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State of the art CASSCF and CASPT2 calculations have been performed to elucidate the nature of ferromagnetism
of Co"-NC-WV pairs in the three-dimensional compound [{ WY(CN)2} o{ («-CN)4C0"(H,0),} 3-4H,0],, which has
been recently synthesized and investigated by a number of experimental techniques (Herrera, J. M.; Bleuzen, A.;
Dromzeée, Y.; Julve, M.; Lloret, F.; Verdaguer, M. Inorg. Chem. 2003, 42, 7052-70509). In this network, the Co ions
are in the high-spin (S = 3/,) state, while the single unpaired electron on the W centers occupies the lowest orbital
of the d2 type of the 5d shell. In agreement with the suggestion made by Herrera et al., we find that the
ferromagnetism is due to a certain occupation scheme of the orbitals from the parent octahedral to4 shell on Co"
sites, in which the orbital accommodating the unpaired electron is orthogonal to the d2 orbitals of the surrounding
W ions. We investigate the stabilization of such an orbital configuration on the Co sites and find that it cannot be
achieved in the ground state of isolated mononuclear fragments [Co"(NC)4(OH,),J>~ for any conformations of the
coordinated water molecules and Co—N—C bond angles. On the other hand, it is stabilized by the interaction of the
complex with neighboring W ions, which are simulated here by effective potentials. The calculated exchange coupling
constants for the Co"-NC-WV binuclear fragments are in reasonable agreement with the measured Curie—Weiss
constant for this compound. As additional evidence for the inferred electronic configuration on the Co sites, the
ligand-field transitions, the temperature-dependent magnetic susceptibility, and the field-dependent low-temperature
magnetization, simulated ab initio for the mononuclear Co fragments, are in agreement with the available data for
another compound [W"{ («-CN);-Co"(H0),} 2-4H,0], containing diamagnetic W and high-spin Co ions in an
isostructural environment.

Introduction plexes have been synthesized, with metal ions combined by
a number of bridging ligands: oxo, oxalato, cyano, etc. The
magnetic properties of polynuclear complexes and networks
are known to be highly sensitive to geometry, especially to
the bending angle of the bridging ligaAdn this respect,
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nide bridges are also known to be good mediators of
exchange interaction. This is mainly due to their preferential
linear and strongly covalent binding to the transition metals,
which leads to high values of antiferromagnetic exchange
coupling constants, especially when metals from the second
and third transition row are involveéd Strong antiferromag-
netic interactions are the reason for the room-temperature
ferrimagnetism, observed in some compounds of the Prussian
blue family>®8 Given the local cubic symmetry on metal sites,
the ferromagnetic interaction in Prussian blues is often
achieved because it is merely determined by the orthogonality
of magnetic orbitals on neighboring metal ions. Such an
orthogonality can be easily controlled by a proper choice of
transition-metal ions in this materialHowever, in other
cyano-bridged compounds, with lower symmetry of sites,
the origin of ferromagnetism is not as evident as it is in
Prussian blue based materials and requires additional inves-
tigations for its understanding.

Recently, Herrera et dlhave synthesized and character- rigyre 1. Geometrical parameters of the [Co(N@Hs)s]?~ fragment in
ized a new three-dimensional octacyanotungstategbalt- Con Symmetry, as used in calculations and the coordinate system.
(1) compound, {WY(CN),} A (u-CN)4Ca"' (H20),} 3:4H,0],

(2), with ferromagnetic coupling between neighboring Co The origin of the coordinate system was chosen on the Co atom
and W ions. The authors of ref 1 also synthesized and wit_h the axi_sy directed along the twofold_rotational ax?s ard
investigated another compound, f(u-CN),-C0' (H,0)5} >+ being the mirror pIane_(Fhe O atoms are situated orridpes, and
4H,0], (1), with diamagnetic W ions and an isostructural € N atoms are positioned between thand y axes). In all
environment of the Co ions. This allowed them to investigate calculations, averaged experimental bond distances were used: 2.12

h hiv the el . q : .~ Afor Co—N, 1.15 A for C-N, and 2.10 A for Ce-O.
thoroughly the electronic structure and magnetic properties The calculations have been done by the CASSCF/CASPT2

_Of the common Co fragment .[GCNC)“(OHZ)Z]Z_ by an.alyz— method using the quantum chemistry pack&@LCAS 6.02 C,
ing the difference absorption spectrum and difference \ o, and H atoms were described by ANO-RCC-VDZP quality
susceptibility of the two compounds. basis sets, whereas for the Co atom, seven s-type, six p-type, five
In this Article, we report the results of CASSCF/ d-type, and two f-type orbitals of the same ANO-RCC basis set
CASPT2 calculations of mononuclear 'Cand binuclear  (as available in thelOLCASchemical software package) were
Cd'-NC—WV fragments of the above compounds. We chosen'? After calculation of the CASSCF wave functions, they
investigate the factors influencing the order of lowest were uged in the CASPT2 treatment of the dynamic electron
electronic levels on the Co site and the origin of ferromag- correlations. All but the core electrons of C, O, N (1s) and Co (1s,
netic interaction in Ce'W pairs. We find, in particular, the 2s, 2p, 3s) were correlated at .the CASPT2 level. Because the
major role played by other W ions surrounding the Co ion crystallographic data do not provide the position probability of the

