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ABSTRACT:

The self-assembly of [Cu"(dien)(H,0),]*" and [WY(CN)g]*~ in aqueous solution leads to the formation (H;0){[Cu"(dien)],
[WY(CN)g]} [WY(CN)s],+6.5H,0 (1). The crzstal structure of 1 consists of an unprecedented {[Cu''(dien)],[W"(CN)s]}*"..
chain of (2,8) topology, nonbridging [W(CN)g]”~ anions, and crystallization water molecules. The analysis of magnetic behavior of
1 was performed by the density functional theory (DFT) method and magnetic susceptibility measurements. The DFT broken
symmetry approach gave two Jc,w coupling constants: J,, = +2.9 cm™ " assigned to long and strongly bent W—CN—Cu linkage, and
the Joq = +1.5 cm” ' assigned to short and less bent W—CN—Cu linkage, located at the axial and the equatorial positions of square
pyramidal Cu' centers, respectively, in the hexanuclear {W,Cu,} chain subunit. The dominance of weak-to-moderate
ferromagnetic coupling within the chain was confirmed by magnetic calculations. Zero-field susceptibilit?r of the full chain segment
{WCu,}, was calculated by a semiclassical analytical approach assuming that only one W" out of five '/, spins of the chain unit
WClu, is treated as a classical commuting variable. The calculation of the field dependence of the magnetization was performed
separately by replacing the same spin with the Ising variable and applying the standard transfer matrix technique. The intermolecular
coupling between the chain segments and off-chain [W( CN);]®~ entities was resolved using the mean-field approximation set to be
of antiferromagnetic character. The magnetic coupling parameters are compared with those of other low dimensional
{Cu"-[MY(CN)]} systems.

B INTRODUCTION

The studies of structure—property relationship in the series of
magnetic compounds has been recognized as the key strategy to
understanding of the principles that govern magnetic coupling in
wide variety of compounds including inorganic metallic or metal-
oxides materials, organic radical based materials, and coordina-
tion compounds. The last domain combining effectively the
inorganic and organic building blocks was exhaustively exploited
during past decades resulting in the appearance of single
molecule magnets (SMM), single chain magnets (SCM), room
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temperature magnets, photomagnets, chiral magnets, or mag-
netic sponges. Among these species the octacyanide-bridged
assemblies received considerable attention because of the specific
binding and coupling properties of CN ™ bridges implying the
broad range of tunable geometrical bridging configurations,
extent of maﬁnetic interactions, and structural/magnetic
dimensionality.
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Within this line, copper(II)-octacyanidometalate(V,IV) Cu"™-[MY
M(CN)g]>*~ (M = Mo, W) complexes have attracted interest
because of the occurrence of long-range magnetic ordering below T,
temperatures tunable by various external stimuli,” * making them
useful for developing new multifunctional materials.” The magnetic
exchange interaction within the MV( s=1/2)—CN— CuH( s=1/2) linkage
leads to layered magnets with T, up to 40 K with metamagnetic
behavior." The bilayered magnets with coordination skeleton of
general formula {Cu"[W"(CN)]} .. were studied in detail >~
Magnetic anisotropy originating from the presence of easy plane
of magnetization parallel to the bilayer and hard axis of magne-
tization perpendicular to the bilayer were evidenced in the single
crystals of (tetrenHs) {[Cu"s[WY(CN);]s} -9H,O (tetren =
tetraethylenepentamine).” The energy of the antiferromagnetic
— ferromagnetic spin flip of 4.8 x 10” J-m™> was theoretically
estimated™ to be in agreement with the value of the critical
magnetic field of spin flip of ~80—200 Oe observed experimen-
tally for these family of compounds. The photomagnetic studies
have been centered on light irradiation of cyanido-bridged
paramagnetic {Cu"[Mo"'(CN)g]} species, which resulted in
the appearance of magnetically ordered phases for 3-dimensional
networks® and high spin molecules for 0-dimensional systems.®
This effect was interpreted in terms of the formation of reversible
metastable excited states: CuH(szl » Mov(s=1 /Z)Cul(szo)éafe in
case of visible laser light as well as Cu™(5-1/2)*Mo " (s-1)Cu (521/
2)6f in the case of X-ray synchrotron radiation. Other studies
focused on the reversible structural changes induced by water/n-
propanol exchange that lead to the modulation of magnetic
exchange pathways and thus, of the overall magnetic state of the
Cu'-pym-[W(CN);s]*>~ (pym = pyrimidine) three-dimensional
(3D) framework.”® The function of chirality was implemented
for magnetic networks using chiral ligands to show the significant
differences in the nature of long magnetic interaction between
chiral [W(CN)z]4[Cu{(S or R)-pn}H,0],[Cu{(S or R)-pn}],-
2.5H,0 and racemic [W(CN)gl,[Cu{(rac)-pn}H,0],-
[Cu{(rac)-pn}],:2.5H,0 layered magnets (pn = 1,2 di-
aminopropane).””" Very recently, the use of anisotropic
{Cu"Ln™L}"* (Ln = lanthanide, L = tetradentate ligands)
dinuclear building blocks allowed for the construction of trime-
tallic { Cu"Ln™L} [MY(CN)g] and {Cu"Ln™L} [M"(CN);] low
dimensional systems revealing slow magnetic relaxation
characteristics.”

