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A steep one-step [HS—HS] to [LS-LS] spin transition in a
4,4’ -bipyridine linked one-dimensional coordination polymer
constructed from a pyrazolato bridged Fe(11) dimert
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The variable temperature magnetic susceptibility, X-ray crystal-
lography, and Mossbauer and Raman spectra of a new
dinuclear complex-based one-dimensional coordination poly-
mer [{Fe";(NCS)(n-bpypz),}(n-4,4'-bpy) MeOH  demon-
strated a steep one-step [HS—HS] to [LS-LS] spin transition.

The spin-crossover phenomenon is one of the most spectacular
examples of molecular bistability driven by external constraints
leading to molecular switch or memory.'> The fundamental origin
of the spin-crossover phenomenon is molecular, but the magnetic
behavior strongly depends on intermolecular interaction. Up to
now, the major source of information on spin transition systems has
been mononuclear iron(Il) compounds. However, controlling both
intra- and intermolecular interactions if polynuclear compounds are
employed would enhance the cooperativity in the systems. Thus, the
cooperativity can be achieved by using suitable bridging ligands. A
series of dimeric and polymeric iron(II) spin-crossover compounds
were synthesized and magnetically characterized along these lines
while only a few crystal structures were determined.** In previous
papers, we have structurally and magnetically characterized
dinuclear complexes, [{Fe"(NCE)(X-py)}.(u-bpypz)] (E = S or
BH;, Hbpypz = 3,5-bis(2-pyridyl)-pyrazole):>® we have been
showing the possibility of controlling the magnetic behavior, that
is, the spin transition temperature and cooperativity, by changing the
axial ligands. The dinuclear unit is robust and can be used as a
building block of assemblies. These results prompt us to construct
polymer compounds, which consist of the dinuclear cluster unit and
an additional linking ligand, for a fundamental understanding of
cooperativity between clusters and the synergy between the SCO
phenomenon and intra- or intercluster magnetic exchange
interaction. We report here the synthesis and magnetic
characterization of one-dimensional coordination polymers,
[{Fex(NCS)(-bpypz), } (1-4,4'-bpy)]-MeOH (1).1

ORTEP drawings of the structures at 200 K and 150 K around
the iron ions in 1 are shown in Fig. 1a (at 200 K) and Figure S1 (at
150 K).§ Both structures are isomorphous with each other. The
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1 Electronic supplementary information (ESI) available: Fig. S1: ORTEP
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susceptibility, Fig. S4: Raman spectrum. See DOI: 10.1039/b512266;

structure at 200 K shows that the desired coordination has been
achieved with the iron atoms being coordinated to two bpypz~ to
form a dinuclear complex. The dinuclear unit is centrosymmetric,
thus, only the one kind of iron and ligands exist in the molecule.
Each iron atom is bound to the four nitrogen atoms of two pyridyl
and two pyrazolate moieties in bpypz ™~ in the basal plane and two

Fig. 1 ORTEP drawing for 1 at 200 K (a) and perspective views
representing the n—m stacking interactions between the bpypz~ ligands of
the adjacent dimers on the neighbor chains between pyridyl rings (b) and
between pyridyl and pyrazole rings (c).
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nitrogen atoms of 4,4’-bpy and NCS™ anion at the axial positions
forming a distorted octahedral environment. Neighbor dimers are
connected by the 4,4'-bpy bridges through axial coordination of
the Fe(11) ions, defining a 1D chain. The chain forms a three-
dimensional structure by two types of w7 stacking interactions
between the bpypz™~ ligands of the adjacent dimers on the neighbor
chains (Fig. 1b, 1c); (1) between pyridyl rings and (2) between
pyridyl and pyrazole rings of the adjacent complexes. There are
voids between the chains. Interstitiall MeOH molecules are
introduced in the void and disordered in two positions. Further,
they have OH-n interaction with the bridged 4,4'-bpy (nearest
neighbor O-C distance: 3.60 A (150 K) and 3.66 A (200 K)). The
average Fe-N bond length at 200 K is 2.17 A, the value of which is
typical of high spin (HS) iron(11) centers while the corresponding
value at 150 K is 2.00 A. The changes in Fe-N distances by ca.
0.17 A suggest that all Fe(I1) ions are in the low spin (LS) state at
150 K. Fe-Fe distances in the dimer unit in the HS state (200 K)
and LS state (150 K) are 4.217(1) and 4.047(1) A, respectively.
Furthermore, the inter-dimer Fe-Fe distance across the 4,4'-bpy
bridge in the chain also is shortened by 0.54 A upon spin transition
(11.558(1) A (HS) to 11.020(1) A (LS)) while the nearest neighbor
inter-chain Fe-Fe distance extends from 6.336(4) A (HS) to 6.473 A
(LS) reflecting the rigidity of 4,4'-bipyridine. It is noted that the
unit cell volume decreases sharply from 949.6(6) A* at 200 K to
877.9(3) A at 150 K: a 7.6% decrease upon SCO is bigger than
that for [{Fe"(NCBH;)(py)}»(u-bpypz)l,® which has a discrete
dimer structure, and the change of the unit cell is anisotropic. The
contracting direction is along the chain direction. These results
suggest that the one-dimensional coordination polymer structure is
sensitive to SCO due to the direct bridge between Fe(11) ions by the
coordination of 4,4'-bipyridine. Mdssbauer spectra also confirm
the spin transition of the compound: a pure low-spin state doublet
is present at 79.5 K, with an isomer shift 6 = 0.505 mm s 'and a
quadrupole splitting AEG = 0.573 mm s~ !. The spectrum at 297 K
shows a symmetrical doublet with & = 1.00 mm s ' and
AEG = 245 mm s!, the values of which are typical of high
spin iron(Il) centers. Interestingly, two distinct quadrupole
doublets, the parameters of which coincide with those of two
temperature phases mentioned above, are observed at 168 K (Fig. 2
and S2). These features indicate the spin conversion occurs around
168 K and there is only one phase in each temperature range, that
is, the dimer unit exhibits fully [HS-HS] and [LS-LS] states in the
high and low temperature ranges, respectively. Therefore, there
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Fig. 2 Temperature dependence of isomer shift (circle) and quadrupole
splitting (triangle) values.

