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ABSTRACT

Self-assembly of [Hg(SeCN)4]* tetrahedral building blocks, ion(II) ions and a series of bis-
monodentate pyridyl-type bridging ligands has afforded the new hetero-bimetallic Hg"-Fe"
coordination polymers {Fe[Hg(SeCN)3]2(4,4’-bipy)2}n (1), {Fe[Hg(SeCN)4](tvp)in (2),
{Fe[Hg(SeCN)3]2(4,4’-azpy)2}n 3), {Fe[Hg(SeCN)4](4,4’-azpy)(MeOH)}» 4),
{Fe[Hg(SeCN)4](3,3’-bipy)}n (5) and {Fe[Hg(SeCN)4](3,3’-azpy)}n (6), (4,4-bipy = 4,4°-
bipyridine, tvp = trans-1,2-bis(4-pyridyl)ethylene, 4,4’-azpy = 4,4’-azobispyridine, 3,3-bipy =
3,3’-bipyridine, 3,3’-azpy = 3,3’-azobispyridine). Single crystal X-ray analyses show that com-



pounds 1 and 3 display a two-dimensional robust sheet structure made up of infinite linear
[(FeL)n]*™" (L = 4,4 -bipy or 4,4 -azpy) chains linked by in situ formed {[Hg(L)(SCN)3]2}*" an-
ionic dimeric bridges. Complexes 2 and 4-6 define three-dimensional networks with different
topological structures, indicating, in combination with complexes 1 and 3, that the polarity,
length, rigidity and conformation of the bridging organic ligand play an important role in the
structural nature of the products here reported. The magnetic properties of complexes 1 and 2
show the occurrence of thermal- and light- induced spin crossover (SCO) properties, while com-
plexes 4-6 are high-spin state at all temperatures. The current results provide a new route for the
design and synthesis of new SCO functional materials with non-Hofmann-type traditional struc-

tures.

Introduction

Iron(I) spin crossover (SCO) complexes play an important role in chemistry and materials
science, not only because they can exhibit magnetic responses to subtle external stimuli, but also
because they can provide potential applications as functional materials in data storage and dis-
play devices.!” This relevant type of compounds show a rich structural variety ranging from dis-
crete mononuclear and polynuclear oligomers to 1-3D coordination polymers. The Fe!! centers
usually define hexa-coordinated pseudo-octahedral sites that can be switched between the para-
magnetic high-spin (HS) state tyg*e,” (S = 2) and the diamagnetic low-spin t.’e.’ (S = 0) (LS)
state in a reversible and controllable way in response to external perturbations, such as tempera-
ture, pressure, light irradiation, pulsed magnetic fields, and even by chemical species. Along with
the change of spin states, dramatic physical or chemical responses in color, crystal structure,
magnetism, optical properties and dielectric constant appear simultaneously, which provides
many useful outputs and therefore attracts wide intention from chemist, physicist or material sci-
entist.*13

The use of cyanometallate complexes as bridging ligands has been proven to be a successful
strategy for assembling metal ion nodes into a rich diversity of coordination polymers generical-

ly known as Hofmann-type compounds. These compounds, discovered more than one century
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ago

field of SCO by Kitazawa,'® Real et al.'*?° Generically formulated [Fe''(L)x{M"(CN)y},], SCO

were intensively investigated by Iwamoto et a and more recently introduced in the

Hofmann-type compounds can be structurally classified into two main series: 1) 2D layered net-



works with x =2 and M = Ni, Pd and Pt (y =4, z=1) or M! = Cu, Ag, Au(y=2,z=2) and L is
usually a monodentate pyridine-like or triazole-derived ligand; and i1) 3D frameworks with [x =
1,y =4, z= 1] for M" ions and bismonodentate pyridine-like bridging ligands or [x = 1(2), y = 2,
z = 2] for M! ions independently of the bis-monodentate (x = 1) or monodentate (x = 2) nature of
the bridging ligand. Most of the advances in this area have been recently reviewed.?!*?
Obviously, fine tuning and diversity are two important properties featured by the SCO Hof-
mann-type family, which have been achieved thanks to the use a panoply of organic ligands.
However, this strategy is limited by the structural square-planar or linear nature of the cyano-
metallate building blocks. To go further, an interesting idea that may open new perspectives is to
exploit new metalloligand building blocks with different symmetry from the intensely used cy-
anometallates. In this context, we have introduced in the field of SCO the use of the metallolig-
and building blocks K>[Hg(XCN)4] (X = S, Se) that conveniently combined with Fe'' and appro-
priate bis-monodentate pyridine-like bridging ligands has afforded new SCO compounds with
unprecedented non-Hofmann-type 3D coordination polymers {Fe(bpe)[Hg(XCN)4]}n (bpe =
trans-1,2-bis(4-pyridyl)ethane). Similar to the monodentate precursor XCN™ anionic ligands, the
ligand-field strength of the tetradentate [Hg(XCN)4]** building blocks is larger for X = Se than
for X = S. In particular, {Fe(bpe)[Hg(SeCN)4]}n displays complete thermal- and photo-induced
SCO behavior.?*> We also showed previously that the lability of the [Hg(SCN)4]*>" anions could
afford a series of novel bimetallic 2D SCO non-Hofmann type coordination polymers
{Fe(L’)[(Hg(SCN)3)2]}n-xSolvent (L’ = linear bis-monodentate pyridyl ligand). Indeed, the
[Hg(SCN)4]* ion in presence of suitable bis-monodentate pyridine-like ligands L’ in situ trans-
forms into robust dinuclear building units {{Hg(SCN)3]2(u-L’)}?" which determine the formation
of the 2D coordination polymers with interesting thermal and photo-induced SCO behavior.?*2°
Aiming at probing the lability of the [Hg(SeCN)4]* bridging ligand and its potential in situ
transformation into robust {[Hg(SeCN)3]2(u-L’)}* building blocks for the synthesis of new SCO
coordination polymers, we have investigated the self-assembling of [Hg(SeCN)4]*, Fe!' ion and
bis-monodentate pyridine-like ligands with different size, rigidity or coordination topology
(Scheme 1). In this respect, here we report the synthesis, crystal structure and magnetic charac-
terization of six new non-Hofmann-like 2D or 3D coordination polymers with different topologi-
cal structure: {Fe[Hg(SeCN)3]2(4,4’-bipy)2}n (1), {Fe[Hg(SeCN)4](tvp)}n (2),
{Fe[Hg(SeCN)3]2(4,4’-azpy)2 }n 3), {Fe[Hg(SeCN)4](4,4’-azpy)(MeOH)}» 4),



