Inorg. Chem. 2007, 46, 1090—-1099

Inorganic:Chemistry

* Article

Neutron Diffraction and Theoretical DFT Studies of Two Dimensional
Molecular-Based Magnet K ;[Mn(H20)2]3s[Mo(CN)7],+6H,0

Béatrice Gillon,* -* Antoine Goujon, T Stéphanie Willemin, ¥ Joulia Larionova,* * Cédric Desplanches, $£
Eliseo Ruiz,* ¢ Gilles Andre”," John A. Stride, ™' and Christian Guerin*

Laboratoire Len Brillouin, CEA/CNRS, UMR0012, Centre d’Etudes de Saclay, 91191, Gif sur
Yvette, France, Laboratoire de Chimie Maldaire et Organisation du Solide, UMR 5637,
Universite Montpellier II, Place E. Bataillon, 34095 Montpellier cedex 5, France, Departament de
Quimica Inorganica, and Centre Especial de Recerca enm@ica Teoica (CeRQT), Undersitat

de Barcelona, Diagonal 647, 08028 Barcelona, Spain

Received June 26, 2006

Exchange mechanisms and magnetic structure in the two-dimensional cyano-bridged molecule-based magnet Ko-
[Mn(H20)]s[Mo(CN);],-6H.0 have been investigated by a combination of neutron diffraction studies on both single
crystal and powder samples and theoretical DFT calculations. The experimental spin density has been deduced
from a new refinement of previously obtained polarized neutron diffraction (PND) data which was collected in the
ordered magnetic state at 4 K under a saturation field of 3 T performed in the C2/c space group, determined by
an accurate re-evaluation of the X-ray structure. Positive spin populations were observed on the two manganese
sites, and negative spin populations were observed on the molybdenum site, which provides evidence of
antiferromagnetic Mo®*—Mn?* exchange interactions through the cyano bridge. The experimental data have been
compared to the results of DFT calculations. Moreover, theoretical studies reveal the predominance of the spin
polarization mechanism in the Mo—C—N—-Mn sequence, with the antiferromagnetic nature of the interaction being
due to the overlap between the magnetic orbitals relative to manganese and molybdenum in the cyano bridging
region. The magnetic structure of Ky[Mn(H,0).]Js[Mo(CN)/],+6H,0O has been solved at low temperature in zero field
by powder neutron diffraction measurements. The structure was found to be ferrimagnetic where the manganese
and molybdenum spins are aligned along the b axis in opposite directions.

nH,O (n =4 and 4.75?,‘3 (NH4)2[Mn(H20)2_5]3[M0(CN)7]2~
. _ 4H,0,* Mny(tea)[Mo(CN)]-nH,O (n = 0 or 1; tea=
The synthesis and study of cyano-bridged molecule-basediethanolaminey,[(N(CHs)s]o[Mn(H20)]s[Mo(CN)7]»-2H;0 8

magnets has attracted a great deal of attention in the past 2Qnd K[Mn(H,0),]s[Mo(CN)-]»-6H,0” have been reported.
yearst Among them, a family of cyano-bridged compounds

based on the [Mo(CN)*~ building block is of particular
interest because of their original structural organizations and
unusual magnetic properties. To date, the synthesis, crystal
structures, and magnetic studies of JHO)s[Mo(CN)/]-
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Figure 1. View of the crystal structure of Mn(H20)z]3s[Mo(CN)7]2-
6H,0 in the @C) plane. Hydrogen atoms are omitted for clarity.

established the presence of antiferromagneti¢'™Mdin?*
interactions. This controversy prompted further investigation
of the magnetic properties of this compound in an attempt
to shed some light into the exchange mechanism and the
magnetic structure.

Neutron diffraction has proven to be a powerful technique
for the study of magnetic and structural properties of
molecule-based magnets. Neutron powder diffraction data
can be used to provide information on the crystal symmetries
of compounds, and their structural transitions under different
conditions (varying temperature and pressure) permit the
determination of magnetic structures and their evolution in
function of temperatur® The polarized neutron diffraction
technique performed on single crystals of magnets offer
information on the centers involved in the magnetic coupling
and in the mechanism of the coupling its&it2The method
permits the complete determination of the induced spin
density distribution for compounds in the solid state. The
information obtained from combined neutron diffraction
measurements is invaluable to understand the ground state

The last compound has a two-dimensional structure, which of the magnet, magnetic structures, and the different mech-
may be described as anionic double sheets alternated withynisms responsible for the magnetic properties.

the Kt counterions (Figure 1 and Figures 1S, 2S, Supporting

Information)®*2 The initial magnetic studies performed on

In this context, we therefore undertook neutron diffraction

_ studies on powder and on single crystals gf\n(H,0),]s-

the single crystals of this compound found that the predomi- [Mo(CN)-]»-6H,0 in order to offer an unambiguous experi-

nant magnetic interactions along with fr-Mo3" interac-
tions through the cyano bridge are ferromagnétimwever,
the preliminary results of the polarized neutron diffraction
on a single crystéland the repeated magnetic measurenients
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mental evidence of the exact nature of the magnetic
interactions and to determine the magnetic structure of this
compound. We also performed a theoretical computational
study based on Density Functional Theory for di- and
trinuclear models to estimate the exchange coupling constants
in the cyano-bridged MH—Mo®" compounds, in order to
corroborate the experimental results.

