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ABSTRACT: Two spin-crossover (SCO) supramolecular isomers formu-
lated as [Fe(Mebpt){Au(CN)2}]n·xH2O (1, x = 0, and 2·H2O, x = n, MebptH
= 3-(5-methyl-2-pyridyl)-5-(2-pyridyl)-1,2,4-triazole) have been successfully
isolated and characterized by single-crystal X-ray crystallography, thermogra-
vimetric analysis, differential scanning calorimetry, variable-temperature
powder X-ray diffraction, and magnetic measurements. Structural analysis
reveals that 1 is a two-dimensional coordination layer and 2·H2O is a one-
dimensional coordination ladder structure, in which the Mebpt− ligands are
coordinated in trans and cis bridging mode in 1 and 2·H2O, respectively.
Dramatically, their SCO properties are further influenced by the octahedral
coordination configuration of Fe(II). In 1, only the Fe(II) centers in trans
configuration exhibit spin transition (Tc = 303 K), while in 2·H2O and the
dehydrated 2, gradual two-step SCO (Tc1 = 235 K, Tc2 = 313 K) and one-step
SCO behaviors (Tc = 315 K) occur, respectively.

■ INTRODUCTION

In response to external stimuli such as temperature, pressure,
light, and guest molecules, the electronic configurations of spin-
crossover (SCO) complexes are switchable between the high
spin (HS) and low spin (LS) states.1 These characters of SCO
materials offer attractive opportunities for the applications in
sensing, memory, and display devices.2−6 However, to date a
general structure−property correlation for understanding the
essence of SCO has yet to be defined. In this regard, it would
be fruitful to investigate closely related SCO molecules with
subtle structural changes, preferably those with supramolecular
isomerism or polymorphism.7 A recent review summarized that
polymorphism in most SCO systems8 is numbered and mostly
mononuclear, which is mainly formed due to different crystal
packing and/or configurations of ligand. The SCO stereo-
isomers (cis:trans) are even unusual because metal complexes
with different geometries rarely possess similar crystallization
kinetics.9a To the best of our knowledge, there is only one case
of SCO active stereoisomers in cocrystallized mononuclear
complexes;9b however, no SCO example coexisting with cis and
trans configurations in the coordination polymers has been
reported.
As a continuation of our study on triazole-bipyridine system,

we choose the 3-(5-methyl-2-pyridyl)-5-(2-pyridyl)-1,2,4-tria-
zole (MebptH) and KAu(CN)2 ligand mainly for the following
reasons: (1) As a variant of the well-studied 4-substituted 3,5-
di(2-pyridyl)-1,2,4-triazole ligand (2,2-Rbpt), it should also

provide an appropriate ligand field favoring the occurrence of
SCO.10 (2) The Mebpt− ligand can take on cis and trans
bridging modes (Scheme 1),7b resulting in a variety of isomers

for the investigation of the structure−property correlation. (3)
With bridging by the linear Au(CN)2

− unit, the cooperation
effect can be enhanced by constructing the [Fe(Mebpt)]+

motifs into a coordination polymer. Previously, a few SCO
coordination frameworks formulated as [Fe(L){Au(CN)2}]·G
(L = pyridine analogue)11 have been reported. Recently, Real
and co-workers reported a novel 3D Fe(II) SCO coordination
polymer based on the bis-triazole and [Au(CN)2]

− ligands,
which displayed spin transition.12 Herein, we report two
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Scheme 1. Trans (a) and Cis (b) Bridging Modes of Mebpt−

Ligand in 1 and 2·H2O

Article

pubs.acs.org/IC

© 2013 American Chemical Society 201 dx.doi.org/10.1021/ic402096s | Inorg. Chem. 2014, 53, 201−208

pubs.acs.org/IC


isomeric coordination polymers formulated as [Fe(Mebpt)-
{Au(CN)2}]n·xH2O (1, x = 0, and 2·H2O, x = n), which exhibit
near room temperature SCO behaviors. To the best of our
knowledge, 1 is the first case of a 2D SCO coordination
polymer with the FeII in both cis and trans coordination
configurations, while 2·H2O is a rare SCO coordination
polymer example with a 1D coordination ladder structure.
Moreover, 2·H2O and the dehydrated complex 2 exhibit
gradual two-step (Tc1 = 235 K, Tc2 = 313 K) and one-step SCO
behaviors (Tc = 315 K), respectively.

