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A Chromium —Vanadyl Ferrimagnetic Molecule-Based Magnet: Structure, Magnetism, and
Orbital Interpretation
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The synthesis, structural characterization, and magnetic properties of a new Prussian blue analogue, the molecule-
based ferrimagnet (YO)[Cr'"' (CN)s]2/2-1%:H,0 (1) (Tc = 115 K), are presented. The crystal structure is determined

from the powder X-ray diffraction diagram using the Rietveld method. The system is cubic, spacd-giémp

with cell parametea = 10.490(4) A. The value of the exchange coupling paramkfe48 cni?) between Cf

and WO is estimated from the molecular field parametérobtained by fitting theym =t = f(T) data in the
paramagnetic phase of the compound. The dependence Tf ttadue is analyzed in relation with the connectivity

of the molecular precursor, the stoichiometry of the three-dimensional material, and the nature of the constituting
metal ions. Thé¢ value ofl is compared to that of the highe ferrimagnet (315 K) V[Cr(CNyo.se2.8H:0 (2);

the values of thel parameters are almost the same. This allows us to estimafe-tha@lues for other possible
vanadium-chromium ferrimagnets.

vanadium (lll), that orders afc = 315 K! A simple model,
based on the magnetic orbital symmetry and energy, can
materials exhibiting new physical properties. In the case of rationalize this high value ofc. In this paper, we report on the

molecule-based magnets, some of the challenges are to reacfYNthesis, characterization, and ma%netic proegrties of a new
high transition temperatures, high coercive fields, and high ferrlrEagnet with formula (WO)[Cr'" (CN)el2/z*%sH20, 1
magnetization. We have shown that compounds of the Prussian{Tc = 115 K), containing vanadium(lV). The value of the

blue family?, designed by coordination chemistry meth8dsn coupling constant between the two spin bear#fé;-Cr), helps
be used for this purpose. They exhibit Curie temperatures to understand and rationalize the values of the Curie temperature

Introduction
One active area in molecular magnetisis the design of

ranging from 5.5 K to 90 K5 230 K§ 240 K 260 K8, and
270 K2 Recent reports point out the influence of external
perturbation, such as light or electrical potentiflon the long-
range magnetic order.

in other vanadiumchromium magnets.

Experimental Section
Starting Material. V"'Clsis a commercial grade material, kept under

The highest Curie temperature has been achieved in a@9on fo prevent oxidation.

chromium—vanadium ferrimagnet, containing vanadium (I) and
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K3[Cr'" (CN)g]-2H.0 is obtained by adding to a suspension of freshly
prepared chromous(ll) acetate an excess of an aqueous solution of KCN
under inert atmosphere. The resulting solution, when treated with
degassed methanol, provides a green precipitaf€ri(CN)s], which
is filtered and washed with methanol. It is then dissolved in a minimum
amount of water and left overnight in a cool place. Yellow crystals of
K3[Cr'"(CN)e]-2H,O appear, which are collected by suction, washed
with a 2:1 ethanol:water mixture, and dried under vacuum for several
hours. The mother solution is reduced on a hot plate and then left to
crystallize. This operation is repeated three times. The purity of the
freshly prepared compound is crucial. It is checked by IR and-UV
vis spectra. The molar extinction coefficients of the two observable
d—d band# at 378 and 309 nm arg378) = 80 L mol* cm™* and
€(309)= 55 L mol* cm™2.

Synthesis of (WO)[Cr" (CN)e]22%H20, 1. 1is obtained by
mixing, under anaerobic conditions, aqueous solutions'®EN (3 x
1073 mol/40 mL) and K[Cr'"'(CN)e]-2H,0 (2 x 1072 mol/40 mL). A
deep blue precipitate occurs immediately; it is left in its mother solution
for a few hours in the presence of air to achieve the oxidation of

(11) Ferlay, S.; Mallah, T.; OuakeR.; Veillet, P.; Verdaguer, MNature
1995 378 701. The highesTc well-characterized molecule-based
magnet; the compound with the highest ordering temperafige (
400 K) was reported in 1991: Manriquez, J. M.; Yee, G. T.; McLean,
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vanadium(lll) into vanadium(IV). The green precipitate is then filtered,
washed with water, and dried under vacuum.

