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Abstract: A new synthetic procedure to obtain vanadium—chromium Prussian blue analogues is presented,
using controlled amounts of V" in solution during the synthesis. The vanadium and chromium oxidation
states and the chemical environment of the metal ions in the solids are characterized by infrared and X-ray
absorption spectroscopies. The presence of weak amounts of V" during the synthesis provides materials
which are better organized and present reproducible Curie temperature and magnetization at saturation in
agreement with the observed V/Cr stoichiometry.

Introduction as a cornerstone in the field of molecular magnetismand

) . ] . . that V[Cr(CN]o.ss2.8 HO was ‘an excellent example on which
_ The synthesis of mat_erlals with new and prfedlctabl_e properties 1, |earn (or to teach) the basic concepts of molecular magne-
is achallenge for chemlsts: A few years ago, inorganic molecular tisny. On the other hand, Kahn pointed out that i ot a
chemists were engaged in the synthesis of high-temperaturemolecular compound, but rather an amorphous and nonsto-
molecule-based magnets, and this area remains very adtive.  jchiometric compourigl* the saturation magnetization is limited
1991, looking for charge-transfer vanadium-based molecular 5 0,15 Bohr magnetons”,.* the coercie field is only 10 Oe?.
materials, Manriquez et al. synthesized the first molecule-based  |ngeed, these nonstoichiometric vanadium chromium Prussian
magnet with a Curie temperaturéd above room temperature  pjye analogues build a wide family which can be formulated
(VITCNE]¢yCH:Cl> (x = 2,y ~ 0.5, TCNE= tetracyanoet- a5 A~C, V!,V 1_[Cr(CN)g]y(solvent) (A, anion; C, cat-
hylene))? However, the compound decomposes before reachingjon). Amorphous or badly crystallized, the samples often contain
Tc, and until today it was not fully characterized. uncontrolled amounts of vanadium(lll). Thus, a wide field of
Some years later, in 1995, a molecule-based Prussian blueinvestigation remained open for chemists to further improve the
analogue made from hexacyanochromate(lll) and vanadium-structural and magnetic properties of the compotirfef 11
(1) VI[Cr(CN)gloss2.8 HO was claimed to present a Curie Following analogous recipes and the same reactants, Miller et
temperatureéTc = 315 K, and its synthesis was based on a al. were able to push the Curie temperature up to 378 K.
rational approach.In a comment, Kahhunderlined that, on Girolami et al” used a setgel approach, modified the stoichi-
one hand, the synthesis of such a material can be considered ometry, and succeeded in obtaininge= 376 K, that is, above
the boiling temperature of water. In both cases, the structure is
*To whom correspondence should be addressed. E-mail: miv@ not fully defined (even if Girolami provided powder X-ray
Ccrfjtlji?\l/zl#'sfirtépierre et Marie Curic diffraction data), the magpetl_zatlon at saturation remains fgr
: from that expected from stoichiometry, and, moreover, the Curie
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temperature decreases after one thermal cycle aroundcthe
Hashimoto and Desplanches were able to produce figh
electrochromic thin films of VC#213An amazing case, with a
lower T¢ (~310 K) but improved magnetization at saturation,
is the one of two samples which present close macroscopi
properties but opposite local magnetization on the two para-
magnetic chromium and vanadium centéMoreover, the VCr

Anal. Found (Calcd): 24.14% (24.25%) C; 4.32% (5.47%) H;
18.22% (16.08%) N; 0.44% (0.43%) |; 9.90% (9.92%) Cr; 14.50%
(14.50%) V. IR (narrow): 2116 cnt. Tc: 310 K.

We prepared 23 compounds following procedure 1 or 2, in the

¢ Presence of different amounts of V(IIl) during the synthesis. After

separation of the precipitate, we checked the presence of V(lll) in the
filtrate by electronic spectroscopy. Some of the 23 compounds were
prepared using a V(I1)/[Cr(CN) ratio smaller than®, during the

derivatives are air-sensitive and change their magnetic prOpertie%ynthesis. All of the derivatives prepared with an amount of V(llI) in

more or less rapidly when left in air.

solution between 1 and 20% present a stoichiometry close to the ideal

In a systematic step to better control the properties of such ViCr.s one, whatever the percentage of V(lIl) during the synthesis. In
compounds, as others, we experienced that the oxidation statenost cases, the experimental nitrogen analysis is different from the

and the electronic structure of the vanadium, the stoichiometry,
and the crystallinity of the precipitate are important parameters
to determine the magnetic propertigs®-10 During our studies,

we discovered that (a) in a perfect anaerobic atmosphere, the

slowly precipitating solid is no longer a room-temperature
magnet, and (b) some oxidation of the vanadium ion during

calculated one. This systematic deviation, already experienced by other
groups engaged in Prussian blues analogues cherhigipears intrinsic

to the elementary analysis technique applied to Prussian blues.
Electronic SpectroscopyThe electronic spectra of aqueous solutions
of the different compounds and the kinetic studies were recorded at
room temperature under argon atmosphere on a SHIMADZU UV-
2101PC UV~ visible spectrophotometer in the 36000 nm range.

the synthesis is necessary to reach a Curie temperature above Magnetic Measurements.The T¢'s of all of the compounds were

ambient. Both observations prompted us to look more closely
at the role of vanadium(lll) during the synthesis.

