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ABSTRACT: FeII spin-crossover (SCO) coordination polymers of 
the Hofmann type have become an archetypal class of responsive 
materials. Almost invariably, the construction of their architectures 
has been based on the use of monotopic and linear ditopic pyridine- 
like ligands. In the search for new Hofmann-type architectures with 
SCO properties, here we analyze the possibilities of bridging ligands 
with higher connectivity degree. More precisely, the synthesis and 
structure of {FeII(LN3)[MI(CN)2]2}·(Guest) (Guest = nitro- 
benzene, benzonitrile, o-dichlorobenzene; MI = Ag, Au) and 
{FeII(LN4)[Ag2(CN)3][Ag(CN)2]}·H2O are described, where LN3 

and LN4 are the tritopic and tetratopic ligands 1,3,5-tris(pyridin-4- 
ylethynyl)benzene and 1,2,4,5-tetrakis(pyridin-4-ylethynyl)benzene. 
This new series of Hofmann clathrates displays thermo- and 
photoinduced SCO behaviors. 
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■ INTRODUCTION 
Iron(II) spin-crossover (SCO) complexes are remarkable types 
of responsive molecular materials that can be reversibly 
switched between the electronic high-spin (HS) and low-spin 
(LS) states in response to environmental stimuli, such as 
temperature, pressure, light irradiation, and analytes.1 The LS 
↔ HS switch is manifested by reversible, controllable, and 
detectable changes in the physicochemical properties (optical, 
magnetic, electrical, and structural), making these functional 
molecular materials excellent prototypes of sensors, switches, 
and memories.2 

Within the so-called polymeric approach to the synthesis of 
FeII SCO compounds, Hofmann-type coordination polymers 
have been gaining considerable attention in the past decade 
and now they constitute an archetypal family in the SCO area.3 
They are a class of two- and three-dimensional cyanide-bridged 
bimetallic compounds formulated as {FeII(L) [MII(CN) ]} , 

 
respectively. The latter connects the MII centers of consecutive 
layers, thus generating bifunctional porous fsc (RCSR 
database) frameworks in which SCO properties and host− 
guest chemistry interplay in a synergetic way.5f−h,6 

Co o r d i n a t i o  n  po lym e rs  w i th   the   f o rmu la  
{FeII(L)x[MI(CN)2]2}n, where MI = Cu, Ag, Au, are usually 
included in the family of Hofmann-type compounds. The FeII 
sites can be structurally described in the same terms as for 
{FeII(L)x[MII(CN)4]}n. However, the linear bis-monodentate 
rodlike [MI(CN)2]− bridges produce more open frameworks 
with pcu topology, which usually favor double, triple, and even 
quadruple interpenetration of the frameworks.3a,c At variance 
with {FeII(L)2[MII(CN)4]}n, which only form 2D frameworks, 
monodentate L ligands can also form 3D frameworks with 
more varied topologies (e.g., nbo and cds among others).7 
Usually, the {FeII(L)x[MI(CN)2]2}n frameworks interact with 
each other through short MI−MI metallophilic contacts. 

x 4  n II Furthermore, the susceptibility of MI−(Cu,Ag) to expand the 
where M is Ni, Pd, or Pt and L can be an N-donor coordination sphere or generate oligomers (e.g., [Ag (CN) ]−) 
monodentate (x = 2) or bis-monodentate rodlike (x = 1) 2 3 

ligand. The structure is invariably constituted of parallel stacks also adds interesting features to this subfamily of compounds. 
of two-dimensional {FeII[MII(CN)4]}n square grids in which Hofmann-type FeII SCO coordination polymers have 
FeII is equatorially coordinated to four [MII(CN)4]2− planar 
units through the N atom while the axial positions are 
occupied by two L ligands, defining two-dimensional (2D)4 or 
three-dimensional (3D)5 coordination polymers when L is a 
terminal monodentate or a bis-monodentate bridging ligand, 

afforded excellent examples of thermo- and piezohysteretic 
behaviors, multistep cooperative transitions, relevant examples 
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Scheme 1. Organic Bridging Ligands Used in This Work 
 

 

Table 1. Crystallographic Parameters for 1·PhNO2, 2·PhNO2, and 3·H2O 
 

1·PhNO2 2·PhNO2 3·H2O 

120 K 250 K  100 K 250 K  120 K 250 K 

empirical formula C37H20Ag2FeN8O2 C37H20Au2FeN8O2 C39H18Ag3FeN9O 
Mr 880.20 1058.39 008.08 
cryst syst orthorhombic orthorhombic triclinic 
space group Pbcn Pbcn P1̅ 
a (Å) 36.5834(10) 36.806(2) 36.7927(12) 36.931(2) 7.9977(5) 7.9807(5) 
b (Å) 15.2354(4) 15.8826(5) 15.1716(5) 15.6980(4) 9.5996(9) 9.8952(6) 
c (Å) 13.2204(3) 13.4475(5) 13.1200(4) 13.3384(4) 13.5845(5) 13.8305(8) 
α (deg)     89.642(5) 89.434(4) 
β (deg)     80.717(5) 80.842(5) 
γ (deg)     71.166(7) 71.898(5) 
V (Å3) 7368.6(3) 7861.0(5) 7323.6(4) 7732.8(4) 973.00(12) 1024.00(11) 
Z 8 8 8 8 1 1 
F(000) 3472  3984  490  

