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ABSTRACT: A new series of iron(Il) 1D coordination polymers with the
general formula [FeLl(pina)]-xsolvent with L1 being a tetradentate
N,0,*” coordinating Schiff-base-like ligand [([3,3']-[1,2-phenylenebis-
(iminomethylidyne) ]bis(2,4-pentanedionato) (2-)-N,N’,0%,0*], and pina
being a bridging axial ligand N-(pyrid-4-yl)isonicotinamide, are discussed.
The X-ray crystal structure of [FeL1(pina)]-2MeOH was solved for the
low-spin state. The compound crystallizes in the monoclinic space group
P2,/c, and the analysis of the crystal packing reveals the formation of a
hydrogen bond network where additional methanol molecules are
included. Different magnetic properties are observed for the seven
samples analyzed, depending on the nature of the included solvent
molecules. The widest hysteresis loop is observed for a fine crystalline
sample of composition [FeLl(pina)]-«H,O/MeOH. The 88 K wide
thermal hysteresis loop (T, = 328 K and T),; = 240 K) is centered
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around room temperature and can be repeated without of a loss of the spin transition properties. For the single crystals of
[FeL1(pina)]-2MeOH, a 51 K wide hysteresis loop is observed (T),,; = 296 K and T, = 245 K) that is also stable for several
cycles. For a powder sample of [FeL1(pina)]-0.5SH,0-0.5MeOH a cooperative spin transition with a 46 K wide hysteresis loop
around room temperature is observed (T,/,; = 321 K and T,/,; = 275 K). This compound was further investigated using
Mbssbauer spectroscopy and DSC. Both methods reveal that, in the cooling mode, the spin transition is accompanied by a phase
transition while in the heating mode a loss of the included methanol is observed that leads to a loss of the spin transition
properties. These results show that the pina ligand was used successfully in a crystal-engineering-like approach to generate 1D

coordination polymers and improve their spin crossover properties.

B INTRODUCTION

Iron(II) spin crossover (SCO) complexes belong to a
fascinating class of materials that can be switched between
the paramagnetic high-spin state (HS, S = 2) and the
diamagnetic low-spin state (LS, S = 0) b?r physical stimuli
such as temperature, pressure, or light."™'” This transition
causes electronic, structural, vibrational, and magnetic changes
that can be monitored by many different physical methods such
as a *"Fe Mossbauer spectroscopy or detected visually due to a
color change associated with thermochromism, in many cases.
Since their discovery in 1931 by Cambi et al,'®"” SCO
complexes never cease to attract interest due to the numerous
potential applications as memory devices, displays,”®~>* or
sensors.”> The possibility to form micro- and nanopar-
ticles,** ¢ gels®” or liquid-crystalline materials,”® reinforced
the interest in SCO materials.”” " Of the different types of
spin transitions (gradual, stepwise, incomplete),” SCO
complexes exhibiting thermal hysteresis are particularly suited
for the mentioned applications. Up to now, the largest
hysteresis is a 70 K wide loop for a complex with a Schiff-
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base-like ligand and imidazole as ligands.** It was demonstrated
that the crystal packing, especially hydrogen bond network,>**
but also structural changes upon spin transition,> have a huge
influence on the SCO properties of these complexes. We seek
to systematically improve the SCO properties of our complexes
thanks to crystal engineering to obtain wide and stable
hysteresis loops around room temperature. One strategy was
to modify the equatorial Schiff-base-like ligand through the
introduction of additional hydroxyl groups in the outer
periphery to optimize the preconditions for the observation
of hydrogen bond networks. This strategy was not successful
for mononuclear complexes with pyridine or 4-dimethylami-
nopyridine as axial ligand.>** However, for the corresponding
1D coordination polymers with bridging axial ligands as 4,4'-
bipyridine or bis(4-pyridyl)ethene, an increased occurrence of
thermal hysteresis loops was observed.’”
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Scheme 1. General Structure of the Ligands and Complexes: Abbreviations Used and Synthesis Pathway of the [FeL1(pina)]

Complexes
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In this work we present an alternative approach to improve
the hydrogen network between the polymer chains of Schiff-
base-like iron(II) SCO complexes. The objective was to build
the hydrogen bond network through the crystal packing by
using the pina ligand, which itself is known to make a
hydrogel.*® For this, iron(II) complexes made of a Schiff-base-
like equatorial ligand and a bridging N-(pyrid-4-yl)-
isonicotinamide (pina) axial ligand were synthesized. It has
recently been shown that the solvent or the method of
synthesis can have a crucial influence on SCO complexes of this
ligand family®** and of other SCO systems.**™ Therefore,
complex [FeL1(pina)] (1) was synthesized in various solvents
using three different methods. Seven phases that vary in the
amount of solvent included in the crystal packing were
obtained. All samples were investigated by SQUID magneto-
metry, the most interesting samples being investigated further
using M0ssbauer spectrometry, DSC measurements, and single
crystal X-ray diffraction, when appropriate.

