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ABSTRACT

1D-coordination polymers constructed with the 4d metallo-ligand [Mo(NCS),]*" associated to
Ni" and Co" complexes are reported. A first series consist in anionic NCS-bridged [Mo-M"]
coordination polymers associated to a discrete paramagnetic complex or a diamagnetic Co™
complex acting as cations. The latter takes advantage of the coordination preference of the S-
ligand for the soft 3d ions and has led to heterotrimetallic [MoIHNiHCOIH] and mixed valence
[MOIHCOHCOHI] compounds. A second series concerns neutral chains in which trinuclear
[MoMY] units are bridged by an additional NCS anion. The soft character of the S atom was
also the key to a rare example of a compound involving both high-spin and low-spin Co"
centers associated to [Mo(NCS)s]. A [Mo-Ni] derivative obtained with [Mo(NCSe)ﬁ]S' has
been considered in order to evaluate the effect of Se versus S on the exchange interaction. The
spin distribution for selenocyanate metallo-ligand has been assessed by DFT calculations. The
crystal structures for all compounds have been characterized and their magnetic behaviors
investigated. These ferrimagnetic systems are characterized by antiferromagnetic Mo-M"
interactions in the range of -40 to -90 cm™' (based on H = —J§,S, formalism) operative both
with Co" and with Ni", thus demonstrating the potential of the Mo"-NCS combination for
molecular systems in which exchange interactions play an important role.



INTRODUCTION

The design and rational construction of 1-D coordination polymers has known a
revival since it has been shown that such compounds may exhibit slow magnetic relaxation
behaviors when favorable conditions are met." One of the desirable conditions is a large
energy separation between the ground spin state and the states of higher energy, which is
obtained when strong exchange interactions take place between the magnetic centers. This has
led to involve 4d or 5d metal ions as spin carriers for the design of chains’* because of their
spatially more extended valence orbitals (which encompass the magnetic orbitals) that
contribute to stronger magnetic interaction between the magnetic centers.” These ions can
also contribute to the magnetic anisotropy for favorable electronic configurations and
geometry.m27
The bridging ligand plays a prominent role in the sign and strength of the magnetic
interactions between the metal centers. More generally, the ligands may dictate the
geometrical and thereby the magnetic features of the metal center (ex. spin state, anisotropy),
and contribute to its chemical characteristics such as the assembling preferences for a metallo-
ligand. The majority of the reported heterometallic chain systems that involve 4d or 5d metal
ions uses the cyanide ligand as bridge between the spin carriers. This ligand efficiently
mediates the exchange interactions, moreover many cyanide complexes of 4d and 5d metal
ions that can be used as metallo-ligands (building blocks) are known. Comparatively, a very
limited number of heteronuclear compounds with other bridging ligands have been
reported.'®*"3* Among the possible ligands, thiocyanate (NCS) is scarcely used in
molecular magnetism even if recent examples illustrate its potential for the formation of
original coordination polymers.SS'40 This situation is likely resulting from the weak exchange
interactions the NCS mediates between 3d ions and the coordination limitations of the S-

atom. One exception is in association with Cr'™

where stronger Cr-NCS-M exchange
interactions have been found.*'* The efficiency of this bridge when combined to
paramagnetic 4d or 5d ions has remained scarcely explored.44 However, it was shown that

associated with the 4d ion Mo™

, the capability of the thiocyanate ligand to mediate an
exchange interaction is greatly increased due to a large spin density delocalization from the
metal to the ligand. Antiferromagnetic interactions in the order of -50 cm™ take place with
Ni" linked to the S-atom.*** Such a Mo"™-NCS combination appears therefore very
promising for molecular systems in which exchange interactions play an important role.
Herein we illustrate this possibility with a series of ferrimagnetic chains involving

[MO(NCS)6]3' and either Ni" or Co" complexes.
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Six original heterometallic chain compounds are reported. In all cases strong
antiferromagnetic Mo-Ni and Mo-Co interactions were found to dominate the magnetic
behaviors. The versatility of the approach is illustrated by hetero-trimetallic and mixed
valence compounds, respectively anionic Mo-Ni" and Mo-Co" chains associated with cationic
Co™ complexes achieved by taking advantage of the coordination preference of sulfur for soft
metal centers. A very original case of chain with Co" centers in different spin-states is also
described. Moreover, we examined the effect of replacing thiocyanate with selenocyanate on

111

the exchange interaction in a Mo" -Ni" system.

RESULTS AND DISCUSSION

The chain compounds reported herein are based on [Mo(NCS)6]3' associated to Ni'" or Co"
complexes. A first series consists of anionic coordination polymers which charge is
compensated either by a paramagnetic Ni" complex or by a diamagnetic Co" complex. These
compounds are [{Mo(NCS)s}{Ni(en),}]-0.5[Ni(en)3]0.5 H,O (1), (en stands for 1,2-
diaminoethane), [{Mo(NCS)s} {NiL"*}]-0.5[NiL"*(MeCN),]-0.5CH;CN-H,0 (2), (L™ is for
the macrocyclic ligand  2,12-dimethyl-3,7,11,1-tetraazabicyclo  [11.3.1]-heptadeca-
1(17),2,11,13,15-pentaene, Scheme S1 in Supporting Information),
[{Mo(NCS)s} {NiL"}1[Co™L*Bra] (3), and [{Mo(NCS)s}{Co"L"*}1[Co™L*Bra] (4).
Compounds 3 and 4 highlight the coordination preference of the S atom for the softer 3d
metal ions Ni' or Co" rather than for Co™. A second series comprises neutral chains
[{Mo(NCS)e}H{Co"LN},(NCS)]-CH5CN (5) and [{Mo(NCSe)s} {NiLN},(NCS)]-CH5CN (6),
in which trinuclear [MoM;] units are bridged by an additional NCS ligand linking the 3d ions.
For the synthesis of 6, a selenocyanate derivative, (PPhs);[Mo(NCSe)s], was involved. The
crystal structures for all compounds have been characterized and their magnetic behaviors

investigated. The spin distribution for [Mo(NCSe)s]> has been assessed by DFT calculations.

Synthesis. The 1-D coordination polymers 1-6 have been obtained as crystalline solids by
inter-diffusion of the corresponding reagents’ solutions. For the anionic chains 1 and 2, the
presence of a non-coordinated Ni** complex acting as cation suggested a possible pathway for
magnetic interactions between the chains mediated by this paramagnetic component.
Therefore its replacement with a diamagnetic cation has been envisaged. Reaction of
[Mo(NCS)6]3 " with [Ni(en),Cl,] or [NiLN4(HzO)2]2+ in the presence of an excess (5 equiv.) of

tetraalkylammonium or PPh," salts failed; crystals of 1 and 2 were systematically obtained as



the only solid product. This lead to consider the diamagnetic [Co" L"*Br,]* complex as the
diamagnetic cationic counterpart. The reaction of [MO(NCS)6]3 " and either [NiLN4(H20)2]2+ or
[CoLM(H,0),]** in the presence of [Co™LN¥Br,]* yielded
[{Mo(NCS)s} {ML"*}1-[Co™L¥Br,], 3 M = Ni") and 4 (M = Co"), respectively. The
formation of the heterotrimetallic compound 3 and the mixed valence system 4 in which only
the M" centers are involved in the coordination polymer whereas the counter-cation is the
diamagnetic Co™ complex, is supported by the diffraction studies and confirmed by their
magnetic behaviors (vide infra). This selectivity in the self-sorting process stems from the
coordination preference of the S atom for soft 3d centers, that is the metal ion with low
oxidation state.

