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Two new iron(i) 1D coordination polymers with spin crossover behaviour were synthesised using 3,3'-
azopyridine as bridging axial ligand and N,O, coordinating Schiff base-like equatorial ligands. The X-ray
structures of both complexes were solved revealing very different packing patterns for the two complexes.

Magnetic measurements reveal a spin transition with hysteresis and kinetic trapping effects at lower tem-
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Introduction

Iron(u) spin crossover (SCO) complexes belong to a very
actively investigated class of switchable molecular materials.
The transition between the paramagnetic high spin (HS, S =
2) and the diamagnetic low spin (LS, S = 0) state can be trig-
gered by many different possibilities." Additionally these com-
plexes can be nanostructured,” incorporated into composite
materials® or can be combined with additional properties.*
These lead to a very wide application potential for this kind
of complexes in the field of sensing or data storage. From the
application point of view, abrupt spin transitions (that take
place in the range of a few K) or spin transitions with hystere-
sis (with different transition temperatures T/, in the heating
and the cooling modes) are especially desirable. For some of
these complexes with cooperative spin transition, the scan
rate used for the magnetic measurement can influence the
observed width of the thermal hysteresis loop. A very pro-
nounced scan rate dependence was recently reported for a
dinuclear iron(m) spin crossover complex® and a mononuclear
cobalt() complex,® both showing a spin transition with hys-
teresis. Often phase transitions are responsible for a pro-
nounced scan rate dependence of the width of the thermal
hysteresis loop. A very impressive example, where depending
on the scan rate different LS states with different metastable
HS states were obtained, was presented by Real and co-
workers.” Another kinetic effect can be observed, if the ther-
mal spin transition takes place at rather low temperatures. In
this case the interplay between a kinetically slow thermal spin
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peratures for one complex and a spin transition above room temperature for the second complex.

transition and the relaxation from the metastable HS state is
possible.®®

For the spin crossover complexes investigated by our
group, the observation of kinetic effects is rare. Routinely, we
present the results of the magnetic measurements in settle
mode to allow a better comparison of the different sub-
stances.'® However, the first characterisation of the magnetic
properties of a new compound is normally done in sweep
mode (usually with a rate of 5 K min™) and in most of the
cases no significant differences between the two curves are
observed. So far there is only one example for a kinetic trap-
ping effect (close Ty, and Tigsst) observed for a 1D chain
complex synthesised by our group.'’ Here we present two
new 1D chain coordination polymers of the Schiff base-like
ligands used by our group and 3,3’-azopyridine as bridging
axial ligand. While one of the two complexes shows a spin
transition above room temperature, for the second complex
pronounced kinetic effects are observed. The differences in
the magnetic properties can be related to the differences in
the crystal packing of these two complexes.
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Scheme 1 General synthesis of the iron(i) coordination polymers 1
and 2.
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Results
Synthetic procedures

The octahedral iron(u) 1D coordination polymers were
obtained in a one-pot reaction using the related mono-
nuclear methanol complexes as starting materials."”>"® A
ligand substitution reaction with the bridging ligand
3,3-azopyridine'*'® gave complexes {[FeL1(azpy)]-0.5(azpy)},
(1) and {[FeL2(azpy)]}, (2) in good yields. Scheme 1 displays
the general synthesis of the iron(u) coordination polymers 1
and 2. The complexes were fully characterised by elemental
analysis, IR and mass spectrometry. Moreover X-ray diffrac-
tion data could be obtained for both complexes.

Single crystal X-ray structure analysis

Crystals suitable for X-ray structure analysis were obtained
for 1 and 2 by using a slow diffusion technique at room tem-
perature. The crystallographic data of 1 and 2 are summa-
rized in Table S1F The molecular structures of both com-
pounds were determined at 133 K.

