properties of these electromagnetic materials, in the quartz resonance characteristics which can be studied from

such as their mechaqlcgl or magnetic propertles. l_:or tha_tthe measurement of the resonant frequency of the crystal and
purpose, electroacoustic impedance techniques associated W'ﬂ&ompleted by means of electroacoustic techniques
electrogravimetric techniques were employed. ’

K, Fe" [Fe" (CN)g],-mH,0 + nK

+
electrolyte

+
electrolyte

The thickness shear mode resonators have been successfully
used as gravimetric sensors by using the Sauerbrey relation
between the resonant frequency and added ¥h@dten referred
to as a quartz crystal microbalance (QCM)), which reach the
subnanogram levéP. However, in addition to the mass of the
film coating the resonator, other factors such as its viscoelas-
ticity, the solution properties, and temperature contribute to the
electroacoustic behavior of the loaded piezoelectric cryétal.

The acoustic behavior of a quartz resonator loaded with a
Experimental Section thin layer can be described in terms of a Butterweitan Dyke

- . . (BVD) equivalent circuit mode¥? The elements in this model

The compositional changes in response to an electrochemical . . .
modulation were carried out in a typical electrochemical three-electrode &€ related to Fhe physical p.ropertles. of '[_hE_‘ crystal,. the coating,
cell. The KF&M [Fel (CN)g]-mH.O hexacyanoferrates were deposited and the solution. The equivalent circuit is constituted by a
on 25 mn? diameter gold electrodes of a quartz crystal (Maferdahl) “motional” arm, incorporating three elements in series (a
of a fast-response microbalance. A platinum plate was used as theresistanceRn,, an inductancé,, and a capacitandgn) which
counter electrode and the ApCI|KClsy electrode was used as the is in parallel with a “static” arm including a capacitan¢a,
reference electrode. The compositional variations were modulated by
controlled changes in the charge and mass of'Rffee!") (CN)g]-mH0O (14) Garcia-Jarem J. J.; Gabrielli, C.; Perrot, HElectrochem. Commu&00Q
(PB established formula) through an AUTOLAB potentiostat-gal- | éplefgggr?%nd saiice manual of ROCM2nd ed, (Maxtek Inc.).
vanostat (PGSTAT302) and an Electrochemical Quartz Crystal Mi- (16) Garcia-Jarem J. J.; Sanamatias, A.; Vicente, F.; Gabrielli, C.; Keddam,

5)
) \
crobalance (EQCM, RQCM, Maxtek, Inc.). The electrolyte used in all M.; Perrot, H.Electrochim. Actal998 45, 3765-3776.
(17) Mortimer, R. J.; Rosseinsky, D. R. Electroanal. Chem1983 151, 133.
8)
)
)

the experiments was 0.50 M KCI (A. R., R. P. NORMAPUR) with a (18) Mortimer, R. J.; Rosseinsky, D. R. Chem. Soc., Dalton Tran£984 9,
pH of about 3.06. The KF®[Fe!"(CN)s]-mH,O hexacyanoferrate 2059.
i i i ; ; i (19) Sauerbrey, GZ. Phys.1959 155 206.
deposit was sufficiently thin to ensure a precise relationship between (20) Lucklum. R.. Hauptmann, FElectrochim. Acts200Q 45, 3907-3917.
(21) Muramatsu, H.; Tamiya, E.; Karube,Anal. Chem1988 60, 2142.
(13) Bueno, P. R.; Gimenez-Romero, D.; Gabrielli, C.; Garcia-Jareno, J. J.; (22) Parzen, BDesign of Crystal and Other Harmonic Oscillatoi#/iley, New
Perrot, H.; Vicente, FJ. Am. Chem. So2006 128 17146-17152. York, 1983.
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It is well-known that the electrical model can be converted
to a mechanical model by means of the electromechanical
coupling factor as an electromechanical anal¥gyhus, the
motional resistanceR) represents the energy dissipation due
to the internal friction and damping from the crystal mounting.
Lm is the initial mass/motional inertia of the syste@y, is the
mechanical elasticity of the quartz, ar@} consists of the
capacitance of the quartz between the electrodes and the parasitic
capacitance of the crystal fixture.