2. Experimental Section

Single-crystal samples of gMn(H;0),]s[Mo(CN)7]»*6H,0 were
prepared as previously describedagnetic susceptibility data were
collected on the powder of fMn(H,0),]s[Mo(CN)/]»-6H,O with
a Quantum Design MPMS-XL SQUID magnetometer. The data
were corrected for the sample holder, and the diamagnetism
contributions calculated from Pascal's constafts.

Powder Neutron Diffraction Experiments. Neutron powder
diffraction experiments were performed on the two-axis G4.1
diffractometer { = 2.4266 A) installed at the Orphereactor in
the Laboratoire Len Brillouin (Saclay, France). The diffraction
patterns were collected at several temperatures between 1.4 and
50 K for the determination of the magnetic structifreThe
experimental neutron diffraction data were analyzed by the Rietveld
profile fitting method using the FULLPROF prografmbased on
the nuclear scattering lengths published by Sé&ars.

Neutron Diffraction Measurements on a Single Crystal.
Neutron diffraction measurements at 50 K were previously collected
at the Laboratoire Len Brillouin (Saclay, Franc@)in order to
provide the hydrogen atom positions and low-temperature structure
parameters. However, this data collection was performed assuming

(14) Roisnel, T.; Rodriguez-Carjaval, J.; Pinot, M.; Ahd&; Boure, F.
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(15) Rodriguez-Carjaval, J.; Roisnel, TUCr Commission on Powder
Diffraction of the XV Congress of the IUQRJCr: Toulouse, France
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Table 1. Summary of the Nuclear Structure Refinement of the X-ray

and Neutron Diffraction Data

Crystallographic Data from X-ray
chemical formula KIMn(H20)2]3[Mo(CN)7]2:6H,O
M 1015.37
space group
cell params (193 K)

C2/c (No. 15)
a=30.911(4)Ab=7.188(1) Ac=

16.208(2) A
o= 90.0°, 5 = 96.092(2}, y = 90.0°
\Y 3580.9(8) B
) 1.883 gcm?
cryst packing Z=4

no. of atoms in asymmetric unit 36
X-ray Data Collection

A 0.71073
T,°C 193 (2)
refins collected 9812
unique reflns 2554

Structural Refinement Conditions (X-ray)
refinement method full-matrix last-squareséh
data/restraints/params 2554/81/251
final Rindices [I> 20(l)] R1=0.0266 and wR2= 0.0523
Rindices (all data) R* 0.0511 and wR2= 0.0582

Neutron Data Collection

diffractometer 4-circle 6T2, LLB, Saclay

Gillon et al.

Table 2. Polarized Neutron Diffraction Data

KIMNn(H20)]s[Mo(CN)7] 2 6H0
C2 (No. 5)
5C1, LLB, Saclay

chemical formula
space group
diffractometer

polarizing monochromator Heusler

polarization 0.90

neutron wavelengtH, 0.84 A

T 4K

applied magnetic fieltH 3T _

angle betweer andb 22.2 in the (,c*) plane
(easy axis)

measured reflns 216

unique reflns 42

the hydrogen positions, to which the structural neutron refinement
at 50 K has been closely constrained, justifies the use of the structure
at 50 K to calculate the nuclear structure factors for the polarized
neutron data treatment.

Polarized Neutron Diffraction Data. Experimental procedures
and methods for polarized neutron diffraction have been previously
described? The experimental quantities that are measured in this
technique are the flipping ratios for a set of Bragg reflections of
scattering vectorK, i.e., the ratioR(K) between the intensities
diffracted for an incident neutron beam polarization along the up

monochromator graphite or down vertical direction, respectively.

neutron wavelengtH, 1.548 A

T 50 K F.+F

measured reflns 686 RK) = [——21? (1)
unique reflns 628 Fv— Fn

Structural Refinement Conditions (Neutrons)
unique refinsEn2 > 30(Fn?)) 372
params 138
Rfactors R(F) = 0.172 andR,(F?) = 0.190

AR=Y |Fo| — [Fel/3 |Fol. Rw= {(Zi wq) [Fo%i) — FmllFo?i) — Feol)/
(i wplFoiy — Feal) Y2

A set of flipping ratios was previously collected on the polarized
neutron diffractometer 5C1, at the LLB in Saclay (see Table 2).
The orientation of the crystal with respect to the vertical magnetic
field was such that the easy magnetization dxisyas inclined by

an angle of 22towardc in the (b,€) plane (the hard axi&*, being
horizontal).