Dc (mg cm−3) 1.587 1.487 1.920 1.818 1.720 1.661 
μ(Mo Kα) (mm−1) 1.484 1.391 8.427 7.982 1.895 1.804 
total no. of rflns (I > 2σ(I)) 7681 5381 7739 6638 3694 3496 
R (I > 2σ(I)) 0.0681 0.0672 0.0383 0.0463 0.0609 0.0670 
Rw (I > 2σ(I)) 0.1453 0.1674 0.0905 0.0859 0.1569 0.1776 
S 1.068 1.014 1.033 1.066 1.046 1.050 

 

of porous systems where the SCO behavior can be tuned by 
guest molecules favoring selective host−guest interactions, 
catalytic activity, and/or solid-state transformations.8 In 
addition, these compounds are excellent platforms to 
investigate the SCO properties at the nanoscale (nanocrystals, 
thin films)5b,9 and their potential application as prototypes of 
spintronic and micromechanical devices.10 Thus, the design 
and synthesis of new Hofmann-type FeII SCO compounds are 
essential steps for discovering new, interesting properties and 
applications. In this respect, almost all Hofmann-type FeII SCO 
compounds so far investigated have been prepared from mono- 
and ditopic L ligands. Indeed, as far as we know, the only 
exception corresponds to the porous coordination polymers 
{Fe(TPT)2/3[MI(CN)2]2}·n(Guest),  where  TPT  is  2,4,6- 
tris(4-pyridyl)-1,3,5-triazine,  a  tritopic  ligand  with  D3h 
symmetry.11 

As a further step in this study, herein we report on the 
synthesis and characterization of two unprecedented series of 
FeII SCO coordination polymers based on the tritopic and 
tetratopic ligands LN3 = 1,3,5-tris(pyridin-4-ylethynyl)benzene 

precisely, we will present the crystal structures and magnetic 
and photomagnetic properties of {FeII(LN3)[MI(CN)2]2}· 
(Guest) (MI = Ag (1·Guest), MI = Au (2·Guest); Guest = 
C6H5X (X = NO2, CN), o-C6H4Cl2)) and {FeII(LN4)- 
[Ag2(CN)3][Ag(CN)2]}·H2O (3·H2O). 

■ RESULTS 
Synthesis. The synthesis of the title compounds was 

conditioned by the high insolubility of the ligands LN3 and LN4 
and the resulting coordination polymers. Thus, in order to get 
reasonably good microcrystalline samples and single crystals of 
1·Guest, 2·Guest, and 3·H2O, the synthesis was carried out by 
slow diffusion of the components (see also the Experimental 
Section). The presence of guest molecules was an additional 
key condition for the synthesis of complexes with LN3. Thus, 
we found that the use of an H-type diffusion system made up 
of four connected vessels resulted in the most appropriate 
strategy. In such a configuration, methanolic solutions of FeII 
and [M(CN)2]− were poured separately into the peripheral N3 
vessels, while L was placed as a solid (due to its insolubility) 

and LN4 = 1,2,4,5-tetrakis(pyridin-4-ylethynyl)benzene 
(Scheme 1) and ditopic [MI(CN)2]− inorganic bridges. The 
LN3 ligand is an expanded version of the previously investigated 
TPT ligand, while the topology of the LN4 ligand is investigated 
for the first time in the family of Hofmann clathrates. More 

at the bottom of the vessel next to the FeII solution, and a large 
excess of Guest was placed in the remainder vessel. 
Alternatively, to slow the diffusion, it is also possible to add 
the FeII and [M(CN)2]− salts as solids at the bottom of the 
corresponding tubes. Finally, the four vessels were filled with 

 
 

 



  

  

 

 

Table 2. Selected Bond Lengths (Å) for 1·PhNO2, 2·PhNO2, and 3·H2O 
 

  1·PhNO2    2·PhNO2    3·H2O  

120 K  250 K  100 K  250 K  120 K  250 K 

Fe−N1 2.033(4)  2.217(6)  2.048(5)  2.220(5)  2.045(4)  2.241(4) 
Fe−N2 2.046(4)  2.228(5)  2.061(5)  2.217(5)  1.955(4)  2.117(5) 
Fe−N3 1.968(4)  2.166(5)  1.975(5)  2.157(6)  1.957(4)  2.141(5) 
Fe−N4 1.969(4)  2.145(5)  1.994(5)  2.148(5)     

Fe−N5 1.971(5)  2.151(5)  1.982(5)  2.149(6)     

Fe−N6 1.973(5)  2.151(5)  1.986(5)  2.154(6)     

Ag1−C28 2.043(5)  2.031(6)         

Ag1−C29 2.044(5)  2.049(6)         

Ag2−C30 2.053(6)  2.052(6)         

Ag2−C31 2.059(6)  2.060(6)         

Au1−C28     1.986(6)  1.987(7)     

Au1−C29     1.970(6)  1.982(7)     

Au2−C30     1.989(7)  1.989(7)     

Au2−C31     1.983(6)  1.977(6)     

Au1−Au2     3.268(1)  3.270(1)     

Ag1−N4         2.435(4)  2.470(6) 
Ag1−N5         2.119(5)  2.095(7) 
Ag1−C18         2.068(5)  2.054(6) 
Ag1−C19         2.119(5)  2.095(7) 
Ag2−C20         2.058(5)  2.060(6) 
Ag1−Ag2 3.275(1)  3.247(1)         

 

Figure 1. (a) Coordination center of 1·PhNO2 at 120 K showing the atom labeling of the asymmetric unit (the atom labeling for the Au derivative 
(2·PhNO2) is the same). (b) Fragment of the zigzag chain running along [100]. (c) {Fe4[MI(CN)2]4} corrugated 2D grids. 

 
methanol and sealed (Figure S1). The most appropriate guest 
molecules turned out to be the following benzene derivatives: 
PhNO2, o-PhCl2, and PhCN. In contrast, the use of five- 
membered rings as guests, i.e. pyrrole, furan, and thiophene, 
was unsuccessful and no product was formed. PXRD patterns 
for the 1·Guest and 2·Guest series are practically identical, 
demonstrating their isostructural nature (Figure S2). Despite 
the high crystallinity of these compounds, adequate single 

crystals to get reasonably good structural X-ray diffraction 
analyses were achieved only for 1·PhNO2 and 2·PhNO2. 

