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We report on the syntheses, crystal structures, and magnetic properties of two cyano-bridged molecular assemblies:
[Cu"(phen)s]{[Cu' (phen)o[WY(CN)glo}(ClO,), - 10H;0 (phen = 1,10-phenanthroline) (1) and {[Cu'(bpy)al[W"(CN)g]}
{[Cu"(bpy)l[WY(CN)g]} - 4H,0 (bpy = 2,2’-bipyridyl) (2). Compound 1 consists of cyano-bridged [Cu",W',]?~ molecular
rectangles and isolated [Cu"(phen)s]?* complexes. The molecular structure of 2 reveals cyano-bridged trinuclear
[Cu",W']* and dinuclear [Cu"W"]~ ions. Magnetic interactions in 1 are interpreted in terms of the model of a
tetranuclear moiety consisting of two ferromagnetic Cu'—NC—WV units (Jj = +39(4) cm™") interacting
antiferromagnetically (&, = —1.6(4) cm™"). The analysis of the magnetic response of 2 reveals ferromagnetic
interaction within the [Cu"—NC—WY—CN—Cu"]* and [Cu"—NC—W"]~ isolated units, characterized by J = +35(7)
cm~" and antiferromagnetic coupling between them (4 = —0.30(8) cm~"). The discussion of the magnetic behavior
and the correlation of the Jouw parameters with the geometry of cyano bridges at copper(ll) centers of 1 and 2 is
based on the DFT calculations, which yield J,, = +13.2 cm™~" for 1 and J = +31 cm™" for 2. The domination of
the ferromagnetic Cu'—NC—W interaction in 1 and 2 originates from the mutual orthogonality of natural magnetic

orbitals in the case of coordination of cyano bridges at the equatorial sites of Cu(ll) moieties.

Introduction

Molecular magnetic materials built of paramagnetic 3d or
4f metal centers linked by octacyanometalate units are clearly
recognized as potential functional materials.' ?® In this
context, cyano-bridged Cu(II)—octacyanometalate(V,IV) (M
= Mo, W) assemblies are among the most extensively
studied systems.” ?® The dynamic research activity in this
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field resulted in construction of the heterobimetallic clusters
and extended networks. The majority of cyano-bridged
Cu'-NC—WV systems display dominant ferromagnetic
coupling between metal centers, which is usually ac-
companied by much weaker intra- or intermolecular anti-
ferromagnetic coupling,'®”?! leading to metamagnetism in
some cases.'®!? The magnetic coupling constants for the
local MY—CN—Cu!" arrangements were estimated only for
limited examples of 1D and 2D cyano-bridged architec-
tures.'’ 2 The results indicate that the nature and the
magnitude of magnetic interaction may strongly depend on
the coordination number, geometry, and positions of cyano
bridges at the coordination sphere of the Cu(Il) center. This
dependence is particularly pronounced for the two cases
where the Cu"Ncy distances obey the classical coordination
bonding limit of 2.3 A for copper(IT) complexes. The value
of Jweu = +5.8 cm™! calculated for the dinuclear motif
[Cu(tren)][WY(CN)g]~ in the 2D [Cu"(tren)]{Cu'[WV-
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(CN)gl}-1 5H,0" assembly is evidently lower than the Jwcy
= 435 cm™! estimated for pentameric Cu'sWY,units in the
2D {Cu"3(u—4.4"-bpy)sDMF, [WY(CN)gl,} - 2H,0%° network.
In the molecular structure of [Cu'l(tren)]{Cu[W"-
(CN)s]}*1.5H,0, the single cyano bridge is located at the axial
position in the trigonal bipyramidal (TBPY-5) coordination
sphere of Cu(Il), whereas in the case of {Cuj(u—4,4"-
bpy);:DMF[WY(CN)gl,} 2H,0, the two cyano bridging ligands
are situated at the equatorial positions of the elongated
octahedral Cu(Il) coordination environment. This implies the
nonequivalency of the copper(Il) magnetic orbitals involved in
the exchange pathways, with short Cu—Nyc distances (~2.00
A) in both cases and different Cu—NC bending angles (160°
for the Cu''Cu'WV system vs 151° and 171° for CusWY,).
Taking into account these factors, it is important to validate
the influence of the Cu'~NC—W?" linkage geometry and the
coordination polyhedra of metal centers on the nature and the
magnitude of magnetic coupling. Analysis of the magnetic
properties of discrete molecules with well-defined Cu(Il) and
octacyanometalate(V) coordination geometry, reducing inac-
curacy in Jyc, assessment, could lead to the accomplishment
of magnetostructural correlations.