the previously assigned noncenti@2 space group,with cell This data collection however was performed assumiGg apace
parameters = 30.772(12) Ab = 7.1717(11) Ac = 8.0738(5)  group? and therefore, onlyh{ k, 21)-type reflections were recorded.
A, and § = 96.006(11). The presence of an inversion center in A new refinement of these data has been performed in the
the C2/c space group results in a doubling of theell parameter centrosymmetric2/c space groufi’ Only reflections for which

a = 30.911(4) Ab = 7.188(1) A,c = 16.208(2) A, ands = the flipping ratio was in the range 0.45 R < 2.2 have been
96.092(2) (at 193 K)%17 The new indexing of theh( k, I) considered.

reflections leads toh( k, 2l) reflections, and therefore, only Computational Methodology. For the calculation of the cou-
reflections with evenl values were actually recorded. New pjing constantl for a dinuclear complex, two DFT calculations
refinements of the nuclear structure were carried out inGae must be carried out, one for the highest spin state and another one
space group, on the basis of 388 unighek( 2)) reflections, with for a low-spin state corresponding to the situation in which both

Fn? > 20(Fy?), corrected for absorption. The X-ray structural  gpins are in opposite directions. Thealue is obtained using the
positions at 193 K were used as starting parameters. Constraintsy|iowing equation,

were applied on selected bond lengths M& Mn—N, Mn—0,
C—N, and O-H and angle§10OMnO, CMoC, [INMnO, ONCMo,
OCNMn, OMnOH, andOHOH for the refinement of the nuclear
structure in theC2/c space groupd(O—H)= 0.95(5) A andJHOH
= 109.0(3}). The atomic position and isotropical thermal param-
eters were refined of\? using the CRYSTALS prograth with
the sameB;s, for the two H atoms of each . Table 1 reports the
crystallographic data, along with the experimental conditions.
Unfortunately, it was not possible to get a good refinement of
the crystal structure at 50 K due to the fact that &all K, 21 +
1)-type reflections were missing in the neutron data collection. This
accounts for the poor value of the agreement fa®g(R?) = 0.22).
However, the high quality of the X-ray structure at 193 K, including (19) Schweizer, MagnetoScience: From Molecules to MaterialdMiller,
J., Drillon, M, Eds.; Wiley: New York, 2001; p 325.
(20) (a) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany JPComp. Cheml999
Gillon, B.; Goujon, A.J. Phys. Chem. SoR004 65, 677-691. 20, 1391. (b) Ruiz, E.; Alvarez, S.; Cano, J.; Polo,VChem. Phys.
(18) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, PCdpper, 2005 123 164110.

CRYSTALS Issue 1Chemical Crystallography Laboratory, University ~ (21) Ruiz, E.; Rodguez-Fortea, A.; Cano, J.; Alvarez, S.; AlemanyJP.
of Oxford: Oxford. Comp. Chem2003 24, 982.

Eys— Es=—(25S+S)J )

whereS, and$; are the total spins of the paramagnetic centers and
S, > S has been assumed for heterodinuclear compl&xesthe

case of the system under study, we have isolated dinuclear units
from the periodic structure consisting of one Mo(lll) and one Mn-
(I1) cation. A similar approach can be followed, in general, for any
polynuclear complexes with different exchange constants where
the energy ofn + 1 spin configurations must be calculatéda
detailed description of the procedure employed to calculate the

(17) Larionova, J.; Willemin, S.; Donnadieu, B.; Henner. B.; @GueC.;
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exchange coupling constants in dinuclear and polynuclear com-
plexes can be found in refs 20 and 21.

We initially verified that the nuclear structure (space group
C2/c, atomic positions including hydrogens) determined from

The hybrid B3LYP function&f24 has been used in all calcula-
tions as implemented in Gaussian38lhis functional provides
excellent results for the calculation of the exchange coupling in a
wide range of transition metal complex&s2® We had also found
that, when using DFT-based wavefunctidha,reasonable estimate

of the low-spin state energy can be obtained directly from the energy ) A, B = 96'1,26(63’ which gre n .good agreement with
of an unrestricted single-determinant solution. This fact is due to the values obtained by X-ray diffraction (Table 1). Neverthe-

the inclusion of the nondynamic correlation effects in the commonly €SS, it should be noted that the important number of
used exchange functionals through the self-interaction error. If spin hydrogen atoms in the structure gives rise to a non-negligible
projection is applied in addition, a cancellation of such correlation incoherent scattering, visible as the high level of the
effects ensues, as discussed recently by Polo%®tlala previous background of the diffraction patterns.
work, we have found that the use of pseudopotentials is a good The appearance of additional contributions of magnetic
appro.a(.:h for the estimat.i(.)n of the exchange coupling for complexesorigin becomes visible at the nuclear Bragg peak positions
containing second transition series elemé#t¥e employed Stoit of the diffraction patterns (characteristic of a ferro- or
Preuss quasi-relativistic pseudopotenfalsombined with the ferri fic struct ith tically ordered d .
triple-¢ all-electron basis set for manganese atdrasd a double: errmagnetic s r,uc ure) with magnetically or ere, omains
all-electron basis set for the other elements proposed by Ahlrichs below 40 _K (FlgureIZa). The thermal evolution of _the
et al3 observed integrated intensity on the Bragg peak positions
present at 2%in 20 (3,1,0 and—4,2,0 indices) (Figure 3S,
Supporting Information) confirms the presence of the
magnetic ordering transition at 39 K.