B EXPERIMENTAL SECTION

Synthesis. All reagents were of reagent grade and used without
further purification. MeOH and EtOH were purified by distillation
under argon,*” DMF was dried on molecular sieves and degassed, and
THF and water were degassed. All syntheses were carried out under
argon using Schlenk tube techniques. IR spectra were recorded on a
Shimadzu FTIR-84005 spectrometer using KBr discs at room
temperature. CHN analyses were performed at MEDAC Ltd.
(UK.). Mass spectra were recorded with a Jeol MS-700 device, with
DEI+ as ionization method.

The synthesis is performed in two steps starting from iron(II)
acetate and a Schiff-base-like ligand H,L1 that are reacted to give a first
complex [FeL1(MeOH),] that is then converted with pina in the
solvent S to give [FeL1(pina)]-«S (Scheme 1). The syntheses of the
ligand H,L1, ! the pina ligand,38 iron acetate,*” and the complex
[FeL1(MeOH),]* have been performed as previously described. All
syntheses except that of 1-xMeOH/H,0 were reproduced at least
once.

[FeL1(pina)]-0.5 MeOH (1-0.5 MeOH). A solution of [FeLl-
(MeOH),] (0.55 g) and pina (1.08 g) in methanol (45 mL) was
heated to reflux for 1 h. The formation of a dark violet precipitate was
observed in the boiling heat. After cooling and filtration, the precipitate
was washed with methanol (2 X $ mL) and dried in vacuo. Yield: 0.51
g, 74%. IR (KBr): b = 3229(w) (NH), 1687(m) (CO), 1647(s) (CO),
1560(vs) cm™ (CO). MS (DEI-(+), 70 eV) m/z (%): 382 (70)
[FeL1+], 199 (97) [pina+], 106 (100). Elemental analysis calcd
(found) for Cpg H,gFeNOs s (597.15): C 59.3 (59.3), H 4.7 (4.9), N
114 (11.7).

[Fel1(pina)]-xMeOH/H,O (1-xMeOH/H,0). Amorphous black
crystals of the composition 1-xMeOH/H,0O were obtained by slow
diffusion using a homemade Schlenk of [FeL1(MeOH),] (0.11 g, 0.25
mmol) and pina (0.24 g, later analysis revealed that there were still
traces of water in the ligand, for all further approaches the ligand was

dried completely) in methanol solution after 2 weeks. Elemental
analysis caled (found) for C,oH,,FeN O (581.40, since the exact
solvent composition is unknown, the calculated values correspond to
the solvent-free complex): C 59.91 (58.5), H 4.68 (4.9), N 12.05
(11.7).

[FeL1(pina)]-2MeOH (1-2MeOH). Violet crystals of sufficient quality
for X-ray analysis were obtained by slow diffusion techniques of
[FeL1(MeOH),] (0.12 g) and pina (0.27 g) in methanol solution after
1 week. Elemental analysis caled (found) for Cy;H;sFeN;O, (645.49):
C 57.7 (57.4), H 5.5 (5.0), N 10.9 (10.8).

[FeL1(pina)]-0.5 H,0-0.5 MeOH (1-0.5H,0-0.5MeOH). [FeLl-
(MeOH),] (0.5 g) was dissolved in 20 mL mixture of methanol and
water (98:2). Pina (0.22 g) was dissolved in 20 mL of the same
mixture. Then the pina solution was added to the [FeL1(MeOH),]
solution, and the mixture was stirred 2 h at room temperature. A dark
purple powder precipitated, and was filtered, washed twice with S mL
of MeOH, and carefully dried in vacuo. Yield: 0.6 g, 95%. IR (KBr): D
= 3165(b) (OH), 1685(m) (CO), 1593(s) (CO), 1555(vs) cm™'
(CO). TGA on 5.7470 mg at 25 °C: 5.5513 mg at 100 °C (—3.405% -
solvent loss, theory —4.12%), 3.8603 mg at 315 °C (—32.835%
—decomposition). Elemental analysis calcd (found) for
CyosH3FeN;O4 (606.43): C 58.43 (58.4), H 4.99 (4.9), N 11.55
(1L.6).

[FeL1(pina)]-0.5 EtOH (1-0.5 EtOH). A solution of [FeL1(MeOH),]
(0.41 g) and pina (1.85 g) in ethanol (20 mL) was refluxed for 1 h. A
dark red powder precipitated, and was filtered, washed twice with §
mL of EtOH, and carefully dried in vacuo. Yield: 049 g, 87%. IR
(KBr): = 3234(w) (NH), 1678(m) (CO), 1658(s) (CO), 1574(vs)
cm™ (CO). MS (DEL-(+), 70 eV) m/z (%): 382 (70) [FeL1+], 199
(97) [pina+], 106 (100). Elemental analysis calcd (found) for
C30H;0FeN;O; s (604.44): C 59.6 (59.3), H 5.0 (4.9), N 11.6 (11.7).