The two neutral chains 5 and 6 have been obtained from the reaction of [MO(NCQ)6]3 (0=3S5,
Se) with the 3d complex [COLN4(H20)2]2+ or [NiLN4(H20)2]2+ respectively, in the presence of
NCS". A preparation for the [Mo(NCSe)s]>” was reported earlier but with very poor yields.*’
We now propose a very efficient synthesis (yield > 70 %) of (NEts);[Mo(NCSe)s] and
(PPhy)3;[Mo(NCSe)ge].

Crystal structures. The molecular crystal structures for compounds 1-6 as well as for
(PPhy);[Mo(NCSe)s] have been ascertained by X-ray diffraction experiments on single
crystals. ORTEP plots of the asymmetric units with selected bond lengths and angles can be
found in the Supporting Information data.

[{Mo(NCS)e} {Ni(en),}]-0.5[Ni(en)3;]-0.5H,O, 1 (Figure 1), consists in an anionic 1-D
coordination polymer made up by [MO(NCS)ﬁ]S- and [Ni(en)2]2+ units with [Ni(en)g,]2+
complexes acting as counter ions, and H,O molecules located in the lattice. Each
[MO(NCS)6]3' 1s connected to two [Ni(en)g]ZJr units by two of its NCS™ ligands in cis positions
and each Ni is linked to two [MO(NCS)6]3' units, hence developing into a chain structure
along ¢ direction. The Ni center has an octahedral coordination sphere with two ethylene
diamine ligands and two S atoms from the thiocyanate ligands. The latter belong to two
different [MO(NCS)6]3' units and are found in coordination sites cis to each other. The Ni
units are chiral but the two enantiomers alternate in the chain. The NCS-Ni linkage is strongly
bent with an angle close to 90° as usually found for the coordination of a sulfur atom, which
leads to a zig-zag propagation for the chain. The charge of the coordination polymer is
compensated by [Ni(en)s]** complexes. Initially these were formed in solution by
rearrangement of [Ni(en),Cl,], but much improved yields were reached when preformed

[Ni(en);]** was added to the reaction mixture. The crystal packing (Figure S2) shows that the
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chains are organized in layers, the [Ni(en)g]2+ and the H,O solvate molecules are sandwiched
between these pseudo-layers. Short separations are found between the chains, these involve
non-coordinated sulfur atoms of the thiocyanate ligands with S-S contacts below 4 A (Figure
S2). Such van der Walls interactions could act as pathways for magnetic interactions between

the chains because of the spin density carried by the S atoms (vide infra).

Figure 1. Molecular structure of [{Mo(NCS)s}{Ni(en),}]-0.5[Ni(en);]:0.5 H,O, 1. H atoms and solvate
molecules are not shown. For selected bond lengths and angles see Figure S1

The structures for 2, 3, and 4, are built up of very similar chains.
[{Mo(NCS)e} {NiLN*11-0.5[NiL™(CH5CN),]-0.5CH;CN-H,O, 2, consists in a 1-D
assemblage of the two building units [Mo(NCS)6]3 “and [NiLN4]2+ with half of independent
cationic [NiLN4(CH3CN)z]2+ complex balancing the charges. Each Mo unit is linked to two
Ni** by two of its NCS™ ligands positioned in frans, and each Ni center accommodates in its
apical positions two S atoms from two [Mo(NCS)s]’> units. Because of disorder only
inaccurate geometrical parameters were obtained and therefore, they will not be discussed
(see the experimental section and Figure S3). The two compounds
[{Mo(NCS)s } {ML*}1-[Co™LN*Br,] with M = Ni" (3) or Co" (4), are isomorphous. The zig-
zag chains are made up by the association of [MO(NCS)6]3' and [MHLN4]2+, with one
[COHILN“Brz]Jr complex as counter-cation (Figure 2). Like for 2, in a chain each Mo unit is
linked to two M** by two of its NCS’ ligands positioned in trans, and each M** complex is
connected to two [Mo(NCS)s]*” units by the coordination of two sulfurs in its apical positions.
The M-SCN linkages are bent with angles close to 100° (see Figure S4 and S5) whereas the
Mo-N-C angles are almost linear, in agreement with the respective coordination of S- and N-

atoms. The chains run in parallel along the c-direction of the crystal lattice with obvious n-n



stacking between the pyridyl moieties of the LM ligands from the chains and the

[Co™LN*Br,]* complexes (Figure S6).

Figure 2. [{Mo(NCS)s} {NiLY*}][Co™L"*Br,], 3. Selected bond lengths and angles can be found in Figure S4.

The structure for (PPhg);[Mo(NCSe)s] CH3CN is very similar to that of
(PPh,)3;[Mo(NCS)s]-2CH3sCN.*  The asymmetric unit contains a single molecular unit
(Figures 3 and S8). The Mo-N bond lengths are comparable to those for the thiocyanate
analogue and the Mo-NCSe linkages are slightly bent with a mean angle of 173.6°. As
expected, changing S for Se leads to an increase of the bond length with C as a result of an
enlargement of the ionic radius (1.84 A for S* and 1.98 A for Se*).* In the crystal lattice, the
[Mo(NCSe)s] units are closely packed with intermolecular Se---Se separations of 3.3757(4)
and 3.7502(4) A; distances close or even below the sum of the ionic radius of Se suggesting
contacts between the atoms. These contacts lead to a ladder-type organization of the

[Mo(NCSe)s] units (Figure S9).

Se6

Figure 3. Crystal structure for (PPh,);[Mo(NCSe)s]-CH;CN (solvate is not depicted).
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The two [{Mo(NCQ)s} {MLY*},(NCS)]-CH;CN polymers (M= Co, Q=S for 5; M =Ni, Q =
Se for 6) are isomorphous and crystallize in the chiral space group P2,. Below we describe the
structure of [{Mo(NCSe)s} {NiLY*},(NCS)], 6, as a representative. The compound consists of
trimetallic moieties where two [NiLN4]2+ and one [Mo(NCSe)6]3' units are linked by
selenocyanate groups. These [Ni-Mo-Ni] moieties are further interlinked by NCS ligands
acting as a bridge between the Ni centers developing thus a 1-D organization along the b-axis
(Figure 4). One CH3;CN molecule per formula unit is found in the crystal lattice. This
structure organization is very similar to that known with the related [Mo(NCS)g] derivative.”
The presence of free NCS™ anion in the reaction mixture could have been suspected to lead to
ligand exchange with the hexaselenocyanate complex. However, no sign for ligand
scrambling (NCS/NCSe) was detected during the structure refinement. This is also supported
by the S-Ni bond length (2.552(1) A) that is very similar to those found for compounds 1-5
whereas the Ni-Se bonds are significantly longer (mean, 2.720 A). The crystal structure for §
was investigated at 100 and at 273 K and resulted in very similar shape and bond distances for

the Co coordination spheres (see Figure S7).

4 '
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Figure 4 (left) Molecular structure for [{Mo(NCSe)g} {NiL™1,(NCS)]‘CH;CN, 6 (H atoms and solvates are not
depicted). For distances and angles see Figure S10.

Spin density distribution. The spin density distribution for [Mo(NCSe)s]*” has been obtained
by DFT calculations. Methodology and computational details can be found in the
experimental section. The computed spin density distribution and HOMOs for [Mo(NCSe)s]*
are depicted in Figure 5. Positive density (in grey) localized in the Tt orbitals is found on the
carbon and selenium atoms of the ligands whereas negative spin density (in blue) is observed
on the N atoms as a result of spin polarization. The spin populations have been analyzed using

the NBO method and are compared to that reported45 for [MO(NCS)6]3' in Table 1 (for details



see Table S1). It can be noticed that replacement of S by Se located just below in the column
of the periodic table, has no significant effect on the spin density found on the terminal atom
in NCQ. This is expected because both NCS and NCSe connect to Mo by the nitrogen atom,

therefore the spin transfer proceeding via their orbital overlap should be very similar.