■ EXPERIMENTAL SECTION
Materials and General Procedures. The MebptH and K[Au-

(CN)2] ligands were obtained from Jinan Camolai Trading company
and used without further purification. All other compounds and
reagents were obtained commercially and used as received. UV−vis
spectra were performed on crystal samples of 1 and 2·H2O using a
Cary 5000 UV−vis−NIR spectrophotometer. Infrared spectra were
recorded in KBr tablets in the range 4000−400 cm−1 with a Bruker-
tensor 27 spectrometer. The C, H, and N elemental analyses of the
crystal samples were performed on an Elementar Vario EL elemental
analyzer. Thermogravimetric (TG) analyses were carried out on crystal
samples of 2·H2O and 2 using NETZSCH TG209F3 thermogravi-
metric analyzer instrument under nitrogen at a scan rate of 10 K min−1

in heating modes. Differential scanning calorimetry (DSC) measure-
ments were carried out on crystal samples of 1, 2·H2O, and 2 using a
Netzsch DSC 204 F1 Phoenix instrument under nitrogen at a scan rate
of 5 K min−1 in both heating and cooling modes. Powder X-ray
diffraction (PXRD) intensities of 1 and 2·H2O were measured on a D8
ADVANCE X-ray Diffractometer (Cu Kα = 1.540 56 Å). Temper-
ature-dependent magnetic susceptibility data for complexes of 1, 2·
H2O, and 2 were obtained using a Quantum Design MPMS-XL-7
SQUID magnetometer under an applied field of 1000 Oe over the
temperature range. The samples were packed into plastic films, which
were then mounted in low-background diamagnetic plastic straws. The
data were corrected for the magnetization of the sample holder and the
diamagnetism of the constituent atoms using Pascal constants. All
crystal samples characterized by PXRD (Supporting Information
Figures S1 and S2), elemental analyses, DSC, and magnetic studies
were obtained from the same batch.

Synthesis. [Fe(Mebpt){Au(CN)2}]n (1). A solution of FeSO4·7H2O
(0.028 g, 0.1 mmol), MebptH (0.084 g, 0.1 mmol), and K[Au(CN)2]
(0.032 g, 0.1 mmol) in ethanol (8 mL) and water (1 mL) was sealed in
a 15 mL Teflon-lined reactor and heated at 120 °C for 3 days, and
then cooled to room temperature at a rate of 5 °C/h. Subsequently,
dark red block crystals and a small amount of yellow prism crystals
along with red amorphous powder were thoroughly washed by ethanol
and collected by filtration. The dark red crystals were manually
separated under a microscope, with a yield ∼10% of pure crystals
based on FeSO4·7H2O. IR (KBr pellet, cm−1): 3070 (m), 2167 (s),
1588 (s), 1467 (w), 1395 (m), 1244 (w), 1120 (s), 1002(w), 802 (w),
629 (w), 572 (w), 512 (w), 465 (w), 442 (m). Anal. Calcd (%) for 1:
C, 33.29; H, 1.86; N, 18.12. Found (%): C, 32.96; H, 1.91; N, 17.76.

[Fe(Mebpt){Au(CN)2}]n·nH2O (2·H2O). A solution of FeSO4·7H2O
(0.028 g, 0.1 mmol), MebptH (0.084 g, 0.1 mmol), and K[Au(CN)2]
(0.032 g, 0.1 mmol) in ethanol (6 mL) and water (2 mL) was sealed in
a 15 mL Teflon-lined reactor and heated at 110 °C for 3 days, and
then cooled to room temperature at a rate of 5 °C/h. Subsequently,
yellow prism crystals and a small amount of dark red block crystals
along with orange-yellow amorphous powder were obtained, and they
were thoroughly washed by ethanol and collected by filtration. The
yellow prism crystals were manually separated under a microscope,
with a yield ∼8% of pure crystals based on FeSO4·7H2O. IR (KBr
pellet, cm−1): 3070 (m), 2167 (s), 1588 (s), 1467 (w), 1395 (m), 1244
(w), 1120 (s), 1002(w), 802 (w), 629 (w), 572 (w), 512 (w), 465 (w),
442 (m). Anal. Calcd (%) for 2·H2O: C, 32.22; H, 2.16; N, 17.54.
Found (%): C, 31.63; H, 2.03; N, 17.28.