X-ray data of a single crystal at 193 K gave a qualitatively
good refinement of the neutron powder diagram at 50 K.
The neutron refinement at 50 K provides the following cell
parametersa = 30.824(2) Ab = 7.180(1) A,c = 16.150-

3. Results

3.1. Magnetic Structure from Neutron Powder Dif-
fraction Measurements.Neutron powder diffraction mea- For the determination of the magnetic structure, several
surements of the compound[KIn(H20);]s[Mo(CN)7]»* ferromagnetic and ferrimagnetic models were tested within
6H,0 were performed in the magnetically ordered domain the FULLPROF refinement program, with various relative
and in the paramagnetic zone on the G4.1 multidetector. Theorientations of the ordered magnetic moments on the three
critical temperature for this compound was found to be 39 different magnetic atoms of the structure, i.e., Mo atoms in
K from magnetic susceptibility measurementén this an 8f site, Mn atoms (Mn1 site) in a 4a site and Mn atoms
respect, a series of powder patterns were collected, at 1.4(Mn2 site) in an 8f site. Due to the relatively low percentage
10, 20, 30, 40, and 50 K. Two limiting powder patterns are of the magnetic atoms in the structure, the magnetic signals
shown in Figure 2, in both the magnetically ordered domain are quite small, and as the background of the neutron
atT= 1.4 Kand in the paramagnetic domainTat= 50 K. diagrams is quite high, these magnetic refinements were
performed on the difference patteris= 1.4—50 K.

The magnetic model which gave the best agreement factor
in the refinement was obtained for a ferrimagnetic structure
where all of the magnetic moments on Mo, Mn1, and Mn2
sites are oriented along thedirection with the following
values (at 1.4 K):Myo, = —0.8(2) us, Myn1 = 5.0(2) us,
Mwunz = 4.7(2)us. This model corresponds to the continuous
line in Figure 2b, superimposed on the observed difference
diagram 1.4-50 K. It should be noted that the relatively poor
value, 24% of the Bragg magnetic agreement factor, is
directly linked to the high level of the incoherent scattering
due to the hydrogen atoms and the relatively small size of
the magnetic signal. The corresponding model magnetic
structure is shown in Figure 3.

3.2. Experimental Spin Density from Polarized Neutron
Diffraction. The magnetization densip(r) is related to the
magnetic structure factor with scattering vectahfough a
Fourier transformation:

(22) Becke, A. D.J. Chem. Phys1993 98, 5648.
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Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
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Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B; Liu, G.;
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120 11122.
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Fu(K) = [, o(T) € " dr (3)
The experimental magnetic structure factBgg*? for the

set of measured Bragg reflections are directly deduced from

the flipping ratios using eq 1, knowingy. Therefore the

precision obtained ofy®® depends also on the quality of

the structure determination.
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Figure 2. (a) Neutron diffraction powder patterns in the magnetically ordered state at 1.4 K and in the paramagnetic state at SMO{br.®)]s-
[Mo(CN)7].-6H20. (b) Difference pattern 1450 K. Black dots, experimental points; continuous line, ferrimagnetic model.

The measurements were performed in the magnetically nuclear structure performed at 50 K. A set of 41 magnetic
ordered state (under saturated magnetizatiod) l& using structure factors forh( k, 2) unique reflections, wittiry >
an applied magnetic fieldf®d T in order to maximize the  o(Fy), was obtained. The measureg values were corrected
intensity of the signal. The magnetic field was applied along for the contribution arising from the nuclear polarization of
the crystallographi® axis, which also is the magnetic axis. the hydrogen nuclear spins. In the experimental conditions
The magnetic structure factofSy, were deduced from the  of temperature and field, the calculated value for the
experimental flipping ratios with the help of the low- hydrogen nuclear spin polarizatidyp is equal to 0.00372
temperature nuclear structure factors calculated from the x 1072 cm.
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Figure 3. Magnetic structure model determined fos[In(H20),] s[Mo-
(CN)7]2-6H20.