° o
(™
Q
o <>
Figure 5 (left) One of the three HOMOs, and (right) distribution of the spin density (grey: positive, blue:
negative) deduced from DFT calculation for [Mo(NCSe)6]3'

Table 1. Spin density distribution for [Mo(NCQ)6]3' (Q=SorSe)

Total spin density (mean value in )

Mo N C 0
[Mo(NCSe)s]> 2.474 -0.081 0.100 Se:0.069
[Mo(NCS)¢I>* 2.515 -0.077 0.091 S:0.067

Magnetic properties.

For the discrete complex [PPhy]3[Mo(NCSe)s]- CH3CN the xyT = AT) (Figure S11) behavior
is in agreement with an isolated S = 3/2 spin state, with values of 3,7 close to 1.75 cm’mol
'K between 300 and 50 K, followed by a decrease reaching 0.97 cm’mol'K for 2 K. The
Mo™ is expected to exhibit some Zero Field Splitting (ZFS) that may contribute to the
behavior below 50 K. The magnetization recorded at 2 K reaches 2.5 ug for 7 T (Figure S11).
The magnetic behavior has been analyzed considering axial ZFS parameter D to account for
the anisotropy and possible intermolecular interactions using the mean-field approximation
(zJ’). The variations of xyT = f{iT) and M = f{H) have been analyzed simultaneously using
PHI softwalre,49 and best fit was obtained for g = 1.93, D =3.7 £ 0.1 em and zJ7 =-0.117 +
0.03 cm™. These values are very similar to that reported for the Mo -thiocyanate alnallogue.45
For compounds 1-6 the temperature dependences of the magnetic susceptibilities are plotted
as YuT = f(T) in Figures 6 and 7, and M = f(H) plots are given in Supporting Information.

These behaviors underline rather strong antiferromagnetic interactions within the chains. The
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overall behavior observed for 1-4 (Figure 6) is characteristic for ferrimagnetic chains. The
value of xuT at 300 K (XmT300x) is below the Curie contributions of the paramagnetic
components and steadily decreases as 7 is lowered, passes a minimum (Xm7min) before
increasing again to reach a maximum (Xm7max) and eventually drops rapidly as T approaches 2

K. The characteristic data for each compound are gathered in Table X.

Table 2. Characteristic data for the magnetic behaviors of 1-6.

1 2 3 4 5 6

X T 300" 2.60 2.31 1.90 427 2.13 3.13
Tin” 40 32 78 88 - -

Xt i 1.0 0.88 1.17 2.53 - -
Toia” - - - - 50 20

X T plac” - - - - 0.4 0.5
Toax - 15 7 17 - -

Xt ma’ - 0.94 2.97 3.90 - -

XsTak" 0.51 0.18 0.93 0.46 0.16 0.38
Jyort” -40.4 -60.1 -58.7 - -92.0 -47.16

XmT 300k XmTmin » XmTmax @and Xm7ok refer to the values found respectively , at 300 K, for the first minimum at
Thin, the maximum for Ty, and the value obtained at 2 K, when reading Figure 6. Xy7Zp1, corresponds to the

plateau observed and T, the temperature at which it is reached, when long-range interactions are not operative.
* in cm’mol'K; (°) in K; () in em™.

For compound 1, the value for Xm7300k 1S much below the value of 3.37 cm’mol 'K
anticipated for one S = 3/2 and 1.5%S = 1 (with g = 2.0) in the absence of exchange
interactions. This value steadily decreases down to 2 K but the slope shows an inflexion at ca.
40 K suggesting that the low T behavior is due to a contribution different from that governing
the higher temperature behavior. It can be noticed that the value for xj,T at the inflexion is in
the order of that expected for an S = Y2 resulting from an antiferromagnetic Mo - Ni
interaction plus the contribution of half an isolated Ni ion. The absence of the upturn and
divergence of Xy, T anticipated for a ferrimagnetic chain can be attributed to antiferromagnetic
interactions between the chains. This XyT = f{(T) behavior has been modeled by an expression
for an Heisenberg chain of classical spins proposed by Drillon et al.”*>" for a ferrimagnetic
system. It is derived from Hamiltonian given in Eq. 1 and remains valid for chains involving

single-ion anisotropy.** To account for the contribution of the paramagnetic cations present in



1, the contribution of half of the S = 1 spin was added. Inter-chain/molecular interactions have
been considered in the mean field approximation, which may also account for possible ZFS
contributions. Analysis of the experimental behavior between 300 and 20 K yielded Jyoni = -
404 £02cm™; 2l =-12+0.2 cm™, gmo = 1.9 (fixed), gni = 2.318 + 0.003. The strength of
the antiferromagnetic Mo-Ni interaction is in the order of reported values,” and the zJ’

parameter confirms the occurrence of inter-molecular exchange interactions.
Eq. 1 H = ppH ¥ g:5; — ] X 5iSi+1

The xuT versus T behavior for 2 is very similar to that of 1 except that the rounded minimum
expected for a ferrimagnetic chain is clearly found at ca 32 K. This behavior has been
reproduced between 15 K and 300 K by the model discussed above with best fit parameters
Ivoni = -60.1 £ 0.2 cm™, gmo = 1.9 (fixed), gni = 2.3 (fixed), zJ° =-1.7 + 0.2 cm™.

)(MT (cm3mol'1K)

0|||||
0 50 100 150 200 250 300
T (K)

Figure 6 Experimental and calculated (-) Xy T versus T behavior for (O) [{Mo(NCS)}{Ni(en),}]-0.5[Ni(en);],
1; (®) [{Mo(NCS)¢}{NiLY(MeCN),}1-0.5[NiL™], 2; (O) [{Mo(NCS)}{NiL¥}][CoLNBr,], 3; (°)

[{Mo(NCS)}{CoLN*}1-[CoLNBr,], 4. The best fit parameters are discussed in main text.

For [{Mo(NCS)e}{NiL"*}]-[Co"'L"*Br,], 3, and [{Mo(NCS)s}Co"L™*]-[Co™L"Br,]-, 4, the
paramagnetic components are only located in the chains. The Yy T = f{T) behaviors show a
similar trend to that described above but a clear increase of 7 is found for temperatures
below the broad minimum. However, their Xy, = f(T) behaviors show a maximum respectively
at 4.5 and 10 K (Figures S14 and S15), suggesting the occurrence of inter-chain interactions.

For 3, the value for x37 at 300 K is significantly below the Curie contributions for one Mo™
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and one Ni'l center, and the broad minimum exhibited by the curve is found around 80 K.
Moreover, the clear but moderate increase of XyT for lower temperatures suggests weaker
inter-chain interactions as compared to 2, thus confirming the effective shielding of the chains
by the diamagnetic Co™ complexes. The xuT behavior was fairly well reproduced with the
Heisenberg chain model by considering alternating S = 1 and S = 3/2 centers, best fit was
obtained for Jaimo = -38.7 £ 0.6 cm™; 2’ = -1.67 + 0.03 cm’, gmo = 2.1 (fixed), gni = 1.96 £
0.01.