[FeL1(pina)]-DMF (1-DMF). A solution of [FeL1(MeOH),] (0.69
g) and pina (3.1 g) in DMF (20 mL) was refluxed for 1 h. Dark purple
crystals appeared after one night at room temperature, and were
filtered, washed twice with S mL of DMF, and carefully dried in vacuo.
Yield: 0.51 g, 52%. IR (KBr): & = 3221(w) (NH), 1675(m) (CO),
1646(s) (CO), 1559(vs) cm™ (CO). MS (DEI-(+), 70 eV) m/z (%):
382 (70) [FeL1+], 199 (97) [pina+], 106 (100). TGA on 25.31 mg at
25 °C; 24.75 mg at 200 °C (—3.2% —solvent loss), 13.14 mg at 315 °C
(—39.9% —decomposition). Elemental analysis caled (found) for
Cy,Hy,FeN Oy (654.49): C 58.7 (58.6), H 5.2 (5.3), N 12.8 (12.8).

[FeL1(pina)]-2 H,O (1-2H,0). [FeL1(MeOH),] (0.62 g) was
dissolved in 40 mL of THF. Pina (2.7 g) was dissolved in 40 mL of
THF. Then, the pina solution was added to the [FeL1(MeOH),]
solution, and the mixture was stirred overnight at room temperature. A
red powder precipitated, and was filtered, washed twice with 5 mL of
THEF, and carefully dried in vacuo. Yield: 0.85 g, quantitative. IR (KBr):
D = 3205(w) (NH—OH), 1689(m) (CO), 1653(s) (CO), 1547(vs)
cm™ (CO). MS (DEL-(+), 70 eV) m/z (%): 382 (70) [FeL1+], 199
(97) [pina+], 106 (100). Elemental analysis calcd (found) for
CyoH; FeN;O, (617.16): C 56.2 (56.24), H 5.0 (4.9), N 11.3 (10.9).

X-ray Structure Analysis. The intensity data of 1-2MeOH were
collected on an Oxford XCalibur diffractometer by using graphite-
monochromated Mo Ka radiation. The data were corrected for
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Table 1. Overview of the SCO Behavior, Characteristic y T Values [cm?® K mol '], HS Residue (yys) at 150 K, and T, Values

(K]
compound spin state behavior T 3S0K) T (150 K) us (150 K) Ty
1-0.5MeOH HS 3.33 3.24
1-xMeOH/H,0 hysteresis, 88 K,* 92 K” 3.49 0.76 0.2 1240, 1328% 1224, 1316°
1-2MeOH complete, hysteresis, 34 K,* 51 K,* 45 K° 3.64 02 0 1272, 1306 245, 1296" 1236, 1
281
1-0.5H,0- incomplete, unstable, hysteresis, 46 K,* 65 K,* 323 1.41,% 2,072 0.40,% 0.59,° 1275, 1321% 1263, 1328° 1238, 1
0.5MeOH 73 K° 2.29¢ 0.65° 311°
1-0.5SEtOH HS 3.53 3.46
1-2H,0 HS 3.44
1.DMF solvent release, hysteresis, 4 K,” 10 K* 342 0.08,“6064,’” 0,%0.19, 0.30°  1335%% 1305, 1309" |288, 1298°
1.08

“Magnetic measurement: loop 1. “Loop 2. “Loop 3. “Spin transition upon solvent release. The exact temperature depends on the scan rate.

Lorentz and polarization effects. The structure was solved by direct
methods (SIR-97)** and refined by full-matrix least-squares techniques
against F,2 — F? (SHELXL-97).* All hydrogen atoms were calculated
in idealized positions with fixed displacement parameters. ORTEP-
I1I*® was used for the structure representation, and SCHAKAL-99*7 to
illustrate molecule packing. The crystallographic data are summarized
in Table 2.

X-ray Powder Diffraction. X-ray powder diffraction data were
collected at a STOE StadiP X-ray powder diffractometer in
transmission geometry from 5° to 30°(20). Samples were placed in
capillaries, and Cu Kal radiation was used for the measurement.
Radiation was detected with a Mythen 1K detector.

Magnetic Measurements. Magnetic susceptibility data were
collected using a Quantum Design MPMSR-2 or an MPMSXL-S
SQUID magnetometer under an applied field of 0.5 T over the
temperature range 2—400 K in the settle mode. Samples were placed
in gelatin capsules held within a plastic straw. Data were corrected for
the diamagnetic contributions of the ligands by using tabulated Pascal’s
constants and those of the sample holder.

>’Fe Mbssbauer Spectroscopy. Variable temperature >’Fe
Mossbauer measurements were recorded in transmission geometry
on a constant-acceleration Wissel spectrometer loaded with a 45 mCi
’Co(Rh) source from Cyclotron Ltd. The sample was sealed in a
Teflon holder, and low temperature spectra were recorded using an
Optistat Oxford instruments liquid nitrogen cryostat. The spectra were
fitted using Recoil 1.05 Méssbauer Analysis Software.* The isomer
shift values are given with respect to an a-Fe reference at room
temperature.

Thermogravimetric Analyses. Thermogravimetric analyses were
carried out on a SDT 2960 Simultaneous DSC-TGA under nitrogen
atmosphere using alumina sample holder.