f . Co-NC—W pair in the ob df i H atoms, a manual geometry optimization of the H atoms was done
ofa given L6 pairin the observed ferromagnetic i e caspr2 level, employing an active space that includes the

coupling. In addition, we calculate the ligand-field spectra, e 34 orbitals and the five 4d orbitals to account for the double-
.the magnetization, and the magnetic susceptll_)lllty of an shell effect. The optimization was carried out by imposidg
isolated C8 fragment and compare the results with experi- symmetry and started from the bond distances and angles of the

mental data in ref 1. free water molecule by optimizing the-H bond distance. With
] ) the obtained GH distance, the HO—H angle was optimized in
Computational Details a second step. The geometry optimization was finalized by an

energy minimization of the angle between the plane of the water
molecules and the plane of the four N atoms. The following
geometric parameters for the water molecules were obtained: an
O—H bond distance of 0.974 A and an#—H angle of 104.72
The HOH plane is 8bent relative to the plane of the four N atoms.
A subsequent optimization of the-@H distances by freezing the
angles to these values gave no significant changes. In addition,
several structures differing in the orientation of molecular water
(7) El Fallah, S. M.; Rentschler, E.; Caneschi, A.; Sessoli, R.; Gatteschi, plane (vs the biplane) and CeN—C bond angles were investigated

D. Angew. Chem1996 108, 2081. in order to reveal their influence on the excitation energies. All of
(8) Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, P.; Verdaguer Ndture these conformations are depicted in Figure 2. Conformatiamsl

1995 378 701. : ;
©) Kahsn, O% Larionova, J.: Quahab, Chem. Commur1999 945. Il possess experimental €6l—C bond angles (161.4% while

(10) Larionova, J.; Willemin, S.; Donnadieu, B.; Henner, B.;" @GueC.;

The crystal structure of [Co(NG)OH,),]?~ fragments in com-
poundsl and2 shows Ce-NC bonds deviating from linearity by
13—17° (except for two Ce-NC bonds inl, which are bent by
24°). At the same time, the positions of the N atoms exhibit a small
deviation fromC4 symmetry? so that the structure of the fragments
is close toCy, symmetry. In all calculations presented here, we
adopted this idealized geometry of the Co fragments (Figure 1).

Gillon, B.; Goujon, A.J. Phys. Chem. Solid¥04 65, 677. (12) Karlstram, G.; Lindh, R.; Malmqvist, P.-A_; Roos, B. O.; Ryde, U.;
(11) Ruiz, E.; Rodguez-Fortea, A.; Alvarez, S.; Verdaguer, @hem— Veryazov, V.; Widmark, P.-O.; Cossi, M.; Schimmelpfennig, B.;
Eur. J.2005 11, 2135. Neogrady, P.; Seijo, LComput. Mater. Sci2003 28, 222.
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1400 CASPT?2 calculations for the binuclear complex that included simple
cm’ _ PCs of+1.5 or AIMPs (Csor B&") at the three remaining W
= positions around the [(#D)(CN);Cd'(NC)WVY(CN);]*~ entity.
—

e Results and Discussion

4 Pt

Ag —_— 7 Ligand-Field Spectrum of an Isolated Cd Fragment.
1000 For the octahedraiT,q4 high-spin ground state of agte,?

configuration, taking into account the axial distortion, Herrera
et all proposed a 100 cm energy gap of unknown sign
800 between théA, and“E states of th&,, Cd' center. Because
our calculated conformations include the positions of the H
4B atoms and because in some conformers the cyanide bridging
600 g7 Tl —_ ligands are bent as in the experimental structure, the
\ symmetry is lowered to a minimé&l,, so that the'E state is
\ further split into two*A4 and “Bg4 states. Table 1 presents
00 \ the CASPT2 energies of all ligand-field states relevant to
\ the electronic spectrum, and Figure 2 shows the CASPT2
Y Can splitting of the octahedral high-spin ground state.
200 N According to this splitting, our CASPT2 calculations give
for all four conformers of [Co(NGJOH,),]>~ a “B4 ground
4 state, in which the two gdorbitals, ¢ and d,, and one ¢
Bg orbital, de-y?, are singly occupied, while the other twg d
orbitals, ¢, and d, are doubly occupied. One can see from
Figure 2 that the effect of the orientation of the water ligands
on the relative energies of the components of the quartet
4T14is much more pronounced than the straightening of the
Co—N—C angles. The variation of the splittings from
I II I v conformerl (completely optimized HOH and experimental
Figure 2. Splitting pattern of théT14 components in different calculated  Co—N—C bond angle) to conformdi (HOH unchanged
conformations of the water ligands and-©6—N bond angles. and linear Ce-N—C) is much smaller in comparison with
the other two conformations have straight-@¢—C bonds. The the case when the CGAN—C angles are kept bent in their
plane of the water ligands either is perpendicular to the plane of experimental positions and the HOH planes change their
the four N atomsl(l andIV) or was set at the CASPT2-optimized  positions relative to the Nolane ( — Il ). Comparing total
value for this angle of 8(I andll). The influence of the four  CASPT2 energies for various conformers, we may conclude
neighboring octacyanotungsten sites on the [Cogk@hl,)]*~ that the perpendicular position of the water molecules has a
wave function has been simulated by employing available” (Cs . more pronounced destabilizing effect than the straight-
.and B&") ab initio model potentials (AIMRS) that closely resemble ening of the Ce-NC bonds. We also studied other confor-
in nature the W centers, as well as point charges (PCs) at the . . . . . .
mations, with different relative orientations of the two water