For 4, the high temperature values for X7 indicate that Co" has high-spin (HS) S = 3/2
configuration with its usual spin-orbit contribution. It is worth noting that this metal center
has a low-spin configuration in the precursor complex [CoLN*(H,0),]1(C104),”* (xuT = f(T)
between 300 and 2 K is given in Figure S18) This change of the spin state is rationalized by
the weaker ligand-field resulting from the S-coordinated thiocyanate in the apical positions.
As a result the magnitude of the energy gap between the metal orbitals relative to the mean
spin pairing energy is reduced; a situation prone to favor a high spin configuration. This was
confirmed for compound 5 discussed below. Albeit this chain is composed only by S = 3/2
spin centers the overall Yy T = f(T) behavior is characteristic of a ferrimagnetic system
because of the large orbital contribution associated to the Co" units. The lack of an easy to
handle theoretical expression for the susceptibility of a chain system involving centers with
spin-orbit coupling did prevent from a quantitative analysis of the exchange in 4. However,
the position of the minima in Xp7 and the value obtained at 300 K evidence strong

1
and Colls.

antiferromagnetic interaction between the Mo
The field dependence of the magnetization recorded at 2 K (Supporting Information)
approaches saturation with 1.68 ug for 5 T. This value is in good accordance with the value
given by gcoXSco — €MoXSMo, i.€. 1.5ug, based on the g-factor in the order of 37153 for HS Co'l.
At 2 K a meta-magnetic like behavior is observed while such an S-shaped curve is no longer
found at 10 K. This observation can be correlated with the maximum in ), at 10 K (Figure
S15) and reveals sizable inter-chain interactions. AC susceptibility data support possible AF
ordering with 7y =9 K (Figure S15).

From a magnetic view point, [{ Mo(NCS)s} {COLN4}2(NCS)]-CH3CN, 5, consist of exchange
coupled [Co-Mo-Co] units with possible weaker inter-units interaction.”* The experimental
behavior (Figure 7) is in agreement with this picture. The value of YT at 300 K, and the

value reached for the plateau could agree with one Mo (S = 3/2) and either two CoILIS S =)

or one Colls (S = 3/2) as found in 4 and one Col (S = ¥%); with expected values of 2.65 and
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6.46 cm’mol 'K in the absence of exchange interactions. However, the experimental behavior
could be modeled only when considering a [1/2-3/2-3/2] spin system (Figure 7) whereas
fitting did not converge at all when both Co where considered either S = %2 or 3/2. Based on
the behavior found in 4, the high spin configuration is attributed to the Co" with two sulfur-
atoms in the apical positions and the low-spin to Co" with one S- and one N-atom in the
apical positions. The possibility for a high-spin to low—spin crossover process in the
temperature domain 300-50 K can be excluded based on the crystal structure data obtained at
273 and 110 K (Figure S7). Due to the absence of any feature in the variation of Xj,T between
300 and 20 K, modeling with two exchange parameters did not converge to reasonable results
because of the strong correlation between these parameters. Therefore a single exchange
parameter Jyoco Was considered even if it is unlikely that exchange with HS and LS Co" are
same. The possible contributions of the interactions between the [MoCo,] units®* and/or ZFS
effect of the HS Co" center have been considered within the mean-field approximation (zj’).
Best fit yielded Jyoco = -92.0 +/-0.2 cm™, zj' = -2.40 +/- 0.06 cm™, g us = 2.219 +/- 0.003,
Icots = 2.0 (fixed), gp,o = 2.0 (fixed) (based on exchange Hamiltonian H = -J(S;S, + S,S3).
Here again, a rather strong exchange interaction is evidenced, in agreement with the behaviors
discussed above.

[{Mo(NCSe)s } {NiLN*},(NCS)]-CH;CN, 6, shows an overall behavior similar to that of 5.
The exchange interactions mainly concerns the trimetallic [Ni-Mo-Ni] unit because
interactions between these units through the [Ni-NCS-Ni] linkages are anticipated to be weak,
if any.> The plateau reached below 20 K is consistent with a S = % spin state resulting from
antiferromagnetic Mo-Ni interactions. Best fit of the experimental data yields Jyoni = -47.16 £
0.06 cm™, gni = 2.247 + 0.001 gwo = 2.0 (fixed), zJ° = -0.54 + 0.01 cm".

The possibility for slow relaxation of the magnetization for 2, 4, and S has been probed by AC
magnetic susceptibility measurements with and without an applied DC field. No signal was

found for the out of phase component, X", of the susceptibility.
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Figure 7 (a) Experimental and calculated (0 ) xy,T versus T for (O) [{Mo(NCS)s} { CoL™*},(NCS)], 5, and (OJ) -
[{Mo(NCSe)s} {NiLN4}2(NCS)]- , 6. Best fit parameters are discussed in the text.

The magnetic behaviors exhibited by all the compounds evidence a rather strong
antiferromagnetic interaction between Mo™ and either Ni" or Co" mediated by the bridging
anions. The antiferromagnetic nature of the interaction is due to the NCS-M" angle close to
100° that leads to an overlap of the Trorbitals of the S with the d,, and dy,.y» orbitals of the
Ni" and Co" in which unpaired electrons are localized. Since the Trorbitals of the bridging
ligand are part of the molecular orbitals (MO) involving the magnetic orbitals of the Mo ion
(see Fig 5), the magnetic orbitals of the metals centers share the same MOs and Pauli rule
applies.

The exchange interactions found for the Mo-Ni derivatives 1-3 are in the order of that
reported earlier (-51 cm™)* but they show a rather large variation with a strength spanning
from -40 cm™ to -60 cm™. This variation seems to parallel the changes in the NCS-Ni angles
in these compounds. The smallest angle with 98.3° (mean value) is found in 1 for which Jyoni
= -40 cm’, and largest angle is in 2 with 110° (mean value) that also exhibits strongest
exchange interaction of the series with Jyoni = -60 cm™. This relationship is supported by the
very similar exchange coupling found in 3 and a reported derivative® (respectively, -58 and -
51 cm™) that both exhibit same NCS-Ni angle of 105.9° (mean value). This trend also applies
when the selenocyanate-bridged compound 6 is considered with Jyoni = -47 cm™! for a mean
Ni-SeCN angle of 102.4°.

The selenocyanate derivative was considered for evaluating the extent to which the larger Se
atom could lead to a more efficient magnetic communication with the Ni ion as a result of

better overlap of the valence orbitals of Se with those of Ni'. This approach simply follows
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what is now well established for the metal ions when changing a 3d for a 4d or a 5d ion.”
This idea is not novel and some reports suggest indeed an enhanced exchange with the
Se, % while others suggest opposite,59 but effect is usually small. If a sizeable variation of
the exchange interaction is induced by moving from S to Se, it should be clearly revealed for
Mo-NCSe-Ni system due to the high spin density located on Se. This is not evidenced here.
The strength of the Mo-NCSe-Ni interaction in 6, -47 cm'l, is very similar to the Mo-NCS-Ni
interaction (-51 cm™) in the isomorphous derivative.*> The magnetic behavior of 6 therefore
suggests that no substantial increase of the exchange interaction may be expected from the use
of Se instead of S. This poor modification in the strength of the interaction likely results from
the concomitant increase of the Ni-Se bond length with respect to the Ni-S bond length (i.e.
2.719 A versus 2.576 A respectively in 6 and 5). The fact Jyoni in 6 is smaller than in 5 is
likely related to the slightly more acute NCQ-Ni bridging angle for the former following the

trend discussed above.

CONCLUDING REMARKS

This series of chain compounds highlights the potential and versatility of [MoNCQ)s]> (Q =
S; Se) as metallo-ligand for the design of heteronuclear coordination polymers with efficient
exchange interactions. Both for Co" and NiH, the NCS mediates antiferromagnetic interaction
in the order of -30 to -90 cm™ with the 4d ion. Such strong interactions open interesting
perspective in the design of strongly correlated ferrimagnetic spin systems. Changing NCS for
NCSe was not found to have an effect on the strength of the exchange interaction between the
paramagnetic centers.