Differential Scanning Calorimetry. Calorimetric measurements
sealed in an aluminum sample holder were carried out with a
PerkinElmer DSC-7 differential scanning calorimeter at a scan rate of
10 K/min following described procedures.*’

B RESULTS AND DISCUSSION

Syntheses. The general synthetic pathway for the synthesis
of the [FeL1(pina)] coordination polymers is given in Scheme
1. Three different synthetic modes were used to prepare the
complex [FeLl(pina)](1) and its solvates: (i) The starting
materials [FeL1(MeOH),] and pina were mixed in the desired
solvent and heated to reflux for 1 h, to afford 1-0.5 MeOH, 1-
0.5 EtOH, and 1-DMF. (ii) By slow diffusion, this method used
a homemade Schlenk tube setup which was, to a given height,
separated into two chambers by a dividing wall. (jii) The
starting iron complex and the axial ligand were dissolved
separately in the desired solvent, and the solutions were then
mixed at room temperature.

The syntheses were first carried out in methanol, leading to
two different samples, 1-0.5MeOH (reflux condition, powder)

11565

Table 2. Crystallographic Data of [FeL1(pina)]-2MeOH (1-
2MeOH)

1-2MeOH
formula C;,H;FeNO,
M,/g mol™ 645.49
cryst syst monoclinic
space group P2,/c
a/A 13.3304(11)
b/A 12.9564(11)
c/A 21.5188(15)
a/deg 90
P/deg 127.769(S)
y/deg 90
V/A? 2937.9(4)
z 4
p/g cm™ 1.459
u/mm™! 0.571
cryst size 0.32 X 0.19 X 0.11
T/K 173(2)
A(Mo Ka)/A 0.71073
0 range/deg 4.19-25.38
reflns collected 11924
indep reflns (Ry,) 5286 (0.0391)
params 391
restraints 24
R(F) (all data) 0.0516 (0.0924)
wR2 0.1316
GOF 0.960

and an undefined phase 1-xMeOH/H,0 (diffusion setup, fine
crystals). Magnetic measurements (see Magnetic Measure-
ments section) revealed that 1-0.5 MeOH is a pure HS complex
while the sample 1-xMeOH/H,O is showing a spin transition
with extremely large hysteresis around room temperature. The
spin transition properties and the stability of the sample up to
400 K did raise our interest for this compound. Only a small
amount of sample was obtained from the first diffusion setup,
and the crystals were not of sufficient quality for single crystal
X-ray structure analysis. Therefore, attempts were made to
reproduce the synthesis using slow diffusion. Single crystals of
sufficient X-ray quality were obtained but with a different
composition (1-2MeOH). Magnetic measurements reveal SCO
behavior with a hysteresis close to room temperature. The
hysteresis loop width, however, is significantly smaller.

Since solvent has a strong influence on the SCO behavior of
this system, the synthesis was repeated in different solvents:
mixtures of water and methanol, ethanol, tetrahydrofuran
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Table 3. Selected Bond Lengths [A] and Angles [deg] of the Structure of 12MeOH

compound Fe—Nq Fe—0,,
1-2MeOH 1.904(3) 1.940(2)
1.898(3) 1.947(2)

“Related to N3A. “Related to N3B; symmetry code. 1 + x, y, z.

Fe—N,, 0,—FeO,, N, —Fe-N,,
2.026(13)“ 88.89(10) 174.4(3)*
1.93(3)®
2.008(11)" 172.6(8)%¢
2.05(3)"

Figure 1. ORTEP drawing of the asymmetric unit of 1-2MeOH.
Hydrogen atoms and the disorder of the pina ligand have been
omitted for clarity. Thermal ellipsoids are shown with a 50%
probability.

(THEF), and dimethylformamide (DMF). Mixtures of methanol
and water were used to account for remaining water in the very
hygroscopic pina ligand. This is the most likely reason for the
different outcomes of the first and second diffusion setup.
Indeed, in a mixture of a 98:2 ratio of methanol and water,
respectively, a new powder sample 1-0.5H,0-0.5MeOH was
obtained. Magnetic measurements of this sample show a wide
hysteresis around room temperature, that is, however, not
complete and unstable. Further syntheses were done with
ethanol, THF, and DMF. From the synthesis in ethanol, one
pure HS sample 1-0.5EtOH was obtained, and from synthesis
in THF, a further pure HS sample 1-2H,O. The synthesis in
DMF produced an interesting phase 1-DMF which is

undergoing SCO. In Table 1, an overview of the synthesized
complexes and the characteristic temperatures and yT values
is given. The syntheses of all samples except that of 1-xMeOH/
H,O were reproduced at least once.

X-ray Structure Analysis. Crystals with the composition 1-
2MeOH were of sufficient quality for a single crystal X-ray
structure analysis, and we were able to solve the structure at
173 K where the complex is in the low-spin state according to
the magnetic measurements. The crystal structure of compound
1-2MeOH describes the first example for coordination polymer
with pina as axial ligand. The crystallographic data are
summarized in Table 2. Selected bond lengths and angles are
shown in Table 3. ORTEP drawing of the asymmetric unit is
given in Figure 1.

