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thermal hysteresis, whereas 1b remains HS over all temperatures.

ABSTRACT: A mononuclear iron(II) complex has been For 1a, a 2:1 HS—LS population was observed in the IP and the
isolated in two polymorphs. Polymorph 1b remains high- unit cell volume becomes 3 times as large, showing long-range
spin over all temperatures, whereas polymorph 1la ordering of the [HS—HS—LS] sites.

undergoes a cooperative two-step spin crossover accom- 1a and 1b are two competing products from the 1:1:2 reaction
panied by symmetry breaking, showing an ordered 2:1 of bpmen, Fe(ClO,),-6H,0, and KNCSe in acetonitrile. They
high-spin—low-spin intermediate phase. can be easily discriminated by different crystal morphologies:

platelike crystals for 1a and block crystals for 1b.
Magnetic susceptibility data were recorded on polycrystalline
As one of the most attractive molecule-based switchable samples over the temperature range 300—10 K. As shown in
materials, spin-crossover (SCO) complexes have potential Figure 1, at a cooling rate of 2 K min™", the y,,T product of 1a is
applications as molecular switches, data storage materials, and

display devices." Most frequently, SCO between high (HS) and 4.0

low (LS) spin states occurs in a single step, of either complete or 351 o~ ;-

incomplete and abrupt or gradual type.” Systems exhibiting two- X 304 il

step SCO are of particular interest because they may serve to [ 25 !?'

improve the information storage capacity. However, examples of e 2.0 i3

such types, particularly those with two hysteresis loops, are quite E 151 i (

rare.>* The most common reason for a multistep transition is the N 1.0] J' !

presence of two structurally inequivalent SCO sites. The other 0.5 r' ——1a

possibility is the occurrence of symmetry breaking in the 0.0 _J’ —

intermediate phase (IP).” In 2003, Biirgi et al. discovered that the ' 5 100 150 200 250 300

two-step SCO in the well-studied complex [Fe(2-pic);]Cl,: TIK

EtOH (PiC = picolylamine) was accompanied by a crystallo- Figure 1. Variable-temperature magnetic susceptibility studies of 1a and
graphic phase transition between a single site HS (or LS) phase 1b. Data recorded in both cooling and heating modes at a scan rate of 2

1

and an [HS—LS] ordered IP.** In 2009, Collet et al. reported a Kmin™".
mononuclear iron(II) complex with four different phases,
including a [LS—HS—HS—LS] long-range-ordered IP.* In 3.7 cm® mol ™! K at 300 K and decreases slightly to 3.2 cm® mol ™

contrast, Reedjik et al. synthesized a two-step SCO iron(II) K at 118 K, indicating that the Fe' ions are in HS state. Upon
complex whose IP consists of ordered [HS—LS—LS] motifs and further cooling, the y,,T value drops sharply to 2.5 cm® mol ™ K
is stable over a large temperature range.* The unequal at 112 K, corresponding to a spin conversion of '/; of the metal
populations of the HS and LS states with long-range ordering ions. A second abrupt decrease of y,, T was observed between 103
in the IP are quite rare and have only been reported for a few and 90 K, from 2.2 to 0.2 cm® mol™" K, corresponding to the
examples. In 2011, Miiller-Bunz et al. reported an example of SCO of the remaining */; of the metal ions. The measurement
concerted SCO and symmetry breaking in an iron(III) complex performed in the subsequent heating mode revealed the presence
with a 1:2 ratio of spin states in the IP, but in that case 1:2 LS— of 10 and S K thermal hysteresis for each step. The values of
HS.® Besides, IPs with ordered 1:3 HS—LS,” 3:1 HS—LS,® and critical temperatures (the temperature of 50% spin state
18:12 LS—HS? have also been observed. conversion) are T;| = 115 K and T,| = 96 K in the cooling

In the present study, we have isolated two polymorphs (1a and mode and T, T = 120 Kand T, 1 = 106 K in the warming mode.

1b) of the mononuclear iron(II) complex [Fe(bpmen)(NCSe), ]
[bpmen = N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-1,2-etha- Received: March 22, 2015
nediamine]. la undergoes a cooperative two-step SCO with Published: May 8, 2015
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The SCO behavior is reproducible over successive thermal cycles
(Figure S1 in the Supporting Information, SI). When the scan
rate is increased to 8 K min~’, the transition curve is quite similar
but the hysteresis widths for the two steps increase to 16 and 10
K, respectively (Figure S2 in the SI). In contrast, 1b remains in
the HS state in the temperature range studied. The y,, T value of
1b at 300 K is 3.8 cm® mol™" K, lying in the range typically
observed for the HS Fe' ion. The drop of y,,T below 50 K is
probably due to the zero-field-splitting and spin—orbit coupling
effect.

1a shows a striking color change associated with SCO, from
bright yellow at room temperature to dark red at liquid-nitrogen
temperature (Figure S3 in the SI). This effect is attributed to the
reversible bleaching of the characteristic 'A; — 'T absorption
band centered around A = 550 nm. We thus investigated the
change in the optical reflectance at the specific wavelength of 543
nm. Thermal variation of the reflectance is in good agreement
with the magnetic curve (Figure S3 in the SI). Upon cooling, the
signal decreases in two relatively abrupt steps centered at 114 and
97 K, respectively. The subsequent warming results in a 4 K wide
hysteresis for the lower temperature transition.