To construct the molecular compounds with Cu"=NC—
WV linkages, we have chosen [Cu'(bpy),]*" and [Cul
1(phen),]*" building blocks, which allow the formation of
low-dimensional systems due to substitution of the labile
aqua ligands. We were inspired by the trinuclear molecule
[Cu'(bpy),]>[Mo"(CN)g] - 5H,0+ CH;0H with single cyano
bridges at equatorial positions of the trigonal bipyramidal
Cu(II) centers.?? This molecule reveals the transition to the
photoinduced antiferromagnetic state Cu"™oYCu'. Herein,
we report on the syntheses, X-ray crystal structures, and
magnetic properties of the two novel molecular cyano-
bridged assemblies [Cu'l(phen);],{[Cu'(phen),],[WY(CN)l,}
(C104),* 10H,0 (1) and {[Cu'(bpy),L,[W"(CN)g]} {[Cu'™-
(bpy)2l[WY(CN)g]} *4H,0 (2). The molecular structure of 1
consists of [Cu™,WY,]>*~ molecular rectangles and isolated
[Cu"(phen);]*" complexes, in structural resemblance to the
Mn', WV, molecular squares present in [Mn(tptz) (CH;COO)-
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(H20)2]>{ [Mn(tptz)(CH30H); 53(H20)0.421.[ W(CN)g» } - SCH3-
OH-9.85H,0 (tptz = 2,4,6-tris(2-pyridyl)- 1,3,5-triazine) and
{Mn"(bpy)>]2(0x) } { [Mn"(bpy);W(CN)s],} *4H,0 (ox = ox-
alate).* The molecular structure of 2 reveals the presence of
dinuclear [Cu™WV]™ and almost linear trinuclear [Cu™,W"V]"
units. The analogous nuclearity exhibits ferromagnetic
[CuL];[W(CN)sl,*4H,0, (L = 3,7-bis(2-aminoethyl)-1,3,5,7-
tetraazabicyclo[3.3.2]decane), although the trinuclear Cu, W
unit shows a Cu—W—Cu angle close to 90°.%* The discussion
of the magnetic behavior and the correlation of the Jcuw
parameters with the geometry of cyano bridges at copper(Il)
centers of 1 and 2 is based on DFT calculations.

Experimental Section

Materials. 1,10-Phenanthroline and 2,2’-bipyridyl were pur-
chased from commercial sources (Aldrich) and used as received.
Octacyanotungstate(V) sodium®® and cesium®® salts have been
synthesized according to the published procedures. Caution!
Perchlorate salts of transition metals are potentially explosive and,
therefore, should be used in small amounts and handled with care!

Synthesis of [Cu''(phen);],[Cu(phen),(u-NC),WY(CN)g],-
(C10y4)2*10H,0O (1). To a stirred solution of 1,10-phenanthroline
(0.476 g, 2.4 mmol, 30 mL of H,O/CH;CN, 1:1 v/v) was added a
solution of Cu(ClO4),+6H,0 (0.315 g, 0.85 mmol, 60 mL of H,O:
CH;CN, 1:1 v/v), followed by the addition of Cs;[WY(CN)g]+2H,0
(0.38 g, 0.46 mmol) dissolved in 60 mL of H,O/CH;CN, 1:1 v/v.
The solution was allowed to evaporate for 10 days, then it was
filtered. Green crystals were formed after 2 weeks. Yield: 80 mg,
12%. Elem anal. for C13(,H96W2CU4C12016N36 (1 - 2H20) C, 5131,
N, 15.84 H, 3.04. Found: C, 51.12; N, 16.37; H, 3.15. IR spectrum
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Discrete Cu"(diimine)—WY(CN)g Systems

Table 1. Crystal Data for 1 and 2

1 2
empirical formula C135H100C]2CU4N36013W2 C76H53CH3N2805W2
fw 3219.28 2001.82
temperature 292(2) K 293(2) K
wavelength 0.71069 A 0.71073 A
crystal system monoclinic orthorhombic
space group P21/c P212121

unit cell dimensions

volume

VA

density (calculated)

abs coeff

F(000)

cryst size

6 range for data collection
index ranges

reflns collected
independent reflns
completeness to 6
abs correction

a=12.1598(2) A
b = 33.8796(4) A
c = 18.8642(2) A
6708.82(15) A’

2

1.594 Mg/m?

2.450 mm™!