{Fe[Hg(SeCN)4](3,3’-bipy)}n (5), {Fe[Hg(SeCN)4](3,3’-azpy)}n (6), (4,4-bipy = 4,4 -bipyridine,
tvp = trans-1,2-bis(4-pyridyl)ethylene, 4,4’-azpy = 4,4’-azobispyridine, 3,3-bipy = 3,3’-
bipyridine, 3,3’-azpy = 3,3’-azobispyridine). The results show that the structure of these com-
plexes is sensitive to the bridging ligand used. In addition, while compounds 1 and 2 display
thermal and photo-induced SCO properties while 4-6 are HS complexes. Compound 3 is byprod-
uct in the synthesis of 4 but in contrast to the latter is LS at low temperatures and most probably

is also a SCO system.

XN
N X Z
# ~H
4.4"-bipy vp 44-azpy 3,3-bipy  3.3-azpy

Scheme 1. Ligands used in the present work

Results

Synthesis and general characterization

Slow liquid-liquid diffusion of the three-component system [Fe''/MeOH - [Hg(SeCN)4]*/H-0
- L/MeOH] has been proved to be an efficient method for assembling them into 2D and 3D coor-
dination polymers (see experimental section). For L = 4,4’-bipy, in situ transformation of the
precursor complex [Hg(SeCN)4]*>~ into {[Hg(SCN)3]2(n-L)}* occurs similarly as previously re-
ported for its X = S counterpart, thereby giving the corresponding isostructural 2D complex 1.
The same in situ transformation also occurs for L = 4,4’-azpy, but in a very small extent, there-
fore giving a minority product (complex 3), which has a similar structure to that for complex 1. It
should be pointed out that further characterization on this complex was precluded due to its ex-
tremely low yield. Apparently, the equilibrium mostly favors the [Hg(SeCN)4]* species as the
majority giving compound 4, which affords a singular 3D CP where the [Hg(SeCN)4]* building
blocks remain intact but act as three-connecting nodes and one molecule of methanol completes

the Fe'! octahedron (vide infra). However, the structurally close related ligand L = tvp, produces



exclusively the 3D CP where the [Hg(SeCN)4]* centers act as tetra-connecting nodes similarly to
the previously reported bpe derivative (bpe (trans-1,2-bis(4-pyridyl)ethane).* These results con-
firm that the discrimination between the 2D or 3D CP structures depends on the metrics and
probably flexibility of L. Then, with this in mind, we have included, as an additional variable,
the influence of the coordination topology of L on the nature of the resulting CP. Thus, by intro-
ducing the 3,3’-positioned pyridyl ligands L = 3,3’-bipy and 3,3’-azpy, with possible cis- or
trans- coordination modes, another two 3D non-Hofmann CPs were successfully synthesized us-
ing the same diffusion method.

All the complexes except 3 were characterized by IR spectroscopy (Figures S1-S5, Support In-
formation). In the IR spectra of the complexes, the main peaks with strong intensity attributed to
the vibration of SCN groups were observed near 2100 and 2060 cm™!, respectively. Elemental

chemical analyses are consistent with the structures obtained from single crystal analysis.

Crystal structure of complexes 1 and 3

Compounds 1 (at 100 and 293 K) and 3 (at 119 K) crystallize in the triclinic space group P-1
(Z = 1). Structurally, both complexes belong to the two-dimensional (2D) hetero-bimetallic spin
crossover coordination polymers generically formulated {Fe''[(Hg"(SCN)3)2](L)x}-Solv previ-
ously reported by us and, consequently, will be described together.?*?® The coordination envi-
ronment of the metal ions and the stacking of the 2D layers for complex 1 are shown in Figure 1,
while for complex 3 are given in Figure S6. Selected bond lengths and the corresponding average
angular distortion parameters X and "¢ defined as the sum of deviations from the ideal octahe-

dron/tetrahedron of the 12 and 6 “cis” bond angles, Zi3*|8i — 90°| and Z:™* |61 — 109.5°|,