The present paper is dedicated to vanadiatmomium (VCr)
Prussian blue derivatives with&r,3 stoichiometry (sometimes
formulated as \WCrg/z or V3Cr,). We show that the presence of
small amounts of V(lll) during the synthesis is a key factor to
get such systems presenting hi@b, reproducible magnetic

properties, and magnetization at saturation consistent with the

stoichiometry.

Experimental Section

Synthesis. Starting Materials.K3[Cr(CN)s] was obtained as already
described! (TBA)3[Cr(CN)s] (TBA = [N("Bu)4*) is obtained by
mixing aqueous solutions of #Cr(CN)s] and TBABTr. The precipitate
is purified by dissolution in ethanol and precipitation with ethyl ether
(EtO). The IR spectrum displays a unique strangc=N stretching
band centered at 2110 ctn The synthesis of the Tutton salt and
[V(MeOH)g]l2 (MeOH = methanol) was carried out as already
described#15 All of the reactions leading to the synthesis of the VCr
derivatives were carried out in a glovebox.

Compound V[Cr(CNgJo.sl)0.054H20, 1, was obtained by mixing
aqueous solutions of (TBA)Cr(CN)g] (0.627 g, 6.7x 1074 mol) and
[V(MeOH)g]l,» (0.5 g, 1x 10°2 mol, 0.05 mol L%). A deep blue solid
precipitated immediately. We left the suspension for 1 day. To recover
the compound, which was difficult to filter, we evaporated to dryness,
we washed the solid with 50 mL of2® and 30 mL of ethanol (EtOH),
and we dried it under vacuum dugr? h (procedure 1).

Anal. Found (Calcd): 17.57% (17.63%) C; 3.61% (3.07%) H;
16.16% (20.56%) N; 2.26% (2.27%) 1; 12.70% (12.72%) Cr; 19.35%
(19.39%) V. IR (broad): 2110 cm. Tc: 260 K.

Compound V[Cr(CNgosA{TBAI)0.0125H,0 1.44EtOH,2, was ob-
tained by mixing aqueous solutions of (TBfJr(CN)s] (0.627 g, 6.7
x 1074 mol), [V(MeOH)g]l, (0.5 g, 1x 103 mol, 0.05 mol %), and
2.5% of V(Ill) (VCl3) [%V(lIl) = mol of V(111)/100 mol of V(II)]. A
deep blue solid precipitated immediately. We left the suspension for 1
day, and, as the particle size was large enough, we filtered without
evaporation. The solid was washed with 50 mL ofoHand 30 mL of
EtOH and dried under vacuum dugir2 h (procedure 2).

determined by permeability measuremefitfhe magnetization mea-
surements were performed with a Quantum Design SQUID magne-
tometer in the 4400 K temperature range in a 200 Oe applied magnetic
field.

Infrared Spectroscopy. The infrared spectra were recorded under
inert atmosphere using a Bio-Rad FTIR spectrophotometer, in the
4000-400 cnt range with KBr pellets containing 1% in mass of the
sample.

X-ray Absorption Spectroscopy (XAS).XAS experiments were
performed on the XAS 13 beam line at the French synchrotron facility
DCI at LURE (Orsay). Spectra were recorded at the vanadium and
chromium K-edges in transmission mode using Si 311 (XANES) and
Si 111 (EXAFS) double monochromator detuned around 30% to ensure
harmonic rejection. For the edge spectra, we recorded simultaneously
the spectra of the samples and that of a vanadium or chromium foil
with a third ionization chamber to check energy calibration. The edge
energies of the vanadium (5465 eV) and the chromium (5989 eV) were
fixed at the first inflection point of the metallic foils. The samples were
ground and homogeneously dispersed in cellulose pellets in a glovebox
and kept in an anaerobic chamber under helium atmosphere during the
measurements.