Table 3. Atomic Spin Populations in
K2[Mn(H20),]3[Mo(CN)7]2-6H,02

Refinement Conditions
without Fum(0, 0, 0)

withF(0, 0, 0)

unique reflns 37 38
params 5 5
GOF () 1.15 1.74
Ry (Fwm) 0.07 0.05
Radialx Coefficients and Spin Populations (ig)
atom refinement | refinement Il
xMo 0.62 (3) 0.67(6)
KMn 0.95 (2) 0.78(2)
Mo —0.93 (5) —0.91(6)
Mnl 3.91 (6) 4.83(6)
Mn2 4.23 (4) 4.93(5)
Msum 10.51(11) 12.87(12)

aRefined parameters used in modeling the spin density and the refinement
statistics. Refinement 1 was carried out without the (0, 0, 0) reflection, and
refinement 2 was carried out with the (0, 0, 0) reflection.

the Mre"—Mo?3* interactions, which was first suggested in
the previous polarized neutron data anal§$im significant

The analysis of the polarized neutron diffraction data populations were obtained either on the nitrogen or on the
consists in refining a multipole model of the spin density carbon atoms. The magnitude of the populations of the
p(F) by a least-squares procedure on the basis of the magnetignanganese and the molybdenum ions is much weaker than

structure factorsky.% It should be noted that the accurate the values 5 and 1ug expected folSy, =

determination of the crystal structure of[Kin(H,0),]s[Mo-

5/2 andSy, =
1/2 local spins at magnetic saturation. The total induced

(CN)]2:6H,O shows that the compound crystallizes in moment on thé MnsMo,} unit derived from the refinement

monoclinic centrosymmetrical2/c (No.15) space group.

given by the sum of the spin populations is 10.75¢4)

Consequently_, a dir_ect determination of the ma_gnetic struc-which is lower than the expected value of 12gaccording
ture factor using this approach should be available. In the g the supplementary SQUID magnetic measurements (Figure

model used, the spin densip(r) is written as a sum of
atomic spin densitiegi(r;) centered on the atoms

pi(T) = Z)F%(K

whereP|, are the multipole population&(«ir;) is a Slater-
type radial functionR(«kr) = Nrr™ e andy,, is a real
spherical harmonics. The radial exponeftsvere taken
from the literaturé”” n = 4, y, = 7.02 for Mr¢* (3cP), n=

6, Cvo = 6.21 for MG** (4cF), andn = 2, &y = 3.84,c =
3.14 for N and C. A spherical model including mono-

le Im(euq7 ) (4)

4S, Supporting Information).

In order to correct this incoherence, a second series of
multipole refinements were performed (Table 3). In this
series, thé=,(000) magnetic structure factor was included,
which is equal to M, where M is the measured bulk
magnetization value pdVinzMo,} unit in the same tem-
perature and field conditions. Again, the spin populations
on the manganese and molybdenum atoms with the opposite
sign were observed, and no significant populations were
obtained on the nitrogen and carbon atoms. The sum of the
populations in thg MnsMo,} unit was found very close to
13 ug, and the Mn1, Mn2, and Mo populations are, respec-

poles on Mn1, Mn2, and Mo was applied. The radial contrac- tively, equal to 4.83(6), 4.93(5), aneD.91(6)us. The corres-

tion coefficients i, have been refined only for the Mn and

ponding_spin density map projected along the crystallo-

Mo atoms. The populations of the N atoms (and respec- graphicb axis is shown in Figure 4. The spin population on
tively for the C atoms) belonging to the plane were con- the molybdenum ion+£0.91(6)us) corresponds to 91% of

strained to be equal, and on the other hand, the N and Cwhat is expected for a local sp®s, =

1/2. This finding

populations of the bridges between the planes were con-suggests the spin of the molybdenum ions are not strictly
strained to have the same values as the N and C atoms ofocalized on the metal ions but are partially delocalized

the plane, respectively.

(around 9%) onto the cyano ligands. The spin populations

The results of the multipole refinements are reported in on the two manganese sites, Mn1 and Mn2, are very close
Table 3. A first series of refinements were performed on to the value expected for &, = 5/2 (97% for Mn1 and
the set of 41 experimental magnetic structure factors. The 99% for Mn2). Consequently, the delocalization from the
opposite signs of the spin populations on the manganese angnanganese ions toward the cyano ligands appears to be wea-
molybdenum atoms confirm the antiferromagnetic nature of ker than the delocalization observed from the molybdenum

(36) Brown, P. J.; Capiomont, A.; Gillon, B.; SchweizerJJMagn. Magn.
Mater. 1979 14, 289.
(37) Clementi, E.; Raimondi, D. LJ. Chem. Phys1963 38, 2686.

ion. This fact is in agreement with the stronger covalent cha-
racter of the 4d M®&" ion with respect to the 3d M ion.