Complex 1 crystallises in monoclinic space group C2/c,
with eight formula units in the unit cell. Fig. 1 displays the
ORTEP drawing of the asymmetric unit together with the
used atom numbering scheme. The asymmetric unit of 1 con-
sists of one monomeric unit of the coordination polymer
{[FeL1(azpy)]}, and half of a non-coordinating azpy molecule.
This is in agreement with the composition obtained for the
bulk material (see the Experimental section). The iron(u) cen-
tre has an octahedral coordination sphere consisting of the
equatorially coordinated Schiff base-like ligand and the axi-
ally coordinated bridging ligand azpy, bound through termi-
nal 3-pyridyl groups. Selected bond lengths and angles within
the inner coordination sphere of both complexes 1 and 2 are
summarized in Table 1. The bond lengths and angles within
the inner coordination sphere of 1 are within the range
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Table 1 Selected bond lengths [A] and angles [degree] within the inner

coordination sphere of the iron(i) coordination polymers with the ligand
system H,L1 and H,L2. The X-ray structures were determined at 133 K

Fe-Negq Fe-Ocq Fe—-Ngx Ocq—Fe-Ocq Nax—Fe-Nay
1 2.098(3) 2.019(2) 2.257(3) 110.58(9) 173.18(10)
2.109(3) 2.024(2) 2.266(3)
2 1.903(2) 1.9341(19) 1.997(2) 88.74(7) 174.91(9)
1.893(2) 1.9322(19)

11,16,17

reported for HS iron(un) complexes of this ligand type.
The average bond lengths are 2.02 A (Fe-O,), 2.10 A (Fe-Ne,)
and 2.26 A (Fe-N,). The average O-Fe-O., angle is
110.58(9)° clearly in the range typical for the HS state.'"'*'”
The N,-Fe-N,, angle (173.18(10)°) does not differ signifi-
cantly from the expected 180° for an ideal octahedron.

Complex 2 crystallizes in triclinic space group P1, with two
formula units in the unit cell. Fig. 2 displays the ORTEP draw-
ing of the complex together with the atomic numbering
scheme. The asymmetric unit consists of one monomeric unit
of the coordination polymer {[FeL2(azpy)]},. The bond lengths
and angles of the inner coordination sphere of 2, displayed in
Table 1, are within the range reported for a octahedral LS
iron(n) complex of this ligand type."'®'” The average bond
lengths are 1.90 A (Fe-Og), 1.93 A (Fe-Neq) and 2.00 A (Fe-N,).
Based on the O.q-Fe-O, angle it is possible to make a state-
ment about the spin state of the iron centre. For this complex
the average angle is 89° clearly in the range typical for the LS
state."*>"” The N,~Fe-N,, angle (174.91(9)°) does not differ
significantly from the expected 180° for an ideal octahedron.

Table 2 gives the selected bond lengths between the car-
bon atoms of the Schiff base-like ligand for both compounds.
The average bond length of 1.43 A cannot be attributed to a
single or double bond, showing that the negative charge of
the nitrogen is therefore delocalized over the chelate ring.

Fig. 1 ORTEP drawing of the asymmetric unit of 1 with the atom
numbering scheme used in the text. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids presented at 50% level.

5390 | CrysttngComm, 2015, 17, 5389-5395

Fig. 2 ORTEP drawing of the asymmetric unit of 2 with the atom
numbering scheme used in the text. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids presented at 50% level.
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Table 2 Selected bond lengths [A] and torsion angles [degree] of the iron(i) coordination polymers discussed in this work

C(1)-C(2) C(2)-C(3) C(10)-C(11) C(11)-C(12) Atoms Torsion angle
1 1.423(5) 1.419(5) 1.413(5) 1.430(4) C(22)-N(4)-N(5)*-C(27)" 178.1(3)
C(54)-N(52)-N(52)"-C(54)° 180.0(3)
2 1.427(4) 1.416(3) 1.424(3) 1.430(3) C(22)-N(4)-N(5)-C(25) 179.9(2)

“1/2+x,-1/2+y,2.23/2-x,3/2-y,2 -z

The comparison of the torsion angles (Table 2) between
the coordinating azpy molecule and the non-coordinating
azpy of 1 reveals that the coordinating molecule is bent
whereas the non-coordinating one is ideally flat as expected
for a sp” hybrid system. By connecting the two iron(u) centers
the molecule is slightly bent and therefore the torsion angles
differ from the expected 180°. However, this impact is not as
pronounced for the bridging azpy molecules of 2. Here the
torsion angle corresponds to that of an ideally flat molecule
and there appears to be less strain in the system.