experimental positions of the respective centers. The magneticl, ith h oth h L
properties of the mononuclear Coagment have been investigated 192nds with respect to each other and to the bridging

by applying a newly developed ab initio methodold§yased on cyanides. Among_all of them, Conformlewas always_found
the CASSCF/RASSI wave functions and CASPT2 energies with t0 be the lowest in energy. We use it, therefore, in further

0
|§»;‘ y |$>; 4
NN, 7

< ol o
\N—fg\N * c’"” N~

h S
WS i

spin—orbit interaction included. discussion of the ligand-field spectrum of the [Co(NC)
In order to estimate the magnetic interaction parameters of the (OH,),]?>~ fragment. It should be noted that, in all studied
binuclear fragment, several geometrical conformations ofQk conformers, the order of the thré€;; components remains

(CN)Co'(NC)WY(CN)7]*~ have been treated at the CASPT2 level, ynchanged. As will be seen further, the sign of the exchange

employing effective core potential basis sets for Co and W and jnteraction within nearest-neighboring CeW" pairs is

ANO-S for C, N, and O. In order to simplify the calculations, a

Cs-symmetrized conformation of the binuclear fragment has been (15) Chibotaru, L. F.; Mironov, V. S.; Ceulemans, Angew. Chem., Int.

used. In several sets of computations, we simulated the rest of the Ed. 2001 40, 4429.

crystal by using different AIMPs and PCs at the other threé W (16) The nearest neighbors of the Co fragment are four W atoms, which
. . . . bind to it via the cyanide groups surrounding the Co ion (Figure 3).

sites. The desired AIMPs are not available for cyanide groups and Because W ions contain one unpaired electron each, their orbitals,

W ions; hence, we had to restrict ourselves to the description of according to the methodology of the CASSCF approach, should be

the W ions bridged to G through the cyanide ligands with AIMPs included in the active space. This exceeds, however, the possibilities

Wi 18\ i d | CASSCFE/ of the current version oMOLCAS _ _
close by nature to a Weenter:® We performed several (17) Seijo, L.; Barandidra Z. In Computational Chemistry: R&ws of
Current Trends Leszczyisky, J., Ed.; World Scientific: Singapore,

(13) Chibotaru, L. F.; et glunpublished. The CASSCF wave functions of 1999; Vol. 4, p 55.
several lowest excited states including spambit coupling effects after (18) The actual charge of the W ion in the octacyanide environment does
CASPT2 treatment are used to calculate the magnetic dipole matrix not correspond, of course, to its formal valence (V), being considerably
elements, with which thg tensor, the magnetic susceptibility, and smaller. It should be reduced even further if one wishes to simulate
the magnetization are evaluated. the electrostatic effect of the surrounding negatively charged cyanide
(14) Anderson, P. WPhys. Re. 1959 115, 2. groups.
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Table 1. CASPT2 Terms of the Fragment [Co(NGPH,),]2~ of Compoundl

CASPT2
Cd' Oy state*Cy, | Il 1 \Y, expt (cm 1)
Tigtagde? Byt (xHy22 =y D) (xy)* 0 0 0 0
4By (X2 — (}—y?) 643 609 185 261
Al (y2) — (0= y) 1078 1 050 1234 1300
“Tpy toe? A2 (xz,y2) — (2 — Y2, ) 8162 8239 6891 703
AR (x2) — (xy) 70% /2) — (22) 30% 9035 9217 8443 870 8784
4B (x2 — (2) 30% (/2) — (xy) 70% 9 068 9243 8 662 889
“Pgtagies’ B (x2, y2) — (2, Xy) 18 741 19 054 17 390 17 802 16 639
“Tigtrle,? A4 (x2) — (xy) 30% (/2) — () 70% 21193 21390 20 424 206
4By (X2 — (2) 70% (/2) — (xy) 30% 21399 21 427 20 453 20 59 20575
4By (XZ, Y2 — (XY, X2 — Y?) 24771 25067 24963 253
2Byt deyt A (xy) — (€ — y?) 10 104 9900 10 063 9946
2By () — (2 — y?) 12 760 12 700 14 098 14 153
Tygtofe,? AR 18 048 17 985 17 042 17 028
2Bg? 18 265 18 250 17 604 17 640
Bg® 18 382 18 348 18 376 18 450
T tafe,? NS 19 643 19 623 20030 20 127
2Ag 20198 20 252 17 283 19 317
Bg* 19 168 19 208 19 313