respectively, are listed Table 1. The structures are characterized by the presence of three inver-
sion centers, one lies on the Fe!' site while the other two are located at the middle of the two
crystallographically unique 4,4’-bipy or 4,4’-azpy ligands, which have practically a planar con-
formation. The Fe" ion defines a slightly elongated octahedral [FeNs] node with the equatorial
positions occupied by four nitrogen atoms from four SeCN" groups, while the axial positions are
occupied by the N atoms of one of the two independent L ligands (Figure 1 left), which bridge
adjacent Fe!! centers defining an array of infinite [Fe(u-L)],*" linear chains all running parallel

to [001] (see Figure 1 right). Each equatorial SeCN" linear group, radiating from the Fe centers



along the [100] and [010] directions, also belongs to the in situ generated equivalent dimeric
{[Hg(SeCN)3]2(n-L)}> anionic units. The dimers counterbalance the charge of the [Fe(p-L)].>""
chains and act as bridges between adjacent chains forming a 2D layer lying parallel to the a, ¢
plane. These layers stack along b. The average Fe-N bond lengths <Fe-N> = 1.956 A for 1
(100K) and 1.965 A for 3 (119K) are consistent with the LS state. For 1 this value increases by
0.21 A up to 2.167 A at 293K, denoting a complete transformation of the LS state into the HS
state in agreement with the magnetic data. As expected, the X parameter is larger in the HS
state, 17.6° (1, 293K), and decreases considerably in the LS state, 5.4° (1, 100K). For 3 the =
value is 8.4° at 119K. Favored by the monodentate nature of the ligands involved in these two
compounds, the X' parameter in the LS state is consistent with the quasi regular octahedral ge-
ometry of the above compounds. Unfortunately, complex 3 is a minority byproduct that appears
during the formation of the majority complex 4 and we only got a few crystals just to analyze its
structure in the LS state since they deteriorated rapidly in the HS state.

The centrosymmetric dimeric units {[Hg(L)(SeCN)3]2}% are constituted of two tetrahedral
[HgSesN] coordination sites. Each tetrahedron is completed with three Se atoms of the almost
linear selenocyanate groups and the N atom of the second crystallographically
unique centrosymmetric L ligand. Two of the three SeCN™ groups in [Hg(SeCN)s3]} ™~ act as bis-
monodentate bridging ligands coordinating, as mentioned above, the equatorial positions of the

21+ chains, while the third one acts a terminal ligand, thereby de-

Fe sites of consecutive [Fe(L)]a
fining infinite layers (Figure 1 middle and Figure S6). The average <Hg-Se> bond lengths are
2.606, 2.592 and 2.591 A for 1(100K), 1 (293K) and 3 (119K), respectively, while the corre-
sponding Hg-N(9) bond lengths are 2.411(8), 2.444(11), 2.410(4) A. The Hg-SeCN bonds are
strongly tilted in both complexes with the three Hg-Se-C bond angles are in the interval 101-89°.
The XM parameter in both complexes are 79.52, 77.37° and 65.58°, indicates that the [HgSes;N]
pseudo-tetrahedral environment is strongly distorted and that the spin state has no relevant influ-

ence on the coordination geometry of the Hg' ion.



Figure 1. Coordination environment of Fe!! (left) and Hg!' (middle) for 1. Stacking of three consecutive layers

(right). Colour code: Fe'' (orange), Hg'" (light blue). The aromatic rings of the 4,4’-bipy ligands defining the

infinite [Fe(u-4,4’-bipy)]n>*" linear chains are filled in orange colour, while those defining the dimeric

{[Hg(SeCN)s]o(u-4,4’-bipy)}? units are filled in sky blue.

Table 1. Selected bond lengths (A) and average distortion angles (deg) for complexes 1 and 3.

Complex1 100K 293K Complex 3 (119K)
Hg(1)-Se(1) 2.6741(10) 2.6513(18) 2.632(2)
Hg(1)-Se(2) 2.5404(11) 2.6035(19) 2.6115(18)
Hg(1)-Se(3) 2.6036(10) 2.522(2) 2.529(2)
Hg(1)-N(9) 2.411(8) 2.444(11)  2.4104)
Fe(1)-N(1)  1.936(8) 2.153(13)  1.929(13)
Fe(1)-N(2)  1.930(8) 2.160(13)  1.957(13)
Fe(1)-N(4)  2.004(7) 2.188(11)  2.009(13)

xFe 5.4 17.6 8.4

XHe 79.52 77.37 65.58

Crystal structure of complexes 2 and 4

At 293 K and 100 K, 2 adopts the orthorhombic space group Fddd, while 4 shows the mono-

clinic space group P21/c at 293 K. Selected bond lengths and angles for complexes 2 and 4 are

given in Table 2. Figure 2 displays the coordination environment of the crystallographically

unique Fe'' and Hg! centers together with the corresponding atom numbering for complexes 2

and 4. Perspective views of the 3D structures for these two complexes are given in Figure 3.