In a detailed model, the loaded resonator is a combination of
a quartz crystal with two electrodes and a film deposited on
them. Accordingly, Granstaff et &.have deduced a relation
between the mechanical properties of the different components
of this piezoelectric system and the impedance of the “motional” L —
arm of the BVD equivalent circuit modeZ

P i O .
Zm:j Pfilm f2|Im quanztam_(jw Pf|lmdfilm
4656A Giiim
o TNy
quartz ¢ — quartz Yquart:
o prsolutiorﬁsolution_i_ - Z(4')

49126/6‘ 8 K2066§22A -1.0-

jimA em?
,Jow B/(op/up)4

+

D_\
n o
; T
® 6o
- B
. .;.Lﬂ"-'—':?rﬁ’
, r
o o

0.0+

-0.5

i/mA cm?
U0 TV

‘_1:_“\\751
48 :
D0op g g

wherej = v/ —1, d is the layer thicknesg is the mass density, Y70 20 40 60 &0
o is the angular frequency; is the viscosity, ands is the ts

o . .
complex shear modulu&® is the electromechanlcal CO“P"”Q Figure 1. Voltammetric scan (solid line) of icafFe(CN)]i*mH-0 material
factor for no loss quartz (7.74 1072 %), NquartziS the effective and that previously stabilized in the electrolytic environment. The electrolyte
viscosity of quartz (3.5x 107% kg m® s1 23 cq is the was 0.50 M KCl in a pH of about 3.06. (&(dm/dQ) function here is

; ; ; ; represented during the cathodic compositional variation (inser@jand
piezoelectrically stiffened elastic constant for no loss quartz during the anodic compositional variation (deinsertioB))( (b) The

(2.947 x 10N m™2 29, &5, is the quartz permittivity (3.982  eyolution of the motional resistance here is represented during the full
x 10711 A? ¢t kg™l m3 29, ey is the piezoelectric stress  voltammetric scanm).

constant for quartz (95.8 1073 A s m2 23, andA is the active
electrode area.

By considering that the film thickness is very thin, the in the literature’?* KyFeJFe(CN)];-mH,O is commonly
motional resistance of the BVD equivalent circuit can be related referred to as the soluble PB which is reversibly converted to
easily to the physical parameters of the quartz, the film, and Kn+nFé-nFe&[Fe(CN)];*mH20 during the compositional varia-
the solution through the real part of eq 4. This relation tion with respectto the K insertion, eqs 43. During this redox

corresponds to process, the motional resistance provides direct infor-
mation on the structural changes (coating thickness, density,
R ﬂzﬂquan Hovartz dguan 2{ wzpﬁl’rfqdﬁlmc;;"m and/or complex shear modulus) of the nanostructured matrix,
- 2 2 C )2 eq 5.
8K Coes22 4é6A\(Gﬁ'm) ~ (Giim) An increase of 2Q cm™2 in the motional resistance
déuam [®Potiol]solution is observed between the PB form (zones 1, Figure 1b) and
4%6'6\ 2 ®) the ES form (zones 3, Figure 1b) of the hexacyanoferrate
matrix, which corresponds to|af/ARqy| experimental ratio of

250 Hz Q7L This ratio is significantly larger than 10
Hz Q~1, which is the characteristic value of a net visco-
elastic effecE® Hence this ratio demonstrates that the
viscoelastic effects on hexacyanoferrate matrix are negligible
during the alkali metal composition modulation, as was dem-
onstrated in a previous paper for films acoustically thin
enought*

where the complex shear modulus of the film is equablp,

+ jGfin- It is important to emphasize that the ter@¥i(,)> — (
Giim)? is always positive with respect to the applied potential
for the KyFeJFe(CN)];-mH,O materials* So, an increase of
the physical parameters of the film implies the increase of the
motional resistance. As a result, the motional resistance allows
structural changeovers to be monitoieditu during the alkali Developing the BVD equivalent circuit model and as it is

metal composition modulation of the hexacyanoferrate nano- observed in eq 5, the motional resistance is the addition of three
structure since the solution and quartz physical parameters are >,

kept constant during this modulation. This technique can be alsod'ﬁ;rtenértirgls:thtl(;eelr:jrs;??gezr::l?rtzdf.}%thgoarsepergii O;::je
applied to other materials. quartz crystal, e, m. quently