[Fe(Mebpt){Au(CN)2}]n (2). Crystals of 2·H2O were heated to 593 at
10 K min−1 for 30 min and then cooled to room temperature under N2
atmosphere. Anal. Calcd (%) for 2: C, 33.29; H, 1.86; N, 18.12. Found
(%): C, 32.75; H, 1.95; N, 17.82.

X-ray Structure Determination. Diffraction data for complex 1
was recorded at 150(2), 298(2), and 373(2) K, and for 2·H2O at
150(2), 275(2) and 350(2) K, on a Rigaku R-AXIS SPIDER Image
Plate diffractometer with graphite-monochromated Mo Kα radiation
(λ = 0.710 73 Å). The structures were solved by direct methods, and
all non-hydrogen atoms were refined anisotropically by least-squares
on F2 using the SHELXTL program.14a Hydrogen atoms on organic
ligands were generated by the riding mode. Electron density
contributions from disordered water molecules were handled using
the SQUEEZE procedure14b from the PLATON software.14c A
summary of the crystallographic data and refinement parameters is

Table 1. Summary of the Crystal Data and Structure Refinement Parameters for 1 and 2·H2O

1 2·H2O

T = 150 K T = 298 K T = 373 K T = 150 K T = 275 K T = 350 K

color black dark red red black light red yellow
formula C15H10AuFeN7 C15H10AuFeN7 C15H10AuFeN7 C15H12AuFeN7O C15H12AuFeN7O C15H12AuFeN7O

fw 541.12 541.12 541.12 559.12 559.12 559.12
space group C2/c C2/c C2/c P1̅ P1̅ P1̅

a/Å 14.4588(14) 14.5730(18) 14.5393(19) 9.3277(16) 9.3970(17) 9.616(5)
b/Å 10.9079(9) 11.0366(12) 11.0615(15) 10.1541(13) 10.3248(16) 10.473(5)
c/Å 21.423(2) 21.694(3) 21.854(3) 10.8491(17) 10.9108(16) 10.9906(6)
α/deg 90 90 90 106.128(4) 103.937(4) 104.535(13)
β/deg 101.441(2) 101.854(3) 102.012(3) 102.779(5) 102.971(5) 103.124(13)
γ/deg 90 90 90 112.248(4) 112.799(5) 112.617(11)
V/Å3 3311.6(5) 3414.7(7) 3437.7(8) 849.9(2) 885.4(2) 914.8(8)
Z 8 8 8 2 2 2

Dcalcd/g cm−3 2.171 2.105 2.091 2.177 2.097 2.030
reflns collected 3202 3243 3299 3885 3408 3512
reflns unique 2153 2111 1698 2788 1668 1584

Rint 0.1507 0.0865 0.1400 0.0698 0.0616 0.0673
GOF 0.991 1.062 1.034 1.061 0.963 0.966

R1a [I > 2σ(I)] 0.0524 0.0698 0.0704 0.0711 0.0608 0.0808
wR2b (all data) 0.1270 0.1655 0.2244 0.1924 0.1982 0.2425

aR1 = ∑|Fo| − |Fc∥/∑|Fo|.
bwR2 = {[∑w(Fo

2 − Fc
2)2]/∑[w(Fo

2)2]}1/2.
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provided in Table 1. CCDC 934369 (1_150K), 934370 (1_298K),
934371 (1_373K), 934372 (2·H2O_150K), 934373 (2·H2O_275K),
934374 (2·H2O_350K) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