Compound 1-2MeOH crystallizes in the monoclinic space
group P2,/c. The observed bond lengths around the iron center
are within the range reported for other octahedral iron(II)
complexes made of this ligand type in the LS state.”*****' The
average values are 1.90 A (Fe—N,,), 1.94 A (Fe-O,,), and 2.01
A (Fe—N,,). The observed O—Fe—O angle is with 88.9° clearly
indicative of LS iron(II).”*****! The axial pina ligand links the
iron centers as bridging bidentate ligand. Analysis of the
polymeric structures reveals an infinite one-dimensional chain
with the base vector [100]. The pina ligand is disordered,
mainly concerning the asymmetric peptide bond. However, the
carbonyl oxygen is pointing at the same direction in both
disordered structures. This disorder could be the reason for the
small steps/plateaus observed in the magnetic measurements.
The asymmetric unit additionally contains two methanol
molecules, each bound to the peptide bond through hydrogen
bonds. The details for the hydrogen bonds are summarized in
Table 4; an excerpt of the molecule packing is given in Figure 2.
In one case, the hydroxy group of methanol is the donor group
(O7—H7A) and the carbonyl oxygen of the peptide bond the
acceptor (OS). In the other case, methanol is the acceptor
(06) of the N—H group of the peptide bond (NS—HS). This
solvent molecule moreover participates in a second hydrogen
bond between its hydroxy group (O6—HG6A) and the carbonyl
group (O3) of an adjacent equatorial ligand and, thus, is part of

Table 4. Summary of the Intermolecular Hydrogen Bonds of 1:2MeOH with d(D-A) < R(D) + R(A) + 0.5 A, d(H-+A) < R(H)

+ R(A) — 0.12 A, D—H-A > 100.0°

compound D H A

1-2MeOH NSA HSA 06
NSB HSB 06
o7 H7A OSA
07 H7A 0SB
06 H6A 03
C18 HI18A o7*
c18 H18C 06¢
C20A H20A 03®

D-H H--A DA D-H--A
0.88 2.19 3.008(6) 155
0.88 2.16 2.893(13) 141
0.84 2.09 2.887(7) 159
0.84 1.94 2.771(13) 169
0.84 2.04 2.865(4) 169
0.98 2.58 3.458(7) 149
0.98 2.59 3.327(5) 132
0.95 2.50 3.217(10) 132

“Symmetry codes follow. x, =/, - ¥ Y, + 2 b—x, 1, ¥ =1y =z %% =1/, - 9, =, +z
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Figure 2. Crystal packing of 1-2MeOH. View along [100] (left) and along [010] (right). Hydrogen atoms are omitted for clarity. The hydrogen

bonds are given as dashed lines.
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Figure 3. Plots of the y,,T product versus T for 1-xMeOH/H,O (top)
and 1-2MeOH (bottom). The first loop (black squares) corresponds
to measurements starting at room temperature; the sample is not
heated above 350 K. Before the second loop (red circles) the sample
was shortly heated to 400 K, and before the third loop (blue triangles)
the sample was left at 400 K for 1 h to remove all solvent.

an infinite one-dimensional hydrogen bond chain (base vector
[001], Figure 2). One further direct short contact is observed
between the carbonyl group of the equatorial ligand and the
nitrogen of the peptide bond. It should be mentioned that only
the axial ligand and substituents of the equatorial ligand are
involved in the hydrogen bond network and no participation of
the donor oxygen atom of the equatorial ligand, as for the
corresponding mononuclear imidazole complexes, is observed.
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Figure 4. Plots of the yT product versus T for compounds 1:0.5H,0O-
0.5MeOH (top) and 1-DMF (bottom).

Powder X-ray Diffraction. In order to verify that the
different samples of 1 assume similar structures, the calculated
powder X-ray diffraction pattern of 1:2MeOH is compared with
measured PXRD patterns. The results are given in the
Supporting Information, Figure S1. Indeed, in the region 20
= 8-8.5° and 20 = 26-27°, strong similarities in the diffraction
patterns are observed. This can be used as confirmation that in
all cases coordination polymers were formed with an
approximate distance between the iron centers of 13.5 A and
a distance between the polymer chains in the region of 4 A. The
diffraction pattern of the three pure HS complexes 1-0.5MeOH,
1-2H,0, and 1-0.5EtOH are almost identical. Apparently they
all precipitate in the same packing pattern independent of the

dx.doi.org/10.1021/ic501624b | Inorg. Chem. 2014, 53, 11563—11572
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Figure S. DSC measurement of 1-0.5H,0-0.5MeOH. Measured
enthalpy and entropy values are given in the cooling and warming
modes (S K/min). The values were corrected by a factor 1.5 as only
two-third of the iron centers are involved in the spin transition as
indicated by Mdssbauer spectroscopy and magnetic measurements.

cocrystallized solvent molecules. This assumption is supported
further by the fact that the solvent-free sample of 1-0.5MeOH
(after annealing at 100 °C for S h under vacuum to remove all
methanol) shows the same diffraction pattern as before.

The diffraction patterns of the three spin transition samples
1.DMF, 1-2MeOH, and 1-0.5H,0-0.5MeOH also show some
similarities, especially in the regions 20 = 12—15° and 20 =
20—23°. There are, however, also some differences in good
agreement with the different magnetic properties observed in
the magnetic measurements. There are pronounced differences
between the diffraction patterns of the pure HS complexes and
the SCO complexes.