The marked coordination preferences of the S-ligand for soft 3d metal ions offer unique
opportunities for designing original heterotrimetallic and mixed-valence derivatives. The
examples reported herein illustrate a facile access to such species with [Mo(NCS)s]*” using a

simple self-sorting reaction.

EXPERIMENTAL SECTION

All the syntheses were performed under a N, atmosphere. The chemicals were
obtained from commercial sources and used as received. The deoxygenated solvents were
prepared by refluxing under a Nitrogen atmosphere. The starting materials K3;[Mo(NCS)g] 50
(NEt)s[Mo(NCS)l,"  [Ni(en)Clol,"  [Ni(en)s]CL*  [Co"L™(H20)21(CIO4),,™
[Co™LN(Br)2](C104),” [NIiL¥(H,0),](C104),” were prepared as described in the literature.

Elemental C, H and N analyses were performed on a Perkin-Elmer 2400 II analyzer on freshly
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prepared and isolated samples. IR spectra were recorded in the 4000-600 cm™ region with a
Perkin-Elmer Spectrum 100 FTIR using the ATR mode.

Synthesis :

[{Mo(NCS)s}{Ni(en),}]-0.5[Ni(en)3]-0.5H,0 (1). Three solutions were successively layered in
a Schlenk tube according the following order (from the bottom to the top of the tube): 1)
[Ni(en);]Cl, (26 mg; 0.09 mmol) in 10 mL of H,O 2) [Ni(en),ClL;] (225 mg; 0.9 mmol) in a
mixture of 5 mL of EtOH and 5 mL of H,O and 3) K3[Mo(NCS)e] (111 mg; 0.18 mmol)
dissolved in 10 mL of EtOH. After one day orange-brown crystals of 1 were collected, and
washed with EtOH followed by Et;,O. Yield: 45 mg, 33%. Anal. Calcd (%) for
Ci3HxsN1sMoNi; 5S6-0.5H,O: C, 20.77; H, 3.89; N, 24.22. Found: C, 21.03; H, 3.54; N,
24.00. IR (ATR): v (cm™) 3320 (m), 3297 (m), 3250 (m), 2946 (w), 2887 (w), 2103 (m), 2052
(s), 2024 (s), 1569 (m), 1456 (m), 1393 (w), 1366 (w), 1278 (m),1139 (w), 1124 (w), 1097
(m), 1010 (s), 960 (m), 815 (w), 749 (w).
[{Mo(NCS)sHNiL"*}]-0.5[NiL"*(CH;CN),J-0.5CH;CN-H,0  (2). A solution  of
[NiLN4(H20)2](CIO4)2 (61 mg; 0.118 mmol) in 10 mL of CH3CN was carefully layered on the
top of a solution of (NEts);[Mo(NCS)s] (100 mg; 0.118 mmol) in 10 mL of CH3CN. Black
needles of 2 were collected after one day. Yield: 65 mg, 88 %. Anal. Calcd
Cas.sH3sN12MoNi; 5S60: C, 36.49; H, 3.76; N, 17.91. Found: C, 36.93; H, 3.55; N, 17.71. IR
(ATR): v (cm™) 2913 (w), 2041 (s), 1612 (w), 1575 (m), 1420 (m), 1359 (w), 1274 (m), 1262
(m), 1208 (w), 1149 (w), 1059 (w), 1045 (m), 945 (w), 909 (m), 805 (m), 740 (m), 668 (W).
ID-[{Mo(NCS){NiL"*}]-[Co" L"Br,] (3). A solution of (NEt);[Mo(NCS),] (50 mg; 0.059
mmol) and [Co™"L™(Br),](Cl04) (102 mg; 0.177 mmol) in 15 mL of CH,CN was carefully
layered over a solution of [NiLN4(HzO)2](ClO D> (30.5 mg; 0.059 mmol) in a mixture of 5 mL
of CH3CN and 5 mL of H,O. Black crystals of 3 were collected after one day. Yield: 40 mg,

57 %. Anal. Calcd. (%) for C36H44N14Br,CoiMoiN1;Se: C, 34.91; H, 3.58; N, 15.83. Found:
C, 34.94; H, 3.57; N, 15.76. IR (ATR): v (cm™") 3210 (w), 30.34 (w), 2914(m), 2291 (w),
2250 (w), 2107 (m), 2051 (s), 1609 (w), 1577 (m), 1460 (w), 1426 (m), 1358 (m), 1307 (w),
1274 (m), 1260 (m), 1214 (m), 1204 (m), 1172 (w), 1143 (m), 1093 (w), 1061 (m), 1009 (m),
937 (m), 910 (m), 891 (m), 815 (m), 751 (w), 662 (w).

[{Mo(NCS)e}{Co" L™}]-{Co™ L"Bry} (4). A solution of (NEt,),[Mo(NCS)] (50 mg; 0.059
mmol) and [Co™"L™(Br),](Cl04) (102 mg; 0.177 mmol) in 15 mL of CH,CN was carefully

layered over a solution of [COHLN4(H20)2](CIO4)2 (31.5 mg; 0.059 mmol) in SmL of CH3CN
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and 5 mL of H,O. Dark brown crystals of 4 were collected after two days. Yield: 50 mg,

66 %. Anal. Calcd. (%) for CisHaaN4Br,Co,Mo;S¢: CH3CN: C, 35.66; H, 3.70; N, 16.41.
Found: C, 35.56; H, 3.88; N, 16.48. IR (ATR): v (cm™") 3309 (w), 31.50 (w), 2911 (m), 2105
(m), 2049 (s), 1576 (m), 1427 (m), 1357(m), 1322 (w), 1309 (w), 1276 (m), 1252 (w),
1211(m), 1143 (m), 1075 (m), 1060 (m), 1038 (m), 1026 (m), 954 (w), 934 (m), 890 (m), 816
(m), 801(m), 752 (m).

[{MO(NCS)6}{COLN4}2(NCS)]-CH3CN (5). K;[Mo(NCS)] (36.1 mg; 0.064 mmol) and
KSCN (27.6 mg; 0.284 mmol) were dissolved in 10 mL of CH,CN. This solution was very

carefully added above a solution of [Co"L™(H,0),](C104), (70.6 mg; 0.128 mmol) in 10 mL
of CH,CN. Dark brown crystals of 5§ were collected after a few days. Yield: 52 mg, 69 %.

Anal. Calcd (%) for Cs7H44N15S7Mo0;Co,: C, 39.08; H, 3.90; N, 18.48. Found: C, 39.22; H,
3,79; N, 18.42. IR (ATR): v (cm™) 3178 (w), 2912 (w), 2089 (m), 2049 (s), 1569 (w), 1422
(m), 1358 (m), 1323 (m), 1281 (m), 1210 (m), 1147 (m), 1076 (m), 1053 (m), 931 (m), 892
(m), 802 (m), 744 (m).