Figure 1 shows the voltammetric scan (Figure 1a) and the considering eq 5, the increase of the motional resistance between

motional resistance change (Figure 1b) measured on thethe PB structure and the ES structure is equivalent to
KnFaFe(CN)];-mH,O material, synthesized as explained

(24) Rosseinsky, D. R. J.; Glasser, L.; Jenkins, H. DJBAmM. Chem. Soc.
2004 126, 10472-10477.
(23) Granstaff, V. E.; Martin, S. J. Appl. Phys1994 75, 1319. (25) Martin, S. J.; Granstaff, V. E.; Frye, G. @nal. Chem1991, 63, 2272.

J. AM. CHEM. SOC. = VOL. 129, NO. 22, 2007 7123



ARTICLES Giménez-Romero et al.

Rgs _ RZB 18— : : : —10
PB = e
Rn — Re L1 /™ L6
Gr U E / *\. >
312 2 ES 312 2 PB bl
(ped ™ (Aed)” — 2 (e (D) 5 Y & 10 / B L2 3
(Ggo” — (Gey) (Gpe)” — (Gpp) = / \ ™
; @ - N 3
(P B)S/Z(d B)Z GPB 8 6 .< " F-2 o
pe) Ope) ™ = 5 o2 = S 5
(Gpe)” — (Gre) £ P o)
o 21 b, -6 Q
(6) < oo 3,
. . . 24— . : . —+-10
where Rr is the motional resistance due to the three-layer 02 00 02 04 06
composite resonator (piezoelectric material and its corresponding E/V
electrodes). Figure 2. Evolution of the motional resistance calculated at steady-state

Accordingly, if the PB structure is the same as the conditions. Data of KFa{Fe(CN)]i-mH20 material deposited applying a
ES structure as it is considered in literatt#@® (G, controlled cathodic current of 40A-cm~2 (O) during 150 s and@®) during
R . ' ATPB 250 s.
= Ggg Gpg = GEs and dpg = deg), then eq 6 can be sim-

plified, between the conductance and the motional resiséinée-

cordingly, the motional resistance evolution also cannot be
explained by means of the conductance parameters.

To explain the evolution of the motional resistance in zones
2 of Figure 1b, kinetic aspects can also be discarded since similar
results were also obtained in steady-state conditions (Figure 2).

The experimental variation of the motional resistance during The z?neg ZﬁOf Figure ﬁb F:ann?]t be explali!l;;bby means of
the compositional modulation of the hexacyanoferrate material viscoe as.t|c.e. egts as wetl, S'r!ce,t e experimel Rl ratio
is close to 4%, whereas the variation percentage of the gainedtends to infinity in this potential interval and, furthermore, the
mass for the structure during this modulation is close to 11% theoretical and experimental differential mass sensitivities given
(both values were calculated experimentally). Thus, these valuesby th? Sauerbrey equation are |nd|st|ngws_hable fc_;r these
are in disagreement with eq 7, and consequently, the increasénater'alsl'4As a result, the evolution of the motional resistance

of the motional resistance between the PB structure and the Esduring the compogitional modulation of the hexagyanoferrate
structure (i.e., between zone 1 and 3, Figure 1b) cannot bematerlal (zones 2 in Figure 1b) can be only explained through

explained only by the increase of the film density a variation of the physical properties of the structure of these
On the other hand, in zones 2 of Figure 1b tﬁe evolution electromagnetic materials. This is supported by the fact that the
of the motional resistance with respect to the compositional maximum of the motional resistance increases proportionally