In this context, an important objective in this field is the reliable
theoretical estimation of the parameters of a short-range interac-
tion within the MV(S=1 /z)fCNfCuH(sﬂ /2) linkage.”® 4738 Thig
can be achieved by the estimation of the exchange coupling
constants J in low dimensional MY —CN—Cu" assemblies whose
finite size and low nuclearity allow the application of the theoretical
model for calculation of the intermetallic M(V)-Cu(II) coupling,
In a our recent contributions we studied the magnetic exchange
interactions in the discrete species {CuW} , {Cu,W} ", and
{Cu,W,}>" 24 For W—CN—Cu" linkages we noted the
dominance of ferromagnetic W—Cu coupling for equatorial
cyanido bridges at Cu(II) centers, with coupling constants ranging
from 430 to +40 cm . For the axial cyanido bridges, the
apparent antiferromagnetic contribution increases, which leads
to lowering of ] below +10 cm ™" 7> or even to small negative
values.®™ The correlation of the Jcuw Vpara.meters calculated for
[Cu"(phen)s],[ Cu"(phen),(u-NC),W"(CN)4]»(ClO,),* 10H,0
and  [(Cu"(bpy),(u-NC)),W"(CN)g][Cu" (bpy)(u-NC)W"-
(CN);] - SH,O with the geometry of cyanido bridges at copper(1l)
centers based on the density functional theory (DFT) calculations

confirmed the experimental results.*! The DFT calculations revealed
also the small overlap between the magnetic orbitals of copper(II)
and tungsten(V) in these compounds.

To extend the magneto-structural correlation to low dimen-
sional Cu"-[WY(CN);]*>~ architectures, we carried out the reac-
tion of [WY(CN)s]*>~ with Cu" ions in the presence of dien (dien
= diethylenetriamine). By introducing the [Cu"(dien) (H,0),]*"
fragment, which has a strong preference to form [Cu(dien) (NC),]**
moieties of square pyramidal geometry with the cyanido bridges at
equatorial and axial sites,” we have obtained (H;0){[Cu"(dien)],
[WY(CN)g]} [WY(CN)s],+6.5H,0 (1). The reported compound is
the first one consisting of the unique cyanido-bridged W-knotted chain
{[Cu"(dien) ],[W"(CN)s]}**... The broken symmetry DFT calcu-
lations for the selected {W,Cu,} unit and numerical analysis of
magnetic data indicate weak ferromagnetic interactions through CN™
ligands within the chain. The possible factors influencing Jc,w values
are discussed.

B EXPERIMENTAL SECTION

Materials and Synthesis. CuCl,-2H,0, diethylenetriamine, and
other chemicals were obtained from the commercial sources (Sigma-
Aldrich, Idalia) and used without further purification. Cs3[W-
(CN);]-2H,0" were synthesized according to the literature proce-
dures. An aqueous solution of [Cu"(dien)(H,0),]Cl, was obtained by
mixing equimolar aqueous solution of CuCl, - 2H,0 (0.6 mmol, 0.103 g,
2 mL) and diethylenetriamine (0.6 mmol, 63 uL).

(H30){[Cu"(dien)1s[WY(CN)g]} [WY(CN)gl,+6.5H,0 1. The
best crystals of 1 were obtained by a slow diffusion of aqueous solutions
(pH = 5.5) of [Cu"(dien)(H,0),]Cl, (0.6 mmol, 2 mL) and the
Cs3[WY(CN);] - 2H,0 (0.4 mmol, 0.333 g, 2 mL) in an H-tube at room
temperature. The crystals were filtered off and washed with water and
ethanol and air-dried. The crystals of 1 obtained in this manner were
contaminated with very small blue crystals, which were not identified.
The purification in the ultrasonic bath (10 s) allowed to get rid of the
superficial contamination, which was verified under the optical micro-
scope (40 times magnification). Yield: 60 mg, 22%. Elementary analysis
(Found: C, 24.4; N, 25.2; H, 3.8. Calcd for C4HgsN350-5Cu,Ws: C,
24.3; N, 25.5; H, 3.5%). The thermogravimetric analysis (TGA/DTG)
coupled with a quadrupole mass spectrometer (QMS): weight loss up to
125 °C found: 6.54%, m/z = 18, H,0™; weight loss calculated for
C40HesN360,.sCu,W3, (7.5 H,0): 6.82%. IR: v(O—H), 3431vs(br);
v(N—H), 3327s, 3278s; v(C—H), 2965w, 2928w, 2887w; ¥(C=N),
2180w(sh), 2166 m, 2150 m, 2128s; (O—H), 5(N—H) 1620w(sh),
1590s, 1493vw; 6(C—H), v(C—C), ¥(C—N), 1456 m, 1395 w, 1318w,
1292w, 1256w, 1134w, 1085s, 1046vw, 1023vs, 987w; y(C—H),
y(N—H), y(O—H), 916w, 897w, 833vw, 658 m; v(Cu—N), v(W—C),
516 m, 480 m, 457w. The ¥(CN) stretching frequencies of 2180w, 2166
m, 2150 m and 2128s cm™ " in IR spectra are in agreement with the
presence of bridging WY—CN—Cu" and nonbridging WY—CN co-
ordination modes of CN"."" No Cs™ ions were detected by X-ray
microanalysis.

X-ray Crystallography. The single crystal diffraction data were
collected on a Nonius Kappa CCD equipped with a Mo Kat radiation
source and graphite monochromator. The space group was determined
using the ABSEN'? program. The structure of 1 was solved by direct
methods using SIR-97."> Refinement and further calculations were
carried out using SHELXL-97."* The non-H atoms, with exceptions of
water molecules (O2—07) and disordered C and N atoms of nonbrid-
ging [W(CN)s]*>~ (CN34, CN37, and CN38) were refined anisotropi-
cally using weighted full-matrix least-squares on F*. All hydrogen atoms
bonded to carbon atoms of organic components were positioned with an
idealized geometry and refined using a riding model with U, (H) fixed
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Table 1. Selected Crystallographic Data for 1

empirical formula
formula weight
crystal system
space group

unit cell dimensions/A

volume/A3

VA

density, calc./Mg-m >
temperature/K)

absorption coefficient/mm ™"
wavelength/;&

F(000)

crystal size/mm?>)