As can be seen on the spin density map, the spin density
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Figure 5. Models used to carry out the calculations of the exchange
coupling constant. The dinuclear unit extracted from the crystal structure
including all the cyanide ligands and water molecules coordinated to such
Figure 4. Spin density map of Mn(H20)2]s[Mo(CN)7]2:6H.0 at 4 K metals.
and in an applied field of 3 T, projected along the crystallographagis.
High-level contour shows the dominant spin populations of the metal sites Table 4. Calculated Exchange Coupling Constants (im&nUsing the
(solid lines, positive contours; dashed lines, negative contours. Contours B3LYP Functional for Six Dinuclear Models of [MoMn(ChyH20)2]5~
levels: —0.1,—-0.08,—-0.06,—0.04,—0.02, 0.02, 0.04, 0.06, 0.08, 0.1). Corresponding to the Different Exchange Interactions in the Structure of
K2[Mn(H20)2]3s[Mo(CN)7]2:6H,0*

d(Mo---Mn) (A) Mn—N—C (deg) J(cm

located on molybdenum ions is more diffuse than the density

located on the manganese ions, which is in agreement with bridge 1 5.395 163.1 —-97
the larger radial extension of 4d orbitals compared to 3d  _ju9¢? 237 1019 —aza

e larger radial extension o orbitals compared to plane 1 5.439 1596 57
orbitals. plane 2 5.471 169.9 -5.3

3.3. Density Functional Theory ResultsIn this theoreti- p:gggj g-igg i?gg 7;2-2
cal section, the first part will be devoted to the study the P ' ' '
exchange coupling in fMn(H20),]3[Mo(CN)/]*6H,0 using a2We have indicated some structural parameters related with the exchange

pathways to help their identification, likewise, such parameters are also

di- and trinuclear molecular models. The second part will those relevant to control the strength of the exchange coupling.

present the calculation of the atomic spin populations
obtained with theoretical approach in order to compare the These results indicate ferrimagnetism for all interactions
results with the data obtained by the polarized neutron between the M8 and Mrf* cations; likewise, they confirm
diffraction measurements. those obtained from experimental spin density obtained using
3.3.1. Theoretical Evaluation of the Exchange Coupling  polarized neutron diffraction and by the recent measures of
Constant. Due to the low symmetry of the system and the the magnetic susceptibility despite the ferromagnetic char-
presence of multiple interactions, to carry out the calculation acter reported initially.From the theoretical point of view,
of the exchange coupling constants using a periodic modelan antiferromagnetic coupling can be expected due to the
is computationally very demanding and the presence of the presence of one unpaired electron on each d orbital of the
second-neighbor contributions would make the treatment Mn?" cations. The KahnBriat modet® % in this case
almost impossible. Hence, the calculations of the exchangesuggests that the overlap between such magnetic orbitals with
coupling constant have been carried out employing dinuclearthat bearing the unpaired electron of the ¥Mavill be non-
or trinuclear units extracted from the crystal structure negligible, resulting in an antiferromagnetic interaction.
including all the cyanide ligands and water molecules The strength of the interaction seems to be related with
coordinated to such metals (Figure 1). The covalent characteithe angles of the bridging bonds and the bond distances.
of the chemical bonding to the cyanide ligands present in Indeed, the strongest interactions are observecplane4
the structure ensures that such dinuclear complexes areéand bridge2 which have, respectively, the most linear
realistic models of the whole structure. The analysis of the geometry and the shortest M&/In distance. In order to
crystal structure indicated the presence of six different analyze the presence of ferromagnetic couplings, we have
exchange coupling pathways through the cyanide ligandscarried out the calculation of the exchange coupling constants
between the M¥® and Mr¢* ions (Figure 1). The crystal ~ for trinuclear complexes to know the sign of the second
structure shows planes of Nocation surrounded by four — neighbor interaction. There are many possible ways to choose
Mn2* cations, with the other two M cations bridging the  trinuclear complexes with which to study the second neighbor
planes. The seventh coordination site of the*Meation is interactions from the crystal structure. We have selected two
occupied by a nonbridging cyanide ligand. Thus, we can different models; in the first case we want to calculate the
classify the exchange couplings pathways in two groups, thesecond neighbor exchange constant between twd"Mn
first one containing the four different interactions present in cations (Figure 6a), while the second model allows the
the planes (Figure 5) and the other two corresponding to thecalculation of the exchange coupling between the*Mo
interaction of the M&" cations with the bridging Mt —
centers. The results corresponding to the six exchangeggg ﬁgﬂﬂ 8:; E{:Zﬁ B2 Chem. Soc. Hgﬂig;g ;g 208,
coupling constants are collected in Table 4. (40) Kahn, OMolecular MagnetismVCH Publishers: New York, 1993.
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Figure7. Spinpopulationmapcorrespondingtothe [Mo(@MN(CN)x(H0))el >
model using the B3LYP method considering the case with antiferromagnetic
coupling between the Mn(ll) and Mo(lll) cations.