■ RESULTS AND DISCUSSION

Synthesis. Complexes 1 and 2·H2O were synthesized by
the reaction of K[Au(CN)2], MebptH, and FeSO4·7H2O. It
should be noted that the synthesis conditions for 1 were similar
to those for 2·H2O except for the solvent proportion and
reaction temperature. Indeed, they simultaneously exist in the
Teflon-lined reactor with different amount. In the optimized
condition given in the Experimental Section, 1 is dominant with
higher temperature and ethanol/water ratio with a small
amount of 2·H2O, and vice versa. This may be attributed to the
solvent polarity and/or the different potential energy of the
trans and cis configuration. Since 1 is dark-red in block shape
and 2·H2O is yellow in prism at room temperature as shown in
Figure 1, we can manually separate them under microscope.
The TG analysis indicates that 2·H2O is stable up to 413 K
(Supporting Information Figure S3), while further heating
causes a two-step dehydration centered at 456 and 569 K to
yield new complex 2. The DSC curve also shows two
endothermic peaks centered at 449 and 574 K (Supporting
Information Figure S4), corresponding to the two-step
dehydration process. The variable-temperature PXRD spectra
for 2·H2O from 298 to 598 K confirms the preservation of the
framework structure of complex 2·H2O upon dehydration, so
the Fe(II) centers in 2 are in trans configurations as well.
Furthermore, the identical chemical compositions between 1
and 2 make them genuine supramolecular isomers.7b

Crystal Structures. Single crystal X-ray diffraction analysis
reveals that complex 1 crystallizes in the monoclinic space
group C2/c (Table 1). There are two crystallographically

independent sites Fe1 and Fe2, which are both located in N6
octahedral environment provided by two Mebpt− ligands and
two [Au(CN)2]

−. However, their coordination configurations
are different, namely trans configuration around Fe1 while cis
configuration around Fe2 (Scheme 1a). In addition, the triazole
group (N2) and the pyridyl moiety (N1) coordinate to Fe1,
forming a dihedral angle of 11.71° between respective planes.
Also, another dihedral angle formd by the triazole group (N4)
and the Me-pyridyl moiety coordinating (N5) to Fe2 is 17.73°.
The Fe1 and Fe2 units are connected by the Mebpt− ligand in
trans bridging mode, giving rise to a 1D [Fe(Mebpt)]+ chain
(Figure 1a). Then, the [Au(CN)2]

− groups connect the two
iron sites in an alternate way, defining a corrugated 2D
[Fe(Mebpt){Au(CN)2}]n layer (Figure 1b). They are further
packed into three-dimensional supramolecular structures
through interlayer edge-to-face π···π interactions (Figure 2).
It is interesting to note that 1 gives the first example with both
cis and trans configurations captured in a 2D coordination
polymer. At 373 K, the average Fe−N bond lengths (Table 2)
are 2.164 (16) and 2.193 (16) Å for Fe1 and Fe2, respectively,
indicating both Fe1 and Fe2 are in HS states. Upon cooling to
150 K, the corresponding values decrease sizably to 1.995 (8) Å
at the Fe1 site, whereas it decreases only marginally to 2.175(3)
Å at Fe2 site. The change of 0.169 Å in the Fe1−N length,
accompanying a clear crystal color change from red to black
(Figure 4a), suggests an HS to LS transition upon the
temperature change,13 while Fe2−N is hardly changed,
indicating a preservation of HS state. These are also supported
by the distortion parameters of the FeII octahedral sphere. The
ΣFe1 values are 67.6°/47.6° at 373/150 K, respectively, whereas
the ΣFe2 values are 85.6°/84.8° at 373/150 K, respectively, in
accordance with smaller Σ in the LS state and bigger Σ in the
HS state.13

Complex 2·H2O is a generalized supramolecular isomer of 1
disregarding the H2O in the cavity, and it crystallizes in the
triclinic space group P1̅ (Table 1). There is one crystallo-

Figure 1. Structure illustrations of 1 and 2·H2O: coordination geometries 1 (a) and 2·H2O (c); a corrugated 2D layer of 1 (b); a 1D ladder-like
chain of 2·H2O (d). Color code: N, blue; C, gray; Fe1, red; Fe2, green; Au, orange. Photographs of 1 (e) and 2·H2O (f). Hydrogen atoms and H2O
guests are omitted for clarity.
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graphically independent site Fe1 that is located in N6
octahedral environment provided by two Mebpt− ligands and
two [Au(CN)2]