S"Fe Mossbauer spectra of 1a were recorded at 150, 110, and
80 K in the cooling mode (Figure 2 and Table S1 in the SI). The
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Figure 2. *’Fe Mssbauer spectra of 1a recorded at 150, 110, and 80 Kin
the cooling mode. The spectra are deconvoluted into HS (red line) and
LS (blue line) sites.

spectrum at 150 K consists of a unique quadrupole doublet with
an isomer shift of § = 1.06 mm s™' and a quadrupole splitting of
AEq =1.14mm s, which is characteristic of a HS Fe' ion. Upon
cooling to 110 K, the spectrum consists of two doublets in a
63.6:36.4 ratio. The isomer shift and quadrupole splitting
corresponding to the HS Fe ion are 1.08 and 1.38 mm s
respectively. The other doublet with values of § = 0.52 mm s™*
and AEy =0.16 mm s~ is assigned to the LS state. The spectrum
at 80 K shows a doublet with parameters of § = 0.48 mm s™' and
AEq = 0.1 mm s™!, denoting a complete SCO to the LS state.
The observed asymmetry in the quadrupole doublet probably
arises from the anisotropy of crystalline samples.

Polymorph 1a crystallizes in the orthorhombic space group
Aba2, while polymorph 1b crystallizes in the monoclinic space
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group C2/c. Their molecular structures are comparable to those
of the previously reported complexes constructed with similar
tetradentate ligands. The occurrence of SCO in those complexes
indicates the appropriate ligand-field strength of such types of
ligands.Sh’10 As shown in Figure 3, the tetradentate ligand in both

Figure 3. View of the molecular structures of 1a (left) and 1b (right) in
HS states. Color code: C, gray; Fe, red; Se, orange; N, blue. H atoms are
omitted for clarity.

polymorphs adopts a cis-a conformation with pyridine groups in
the axial positions, leaving two cis positions for NCSe coligands.
In the HS state (measured at 150 K for 1a and 173 K for 1b), the
asymmetric units of 1a and 1b contain half of the molecule with a
2-fold axis passing through the Fe" atom. The average Fe—N
bond lengths in 1a and 1b are 2.16 and 2.19 A, respectively. The
Fe—N=C angle is 168.9° in 1a and 159.3° in 1b. The larger
deviation from 180° indicates a weaker ¢ bond and hence a
weaker ligand field strength. The octahedral environment of 1b is
slightly distorted (X = 84.5°) from that of 1a (X = 75.7°).
Upon cooling to 100 K, the unit cell volume of 1a triples, and
consequently the asymmetric unit now contains one and a half
molecules (Figures 4 and S4 in the SI). The average Fe—N bond

Figure 4. Central projection of crystal packings for 1a in the HS phase
(a) and IP (b). HS and LS molecules are drawn in red and blue,
respectively. 2D supramolecular layers are in the ac (c) and bc (d)
planes. Short contacts are indicated as dotted lines.

length in the full occupancy molecule (2.17 A) is typical for the
HS Fe''ion, whereas that in the half occupancy molecule (2.00 A)
matches the Fe' ion in the LS state. The IP is thus stabilized in
the unusual ordered [HS—HS—LS] state. The octahedral
distortion parameter X value for the LS Fe ion decreases
significantly to 43.1°, revealing a local rearrangement to a more
regular geometry upon SCO. Upon further cooling to 95 K, new
supercell reflections appear and the unit cell volume changes to 2
times over that at 150 K (Table S2 and Figure S10 in the SI).
Unfortunately, the crystals cracked after several minutes, and it
was not possible to determine the X-ray structure.

The crystal packing of 1a remains similar in the HS phase and
IP. As shown in Figure 4, the 2D supramolecular layer in the ac
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plane has a close packing with abundant Se---H, C---C, and C---H
short contacts, while in the bc plane, only Se:--C van der Waals
interactions were found. Upon SCO to IP, HS and LS sites
coexist in the close-packed ac layer, while either HS or LS ions
locate in the loose-packed bc layer, resulting in an alternative
arrangement of one LS and two HS layers along the a axis.
Compared with the HS phase, Se---C contacts become weaker in
the LS layer but stronger in the HS layer; in the ac plane, short
contacts become stronger and several new short contacts appear
(Figures SS and S6 and Table S4 in the SI). Those differences in
the two planes may play a subtle role in stabilizing 1a in an
ordered mixed-spin state. In 1b, a similar 2D layer connected by
Se---H short contacts was found in the ab plane. 7—r interactions
and C---H van der Waals interactions between adjacent layers
lead to a 1D supramolecular chain (Figure S7 in the SI). Different
crystal packings between 1a and 1b should also contribute to
their different magnetic behaviors.

In conclusion, the mononuclear iron(II) complex [Fe-
(bpmen)(NCSe),] has been found to show polymorphism-
dependent magnetic properties. The coordination orientation of
the NCSe ligand plays an important role in stabilizing the two
polymorphs in different spin states. Polymorph 1a provides a rare
example showing hysteretic two-step SCO accompanied by a
color change. In particular, a 2:1 rather than a 1:1 HS—LS
population in the IP was confirmed by both magnetic and
structural studies. X-ray diffraction data evidence a crystallo-
graphic phase transition in the IP with a tripled unit cell. One LS
and two HS layers propagate along the a axis alternatively,
resulting in an unusual ordered [HS—HS—LS] state.
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