The Fe!' site lies at the center of a slightly distorted [FeNs] (2) or [FeNsO] (4) octahedron
whose axial positions are occupied, respectively, by the bridging ligands tvp (2) or 4,4°- azpy (4)
in a similar way. The equatorial positions are occupied by four N atoms (N1 and N2) of four
equivalent [Hg(SeCN)4]* groups in complex 2, while three N atoms (N1, N2 and N3) from three
equivalent [Hg(SeCN)4]* groups and one O atom of a coordinated methanol molecule complete
the coordination site in complex 4. The averaged <Fe-N> value in complex 2 at room tempera-
ture, 2.174 A, is 0.062 A longer than the corresponding value 2.112 A at 100 K, thereby indicat-
ing that the structure contains a HS:LS mixture of Fe!' spin states of ca. 70:30 at this temperature,
in perfect agreement with the magnetic measurements (vide infra). The average bond length for
the mixed [FeNsO] coordination center of complex 4 is 2.154 A. As it will be shown in the de-
scription of the magnetic properties, the replacement of a N atom with a more electronegative O
atom weakens the ligand field around the Fe'' in complex 4 becoming HS at all temperatures.
The stabilization of the HS in 4 is also reflected on the angular distortion of the octahedron, X*°,
which is markedly larger for 4 (23.5° at 293 K). Interestingly, the OH group belonging to the co-
ordinated methanol molecule defines a strong intramolecular hydrogen bond (d[N4:--Ol1] =
2.741(2) A and N4---H-O1 = 168.3(1)°) with the uncoordinated terminal N4 atom of the SeCN
moiety that does not act as bridge with the Fe center.

At variance with 1 and 3, the Hg" centers surrounded by four Se donor atoms retain the
tetrahedral coordination environment of the starting [Hg(SeCN)4]*>" anion. The angular distortion
of the tetrahedron in 2, XM = 50° (100 K) and 51.75° (293K) is larger than the corresponding
value 34° for 4, but smaller than the values found for 1 and 3 (see Table 1). The [Hg(SeCN)4]*
anion acts, respectively, as a tetra- or tri-dentate connecting nodes in complexes 2 and 4 bridging
four or three Fe(Il) ions along the three mutually perpendicular directions, therefore extending
structure into a 3D network (Figure 3). A projection of the networks down the b (2) and a (4)
directions (Figure 3) allows to describe the structure as made up, in both cases, of layers of Fe!l
octahedrons laying parallel to a-b plane separated by layers of tetrahedral anions. In both

compounds, the organic and inorganic bridging ligands connect Fe'! of consecutive layers.



Figure 2. Coordination environment of Fe'' and Hg" for compounds 2 (left) and 4 (right).

Figure 3. Perspective views of the 3D coordination polymers 2 (top) and 4 (bottom) seen down the b and a
directions, respectively. Color code: Fe'l (orange), Hg'" (light blue). The aromatic rings of the tvp and 4,4 -azpy

ligands are filled in green.



Table 2. Selected bond lengths (A) and average distortion angles (°) for complexes 2 and 4.

Complex2 293K 100K Complex4 293K
Hg(1)-Se(1) 2.6854(11) 2.6131(10) Hg(1)-Se(1) 2.6108(15)
Hg(1)-Se(2) 2.6084(10) 2.6809(10) Hg(1)-Se(2) 2.6104(14)
Fe(1)-N(1)  2.134(8) 2.079(8) Hg(1)-Se(3) 2.659(2)
Fe(1)-N(2) 2.170(8) 2.105(8) Hg(1)-Se(4) 2.6551(18)
Fe(1)-N(3) 2.218(6) 2.153(7) Fe(1)-N(1) 2.151(12)
Xfe 19.2 18.7 Fe(1)-N(2) 2.149(12)
YHe 50 51.75 Fe(1)-N(3)  2.126(11)
Fe(1)-N(5) 2.203(11)
Fe(1)-N(6)  2.190(12)
Fe(1)-O(1)  2.104(8)
xFe 23.5
SHe 34.11

Crystal structures of complexes 5 and 6

Both compounds crystallize in the monoclinic space group C2/c and contain four independent
units in the unit cell. Figures 4 and 5 show the coordination environment of the metal ions to-
gether with the atom numbering and the perspective view of the 3D network while Table 3 gath-
ers the corresponding bond lengths and the average distortions angle of the defined polyhedrons.
The Fe' site lies in an inversion center defining a slightly distorted [FeNe] octahedron with the
equatorial positions occupied by four N atoms from four crystallographically identical
[Hg(SeCN)4]* ions, while the two axial ones are completed by the bridging 3,3-bipy or 3,3’-azpy
ligands. The axial <Fe-N> bond lengths are 2.223(7) and 2.200(17) A for 5 and 6, respectively,
are longer than the averaged equatorial <Fe-N> ones, being 2.141 A for 5 and 2.142 A for 6, in-
dicating the slightly elongated octahedral geometry around the Fe' ion. These bond lengths as
well as the = values 21.6° (5), 15.2° (6) are consistent with the HS state of the Fe!' ion (vide
infra).

The Hg"ions define a triflingly distorted tetrahedron generated by two crystallographically in-
dependent selenocyanate groups, for which it can be proved by the bond parameters around and
the corresponding XM¢ values 22.09° and 16.04°. The [Hg(SeCN)4]* building block in 5 and 6

acting tetradentate ligand links four Fe' ions by using its two pairs of the SeCN" groups along the

10



almost orthogonal directions, therefore extending the zig-zag or wave-like chains into three-
dimensional network (Figure S7). The two SeCN-Fe units in complexes 5 or 6 show a little dif-
ference, in which one presents a perfect linear conformation while the other is somewhat bent
with the Se-CN-Fe bond angles 153.12(2) and 164.59(3)°, respectively. Additional, it should be
pointed out that there exist comparatively strong n-n stacking interactions in complex 5 between
the pyridine rings of the 3,3’-bipy ligands with the center-center distance 3.848(2) A.