is no intermediate magnetic phase, [HS-LS] unlike the cases
of [Fex(PMAT),(BEy)sDMF* and  [{Fe(bpym)(NCSe),},-
(u-bpym)].>  Temperature dependence of the magnetic
susceptibility shows the steep spin crossover from the quintet
(mT = 3.50 emu mol ! K at 300 K) high spin [HS-HS] state to
the singlet low spin (0.15 emu mol ' K at 100 K) [LS-LS] state
around 162 K (Fig. 3). The behavior below the crossover transition
arises from the dinuclear units being in the [LS-LS] form, with the
non zero yy7 ‘plateau’ originating from a combination of 2nd
order Zeeman contributions to the LS Fe(11) susceptibilities plus a
small Curie-like contribution from a small fraction of trapped
[HS-HS] form.° The magnetic behavior in the heating and
cooling modes indicates the occurrence of a small thermal
hysteresis (AT ~ 2 K). The differential scanning calorimetry gives
one exo- (160.4 K) and endothermic (164 K) peaks, in the cooling
and heating modes, respectively (Fig. 3) and thus, the spin-
crossover temperature (7¢) is 162.2 K, the value of which is higher
than those of the related dinuclear complexes, [{Fe(NCS)-
(X-py)}a(p-bpypz)s].®  Detailed comparison of —spin-crossover
behavior between these complexes could be made by the least-
squares fitting of the magnetic susceptibility using the regular
solution model through Eqn. (1).”

In [(1 = yus)/yns] = AHur + 11 = 2yus)/RT — 1)
ASHL/R = AHHL + F(l - 2"/].]5)/RT - AHHL/TQ/R

where yys is the high spin fraction, I”is an interaction parameter,
and AHyp and ASyp are the enthalpy and entropy changes
associated with the spin transitions. The cooperative factor of the
spin transition is defined by C = I72RT.. Good simulations of the
magnetic susceptibility are achieved with AHyy; = 7.92 kJ mol !,
ASpr =488 JK ' mol™!, and C = 1.06 for the heating mode and
AHy, = 742 kI mol ™", ASpp = 45.7J K "'mol ™', and C = 1.06
for the cooling mode as indicated by the solid curves in Figs. 3 and
S3, respectively. The average values of AHy; and ASyy are in
good agreement with those obtained from the DSC measurement
(AHyp = 7.77 kI mol ™!, ASy. = 47.9 J K~ mol™!). Interestingly,
C for 1 is larger than for [{Fe(NCS)(X-py)}»(1-bpypz),] whereas
ASyy values are similar to each other. Moreover, AHy; and T, of
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Fig. 3 Temperature dependence of yu7 (circle)) Raman spectral
intensity (lozenge), DSC traces (solid lines), and LIESST (triangle). A
thin solid line indicates the least-squares fitting of the magnetic
susceptibility using the regular solution model.
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1 are close to those of [{Fe(NCS)(4-Phpy)}.(p-bpypz),] while C of
1 is much larger than that of [{Fe(NCS)(4-Phpy)}.(1-bpypz)s]
(C = 0.4).% These features suggest that the coordination bonding
interaction between the dimers in 1 enhances the cooperativity of
the spin transition.