0 range for data collection (deg)

index ranges

reflection collected
independent reflections
completeness to 6 = 26.75°
absorption correction

max. and min transmission
refinement method
data/restraints/parameters
goodness of the fit on F>
final R indices [I > 20(I)]
R indices (all data)

largest diff. peak and hole e- A~

1
C40H32CuyN360105W3
1990.73
tetragonal
P4/n

a =24.2059(3)

b =24.2059(3)

¢ =13.3200(2)
7804.50(18)

4

1.694

293(2)

5.538

0.71073

3784

0.40 x 0.10 x 0.10

1.68 to 26.75
-30=<h=30
—28<k=30
—-16=<1<9

43461

8294 [R(int) = 0.0600]
99.7%

semiempirical from equivalents
0.6074 and 0.2154
full-matrix least-squares on F>
8294/30/393

1.015

R, = 0.0719, wR, = 0.1902
R, = 0.0977, wR, = 0.2152
7.539 and —3.548

at 1.2U.q(C). Hydrogen atoms of crystallization water molecules were
not located. Structural diagrams were prepared using Mercury 1.4.2
software. Selected crystallographic data for 1 are shown in Table 1. The
nonbridging [W(CN),]*~ and crystallization water molecules reveal
some degree of distortion. The structural model for 1 requires the total
charge balance +1 for one Cu,W; ™" unit. This requirement may be
fulfilled by the assumption of the existence of the interstitial HyO"
cations, because of the experimental conditions employed (acidic
conditions).

Physical Techniques. Elemental analyses (C, H, N) were per-
formed on a EuroEA EuroVector Elemental Analyzer. Thermogravi-
metric data in the temperature range 25—400 °C were collected on a
Mettler Toledo TGA/SDTA 851e microthermogravimeter equipped
with QMS Thermostar GSD 300 T Balzers at heating rate of $ °C min ™"
in Ar atmosphere. IR spectra were measured in KBr pellets between
4000 and 400 cm ™" using a Bruker EQUINOX 55 FTIR spectrometer.
Magnetic susceptibility )4. measurement versus temperature T, at
magnetic field H = 1000 Oe and versus magnetic field H at T = 2 K,
was performed using a Quantum Design SQUID magnetometer.

Computational Methods. The Continuous Shape Measure anal-
ysis was performed using the SHAPE v. 2.0 software.'* Calculations of
magnetic susceptibility and isothermal magnetization of 1 are performed
assuming the molecular-field approximation to account for the inter-
molecular interaction between the chain segments and the off-chain
[W(CN);]*~ entities. The chain part of the spin system is solved using
the model developed by Curély and Georges'® for an isotropic chain,

where a single momentgi, which is treated classically, alternates with a
composite subsystem of quantum and/or classical spins W, The
Hamiltonian for each subsystem W, is rigorously diagonalized. Because
of the isotropy of exchange interactions within the chain upon the
expansion in Legendre polynomials a closed-form expression for the
zero-field susceptibility is obtained. The chain part of the magnetization
is calculated using the transfer matrix technique upon replacement of the
spin of each WY ion by the Ising-like variable. The calculations were
encoded in two notebooks prepared in the Mathematica8.0 environ-
ment. The fitting procedures incorporated the in-built Mathematica
function FindMinimum. Standard DFT calculations have previously
been used for the evaluation of exchange coupling constants for
transition metal dinuclear complex, including some of the second-row
transition series.'” The DFT energies were calculated using the unrest-
ricted hybrid B3LYP functional'® together with the D95 Dun-
ning—Huzinaga valence double-{ basis set' for C, H, and N and for
the first-row transition elements and the LANL2DZ small-core
Hay—Wadt pseudopotential®® for transition metals. The procedure
developed by Ruiz et al.*' has been used. All the calculations were
performed using the Gaussian03 code.”* The magnetic orbitals em-
ployed here have been drawn from the ferromagnetic ground state. In
restricted calculations, the same orbital is used for spin up and spin down
electron, so that the orbital to be drawn are simply the so-called singly
occupied molecular orbitals (SOMOs). However such calculations do
not allow to estimate J coupling constants, being especially unable to
reproduce spin-polarization. In unrestricted calculations, the molecular
orbitals for a and f3 electrons are allowed to be different. Orbital to be
checked a priori should be occupied o orbitals of high energy (occupied
magnetic spin—orbitals, OMSOs). However, it has been previously
shown® that these orbitals were usually exceedingly delocalized toward
the ligands. Hence, to avoid the use of such overdelocalized orbitals, the
unoccupied magnetic spin—orbitals (UMSOs), the low energy f
molecular orbitals, have been represented.”®

B RESULTS AND DISCUSSION

Crystal Structure. The crystal structure of (H;0)
{[Cu"(dien) ]4[WY(CN)g]} [WY(CN)s],6.5H,O (1) is built
from the cyanido-bridged chains {[Cu"(dien)],[W"(CN)g]} ..
running parallel to the ¢ crystallographic axis, nonbridging
[W(CN)g]*™ anions, interstitial H;O ™ cations, and crystallization
H,0 molecules (Figure 1). The most important distances and
angles are presented in Table 2. Detailed metric parameters are
given in the Supporting Information, Table S1. The chain is
formed by [W(CN)s]®~ located on the Cy axis, which coordinates
eight adjacent Cu(II) centers through cyanido ligands, C-bonded
to tungsten (Figure 1b) with W—C and C—N distances and
W—C—N angles typical for this complexes.”**~® Two crystal-
lographically different bridging [W(CN)s]>~ anions, W(1) and
W(2), alternate in the chain with W(1)- - *W(2) intramolecular
distances of 6.62 A. The exact description of the relevant polyhedra
is provided by continuous shape analysis parameters>* and indicates
that [W(1)(CN)g]*~ and [W(2)(CN)g]*~ polyhedra are similar
to each other and have a geometry very close to the ideal square
antiprism (D4, SAPR-8). The sets of four Cu(4) and four Cu(5)
copper centers aligned alternatively between the W(1) and W(2)
tungsten sites are arranged in squares perpendicular to the axis of
the chain and parallel to the square planes of N atoms in the
[W(CN)g]®>™ moieties. The interatomic distances Cu(4)- - - Cu-
(4) and Cu(S)- + - Cu(5) within one square are 5.78 and 5.73 A,
respectively, while the Cu(4)- - - Cu(S) distances between two
neighboring squares are in the range 7.30—7.40 A (Supporting
Information, Figure S1). Distances and angles of [ Cu(dien) (NC),]
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(a)