Table 5. Calculated Spin Populations Using the B3LYP Functional and
the NBO and Mulliken Procedures for the Model
[Mo(CN)7(Mn(CN)3(H20)2)s] 1%~ (See Figure 1) and the Available
Experimental Data Obtained Using the Polarized Neutron Diffraction

(pnd)
atom NBO Mulliken pnd

Mo —0.81 —0.96 —0.91(6)

Mn 4.75 4.84 4.83(6)
4.93(5)

N plane —0.04 —0.07

C plane 0.06 0.10

N out of plane —0.03 —0.05

C out of plane 0.05 0,10

N nonbridging <-0.01 —0.01

C nonbridging <0.01 0.01

e} 0.02 <0.01

Figure 6. (a) First trinuclear model selected to calculate the second
neighbor exchange constant between two Mn(ll) cations. (b) The second manganese atoms that surround the molybdenum atom is
trinuclear model allows the calculation of the exchange coupling between h in Fi 7
the Mo(lll) cations. shown in Figure N . . .
The corresponding numerical values of the spin population
. _ using NBG* and Mulliken procedures are collected in Table
cations (Figure 6b). We have selected these two modelss, The values obtained with both methods are similar but
because we can expect, due to the angle between the twgjiving for the NBO results a less polarized picture of the
exchange pathways (close to °Othat they are good  spin density in agreement with a previous similar study of a
candidates to present ferromagnetic coupling between secongyin(i1)Ni(ll) chain complex!¢ The polarization mechanism
neighbors. _ _ is the predominant one in the M€C—N—Mn atom se-
The calculated second neighbor exchange coupling be-quence?? In Figure 9 the spherical shape of the spin
tween the two MA" cations for mode®, which corresponds  population in the manganese ions can be clearly seen. In

to planelandbridgelinteractions (see Table 4), i80.26 the case of the molybdenum ion, the shape of the spin density

cm. In the model3 constituted by theplanelandplane2 indicates that the d orbital bearing the unpaired electron is
interactions, the exchange coupling constant correspondingaimost perpendicular to the direction of the nonbridging
to the interaction between the two Rfocations is—1.3 Cyanide_ The nitrogen atoms Corresponding top]weand

cm . From these calculated values, we can conclude thatpridgeinteractions have two different contributions, a small
all the second neighbor interactions are probably small andone in theo system, due to delocalization of the manganese
antiferromagnetic. ions and a more important one, in thesystem, due to the
3.3.2. Spin Density Distribution Study.The second goal  polarization mechanism of the spin density of the molyb-
of our theoretical study is to analyze the spin density denum ion. The spin density on the carbon atoms shows an

distribution of Ko[Mn(H20);]s[M0o(CN)7]-6H,O. Inorderto  aimost spherical distribution probably due to the low
keep the original coordination of the metals, especially of
the Mc** cation, we have employed a larger molecular model ggg ?ieéi, A. EJ CRur_tissE, L.A Ai\.; Weinshol\d/, E(:jhem. R&] 1988 8t& I899-

H . . . a ano, J.; RuUiz, £.; Alvarez, s.; veraaguer, mments Inorg.
than in the calculations to obtain the exchange coupling Chem1998 20, 27. (b) Ruiz, E... Cirera. J. Alvarez, Soord. Chem.

constants. The spin population in a model including the six Rev. 2005 249, 2649.
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symmetry of the coordination sphere of the molybdenum Ky[Mn(H20),]s[Mo(CN)].:6H,O are antiferromagnetic. In
ions. The delocalization mechanism is the predominant one,addition, the analysis of the calculated second neighbor
in the oxygen atoms of the water molecules and the nitrogen exchange coupling between the two ¥Mror the two M&™*
atoms of the terminal cyanide ligands. cations, in the considered cases, shows that such values are
We have calculated also the ferromagnetic solution for small and antiferromagnetic. Hence, no ferromagnetic in-
the [Mo(CN)(Mn(CN)s(H20),)¢]2*~ model that will allow teractions seem to be present in such a compound.
the estimation of an average exchange coupling con- Consequently, the agreement between the ordered mag-
stant for the six-exchange pathway considering the secondnetic moments values from powder and polarized measure-
neighbor interactions to be negligible. The obtained value ments at magnetic saturation, renewed field dependence
is —20.1 cnm®; this result is consistent with the values magnetization measurements, and theoretical investigations
calculated previously with the dinuclear models indicated allows us to establish the presence of antiferromagnetic

in Table 4. interactions between manganese and molybdenum atoms
through the cyano bridge in the;lin(H20),]3s[Mo(CN)7].
4. Discussion 6H,O compound.