3220

0.20 x 0.10 x 0.10 mm?
2.19-27.61°
—-15<h<15

—44 < k< 44

24 <124

30465

15427 [R(int) = 0.0453]
99.0% (6 = 27.61°)
none

a=149154(1) A
b =20.1800(1) A
¢ =30.03742) A
9041.04(10) A3

4

1.471 Mg/m®

3.290 mm™!

3940

0.42 x 0.37 x 0.20 mm?
2.910—32.032°
0<h=<20
0<k=<27
—39<1<39

23238

23238 [R(int) = 0.0000]
89.7% (6 = 30.25°)
multiscan

refinement method
data/restraints/params 15427/50/927
goodness-of-fit on F? 1.025
final R indices [I > 20(])]
R indices (all data)
largest diff. peak and hole

in ¥(CN) region: 2139m, 2190m is consistent with the presence of
WY—CN—Cu" and WY—CN coordination arrangements.

Synthesisof{[Cu"(bpy),LIW"(CN)s]H{[Cu"(bpy).I[ WY (CN)s]} -
4H,0 (2). The crystals were grown by a slow diffusion of aqueous
solutions of Cu(NO;),;*3H,0O (0.05 g, 021 mmol) and
Na3[WY(CN)g]* 1.5H,0 (0.10 g, 0.19 mmol) through a solution of
2,2"-bpy (0.20 g, 1.28 mmol, H,O:C,HsOH, 1:1 v/v) in H tubes.
Green needle-shaped crystals were formed within two months.
Yield: 53 mg, 38%. Elem anal. for C76HssW,Cu3O0sNog: C, 45.60;
N, 19.59; H, 2.92. Found: C, 45.39; N, 19.20; H, 2.76. IR spectrum
in ¥(CN) region: 2114sh, 2142m, 2150sh, 2176m is consistent with
the presence of WY—CN—Cu'" and WY—CN coordination arrange-
ments.

X-Ray Crystallographic Data Collection and Refinement
of the Structures. The crystal structures of 1 and 2 were determined
from the single-crystal X-ray diffraction data collected at 293(2)
K with a Nonius KappaCCD diffractometer using a graphite-
monochromated Mo Ko radiation source (A = 0.71073 A). The
DENZO and SCALEPACK?' programs were used for cell refine-
ments and data reduction. No absorption corrections were performed
for 1. Absorption corrections were introduced for 2 using the
Multiscan method.*' The structures were solved by direct methods
using the SIR92%? program with the WinGX>? graphical user
interface. The structure refinements were carried out with
SHELXL-97.**

In the case of 1, the oxygen atoms of the perchlorate anion are
disordered between two different positions with refined partial

full-matrix least-squares on F2

R1 = 0.0436, wR2 = 0.1024
R1 = 0.0821, wR2 = 0.1154 R1 = 0.1196, wR2 = 0.1420
0.767 and —0.695 ¢ A3

full-matrix least-squares on F?
23238/0/997

1.064

R1 =0.0612, wR2 = 0.1199

A 0.980 and —0.611 ¢ A~

occupancies of 0.6633 and 0.3367. Seven crystallographically
independent water molecules were found in the structure; of those,
O1W, O2W, and O3W have occupancies of 1.0, while O4W, O5W,
O6W, and O7W have occupancies of 0.5, giving a total of 10 water
molecules in the formula unit. The oxygen atoms with partial
occupancies were not refined anisotropically. All other non-
hydrogen atoms were refined anisotropically. The hydrogen atoms
on carbon atoms were included at calculated positions and refined
with a riding model. Hydrogen atoms of water molecules were not
located. Complete crystallographic data and data collection param-
eters are summarized in Table 1.

In 2, all non-hydrogen atoms were refined anisotropically, except
oxygen atoms corresponding to water molecules which were refined
isotropically. The O1W—06W atoms have occupancies of 0.98,
0.90, 0.62, 0.66, 0.38, and 0.46, respectively, whereas O7TW—O10W
have occupancies of 0.25 each, giving a total of five water molecules
in the formula unit. Hydrogen atoms of aromatic CH were included
at calculated positions and refined in a riding model with parameters
1.2x those for parent atoms. Hydrogen atoms of water molecules
were not located on difference Fourier maps.