Edge spectra were recorded with 0.3 eV steps with an integration
time equal o 2 s per point. The spectra were normalized at the middle
of the first EXAFS oscillation. EXAFS spectra were recorded using 2
eV steps. The two first steps of the EXAFS signal treatment were
performed with the “EXAFS pour le Mac” codé The EXAFS signal
was extracted from the data by subtracting a linear preedge background,
a combination of polynomials and cubic spline atomic absorption
background, and was normalized by the Lengelsenberger pro-
cedure!® The pseudoradial distribution function was given by the
Fourier transform (FT) ofv(K)k3(k), wherew(k) is a Kaiser-Bessel
window with a smoothness parameter equal tk 8 the wavenumber).

At the vanadium K-edge, thierange is limited to 2.611.2 A1 (Ak

=9.2 A1), due to the presence of the chromium edge. At the chromium
K-edge, thek limits are equal to 2.513.1 A1 (Ak = 10.6 A1), In
Prussian blue analogues, the multiple scattering is expected to be
important, due to the alignment-\N—C—Cr. The EXAFS signal
simulation in a single scattering mode is not feasible. Therefore, the
quantitative analysis (number of neighbors, distances, DeWyaller
factor) used the FEFF7 colfeand multiple scattering.
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Results

70

Electronic Spectroscopy.In Figure 1 are shown the elec-
tronic spectra of V(ll) (0.05 mol 1), V(lIl) (0.01 mol L™Y),
V(IV) (0.05 mol L™1), and [Cr(CN}]3~ (0.033 mol 1) aqueous
solutions. We checked that under slow diffusion of dioxygen
in a V(Il) solution, V(II) is oxidized to V(lI); we did not observe
in such conditions the presence of ¥O(aq). The electronic
spectrum of the V(ll) aqueous solution shows two maxima at
850, 560 fAq — 4Tag %A2q — 4T14(F) transitions] and a weak
shoulder at 320 nm*fzy — 4T14(P)]. The band at 380 nm _
corresponds to a forbidden transition. The electronic spectrum 60 |
of the V(lll) agueous solution displays three maxima at 650,
425, and 327 nm3[1g — T2 and 3T1g — 3Azg and 3T,y —
3T,4(P) transitions]. The spectrum of the ¥Oaqueous solution
presents two maxima at 768 and 620 rifa;[— %E and?B, — i
2B, transitions]. Finally, the electronic spectrum of (TBE)r- 55 : : . L ! : ' 0
(CN)g] shows two maxima at 390 and 320 nm corresponding 200 2250 2200 V;:\(I)en;gbe rzt}sgmﬁooo 1950 100
to the®Azg — “Tzg and Az — “Tuy(F) transitions. Figure 3. Infrared spectra ol (—), 2 (— — —), and (VO}[Cr(CN)g]

We carried out kinetic studies of the synthetic reaction by (_g. T P ’ ’ ol
mixing V(II) (5 x 10~*mol L™Y) and [Cr(CN}]®~ (3.3 x 104
mol L™1) aqueous solutions (¥Cry ratio). Figure 2 displays  green-blue solid appears. After 210 min, a solid precipitates,
the changes in the electronic spectra of the mixture when theand the absorbance decreases. A new band appears at 350 nm,
reaction proceeds. The three bands with maxima at 393, 550,and the band at 440 nm shifts to 460 nm. When the reaction
and 790 nm shift to higher wavelengths. They reach an proceeds in the presence of V(lll), it is not possible to determine
absorbance maximum after 40 min of reaction, and then their the spectroscopic differences because the molar absorption
absorbance decreases slowly. At this point, the beginning of coefficientse of the V(ll)/chromicyanide solution are much
the precipitation of a blue solid can be observed. The band athigher (by a factor 15) than that of the V(lll)/chromicyanide
800 nm can be assigned to a forbidden transition for [CréEN) solution; it can be observed, nevertheless, that the precipitate
that becomes allowed when coordinated to V(II). The intense occurs much more rapidly.
band at 550 nm can be safely assigned to a VW (NC—Cr IR Spectroscopy.In Figure 3 are shown the IR spectra of
charge transfer. The shift of the maxima to a higher wavelength compounds1 (V(ll), obtained without V(Ill) during the
is frequent for the formation of aggregates. synthesis)2 (obtained in the presence of 2.5% V(lIl) during

We carried out the study of the change in the electronic the synthesis), and their vanady/V® analogue (VQJCr-
spectrum of a V(I11)(SGCFs)3 (3 x 102 mol L~1) and K;[Cr- (CN)g]2 in the 1906-2300 cn! range. In this part of the IR
(CN)g] (3 x 1072 mol L=1) mixture solution. Three bands are spectrum appear the,{C=N asymmetric stretching bands,
observed at 440, 650, andB00 nm. The absorbance increases which are sensitive to the bonding mode of the cyanide and to
with time. The maximum of the band at 650 nm shifts to a the oxidation state of the metallic ions coordinated to the CN
higher wavelength, whereas the two bands at 440 and 800 nmbridge. Forl, a broad band at 2110 crhcan be assigned to
remain at the same energy. After 120 min, a suspension of aV(ll) —N=C—Cr(lll) sequences. It presents several shoulders