− in trans configuration. The Mebpt− ligand is
closer to planar, with two dihedral angle is 5.54° [the triazole
group (N3) and the pyridyl moiety (N4)] and 5.86° [the
triazole group (N2) and the Me-pyridyl moiety (N1)],
respectively. The Mebpt− ligand connects two Fe1 centers in
cis bridging mode (Scheme 1b) forming a dinuclear [Fe-
(Mebpt)]2+ unit (Figure 1c). Then they are connected by two
[Au(CN)2]

− bridges, defining a ladder 1D chain (Figure 1d).
Consecutive chains are further packed into three-dimensional
supramolecular structures through interchains face-to-face π···π
and C−H···N interactions (Figure 3). There are voids between
the chains which contain interstitial water molecules. Though
they have no obvious hydrogen bond interaction with the
coordination frameworks, their disordered position in two
positions can be determined from the crystal structure at 150 K,
while at 275 and 350 K the increasing severe disorder rules out
the possibility for exact assignment of the residual Q peaks;
thus, they are removed by SQUEEZE.14b The average Fe−N
bond lengths at 350, 275, and 150 K (Table 2) are 2.173(16),
2.069(3), and 1.975(11) Å, respectively. The total Fe1−N

change between 350 and 150 K is equal to 0.198 Å,
accompanying with a clear crystal color change from orange
to black (Figure 4b). The variations of the Σ value are
comparable with the change of Fe−N length decrease from
109.3° at 350 K to 52.1° at 150 K via 85.2° at 275 K, in
accordance with bigger Σ in the HS state and smaller Σ in the
LS state.13

Magnetic Properties. At 375 K, the χmT value of 1 is 3.59
cm3 K mol−1 (Figure 4a), suggesting all of the Fe(II) centers
(cis and trans) are in the HS state. As the temperature is
lowered, χmT first remains almost constant and then decreases
to a plateau at ca. 225 K (1.94 cm3 K mol−1), indicating only
half of the Fe(II) ions undergo SCO at Tc = 303 K. Below 175
K, χmT is nearly constant until 30 K. A further drop of χmT
below 30 K is due to the occurrence of zero-field splitting on
the residual HS iron sites. This is consistent with the structure
determination (only Fe(II) in trans configuration is SCO
active). The χmT versus T plot for 1 suggests a rare example of
mixed spins at low temperature,15 and a thermal induced broad
half-SCO.16 No hysteresis loop was observed in the temper-
ature-dependent susceptibility measurements.
The χmT value of 2·H2O at 350 K is 3.56 cm3 K mol−1

(Figure 4b), in agreement with all Fe(II) in the HS state. Then
it decreases gradually on cooling to 3.35 cm3 K mol−1 at 325 K
and then descends more rapidly to 2.01 cm3 K mol−1 at 275 K.
Below 275 K, the χmT value continuously decreases to reach
0.74 cm3 K mol−1 at 190 K, indicating Fe(II) is close to the LS
state. A close examination of the temperature dependence of
dχT/dT curve revealed that the magnetic curve changes its
slope with two maxima at 235 and 313 K, respectively.17 The
short plateau is practically reduced to an inflection point
approximately at 275 K, and indicates about 50% of the
complexes undergoing a thermal spin conversion. These results
suggest that 2·H2O undergoes gradual two-step SCO.
The dehydrated complex 2 shows a slow spin transition

behavior with the χmT value of 3.33 cm3 K mol−1 at 360 K
(Figure 4c). Upon cooling to 250 K, the χmT drops to 1.27 cm3

K mol−1, then decreases slowly to 0.67 cm3 K mol−1 at 50 K,
which indicates a gradual one-step SCO with Tc = 315 K.
DSC analyses are performed as shown in Figure 5. For

complex 1, DSC curves display one abnormal peak at Tc = 303
K, which is consistent with the magnetic data. The transition
enthalpy (H) and entropy (S) are ΔH = 7.6 kJ mol−1 and ΔS =

Figure 2. Structural illustrations of 1: crystal packing of two adjacent
2D layers highlighting the interchains’ C−H···N (black dashed lines)
interactions. Hydrogen atoms have been omitted for clarity.