essentially determined by the nature of the ground state.excluded that some intensity in the shoulder is due to the
Because this remains the same for all calculated conformersspin-forbidden transition to the components of tha,
in particular, for arbitrary orientations of H atoms in the state, for which we estimate a transition energy of around
coordinated water molecules, the exact orientation of the 18 000 cn?.
water molecules is actually not important for further con-  Exchange Interaction in the Cd'—WV Binuclear Frag-
sideration. For the same reason, we did not consider the effectments. The results of CASSCF/CASPT2 calculations for the
of hydrogen bonding on the orientation of the water lowest states of theCe-symmetrized binuclear fragment
molecules, although this may change the equilibrium con- [(H20),(CN);Co'(NC)WY(CN);]*~ (Figure 3) are given in
formationl. Table 2. With water ligands in the bent positiorf,(&ot
The electronic spectrum of [Co(N&DH,),]?~, derived shown), we obtain an energy splitting between the lowest
as the difference between the YVis spectra ofl and of triplet and quintet states of 29 ¢ corresponding to an
the precursor YW(CN)g]-2H,0, exhibits two absorption  antiferromagnetic interaction in the €W dimer. The
bands at 8784 and 20575 ctnand a weak shoulder at calculation in the same conformation of the binuclear
16 639 cntt.! We calculated the ligand-field states arising complex but with the plane of water ligands perpendicular
from the secondT,q quartet of C8 to have one component to the N, plane showed that the position of the water
situated around 8000 crhwith respect to the ground state molecules has no impact on the triptefuintet splitting AE

and the other two components lying around 9000 &rn = 28 cn1Y), with the triplet having the lowest energy. Also,
the cases of conformations with water molecules perpen-test calculations with different CeO bond lengths (19
dicular to the N plane, the lowest component 6T, is 2.1 A) did not change the spin of the ground state, with the

around 1000 crmt lower than that for the conformations with  triplet—quintet gap being equal to 28 cf Calculations with
optimized positions of water ligands. The transitions to these the experimentalC, geometry of the binuclear complex
4T,q components are likely to be responsible for the first band supported again an antiferromagnetic interaction between
of the difference spectrum at 8784 tmSome intensity is ~ metal sites with almost the same energy gsip,= 29 cnt™.
borrowed from spin-allowed transitions to the components Similar calculations for different positions of the water
of the doublefE, situated close in energy (10 06@4 000 molecules did not modify again the spin of the ground state.
cmY), but it is probably too small to be observed in the

spectra. The excitation of one electron from theodbitals

(de—y2, dyy, and @) to the d orbitals (g: dz and dy) gives

rise to a*T,4 state (Table 1). The rhombic distortion induced

by water ligands and bent cyanides spfifgq into three

quartets, with the highest one being situated around 25 000

cm! and the other two lying around 21 000 ch{the con-

formation of water and cyanide ligands has a quite insig-

nificant effect on the splitting of th€T,4 components). The

excitations to these states are probably responsible for the

second band in the spectrum at 20 575 &nThe reported

shoulder at 16 639 cm could be a transition to th&A

state, which is somewhat overestimated by our CASSCF/

CASPT2 calculations and the models simulating the environ- Figure 3. Co—W binuclear fragment in &-symmetrized conformation
ment of the Co fragment discussed below. Also, it is not (the coordinate system on the Co site is the same as that in Figure 1).

Inorganic Chemistry, Vol. 46, No. 7, 2007 2685



Table 2. CASSCF and CASPT2 Energies (cinRelativistic Effects
Included) of the Lowest Triplets and Quintets and Their Natural
Occupation Numbers (the 5don the W Center Is Always Singly
Occupied) in Different Embedding Schemes (ESs) and Active Spaces
(ASs) of the Binuclear CoW Fragment inCs-Symmetrized Geometry

3d orbitals of Cé

AS/ES state CASSCF CASPTZ —y? xy 2 xz yz
8i6/— A 0 0 1.07 1.00 1.07 1.93 1.93
8i6/— SA 294 236 1.91 1.00 1.09 1.09 1.91
8i6/— SA! 3 29 1.07 1.00 1.07 1.93 1.93
8i6/— SA" 289 230 191 1.00 1.09 1.09 1.91
8i6/PC@H-1.5)  3A’ 107 181 1.09 1.08 1.00 1.92 1.92
8i6/PC{H1.5) °A” 5 20 1.92 1.00 1.08 1.92 1.08
8i6/PC(H1.5)  SA’ 116 230 1.08 1.08 1.00 1.92 1.92
8i6/PC@H-1.5) °A" 0 0 1.92 1.00 1.08 1.92 1.08
8i6/AIMP(Cs") SA’ 0 0 1.07 1.07 1.00 1.93 1.93
8i6/AIMP(Cs") SA" 243 178 1.91 1.09 1.00 1.09 1.91
8i6/AIMP(Cs") SA’ 5 18 1.07 1.07 1.00 1.93 1.93
8i6/AIMP(Cs") °A" 238 155 191 1.09 1.00 1.09 1.91
8i6/AIMP(Ba2") SA’ -27 3 1.08 1.08 1.00 1.92 1.92
8i6/AIMP(Ba2") SA" 5 13 1.92 1.00 1.08 1.92 1.08
8i6/AIMP(Ba2") °A’ -18 56 1.08 1.08 1.00 1.92 1.92
8i6/AIMP(Ba2") 5A" 0 0 1.92 1.00 1.08 1.92 1.08
14i9/PC@-1.5) 3A’ =777 230 1.07 1.06 1.00 1.94 1.94
14i9/PCE1.5) SA” 5 11 1.93 1.00 1.07 1.93 1.07
14i9/PCH1.5) S5A’ —767 285 1.06 1.06 1.00 1.94 1.94
14i9/PC@-1.5) SA" 0 0 1.93 1.00 1.07 1.93 1.07

aThe active orbitals in the last two columns corresponc&z@nd yz

only for A" states but are combinations of these two for states of other

symmetries.