Anal. Calcd for VCp3C4N4O133H205 V, 17.6; Cr, 11.97; C, 16.5;

N, 19.3; H, 3.2. Found: V, 17.6; Cr, 12.6; C, 17.6; N, 19.3; H, 2.8.

Characterization and Structure Determination. The infrared
spectrum is recorded on a Bio-Rad IR.FT spectrophotometer, in the
4000-250 cmt range with pressed KBr pellets containing 1% in mass
of the sample. The TGATDA measurements are carried out on a
Nietzsch STM-409 apparatus from room temperature to°TQ0with
a 5°C min~! rate, under a 20% £and 80% N atmosphere. The X-ray
absorption measurements are carried out at LURE (Orsay, France) on
the DCI ring at the K edges of chromium and vanadium.

The X-ray diffraction diagram is carried out on an automated Philips
diffractometer with Cu K radiation over the 16138 (20) angular
range with 17 s counting every 0.040The structure analysis is
performed using the Rietveld method and the FULLPROF progfam.
To avoid false minima which lead to unrealistic bond lengtfiistance
constraints are used at the early stages of the refinement.

Magnetic Measurements. The susceptibility measurements are
performed with a SQUID magnetometer in the 200 K temperature Figure 1. K edge spectra df (—) and bisacetylacetonatovanadyl, VO-
range in a 500 Oe applied magnetic field. The field-cooled (FC) (acac) (—). The absorbance df is upshifted by 0.5 for clarity.
measurements were performed in the same temperature range under a
low field of 30 Oe. The field-dependent magnetization is measured in
the 0.1-70 kOe range.
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Results 6000
Infrared Spectroscopy. The infrared spectrum df exhibits
a band at 981 cni assigned tay—o stretching. In the 2000
2200 cnt! range, a single symmetrigse=n Stretching band is
observed at 2179 cm. The presence of only ongse=x band
indicates the absence of disorder among th&é @nd the W
sites. The high energy shift of the band compared with the 2130
cmt value of thevaseen in K3[Cr'"(CN)g],> where G=N is
nonbridging, is the signature of the occurrence of' €€C=
N—VVO sequences, where the''Cion is bonded to the carbon
and the W ion is bonded to the nitrogen of the cyanide ligand.

4000

2000

Intensity (a.u.)

. . . . . -2000
Thermogravimetric and Thermodifferential Analysis. The
thermogravimetric curve df presents three steps: the first step e 20 30 40 50 60 70
shows a continuous mass loss from room temperature up to 20/ °

about 170°C; a plateau is observed between 170 and 290 Figure 2. Observed and calculated powder diffraction patterns and

The total mass loss up to the midpoint of the plateau correspondsdifference curve forl (10° < 26 < 70°). Small bars: Bragg angle

to the mass of all water molecules. At about 290) a break positions.

occurs corresponding to the decomposition of the compound.
X-ray Absorption. The edge spectrum df at the vanadium . :

K edge, is presented in Figure 1. The curve is compared to the@SSigned to chromium.

one of the bisacetylacetonatovanadyl, VO(aggg)which the At the chromium K edge, the distances in the first and second

vanadium ions are at the oxidation state IV inCa, local shells are very close to the ones found for the'[@N)g]*~

symmetry. The intense preedge at 5468.8 eV (inset in Figure ion [2.03(2) A and 3.17(2) A for CrC and CrN, respec-

1) is characteristic for a noncentrosymmetrical environment for tively].*®

four nitrogen atoms. The third shell behaves as a heavy neighbor,

the vanadium ions in both compound8,{). The observed
transition at 5472 eV foil is characteristic for compounds
containing G=N ligands! At the chromium K edge, the
spectrum ofl is superimposable with the spectrum of the

Powder X-ray Diffraction, Refinement, and Description
of the Structure. The observed and calculated X-ray diffraction
patterns are shown in Figure 2. The broadening of the peaks is
related to the size of the particles. The pattern is consistent with

precursor ion [CF(CN)g]3~ in K3[Cr''(CN)g]. a cubic structure and a face-centered unit cel=(10.490(4)

The EXAFS FT (Fourier transform) at the vanadium K edge A) with an Fm3m space group. The agreement factdfer the
displays three shells in the environment of the metal ion; the refinement, Reragy and y?, are equal to 0.0489 and 1.86,
first shell of neighbors corresponds to the oxygen atoms at 'espectively. The crystallographic data are reported in Table 1
1.55(2) A, and the second shell at 2.14(2) A corresponds to @nd the main bond distances and angles in Tables 2 and 3,

(13) Rodriguez-Carvajal, FULLPROF: a program for Rieteld refine-
ments and pattern matching analysistract of the Satellite Meeting
on Powder Diffraction of the XV Congress of the IUCr, Toulouse,
France, 1990.
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J. Phys. Condens. Mattdi994 6, 5697.