modulation of the hexacyanoferrate material does not agree with"\l’__',th the2 film quantity deposited on the quartz resonator
the evolution of the film density established by eq 5 (there is (Figure 2). ) ) o
an inexplicable maximum during this compositional modulation ~ AMong these physical properties, it is known that the
due to the different redox processes of this material). Besides, Magnetic properties of these materials are tunneled by the atomic
the zones 2 of Figure 1b also cannot be explained only by meanstomposition ratio of (high spin metallic sites)/(low spin metallic
of a simple transition between two structures, which would sites)?” The interaction between an external magnetic field and
impose different stresses on the quartz crystal, as it would lead di€lectric material (e.g., a quartz resonator) may be evidenced
to a continuous change of the motional resistance. by the piezoelectric distortio#?:2°Besides, this interaction has
Some authors, as Muramatsu et?akelate alternatively the ~ °€en taken advantage of to devise magnetic field sefsets.
motional resistance to the rheological properties of the loading Flgyre 3 ShOWS that, for a quart; resonato.r in air, th‘? motional
solution. As egs +3 show, the rheological properties of the resistance increases when the piezoelectric system is under the
solution at the interface film/solution change depending on the influence of an external magnetic field. Accordingly, the sharp

sense of the compositional modulation owing to the different change of the motional resistance of the quartz crystal loaded
movement of the ionic species. In view of that, the zones 2 of by PB can be considered as directly related to the modification

of the magnetic properties (coercive field) of the Prussian Blue-
like materials (zones 2 in Figure 1b). The change of the motional
resistance during a conventional compositional modulation due
to a redox process may reveal the variation of the coercive field
associated with these electromagnetic materials. Thus, Figure

R~ R _ (9™~ (™
RO—Re (Mg

@)

wherem is the mass of the film.

Figure 1b cannot be explained by means of the rheology of the
loading solution since a similar evolution of motional resistance
is recorded in both compositional modulation senses (opposite
ionic flux between the solution and the film depending on the
sense of this modulation).
On the other hand, Garcia-Jaoceet al?’” have shown that
the electrical conductance of this material is maximum in the )
maximum of the compositional modulation (zones 2 in Figure (29 fleéie;zlijzgieki, H.; Tabata, H.; Hawai, Solid State Commur200Q
1b). Nonetheless, the conductance in the maximum of this (30) Fiebig, M.; Lotterrisser, T.; Fitlich, D.; Goltsev, A. V.; Pisarev, R. V.
)
)

(28) Xie, Q. J.; Zhang, Y. Y.; Yuan, Y.; Guo, Y. H.; Wang, X. J.; Yao,JS.
Electroanal. Chem200Q 484, 41—54.

; . i ; ; Nature 2002 419, 818-820.
modulation should be minimum considering an inverse relation (31) Fetisov, Y. K. Bush. A. A: Kamentsev, K. E.: Ostashchenko, A. Y.:

Srinivasan, GIEEE Sens. J2006 6, 935-938.

(26) Ayers, J. B.; Waggoner, W. H. Inorg. Nucl. Chem1971, 33, 721. (32) Wood, V. E.; Austin, A. E. InProceedings of the Symposium on

(27) Garcia-Jaram J. J.; Sanamatias, A.; Navarro-Laboulais, J.; Benito, D.; Magnetoelectric Interaction Phenomena in Crystals, Seattle,;1g&@man,
Vicente, F.Electrochim. Actal998 43, 235-243. A. J., Schmid, H., Eds.; Gordon & Breach: New York, 1975; pp 181.

7124 J. AM. CHEM. SOC. = VOL. 129, NO. 22, 2007



Electromechanical Phase Transition in Prussian Blue ARTICLES

interaction with aln external magnetic field
1040 N .
1036 - ﬁ g

1032 R

10284 g

1024 4 L‘J \_J L

10204

P rr— e
|__non-interaction with an external magnetic field

0 50 100 150 200 250
t/s

Figure 3. Influence of an external magnetic field on the measured motional
resistance of a quartz resonator in air.

R/Qcm?