Figure 4. Antibonding active orbital of the x(Co)—d2(W) type for
the lowest triplet state of the binuclear fragment J0%(CN)sCo'-

(NC)WY(CN);J4.

An inspection of the multielectron wave functions of the

Clima et al.

is expected, however, to be rather weak because in the
square-antiprismatic geometry the CN groups point almost
exactly to the node of the,dorbital!®> This can be inferred

by inspecting the plots of the corresponding active orbitals
for the triplet wave function of the binuclear fragment (Figure
1S in the Supporting Information).

The next step in our modeling was to take into account
the crystal environment around the 'Ceenter. It was not
possible to include directly the closest atoms from the
environment in the calculation because of intrinsic restrictions
of the CASSCF methotf. Therefore, we decided to model
the environment by AIMPS&’ The results are collected in
Table 2. We can see that PCs-b1.5 and the B& AIMPs
bridged to the Co center lead to a ferromagnetic interaction
with the quintet-triplet gaps of 3 and 20 cm, respectively.
The most reliable calculations performed were those with
the extended active space that included three more occupied
orbitals (14i9) and yielded an energy gap between the lowest
quintet and triplet oAqr = 11 cn1®. The inspection of the
multielectron wave functions for the lowest states shows that
in all of these calculations the main contribution comes from
the configurations with a doubly occupieg-gz orbital on
the Cd center. This means that the kinetic antiferromagnetic
contribution to the exchange coupling is absent in these cases,
which explains the obtained ferromagnetic coupling between
Co and W sites. This conclusion supports the scenario of
ferromagnetic coupling in compourdroposed by Herrera
et al!

Actually there are two nonequivalent Co sites in compound
2, Co(1) and Co(2},and the exchange-coupled fragments
Co(1)-W and Co(2)-W are therefore nonequivalent as well.
The main structural difference between them is the direction
of the Co-NC bends, which are equally oriented in the
case of Co(1) but have opposite orientations in the case of
Co(2). Because we use in our calculations an idealized
structural model (Figure 3), it equally applies to both types
of binuclear fragments. Because all W ions are crystallo-
graphically equivalent, the orientation of the magnetic orbital
dz2 will be the same (translationally invariant) on all W sites.
Despite different orientations of the axes of the-Q pairs

ground state has shown that in all studied geometrical corresponding to four W ions surrounding a given Co site,

conformations the main contribution comes from electronic

configurations with singly occupied orbitaled,2 on the C4

center. This orbital strongly mixes with the single magnetic
orbital d,2 on the W site, which is seen from the shape of
the corresponding active molecular orbital for the triplet wave
function (Figure 4). As a result of this mixing, the unpaired
spin in the ¢_2 orbital of Co can delocalize into the singly
occupied g orbital of W and vice versa, leading to a strong
antiferromagnetic kinetic contribution to the exchange in-

teraction?4 The other two orbitals from the octahedra t
shell of Co, d,and d, do not mix with the g of W because
of the mirror symmetry in thay plane, which is imposed in
the idealized geometry of the fragment (Figure 3). On the above. This can probably be explained by a low sensitivity
other hand, the two orbitals from the parent octahedral e shellof the d2—x(CN) overlap with respect to the €iNC

of the Co site, ¢ and dy, can only mix with the g orbital
of W via theo bonds of the bridging cyanide (again in the Co(1)-W fragments. The networks of these bonds develop
idealized geometry of the binuclear fragment). Such a mixing in the plane perpendicular to the plane of the Co{&)

2686 Inorganic Chemistry, Vol. 46, No. 7, 2007

the relative orientation of the four W magnetic orbitajs d
with respect to the Co orbitals will be similar; the same goes
for the exchange interaction in the four fragments. This is
clearly seen in Figure 2S in the Supporting Information,
showing the arrangement of the W sites around a Co(2)
fragment. The figure also shows the position of theodbital

in the idealized structure (Figure 3) relative to the actual
position of the corresponding W ion in compourt
Although the resulting shift caused by the-€§C bending

is relatively large, the calculations of the exchange splitting
in the idealized and experimental geometries of the fragment
have shown practically no difference, as was mentioned

bending. A similar situation takes place also for the
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bonds (Figure 2S in the Supporting Information), via other
cyanide bridge$.Because at each W site thg: drbital has
the same relative orientation with respect to therbitals
of all eight surrounding cyanides, the geometry of the
coupling in this network will be obviously the same as that
in the previous case. Thus, to a good approximation, the
exchange coupling can be considered to be the same for all
Co—W pairs in this compound.