Both coordination polymers seen down the ¢ axis direction (see Figure 5) can be described as
formed by layers of Fe'" octahedral sites laying parallel to the a-c plane and stacking along b di-
rection. The most relevant structural difference between both compounds derives from the dif-
ferent conformation adopted by the bridging ligand when coordinates two consecutive Fe!' cen-
ters, namely the 3,3’-bipy ligand (compound 5) adopts a cis conformation with respect to the two
coordinating N atoms while the ligand 3,3’-azpy adopts a trans conformation (compound 6)
(Figure S7). Consequently, the 3,3 -bipy ligand connects two consecutive Fe!! centers belonging
to the same layer while, in contrast, the 3,3’-azpy ligand links the Fe' centers of two consecutive
layers. Another relevant consequence is that the tetrahedral [Hg(SeCN)4]* centers, are different-
ly located in both structures. They are placed between the layers, connecting the Fe' centers of
two adjacent layers, for the 3,3’-bipy derivative, while they are placed within the same layer
connecting consecutive Fe'! centers of the same layer for the 3,3’-azpy derivative. Obviously, the
distinct topologies adopted by both network compounds are correlated with the different flexibil-

ity and/or size of the organic bridging ligands.

Figure 4. Coordination environment of Fe'" and Hg" for compounds 5 (left) and 6 (right).
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Figure 5. Perspective views down the ¢ direction for the 3D nets 5 (top) and 6 (down) showing the bridging

cis and trans conformations adopted by the 3,3’-bipy and 3,3’-azpy ligands, respectively. Color code: Fe! (or-

ange), Hg!" (light blue). The aromatic rings of the 3,3 -bipy and 3,3’-azpy ligands are filled in green.

Table 3. Selected bond lengths (A) and average distortion angles (°) for complexes 5 and 6.

Complex 5

Complex 6

Hg(1)-Se(1)
Hg(1)-Se(2)
Fe(1)-N(1)
Fe(1)-N(2)
Fe(1)-N(3)
Se(1)-C(1)
Se(1)-C(2)
XHe

yFe

2.6541(10)
2.6553(10)
2.130(7)
2.153(8)
2.223(7)
1.806(9)
1.805(9)
22.99

21.6

Hg(1)-Se(1)
Hg(1)-Se(2)
Fe(1)-N(1)
Fe(1)-N(3)
Fe(1)-N(4)
Se(1)-C(6)
Se(1)-C(7)
>He

s Fe

2.599(5)
2.662(8)
2.200(17)
2.154(15)
2.13(4)
1.78(2)
1.79(5)
16.04
15.2

Magnetic properties of complexes 1-6

Temperature dependent magnetic susceptibility measurements have been carried out for all the

complexes (except 3) in the temperature interval 10-300 K under an external magnetic field of

1000 Oe by using samples constituted of 10-20 mg single crystals. The thermal dependence of

the ymT product (ym = magnetic susceptibility, T = temperature) for complexes 1 and 2 are shown

in Figure 6, and those for other complexes 4-6 are given in Figures S8-S10, respectively.

At room temperature, the ymT are about 3.6 and 3.8 cm® K mol™! for complexes 1 and 2, re-

spectively, a value consistent with the Fe' ion in the HS (S = 2) state. For complex 1, ymT re-
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mains practically constant upon cooling to ca. 230 K. Then, ymT drops, reaching a value of 0.1
cm® K mol™! at 135 K consistent with the Fe'' ion in the LS (S = 0) state. This behavior corre-
sponds well to a complete HS <= LS spin transition characterized by the equilibrium tempera-
ture T12 = 166 K, the point of the HS and LS molar fractions equal to 0.5. ymT vs T plots in the
cooling and heating modes match perfectly, indicating the absence of thermal hysteresis. Com-
plex 2 also undergoes a spin transition but shifted to lower temperatures than that observed for 1.
Indeed, ymT remains constant upon cooling down to 150 K and then gradually decreases to
achieve a minimum of 1.80 cm® K mol™ at ca. 70 K, a value which is consistent with a 50 % of
HS to LS conversion. This extent of transformation is in reasonable agreement with the average
Fe-N bond length mentioned above. It is worth stressing that the large plateau defining the in-
completeness of the spin transition occurs at temperatures below 100 K where the kinetics of the
HS <LS equilibrium becomes very slow remaining “frozen” practically 50% of the HS centers.
A Ti value of ca. 100 K is a reasonable eye estimation for the complete SCO, which is close to
that found for the homologous {Fe(bpe)[Hg(SeCN)4]}n. >

In order to estimate the thermodynamic parameters associated with the SCO behavior in 1 and
2 the spin transition was simulated using the mean-field regular solution model described by eqn.

(1):% (Figure S11)

1—vys AH+ T (1+ VI}-})S'ZVHS) AS
In _ =

Yas-Vis RT R
where AH and AS are respectively the enthalpy and the entropy variations at the transition, while
I' is the interaction parameter accounting for the cooperative nature of the spin conversion, re-
spectively. Here, ¥#s accounts for the residual HS fraction at low-temperature. The HS molar

fraction, yus, is obtained from the magnetic susceptibility through eqn. (2):

Yus = [(XMT)'(XMT)LS]/[(XMT)HS' G Tisl, (2)

and the remaining HS molar fraction r#s blocked at low temperatures through eqn. (3):