Table 2. Selected Bond Lengths (Å) and Structural Parameters of 1 and 2·H2O at Various Temperatures

1 (150K) 1 (373K) 2·H2O (150 K) 2·H2O (275 K) 2·H2O (350 K)

Fe(1)−N(1) 2.025(8) 2.194(17) Fe(1)−N(1) 2.095(12) 2.143(14) 2.260(14)
Fe(1)−N(2) 2.025(8) 2.135(15) Fe(1)−N(2) 1.905(10) 2.010(12) 2.026(16)
Fe(1)−N(6) 1.955(8) 2.160(17) Fe(1)−N(3) 1.920(11) 2.002(12) 2.135(12)
Fe(2)−N(4) 2.170(8) 2.164(14) Fe(1)−N(4) 2.071(12) 2.149(14) 2.254(17)
Fe(2)−N(5) 2.193(9) 2.251(16) Fe(1)−N(6) 1.936(10) 2.062(14) 2.210(15)
Fe(2)−N(7) 2.144(9) 2.194(13) Fe(1)−N(7) 1.920(10) 2.047(13) 2.151(13)
Fe(1)−Fe(2) 5.880(2) 5.980(2) Fe(1)−Fe(1) 4.000(7) 4.190(3) 4.244(6)
Au(1)−Au(1) 3.5714(9) 3.745(2) 3.965(8) 4.491(5) 4.897(6)
⟨dFe1−N⟩a 1.995(8) 2.164(16) 1.975 2.069 2.173
⟨dFe2−N⟩a 2.175(8) 2.193(16)
∑Fe1 (deg) 47.6 67.6 52.1 85.2 109.3
∑Fe2 (deg) 84.8 85.6
π···π distance (Å) 4.070 4.072 3.625 3.775 3.818
C−H···N hydrogen bonds 3.426 3.441 3.439 3.447 3.474

a⟨dFe−N⟩ is the average Fe−N distance.
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25.2 J K−1 mol−1, respectively. For complex 2·H2O, DSC curves
display two abnormal peaks at Tc1 = 235 K, and Tc2 = 313 K,
corresponding to the occurrence of two-step SCO. The
enthalpy and entropy variations are ΔH1 = 3.7 kJ mol−1,
ΔH2 = 6.3 kJ mol−1, and ΔS1 = 15.8 J K−1 mol−1, ΔS2 = 19.7 J
K−1 mol−1, respectively. The overall variations are ΔH = 10.0 kJ
mol−1 and ΔS = 35.5 J K−1 for 2·H2O. For complex 2, DSC
curves display one abnormal peak at Tc = 315 K, which is
consistent with the magnetic data. The transition enthalpy (H)
and entropy (S) are ΔH = 14.0 kJ mol−1 and ΔS = 44.3 J K−1

mol−1, respectively. The overall variations are within the
experimental range generally observed for Fe(II) SCO
complexs.18a

Comparison of the Magnetic Properties of Isomers 1
and 2·H2O. Supramolecular isomers in SCO systems with
different magnetic properties were discovered in many cases,8

which is often possibly attributed to dissimilar crystal packings
in different polymorphs. However, a direct elucidation of the
spin-transition properties from a careful structural analysis is a
difficult task because the subtle changes of intermolecular
interactions may result in radically different transition
behaviors. In the present situation, we offer a deep insight
into the structural−magneto relationship of two isomers based
on the [Fe(Mebpt){Au(CN)2}]n system. Selected bond lengths
and structural parameters of the supramolecular isomers are
listed in Table 2. On closer inspection of 1 and 2·H2O, we can
see that the great differences in the structures result in a
prominent discrepancy in their magnetic properties. The cis
configuration Fe(II) centers in 1 remain in the HS state at all
probed temperatures, while the Fe(II) centers in the trans
configuration in 1 and 2·H2O exhibit reversible spin transitions
near room-temperature. First, this can be ascribed to the
difference between the dihedral angles formed by the triazole
with adjacent aromatic moieties in 1 (respectively, 11.71° and
17.73°), which may influence the ligand field strength through
the conjugation effect, in accordance with the electron density
value calculated from the crystallography (Figure 6) where N2
has higher electron density compared with N4.18b−d Second, a
slightly shorter trans Fe1−N bond length (Table 2) should play
a role in its transition, taking into account that the ligand field
strength, Δ0, is proportional to 1/R6 (Fe−N bond distances); a
decrease of ca. 7.7% can be estimated for Fe1 with respect to