Modeling the lowest quintettriplet splitting by the
Heisenberg exchange Hamiltonibig, = —JS+S,, whereS,
= 3/, is the spin of the Co site arf§h = Y/, is the spin of the
W site, we obtain foAqr = 11 cnmi the exchange parameter
J = 5.5 cnTl. From magnetic susceptibility measurements
for compound?, a value oft = 23.5 K for the Curie-Weiss
constant was derived in the approximation of isotropic
exchange couplingUsing the mean-field expression for the

Curie—Weiss constant corresponding to two spin sublattices Figure 5. Three ¢ active orbitals ({; components) of the mononuclear

Co fragment. The diagram shows the positionzobrbitals of cyanide

coupled by an isotropic exchange interactfon relative to the £ orbitals of Co.
Jynin, have on the orbitals from thg,ishell. The stabilization effect
0="3, VSIS + 1)S(S, + 1) of a positive charge on these orbitals comes from two

contributions. First, the electrostatic interaction of the electron
wheren; = 4 andn, = 6 is the number of nearest- distributed in these orbitals with the potential of a positive

neighboring (exchange-coupled) W ions surrounding a Co charge always leads to energy lowering. The second, indirect
ion and vice versa, respective|y’ we obtain the estimation contribution is related to the electrostatic stabilizationzof

~ 6 cm L. andz” orbitals of the cyanide that is in contact with the PC
This falls well within the range of values of exchange Or AIMP. The downshift of these orbitals will enhance the

parameters corresponding to the calculated quiritéglet stabilizing effect on the Coyg orbitals from the covalent

gaps in Table 2: 1.5 J < 10 cnml, interaction with thes* orbitals and will weaken the

Low-Lying Electronic States and the Magnetism of the destabilizing effect from the covalent interaction with the
Co" Fragments. In order to gain more insight on the oOrbitals by modifying the corresponding orbital energy gaps
mechanism of ferromagnetic Coup]ing in CompOlE)dNe (the diagram in Figure 5) The overall stabilization effect of
investigated the effect of the nearest crystal environment on PC/AIMP on the 4 orbitals of Co can be inferred also from
the low-lying electronic states of the mononuclear fragment & comparison of the energies of the corresponding active
[CO(NC)4(OH2)2]27. The modeling of the W environment orbitals obtained with and without PC/AIMP (Table 1S in
by a B&" AIMP (as was done in the previous section) the Supporting Information). Both the electrostatic and the
yielded a ground state for the Coomplex, which matches ~ covalent contributions to the stabilization obviously increase
well the electronic configuration of the Co ion in the With the extent of mixing of the cyanide orbitals into the t
corresponding calculations for the binuclear fragment. That orbitals of Co. Figure 5 shows the shape of the active orbitals
is, the g orbital of Co now is doubly occupied in the — Of the b type of Co obtained for the experimental geometry
lowest electronic state. Compared to previous calculations Of the fragment and optimized positions of the H atoms in
for the mononuclear complex (Table 1), the main difference the two water molecules. We can clearly observe a greater
is the crossing of the lowest statt,! and*Bg2 with the covalent character of theedy orbital, which implies a
last one becoming the ground state. The excitation energyStronger stabilization of this orbital by the positive PC or
to “Byl is 774 cmi?, and that td*A4! (third row of Table 1) AIMP. One should note, however, that in our modeling of
is 963 cn™. The energies of other excitations are modified the environment we have neglected the effects of strong
by less than 1000 cm (an exception is the statB"). Thus, ~ covalent bonding between cyanide and W. To understand
the symmetry of the ground state remains unchanged afterthe stabilizing effect of the WCN covalence on thexd
including the effect of the environment; the same goes for orbitals of Cd, we should first examine the relative energies
the assignment of ligand-field transitions done in a previous of the d orbitals of W and Co. The analysis of energies of
section. active orbitals obtained from CASSCF calculations of the

The stabilization of the &2 orbital in this calculaton ~ Co—W binuclear fragment in Table 1S in the Supporting

can be understood by different effects that the PC or AIMP Information shows that thext orbitals of Co lie lower in
energy than thed orbital of W and the other W orbitals of

(19) For example, see: (a) Palacio, F. Introduction to Physical the d type, which are much higher in enef§yhis means

Technigues in Molecular Magnetism: Structural and Macroscopic . . o
TechniquesPalacio, F., Ressouche, E., Schweizer, J., Eds.; Servicio that the kg orbitals of Co will be stabilized by the covalent

de Publicaciones de la Universidad de Zaragoza: Zaragoza, Spain,
1999. (b) Ashcroft, N. W.; Mermin, N. DSolid State Physics (20) Hendrickx, M. F. A.; Mironov, V. S.; Chibotaru, L. F.; Ceulemans,
Saunders College: Philadelphia, 1988; Chapter 33. A. Inorg. Chem.2004 43, 3142.
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a) om' obtained in our ab initio calculations (Figure 6). Using the
1500 | same ab initio methodology,we calculated they tensor
‘A sty ) — for the ground Kramers doublet, which, for the calculation
1000 4 iR et —_— including AIMP, has the main valueg = 2.13,9, = 3.65,
. % oo ZI),‘" andgs = 6.31, corresponding to the magnetic axes and
500 N 0 y, respectively ¥ coincides with the twofold symmetry axis
P 4\ of the fragment). Note that thig tensor corresponds to an
o o/ B, e Sm— effective spinS= 1/, of the Kramers doublet. The averaging
- by of this tensor gives thg factor 4.38. With the calculategl
SO Cy C,, SO tensor, we simulated the field dependence of magnetization
at T = 2 K. Compared to the experimental dependence
[Co(NC),(OH,),]*  [Co(NC),(OH,),(Bay).]" M(H), the calculated magnetization is higher (Figure 4S in
the Supporting Information). One factor that will diminish
b) —_— | the calculated(T)-T at low temperatures andl(H) is the
/_ 1 600 antiferromagnetic exchange interaction betweet €ag-
ments. However, this effect is expected to be quite weak in
. G D compoundl. Therefore, the reason for the discrepancies
T, E 7 between calculated and measured magnetic properties is that
- :::::j'=‘:"\ = 1200 the spectrum of Kramers doublets is not reproduced with
4A2 \‘31\\\ enough accuracy by our ab initio calculation, first of all,
1o because of the simplified simulation of the environment with
AIMP. Indeed, additional calculations have shown that the
0, Ca SO obtained solutions are quite sensitive to the way in which