(=23
(4

Transmittance
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Figure 4. Vanadium K-edge spectra of the models (@}N" (SOy)2:6H,0 T T T T T T
(= — -), VI(SO.CR)3 (+*+), and VWOSQ5H,0 (—). 0.2 and 0.4 in
absorbance for clarity shift the spectra. \ Chromium K Edge

on the low wavenumbers side. Farthere are two bands, one

band of strong intensity centered at 2116 ¢éntorresponding

to a V(II)-N=C—Cir(lll) sequence, and another very weak one,

centered at 2165 cm, assigned to a YO—N=C-—Cr(lll)

sequence. (NB: The pure vanady! derivative displays only one

narrow, intense band centered at 2175 &r(V'VO—N=C—

Cr(lll) sequence) and the very intense band at 981 'cm 2

corresponding to the,V'V=0 stretching®129 For compound

2, obtained in the presence of V(IIl) during the synthesis, the 4

nonobservation of the ¥Y=0 stretching band at 981 crhis

consistent with a tiny amount of vanadyl in the compound. -6

Under exposure to air ol and 2, we observed the slow

appearance of the two bands at 2175 &fv'VO—N=C—Cr- Sl A T T T T T

(1IN] and at 981 cn?, signature of the presence of vanadyl. 0 1 2 3 4 5 6 7 8
X-ray Absorption Spectroscopy.In Figure 4 are presented R/A

the XANES spectra of three reference compounds,;@l}lH F_igure 6. Fourier t_ransform moduli and imaginary part of the EXAFS

(I(S04)»6H.0, V(II1)(SO,CFs)s, and WOSQ5H,0. The signal at the chromium K-edge fdr(—e—) and2 (-).

preedge spectra of the models display one peak of weak intensity

. . . 8
at 5466.6 eV for V(Il) and at 5468.2 eV for V(Ill) and one S|gnatu_re of the interaction betweer_l V(I1) and NCr(lll).

. . There is no band at 5468.2 eV, which shows the absence of
intense peak at 5469.8 eV for'\D. In this energy range are

observed 1s to 3d transitions, forbidden in octahedral complexesv(m)' The top of the edge energy is 5481 eV, much closer to

. . . that of the V(Il) reference than to that of V(lll). The edge is
[V(1) and V(Il)] and partially allowed in square pyramidal ones . .
[VIVO]. The edge energy positions (“white line”, corresponding more intense foR than for1l. For a quas_|-octahedral surround-
to the maximum of the edge) are 5480.3, 5485.8, and 5485 6 M9 the higher and narrower this peak is (due to the degeneracy

eV for V(II), V(IIl), and VVO, respectively. This energy range of p orbna_ls), the clo_ser to_ an octahedro_n the '_structure around
o . the metal is. Everything being equal, the intensity of the 5471.2
corresponds to allowed transitions to the p-symmetry orbitals. L . . ;
h  the ref I eV peak is inversely correlated to the intensity of the white
hT e XANEShspe(_:ftfra of the reference compou?OIS allow us 1o i, (hecause the more the p metal orbitals are engaged in the
characterize the different oxidation degrees of vanadium in 7* MOs, the less they are available for other orbitals). The peak

compoundsl and2. In Figure 5 are displayed the vanadium at 5471.2 eV is observed for both compounds, more intense
K-edge spectra fot and2. The preedge shows a weak band at for 2 than for1l

5466.6 eV [assigned to octahedral V(II)] and one band at 5471.2
eV which corresponds to an allowed transition from 1s;to t
symmetry molecular orbitals, a combination of p orbitals of the
vanadium andr* cyanide orbitals, as shown previousiyin
vanadium-chromium Prussian blue analogues, this band is a

IF(R)!

At the chromium K-edge, the spectra are very similar in the
two compounds and close to that of thgl®&r(CN)e] precursor.
We first give qualitative observations at the chromium and
vanadium edge before entering in the quantitative analysis.
At the chromium K-edge, for compoundsind?2, the Fourier

(20) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination tran_SformS of the EXAFS Slgnal (Flgure 6) dlsplay three pea_ks
CompoundsJ. Wiley and Sons: New York, 1978. assigned to the three shells around the chromium. The two first