Figure 1. Crystal structure of 1: (a) the packing diagram, a view down the ¢ crystallographic direction; (b) chain structure of
{[Cun(dien)] 4[WV(CN)3]}5+M; (c) atom labeling scheme with 30% ellipsoid probabilities. Colors: W, pink; Cu, green; C, gray; N, blue; O, red.

Hydrogen atoms are omitted for clarity.

Table 2. Most Important Bond Lengths [A] and Angles [deg]
in Cyanido-Bridged Linkages in 1

W(1) and W(2) Moieties
2.152—2.167/2.158
1.128—1.156/1.143
173.7—178.3/176.1

W—C range/average
N—C range/average
W—C—N range/average

Cu(4) Moiety

Cu(4)—N(11) 1.960(8) C(11)—N(11)—Cu(4) 166.8(9)
Cu(4)—N(21) 2.290(8) C(21)—N(21)—Cu(4) 143.3(8)
Cu(S) Moiety
Cu(5)—N(12) 2.233(8) C(12)—N(12)—Cu(s) 145.9(8)
Cu(5)—N(22) 1.969(8) C(22)—N(22)—Cu(5) 160.3(8)

moieties of square pyramidal geometry are practically identical to
those found in [Cu(dien)];[Fe(CN)¢],:6H,O and similar
structures.” In [Cu(dien)(NC),], Cu(Il) coordinates at short
distances the three nitrogens of the dien ligand and one nitrogen
of a cyanido bridge at the equatorial site [Cu(4) —N(11), 1.960(8)
and Cu(5)—N(22), 1.969(8) A], and at significantly longer
distances cyanide bridge at the axial site [Cu(4)—N(21),
2.290(8) and Cu(5)—N(12), 2.233(8) A]. These two sets of
distances are related to two different non linear geometries of
W—CN—Cu linkages. The (W-)C—N—Cu unit is less bent in
short equatorial CN bridges [C(11)—N(11)—Cu(4), 166.8(9)°
and C(22)—N(22)—Cu(S), 160.3(8)°] and significantly more
bent in long axial CN bridges [C(21)—N(21)—Cu(4),
143.3(8)° and C(12)—N(12)—Cu(5), 145.9(8)°]. The resulting
distances between W and Cu in the W—CN—Cu entities are short
for equatorial linkages, 5.20 Aand5.17 A, and long for axial linkages,
535 A and 532 A, respectively. To conclude, the chain

{[Cu"(dien)],[WY(CN)s]}**.. exhibits two different sets of
W—CN-—Cu linkages arranged in an alternate manner: W(1)—C-
(11)—N(11)—Cu(4) and W(2)—C(22)—N(22)—Cu(S) being
shorter and less bent than W(1)—C(12)—N(12)—Cu(5) and
W(2)—C(21)—N(21)—Cu(4) (see Figure 1).

The chain {[Cu"(dien) ],[WY(CN)g]}> ' itself reveals, to the
best of our knowledge, the unprecedented 1-dimensional topology
(2,8), according to Cernik at al.>* (two neigbours for Cu and 8
neighbors for W), extending the range of 1D topologies observed
for cyanido-bridged assemblies: (2,4) in [Cu",(dien),M"(CN),] "
(M = Cr, Fe, Co),” (2,6) in the very recent case of triple-stranded
helical structure {[Ni"(tren)]5[Mo"™ (CN)g]}*"., (tren = tris(2-
aminoethyl)amine)*® as well as the overall diversity of topologies
observed in octacyanidometalate-based networks. %717

The geometry of [W(3)(CN)g]*>" ions located between the
chains are strongly distorted with two of the CN ligands,
C37N37 and C38N38, represented by four atomic positions with
the partial occupancy. The W(3)—C bond lengths in the range
2.127—2.160 A, C—Nbond lengths in the range 1.13—1.16 A, and
W(3)—C—N angles in the range 168.8°—180° (average value
176.2°). The resulting geometry is strongly distorted from ideal
SAPR-8, trigonal dodecahedron (TDD-8), and bicapped trigonal
prism (BTP-8) polyhedra assuming C37AN37A and C38AN38A
(see Supporting Information section).

The local environment of the single chain is presented
schematically in Figure 2, and details of the intermolecular
contacts and hydrogen bonding network are presented in
Supporting Information, Figure S1. The shortest intermolecular
contacts are mediated through W(3)---Cu(4) and W-
(3)---Cu(5) contacts with distances of 5.89 and 6.04 A,
respectively (Supporting Information, Figure S1a). Within this
arrangement two oppositely located cyanido ligands of W(3),
C(36)—N(36), and C(32)—C(32), point toward the Cu(4) and
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O chain @ W@z @ wE)-z

Figure 2. Schematic representation of local environment of the single
chain in 1.

Cu(S) sites of neighboring chains with Cu(4)--+-N(36) and
Cu(5)- + *N(32) distances of 3.14 A and 3.38 A, respectively, and
Cu(4)-++-N(36)—C(36) and Cu(S)---N(32)—C(32) angles
of 133.9 and 131.4°, respectively. These Cu- - *N distances are
located beyond the limit of 2.78 A estimated for semicoordina-
tion in Cu"Ng chromophores.®**® Thus, these cyanide ligands
can be treated as nonbonded. The other intermolecular contacts
are mediated through W+ -Cu contacts with distances larger
than 7.4 A.