Given that LN4 is soluble in CHCl3 and that the structure of 
3·H2O cannot accept guest molecules (vide infra), a three- 
vessel modification was employed (see Figure S1). At variance 
with 3·H2O, self-assembly of FeII, LN4, and [Au(CN)2]− does 
not give any type of complex even in the presence of guest 
molecules. This may be due to metric and/or geometric 

 
 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
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Figure 2. Perspective views of a fragment of the 3D framework of 1·PhNO2 at 120 K: a single framework running along the [001] (a) and [010] 
(b) directions and the same perspectives showing the double-interpenetrated frameworks loaded with PhNO2 (c, d). 

incompatibilities between connectors and nodes and the fact 
that the Au atom cannot expand the coordination sphere as Ag 
does in the case of 3·H2O (vide infra). 

The thermogravimetric analysis (TGA) for 1·Guest, 2· 
Guest, and 3·H2O confirmed the amount of guest molecules 
(Figure S3). The TGA for fresh samples of 1·PhNO2 and 2· 
PhNO2 shows, prior to the loss of the PhNO2 molecule, a 
quite small weight loss (ca. 0.5 and 0.3%, respectively) on 
starting from room temperature, which could be tentatively 
associated with the presence of a quite small amount of 
methanol. Because the amount of these molecules is less than 
ca. 1/8 CH3OH and these species are very labile, we have 
considered that, under vacuum conditions of the SQUID 
magnetometer or even under ambient storage conditions, these 
molecules spontaneously desolvate, as suggested by the 
structure analysis and the magnetic properties (vide infra). 
The average yields for 1·Guest and 2·Guest were ca. 15−20%, 
and that of 3·H2O was 10−15%. 

Structure. The crystal structure was determined by single- 
crystal X-ray analysis at 120 and 250 K for 1·PhNO2 and 3· 
H2O and at 100 and 250 K for 2·PhNO2. Compounds 1· 
PhNO2 and 2·PhNO2 crystallize in the orthorhombic Pbcn 
space group, while compound 3·H2O crystallizes in the triclinic 
P1̅space group. Relevant crystallographic parameters are 
shown in Table 1. Selected significant bond lengths and angles 
are given in Table 2 and Table S1, respectively. 

graphically distinct [MI(CN)2]− groups (Ag1/2 and Au1/2). 
The average ⟨[FeN6]⟩ bond lengths are 1.993(5) [2.176(5)] Å 
for 1·PhNO2 at 120 K [250 K] and 2.008(5) Å [2.174(6)] Å 
for 2·PhNO2 at 100 K [250 K]. The difference values ΔR 
between high- and low-temperature forms equal to 0.183 Å (1· 

PhNO2) and 0.166 Å (2·PhNO2) are in agreement with the 
magnetic data and are consistent with the occurrence of a 
practically complete SCO transition for 1·PhNO2 and 90% 
conversion at 100 K for 2·PhNO2. It is worth stressing at this 
point that, when single crystals of the latter compound are 
selected directly from the mother liquor and cooled to 120 K, 

the crystal parameters and Fe−N bond lengths are similar to 
those obtained at 250 K and are consistent with the results 
obtained from the magnetic data measured in solution: namely, 

that 2·PhNO2 remains in the HS state (vide infra) (see Table 
S2). Consistent with the TGA, this notable difference suggests 
the presence of very small amounts of strongly disordered 
labile methanol molecules included in the structure (ca. less 

than 0.2 molecule) at 120 K. Indeed, there is some 
nonassigned electron density within the cavities of the 
structure. An analysis using PLATON shows the occurrence 
of a void volume of 2 × 67 Å3 centered at (0.0, 0.72, 0.25) 

close (ca. 2.7 Å) to the uncoordinated N7 atom. No such 
behavior was observed for the single-crystal study of 1·PhNO2. 

The sums of deviations from the ideal octahedron of the 12 
Structures of 1·PhNO2 and 2·PhNO2. Given that 1·PhNO2 “cis” N−Fe−N angles (∑ = ∑i 12 |θ − 90|) are respectively 

and 2·PhNO2 are isostructural, we will describe their structures 
simultaneously. There is a crystallographically unique FeII site 
that is situated in the center of a slightly elongated [FeN6] 
octahedron. Figure 1 displays the coordination sphere of the 
FeII with the atom labeling of the asymmetric unit, which is the 
same for 1·PhNO2 and 2·PhNO2. The axial positions (Fe−N1 
and Fe−N2), occupied by the pyridine moieties of the ligand 
LN3, are about 3% longer than the equatorial positions. The 
four equatorial positions are occupied by two crystallo- 

17.3° [26.8°] and 24.1° [25.3°] for 1·PhNO2 and 2·PhNO2 at 
120 K [250 K], confirming that the [FeN6] site is weakly 
distorted, whatever the spin state of the FeII centers. The 
average Fe−N−C(MI) angles separate from 180° by 15.4° 
(250 K) and 10.2° (120 K) for Fe−N−C(Ag) and 16.8° (250 
K) and 11.7° (100 K) for Fe−N−C(Au). Similarly, the average 
MI−C−N angles deviate from linearity by 6.5° (250 K) and 
10.6° (120 K) for [Ag(CN)2]− and 4.6° (250 K) and 7.4° 
(100 K) for [Au(CN)2]−. 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf


  

  

 

 

 

 

Figure 3. Coordination center of 3·H2O at 120 K showing the atom labeling of the asymmetric unit (a). Perspective views of a fragment of the 3D 
framework of 3·H2O at 120 K: two perspectives of the same fragment of a single framework emphasizing the coordination mode of LN4 and 
[Ag2(CN)3]− bridges (b) and the connection of the formed layers via [Ag(CN)2]− ligands (c). 