(yHS)R = (XMT)R /(XMT)HSv 3

where, (xmT), (xmT)ES , (xmMT)"S and (ymT)R are the ymT values at any temperature, of the pure
HS state (T—o) , of the pure LS ((xmT)™® = 0) and of the residual species blocked at low tem-

perature in the HS state. Furthermore, taking into account that Ti» (temperature at which yus =
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yLs = 0.5, i.e. AG = 0), AH and AS are related through Ti» = AH/AS, we have substituted AH
with (T12°AS) in eqn (1). Reasonable good simulation curves afford: T1, =171 (1), 107 (2) K; I
= 1.5 (1), 0.4 (2) kJ/mol; (yMT)"S = 3.62 (1), 3.85 (2) cm?® K/mol; (xMT)} = 0.0 (1), 1.77 (2) cm®
K/mol; AS =78 (1), 40 (2) J/Kmol; and AH = 13.3 (1), 4.3 (2) kJ/mol. These values are con-
sistent with ones obtained for the related coordination polymers {Fe(bpe)[Hg(XCN)4]}n** and
{Fe'[(Hg"(SCN)s)a](tvp)a}.»

Photogeneration of the metastable HS* state at low temperature, namely the light-induced ex-
cited spin state trapping (LIESST) experiment, was carried out on microcrystalline samples
(about 2-3 mg) of complexes 1 and 2. Both complexes show traceable photo-induced spin transi-
tion (Figure 6). The sample of complexes 1 (2) were slowly cooled to 10 K, where ymT = 0.01
(1.70) cm® K mol!, and then they were irradiated with red light (A = 633 nm) reaching rapidly
(less than half an hour) a ymT saturation value of ca. 3.01 (3.51) cm® K mol’!. Afterwards, light
irradiation was switched off and the temperature was increased at a rate of 0.3 K min™!. Within
the temperature range of 10-40 K, ymT increases up to a maximum value of ca. 3.53 cm?® K mol™!
at 40 K for 1, reflecting the thermal population of the microstates arising from the zero-field
splitting (ZFS) characteristic of the HS* (S = 2) state, and suggests that the light-induced popula-
tion of this state is rather complete at 10 K. At temperatures higher than 40 K, ymT drops rapidly,
attaining a value of about 0.01 cm® K mol ™! at ca. 60 K, which indicates a practically complete
HS* — LS relaxation. For 2, the increase of yuT in the dark is much limited, due probably to a
much lower value of the zero-field splitting characteristic of the S = 2 state, and attains a value of
ca. 3.70 cm?® K mol™! at about 20 K remaining constant up to ca. 50 K, then ymT decreases rapidly
to reach a value of ca. 1.80 cm?® K mol™! at 77 K. The Triesst value determined from OymT /0T in
the HS — LS relaxation is 45 K and 68 K for 1 and 2, respectively. These values are consistent
with the empirical inverse energy-gap law,?’ i.e. the metastability of the photo-generated HS*
species decreases as the stability of the LS increases (T1/ increases). These Trigsst temperatures
are perfectly consistent with the correlation line Trisst = To — 0.3T1/2 for which a Ty value equal
to 100 K has been associated with quite regular [FeNg] coordination environments generated by
ligands with small geometrical constraints, as it is the present case.’! The To value found for 2 is
virtually the same as found for the compound {Fe(bpe)[Hg(SeCN)4]}» mentioned above. 2

Due to the extremely low yield of complex 3, we could only study its structure at 119 K which

shows that the compound is in the LS state at this temperature. Although this derivative can fore-
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seeably present SCO behavior, we were unable to measure neither the thermal dependence of its
magnetic properties or its structure at room temperature to confirm it. The remaining complexes
4-6 show ymT values within a narrow range, 3.54-3.60 cm® K mol™!, that keep almost constant
down to about 50K, indicating the typical HS state of the Fe'! ion in these complexes. Below 50
K ymT decreases for complexes 4 and 6 down to about 2.7 cm3 K mol—1 at 2K indicating the oc-
currence of zero-field splitting (ZFS) characteristic of the S = 2 state. Interestingly, complex 5
show a more marked decrease until 1.73 cm® K mol!. The further obvious decreasing of ymT for
5 in the low temperature range implies maybe the weak antiferromagnetic coupling in addition to
ZFS between the adjacent high spin Fe! ions. The ym™ versus T curve can be satisfied fitted by
Curie-Weiss law within 10-300K, leading to negative Weiss constant. As described in the crystal
structure section, the obvious inter-chain n-w stack interaction can be found between the pyridine
rings in complex S, which can usually result in intermolecular antiferromagnetic interaction and

therefore can be used to support the above discussed magnetism phenomenon in this complex.
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Figure 6. Magnetic properties of complex 1(left) and 2(right).

Discussion and Concluding Remarks

Self-assembling [Hg(SeCN)4]*, Fe'l and L rodlike bis-monodentate pyridine-like lig-
ands has afforded a new series of six non-Hofmann type heterobimetallic coordination
polymers, which have been structurally characterized and magnetically investigated.