Figure 3. Structural illustrations of 2·H2O: crystal packing of two adjacent 1D chains highlighting the interchains face to face π···π (green dashed
lines) interactions (a) and the interchains’ C−H···N (purple dashed lines) interactions (b). Hydrogen atoms have been omitted for clarity.

Figure 4. χmT vs T of 1 (purple ■) (a), 2·H2O (blue ■) (b), and 2
(magenta ■) (c). The inset shows the first derivative of χT.
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Fe2.18e These indicate that the observation of SCO in 1 relies
on the presence of the trans configuration providing an
optimized ligand field.9b It is also true for 2·H2O, where the
ligand in 2·H2O is closer to planar and thus has stronger
conjugation effects (see structural description above). There-
fore, 2·H2O undergoes more complete two-step SCO with an
intermediate phase which may be due to the formation of a
50% mixture of [HS−HS] and [LS−LS] or to the existence of
100% [LS−HS] species (Figure 4b).19a,b Although no crystallo-
graphic evidence for symmetry breaking was captured, the
possibility cannot be ruled out, because the structural changes
might be too subtle to be detected by X-ray diffraction.19c,d

Previously, a similar effect was also observed in another Fe(II)
complex based on triazole deriving ligands and showing gradual
two-step spin transition.17b

In order to understand the nature of the different behavior of
the FeII centers in the studied complexes, a theoretical study
using DFT methods was carried out.20 Calculations were
performed using the Gaussian09 code21 with the OPBE
exchange-correlation functional22a,b and the TZVP all electron
basis set.22c The OPBE functional provide excellent results for
the calculation of the energy difference between spin states.22d

Two different kinds of systems were considered in the
calculations: (i) The first was dinuclear Fe complexes using
the X-ray (see Figure 1) data to estimate the energy differences
between high and low spin states replacing one of the FeII

centers by a diamagnetic ZnII cation. Thus, the energy
difference can be determined for each FeII center present in
the structure. (ii) The second was optimized geometries for
dianionic mononuclear FeII complexes including the [Au-
(CN)2]

− and Mebpt− ligands.
DFT calculations of the relative stability of the high and low

spin states for the X-ray dinuclear FeZn systems for 1 and 2
(see Figure 1a,c and details on computational studies) are
consistent with the observed spin transition of the trans bridged
moieties and with the lack of transition of the 1cis fragment.
The trans models for 1 and 2 present a switch of the most
stable state from the low spin state at low temperature structure
to the high temperature geometry, where the high spin is
favored. On the other hand, the high spin state is always the
most stable solution for the 1cis conformation, independent of
the temperature (Table 3).

Differences in spin transition between 1trans and 1cis
mononuclear FeII models were further investigated by structural
optimization for both models. These kinds of geometry
optimizations are done at 0 K; thus, spin-crossover systems
have low spin state as ground state. The increase of
temperature will compensate for such high and low spin
energy differences through the vibrational and electronic

Figure 5. DSC curves of 1 (a), 2·H2O (b), and 2 (c) corresponding to
the spin transitions. The traces measured in the heating and cooling
modes are colored in red and black, respectively. Cooling/heating
rates: 5 K min−1.

Figure 6. Electron density maps for 1 at 150 K.