The LN3 ligand is not completely flat. Indeed, the mean 
planes defined by the pyridine moieties containing N1, N7, 
and N2 define angles with respect to the mean plane 
containing the benzene ring equal to 4.7° (4.2°), 18.9° 
(26.9°), and 5.4° (13.6°) for 1·PhNO2 at 120 (250) K and 
4.6° (4.2°), 18.9° (29.1°), and 5.1° (6.8°) for 2·PhNO2 at 100 
(250) K, respectively. It is noteworthy to stress the strong 
dependence of the angles defined by N2 and N7 on the spin 
state of the FeII. Furthermore, the pyridine−benzene 
connectors deviate slightly from linearity (by 5−6°). The 
pyridyl group containing the N7 atom does not coordinate 
either the FeII or MI ion and is strongly disordered. 
Consequently, LN3 acts as a ditopic ligand, thereby defining 
zigzag chains running along [100]. In addition, the 
[MI(CN)2]− linkers radiate almost perpendicularly to the 
[100] direction connecting the FeII centers of four adjacent 
zigzag chains. Alternatively, the structure can be seen as a 
parallel stack of slightly corrugated 2D grids {Fe4[MI(CN)2]4} 
connected by LN3. The distances between two FeII centers of 
consecutive layers connected by LN3 are 18.466(1) Å at 120 K 
for 1·PhNO2 and 18.396(2) Å at 100 K for 2·PhNO2. The 
resulting 3D network generates enough empty room so as to 
favor interpenetration of two identical networks (Figure 2). 
The frameworks interact with each other through weak 
metallophilic MI···MI interactions (see Table 2) but, more 
importantly, through the LN3 ligands, which stack along the c 
direction, generating a large number of intermolecular C···C π 
short contacts smaller than the sum of the van der Waals radii 
(ca. 3.7 Å). These contacts increase in number and intensity 
when the compound moves from the HS state to the LS state 

 
(see Figures S4 and S5 and Table S3). Despite this fact, the 
interpenetrating frameworks generate room for inclusion of 
one PhNO2 molecule, which are located between the LN3 
ligands (Figure 2) and define strong π interactions with one of 
the pyridine rings coordinated to the FeII centers, while the 
other coordinated pyridine group also interacts via π with the 
central benzene ring of a LN3 ligand belonging to the adjacent 
framework (see Figures S4 and S5). 

Structure of 3·H2O. Figure 3 displays a fragment of the 
structure of 3·H2O at 120 K together with the atom labeling of 
the asymmetric unit. There is one crystallographically unique 
[FeN6] site which lies in an inversion center defining a slightly 
elongated octahedron. The axial bond lengths are occupied by 
the pyridine moieties of the LN4 ligand (Fe−N1), while the 
four equatorial positions are occupied by [Ag(CN)2]− and 
[Ag2(CN)3]− units through the Fe−N2 and Fe−N3 bonds. 
The ⟨[FeN6]⟩ values equal to 1.986(4) and 2.166(4) Å at 120 
and 250 K, respectively, indicate that the FeII centers are 
essentially in the LS and HS spin states according to the 
magnetic data. In this case the angular distortions of the 
[FeN6] octahedron, ∑120 K = 6.9(2)° and ∑250 K = 5.0(2)°, are 
remarkably smaller than those in the case of 1·PhNO2 and 2· 
PhNO2. 

The LN4 ligand is essentially flat, but the pyridine moiety 
bearing the N1 atom is rotated 27.1° with respect to the plane 
defined by the central benzene ring, which also lies in an 
inversion center. The Ag site in the [Ag(CN)2]− unit is strictly 
linear. In contrast, the Ag site in the in situ generated 
[Ag2(CN)3]− species expands the coordination sphere to 3, 
affording a distorted-trigonal geometry. The trigonal geometry 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf


  

  

 

 

 

 

Figure 4. Magnetic and photomagnetic properties of 1·Guest, 2·Guest, and 3·H2O: irradiation at 10 K (red triangles); thermal dependence of χMT 
upon heating at 0.3 K/min (blue circles) and heating/cooling at 1 K/min (black circles); thermal variation of χMT for crystals of 2·PhNO2 soaked 
in mother liquor (open circles). 

 
is generated through coordination of the N4 atom belonging to 
LN4. Consequently, LN4 acts as a tetratopic ligand connecting 
the FeII and the AgI of the [Ag2(CN)3]− units, defining an 
irregular 2D grid with triangular and hexagonal windows. 
These layers are connected through the linear [Ag(CN)2]− 
bridges, thus defining a quite open 3D framework. Alter- 
natively, the structure can be described as constituted by an 
infinite stack of undulated {Fe4[Ag(CN)2]2[Ag2(CN)3]2}n 
layers pillared by LN4. The space generated by the undulated 
rectangular windows allows interpenetration of two additional 
identical frameworks, thus filling the void space and affording a 
triple-interpenetrated system where there is only free room for 
one H2O per formula unit (see Figure S6a). A simplified 
version of the structure showing the topology of the resulting 
(2-c)(3-c)2(4-c)(6-c) 4-nodal net analyzed with ToposPro12 is 
given in Figure S6b. 