(15) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds3rd ed.; Wiley: New York, 1978.

respectively. The salient features of the molecular repeating unit,
with a numbering scheme, are given in Figure 3.

The chromium ions are in the 4b positions, with2g
occupation factor, while the vanadium ions are close to the 4a

(16) (a) Chadwick, B.; Sharpe, A. G. Chem. Sacl966 1390. (b) Jagner,
S.; Ljungstian, E.; Vannerberg, N.-Acta Chem. Scand974 A28
623.
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Table 1. Crystallographic Data of?

atom X y z BA? occupation

Cr 0.5 0.5 0.5 4.9(4) 2.667
\Y, 0 0 0.0581(7) 0.115(2) 4

N 0.202(1) O 0.024(2) 0.0(3) 16

C 0.310(1) O 0.029(3) 0.0(5) 16

O, 0 0 0.2030(7) 0.115(2) 4

(o)) 0.25 025 O 30%1) 6.1(6)
Os 0.25 0.25 0.25 30%1) 3.5(2)
Oy 0.5 0.5 0.5 30%1) 1.333

2 Refinement in the space grodpm3m with cell parametea =
10.490(4) A. Fit parametef8Rs = 4.89%,R, = 4.70%,Ry, = 6.07%,
x> = 1.86.

Table 2. Bond Distances il?

distance/A
Cr—C 2.01(1)
V-N 2.15(1)
V-0, 1.53(1)
C—N 1.14(2)
O:—N 2.83(2)
0,—02 2.67(2)
O—N 2.68(3)
0,—03 2.62(1)
2 From Rietveld refinement.
Table 3. Angle Values in1?
angle/deg
V—-N-C 168(2)
Cr—C—N 168(2)
N—-V-N 83(1)
N—-V—-0, 99.5(1)

Figure 3. Perspective view of the dinuclear unit C)sCr!' —C=
N—(VVO)(N=C)s)] showing bond distances and angles around vana-
dium and chromium.

positions, with an occupation factor of 1. The occupation factor
of the nitrogen and carbon atoms (24 in the unit cel¥/isas
for the chromium. The vanadium ions are pentacoordinated,
surrounded by four nitrogen atoms from the cyanide ligands in
the basal plane and one oxygen atom i® apical position
(Figure 3). The VQdistance is equal to 1.53(1) A as expected
for a vanadyl entity and in accordance with EXAFS. The
coordination sphere around the chromium ion is a slightly
distorted octahedron. The chromium ion is surrounded by six
carbon atoms from the cyanide. The-Z distances [2.01(1)
A] are slightly shorter than the ones found in other Prussian
blue analogue¥’

The main difference in the local structurelin comparison
with other Prussian blue analogues is the nonlinearity of the

(17) (a) Lidi, A.; Gudel, H. U.Helv. Chim. Actal968 51, 2006. (b) Lidli,
A.; Gudel, H. U. Inorg. Chem.197Q 9, 2224. (c) Beall, G. W.;
Milligan, W. O.; Korp, J.; Bernal, linorg. Chem197Q 11, 2715. (d)
Gudel, H. U.; Stucki, H.; Ldli, A. Inorg. Chim. Actal972 7, 121.
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Figure 4. Thermal dependence of the inverse of the molar susceptibility
v~ tof 1in a 500 Oe applied field(= —28.01 K). Inset displays the
minimum of y»T at 250 K, signature of ferrimagnetism.

Cr' —C=N-V sequences induced by the symmetry around the
vanadium atoms; the €&C—N and the VN—C angles are
found to be equal to 168(2)see Figure 3 and Table 3).