The disordered lattice of water molecules forms an extensive
homomeric hydrogen bonding network as well as heteromeric
bonding with nitrogen atoms of the [W(CN)s]*~ and the
nitrogen atoms of the N—H dien groups (Supporting Informa-
tion, Figure S1b). The relative donor—acceptor distances for
(amine)N—H- - -O bonds, N+ - - O in the range 0of 2.90—3.21 4,
(water)O—H- - -NC—W bonds, O - *N in range of 2.71—3.34
A, and (water)O—H---O(water) bonds: O—H---O of
2.7—3.2 A)] indicate weak-to-medium hydrogen bonds.”

DFT Calculations. Calculations of ] values have been realized
in the framework of the DFT method, as described in the
Computational Methodology section. According to the struc-
ture, two different interactions pathways are expected between
the W and Cu atoms within the {[Cu"(dien)],[W"(CN)g]}*"..
chain. In the first approach, we considered the dinuclear species
[(NC),—WY—CN—Cu"(dien)(NC)]*". The Jcuw values
were obtained by considering Eyys — Eps = —Jcuw(251S, +
S5) = —Jcuw, Where S; and S, are the spins the two metal centers
(S1=S,="/,) and Eyys and Egg are the energies of high spin and
magnetic broken-symmetry states, respectively. Following Ruiz
etal,* we assumed that the energy of the broken-symmetry state
is a good approximation of the low spin state energy. However,
the attempts to obtain the Jc, values with this simplified model
resulted either in the lack of convergence or in completely
unrealistic values.

Therefore, DFT calculations have been performed on the
hexanuclear [(NC),-W"-{CN-Cu"(L)-NC-},-W"-(CN),]**
unit (Figure 3a), involving equatorial and axial cyanido bridges
at Cu(1l) centers. We have chosen the {W,Cu,} unit only with
Cu—N distances of 1.960 and 2.290 A and Cu—N—C angles of
166.8 and 143.3°, respectively, without the contribution of other
Cu(II) centers. The calculations of three energy states have been
performed. The first energy state with all the spins parallel
represents the ferromagnetic state. The two other energy states,
representing the antiferromagnetic states, have one of the two
nonequivalent W atoms bearing one unpaired beta electron and
all the other unpaired electrons in their alpha spin states, and
allow to calculate the two different ], coupling constants. The

values obtained for the two coupling constant are +2.9 cm™ ' and
+1.5 cm ™ assigned to the interaction through the axial and the
equatorial cyanide, respectively.

The weak ferromagnetic interaction observed can be rationa-
lized in terms of the concept of magnetic orbitals. Figures 3b—g
shows six unoccupied magnetic spin—orbitals (UMSOs)* com-
puted for the hexanuclear entity. The UMSO definition is
discussed in the Computational Methodology section. UMSOs,
the unoccupied beta orbitals of the lowest energy, have been
drawn preferentially because they are more localized on the metal
than their filled alpha counterparts. There are four orbitals mainly
localized on the copper atoms and two mainly localized on the
tungsten atoms. The molecular orbitals localized mainly on
copper result from the mixing of the o system of the ligands
(i.e., the tridentate dien ligand and the N atom of the equatorial
bridging cyanide) with the d,._,. orbital of the Cu ions. The
molecular orbitals mainly localized on tungsten involve the
metal-centered d,. orbital and some p orbitals of the nitrogen
of CN ligands (77 system of the cyanide). Interestingly, in the case
of the UMSO orbital related to equatorial bridge (Figure 3g)
there is a significant delocalization on all the copper and
tungsten atoms.

According to Kahn's model,®" the exchange parameter J can be
expressed as the sum of two terms of opposite sign: ] = Jg + Jag,
with Jg = 2k > 0 and Jop = 40s < 0, where k is the two-electron
exchange integral, /3 is the one-electron resonance integral, and s
is the one-electron overlap integral. This expression is valid when
two centers, each bearing one localized unpaired electron, are
weakly 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. The unpaired
electrons on the W atoms delocalize in cyanide orbitals of local 77
symmetry. On the other hand, the unpaired electrons originating
from the copper atoms delocalize in cyanide orbitals of local o
symmetry. Being delocalized at the level of the cyanide bridging
group into orbitals having locally different symmetries the over-
lap s is indeed expected to be small and the interaction between
W and Cu is expected to be ferromagnetic.

The spin density for the ground ferromagnetic state of the
hexanuclear entity is presented in the Figure 3h. The positive
spin density is observed on both copper and tungsten centers. On
the carbon and nitrogen of the nonbridging (in the frame of
{W,Cu,} subunit) cyanides surrounding the W atom, the spin
density results from competing mechanisms: delocalization, as
expected from molecular orbitals theory, and spin polarization
between neighboring atoms (1 #1). On the N atoms, it is positive
and mainly localized in the 7 system (delocalization and
polarization effects are adding), whereas on the C atoms it is
negative (delocalization and spin polarization are opposite,
delocalization is weak (non bonding cyanide) and negative
polarization effects become the most important). On the Cu
side, some spin density is delocalized in the 0 system of the
nitrogen atoms in equatorial position, as expected from classical
molecular orbital theory.