Magnetic and Photomagnetic Properties. The thermal 
dependence of the χMT product (χM is the molar magnetic 
susceptibility and T is the temperature) was measured at 1 K 
min−1 using a magnetic field of 1 T in the temperature region 
10−300 K for compounds 1·Guest, 2·Guest, and 3·H2O. The 
corresponding χMT versus T curves are shown in Figure 4. At 
300 K, the χMT value was found in the interval 3.70−3.76 cm3 
K mol−1 for 1·Guest and 2·Guest and 3.34 cm3 K mol−1 for 3· 
H2O. These values are typical for an S = 2 ground state with 
noticeable orbital contribution, as usually observed for the FeII 
ion in the HS state. For 1·Guest and 2·Guest, χMT is nearly 
constant in the temperature interval 300−210 K. Upon further 
cooling, χMT decreases abruptly, attaining values in the interval 
0.10−0.25 cm3 K mol−1 at 50 K, indicating that the LS state (S 
= 0) is practically fully populated. The equilibrium temper- 
atures of the SCO, at which the molar fractions of the HS and 
the LS species are equal to γLS = γHS = 0.5 (ΔGHL = 0), have 
T1/2 values equal to 156 K (1·PhCN), 145 K (2·PhCN), 166 K 
(1·PhNO2), 143 K (2·PhNO2), 180 K (1·oPhCl2), and 187 K 
(2·oPhCl2). 

As mentioned in the structural analysis, an apparent 
inconsistency in the degree of spin-state conversion was 

found when the χMT product and the average Fe−N bond 
distance of 2·PhNO2 at 120 K were correlated. This was 
associated with the clathration of a variable small amount of 
loosely attached methanol molecules, which spontaneously 
desorb at higher temperatures. To clarify this, the thermal 
variation of χMT was recorded for a crystalline sample of 2· 
PhNO2 soaked in mother liquor. The results included in 
Figure 4 (open circles) demonstrates that under these 
conditions 2·PhNO2 remains in the HS state at all temper- 
atures. 

Compound 3·H2O experiments a similar SCO behavior 
starting at higher temperature (ca. 250 K), but the χMT 
product decreases more gradually. Indeed, the χMT value 
changes from 3.34 to 0.56 cm3 K mol−1 (γHS ≈ 0.17) in the 
temperature interval 250−150 K. Furthermore, a subsequent 
smoother decrease of χMT is observed in the temperature 
range 150−50 K, attaining a value of 0.26 cm3 K mol−1 at 50 K 
(γHS ≈ 0.08). The SCO can also be considered complete and 
characterized by a T1/2 value of ca. 187 K. 

Photogeneration of the metastable HS* state at low 
temperature, the so-called light-induced excited spin state 
trapping (LIESST) experiment,13 was carried out at 10 K on 
irradiation of microcrystalline samples (0.80 mg) of 1·Guest 
and 2·Guest with red light (λ 633 nm), in the time required to 
attain saturation (Figure 4 and Figure S7). Under these 
conditions, the samples saturate in 3 h, with values of χMT in 
the interval 2.97−2.21 cm3 K mol−1. Subsequently, the light 
irradiation was switched off and the temperature increased at a 
rate of 0.3 K min−1. Then, χMT keeps on increasing to reach a 
maximum of 3.72−3.54 cm3 K mol−1 in the temperature 
interval 37−50 K. This increase in χMT corresponds to the 
thermal population of different microstates originating from 
the zero-field splitting of the S = 2 HS* spin state. At higher 
temperatures, χMT decreases rapidly until it joins the thermal 
SCO curve in the 65−84 K temperature range, indicating that 
the metastable HS* state has completely relaxed to the stable 
LS state. In contrast, after saturation χMT values experience 
just a slight increase to attain a maximum of ca. 2.47 cm3 K 

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01842/suppl_file/ic8b01842_si_001.pdf
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mol−1 at 14 K for 3·H2O. This less stable HS* state relaxes 
back to the LS state at significantly lower temperatures. The 
characteristic TLIESST temperatures,14 obtained from ∂χMT/∂T 
in the 10−77 K interval, are 63.6 K (1·PhCN), 70.5 K (2· 
PhCN), 61.0 K (1·PhNO2), 66.0 K (2·PhNO2), 60.5 K (1· 
oPhCl2), 60.0 K (2·oPhCl2), and 37 K (3·H2O). 

structural arrangement compatible with LN3 acting as a tritopic 
ligand. 

In contrast to LN3, self-assembly of FeII, LN4, and 
[MI(CN)2]− only gave positive results for MI = Ag, affording 
3·H2O in low yield. During the slow diffusion process, part of 
the [AgI(CN)2]− groups dissociate to generate in situ the 
relatively uncommon oligomeric species [AgI (CN) ]−, which 

 
The objective of the present work was to investigate new 
cyanido-bridged bimetallic FeII-MI SCO coordination poly- 
mers. We focused our attention on LN3 and LN4 tri- and 
tetratopic ligands, respectively. As mentioned above, it is 
relevant to stress that the isostructural doubly interpenetrated 
frameworks 1·Guest and 2·Guest could only be obtained in 
the presence of appropriate guest molecules such as PhNO2, o- 
PhCl2, and PhCN, which apparently act as templates during 
the self-assembly process. In addition, this template function 
was critically dependent on the size of the guest molecule. 