Figure 6. Lowest molecular terms and Kramers doublets obtained after we simulate the environment.

e S o e Tenonucier Cofagment  The magneic data of compourtdhave been fitted by
in the present work (a) and within the ligand-field model of ref 1 (b). Herrera et al.within a ligand-field model approximating the
ligand environment of the Co ions by a tetragonally distorted

interaction with the d orbitals of W via cyanide bridges. octahedron. The corresponding spectrum of Kramers doublets

Given the more pronounced covalent mixing of the cyanide is calculated in Figure 6b. One can see that without including

orbitals into the g2 orbital of Co as compared to the other the spin-orbit coupling the ground octahedral tefg splits

two tpg orbitals (Figure 5), this stabilization will again be into a ground nondegenerate term and an excited twofold

stronger for this orbital. degenerate term. The last degeneracy is not supported by
To have an additional check for the obtained scheme of Symmetry for any conformations of water molecules and

lowest energy levels of the Co fragment, it is interesting to cyanide groups. The energy separation between the terms is

simulate its magnetic properties and to compare them with also rather small (100 cm).* As our calculations show, such

the available magnetic data for compouhdTo this end, a spectrum of lowest molecular terms cannot be obtained
one should take into account the effect of spimbit coupling for an isolated [CQ(NQIOHz)z]Z’ complex whatever the
on the lowest states. This was done by allowing sirbit conformation is (Figures 2 and 6b). Therefore, if such an

mixing of 10 spin quartets and 9 lowest spin doublets of the ordering of the lowest levels really exists, it is essentially
Co fragment using the RASSI program MOLCAS!? The determined by the interaction of the fragment with the
calculated spectrum of lowest Kramers doublets is shown environment. Indeed, as Figure 6a shows, including the
in Figure 6a for an isolated Co fragment and for the case AIMP in the calculation brings the picture of three molecular
when the B&" AIMP was included at the positions of four levels closer to the fitted one. Moreover, the nature and the
nearest-neighboring W ions. As we can see, the zero-field symmetry of the ground term is the same as those in the
splitting of the ground state (117 cthfor the case when  ligand-field model in Figure 6b. This resolves the uncertainty
AIMP was included) is much smaller than the energy about the order of the lowest terms in ref 1. However, the
separation to the Kramers doublets arising from the excited spectra of Kramers doublets predicted by the two approaches
terms“By! and*Agl. Next the obtained spectrum of spin  differ drastically. In the fitted ligand-field model, the splitting
orbit states (29 Kramers doublets) was used for the calcula-of the “T14 term was obtained much smaller than the spin
tion of the Van Vleck susceptibility for powder as a function orbit coupling constant for the €oion (¢ = 530 cn1?).

of the temperaturey(T).23 A comparison with the experi- ~ This means that the orbital momentum on the Co ion is
mental curvé shows that the calculated functigiT)-T is predicted to be almost unquenched; i.e., in the first ap-
situated higher (Figure 3S in the Supporting Information). proximation, the spirrorbit multiplets are eigenfunctions of
For instance, at room temperature, the calculated value isthe total momentumJ, which is the sum of the spin
2.985 cnd mol* K against the experimental value of 2.72 momentumS = %, and the effective orbital momentum
cm? mol~1 K. Also, the slopes of the curves differ, with the  corresponding to thed shell,L = 1.2 The resulting three
_theoretlcal one being steeper ‘f?lt low tgmperatures. The IaSt(21) Griffith, J. S.The Theory of Transition-Metal lon&niversity Press:

is due to a smaller gap to the first excited Kramers doublet Cambridge, U.K., 1971.
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spin—orbit multiplets withd = 5/,, 3/,, and ¥, will split in much lower than expect&flin the case of [W(CNJ*", these
the tetragonal ligand field into degenerate pairs of statesareB = 100 cnt! andC = 400 cn1?, giving for the Hund
corresponding t&cMj, which gives the six Kramers doublets  rule couplingl = C + 3B = 700 cn1?, a value several times
in Figure 6a. The ground state corresponds almost completelysmaller than expected, at the same rate reducing the expected
to the multiplet withd = /, (the admixture coefficient is  ferromagnetic kinetic contributio¥.Moreover, there is also
0.99), which means that the corresponding Kramers doubleta small mixing of the gk orbital of W with the @ orbital of