Single crystal X-ray diffraction analysis reveals that when L is 4,4’-bipy or 4,4’-azpy
(complexes 1 and 3), in situ generation of {[Hg''(SeCN)s]2(u-L)}?" (L = bridge ligand)
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dinuclear species are favored. In addition, these dinuclear species in turn act as linkers

2n+

between linear [Fe(u-L)]n“"" chains, thus resulting in highly crystalline 2D sheet-like co-
ordination polymers generically formulated {Fe[u-(Hg(XCN)s3)2](n-L)2} (X = S, Se).
Both compounds are isostructural to those obtained from the homologous [Hg(SCN)4]*
precursor when using equivalent L bis-monodentate ligands, including among others 4,4°-

2425 or tvp?S. Based on the limited number of examples reported so far, this in situ

bipy
transformation from [Hg(XCN)4]* to {[Hg"(XCN)3]2(n-L)}?" seems to be much less fa-
vored for X = Se. Indeed, the ligand 4,4’-azpy marginally forms the 2D system (com-
pound 3) giving essentially the 3D coordination polymer where the [Hg(SeCN)4]* build-
ing blocks remain intact (compound 4). Similarly, the ligand tvp gives 100% of 3D spe-
cies (compound 2), a fact that strongly contrasts when using [Hg(SCN)4]* as starting ma-
terial, since the latter affords exclusively the 2D compound.?® The main difference be-
tween 2 and 4 is that, unexpectedly, the Fe!' centers of the latter retains coordinated a
CH30OH molecule, which interacts via hydrogen bonding with the N atom of the terminal
NCSe™ group. In contrast, the ligand 4,4’-bipy favors the transformation of the starting
[Hg(XCN)4]* species whatever X (S or Se). Possibly, the smaller length and flexibility of
4,4’-bipy together with the imposed coordination topology (lineal) are structural obstacles
preventing the accomplishment of the metrics imposed by the [Hg(XCN)4]* building
blocks to give the 3D compound. However, the opposite is true for its 3,3’-bipy isomer in
compound 5. The “cis-gauche” conformation adopted by the 3,3’-bipy ligand is likely the
only structural compromise compatible with the [Hg(XCN)4]* building blocks. This con-
jecture seems to be supported by the fact that the longer 3,3’-azpy in compound 6 adopts
an “trans-anti”’ configuration similarly to the tvp derivative 2.

Complexes 1 and 2 show temperature and light induced SCO behavior. In contrast to
its isostructural X = S homologue that shows a three-step SCO behavior between the
states [HS]<>[HS:LS]<> [HS:2LS]<>[LS], the complete SCO of 1 takes place in only one
step between the fully HS and LS states, a fact denoting that the occurrence of multi-step
SCO behavior depends on subtle structural differences. Furthermore, the equilibrium
temperature for 1, T12= 170 K, is 55 K higher than the average T12 shown by its X =S
homologue.?*?* This suggests that the increase of ligand field strength around the Fe! in-

duced by the XCN™ (X =S, Se) group does not depend substantially on whether it belongs
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to the dimeric bridging unit {{Hg''(XCN)3]2(u-L)}?" or acts as a simple coordinating ter-
minal anion. It is worth noting that differences of similar magnitude in T have been
found for monomeric®>* and polymeric 1D**7 and 2D*-! [Fe(L).(NCX).] SCO com-
plexes. Interestingly, from a point of view of the coordination sphere of the Fe!! ion, the
latter series of compounds represent the antithesis of the compounds here described. For
example, in the 2D polymers [Fe(L)2(NCX).] (X = S, Se), the equatorial positions of the
hexa-coordinated Fe'' ion are occupied by four organic bridging ligands L and the axial
positions are filled with the two pseudohalide XCN"~ anions while the opposite situation is
adopted in {Fe[p-(Hg(XCN)3)2](n-L)2}.

As far as complex 2 is concerned, only ca. 50% of the Fe!! centers transform from the
HS to the LS state with a characteristic temperature T12 = 100 K. The low temperatures at
which this SCO occurs points to a kinetic blocking of the remaining 50% HS species
since usually below 100 K the dynamics of the SCO of the HS-LS transformation slows
down dramatically. This result is consistent with the complete SCO behavior (T12 =107.8
K) observed for the isostructural {Fe(bpe)[Hg(SeCN)4]} derivative, where bpe (trans-1,2-
bis(4-pyridyl)ethane) is the aliphatic version of the tvp. Furthermore, it confirms that the
ligand field felt by the Fe!' centers in these 3D compounds is weaker than that observed
for the 2D {Fe[Hg(SeCN)3]2(L)2}n series despite the Fe!' centers show the same coordina-
tion environment.

The lack of SCO in compounds 5 and 6 despite displaying similar 3D structures and
[FeNs] octahedral environment than 2 may be due to a slightly smaller o-donor capability
of the bridging 3,3’-bipy and 3,3’-azpy ligands with respect to bpe or tvp. This is tenta-
tively supported by the fact that the 2D compounds [Fe(3,3’-bipy)2(NCX)2]-2CHCl3 (X =
S, Se) are fully HS at any temperature,®® while both 2D homologous [Fe(4,4’-
bipy)2(NCX)2]-4CHCIs (X = S, Se) display SCO.>!

New examples with both new structural types and potential interesting SCO behavior
based-on [Hg(XCN)4]* (X = S, Se) metallo anion ligands as suitable building blocks and
other undeveloped mono- or multi-dentate bridging linkers for generating non-Hofmann

type topologic structures are undergoing in our lab.

Experimental
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Physical methods and materials.

All operations were carried out at room temperature under an air atmosphere and all chemicals
and solvents were of reagent grade and used without further purification. 4,4’-Bipyridine, FeCla,
KSeCN, Hg(SeCN),, trans-1,2-bis(4-pyridyl)ethylene (tvp) were purchased from commercial
sources. 4,4’-Azobispyridine (4,4’-azpy), 3,3’-Azobispyridine(3,3-azpy) and 3,3’-bipyridine
were prepared following the literature method.?>%

Preparation of complexes 1-6.