100 100
4 warming mode
80 F—~— cooling mode 180
= 60l / 460
< v o
b 40 f LA dao
< 2 ivf{';h;/'rm L
20 | 420
. . . . . 0
100 150 200 250 300 350
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Figure 7. Apg/Ay, [%] versus T plot of the Mdssbauer spectra
measured on the compound 1-0.5H,0-0.5MeOH.

Magnetic Measurements. Of the seven samples inves-
tigated, three (1-0.5MeOH, 1-0.5SEtOH, 1-2H,0) are pure HS
complexes in the entire temperature range with a yT product
in the range of 3.4 cm® K mol™, typical for HS iron(II). The
corresponding plot of the T product versus temperature is
displayed in the Supporting Information, Figure S2. For the
other four samples SCO behavior is observed, which is
described in the following.

The result from the magnetic measurements (plot of the y T
product vs T) of the undefined sample 1-xMeOH/H,O is
displayed at the top of Figure 3. The compound shows a spin
transition with a very wide thermal hysteresis around room
temperature. At room temperature the yyT product is with
0.89 cm® K mol™’, indicative of a sample with the majority of
the spins in the LS state. Upon cooling, this value remains
constant down to 50 K. Upon heating, the compound remains
first in the LS state and undergoes an abrupt spin transition to
the HS state above room temperature with T, ,,; = 328 K. At

298 K
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Figure 6. Selected Mdssbauer spectra of 1-0.5H,0-0.5MeOH. HS Fe' signal is depicted in red, LS Fe"" in blue. Measurement temperatures are

indicated on the spectra.
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350 K, the yT product is with 3.49 cm® K mol ™" in the typical
region for HS iron(II) complex. Upon cooling, a relatively
gradual spin transition to the low-spin (LS) state is observed
with T,/,; = 240 K and a y,T product of 0.79 cm® K mol ™" at
150 K. About 20% of the molecules remain in the HS state.
This corresponds to an apparent thermal hysteresis of 88 K.
The hysteresis is apparent in the sense that solvent molecules
are released during the first warming process as first identified
for [Fe(hyetrz)3](3-nitrophenylsulfonate),-3H,0.>* After heat-
ing to 400 K, a second loop of measurement shows that the
transition temperatures are shifted to lower temperatures (T 5,
=224 K and T /5; = 316 K) and the hysteresis loop is with 92
K slightly wider. A closer inspection of the curve progression of
the second cycle in the cooling mode reveals the formation of a
slight plateau in the region of 224 K; thus, a two-step spin
transition takes place while a one-step spin transition is
observed during heating. The transition temperatures for the
two steps are 244 and 209 K. Thus, for the second step the
hysteresis width is 107 K. The difference between the first and
the second cycles is most likely due to a loss of solvent
molecules included in the crystal packing during the heating
process. After heating the sample to 400 K for 1 h to remove all
solvent, a third cycle was measured. Upon cooling, the
transition temperature is again shifted to lower temperatures
with T}, = 199 K, whereas, upon heating, the transition
temperature remains constant (T),,; = 316 K). A thermal
hysteresis loop with a width of 117 K is observed! Due to
difficulties with the reproduction of this sample, no further
measurements on this material were possible.

Magnetic measurements of 1-2MeOH, displayed at the
bottom of Figure 3, reveal SCO behavior with a hysteresis close
to room temperature. The room temperature y\T product of
this sample is with 3.39 cm® K mol™ in the typical region for a
HS iron(II) complex. Upon heating to 350 K, it increases to a
value of 3.64 cm® K mol™". Upon cooling, compound 1-
2MeOH undergoes a spin transition to the LS state with a T,
=272 K and a T product of 0.2 cm® K mol™" at 150 K. For
this sample the spin transition is complete. Upon heating, the
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compound undergoes an abrupt spin transition back to HS
state with T’ ,; = 306 K, exhibiting a thermal hysteresis of 34 K.
Indications for small steps in the heating and cooling mode are
observed. The disorder of the pina ligand observed in the X-ray
structure of this complex is most likely the reason for this
behavior. Indeed, the pina ligand is asymmetric, having an acid-
side and an amino-side, which gives the possibility for the iron
centers to be coordinated twice to both ends or once to each
side. This situation may result in a slight change in the crystal
field strength that could be responsible for the small steps. Only
the average values are considered for the following discussion.
Further loops of measurement (after heating to 400 K for a few
minutes and for 1 h to remove the solvent included in the
material) show that the hysteresis is shifted to lower
temperature once the solvent is lost. Again, this is comparable
with the behavior of the first crystalline sample. The loss of the
solvent is also accompanied by an increase of the hysteresis
width to 51 K for the second cycle and 45 K for the third cycle.