Despite being LN3 being topologically identical with the 
ligand TPT, they form in combination with FeII and 
[MI(CN)2]− (MI = Ag, Au) complexes with different 
stoichiometries and radically distinct {Fe[MI(CN)2]2}n frame- 
works.11 The complexes {Fe(TPT)2/3[MI(CN)2]2}·n(Guest) 
(MI = Ag, Au) generate two interlocking 3D networks with an 
NbO-type topology defined by the [NC−MI−CN]− 
linkers. The c axis of the network coincides with one of the 
diagonals of the NbO units, which in turn runs along the C3 
axis passing through the TPT ligands (see Figure 5). Indeed, 

 

 

Figure 5. Fragment of the {Fe(TPT)2/3[MI(CN)2]2} framework 
displaying the NbO-type topology defined by blue bars connecting 
the FeII centers (red spheres). The [MI(CN)2]− units are the 
undulating gray segments linking the FeII centers. The orange line 
denotes the diagonal and C3 axis of the structure passing through the 
TPT ligands. 

 

 

the TPT ligand is perfectly complementary with the voids 
generated by the pseudohexagonal circuits {Fe[MI(CN)2]}6 
(chair conformation) and acts as an additional tritopic bridge 
between the FeII centers. Obviously, extension of the linker 
between the pyridine and triazine moieties of the TPT ligand 
with alkaline spacers to afford a ligand having the same metrics 
as LN3 would provoke a severe misfit of the resulting ligand 
with respect to the size of the {Fe[MI(CN)2]}6 circuits. As a 
consequence, the framework {Fe[MI(CN)2]2}n cannot gen- 
erate the intricate 3D NbO-type structure observed for the 
TPT system; in contrast, it readapts to form an infinite stack of 
2D corrugated layered structures pillared by LN3 to afford 1· 
Guest and 2·Guest frameworks. Apparently, there is no stable 

fact together with the particular configuration of the pyridine 
rings in LN4 favors the expansion of the coordination number 
of the two equivalent AgI centers of [AgI (CN) ]− to 3 
(pseudotrigonal), thereby provoking strong distortion from 
linearity in this species and marked corrugation in the resulting 
2D {Fe[Ag(CN)2][Ag2(CN)3]}n layers. These layers stack 
along the [100] direction and are firmly attached to each other 
through LN4, which act as double pillars linking two FeII and 
AgI (pseudotrigonal) pairs of adjacent layers, forming an open 
3D framework. Furthermore, the wide rectangular {Fe4[Ag- 
(CN)2]2[Ag2(CN)3]2} windows facilitate interpenetration of 
two other identical frameworks in such a way that there is no 
room for inclusion of guest molecules. Indeed, only a loosely 
attached molecule of water is retained. The much more inert 
nature of the AuI coordination sphere does not enable 
generating similar species, and consequently, the homologous 
gold compound of 3·H2O cannot form. 

As far as the SCO equilibrium temperatures (T1/2) are 
concerned, a moderate increase in T1/2 is observed for 1·Guest 
in the sequence PhCN (156 K) < PhNO2 (166 K) < o-PhCl2 
(180 K). A possible explanation for this trend could be related 
to the slightly different sizes and shapes of these molecules. 
Their different accommodation requirements in the available 
space most likely favors distinct distributions of the 
intermolecular interactions which enhance the stabilization of 
the LS. This is also valid, to a first approximation, for 2·Guest 
(PhCN (145 K) ≈ PhNO2 (143 K) < o-PhCl2 (187 K)), 
although it is not obvious to explain why T1/2 for the PhNO2 
derivative is virtually the same as that for the PhCN derivative. 
In this respect, it is well known the high sensitivity of T1/2 to 
very small changes in free energy between of the HS and LS 
states, ΔGHL,6e is well-known, which in turn reflects the high 
sensitivity of the SCO centers to chemical pressure. 
Consequently, stabilization/destabilization of the LS (HS) 
state, and hence the value T1/2, depends on a delicate balance 
between electronic and structural factors that often are difficult 
(if not impossible) to evaluate/discuss without a notable dose 
of speculation. 

The general trend of the TLIESST values is consistent with the 
empirical inverse-energy-gap law:16 i.e., the metastability of the 
photogenerated HS* species decreases as the stability of the LS 
increases. This is particularly true for the T1/2−TLIESST14 values 
of homologous pairs 1·Guest−2·Guest (Guest = PhCN, 
PhNO2), although in the case of Guest = o-PhCl2 the smaller 
difference in T1/2 is reflected in virtually similar TLIESST values 
(the same can be observed when 2·PhCN and 2·PhNO2 are 
compared). It is important to remark that all the T1/2−TLIESST 
pairs in the 1·Guest−2·Guest series are located close to the 
correlation line TLIESST = T0 − 0.3T1/2, with T0 = 100 K being 
typical for less rigid coordination centers [FeIIN6] constituted 
of monodentate ligands and being consistent with their 
isostructural nature.14 In contrast, despite the fact that 
[FeIIN6] centers are similar for 3·H2O, its corresponding 
T1/2−TLIESST pair is well below this line. This may reflect the 
distinct structural nature of the latter, which displays a densely 

 
 

DISCUSSION 1
 has been described for a few related SCO compounds. This 
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packed triply interpenetrated 3D rigid structure versus a less 
densely packed and probably less rigid doubly interpenetrated 
3D structure in 1·Guest and 2·Guest. 