Photogeneration of the metastable HS state at low tempera-
tures, the so-called Light-Induced Excited Spin-State Trapping
(LIESST) experiment, was carried out on a microcrystalline
sample. The results are displayed in Fig. 3 (triangles). At 4.2 K, the
sample was irradiated with green light (532 nm) for 5 h to reach a
value of yT = 0.44 emu mol ™! K, which is much lower than the
high spin value. However, after light irradiation, yy7 increases
dramatically up to a value of 2.64 emu mol ' K then drops rapidly
in the temperature region 2-44 K as the temperature is increased.
The temperature dependence of y\7 after light irradiation is
totally different from what is observed in LIESST experiments
performed on mononuclear species, and it resembles the magnetic
behavior of [{Fe"(NCS)DMSO)}(u-bpypz),] (Fig. $3).° The
increase of y\ 7 represents the change in thermal populations of
the different microstates or excited pair spin states, arising from a
weak iron(l-iron(l1) antiferromagnetic interaction,® which is
expected to occur in the bpypz-bridged [Fe,(bpypz),] dimer unit
due to the inefficient exchange ability of the bridging 4,4'-
bipyridine.” This magnetic behavior, therefore, is attributed to the
synergy between magnetic interaction and spin transition under
light irradiation. At temperatures higher than 45 K, y7 drops
rapidly to reach a value close to 0.15 emu mol ! K at 65 K
(the critical LIESST temperature, determined as the extreme of the
derivative 0y 7/0T was found as 54 K), representative of the
occurrence of a complete HS to LS relaxation in a relatively lower
temperature range. To confirm the LIESST phenomenon and the
spin state of 1 after light irradiation, we have also measured
Raman spectra as an accessible probe of vibrations that are most
affected by the geometric and electronic changes around the metal
ion. The LIESST can qualitatively be followed by monitoring a
change in intensity of the CN stretching for the SCN™ ligand
(observed at 2071 and 2104 cm ™' for HS and LS, respectively) by
irradiation with the excitation light source (632.8 nm) for Raman
spectroscopy.’ At 10 K, the intensity of the HS signal for the CN
vibration is twenty times bigger than that of the LS signal (Figure
S4) and the intensity of the signal decreases on heating and reaches
zero at 100 K (Fig. 3). This observation of the spin transition from
HS to LS demonstrates the LIESST effect. Moreover, the steep
decrease in intensity is a mirror image of the SCO suggestive of the
high cooperativity in 1.

In summary, 1 provides the first dinuclear iron(Il) complex-
based one-dimensional polymer compound in which the spin
transition from high- to low-spin states has been followed by
crystal structural analyses and in which no step in yy 7 due to the
presence of [HS-LS] states is observed. The magnetic transition is
sharp, with a hysteresis, indicating that cooperativity is occurring
between the Fe(1l) dinuclear units through the bridging 4,4'-bipyr-
idine due to its rigidity and inefficient magnetic exchange ability.
Further dinuclear iron(il)-based polynuclear examples of the
present and related types are required.
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Notes and references

1 A methanolic solution (2 mL) of trans-[Fe(NCS),(py)4] (3.7 mmol LY
was transferred to a glass tube, and then a methanolic solution of 2 mL of
Hbpypz (3.7 mmol L") and 4,4'-bpy (1.8 mmol L) with a 10% methanol
solution of tetra-n-butylammonium hydroxide (7-Bu),NOH (3.7 mmol L™ b}
was poured into the glass tube without mixing the solutions under an N,
stream. Brown crystals began to form at ambient temperature in 1 month.
Yield 80%. Caled (%) for C3oH30N1,0S,Fes: C, 54.56; H, 3.52; N, 19.58.
Found (%): C, 54.43; H, 3.27; N, 19.80.

§ Crystal data for 1: Data collections were carried out on a Rigaku/MSC
Mercury CCD diffractometer with graphite-monochromated Mo-Ka
radiation. The structures were solved by direct methods (Rigaku
CrystalStructure crystallographic software package of Molecular
Structure Corporation) and refined with a full-matrix least-squares
technique (SHELXL-97'%). For 200 K: orange, triclinic, space group P-1,
Z =1, a = 9.5293), b =10.386(4), ¢ = 10.6804) A, o = 78.50(6),
B = 73.16(5), y = 7091(5)°, V = 949.6(6) A’ deyeq = 1.501 g cm >,
u(MoKo) = 9.24 cm™'. 10604 Reflections were collected in the range
8 < 20 < 55° and 4253 independent reflections [R(int) = 0.055] were used
in the structural analysis. Ry = 0.0475 [for 2897 F < 4a(F); wR, = 0.1069
and goodness of fit = 1.038 for all 4253 F%; 260 parameters; all non-
hydrogen atoms anisotropic except for the atoms of the disordered MeOH;
all hydrogen atoms except for the atoms on the disordered MeOH were
placed in the calculated positions]. For 150 K: black, triclinic, space group
P-1,Z=1,a=9237109), b =10.273(2), ¢ = 10.2499(10) A, o = 78.43(4),
B = 7391(4), y = 71.16(4)°, V = 877.93) A3, dea = 1.624 g cm >,
u(MoKo) = 9.99 cm ™', 8849 Reflections were collected in the range
8 < 20 < 55° and 3957 independent reflections [R(int) = 0.053] were used
in the structural analysis. R; = 0.0661 [for 3081 F < 46(F); wR, = 0.1530
and goodness of fit = 1.073 for all 3957 F% 260 parameters; all non-
hydrogen atoms anisotropic except for the atoms of the disordered MeOH;
all hydrogen atoms except for the atoms on the disordered MeOH were
placed in the calculated positions]. CCDC 283072 & 283073. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b512266]
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