The oxygen atoms £ O,, and Q from water molecules are
located respectively in the 8&4, 1/4,Y4), 4d M4, Y4, 0), and 4b
(M2, Y5, Y,) positions. Q occupies the vacant position of
chromium as zeolithic water. According to the distances reported
in Table 2, the other oxygen atoms are hydrogen-bonded. The
population factor of the oxygen atoms is consistent with the
number of water molecules found by chemical analysis and by
TGA.

Magnetic Properties. The 1fwu vs T curve is presented in
Figure 4. It is characteristic of ferrimagnetic behavior: the fit
of the high-temperature values with a simple linear Cu\eiss
law, at high temperatures, leads to a negative valug (628
K), and belowT = 120 K, 1jw tends to zero, which is in line
with the onset of a three-dimensional order. The room temper-
atureyw T value (1.46 cm?® mol~1 K) is slightly lower than the
one expected for an isolatéty Cr'" ion and 1 V' ion (1.625
cm3 mol1 K, assumingg = 2 for Cf" and V). TheymT vs
T curve presents a minimum at 250 K (see the inset in Figure
4) at about 250 K, confirming a short-range antiferromagnetic
interaction between the'Vand CH' ions.

The field-cooled magnetization (FCM) V& curve (Figure
5), in an applied field of 30 Oe, presents a break at 115 K,
confirming the presence of a magnetic order below this
temperature. The field-dependent magnetization, measured at
T =10 K, exhibits a magnetization at saturatidgthat reaches
45 300 cmi mol~! Oe at 70 kOe, corresponding to 0.93 per
formula unit, as shown in Figure 6. This is in line with the
calculated value (lg) for a ferrimagnetic compound '/~
Cril'y3 (S = 3/, and Syv = 1/,). This result confirms the
antiferromagnetic nature of the exchange interaction between
the cyanide-bridged metal ions.

The hysteresis loop at 10 K betweerb00 and 500 Oe
(Figure 7) exhibits a low coercive fieldHc = 25 Oe). This
rather low value can be understood becalibas a cubic three-
dimensional structure with metal ions without first-order spin
orbit coupling. The remnant magnetizatibhis equal to 14 800
cm® mol~* Oe.
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Figure 5. Thermal dependence of the field-cooled magnetization

(FCM) of 1 in a 30 Oe applied field H.
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Figure 6. Magnetization vs field up téd = 70 kOe forl at T = 10
K. Saturation value:Ms/Na = 0.93.
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Figure 7. Hysteresis loop ofl between—500 and 500 Oe & = 10
K. Hc = 25 Oe,M; = 14 800 cni mol.

Discussion
The molecular field theory developed by & for three-

dimensional cubic ferrimagnets is a valuable tool to analyze

Ferlay et al.

the relationship between the critical temperatdig,the mean
number of magnetic nearest neighb@she exchange param-
eter between two metal ions (through the bridging ligardd),

(H = —-JS%), and the metal ion spin valueS, andS,. The
exchange parametéeris related to the molecular mean field
parametekV that expresses the interaction between the magnetic
moments supported by two independent sublattices forming the
3D material by®

N
w=—"-- 1)
NAgzﬁ2

whereN, is Avogadro’s constanf is the Bohr magneton, and
gis a mearyg factor. For Prussian blue analogue§M(CN)g]y,
the critical temperaturé@c is given by

_ N Z|3|\/Cy,Cyr
Te A WYCyCy ¥ ————
NAGB

The Curie constant€yw = (Naf%3K)gm2Su(Sw + 1) and
Cwm = Y(NaB%3K)gm2Su(Su + 1) correspond to one MandyM,
respectively. The number of nearest neighbors 6fidv. Its
mean value is equal to 6y in Prussian blue analogues. The
expression is valid for ferro- or ferrimagnets when the interaction
with the second nearest neighbors can be neglected. This is a
reasonable assumption Iy where the next neighbors are at
10.49 A. Replacing, Cy, andCy by their expressions in eq 2
and assumin@y = gw = g leads to

)

T~ WIVES + D8E T D) @)

or:

Tem oWy + Dy +2) (4)

whereny andny are the number of unpaired electrons in the
metal ions M and M

The parameters determining thE’s in Prussian blue
analogues are (i) the stoichiometyy(ii) the number of unpaired
electrons of the metal ions M and’' M andny, and (iii) the
absolute value}J|, of the exchange interaction between two
adjacent paramagnetic centers. An analysis of the influence of
these parameters on tig values shows that (i) the stoichi-
ometry,y, can be tuned chemically and leads to the expected
change in the value ofc,2%and (ii) the other factorsyy, nv,
andJ, are correlated as described below. In dinuclear systems,
with many electrons on metal centers, the exchange parameter
Jis given by