The six complexes were obtained by diffusion method in three-arms H-type vessels. One arm
of the vessel contained a methanol solution (1 mL) of FeCl, (0.10 mmol, 12.7 mg) and a small
amount of crystals of ascorbic acid to avoid oxidation of Fe!', while the middle arm contained a
water solution of Ko[Hg(SeCN)4] (1 mL) prepared in situ by mixing Hg(SeCN), (0.1 mmol, 41
mg) and KSeCN (0.2 mmol, 28.8mg). A methanol solution (I mL) of L (0.10 mmol, L = 3,3’-
azpy, 18.4 mg; tvp, 18.2 mg; 3,3’-bipy, 15.6 mg; 4,4’-azpy, 18.4 mg, 4,4-bipy, 15.6 mg) was
added to the third arm. After slowly adding methanol to completely fill the three arms, the ves-
sels were sealed, and kept in a quiet and dark place. The crystals of all the complexes except 3
suitable for single crystal X-ray analysis were obtained after about 2-3 weeks with the yield
about 50-60%.

Complex 1: Anal. Calcd. For CosHisFeHgoNioSes (1): C, 22.32; H, 1.15; N, 10.01; Found: C,
22.21; H, 1.24; N, 10.09. Main IR bands (cm™): 2100, 2060 (s, VsecN).

Complex 2: Anal. Calcd. For CisHioFeHgNesSes (2): C, 22.38; H, 1.17; N, 9.79; Found: C, 22.28;
H, 1.26; N, 9.90. Main IR bands (cm™): 2100 (s, Vsecn).

Complex 3: This complex was a byproduct and crystallized simultaneously with complex 4.
Very few small crystals suitable for X-ray diffraction but with different morphologies from the
main component was picked out manually.

Complex 4: Anal. Calcd. For CisHi2FeHgNgsOSes (4): C, 20.18; H, 1.36; N, 12.55; Found: C,
20.29; H, 1.28; N, 12.65. Main IR bands (cm™): 2100, 2055 (s, VsecN).

Complex 5: Anal. Calcd. For CisHsFeHgNsSes (5): C, 20.20; H, 0.97; N, 10.10; Found: C,
20.31; H, 1.05; N, 10.19. Main IR bands (cm™): 2100, 2060 (s, VsecN).

Complex 6: Anal. Calcd. For CisHsFeHgNgSes (6): C, 19.54; H, 0.94; N, 13.02; Found: C,
19.66; H, 1.04; N, 12.90. Main IR bands (cm™): 2110, 2065 (s, VsecN).
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Physical Measurements.

C, H and N elemental analyses were carried out with an Elementary Vario El analyzer. IR
spectroscopic spectra were performed on a Magna-IR 750 spectrophotometer in the 4000-400

cm™!

region on KBr pellets. Variable-temperature magnetic susceptibility measurements were
performed on a Quantum Design MPMS SQUID magnetometer. The experimental susceptibili-

ties were corrected for the diamagnetism of the constituent atoms (Pascal’s tables).
X-ray data collection and structure refinement.

Single crystals of the six complexes, with suitable dimensions for X-ray diffraction analyses
were mounted on glass rods, and the crystal data collected on a Bruker APEXII CCD diffractom-
eter with a Mo Ko sealed tube (A = 0.71073 A) using the ® scan mode. For the sake of fully un-
veiling the HS and LS state, the crystal structure analysis was carried out at 293 K, 100K for 1
and 2, respectively. The data collection was carried out at 119K for 3, while that for 4, 5 and 6 at
293K. The structures were solved using direct methods and expanded using Fourier difference
techniques with the SHELXL-2018/3 program package.** The non-hydrogen atoms were refined
anisotropically with anisotropic displacement coefficients. All the hydrogen atoms were intro-
duced as fixed contributors and assigned isotropic displacement coefficients U(H) =1.2U(C) or
1.5U(C), whose coordinates were allowed to ride on respective carbons using SHELXL-2018/3
and were refined isotropically with fixed U values. The CCDC 2023440-2023447 for complexes
1-6, including the corresponding LS of complexes 1 and 2, contains the supplementary crystallo-
graphic data for this paper and these data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Details of the crystal

parameters, data collection, and refinement are summarized in Table S1(Support Information).
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Supporting Information.

Table S1 contains the selected crystallographic information for compounds 1-6. Figures S1-
S5 show the IR of complexes 1, 2, 4, 5, 6. Figure S6 shows the coordination environment of the
metal ions (top) and 2D sheet structure along b axis for complex 3. Figure S7 shows the fragment
of the [Fe(3,3’-bipy)].>" zig-zag chain or [Fe(3,3’-azpy)]s>" linear chain surrounded by
[Hg(SeCN)4]* tetrahedrons. Figures S8-S10 shows the magnetic property of complex 4-6. Figure

S11 shows the experimental and simulated SCO behavior of compound 1 and compound 2.
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Graphical abstract:

Spin crossover in a series of non-Hofmann type Fe(ll) coordination polymers
based on [Hg(SeCN);] or [Hg(SeCN)4]* building blocks

We report a series of 2D and 3D 6,4-connected hetero-bimetallic Hg"-Fe!' coordination polymers
derived from self-assembling Fe'', [Hg(SeCN)4]* and bis-monodentate pyridine-like linkers (L).
The results show how sensitive the topological structure is with respect to the coordination abil-

ity, flexibility structural conformation of the bridging ligand (L) and how it determines the oc-

currence or not of spin crossover behavior in de series.
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