Computational Methodology. Standard DFT calculations have
been previously used for the evaluation of exchange coupling
constants for transition metal dimers, including some of the second-
row transition series.**® For each coupling constant, two separate
DFT calculations were carried out, one for the highest spin state
(i.e., triplet, quadruplet, and quintet states for the dimeric, trimeric,
and tetrameric species considered here, respectively) and one for
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the broken-symmetry state. The hybrid B3LYP*® functional was
used as implemented in Gaussian98.*° The bases used in all
calculations were the D95 Dunning—Huzinaga valence double-&*!
for first-row elements and the small-core Hay—Wadt pseudopo-
tential*> for transition metals (indicated in the Gaussian code as
LANL2DZ). For the dinuclear species, the J values were then
obtained by considering Eys — Eps = —J(25,5, + S,)= —J, where
S and S, are the spins of the two metal centers (S; = S, = 1/2)
and Eys and Egg are the energies of the high-spin and broken-
symmetry states, respectively. We assumed that the energy of the
broken-symmetry state is a good approximation of low-spin state
energy, following Ruiz et al.***** For the trinuclear and tetranuclear
units, the procedure developed by Ruiz et al. has been used.*> Spin
population analyses were carried out with the Gaussian code in
the NBO framework.*® The natural orbitals represented here were
computed with Gaussian98.*”

Physical Techniques. Infrared spectra were recorded on Bio-
Rad FTS 165 FT-IR and Bruker EQUINOX 55 FT-IR spectrom-
eters. Elemental analyses were performed on a EuroVector EuroEA
instrument. Magnetic measurements were performed using a
Quantum Design MPMS5-XL magnetometer. Samples were pre-
pared in the form of pellets to avoid magnetic signals from a
container. The core diamagnetism of the samples was carefully
substracted.*®

Results and Discussion

Crystal Structures. The crystal structure of
[Cu"(phen)s]»{[Cu"(phen),],[WY(CN);],} (ClOy4),* 10H0 (1)
consists of the tetrametallic rectangles {[Cu'(phen),(u-
NC),WY(CN)],}?~, [Cu(phen)s]** cations, ClO,~ anions, and
crystallization water molecules (Figure 1). The selected bond
lengths and angles are presented in Table 2. The octacyano-
tungstate(V) ion reveals distorted bicapped trigonal prism
(BTP-8) geometry, with slightly marked features of a square
antiprism (SAPR-8), which was concluded from the values
of the shape-determining angles—the dihedral ¢ angles
(defined as deviation from planarity of the atoms forming a
trapezoid) and 0 angles (dihedral angles at shape-determining
edges)*’ (Table S1, Figure S1, Supporting Information)—along
with the continuous shape measures (CShM) analysis (Table
S2, Supporting Information), which is a convenient method
of probing the local geometry of metal centers.’* >* Each
octacyanotungstate ion forms two cyano bridges toward two
Cul centers. The [Cul(phen),(NC),] unit adopts an elongated
octahedral geometry, due to the Jahn—Teller effect. The
equatorial positions are occupied by three N donors from
phen ligands and one N end of the C1—N1—Cul cyano
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Figure 1. Molecular structure of 1 containing tetranuclear subunit with
selected atoms labeling. Colors used: W, magenta; Cu, green; N, blue; C,
gray; Cl, yellow; O, red. Water molecules have been removed for clarity.
Thermal elipsoids of 25% probability are shown.

Table 2. Selected Bond Lengths [Al, Angles [deg], and Geometric
Parameters of Cyano Bridges for 1

Cul—NI 1.976(4) Cu2—NI18 2.032(4)
Cul—N5 2.597¢ Cu2—NI15 2.046(4)
Cul—N9 2.023(4) Cu2—N13 2.107(4)
Cul—N10 2.042(4) Cu2—N16 2.147(5)
Cul—-N12 2.045(4) Cu2—N17 2.193(5)
Cul—NI1 2.302(4) Cu2—N14 2.225(4)
Cul-N1—-Cl 169.5(4)

Cul—N5—-C5 154.737 0 W1—Cl 58.5
Cl-W1-C5 82.81(18) 0 W1—C5 50.0
N1—Cul—N5 88.3¢

“ The metric parameters calculated with the use of the CCDC Mercury
visualization software.
bridge. The Cul—N1—C1—WI linkage at the equatorial
position is short and almost linear (Cul—N1 = 1.976 A,
C1—N1—Cul = 169.5(4)°, W1—Cul = 5.248 A). The axial
positions in the coordination sphere of Cul are occupied by
two N atoms: the remaining N atom of the phen ligand
(Cu—Nphen = 2.302 A) and a N atom of the longer and more
bent Cul—N5—C5—W1 linkage (Cul—N5 = 2.597 A,
C5—N5—Cul = 154.73°, W1—Cul = 5.739 A). The angles
between cyano bridges centered at W1 and Cul corners,
C1—W1—CS5 of 82.81(18)° and N1—Cul—NS5 of 88.30°, are
close to the right angle, which allows tetrametallic unit
formation.