10534 J. AM. CHEM. SOC. = VOL. 124, NO. 35, 2002
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Scheme 1

C
™ 154
v N
. o =168°
é Table 1. Structural Parameters at the Vanadium K-Edge for
= Compounds 1 and 2
neighbors Na RY/Ain1 Ro/Ain 2 oAin1 o%Ain2
N(@©) 4(2) 214(2.05) 212(2.06) 0.12(0.05) 0.09 (0.05)
c 4 3.27 3.24 0.09 .09
4+ 7 Cr 4 5.31 5.27 0.13 0.10
aN, number of neighbors around vanadiunvVanadium-neighbors
Al R T T T T T distance ¢ Debye-Waller factor.
0 ! 2 3 'k 5 6 ! 8 Table 2. Structural Parameters at the Chromium K-Edge for
R/ Compounds 1 and 2
Figure 7. Fourier transform moduli and imaginary parts of the EXAFS . . A . .
signal at the vanadium K-edge far(—e—) and2 (). neighbors N RYAin 1 and 2 olRin1 oRin2
C 6 2.06 0.05 0.06
shells correspond to the carbon and nitrogen atoms of the N 6 3.21 0.08 0.08
Y 6 5.31(),5.27 Q) 0.13 0.10

cyanide ligand. The third shell corresponds to heavy neighbors,
the vane_adlum 1ons. . L . aN, number of neighbors around chromiufrChromium-neighbors
The first and second peaks are very similar in intensities distance ¢ Debye-Waller factor.
(modulus) and distances (imaginary part) for both compounds
and for the KCr(CN) precursor. The strong difference is distance, and a 2.06 A -€Cr distancé:!! The structural
observed in the intensity in the third peak that is more intense parameters in better agreement with the experimental data
for 2 than forl. The Cr-V distance in2 (from imaginary part) correspond to a 168/ —N—C angle and are given in Table 1.
appears slightly longer than th The observation that the first For compoundl, we followed the same analysis scheme
and second shells are identical can be considered as trivialtaking into account two observations: (i) the observed mean
information. For such poorly crystalline compounds, it is the distance of the first shell id is slightly shorter than that i8,
confirmation of the molecule-based nature of the samples: theand (ii) the distance of the second shellliis longer than that
[Cr(CN)s]®~ molecular precursor is indeed a building block of in 2. The model was modified as follows (see Table 1): in the
the solid, kept unchanged. first shell, the two V-0 distances become shorter, 2.05 A, with
At the vanadium K-edge, for compounti&nd?2, the Fourier a smaller DebyeWaller factor, and the four ¥N distances
transforms of the EXAFS signals of both compounds (Figure becomes longer, 2.14 A, with a larger Deby@aller factor
7) also display three peaks attributed to three shells of neighbors.than for2. We fixeda. = 168 as in2. The parameters, which
The first peak of the Fourier transform corresponds to two better reproduce the experimental data, are collected in Table
subshells: nitrogen neighbors\N, from cyanide) and oxygen 1. The Debye-Waller factor for the third shell (Cr atoms) is
ones (\V-0O, from coordinated water), according to the stoichi- large.
ometry ViCry3. The second peak corresponds to the carbon atom At the chromium K-edge, we used exactly the same models
of the cyanide ligand, and the third one corresponds to the as above foll and2, and we calculated the EXAFS signal for
chromium atoms. The intensities of the peaks corresponding tosix Cr—C=N-—V units, only changing the DebyaValler factors
the first and second shells @éfand2 are not so different, but  and taking the NV distance inl as being slightly larger than
the third peak is more intense Zthan inl. From the imaginary that in2, according to the results at the vanadium K-edge. The
parts of the spectra, we observe that in the first shell, the meanparameters which better reproduce experiments are collected
distances appear slightly shorterlithan in2, whereas in the in Table 2. Theo value of the third shell fod is larger than
second shell the opposite becomes true. that for 2, signature of a wider distribution of distances for
The quantitative analysis of the EXAFS is not easy because vanadium atoms il than in2.
of the presence of (i) multiple scattering effects in the second Magnetic Measurements.In Figure 8 is presented the
and third shells signals originating in the more or less linear thermal variation of the magnetization frand2 (Tc = 260
V—N=C-Cr units and (ii) possible different ¥N=C—Cr K for 1 and 310 K for2). The magnetization versus magnetic
bridges. To extract information about the distances, their field curves ofl and2 at 5 K are displayed in Figure 9. For
distribution (Debye-Waller factor), and the bond angles around compoundl, the magnetization does not saturate; its value at
the metallic atoms, we therefore modeled the EXAFS signal highest field is aroun®//Naug (Na, Avogadro constanys =
using the FEFF7 cod¥. For compound?2, at the vanadium Bohr magneton), O3, that is, /5 of the Jug expected value
K-edge, we computed the EXAFS signal using multiple scat- for a V;Cry3 stoichiometry. These data are consistent with the
tering in the following model gathering previously known presence of paramagnetic specieslinThe coercive field is
information (Scheme 1): two YO units at a distance of 2.06 less than 50 G at 5 K. For compouBdat 5 K, the magnetization
A, 411 four V—N=C—Cr units with various V-N—C angles, a reaches a saturation plateau with a valueVidNaug = 0.98,
180 N—C—Cr angle, a 2.12 A VN distance, a 1.15 A NC which is, within experimental uncertainty, the expected value
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(-O-) at 5 K.