Magnetic Properties. Figure 4a shows temperature depen-
dence of the )T product with molar magnetic susceptibility y
calculated per one W;Cu, unit, corresponding to (H;O)
{[Cu"(dien) |,[W"(CN)s]}[WY(CN)g],-6.5H,O. On lower-
ing the temperature, )T increases steadily, which indicates that
the dominant interactions in the system are of ferromagnetic
character. The inset of Figure 4a depicts thermal variation of the
inverse susceptibility . It follows a Curie—Weiss law in the
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Figure 3. DFT calculations for 1: (a) schematic representation of the chain fragment {W,Cu,}; (b)—(e) UMSOs for {W,Cu,} mainly centered on Cu;
(f)—(g) UMSOs for {W,Cu,} mainly centered on W (the two different colors represent the two different signs of the orbitals); (h) spin density for the
ground ferromagnetic state of the hexanuclear {W,Cu,} entity (color code: positive spin density (gray) and negative spin density (blue)).

temperature range 10—300 K with a positive Weiss constant 0 =
1.74 (£0.07) K and C = 2.598 (£0.001) cm® K mol ' The value
of the C constant is larger than the spin-only value 1.864 cm® K
mol ! calculated for one W" center with Sy = '/, and gw=197
and four Cu centers with S, = '/, and gcu = 2.0 of the
corresponding WCu, chain unit. The discrepancy 0.734 cm® K
mol ' may be ascribed to the contribution from the two off-chain
[W(CN);s]* ions carrying spin Sy = '/, which, assuming the
same value for the Landé factor (gw = 1.97), is estimated to be
equal to 0.728 cm® K mol .

There is no available exact model to treat such a complex system
where besides a knotted arrangements of spins within the chains
there are isolated [W(CN);]®>~ ions. Nevertheless, even a neces-
sarily approximate approach aimed at rationalizing the magnetic
behavior may shed some light on the nature of magnetic interac-
tions in this system. While the intermolecular coupling between
the chain segments and off-chain [W(CN)g]*~ entities can be
resolved using the mean-field approximation, the calculation of
both the temperature dependence of the zero-field susceptibility
and the field evolution of the isothermal magnetization pose a
challenging problem. To obtain the zero-field susceptibility of the
chain segment a semiclassical analytical approach'®is employed. In
this scheme only one out of five '/, spins of the chain unit WCuy is
treated as a classical commuting variable, namely, the spin of the
WY ion. The calculation of the field dependence of the magnetiza-
tion is performed by replacing the same spin with the Ising variable
and applying the standard transfer matrix technique. The plausi-
bility of the latter approximation rests upon the simple observation
that the behavior of a '/, spin in a magnetic field is equivalent to
that of an Ising spin. Both the magnetic characteristics were used
independently to get insight into the configuration of magnetic
couplings in the system.

The Hamiltonian of the finite chain involving N pentamer
units may be written as the sum of partial Hamiltonians

N
Hy = ‘ZIHi,hLl(wi; Siy Si+1, H) (1)

where W; denotes the quantum subsystem of the four Cu" ions
within the i-th pentamer, S; denotes the spin of the WV ion of that
pentamer, H is the external magnetic field, and the partial

Hamiltonians read
Hyi 1= (Scuti + Scuzi + Scusi + Scusi) *
(=1 Si—J2 Sit1+Hpgca H) + gy Si+ H  (2)

where isotropic Heisenberg exchange interactions between W"
and Cu" centers are assumed and Zeeman terms introduced.
Two different exchange coupling constants J; and ], alternating
along the chain as shown in Figure 3b are assumed. The
corresponding partition function may be written

Zy(H) = / dgl/ dg/ d
§N+1V1;2< I—:I)~--V1\r,1\7+1( H) (3)

where Vi,i+1(sbsi+l1H) = Tr{exp[_ﬂHi,iJrl(lpi;SiJSiJrlJH)]}
and the trace is performed over the degrees of freedom of the
quantum subsystemW; In eq 3 [dS; means integrating over all
directions available to S; and /5 = 1/kgT is the Boltzmann factor.

The zero field magnetic susceptibility is obtained through
second order differentiation of Zy(H) with respect to H.
As argued in ref 16, if only the exchange couplings in the system
are isotropic, that calculation can be performed rigorously.
Taking in the final step the thermodynamic limit (N — oo)
one obtains the following expression for the zero-field suscept-
ibility of the WCu, chain unit

Nuui[3 3, /3 , p ”
=0 | 8w + 38l + B8 UTe0 + Tapo +2112p1)
B
3
e
21—-p

42 B+ 1) o)+ ) 4)

3 ! ! ! !
g@m B8 10y + J2po) 100 + J201)

where quantities p, pf, and py (@ = 0,1) are dimensionless
functions of ], J,, and f3, and their definitions are provided in the
Supporting Information. The susceptibility ), of the two
[W(CN)g]*" ions located at the off-chain positions is given by
the paramagnetic Curie law ), = N, Aﬂ%gg\z/\]/ (2kgT). The total
susceptibility arising from the magnetically coupled chain
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Figure 4. Magnetic properties of 1: (a) temperature dependence of
xmT for 1, inset: thermal variation of the inverse magnetic susceptibility
am ' (b) schematic representation of the chain model considered in
calculations; (c) experimental (O) and computed (solid lines)
magnetic data.

segments and [W( CN);]®> " moieties can be determined approxi-
mately within the molecular field theory and is given by the
expression (see Supporting Information for its derivation)

_ Xl +X2+21X1X2 (5)
1_/12)(1%2

M
where 1 = zJ'/(N, A‘Ltnggvg) is the molecular field constant, J the
intermolecular coupling constant, and z = 2 the number of
nearest neighbors which, in agreement with the structural
analysis, takes into account that the number of the WCu, chain
segments lying nearest to the [W(CN)g]*™ ion is 2, whereas the
number of the [W(CN)g]*~ ions placed nearest to the WCu,
chain block is 4. The mean spectroscopic factor is assumed to be

equal to g, = (gwgcu)l/ 2. The attempts to fit the calculated total
susceptibility yy; in the full temperature range resulted consis-
tently in significant mismatch even at high temperatures. Only
after restricting the temperature range to above 50 K were
convergent fits obtained. The parameters J; = +7.2(6) cm ™",
Jo=—10(5) cm ', and J = —0.12(9) cm ™ yielded the minimal
root-mean-square deviation of 0.1%. Figure 4c shows the molar
magnetic susceptibility with the best-fit curve. All the fits
displayed consistently larger yyT values at low temperature
range and significant negative correlation between parameters
(Ju, J») and parameter ]/, which means that the decrease of J'
would imply the increase of J; or/and J, to give a reasonable fit.
These facts suggest that the coupling J' may be underestimated
and (], J,) may be overestimated, and incorporating the inter-
molecular coupling J' through the molecular-field approximation
may be not sufficiently adequate for this system.