1b and Figure 2 are in agreement with Sato etwho have
previously established that the coercive field is different for the
structures of the PB and ES analogues. Therefore, the maximum
of the motional resistance observed in zones 2 of Figure 1b
can be explained by the change of magnetic field of the Prussian
Blue-like materials. Accordingly, this maximum corresponds
to an FET/Fe*" ratio close to 0.40, which was determined by
Ohkoshi et aP? for the maximum of the coercive field in PB
analogues.

The X-ray powder-diffraction spectrum for the Ohkoshi ratio
indicates that the modification of the magnetic properties is
related to the variation of the lattice const&hAccordingly,
the evolution of the motional resistance during the alkali metal
composition modulation is also related to the structural
changeover, already shown in a previous pap&his structural Figure 4. (a) Structure of Prussian Blue hexacyanoferrate. (b) ES crystalline
changeover is in concordance with the wo types of Kites  SUuclur proposed heoreical. s believed at e vacancies n e Fe
which exist during this compositional contr§l.The one is whose stoichiometry is very difficult to be determined. Interstitial alkali
localized adjacent to HEN)s-nm(H20) vacancies, while the  metals were omitted for clarity. Green sticks correspond to Fe(lll) atoms,
other suffers a repulsive interaction and is occupied from about black sticks correspond to Fe(ll) atoms, blue sticks correspond to nitrogen
the Ohkoshi ratio. Thus, both types would correspond to the 2ms, and cyan sticks correspond to carbon atoms.

different sites occupied by the *Kions in the PB and ES  of the metal linked to the-NC ligand caused by the variation
structures, respectively. of the oxidation state of this metal explains the structural
Results reported in the literature for the temperature-induced changeover detected by means of the motional resistance during
phase transition of hexacyanometalate-like materials indicatethis transformation. The Fe linked to theNC ligand in the
that the unit cell volume of the lattice of the high-temperature pryssian Blue structure is stable in its trivalent oxidation state,
phase (about 300 K) is reduced by about 10% in the low- yeducing this state to divalent during thvee~ modulation
temperature phase (about 160¥)This cell contraction starts inversely to temperature-induced phase transitef.
locally and spreads homogeneously in the solid without loss of  Hence, the transition between the PB and ES structures must
crystallinity®> owing to the shortening of the metdigand bond jnvolve the increase of the unit cell volume owing to the
accompanying the divalent metal (high spin) to the trivalent transformation of a cubic structure (PB established structure)
metal (low spin) transformatiof?. The structural change spreads p, g tetragonal structure (the ES structure proposed in Figure 4
in a cooperative way in the whole solid. This is possible thanks of this paper considering the structure of the PB analogues at

to the flexibility of the meta-NC angle in the metaiNC—Fe high temperatures). This volume increase is due to the lengthen-
entities and by the swing of the metal and Fe coordination jng of the Fe-NC bond accompanying the Fe(IH Fe(ll)
polyhedron® transformation during thee~ modulation. In this way, this bond

Analogous to the temperature-induced phase transition, thejengthening explains easily the entrance of a hydrated proton
ne- modulation occurring during a redox process controls the from the compositional change of Kions implied in zones 2
oxidation state of the metal coordinated to th&lC ligand, of Figure 1b, as commented on in a previous p&pehis
egs 1-3. Subsequently, the change of the coordination sphere stryctural changeover also easily explains the global variation
of the motional resistance between the PB and ES structures

(33) Ohkoshi, S.; lyoda, T.; Fujishima, A.; Hashimoto, Rhys. Re. B 1997,

56, 11642-11652. given that a volume increase of about 5% (similar to the volume

(34) %"3‘50_51“;}213-? Tokoro, H.; Hashimoto, KCoord. Chem. Re 2005 249 increase established by Ohkoshi ef4for PB analogues),

(35) Escax, V.; Bleuzen, A ltie, J. P.; Munsch, P.; Varret, F.; Verdaguer, M. together with the mass increase measured between both
J. Phys. Chem. B003 107, 4763-4767. i it i ;