(NEt4)3[Mo(NCSe)6]-0.5CH3CN The synthesis of (NEts);[Mo(NCSe)s] has been adapted
from a reported procedure.64 (NH,);MoCl, (500 mg; 1.37 mmol) was dissolved in 5 mL of

H,O and dropwise added to an aqueous solution of KNCSe (1.58 g; 0.011 mol). The resulting

solution was stirred for 1h at room temperature. A small amount of a brown precipitate
appeared so the suspension was filtered off and the filtrate was evaporated to dryness. The
residue was dissolved in 20 mL of dried MeOH, a pale yellow solution was obtained. NEtsBr
(1.5 g; 7.1 mmol) was added to this solution, immediately a yellow precipitate appeared. After
10 min, the suspension was filtered and the solid washed with 10 mL of MeOH followed be
10 mL of Et;0. Yield: 1.1 g, 72%. Anal. Calcd (%) for C3oHgoNoMoSee-0.5CH3CN: C, 32.74;
H, 5.45; N, 11.70. Found: C, 32.44; H, 5,49; N, 11.76. IR (ATR): v (cm™") 2982 (w), 2035 (s),
1483 (m), 1437 (s), 1392 (w), 1305 (w), 1183 (m), 1173 (m), 1031 (w), 1001 (m), 888 (W),
785 (m), 658 (m).

(PPh )3;/Mo(NCSe)s]-CH3CN: A solution of (NEts);[Mo(NCSe)s] (200 mg; 0.179 mmol) in 6
mL of CH,CN was slowly added to a solution of PPh,CI (2 g; 5.3 mmol) in 50 mL of H,O. A

yellow precipitate appeared. The suspension was stirred for 30 min. and filtered. The yellow
solid was washed with H,O followed by EtOH and was dried under vacuum. A first
purification of this compound was accomplished by dissolving the crude yellow solid in

CH,CN and by adding this solution into a saturated aqueous solution of PPh4Cl. The resulting
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yellow solid was dissolved in hot CH,CN and the resulting solution was stored in a fridge
(4°C) for 1 day allowing the formation of yellow crystals. Yield: 190 mg, 60%. Anal. Calcd.
(%) for C73Hs)NeMoP3Seq.CH3CN: C, 53.83; H, 3.56; N, 5.50. Found: C, 53.73; H, 3.80; N,
5.59. IR (ATR): v (cm™) 3053 (w), 2046 (s), 1705 (m), 1585 (w), 1483 (m), 1434 (s), 1339
(w), 1316 (w), 1107 (s), 1026 (W), 996 (s), 756 (m), 720 (s), 689 (s).
[{Mo(NCSe)}{NiLN},(NCS)]- CH3CN (6). (NEt,);[Mo(NCSe),]-0.5CH3CN (100 mg; 0.089
mmol) was dissolved in 9 mL of CH,CN. A solution of [NiL™(H,0),](C104), (91.8 mg;
0.178 mmol) in 10 mL of CH,CN was carefully layered over the Mo solution. ImL of an
aqueous solution of KSCN (600 mg; 6.18 mmol) was added at the bottom of the flask. After 3
days, orange crystals of 6 were collected. Yield: 43 mg, 33 %. Anal. Calcd. (%) for
C37H44N;5S:SesMo;Ni,- CH3CN: C, 32.10; H, 3.25; N, 15.36. Found: C, 32.15; H, 2.79; N,
15.34. IR (ATR): v (cm™") 3195(w), 3066 (W), 2936 (w), 2917 (w), 2866 (W), 2735 (w), 2105
(m), 2043(s), 1613 (m), 1580 (m), 1467 (m), 1420 (m), 1384 (w), 1353 (m), 1304 (w), 1270
(m), 1261 (m), 1242 (w), 1203 (m), 1131 (w), 1072 (m), 1044 (m), 1008 (m), 945 (w), 907
(m), 832 (w), 804 (m), 741 (m), 728.1 (w), 664 (m).

Computational Methodology: Calculations were performed on the [Mo(NCSe)s]®” unit found
in (PPhy)3[Mo(NCSe)e]- CH3CN with the atoms’ coordinates obtained from the single crystal
X-Ray diffraction data. The DFT calculations were performed with the Gaussian03 package,65
using the unrestricted hybrid B3LYP functional.*®®” The D95 Dunning-Huzinaga valence
double-Z basis set™ has been used for C and N atoms whereas the LANL2DZ small-core Hay-
Wadt pseudopotential®’' has been used for Se and Mo atoms (LAND2DZ keyword in

Gaussian). The reported spin densities have been obtained through the Mulliken approach.

Crystal structures determination: Crystallographic data for 1-6 are given in Table 3. ORTEP

are provided as Supporting Information.
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Table 3 Crystallographic Data and Structural Refinement Parameters for 1-6 and [PPh,];[Mo(NCSe)q]- CH;CN

1 2 3 4 5_100K 5.073K (PPRLIMONESe)l-
CH;CN

Chemical formula CyHssMooNys  CesHoMooNy;  C3sHasBro,CoMo  CigHagBr,Co,  CigHy7Co, C3Hy7Co,  C3gHu7sMON 6 CgoHgsMo

Ni;0S, Ni;0,S, N4NiS¢ MoN 4S¢ MoN6S; MoN ¢S, Ni,SSeq N;P;Seq
M (g.mol™) 1503.72 1999.30 1238.63 1238.85 1178.18 1178.18 1459.10 1785.05
Crystal Monoclinic Triclinic Monoclinic Monoclinic Monoclinic ~ Monoclinic ~ Monoclinic Triclinic
system
Space group C2/c P-1 P2,/c P2,/c P2, P2, P2, P-1
a (A) 28.1182(18) 10.9968(6) 14.6508(4) 14.6700(4) 10.3237(3)  10.39890(4)  10.5795(7) 12.9876(9)
b (A) 13.8711(5) 12.2116(7) 28.7479(7) 28.7210(6) 23.3071(7)  23.46560(5) 23.6004(14) 13.1169(10)
¢ (A) 16.1238(9) 18.3066(9) 12.4509(3) 12.4729(3) 10.9865(3)  11.12860(4)  11.0487(7) 24.1921(18)
a(°) 90 76.0650(18) 90 90 90 90 90 95.848(4)
L) 116.191(7) 80.8110(19) 108.009(3) 107.844(2)  108.5030(10) 108.752(4)°  107.913(3) 92.688(4)
y (°) 90 67.8560(17) 90 90 90 90 90 109.917(4)
V(A% 5643.1(6) 2203.5(2) 4987.1(2) 5002.5(2) 2506.9(1) 2571.42(6) 2624.9(3) 3839.9(5)
z 4 1 4 4 2 2 2 2
deated 1.77 1.51 1.65 1.65 1.56 1.52 1.85 1.54
u (mm™) 1.912 1.246 2.846 2.793 1.239 1.208 5.19 3.12
T (K) 180 100 180 180 100 273 110 180
Refl. measured 24185 49168 58242 68256 52199 69823 69381 112140
Refl. unique 7481 10937 12346 12177 12330 16105 18852 21006
Rint 0.042 0.051 0.055 0.054 0.066 0.0615 0.029 0.031
Refl. with I > 30(1) 5105 6977 8691 6380 9290 10825 15575 13223
Nb. parameters 321 448 550 550 587 587 587 874
R with 1> 3a(]) 0.0316 0.1006 0.0866 0.0757 0.0459 0.041 0.0538 0.0301
Rw with I > 30(]) 0.0359 0.1266 0.0735 0.0757 0.0496 0.048 0.0523 0.0311
Flack parameter - - - - 0.26(2) 0.09(2) 0.49(1) -
Residual electron density (8.A7) 1.31/-0.76 3.36/-1.68 2.30/-1.65 2.59/-2.36 1.35/-0.72 0.96/-0.51 3.65/-1.83 1.28/-1.21
CCDC reference 1938755 1938751 1938749 1938750 1938754 1983354 1938753 1938752
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Intensity data were collected at low temperature on an Oxford Diffraction Gemini/Xcalibur or a
Bruker Apex2 using a graphite-monochromated Mo K (0.71073 A) radiation source and equipped
with an Oxford Cryosystems Cryostream Cooler Device. Structures were solved using SIR92,”
SHELXS” or SUPERFLIP,”* and refined by full-matrix least-squares procedures on F using the
programs of CRYSTALS.” Atomic scattering factors were taken from the International Tables for
X-ray Crystallography. When it was possible, all non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were refined using a riding model. For 3 and 4, it was not possible to resolve
diffuse electron-density residuals (enclosed solvent molecules). The contribution of the disordered
solvent was removed using the SQUEEZE option from PLATON.’® For 2, the quality of the
collected data was reasonably good however the resulting structure presents a general statistic
disorder with high R factors. Measurements on different crystals were performed and despite low
temperature (100 K) analyses, the structures always exhibited this general disorder which was rather
difficult to treat. The ligand parts of the different moieties have been refined isotropically. Thus no
bond distances or angles for this compound can be discussed.