_ ) _ Another point to note concerns the agreement between the
K2[Mn(H20),]s[MO(CN)7]2-6H,O is the two-dimensional o, arimental neutron diffraction spin distribution and the

compound among the family of heptacyanomolybdate mol- 5|c,jated density functional theory results. The main features
ecule-based magnets, in which the structural and magnetic ¢ {he observed spin densities in this two-dimensional
prop.erties have been thoroughly characteri;ed. PreViOUScompound are satisfactorily reproduced by both NBO and
studies alluded to some controversy concerning about they; jjiken calculations on a heptanuclear model including the
nature of the MA"—Mo?*" magnetic interactions through the o1y hdenum atom surrounded by the six manganese atoms.
cyano bridge. Fgrromagnetic interactions were found by the The observed spin populations on Mn1, Mn2, and Mo atoms
primary magnetic measurements performed on the single e el described by calculations. Nevertheless, small spin
crystals of k[Mn(Hz0),]s[Mo(CN)7]-6H,0, while antifer- 45 1ation contributions were found by computation on the
romagnetic interactions were established by the neutron nitrogen, carbon, and oxygen atoms, while no any population
diffraction measurements. By combining the different ex- 5 the ligands was observed in the polarized neutron
perimental techniques, such as powder neutron diffraction yiffraction spin density map. Apparently, the small popula-
measurements, polarized neutron diffraction on single crys-{jons on the ligands are more sensitive to the refined spin
tals, repeated magnetic measurements, and theoretical iNgensity model than the main spin populations on manganese
vestigations, we attempt here to shed some light on these;ng molybdenum atoms and the restriction of the neutron
ambiguous outcomes. (i) First, the magnetic ground state of yat4 collection limits the quality of refinement. The analysis
the K[Mn(H20).]5[Mo(CN)7]>-6H,0 system was determined s the theoretical spin populations reveals the predominance
by using powder neutron diffraction measurements. The s the polarization mechanism in the ME&—N—Mn
results obtained are in total agreement with a ferrimagnetic sequence being the spin density of the Mo ion located in a

structure in which the magnetic moments of manganese orpital almost perpendicular to the nonbridging cyanide
atoms (Mn1 and Mn2) and molybdenum atoms are parallel ligand.

and antiparallel, respectively, to the easy magnetic direction,
b. The sum of the obtained magnetic moments in the
magnetic ordered domain at 1.4 K (4.7)+ 5.0 — (2 x

0.8) = 12.8 ug) provides the value of the saturation

Finally, a ferrimagnetic structure, in which the magnetic
moments on the manganese and on the molybdenum atoms
are, respectively, parallel and antiparallel to the easy magnetic
o ) b axis was obtained from the refinement of powder neutron
magnetization 12.8s. This value corresponds t°3 the  iffraction measurements. This result is also in agreement
calculated value (1) for antiferromagnetic M —Mo®* with the features obtained from neutron diffraction on the
interactions. (i) Second, the local spin density map was gjngje crystal. On the other hand, due to the small intensity
obtained by pola_rlzed neutron diffraction measurements of the magnetic signal and high level of the incoherent
performed on a single crystat 4 K under a field of 3 T.  qeaering due to hydrogen atoms, it cannot be excluded that
The spin density at the manganese sites (Mn1 and Mn2) of .o canting from thé axis of the magnetic moments,

this material was found t_o be positive and close to the spin- especially of the small moment on the molybdenum atom,
only values for the free ions. In contrast, the molybdenum ;¢ present in this compound.

sites were found to lie in regions of negative spin density.

The opposite signs of the spin densities upon the metals also Acknowledgment. The research has been supported by
reflect an antiferromagnetic Mh—Mo?3* interaction through ~ the Direction General de Investigaaiodel Ministerio de

the cyano bridge. (iii) The repeated SQUID magnetic Educacimm y Ciencia and Comissitnterdepartamental de
measurements performed on a powder sample of thisCiénciai Tecnologia (CIRIT) through Grants No. CTQ2005-
compound sealed in a paraffin bag show that the value of 08123-C02-02/BQU and 2005SGR-00036, respectively. The
the saturation magnetization 2 K is equal to 12.8ug, computing resources were generously made available in the
characteristic of antiferromagnetic interactions. (iv) Theoreti- Centre de Computacide Catalunya (CESCA) with a grant
cal results using the hybrid B3LYP functional indicate that provided by Fundaci€atalana per a la Recerca (FCR) and
the exchange interactions between the Mo and Mn ions inthe Universitat de Barcelona. C.D. thanks the Program

1098 Inorganic Chemistry, Vol. 46, No. 4, 2007



Studies of a Two-Dimensional Molecular-Based Magnet

Improving the Human Research Potential and the Socio-and Dr. Rodolphe Clac (CRPP, Bordeaux, France) for
economic Knowledge Base of the European Commission preliminary magnetic measurements.

(Contract No. HPMF-CT-2000-00977) for a grant during his  Supporting Information Available: Crystal structures, thermal
postdoctoral stay in Barcelona. J.L., S.W., and Ch.G. thank evolution data, and magnetization field dependence data. This
the University Montpellier 2 and CNRS for financial support. materialis available free of charge viathe Internet at http://pubs.acs.org.
The authors thank Mr. Bruno Donnadieu (LCC, Toulouse,

France) for the X-ray structural data and helpful discussion 1C0611645

Inorganic Chemistry, Vol. 46, No. 4, 2007 1099