(36) Bleuzen, A.; Escax, V.; Ferrier, A.; Villain, F.; Verdaguer, M.; Munsch, structures, involves a variation of the mOt!OnaI re3|§tance
P.; Itie, J. PAngew. Chem., Int. ER004 43, 3728-3731. between both structures of about 4% (this value is the
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experimental variation of the motional resistance established two different contributions: a contribution due to a structural

previously for this transition). changeover and a magnetic contribution induced by this
The tetragonal structure of the PB derivatives presents two changeover. Consequently, the electroacoustic techniques by

important characteristics: it is more rigid than the cubic Mmeans of the motional resistance allow, probably for the first

structure® and it implies an increase of the coercive fiétd. time, structural changeovers and magnetic behavior of the

That is in agreement with the higher stiffness showed by the hexacyanoferrate nanostructure to be monitaresitu during

ES structure. Furthermore, the cubic/tetragonal transformation the alkali metal composition modulation (an electrochemical

explains straightforwardly the increase of the coercive field in Magnetic phase transition).

the reduced states of the PB analogles. Conclusion

The variation of the coercive field explains also the strange A structural changeover in hexacyanometalate material was
narrow voltammetric peak of the hexacyanometalate-like ma- found to be a determinant in explaining the strong changes
terials (Figure 1) given that the variation of this field during observed in the properties of hexacyanometalates (electrical,
the ne” modulation induces necessarily an extra current. This optical, and magnetic) during the alkali metal composition
additional current originates the decrease of E(en/dQ) modulation of their nanostructure. During this modulation, the
function in zone A of Figure 1af(dn/dQ) function allows the unit cell changes its structural configuration of a cubic structure
molecular weight of the exchanged species between the solution(PB established structure, Figure 4a) into a tetragonal structure
and the electrode to be determined from Faraday’8¥vgince (ES structure proposed in this paper, Figure 4b).
there is an extra current nonassociated with an ionic exchange Accordingly, eqs +3 can be rewritten as
to reach the material electroneutrality during this redox process. K, Fe[Fe(CN)J-mH,O + K+ 4

In steady-state conditior?§, the decrease of th&(dm'dQ) electrolyte
function also takes place but to a lesser extent, corroborating ne =K, ,Fe_.,Fe[Fe(CN)],-mH,0O
the apparition of an extra current due to the modulation of the (cubidtetragonal structure) (8)

coercive field. So, this new current explains the fact that the _ R
voltammetric and mass evolution of these materials cannot be KhF&[Fe(CN)]*mH;0 + (NOH') + NHgjecyoiyte +
explained by considering only the three electrochemical pro- ne =K, Fg_,Fe[Fe(CN)]-mH,O(nH,0)
cesses associated with the- modulation of the PB structure (cubic structure) (9)
and related to K,%39H* 939 and HO" © exchange, as shown
in egs 3. KyFelFe(CN)],»mH,0 + nH;O +

The contribution to the electric current of the generated ne = K,Fe_,Fe[Fe(CN)],-mH,O(nH,0")
magnetic field for these materials can be easily estimated from (tetragonal structure) (10)
the F(dn/dQ) function. Thus, this extra current is equivalent to
about 40% of the total current during the sudden electric A careful and detailed anaIySiS of acoustic teChniqUeS revealed
activation of the hexacyanoferrate-like materials (zones 2 in that the maximum compositional modulation of these materials
Figure 1b). In a forward-looking approach, the sudden electric involves a parasitic current due to the generation of a coercive
activation of the hexacyanoferrate-like materials observed in field. The approach described here sheds light on the mechanism
zones 2 of Figure 1b could be employed in electronic devices. involved in electrochemical tunable magnetic phase transition.

Finally, this structural changeover justifies the decrease of Consequently, the acoustic technigues by means of the motional

the adherence to the substrate of the hexacyanoferrate material esistance allow us to monitor situ, probably for the first time,

observed experimentally during the PB/ES transformation. tlhe fstruc:ural chart]gect)ver ?jnd_ ma?hnetlclkb?_havut)rlof the he>_(t§lcy-
Summarizing, all theses concordances validate the structureano errate nanostructure during the alkall metal composition

changeover as well as the ES structure proposed in this papeandUIatlon which can k-)e extensive to other materials.
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