The powder X-ray diffraction pattern was collected for compounds 2-5 on a XPert Pro (Theta-Theta
mode) Panalytical diffractometer with Lamda (Cu Ky, Kqg2) ) 1.54059, 1.54439 A. They are given
in Figure S19.

Magnetic studies. Magnetic measurements were carried out with a Quantum design MPMS 5S
SQUID magnetometer. Magnetization data between 2 and 300 K have been obtained in an applied
field of 1000 Oe. Isothermal magnetization measurements were performed up to 5 T at 2 K. The ac
susceptibility responses were recorded using an oscillating field of 3 Oe and a frequency of 1000 Hz
in zero-field and with an applied DC field of 1 kOe. The measurements were performed on crushed
crystals from freshly isolated samples mixed to grease and held in gelatin capsules. The molar
magnetic susceptibilities were corrected for sample holder and for the diamagnetic contribution of

all the atoms by using Pascal’s tables.
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SUPPORTING INFORMATION

Molybdenum(III) Thiocyanate- and Selenocyanate-Based 1D-Heteronuclear
Polymers: Coordination Affinity-Controlled Assemblage of Mixed Spin and
Mixed Valence Derivatives with Ni(II) and Co(II/I1I)

Scheme S1. Sketch of macrocyclic ligand 2,12-dimethyl-3,7,11,1-tetraazabicyclo [11.3.1]-heptadeca-1(17),2,11,13,15

N4
pentaene, L™

Figure S1 ORTEP view of the asymmetric unit of 1D-[{Mo(NCS)s}{Ni(en),}]-0.5{Ni(en);}0.5H,0, 1.

Figure S2 Organization of 1 in the crystal.

Figure S3 ORTEP view of the asymmetric unit of 1D-[{Mo(NCS)¢} {NiL"*}1-0.5{NiL"*(CH), }-0.5CH;CN-H,0, 2
Figure S4 ORTEP view of the asymmetric unit of 1D-[{Mo(NCS)}{NiL*}]-{Co™L"*Br,}-, 3.

Figure S5 ORTEP view of the asymmetric unit of 1D-[{Mo(NCS),}{CoL*}]-{Co™L"*Br,}", 4

Figure S6 Detail of the Te-Ttstacking between chains in 3 and 4.

Figure S7 ORTEP view of the asymmetric unit of 1D-[ {Mo(NCS)} {COLN4}2(NCS)]~CH3CN, 5.

Figure S8 ORTEP view of the asymmetric unit of [PPhy];{ Mo(NCSe)s}- CH;CN.

Figure S9 Ladder type organization of the {Mo(NCSe)s}* complexes in the crystal of (PPhy);{Mo(NCSe)s}- CH;CN,
Figure S10 ORTEP view of the asymmetric unit of 1D-[{Mo(NCSe)s} {NiLM},(NCS)]-CH;CN, 6.

Table 1 Spin density distribution in [Mo(NCSe)6]3’

Figure S11 Experimental (o) and calculated (—) x;,7 versus T behavior for [PPhy];{ Mo(NCSe}¢ CH;CN

Figure S12 Field dependence of the magnetization for 1, at 2K.

Figure S13 Field dependence of the magnetization for 2, at 2K.

Figure S14 Compound 3: (left) xm =AT), and (right) field dependence of the magnetization..

Figure S15 Compound 4: (a) Xm = f(T), and (b) field dependence of the magnetization; (c) temperature dependence of
AC susceptibility

Figure S16 Field dependence of the magnetization for 5, at 2K.

Figure S17 Field dependence of the magnetization for 6, at 2K.

Figure S18. Magnetic behaviour for [CoLN4(H20)2]-2C1O4.

Figure S19. Powder X-Ray patterns for 2-5.

Gaussian reference.
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Scheme S1. Sketch of macrocyclic ligand 2,12-dimethyl-3,7,11,1-tetraazabicyclo [11.3.1]-
heptadeca-1(17),2,11,13,15-pentaene, |

Figure S1. 1D-[{Mo(NCS)s} {Ni(en),}]-0.5{Ni(en);} H,O, 1 : ORTEP view of the asymmetric unit.
Selected bond lengths (A) and angles (°) patterning to the anionic units: distances (A)
Mo1-N2, 2.088(5); Mo1-N1, 2.096(5); Nil*-S2, 2.578(2); Nil-S1 = 2.624(1); angles (°)
Nil-S2-C2, 104.54(18); Nil-S1-C1, 92.109(17); Mo1-N1-C1, 171.995(42); Mo1-N2-
C2, 172.770(40). H atoms are not shown. Symmetry: *, x,-y,-0.5+z.
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Figure S2 Crystal packing for 1. (right) Close contacts between chains; the shortest S--S
separations are materialized by dotted lines. Distances (A): S2---S2, 3.92; S2---S3, 3.73; S4---S3,
3.72.

Figure S3. 1D-[{Mo(NCS)} {NiL"*}1-0.5{NiL"*(CH3CN),}-0.5CH;CN-H,0, 2: ORTEP view of
the two asymmetric units.

The structure for 2 presents a statistic disorder that concerns most of the atoms; a short description
of the situation is given below. Diffraction data were collected on several crystals from different
batches. The same cell parameters were obtained, leading to the same structure with the same
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disorders. Careful examination of the reciprocal lattice didn’t permit to get other cell parameters.
Refinement of the final formulated model leads to an imperfect but reasonable solution.

Oddly, Mo2 is not located on the special position (0, 1, 0.5), as a result Mo resides on two positions
with a partial occupancy. The thiocyanates with partial occupancy were located for each Mo
position.

The Nickel atom is also located on two positions with partial occupation (Nil and Ni2). Each Ni is
surrounded by its ligand which is present in full in the asymmetric unit. Some atoms (C2 C3 C4
C13 C14 C15 C16) are common to the two ligands (occupancy 1). Other atoms have partial
occupancy whereas C23/N4 and C1/N9 have mixed positions.

A view of this situation is depicted in (a) below.

S8

S9

. 3/N4C1W 52

/

/

Cc22

(a) e (b)

For the discrete fragment: Ni3 has a half occupancy and is located at 0.4 A from the inversion
center (-0.5, 1, 1). Ni3’ is generated by the symmetry center. The atomic positions of the ligand
around Ni3 and Ni3’ were located by Fourrier difference. Most of the atoms have occupancy 0.5
(belonging to one of the 2 parts of the ligand). 3 atoms (N48, C41 and C43) have occupancy 1
(belonging to the 2 parts of the ligand). A view of a whole complex after symmetry what applied is
given in (b) above.
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Figure S4. 1D-[{Mo(NCS)s}{NiL"*}]-{Co™L"*Br,}-CH;CN, 3: ORTEP view of the asymmetric
unit. Selected bond lengths (A) and angles (°): distances (A) Col-Brl, 2.413(2); Col-
Br2, 2.381(2); Nil-S2, 2.561(2); Nil-S1, 2.645(2); Mol-N2, 2.083(5); Mol-Nl1,
108.65(2);
167.810(43); Mo1-N2-C2, 176.279(43); Br1-Col1-Br2, 179.710(75).