is almost isotropic. By contrast, the ground Kramers doublet Co via theo orbitals of cyanide, which opens an additional
was obtained in our ab initio calculations strongly anisotropic channel of antiferromagnetic interaction via spin delocal-
because it arose from the zero-field splitting of the ground- ization througho orbitals. One should mention that the
state spinS = ¥,. Moreover, the main anisotropy axis in  antiferromagnetic interaction in cyano-bridged bimetallic
our calculation is the twofold rotational axysand not the  fragments involving Hoctacyanometallates was also obtained
axis passing through the water ligandsirf Figure 1) as  in density functional theory calculations of the cyano-bridged
supposed by the ligand-field model. The fitted value of the complex M@Mns, where the delocalization of the magnetic

g factor for the lowest Kramers doublet in the ligand-field electron on each Mocenter to neigboring Mn sites via the
model isg = 4.04, i.e., lower than the one we have obtained 5 orbitals of the cyanide bridges is preséht.

by averaging they tensor (4.38), which explains why our
ab initio simulations give higher values for susceptibility and conclusions
magnetization. Despite the fact that the agreement between
the ab initio simulations and the ligand-field modeling ~ We have investigated the origin of ferromagnetic interac-
concerning the spectrum of Kramers doublets is not petfect, tion in the three-dimensional magnetic netwd®f'(CN),} -
there are no doubts that the ground term corresponds to the{ (-CN)sC0'(H20)5} 3:4H,0] (2) by CASSCF/CASPT2 cal-
configuration ¥2)2(x2 — y2)2(x2%(z)X(xy)%, as is obtained in  culations of mononuclear Co and binuclear-&% fragments.
both approaches. We studied different structural models of isolated frag-
Thus, the ground electronic state of the Co fragment in ments, including the effect of the environment, by these ab
compoundl supports the electronic configuration on the Co initio methods and calculated the exchange interaction
sites found for the lowest states of the binuclear—@o parameter, the energies of the ligand-field transitions, and
fragments of compoun@l This is important because we were the magnetic properties of the mononuclear Co fragment (the
able to perform more accurate calculations for the mono- temperature-dependent magnetic susceptibilitygttessor,
nuclear Co fragment, by taking into account the double-shell and the field-dependent magnetization). These results have
effect in CASSCEF calculations. The reason for the observed been compared with available data for compouhdsd 2
ferromagnetic coupling in these fragments seems definitely and with the predictions of the ligand-field model used for
to be the double occupation of thg gz orbital on Co and  the fitting of the magnetic data of compoutdn ref 1. In
the consequent quenching of the electron delocalization agreement with the suggestion made in ref 1, we have found
between magnetic orbitals via the bridging cyanide. One that in both magnetic networks the ground state of the Co
should mention that an alternative mechanism of ferromag- fragment is characterized by the electronic configuration
netic interaction in binuclear metal fragments involving d  where the single dorbital on the Co site (e ?), which can
octacyanometallates was earlier propoSediressing the  covalently mix with the magnetic orbital on the W sitg),
importance of the contribution arising from the delocalization is doubly occupied. This condition is crucial for the existence
of magnetic electrons into unoccupied orbitals of another of ferromagnetic interaction between Co and W siteg.in
metal site’® This contribution arises from a joint effect of \We have shown that the above electronic configuration on
strong electron delocalization via tleeorbitals of cyanide  the Co sites cannot be achieved in mono- and binuclear metal
into the empty orbitals of octacyanometallate and the Hund fragments irl and2 unless the interaction of the Co fragment
interaction of the transferred electron with the unpaired with the environmental atoms is taken into account. This
electron in the lowest orbital on the octacyano metal site. result shows that the tuning of orbitals responsib|e for
The estimations in ref 15 have shown that this ferromagnetic magnetism is a more involved phenomenon than was thought
contribution can overcome the antiferromagnetic kinetic pefore and the role of distant coordination spheres can
contribution arising from the delocalization of magnetic pecome crucial in some complexes containing open-shell
electrons via ther orbitals of the cyanide bridges provided  glectronic configurations with closely spaced orbitals. The
the Hund rule coupling parameteis not smaller than 0.5 effect reported here becomes more pronounced when the
eV. Although this value is well within the expectations for jnteraction of the chosen fragment with the neighboring

transition-metal complexés,the estimation of Racah pa-  cqordination sphere of metal ions is relatively strong. It is
rameters from CASSCF/CASPT?2 calculations for tungsten- expected to be particularly important for the cases when the

(IV) and molybdenum(IV) octacyano complexes gave values

(24) The obtained low values of the Racah parameters and of the Hund

(22) One should have in mind that the ligand-field model is also quite rule coupling are due to the strong covalent admixure of cyanide
approximate, especially with regards to the simulation of low- orbitals to the metal d orbitals in cyano complexes involving metals
symmetry structural effects. from the second and third transition row.

(23) Goodenough, J. Bdagnetism and Chemical Bonlhterscience: New (25) Ruiz, E.; Rajaraman, G.; Alvarez, S.; Gillon, B.; Stride, J.; Clerac,
York, 1963; Chapter 5. R.; Larionova, J.; Decurtins, &ngew. Chem., Int. EQ005 44, 2711.
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