The Cu(II) centers located at the Cu2 crystallographic sites
are surrounded by three phen ligands, giving the complex a
distorted octahedral geometry. The equatorial coordination
bonds reveal values slightly above 2 A, contrary to much
longer Cu—N bonds in the axial positions. The six-coordi-
native axially elongated [Cu(phen);]*" countercation is not
very common in coordination chemistry; however, it is
known to form stable ionic architectures together with simple

(50) Casanova, D.; Cirera, J.; Llunell, M.; Alemany, P.; Avnir, D.; Alvarez,
S. J. Am. Chem. Soc. 2004, 126, 1755-1763.

(51) Alvarez, S.; Alemany, P.; Casanova, D.; Cirera, J.; Llunell, M.; Avnir,
D. Coord. Chem. Rev. 2005, 249, 1693-1708.

(52) Casanova, D.; Llunell, M.; Alemany, P.; Alvarez, S. Chem.—Eur. J.
2005, 71, 1479-1494.

(53) Cirera, J.; Ruiz, E.; Alvarez, S. Chem.—Eur. J. 2006, 12, 3162-3167.

(54) Llunell, M.; Casanova, D.; Cirera, J.; Bofill, J. M.; Alemany, P.;
Alvarez, S.; Pinsky, M.; Anvir, D. SHAPE, v. 1.1b.; University of
Barcelona: Barcelona, Spain, 2005.
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@9
@

Figure 2. Structure of 2 with selected atoms labeling. Colors used: W,
magenta; Cu, green; C, gray; N, blue; O, red. Thermal elipsoids of 25%
probability are shown.

anions such as ClO,~,>° PFs~,>° SO,27,7 C(CN);~,%® or
F3CS0;7>? as well as with the complex anions of Hg,lIg>~,%°
[Co(C,H|1Bo),]™ (3,3’-commo-bis(1,2-dicarba-3-cobalt(III)-
closo-dodecarborate),®’ or N-2-(phenyl)ethyliminodiacetato—
copper® coordination systems.

The network of hydrogen bonds involving molecules of
crystallization water and terminal cyano ligands forms the
2-D layers extending in the bc crystallographic plane (Figure
S2, Supporting Information). The face-to-face and edge-to-
face m—m stacking interactions between phenanthroline
ligands of [Cu(phen);]*" and {[Cu(phen),],[W(CN);],}>" ions
with distances of 3.5 and 3.65 10%, respectively, co-stabilize
the supermolecular 3D architecture of 1. The space between
the complex ions is filled with the perchlorate anions and
crystallization water molecules. Intermetallic through-space
Cu2—W1 distances are longer than 7.5 A.

The crystal structure of 2 consists of the [(bpy).Cu(u-
NC)W(CN)g(u-CN)Cu(bpy),] " trinuclear cations, the [(bpy ),Cu(u-
NC)W(CN),;]™ dinuclear anions, and crystallization water
molecules (Figure 2). Selected bond lengths and angles are
presented in Table 3. The analysis of the ¢ and 0 angles
along with CShM reveals that the octacyanotungstate(V)
moieties have well-defined square antiprismatic (SAPR-8)
geometry with a minor dodecahedral DD-8 contribution
(Tables S1 and S2 and Figure S1, Supporting Information).
The W1 center forms two cyano bridges to Cu3 and Cu4
metal ions, separated by a C13—W1—C14 angle of 138.9(3)°,
whereas W2 forms a single bridge to Cu5. The
[Cu(bpy),(NC)] moiety displays trigonal bipyramidal (TBPY-
5) geometry with the single cyano bridge coordinated in the
equatorial position. The W—CN—Cu linkages are relatively

(55) Anderson, O. P. J. Chem. Soc., Dalton Trans. 1973, 1237.

(56) Seco, J. M.; Gonzalez Garmendia, M. J.; Quiros, M. J. Coord. Chem.
2002, 55, 345.

(57) He, H.-Y.; Zhu, L.-G. Chin. J. Inorg. Chem. 2003, 19, 317.