1 1
J= Juy = ——[Iar + 3 )
My N v Ny Ny

Ju»v is the exchange between two singly occupied orbitals of
symmetryu andv, respectively. When two orbitals have the

same symmetry, they overlap and an antiferromagnetic contri-
bution Jar, negative) arises. On the other hand, when two

(18) Neel, L. Ann. Phys. (Paris]948 3, 137.

(19) Herpin, A.Theorie du magngsme INSTN-PUF: Saclay, 1968.

(20) Ni[Cr(CN)]2/3:3H20 (y = 43) orders ferromagnetically &fc = 56
K, whereas Cs[NiCr(CN}-2H,O (y = 1) orders ferromagnetically at
Tc = 90 K, which is in good agreement with the computed value of
84 K (see ref 5).
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Scheme 1

-exy (Cr) +xp (VO)

Xz
a "
yz xy xz
a " a ’ a "
Yz (Cr) + eyz (VO)
Cr(CN)¢* VYOG />

orbitals have different symmetries, the orthogonality leads to a
ferromagnetic contribution J§, positive) to the overalld
parameter.

In the case ofl, we computed] from the experimental
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Scheme 2

a

a" xz (Vo)

a" x (Cn)

a" yz (Cr) + e yz (VO)

Table 4. Determination of] Values from Curie Temperature$d)
(1, 2) and Estimation offc from Parametersy, nw, y andJ in

Vanadium-Chromium Magnets3—5)?

magnetic data. N& showed that, for ferrimagnets with cubic
structure, it is possible to compute the molecular field parameter
W and the magnitude of the exchange parameter by fitting the

experimental data in the temperature range abbyéo the
following expression valid for ferrimagnets (adapted to the
VV—Crl' case):

i i T2 - VVZCCrmC\/W
Am B (Ccnn + CVIV)T - ZWQrIIICVIV

The best fit leads t€c"Cyv = 0.57 (cn¥ mol~1 K)2, Ccpn
+ Cyv = 1.80 cn¥ mol~1 K, andW = 168 cnm3 mol (taking
ovv = 2.09 andyc" = 2.10) with an agreement factBrdefined
as

(6)

R= Z[(XMT)calc B (XMT)EXpﬂ]Z
> [(uT)expt’

R = 10~ SubstitutingWw andCcCyv in eq 2 leads tdlc =
127 K, which is in fairly good agreement with the observed
value of 115 K. A mearg value for1 (2.095) allows us to
estimate the exchange parametedas — 48 cntl,

We then analyzed the componentslpgs given in eq 5, in
the binuclear fragment [@RC)sCr!' —C=N—(V'VO)(N=C)s)]
(Figure 3). The overall symmetry of the binuclear uniGsif
the CH'—C=N-V" unit is assumed to be linear. The d-energy
levels of [(MYO)(NC)]%~, [Cr'"(CN)e]3~, and of the dinuclear
unit, from an extended Hikel calculation, are presented in
Scheme 1. The corresponding occupied molecular orbitals are
drawn in Scheme 2. The 'V site has oneyz (') magnetic
orbital, and the C¥ site has threay (a), yz (') andxz (d")
orbitals. Three exchange pathways are availabley Jyz—xy,
Jyz—xz (i) The first pathway -z Ja—a+) involves an interaction

J  Td
e v Y dyy dyxe Jyye (€M) (K)
1, VV—Crilys 1 3 2 1 —48 115
2, (V"W Crl'ggs 2.42 3 0.86 1 1 1 —-54 315
3, vi—cpt 2 3 1 1 1 ~-50 199
4, V' —Crl 55 3 3 2 1 1 1 ~-50 257
5, Vvi—Cr 3 3 1 1 1 1 ~—50 472
aFrom eq 4.

carbon and nitrogen of the cyanide brid§é! The ferromagnetic
contribution is proportional tg(1)p(2)/r12, Wherer is the
distance between electrons 1 and 2. (i) The last pathdgys,(
Ja—a') is antiferromagnetic, involving two magnetic orbitals of
same symmetry, but its contribution is weak. Finally, the overlap
between the VO xy and the Ct xy orbitals stabilizes the
corresponding molecular orbital but plays no role in the
exchange because the vanadium orbital is vacant.