The calculation of field-dependence of the isothermal magne-
tization for the chain cannot be performed using the scheme
presented above, as it becomes analytically intractable for non-
zero external magnetic fields. Therefore a different approach has
been undertaken in which the spins of the W" ions are treated as
Ising variables. On this assumption a transfer matrix is defined,
and its maximal eigenvalue A, (H) is found (see Supporting
Information for details). In the thermodynamic limit (N — o)
the magnetization M, (H) of a WCu, chain segment is found with
the relation M;(H) = N,8 "9 In A,..x (H)/dH. The intermo-
lecular coupling between the WCu, chain units and the
[W(CN)g]®~ ions is again taken into account through the
molecular-field approximation. The total molar magnetic mo-
ment is written as

M(H) = M, (H 4 AM,) 4+ M, (H + AM;) (6)

where M, is the magnetic moment of the WCu, chain unit and
M, is the magnetic moment of two [W(CN) s]>~ ions, H is the
external magnetic field, and 4 is the molecular field coefficient
(A = 2J' /(Nautzgsg). The magnetic moment of the off-chain
[W(CN)g]*~ ions M, is assumed to be given by the correspond-
ing Brillouin function®”

gwigH
M,(H) = h
2(H) = Njupgw tan ( ZkBT) (7)

Molecular field eq 6 was solved iteratively for the total magnetic
moment M(H). The best fit was obtained for J; = +4.2(9) cm™ ',
Jo=—0.6(1) cm™ ', and J' = —0.4(1) cm ™" yielding the minimal
root-mean-square deviation of 3%. Again a negative correlation
between parameters (J;, J,) and J' was observed. The inset of
Figure 4c shows the field dependence of magnetization at T=2 K
(circles) with the best-fit curve (solid line). The values of the
coupling constants inferred from the magnetization data display a
pattern consistent with that found from the y T fit. There is the
relatively large ferromagnetic coupling (J; = +4 to +7 cm™ ')
within the chain alternating with the small antiferromagnetic
coupling (J, = —1to —0.6 cm ™). Both the data indicate a sizable
antiferromagnetic interaction between the chain segments and
the off-chain [W(CN)g]*~ ions (J) = —0.4 to —0.1 cm™'). The
fact that the intermolecular interaction J was introduced into the
models through the approximate molecular-field theory and the
observation of negative correlations between parameter J' and
parameters J, suggest that while the true value of J, may be
smaller or even change sign, the value of ] may be still
underestimated.
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Table 3. Coordination Polyhedra of [W(CN);]*>~ and Cu(II) Moieties, Coordination Modes, and Geometry of Cyanido-Bridges

and Intramolecular Jc,w Coupling Constants for 1 and the Selected Reference Compoundsh’sc_8e
W(CN)g]*~ Cu(II)
compound  polyhedron® polyhedronb W—C/A Cu—N/A Cu—N-C/deg W-.--Cu/A Jeuwmo/cm ' ]CuW,Mod/ cm ™! ref.
1 SAPR-8 SPY-5(eq) 2.156 1.960 166.8 5.20 —1.0 to —0.6 +1.5%
SAPR-8 SPY-5(ax) 2.151 2290 1433 535 +4to +7 +2.9% this work
DyCuLMo  SAPR-8 SPY-5(ax) 2158 2319 1384 522 —8.0 +1.5% 7a
SAPR-8 SPY-5(ax) 2.153 2.390 143.5 542 +11.8 +52%
WCutren TPRS-8(c) TBP-5(ax) 2210 1.958 161.8 5.20 +5.8(1) 8c
WCu-2,2'bpy  SAPR-8 TBP-5(eq) 2.166 2.017 173.1 5.32 +35(7) +31%
SAPR-8 TBP-S(eq) 2.166 2.003 176.1 5.31 8d
SAPR-8 TBP-S(eq) 2.168 1.996 173.4 5.28
‘WCuphen TPRS-8(b)  elongated octahedron(eq) 2.161 1.976 169.5 5.28 +39(4) +13% 8d
W,Cuy SAPR-8 SPY-5(eq) 2.187 1.963 163.2 5.28 +39.6 8e
SAPR-8 elongated octahedron(ax)  2.174 2.248 171.5 5.59 +7.4

“In W,Mo(V) moieties (d,.)" configuration is assumed for SAPR-8 geometry and (d,» —

dxz,},z)1 configuration is assumed for TPRS-8 polyhedra

geometry, (b) and (m) denote different vertices of TPRS-8 polyhedron. ®In Cu(1I) moieties (dxz,yz)l configuration is assumed for SPY-S or elongated
octahedron geometry and (d..)" is assumed for TBP-5 geometry, (ax) and (eq) denotes axial and equatorial positions, respectively. © Estimated from

magnetic data ¥ T(T) and/or M(H). ¢ Estimated by broken symmetry DFT calculations with J = Egs — Eys (d1) or J = 2(Egs — Eys)(d2).