(58) Potocnak, J.; Pohlova, M.; Wagner, C.; Jiger, L. Acta Crystallogr.,
Sect. E 2002, 58, m595.

(59) Sletten, J.; Julve, M. Acta Chem. Scand. 1999, 53, 631.

(60) Oh, M.-].; Lee, Y.-M.; Lee, S. Y.; Kang, S. K.; Choi, S.-N. Acta
Crystallogr., Sect. C 2006, 62, m51.

(61) Choquesillo-Lazarte, D.; Sanchez-Moreno, M. J.; Bugella-Altamirano,
E.; Moyano-Gallego, M. J.; Martin-Ramos, J. D.; Gonzalez-Perez,
J. M.; Carballo, R.; Niclos-Gutierrez, J. Z. Anorg. Allg. Chem. 2003,
629, 291.

(62) Polyanskaya, T. M.; Volkov, V. V.; Drozdova, M. K. J. Struct. Chem.
2003, 44, 690.

short and are characterized by Cu—N bond lengths very close
to 2.0 10\, W—Cu distances close to 5.3 A, and Cu—N—C
angles above 173°. The distances between metal ions from
the different cyano-bridged units are greater than 7 A.

The H bonds between the water molecules and the terminal
cyano ligands with face-to-face w—s stacking interactions
are shown in Figure S3 (Supporting Information). The mean
distance between aromatic rings is 3.7 A.

Magnetic Properties. The temperature dependence of
¥T(T) measured at 1 kOe for 1 is presented in Figure 3. At
300 K, the T value of 2.55(5) cm® K mol ™! is close to the
2.25 cm?® K mol ™! expected for four Cu' (S = 1/2) and two
WY (S = 1/2) ions assuming g = 2.0. On cooling down, the
xT value increases slowly, reaching a smooth maximum
around 20 K, then drops down. The magnetization measured
at 2 K (Figure 4) at 50 kOe reaches 5.8 NS per formula
unit.

The formula unit of 1 consists of the Cu', WY, tetramer
and two isolated Cu' ions. The magnetic data were modeled
assuming that only interactions within the Cu, WV, tetramer
are important, neglecting any intermolecular interaction. Due
to the substantially different Cu—N bond lengths and
Cu—N—C angles of the cyano bridges within the tetramer
(see Table 2), two different exchange constants of isotropic
Heisenberg interaction were introduced, creating a rectangle.
The Hamiltonian

H,=—J I(SICuS4W + S3CuSzw) —J. Z(SICuSZW + S3CuS4W) -
[gcu(Sicy T S3c0) T gw(Sow T Saw)1HB - (1)

which is a 16 x 16 matrix, was diagonalized numerically,
and the magnetic moment of the tetramer was calculated as

M=NY, (—3E,/dH) exp(—E,/kyT)/ Y, X
exp(_En/kBT) 2

where E, denotes eigenvalues of Hy. Such a method, contrary
to the van Vleck approximation, allows us to calculate the
M(H) curve at low temperatures and high fields. The signal
from the two remaining Cu® ions was calculated separately
from the Brillouin function. The parameters obtained from
the fit to ¥7(T) data above 6 K are J, = 39(4) cm™ !, J, =
—1.6(4) cm™!, and gc, = 2.15(3), with the gy value fixed to
2.00. In spite of limiting the range of fitting (to avoid a
possible influence of intermolecular interactions), the data
below 6 K are well reproduced; also, the calculated M(H)
curve at 2 K shown in Figure 4 is in reasonable agreement
with the experimental data. Taking into account the possible
intermolecular interaction J’, we obtained the values J, =
39cm™!, J, = 1.8 cm™!, and J/ = —0.3 cm™'. Thus, the
value of J; is well estimated from the experiment indepen-
dently of the theoretical model used. The definite conclusion
regarding J; is that I/;] < 2 cm™!.