(Qug) for an ideal Cry3 composition. The coercive field is
less than 50 G; compound is a soft magnet. At higher
temperatures, as expected, the saturation is no longer reache
because the magnetic field cannot overcome the thermal

agitation.

Tc Measurements.We determined by permeability measure-
mentdé the T¢'s of the VCr derivatives synthesized in the
synthetic conditions described in the Experimental Section an
in Table S1 with different initial V(I11)/V(Il) and V(l1)/[Cr-

(CN)g]®™ ratios.

610*

% V(III)

Figure 10. Curie temperatures versus percentage of V(Ill) in solution: (a)
series a { €—); (b) series b {®—).

obtained in similar conditions but with smaller V(I1)/[Cr(C{8~
ratios (series b). Tha&c's for this later series are lower than
those obtained for compounds prepared with a stoichiometric
V(I/[Cr(CN)g]®~ ratio.

Discussion

The present study was undertaken when we realized that the
aqueous solution synthesis of VCr derivatives performed in
anaerobic conditions (glovebox, 3 ppm)Qto avoid traces of
V(i) or VVO] led, in our hands, to compounds whoEgs
lie below room temperature. This was in strong contrast with
our former results obtained by the Schlenk technique (and
uncontrolled amount of oxidized vanadium in solution) which
lead to room-temperature magnéts§.”°

First, we used electronic spectroscopy to characterize aqueous
solutions of V(II) and V(IIl) (Figure 1), and we checked that
both are stable in the conditions of the synthesis of high
VCr derivativest?? (i) V(II) remains unoxidized in anaerobic
conditions (no change during at least 3 days); (ii) under slow
diffusion of dioxygen in the solution, the oxidation of V(II)
leads to V(lll), and no presence of\O is observed. We then
followed by electronic spectroscopy the first steps of the
formation of V4[Cr(CN)g]2s3 in two kinds of conditions: (a) for
& mixture M/Cry3 of V(II) and [Cr(CN)]3~ aqueous solutions
(Figure 2) and (b) for a mixture ¥Cryz of V(II) and
[Cr(CN)e]®~ aqueous solutions, in the presence of Yf@lolar
ratio V(II)/V(Il) = 4/100]. A similar reaction between a mixture
V1/Cry of V(Ill) and [Cr(CN)e]®~ aqueous solutions was also

d carried out.

The main conclusions are the following: (a) The solubility
of V1[Cr(CN)g]2s3 is very weak. The precipitation of the blue

In Figure 10 is shown a plot of the Curie temperatures versus VCr solid is observed in a few minutes from V(Il) and
%V(Ill) for the compounds precipitated from solutions having chromicyanide solutions, even at high dilution. (b) The pre-

different initial percentages of V(lll) and a V(II)/[Cr(C}~
ratio = 3/, (series a). In the range-R20% of V(llI), the
compounds presefic around 310£8) K. The Tc distribution
is therefore less than 2.6%. For larger amounts of V(lll) in
solution, theT¢ decreases slowly down to 296 K for 50% of

cipitation is much slower when chromicyanide reacts only with
V(). (c) The precipitation is faster when a small amount of
V() is added to the V(Il)/chromicyanide mixture.

The infrared spectrum of solidl (Figure 3) shows a band
with several shoulders at 2110 ctand below, indicating a

V(IIl). Figure 10 also shows the results for the series of VCr distribution of different cyanide oscillators. F2ythe narrower
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Scheme 2

band without shoulders at 2116 ctnis in agreement with a
single cyanide bridging species and previous redults.

The X-ray absorption spectroscopy gives clear evidence that
in 1 and2 (a) the chromicyanide ion is kept unchanged with
six cyanide ligands around the chromium in an octahedral
environment and then vanadium neighbors, (b) vanadium is
V(Il) because there are no detectable amounts of V(IIl) 8O/
as expected from the [Cry3 stoichiometry, and (c) the V(II)
ion is octahedral with four N-bonded cyanide ligands and two
water molecules, always in agreement with thgQry3 stoi-
chiometry. The main differences between the EXAFS of the
two compounds are essentially the-W distances, slightly
longer in1 than in2, and the intensity of third shell of neighbors,
which is weaker irl than in2. Keeping in mind the cubic face-
centered structure of Prussian blue analogues, we find that all

of these data converge on the hypothesis that the chromicyanide

entities are more loosely bound1rand more tightly connected
to vanadium(ll) ions in2 (shorter V-N distances). The Cr
C=N-V units are well-built in2, presenting a EN—V angle
o 168 (Scheme 2, showing the tilt of the [Cr(C{)

Heating the sample and cycling the temperature bring the system
to the stable structure with the angles closer to 168t is
particularly significant that the stable = 310 K value, reached
here directly, corresponds exactly to that found by Girolami
for a compound of the same stoichiometry synthesized by the
sol-gel approach after cycling the temperature arolipd?