It is a general fact when series of isostructural AgI and AuI 
SCO complexes are compared that (T1/2)Ag > (T1/2)Au. This is 
usually rationalized in terms of lower donor ability associated 
with the greater electron-withdrawing ability of the cyanide 
group due to a more covalent NC−Au interaction. This 
general trend applies for the isostructural 1·Guest and 2·Guest 
compounds when Guest is PhNO2 and PhCN, but it does not 
apply for o-PhCl2. In line with what is mentioned above, the 

mmol, 47.3 mg) (2). Finally, the vessel was filled completely with 
methanol and sealed. In all cases, yellow crystals appeared within 2 
weeks, in low yield (ca. 20%). EDX analysis (energy dispersive X-ray 
analysis) confirmed the stoichiometric relationship between metallic 
coordination centers: for 1·Guest, Fe:Ag = 1:2; for 2·Guest, Fe:Au = 
1:2. 

Complex 1·Guest. Anal. Calcd for C37H20Ag2FeN8O2 (880.20): C, 
50.49; H, 2.29; N, 12.73. Found: C, 50.38; H, 2.32; N, 12.58. Calcd 
for C37H19Ag2FeN7Cl2 (904.09): C, 49.16; H, 2.12; N, 10.85. Found: 
C, 50.18; H, 2.22; N, 10.98. Calcd for C38H20Ag2FeN8 (860.22): C, 
53.06; H, 2.34; N, 13.03. Found: C, 52.58; H, 2.32; N, 12.68. IR 

presumed extra space required by o-PhCl2 I together with the (cm−1): ν(CC) 2219 (m), ν(CN) 2163 (s), ν(CN) 1613 
(vs), ν(pyridine ring) 1418 (s), 825 (s). The symmetric and 

more rigid nature of the Au framework, in comparison with asymmetric stretching modes of the NO group in PhNO were 
the AgI framework, may favor an extra chemical pressure which 2 2 

results in a higher than expected T1/2 value. This conjecture is 
supported by the greater number of short intermolecular 

unambiguously assigned to νa(NO2) 1525 (vs) and νs(NO2) 1344 
(vs). No singular signals could be associated with PhCN and o-PhCl2. 

contacts observed for 2·PhNO2 in comparison with 1·PhNO2. 

CONCLUSION 
Two new ligands with unusual coordination denticities, 
trigonal (LN3) and square (LN4), have been included in the 
library of SCO Hofmann-type metal−organic frameworks 
derived from [MI(CN)2]− (MI = Ag, Au). Using slow diffusion 
methods in presence of appropriate guest molecules, LN3 
affords six new isostructural clathrate compounds generically 
formulated as 1·Guest and 2·Guest with Guest = PhCN, 
PhNO2, o-PhCl2. The structure of the PhNO2 derivative shows 
that LN3 works as a bis-monodentate ligand to satisfy, most 
likely, the metrics imposed by the {Fe[MI(CN)2]2}n layers, 
thereby acting as a pillar between the layers, thus affording an 
open 3D framework. Two identical frameworks interpenetrate 
in the same space and hold together through short 
intermolecular interactions including weak MI···MI metal- 
lophilic interactions. The six clathrates exhibit thermal- and 
light-induced SCO properties. Concerning the ligand LN4, one 
should expect coordination of four FeII and generation of a 
complicated framework via [MI(CN)2]−; however, the 
occurrence of geometric incompatibilities is apparent, which 
are solved for the AgI derivative by virtue of its much more 
labile coordination sphere. Consequently, the structure of 3· 
H O is made up of extended {Fe[AgI(CN) ][Ag I(CN) ]} 

Complex 2·Guest. Anal. Calcd for C37H20Au2FeN8O2 (1058.39): 
C, 41.99; H, 1.90; N, 10.59. Found: C, 41.78; H, 1.98; N, 10.43. 
Calcd for C37H19Au2FeN7Cl2 (1082.29): C, 41.06; H, 1.77; N, 9.06. 
Found: C, 42.03; H, 1.85; N, 10.43. Calcd for C38H20Au2FeN8 
(1038.41): C, 43.95; H, 1.94; N, 10.79. Found: C, 43.58; H, 2.01; 
N, 10.68. IR (cm−1): ν(CC) 2220 (m), ν(CN) 2170 (s), ν(C 

N) 1610 (vs), ν(pyridine ring) 1420 (s), 820 (s). The symmetric and 
asymmetric stretching modes of the NO2 group in PhNO2 were 
unambiguously assigned to νa(NO2) 1520 (vs) and νs(NO2) 1340 
(vs). No singular signals could be associated with o-PhCl2 and PhCN. 

Synthesis of {FeII(LN4)[Ag2(CN)3][Ag(CN)2]}·H2O (3·H2O). 
Crystals of 3·H2O were obtained by slow diffusion of solutions of 
three reagents placed in a modified H-shaped vessel with three arms, 
the arm in the middle being broader than the peripheral arms. This 
feature was introduced due to the high insolubility of LN4 (a high 
volume of solvent was needed to dissolve the appropriated amount of 
ligand). The peripheral vessel arms contained Fe(BF4)2·6H2O 
(0.05925 mmol, 20 mg) and K[Ag(CN)2] (0.1185 mmol, 23.7 
mg), respectively; the central vessel arm contained a solution of LN4 
(0.05925 mmol, 28.6 mg, dissolved in 7 mL of CHCl3). Finally, the 
tube was filled completely with methanol and sealed. Orange single 
crystals of 3·H2O appeared within 4 weeks, in low yield (ca. 20%). 

EDX analysis (energy dispersive X-ray analysis) confirmed the 
stoichiometric relationship between metallic coordination centers: for 
3·H2O, Fe:Ag = 1:3. 