The results of the magnetic measurements of 1-0.5 H,O-
0.5MeOH are displayed in Figure 4. The room temperature
T product is with 2.94 cm® K mol™ indicative of an iron(1T)
complex that is almost completely in the HS state. Upon
cooling, the compound undergoes an incomplete spin
transition around 275 K, with a remaining y\T product of
1.41 cm® K mol™ at 150 K (yys = 0.4). Upon heating, the y T
product increases first slowly, than more rapidly, until the
compound is back in the HS state in a two-step transition with
an average T,y = 321 K, leading formally to a 46 K wide
hysteresis. As further cycles are measured, the transition
temperatures are shifted to lower temperatures, and an increase
of the hysteresis width (up to 73 K for the third cycle) is
observed, in agreement with the results of the previously
described samples. However, for the sample 1-0.5H,O-
0.5MeOH a significant increase of the remaining HS fraction
is observed. For the third cycle, yy5 = 0.65, only one-third of
the iron centers undergo spin transition. In the Supporting
Information, Figure S3, the TGA analysis of the sample is given
to confirm the solvent loss upon heating.
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The sample 1-DMF (Figure 4, bottom) is at room
temperature almost in the LS state. At 250 K the T product
is with 0.08 cm® K mol™ characteristic for an iron(II) LS
complex. Upon heating, solvent loss accompanied by a gradual
spin transition starting around 300 K and ending at 400 K is
observed. The solvent loss was followed by TGA (see
Experimental Section and Supporting Information, Figure
S3). At 400 K in the HS state a y T product of 3.35 cm® K
mol~! is obtained. The second cooling/heating cycle reveals a
shift of the spin transition to lower temperatures and a small
hysteresis of 4 K (T, = 305 K, T,y = 309 K). The yT
product of 0.64 cm® K mol™" at 150 K indicates that the spin
state change is no longer complete but a remaining HS fraction
of yyg = 0.19 is obtained. The compound was kept 1 h at 400 K
in order to remove the included solvent completely. This
resulted in a shift of the transition temperature to lower
temperatures, an increase of the hysteresis width (10 K, T, =
288 K, T,y = 298 K), and a higher HS fraction (T = 1.08
cm® K mol™ at 150 K, 355 = 0.30).

All samples showing spin transition have in common that the
spin transition is shifted to lower temperatures upon solvent
loss and a slight increase of the hysteresis width is observed.
However, for the first two samples the remaining HS fraction
does not change with repeating heating/cooling cycles while for
the latter two samples a significant increase for the remaining
HS fraction is observed. Apparently, for the powder samples the
loss of methanol, water, or DMF molecules causes the
formation of defects in the crystal lattice resulting in a loss of
the spin transition properties.

Mossbauer Spectroscopy and Thermal Analysis. The
compound 1+0.5H,0-0.5MeOH was resynthesized in high
amount to allow further investigations of the complex spin
transition behavior using differential scanning calorimetry
(DSC) and “"Fe Mossbauer spectroscopy. The DSC measure-
ments were done in order to track other phase transitions
occurring upon cooling and heating that could explain the
unstable ST behavior (Figure S). Upon cooling, a first
endothermic transition occurs around 297 K, which is directly
followed by a sharper transition at 291 K. One transition
corresponds to the incomplete HS to LS transition and the
other one to another first order phase transition. Upon
warming, one broad exothermic transition is observed with a
maximum at 353 K corresponding to the LS to HS state spin
transition, with a weak shoulder around the boiling point of
methanol (~338 K). Thus, one could assume that the loss of
methanol triggers the LS to HS spin state change. Determined
values of enthalpy (AH| = 33 kJ mol™' and AHT = 39 kJ
mol~}, assuming that two-third of the iron centers switch the
spin state) and entropy (AS| = 113 J mol™ T~ and AST =
119 J mol™ T™") are significantly higher than observed for spin
transitions in similar materials>> due to the presence of other
thermodynamic phenomena occurring at the same time:
another phase transition upon cooling, and the methanol
vaporization upon heating. Obviously, those phenomena are
related to the spin transitions. The small difference of transition
temperatures when one compares the DSC results to the
SQUID measurement originates from the different measure-
ments modes (sweep for the DSC, settle for the SQUID).

’Fe Mossbauer spectrometry was used to understand the
incompleteness of the spin transition of the powder phase 1-
0.5H,0-0.5MeOH. Méssbauer parameters of all spectra are
summarized in the Supporting Information, Table S1. Selected
spectra are shown in Figure 6. A plot of the Ayg/A,, versus T is

shown in Figure 7, assuming equal Debye—Waller factors for
the LS and HS ions. The spectrum at 298 K shows two
different signals: one quadrupole doublet corresponding to HS
iron(I) ions with a large quadrupole splitting (5 = 0.92(1)
mm/s; AEq = 2.24(1) mm/s; I'/2 = 0.20(2) mm/s; Ays/Aw
93(3)%) and another quadrupole doublet corresponding to LS
iron(II) ions with a smaller quadrupole splitting (5 = 0.38(2)
mm/s; AEq = 0.84(4) mm/s; I'/2 = 0.11(2) mm/s; Aps/A
7(3)%). The hyperfine parameters are similar to reported ones
for 1D chains of complexes with similar ligand system.> In the
following, the Mdssbauer spectra were first recorded upon
cooling down to 78 K, then upon warming up to 348 K. Upon
cooling, the compound undergoes an incomplete spin
transition with a T,/,; = 280 K, with a remaining HS area of
30% at 78 K. The transition temperature is in good agreement
with the results from the magnetic measurements (275 K);
however, the spin transition is more complete. This can be
explained because the M0ssbauer measurements are done in
closed Teflon capsules at ambient pressure. In contrast to this
in the SQUID magnetometer the sample is in constant vacuum.
The results of the SQUID measurements on this sample show
that upon solvent loss the spin transition is less complete. Upon
warming, the HS fraction remains constant up to 298 K. Above
298 K, the LS to HS conversion starts, that is, however, not
complete at 348 K.