Therefore, the presence of vanadium(lll) during the synthesis
of the VCr derivatives has a clear influence on the structure
and on the magnetic properties of the derivatives and cannot
be underestimated. The vanadium(lll) is not present in the solid
state but is observed in solution after reaction. The minimum
amount of V(Ill) necessary to lead to a room-temperature
magnet is around 1%. The two observations point out a catalytic
role of V(Ill) ion in the formation of the solids. We propose
below a reaction scheme, summarizing the different experi-
mental observations:

V3" (ag)+ n[Cr(CN)J*~ (ag)—
V¥ (=NC—Cr(CN)y) ]*" " (aq) (1)

[V3*(=NC—Cr(CN)y) ]*" V"~ (ag) + V** (aq)—
[VZ*(=NC—Cr(CN)y) ]®"?" (ag)+ V*' (aq) (2)

[V (=NC—Cr(CN)),]*"?" (ag)— [V(~NC—Cr), %
(precipitate whem ~ %) (3)

octahedron, as compared to a regular face-centered cubic

situation), whereas the larger Deby@aller factors inl (Tables
1 and 2) express a wider distribution of angéedn brief, 2 is
better ordered thaf.

These structural conclusions are consistent with the magnetic
properties. According to N#2! everything being equallc is
proportional to|J] andZ (the number of magnetic neighbors).
For1land2, Zis the same4 = 4 around the vanadium), which
means that]| is weaker inl than in2. The shorter vanadium
nitrogen distances and the better organization of theG¢
N—V sequences ir2 induce a better overlap of the vanadium
and chromium magnetic orbitals, a larger antiferromagnétic
a higherTc value, and the magnetization at saturation expected
for the V1Cr,3 composition. The saturation magnetization is no
longer reached ifi, even at low temperature, because the{Cr
C=N] and V(ll) units are not tightly connected. Part of the
chromium and vanadium spins can behave independently.

Another important characteristic @fis that itsT¢ at 310 K
and its magnetization at saturation remain unchanged after
thermal cycles from 4 to 350 K. This result is in contrast with
previous observatioA§-10 that when cycling the temperature
aroundTc in V1Crys compounds with an initial higic (i.e.,

Tc > 330 K), the final stabl@ ¢ decreases. If one considers the
VCr derivatives presenting such unstafilgs as metastable
derivatives, the compounds obtained in the presence of V(IlI)
can be called “thermodynamical” compounds. The structural
model with a = 168 given in Scheme 2 allows for a
straightforward explanation of the high&s’s of the metastable
samples; they present a (metastable) structure witingles
closer to 180 (corresponding to weaker tilt of the [Cr(C§l)
octahedron) and therefore larger orbital overlagis,andTc's.

(21) Neel, L. Ann. Phys(Paris) 1948 3, 137-198.

In step 1, V(lll) ions, which are present in small amounts in
solution, react with [Cr(CNJ3~ to give a soluble charged
species (the expected neutral entfty(l11)[Cr(CN)g]}° was
never observed as a precipitate). The higher reactivity of V(III)
with [Cr(CN)e]3-, as compared to V(I1), can be understood from
an electrostatic argument (a trivalent specie¥ V6 better
attracted than a bivalent 2/ one by the anionic trivalent
[Cr(CN)s]®) and from an electronic one; the V() ion2d
configuration, is more inert (water exchange constkp273
K)/s™1 = 8.7 x 10Y),23than V(Ill), d? (water exchange constant,
kex(273 K)/s1 =5 x 107).>

In step 2, V(Il) ions, present in large concentration in solution,
interact with the anionic [¥"(—NC—Cr(CN)),]3"~1- entities,
and an electronic transfer between V(ll) and V(lIl) occ#fs.
The redox process can occur because in the sofN(BI) —
NC—Cr} units the V(IIl) d orbitals (i symmetry) are stabilized
by the ligand field created by the N-bonded cyanide ligands
(interaction with the emptyr* orbitals), as compared to the
hexa-aqua situation, and V(IIl) becomes more reducible. The
V2t (aq)/\V®T (aq) couple presents a standard redox potential
E° = —0.255 \#S with a self-exchange rate constak, (mol—:

(22) It is also the case for the sample prepared with 4% of V(lll) (and some
excess of chromicyanide) which presents the higfes{318 K) in the
series and a \Crys stoichiometry— see Figure 10. When heated to 350
K, its Tc decreases then down to 313 K. Slight differences in the
reproducibility of experimental synthetic conditions are the only hypotheses
that we can propose to explain for obtaining this compound with the highest
Tc in the series and its metastability.