Table 3. DFT Calculated Relative Stability of High and Low
Spin Statesa for the X-ray Determined Structures at
Different Temperaturesb

T (K)

model 150 298 (1), 275 (2) 373 (1), 350 (2)

1trans 111.1 7.4 −90.1
1cis −103.5 −122.2 −119.6
2trans 146.8 −6.2 −110.6

aEHS‑LS in kJ mol−1, negative value means HS is more stable. bLow:
150 K for 1 and 2. Intermediate: 298 K for 1, 275 K for 2. High: 373 K
for 1, 350 K for 2.
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entropic terms. An estimation of the limit of energy difference
at 0 K, that can be overcome by such entropic effects, to have
the low−high spin transition at 300 K, is around 35 kJ mol−1.
The high spin−low spin energy gap including zero-point
vibrational energy corrections for 1trans is 22.3 kJ mol−1; this
value is in the expected interval for compounds with spin
transition. On the other hand, 1cis presents a much smaller gap
(4.84 kJ/mol), in line with the observed stability of the high
spin state for the studied temperature range.
The energy and shape of the orbitals with five Fe d-orbital

contribution can give more insight into the origin of the
different behavior of 1trans and 1cis (see Figure 7). The analysis

of the 1trans orbitals indicates that the antibonding orbitals
containing the [Au(CN)2]

− ligand are more stable than that
corresponding to the Mebpt− ligands. It is worth keeping in
mind that the nitrogem atom coordinated to the metal of the
1,2,4-triazole group of the Mebpt− ligand changes from N2 to
N1 for the 1trans and 1cis, respectively. The main difference is
the relative stability of the xy orbital, in that the 1cis system
becomes more π-antibonding (stronger π interaction with the
N1 of the triazole) in comparison with the 1trans complex. This
fact reduces the stability of the low spin state for the 1cis
system, in agreement with the lack of spin transition of the high
spin FeII centers with cis coordination. Also, favoring the high
spin state of the 1cis system, the M−L antibonding orbitals (z2

and x2 − y2) are more stable than those corresponding to the
1trans coordination.

■ CONCLUSION
In this study, two interesting spin crossover supramolecular
isomers formulated as [Fe(Mebpt){Au(CN)2}]n were obtained
from the hydrothermal reactions of FeSO4, 3-(5-methyl-2-
pyridyl)-5-(2-pyridyl)-1,2,4-triazole (MebptH), and KAu-
(CN)2. It is interesting to note that subtle changes in the
bridging modes of the ligands lead to entirely different
structural architectures and the coordination configuration of
Fe(II) and, thus, distinct magnetic properties. Isomer 1
represents the first Fe(II) based 2D coordination polymer
with both cis and trans configurations, in which only the Fe(II)
centers in trans configuration could change the spin state (Tc =
303 K). While all the Fe(II) centers of 2·H2O are in trans
configurations and show gradual two-step SCO behavior (Tc1 =
235 K, Tc2 = 313 K), the dehydration product 2 exhibits one-
step SCO (Tc = 315 K). DFT results corroborate that the cis
coordination favors the high spin state while trans coordination
promotes the spin-crossover behavior.
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Sönnichsen, F. D.; Tuczek, F.; Herges, R. Science 2011, 331, 445.
(e) Ohkoshi, S.; Imoto, K.; Tsunobuchi, Y.; Takano, S.; Tokoro, H.
Nat. Chem. 2011, 3, 564. (f) Hoshino, N.; Iijima, F.; Newton, G. N.;
Yoshida, N.; Shiga, T.; Nojiri, H.; Nakao, A.; Kumai, R.; Murikami, Y.;
Oshio, H. Nat. Chem. 2012, 4, 921. (g) Yan, Z.; Li, M.; Gao, H.-L.;
Huang, X.-C.; Li, D. Chem. Commun. 2012, 48, 3960.
(5) Murray, K. S.; Kepert, C. J. Top. Curr. Chem. 2004, 233, 195.
(6) (a) Garcia, Y.; Niel, V.; Muñoz, M. C.; Real, J. A. Top. Curr.
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P. G.; Real, J. A. Aust. J. Chem. 2009, 62, 1155. (f) Kosone, T.;
Kanadani, C.; Saito, T.; Kitazawa, T. Polyhedron 2009, 28, 1991.
(g) Kosone, T.; Tomori, I.; Kanadani, C.; Saito, T.; Mochida, T.;
Kitazawa, T. Dalton Trans. 2010, 39, 1719. (h) Kosone, T.; Kachi-
Terajima, C.; Kanadani, C.; Saito, T.; Kitazawa, T. Chem. Lett. 2008,
37, 422.
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