Discussion. The coupling constants J; = +4 to +7 cm ™'

obtained from magnetic calculations is in a good agreement with
coupling constants J,, = +2.9 cm™ ' calculated by the DFT
method. Concerning the interaction through the equatorial
bridge, the DFT method (J.q = +1.5 cm™ ') and magnetic fitting
(J, = —1.0 to —0.6 cm™ ") do not fully coincide. The coupling
between the chains and the nonbridging [W(CN)g]*~ moieties
considered only in magnetic calculations was found to be
antiferromagnetic of order of —0.4 to —0.1 cm™ .

Both methods reflect the domination of weak ferromagnetic
interactions within {[Cu"(dien)],[W"Y(CN)g]}*".. chain. This
may be interpreted in terms of Kahn’s model. The 7-systems
arising from d_.(W) and 77*(CN ") orbitals is orthogonal to the
o-system derived from d,2_,>(Cu) and 6(CN ") orbitals, which is
responsible for the ferromagnetic character of interactions.
Decreasing the Cu—N distance only would imply the increase
of the interactions. However, significant deviations form linearity
of the Cu—N—C angle may result in the appearance of nonzero
overlap between these orbital systems. This produces antiferro-
magnetic contribution to the overall ] value, as it was shown
previously®® in two independent studies on discrete cyanido-
bridged NiH[CrIH(CN)é] systems with nominally orthogonal
sets of interacting orbitals derived from tzgéegz(NiH) and t,,-
(Cr'™) configurations. The effective J value of about +25 cm '
estimated for the strictly orthogonal orientation (Ni—N—C and
Cr—C—N angles of 180°) experienced a significant decrease
with the decreasing Ni—N—C angle to reach finally the anti-
ferromagnetic region below a Ni—N—C angle of about 140°.
The same trend was rationalized for cyanido-bridged dinuclear
Ni'"W" or Ni"Mo" units using broken symmetry DFT
calculations.®* In such cases, the decrease in M—N distance
would imply a closer approach of overlapping orbital systems and
enhance the angular effect leading to the increase of Jar
contribution to overall interaction.>*" In the case of 1, two sets
of Cu—NC—W linkages are observed: the equatorial ones, with
small bending (Cu—N—C angles of 166.7° and 160.2°) and
short Cu—N distances (1.960 A and 1.969 A), and the axial
linkages with large bending (Cu—N—C angles of 143.3° and
145.9°) and long Cu—N distances (2.290 A and 2.233 A). In
both types of W—CN—Cu linkages some antiferromagnetic

contribution is likely. For the equatorial linkages a small angular
effect may be enhanced by short Cu—N distance. For the axial
linkages a strong angular effect may be only very weakly (or not at
all) augmented by long Cu—N distance. Both effects are
qualitatively consistent with the observed Jcw values. Relatively
small positive ] value for the equatorial linkage can also be
understood in terms of a significant delocalization of one of the
UMSO (Figure 3g) on all the copper and tungsten atoms in
{W,Cu,} fragment.

In this context, the combined results obtained from DFT
calculations and magnetic fitting models give the consistent
description of the magnetic behavior of 1. Both approaches
reveal some intrinsic limitations, which may be generally related
to the nontrivial topology of the chain and complexity of 3D
architecture of 1. DFT calculations were performed for the
[(NC),-WY-{CN-Cu"(L)-NC-},-W"-(CN),]*"  hexanuclear
unit in the {WCu,}, chain, and neither extended intramolecular
interactions nor intermolecular interactions could be taken into
account. The magnetic model, while allowing for a reliable
estimation of magnetic coupling within the full chain segment
{WCu,}n (N —o0) by two independent procedures for yT(T)
and M(H), gives only the approximate description of interaction
between {WCu,}, chains and ionic [W(3)(CN)g]* . This is
particularly illustrated by colinearity of experimental and calcu-
lated y T(T) curves above SO K and their divergence below this
point. It should be pointed out that if the full exact model for J,
J»,and J' parameters was considered the value J, could possibly be
even a small positive value, and thus in perfect agreement with
the value of ] found by DFT calculation.

The Table 3 collects the key parameters controlling magnetic
Cu”"—~NC—M" interactions in selected CuH—[M(CN)g] ~as-
semblies. It consists of the type of coordination polyhedra,
coordination sites for CN-bridging, and metric parameters of
bridging linkages. These parameters determine the orientation
and separation between interacting magnetic orbitals and the
degree of spin density delocalization from the original magnetic
orbitals in 3d metal-[M(CN)g] assemblies.’*¥****35 The Cu'-
M interactions are generally ferromagnetic; however, this set of
data does not allow for unequivocal evaluation of the nature and
strength of interaction judging from the metric parameters only.
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Nevertheless, the application of DFT method gives the values of
Cu"-M" magnetic coupling constants consistent with those
obtained from magnetic fitting.

Il CONCLUSIONS

Unprecedented (2,8) topology of the knotted chain {[Cu™
(dien)]4[WY(CN)s]}* "o gave an opportunity to study the
magnetic exchange interactions in 1. Within the chain, two
types of interactions are due to the presence of two different
types of W—CN—Cu linkages. Broken symmetry DFT calcula-
tions for hexanuclear {W,Cu,} fragment gave two values of
coupling constants: J,, = +2.9 cm ' assigned to long and
strongly bent axial cyanido-bridged linkage, whereas J., =
+1.5 cm ™! is assigned to short and less bent equatorial linkage.
The independent calculations of magnetic susceptibility and
magnetization resulted in different coupling constants for axial
and equatorial W—CN—Cu linkages, confirmed the domination
of weak ferromagnetic interactions within the chain, and suggest
very weak antiferromagnetic interaction between chains and
nonbridging [W(3)(CN)s]®>~ anions. The combination of
DFT and magnetic fitting approaches give the consistent and
reliable description of magnetic interactions {WCu,},, chain as
well as in the whole compound.
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