(23) Ducommun, Y.; Zbinden, D.; Merbach, A. Belv. Chim. Actal982 65,
1385-1390.

(24) Hugi, A. D.; Helm, L.; Merbach, A. B-elv. Chim. Actal985 68, 508—

521.

(25) Reaction Mechanisms of Inorganic and Organometallic Systdorslan,

R. B., Ed.; Oxford University Press: New York, 1991; pp 3807 and
references therein.

(26) Creaser, I. I.; Sargeson, A. M.; Zanella, A. Worg. Chem.1983 22,
4022.
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s™1) = 102,27 smaller than the rate of ligand substitution. Thus, observed magnetization fits well with the®f,/3 stoichiometry.

here, an outer-sphere electron-transfét Yaq)/\V#*(NC), can The Curie temperatures obtained in this way are not the highest
be expected to be present and to be the limiting step. obtained so far, but they are reproducible and remain constant
In any case, step 2 provides soluble VAT entities [\2*- after heating the samples abole The tilted configuration of
(—=NC—Cr(CN))n]®~2 (aq), with well-designed V(Il-NC— the [Cr(lINCN)g] octahedron, with a EN—V angle~ 168,
Cr(lll) bridges, whereas the V(lll) (aq) ions regenerated in reminiscent of the situation in some distorted perovskites, is
solution are able to react once more with other [Cr(g&)in therefore a thermodynamically stable one. The higher but

recurring steps 1 and 2. The repeated catalytic sequence of stepgnstableTc’'s sometimes observed in derivatives with identical
1 and 2 progressively increases the concentration (and/or) sizey,Cr,;; stoichiometry are easily explained by metastable
of well-built [V2*(=NC—Cr(CN)),|®"~2" (aq) entities, and,  structures with GN—V angles> 168, corresponding to less
in step 3, the neutrdV(I)[Cr(CN)Jo.67 °, whose solubility is  tjlted configurations of the [Cr(IIl)CNJ blocks. The key role
very low, precipitates, displacing the equilibrium toward a total of \/(111) can be also demonstrated in the synthesis of VCr

precipitation, V() remaining in solution. Prussian blue analogues, where the stoichiometry is varied by
One final remark will deal with the syntheses carried out with jnserting alkali cations (K, Rb, Cs).

smaller V(I1)/[Cr(CN)]3~ ratios or with large amounts of V(lI1)

which lead to products presenting loviky's. These compounds Acknowledgment. We would like to thank Dr. F. Tournilhac
present stoichiometries different from;®r,3 and no alkali for permeability measurements, the European Community for
cations (elemental analysis), in agreement with the presence ofa Marie Curie Grant (R.G.) and TMR support (ERBFM-
V(lll) in the solid, confirmed by the X-ray absorption spectrum BICT972644 and FMRXCT980181), and CNRS for a temporary
at the K-edge of vanadium. The larger the percentage of V(Ill) position (R.G.).

in solution is (above 20%), the larger the amount of V(lll) is in

the final solid. In both cases, the presence of V(Ill) weakens  Supporting Information Available: Synthetic procedure,

the |J| value and decreasds. elementary analysigc’'s and IR data and a table summarizing
Conclusi the data of compound$S—23S the electronic spectra of a
onclustons V(SOsCRs)s and (TBA)[Cr(CN)g] solution mixture, the chro-

We proposed in this paper a new synthetic approach to high mium K-edge spectra of compountis2, and Kg[Cr(CN)g], the
Tc VCr Prussian blue analogues; small amounts of V(Il) during magnetization versus field curves df and 2 at different
the synthesis lead to derivatives which display a stoichiometry temperatures, and the Fourier transform moduli and imaginary
close to the \Crzsideal one. The solids are free from V().  parts of the EXAFS signal at the vanadium K-edge To2,
Their structure is made of [Cr(lI)CN) units linked to  and model (PDF). This material is available free of charge via
octahedral vanadium(ll) ions by bent-@Gl—V units (168). The the Internet at http:/pubs.acs.org.

(27) Chou, M.; Creutz, C.; Sutin, Nl. Am. Chem. S0d 977, 99, 5615. JA020528Z7
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