The temperature dependence of y7 for 2 is shown in Figure
3. The %T value reaches 2.1 cm® K mol~! at 300 K and
reasonably corresponds to the expected high temperature
limit of 1.88 cm® K mol™! for five 1/2 spins with g = 2.00.
The metric parameters of all three CN bridges are similar
(Table 3), so the magnetic data were interpreted assuming
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Table 3. Selected Bond Lengths [A], Angles [deg], and Geometric Parameters of Cyano Bridges for 2

Cu3—N31 1.973(8) Cud—N44
Cu3—N33 1.990(7) Cud—N41
Cu3—N13 2.002(7) Cu4—N14
Cu3—N32 2.062(8) Cud—N42
Cu3—N34 2.090(8) Cu4—N43
Cu3—N13—C13 176.2(8) 0 W1—Cl13
Cud—N14—C14 173.5(7) OW1-Cl4
Cu5—N25—C25 173.1(8) 0 W2—C25

the same exchange interaction constant J for all pairs of spins.
To reproduce a maximum observed experimentally in y7T
around 10 K, it was necessary to introduce an effective
intermolecular interaction. In the crystal structure of 2, each
Cu,W unit has four Cu,W and four CuW units, and each
CuW unit also has four Cu,W and four CuW units in their
neighborhood. To calculate the magnetic moment M for high
fields, it was necessary to solve numerically the full
molecular field equation

M= M,(M2 + H)+M(M2 + H) 3)

where M,(H,T) and M;(H,T) denote the magnetic moment
of the dinuclear and the trinuclear units, respectively, which
were calculated from full Hamiltonians without the van Vleck
approximation. In the linear approximation, the equations
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H=1kOe
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Figure 3. Thermal dependence of 7 for 1 (triangles) and 2 (cirlces) with
their respective fitted curves (solid lines).
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Figure 4. Field-dependent magnetization M(H) for 1 (triangles) and 2
(cirlces) with their respective fitted curves (solid lines).
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1.972(8) Cu5—N53 1.985(9)
1.981(7) Cu5—N51 1.991(9)
1.996(7) Cu5—N25 2.017(8)
2.066(7) Cu5—N52 2.077(9)
2.088(9) Cu5—N54 2.086(9)
59.5 CI3-WI1-Cl4 138.9(3)
58.2
583

simplify to a form similar to that for the classical, single
sublattice network, and the susceptibility can be calculated
asy = (g2 + x3)/(1 — A2 + x3)), where A = 47 kp/(Ng.y* %)
and y, and y3 are the susceptibilities of the isolated CuW
unit and Cu, W, respectively. The values obtained from the
fit to the ¥7(7) data are J = 35(7) cm™ !, 4/ = —0.30(8)
cm™!, and gc,=2.15(5). The gw value was fixed equal to
2.00. The calculated M(H, T = 2 K) curve is in reasonable
agreement with the experimental data.

DFT Calculations. Calculations of J have been realized
using DFT methods as described in the computational
methodology section. The calculations have been performed
on the whole molecule, without any modification for the
ligand, and with two, three, and four metal atoms for the
dinuclear, trinuclear, and tetranuclear subunits, respectively.
The calculated J values are +39.6 cm™! for dinuclear, +22.4
cm™! for trinuclear, and +13.2 cm™! for tetranuclear moieties.
For the tetranuclear unit present in 1, the experimental
magnetic data have been fitted using two different J values,
Ji = +39 cm™! and J, = —1.6 cm™!, while the DFT
calculations give the J,, = +13.2 cm™!. The magnetic
properties of compound 2 consisting of the dinuclear and
trinuclear units have been characterized by the single value
of J = 435 cm™!, while the mean calculated J,, value for 2
is +31.0 cm™!. The DFT calculations confirm the domination
of W—CN—Cu ferromagnetic interaction, which can be
rationalized in terms of the natural magnetic orbitals (Figure
6). The “magnetic natural orbitals” are defined as the natural
orbitals of the high-spin state (S = 1) with occupancy very
close to 1. The molecular orbital of the [W(CN)g]*~ moiety
involves the metal-centered d.> orbital and the s orbitals of
the CN ligands. On the Cu side, the molecular orbital results
from the mixing of the o system of the ligands (i.e., the two
bidentate ligands and the N atom of the bridging cyanide)
with the d: orbital of the Cu ion. The ferromagnetic
interaction is rationalized by taking advantage of the Kahn’s
model,*® where the exchange parameter J is expressed as
the sum of two terms of opposite sign: J = Jr + Jap, with
Jre = 2k > 0 and Jar = 4fs < 0. In this model, k denotes
the bielectronic exchange integral, 3 is the monoelectronic

a b
} J; Cu ) Cu
w J

Jy J
o J Cu

Figure 5. The exchange interactions within the cyano-bridged molecular
assemblies in 1 (a) and 2 (b) represented by (/;, J,) and J parameters,
respectively.
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Figure 6. Magnetic natural orbitals of the Cu—NC—W linkage (high spin
state). One orbital is mainly localized on the W atom (top), and the other
is mainly localized on the Cu atom (bottom).

resonance integral, and s stands for the monoelectronic
overlap integral. This expression is valid when two centers,
each bearing one unpaired electron, are coupled. When
localized molecular orbitals have a very small overlap (i.e.,
s ~ 0), the interaction between the two metal atom spin
carriers is expected to be ferromagnetic. Being delocalized
in different types of systems (-7 on the W side and o on the
Cu side), the overlap s is expected to be small and the
interaction between W and Cu is expected to be ferromagnetic.