Complex 3·H2O. Anal. Calcd for C39H20Ag3FeN9O (1010.10): C, 
2 2 2 3  n 46.37; H, 2.00; N, 12.48. Found: C, 46.59; H, 2.10; N, 12.73. IR 

layers pillared by two opposite pyridine rings of LN4, which act 
as axial ligands of FeII, while the remaining two pyridine rings 
coordinate the AgI centers of the in situ generated 
[Ag I(CN) ]− units. The much more inert nature of AuI 

(cm−1): ν(CC) 2212 (w), ν(CN) 2150 (m), ν(CN) 1604 
(vs), ν(pyridine rings) 1419 (s), 813 (s). 

Physical Characterization. Variable-temperature magnetic sus- 
2 3 ceptibility measurements were performed on samples (20−30 mg) 

prevents the formation of this uncommon triple-interpene- 
trated network. The higher characteristic T1/2 value of the 
SCO is consistent with the incomplete photogeneration of the 
LS state at low temperatures. 

 
EXPERIMENTAL SECTION 

Materials. Fe(BF4)2·6H2O, K[Ag(CN)2], K[Au(CN)2], and 
organic precursors were purchased from commercial sources and 
used as received. 

Synthesis of Ligands. 4-Ethynylpyridine and the ligands LN3 and 
LN4 were prepared by the published methods.17 

Synthesis of {FeII(LN3)[MI(CN)2]2}·Guest (MI = Ag (1·Guest), 
Au (2·Guest)). Crystals of 1·Guest and 2·Guest were obtained in the 
same manner by slow diffusion of methanolic solutions of four 
reagents placed in a modified H-shaped vessel with four arms. Each 
reagent was deposited in one of the arms, in the following order: 
Fe(BF4)2·6H2O (0.0787 mmol, 26.6 mg), LN3 (0.0787 mmol, 30 mg), 
Guest (=PhNO2, PhCN, o-PhCl2; 2 mL, large excess), and 
K[Ag(CN)2] (0.1574 mmol, 31.5 mg) (1)/K[Au(CN)2] (0.1574 

consisting of crystals, using a Quantum Design MPMS2 SQUID 
susceptometer equipped with a 5.5 T magnet, operating at 1 T and at 
temperatures in the range 300−1.8 K. Experimental susceptibilities 
were corrected for diamagnetism of the constituent atoms by the use 
of Pascal’s constants. Thermogravimetric analysis was performed on a 
Mettler Toledo TGA/SDTA 851e instrument in the 290−800 K 
temperature range under a nitrogen atmosphere with a rate of 10 K 
min−1. 

Single-Crystal X-ray Diffraction. Single-crystal X-ray data were 
collected with an Oxford Diffraction Supernova diffractometer. In all 
cases, Mo Kα radiation (λ = 0.71073 Å) was used. Data scaling and 
empirical or multiscan absorption corrections were performed. The 
structures were solved by direct methods with SHELXT or SIR2004 
and refined by full-matrix least-squares techniques on F2 with 
SHELXL.18 Non-hydrogen atoms were refined anisotropically, and 
hydrogen atoms were placed in calculated positions and refined in 
idealized geometries (riding model) with fixed isotropic displacement 
parameters. 
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Maeztu MDM-2015-0538), and Generalitat Valenciana 
(PROMETEO/2016/147). F.J.V.-M. thanks MINECO for a 
predoctoral FPI grant. We also thank Dr. Carlos Marti ́f o r  
helping us with ToposPro software. 

REFERENCES 
(1) See for example: (a) Hauser, A. Intersystem Crossing in Iron(II) 

Coordination Compounds: A Model Process between Classical and 
Quantum Mechanical Behaviour. Comments Inorg. Chem. 1995, 17, 
17−40. (b) K o ̈n i g ,  E. Nature and Dynamics of the Spin-State 
Interconversion in Metal-Complexes. Struct. Bonding (Berlin, Ger.) 
1991, 76, 51−152. (c) Gu ̈t l i ch ,  P.; Hauser, A.; Spiering, H. Thermal 
and Optical Switching of Iron(II) Complexes. Angew. Chem., Int. Ed. 
Engl. 1994, 33, 2024−2054. (d) Sato, O. Optically Switchable 
Molecular Solids: Photoinduced Spin-Crossover, Photochromism, 
and Photoinduced Magnetization. Acc. Chem. Res. 2003, 36, 692−700. 
(e) Real, J. A.; Gaspar, A. B.; Niel, V.; Mu n ̃o z ,  M. C. Communication 
between Iron(II) Building Blocks in Cooperative Spin Transition 
Phenomena. Coord. Chem. Rev. 2003, 236, 121−141. (f) Spin 
Crossover in Transition Metal Compounds I-III. Topics in Current 
Chemistry; Gu ̈t l ich ,  P., Goodwin, H. A., Eds.; Springer: 2004, Vols. 
233−235. (g) Real, J. A.; Gaspar, A. B.; M u n ̃o z ,  M. C. Thermal, 
Pressure and Light Switchable Spin-Crossover Materials. Dalton 
Trans. 2005, 2062−2079. (h) Halcrow, M. A. The Spin-States and 
Spin-Transitions of Mononuclear Iron(II) Complexes of Nitrogen- 
Donor Ligands. Polyhedron 2007, 26, 3523−3576. (i) Halcrow, M. A. 
Iron(II) Complexes of 2,6-di(pyrazol-1-yl)pyridines A Versatile 
System for Spin-Crossover Research. Coord. Chem. Rev. 2009, 253, 
2493−2514. (j) Olguin, J.; Brooker, S. Spin Crossover Active Iron(II) 
Complexes of Selected pyrazole-pyridine/pyrazine Ligands. Coord. 
Chem. Rev. 2011, 255, 203−240. (k) Bousseksou, A.; Mo lna ŕ,  G.; 
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