Another ferromagnetic contribution, not included in the
localized electron Kahn modebut in Anderson’s and Good-
enough’s model? can arise from the charge transfer between
the CH' xzsingly occupied magnetic orbital to the emptly @
xz orbital 2224 This pathway may be weak because of the weak
overlap of the involved orbitals located in parallel planes, as
shown in Scheme 2.

To sum up, thel value is the sum of antiferromagnetic and
ferromagnetic contributions, which decrease the total absolute
value of J. We now compare theJ| values of some other
vanadium-chromium Prussian blue analogueSV@ar!" (CN)g]y-
nH,0: the hlgh Tc magne’fl (V"0,42V'“0,58)[Cr”'(CN)G]O,SG-
2.8H,0, 2, which contains vanadium(ll) and vanadium(llil), and
three compounds to synthesize, that ig![@r'"' (CN)g]-nH0,

3; VlI[CI’IH(CN)e]g/Q,‘nHzO, 4: and CSV"[CI"”(CN)G]'HHQO, 5.

The values of the parametsray andny for each compound
are presented in Table 4. Equation 4 allows us to calculate the

between two magnetic orbitals of the same symmetry and leads’ Value for2: — 54 cn, close to the value of compourid At

to an antiferromagnetic contribution. It is expected to give the
most important contribution in absolute value, thanks to the
participation of the cyano-bridge orbitals. (ii) The second
pathway {y, x, Ja—a) involves two orthogonal orbitals; the
pathway contributes ferromagneticallg) to the exchange. The
overlap integraSis zero, but the monoelectronic overlap density
p(i) = dyAi)dy(i) (i refers to electrom) is not negligible on the

(21) Eyert V.; Siberchicot B.; Verdaguer Nhys. Re. B 1997, 56, 8959.

(22) Goodenough, J. Bdagnetism and the Chemical Bgridterscience:
New York, 1963.

(23) Wieghardt, K.; Bossek, U.; Ventur, D.; WeissJJChem. Soc., Chem.
Commun.1985 347.

(24) Mallah, T.; Ferlay, S.; Auberger, C./ ldey, C.; L'Hermite, F.; Ouahg
R.; Vaissermann, J.; Verdaguer, M.; Veillet,N#ol. Cryst. Liq. Cryst.
1995 273 141.
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first sight, the result appears surprising becauselthalue is ions linked to the nitrogen side of the cyanide have low atomic
practically the same regardless of the oxidaton state of vana-numbers and present good matches in energy between their d
dium. Indeed, it is possible to suggest that the contraction of energy levels and those of [(%CN)g]3~. On the other hand,
the d orbital from W to VIVO (which decreases the overlap GirolamP® showed that th@c value increases when [YCN)g]*+~

and theJ value) is accidentally compensated for by a better is used instead of [({CN)s]®>~ because of a better back-
match in energy between the'Cand WO orbitals compared  bonding effect through ther cyanide orbitals expected with
with Cr'" and V' (which enhances the interaction and the V. To obtain new compounds with high& values, the best
value). Along this reasoning, one can assume that otherchoice could be to synthesize a 1:1 stoichiometric material using
vanadium-chromium Prussian blue analogues have similar ~ [V"(CN)g]*~ and V! as building units.

values~50 K. From eq 4 we can estimate thefor compounds

3, 4, and5 to be equal to 199, 257, and 472 K, respectively ~ Acknowledgment. We thank European Community for
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compensation between'Cand \!'. The larger they, the smaller

the resulting spin of the compounds™s. Supporting Information Available: Five figures showing the

thermogravimetric curve of compountl, the chromium K edge
Concluding Remarks absorption spectra oft and K[Cr'"(CN)¢, the EXAFS Fourier
transforms ofl at the chromium K edge and at the vanadium K edge,
Pathways involving ther cyanide orbitals lead to a relatively — and the magnetic susceptibility plot far(experimental and best fit)
high value for the exchange parameter even for metal ions more(5 pages). Ordering information is given on any current masthead page.
than 5 A apart. This is particularly true when the transition metal 1C980109W
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