2.114(5); angles (°) Nil-S2-C2,

Nil-S1-C1,103.27(2); Mol-NI1-C1,

Figure S5. 1D-[{Mo(NCS)s}{CoL"*}1-{Co™LN*Br,}-CH;CN, 4: ORTEP view of the asymmetric

unit.

Selected bond distances (A)

Col N7 1.8286(84)
N10 1.9338(64)
N9 1.9830(84)
N8 1.9838(70)
S2 2.5767(25)
S1 2.6897(26)
Co2 N11 1.8406(59)
N12 1.9420(63)
N13 1.9741(86)
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and angles (°):

Col
Col
Mol
Mol

Brl

S1

N2
N1
N2

Co2

Cl1
C2
Cl1
C2

Br2

102.6(3)
108.4(2)
167.9(6)
176.4(6)

179.66(7)



N14

1.9888(68)
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Figure S6. Detail of the 1Tt stacking between chains in 3 and 4. Distances between the centroids
of the pyridine units: in 3 for NiL™* and Co"L*Br,: 4.078 (A); NiL™ and NiL™*: 4.008 (A); in 4
Co™L™/ Co™L¥Br,, 4.093 (A), and Co™’L™ 7 Co™L™, 4.027 (A).

3 C))

31



Figure S7. 1D-[{MO(NCS)6}{COLN4}2(NCS)]'CH3CN, S: (left) ORTEP view of the asymmetric
unit at 7 = 110 K and (right) superposition of the asymmetric units at 7 = 273 K
(ellipsoids at the 30% probability level) and 100K (ball and sticks in green). This last
drawing is the inverted image of the actual structure to have the same enantiomer as
that of the crystal collected at 273 K.

Selected bond distances (A) and angles (°):
T=100K T=273K

Col N7 1.839(6) 1.840(4)
N10 1.910(5) 1.921(4)
N9 1.987(5) 1.981(4)
N8 2.019(5) 2.014(4)
S7 2.563(2) 2.590(1)
S1 2.632(2) 2.670(1)

Co2 NI11 1.854(5) 1.844(4)
NI12 1.962(5) 1.943(4)
N13 1.982(5) 1.977(4)
N14 1.985(4) 1.997(4)
N15 2.146(5) 2.161(4)

S2 2.710(2) 2.757(2)
110K 273K
Cl1 S1 Col 103.7(2)°  104.3(1)°
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C46
C2
Cl1
C2
C3
C4
C5
Cé6

S7
S2
N1
N2
N3
N4
N5
N6

Col 102.0(2)
Co2* 104.5(2)°
Mol 169.5(4)°
Mol 166.6(4)°
Mol 173.3(5)°
Mol 177.0(4)°
Mol 172.6(4)°
Mol 177.0(4)°
* -x,-0.5+y,1-7
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101.7(1)°
105.1(1)°
169.5(3)°
167.2(3)°
173.7(4)°
176.5(4)°
173.2(3)°
176.1(4)°



Figure S8. ORTEP view of the asymmetric unit of [PPhy]3{Mo(NCSe)s}-CH3CN. Selected bond
lengths (A) and angles (°) patterning to the anionic units: Mo-N, (range) 2.095(2) to
2.115(2); N-C, (range) 1.154(3) to 1.161(3); C-Se, (range) 1.770(3) to 1.784(3) ; Mo-
N1-C1, 175.7(2); Mo-N2-C2, 175.4(2); Mo-N3-C3, 174.2(2); Mo-N4-C4, 172.7(2);
Mo-N5-C5, 172.7(2); Mo-N6-C6, 171.1(2)°.

cip?
C C106 S
CB ;g= C6

1

0
AL P

Figure S9. Ladder type organization of the {Mo(NCSe)s}” complexes in the crystal of
(PPhy)3;{Mo(NCSe)s}-CH3CN, the shortest Se---Se separations are materialized by
dotted lines. Distances: Sel--Se4(-1+x, y, z), 3.7502(4) A; Se2--Se2(2-x, I-y, 1-z),
3.3757(4) A ; Se4-Sel(1+x, y, z), 3.7502(4) A.
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Figure S10 1D-[{Mo(NCSe)} {NiLN*1,(NCS)]-CH5CN, 6: ORTEP view of the asymmetric unit
and crystal packing. Selected geometric data: distances (A) Nil-Sel, 2.6769(9); Ni2-Se2,
2.7614(9); Nil-S1, 2.552(1); Ni2-N15, 2.105(5); Mo-N, 2.084(5)-2.109(4); angles (°) Nil-Sel-Cl1,
101.6(1); Ni2-Se2-C2, 103.3(2); Nil1-S1-C46, 103.5(2); Mo-N-C, 166.7(4)-177.2(4); Ni2-N15-C46,

155.2(4).

N13

)
m?‘\e?s
- m
2

Table S1 Spin density distribution in [Mo(NCSe)s]*

N C Se Mo

-0.081242 0.097615 0.067972 2.474089

-0.074613 0.089112 0.061708

-0.079583 0.099643 0.06752

-0.08283 0.104667 0.069896

-0.086303 0.107056 0.072968

-0.084777 0.103674 0.073428

-0.081558 0.1002945 0.06891533 mean
-0.05817946 0.11149664 0.10458243 (MEAN-MIN)/MEAN
-0.08515412 0.06741646 0.06548132 (MAX-MEAN)/MEAN
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Figure S11 Experimental (0) and calculated (—) xyT versus T and M versus H (2 K) behavior for
[PPhy]3{Mo(NCSe}s CH3CN. Best fit parameters: g = 1.9290 + 0.0008, D = 3.7 £ 0.1 em! and zJ°

=-0.117 £0.03 cm™.

(PPh ) {Mo(NCSe) }
“
5
g
£
)
~
=
>~
0.0¢ : : T - - T
0 10 20 30 40 50 60 70
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0.80 +——r—rrrrr
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Figure S12 Field dependence of the magnetization for 1, at 2K. The solid lines is a guide for the

eyes.

M (1)
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Figure S13 Field dependence of the magnetization for 2, at 2K. The solid lines is a guide for the

eyes.
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Figure S14: Compound 3: (left) Xm = A(T), and (right) field dependence of the magnetization for 3,
at 2K. The solid lines are guides for the eyes.
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Figure S15. Compound 4: (a) Xm = f(T), and (b) field dependence of the magnetization at 2K (blue
line) and 10K (black line); the solid lines are guides for the eyes. (¢) AC susceptibility recorded
with Hac = 3 Oe at a frequency of 100 Hz, in zero field (blue) and in an applied DC field of 8 kOe

(red).
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Figure S16 Field dependence of the magnetization for 5. The solid lines are guides for the eyes.
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Figure S17 Field dependence of the magnetization for 6, at 2K. The solid line is a guide for the

eyes.
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Figure S18. Magnetic behaviour for [CoLN4(H20)2](ClO4)2. The solid line is a guide for the eyes.
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Figure S19. Powder X-Ray patterns for 2-5. In the plots the blue line (up) is the experimental
diffractogram obtained from the crystals batch and the red line (down) the calculated diffractogram
from the single crystal X-Ray diffraction.
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