The spectrum at 298 K after the first cooling shows a
different population of the two iron(II) states compared to the
first spectrum at 298 K. Thus, clear evidence for the room
temperature bistability is obtained. The sample was further
heated up to 348 K, showing an increase of the HS fraction at
higher temperatures. The analysis of isomer shift J, quadrupole
splitting AEq, and half line width I'/2 with respect to the
temperature reveals that all parameters show some modifica-
tions upon cooling between 272 and 232 K. Especially, the line
width suddenly raises to high values (at 252 K, I'/2 = 0.28(3)
mm/s for the HS state and 0.34(3) mm/s for the LS state).
The plots of the Mdssbauer parameters versus T are shown in
Figure 8. This sudden jump, which is occurring right after the
spin transition around 250 K upon cooling, is attributed to a
phase transition. This is in good agreement with the results
from the DSC measurements that a phase transition is
occurring during the HS to LS spin transition. Mdssbauer
spectroscopy therefore allows attributing the DSC peak at 297
K (Figure S) to the spin transition and the sharper peak at 291
K to the phase transition. However, the exact nature of the
phase transition (changes in the hydrogen bond network,
reorientation of the ligand) is yet to be determined. The results
support the tendency that wide hysteresis loops are observed,
when the spin transition is accompanied by pronounced
structural changes.*

One further piece of important information from Mossbauer
spectroscopy is that only one iron site is observed for the HS
and the LS state. This implies that the coordination spheres of
the iron centers are not changed after the phase transition or
the loss of solvent. Therefore, the phase transition could be a
rearrangement of the hydrogen bond network, as it was already
discussed for similar systems.'> Another possibility would be
changes in the orientation of the ligand, e.g., the rotation of the
axial ligand from eclipsed to staggered.

For compound 1-0.5H,0-0.5MeOH, the unstable character
of the SCO is most likely due to the loss of methanol during
the LS to HS spin transition. On the basis of the powder
diffraction pattern of 1-0.5H,0-0.5SMeOH (partially dried
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sample) it is difficult so say if the solvent-free sample is identical
to the annealed sample 1 obtained from the pure HS complexes
or if another pure HS phase is obtained.

B CONCLUSION

We hereby reported the synthesis of seven solvates of the
coordination polymer [FeLl(pina)] (1) showing either spin
crossover or being HS depending on the type of solvent used.
Compound 1-xH,0/MeOH, obtained as crystals, shows a very
wide hysteresis of 88 K. Attempts to repeat the synthesis of
those crystals led to new compound 1-2MeOH, presenting a
wide hysteresis of up to 51 K around room temperature. The
crystal structure of 1:2MeOH was determined, showing 1D
coordination polymers linked together by an hydrogen bond
network, therefore creating a 2D network through the crystal
packing. Thus, the pina ligand was used successfully in a crystal-
engineering-like approach to improve the spin transition
properties of the iron(II) coordination polymers with regard
to the observation of thermal hysteresis loops. The thermal
hystereses are wider than those observed for related complexes
with rigid ligands as 4,4'-bipyridine®* or with modified
equatorial ligands.”” From other methods of synthesis, the
compound 1:0.5H,0-0.5MeOH was obtained. This latter
sample shows also a wide hysteresis loop of 46 K around
room temperature. However, this compound is not stable upon
heating, being turned into an HS compound 1-xH,O upon loss
of methanol. The compound 1-0.5H,0-0.5MeOH was analyzed
with DSC and Mdssbauer spectrometry. Finally, the compound
1:DMF was obtained from synthesis in DMF. This latter
compound shows a gradual spin crossover, but once the solvent
is removed under vacuum, it shows a hysteresis of 10 K around
room temperature. All the reported compounds show that their
spin crossover properties strongly depend on the included
solvent molecules and are most likely driven by the
intermolecular interactions through a hydrogen bond network,
as expected by choosing the pina ligand for synthesis of
coordination polymers. This work confirms our concept that
hydrogen bonds have the optimal balance between elasticity
and rigidity to communicate the structural changes upon spin
transition from one molecule to another. With the concept of
Halcrow,*® pronounced structural changes are necessary for the
observation of ferroelastic properties (hysteresis®®) in spin
crossover materials. The combination of equatorial and axial
ligands might be especially suited to allow such changes. Next
to changes in the hydrogen bond network, e.g., a rotation of the
axial ligand is possible. Further work is ongoing in the synthesis
of derivatives of the pina ligand in order to form even stronger
hydrogen bond networks.
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