Spin density for the ground ferromagnetic state of the
WY—CN—Cu" linkage characteristic for 1 and 2 is shown
in Figure 7. The spin density of the octacyanotungstate is
localized in the st system of the terminal cyano ligands,
revealing postive values on the N atoms and negative values
on the C donors, due to spin polarization. In the case of the
Cu center, some spin density is delocalized in the o system
of the surrounding atoms, as expected from classical ligand
field theory.

The J values calculated by DFT decrease from the
dinuclear to the trinuclear and finally to the tetranuclear
subunits, which can be rationalized in terms of the bending
angle of the Cu—NC linkage and the square-antiprismatic
structure of the [W(CN)g]*~ ion, although quite distorted in

Figure 7. Spin density of the high spin state for the Cu—NC—W linkage.
Positive spin density shown in gray and negative in blue.

the case of the tetranuclear moiety. It has been previously
shown in the Cr''~CN—Ni" systems that the J value depends
strongly on the CN—Ni'' bending angle.®®> The value of J
was found to vary linearly with this angle, the strongest
ferromagnetic interactions being anticipated for a 180° angle.
An overall antiferromagnetic behavior between Cr and Ni
is predicted for angles lower than 145°. Remembering that
the t, unpaired electrons of Cr'" delocalize in the 7 system
and the e, electron of Ni! delocalizes in the o system, this
decrease in J can be explained in terms of overlap of the o
and 7t systems. A bending of the bridging ligand tends to
decrease the symmetry of the system, allowing the overlap
of the ¢ and 7 systems. The more the system deviates from
linearity, the more this overlap is pronounced and, according
to the Kahn’s model, the more the antiferromagnetic
component Jar is important. In the three subunits studied,
the angles CN—Cu"" are respectively 173.1° for the dinuclear,
173.4° and 176.1° for the trinuclear, and 169.4 and 154.7°
for the tetranuclear unit. A particularly small CN—Cu" angle
is observed in the case of the tetranuclear unit, justifying
the small antiferromagnetic interaction J, that is observed.

Conclusions

The finite size and the low nuclearity of 1 and 2 allowed
application of the simple theoretical model of reliable
calculation of the magnitude of intermetallic W(V)—Cu(II)
coupling. The important characteristic of the MY—CN—Cu"
linkage is the pronounced domination of the strong ferro-
magnetic WY—CN—Cu" coupling for the equatorially coor-
dinated cyano bridges at Cu(Il) centers with the coupling
constants for the reference compounds displaying values in
the range of 30—40 cm ™! (Table S4, Supporting Information).
In the case of axial cyano bridges, the antiferromagnetic
contribution is dominating, which leads to a lowering of J
below 6 cm™! and, in some cases, to small negative values.

(63) Marvaud, V.; Herrera, J.-M.; Barilero, T.; Tuyeras, F.; Garde, R.;
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Chem. 2003, 134, 149-163.
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The magnetic properties of 1 and 2 and the correlation of
the Jc,w parameters with the geometry of cyano bridges at
copper(Il) centers are based on the DFT calculations
confirming the experimental results. The DFT calculations
reveal the small overlapping between the natural magnetic
orbitals of the copper(Il) and tungsten(V) centers. Therefore,
the design of bimetallic cyano-bridged Cu"[MY(CN)g] com-
pounds with strong ferromagnetic magnetic interaction
requires the use of preprogrammed copper(Il) precursors,
enabling exclusively equatorial coordination of the CN™
bridges. The control of the geometric parameters is important:
the almost linear Cu—N—C angles favor ferromagnetic
MY—CN—Cu" interaction, and the short Cu—N¢y distances
facilitate the magnetic contact between the metallic centers.
The rational design and construction of the new zero-
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dimensional architectures should allow more elaborate mag-
netostructural correlation and tuning of the magnetic prop-
erties. Studies along this line are currently in progress.
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