In Fig. 3, the packing of the chains in the crystal of com-
pound 1 is displayed. The 1D chains of 1 exhibit a zigzag
motif. Chains that propagate in the same direction are linked
by a hydrogen bond between the coordinating and the non-
coordinating azpy (C55-H55:-'N5). The relevant inter-
molecular distances are summarized in Table 3. The 1D
chains in combination with the hydrogen bonds form a 2D
plane. The planes themselves are again linked by hydrogen

N
/
/

N

Fig. 3 Molecular packing of compound 1 in the crystal at 133 K. Top:
view along [-1 1 0] and bottom: view along [1 1 O]. The hydrogen
atoms have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2015

bonds, on the one hand directly between the complexes (C8-
H8:--03, C25-H25-:-04) and on the other hand through the
non-coordinating azpy (C52-H52---04). These specific link-
ages are responsible for the unique perpendicular orientation
of the chains. Interestingly, such a perpendicular arrange-
ment of the 1D chains was also observed for related 4,4'-
azopyridine-based coordination polymers,'®'® whereas for
other coordination polymers of this ligand type, only parallel
aligned 1D chains were obtained so far.'®

In contrast to 1, in the crystal packing of 2, the 1D chains
propagate parallel along the [1 0 0] direction and are stacked
such that the unit cell contains no residual solvent-accessible
void volume (Fig. 4). The parallel 1D chains are linked by a
hydrogen bond between the coordinating azpy and the oxy-
gen of the ester group of the equatorial ligand (C27-
H27---05, see Table 3). The 1D chain of 2 exhibits also a
slight zigzag motif due to the trans-arrangement of the coor-
dinating nitrogen atoms in the ligand.

Magnetic measurements

Magnetic susceptibility measurements in the temperature
range from 300/400 K to 10 K were undertaken to follow the
iron(n) spin state change for the two samples.

The thermal dependence of the y\T product for complex 1
with the “standard” scanning rate of 5 K min " showed indi-
cations of a kinetic trapping of the HS state. Therefore the
compound was studied in sweep mode with different cooling
rates (0.5, 2, 5, and 10 K min'). The results of these mea-
surements are displayed in Fig. 5. At room temperature, the
compound has a yuT product of 3.21 cm® K mol™, in the
typical range for iron(u) complexes in the HS state. Upon
cooling with a rate of 0.5 K min™", the yyT product remains
constant until 90 K, where the compound undergoes an
incomplete gradual spin crossover from HS to LS to attain a

Table 3 Selected classical and non-classical hydrogen bonds [A] of 1
and 2

Donor-H:--acceptor D-H H---A D---A D-H-—A
1 C(8)-H(8)---0(3)" 0.93 2.57 3.406(4) 150
C(25)-H(25)---0(4)” 0.93 2.44 3.221(4) 141
C(52)-H(52)---0O(4) 0.93 2.40 3.280(6) 158
C(55)-H(55)--"N(5)° 0.93 2.51 3.440(6) 173
C(27)—H(27)~'O(5)d 0.95 2.56 3.261(3) 131

Tx,2-y,12+z x, 2y, -12+2.°3/2-x,-1/2+y,32 -z 92 -x,
1-y,1-z
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Fig. 4 Molecular packing of compound 2 in the crystal at 133 K. View
along [0 0 1] (top) and [1 O O] (bottom). The hydrogen atoms have
been omitted for clarity.
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Fig. 5 Plot of the yuT product vs. T over the range 150-20 K with 10 K
min! (squares), 5 K min™* (filled circles), 2 K min™* (open circles), 0.5 K
min™? (triangles) rates of cooling for the component 1.

minimum yT value of 1.78 ecm® K mol™, indicative of a
mixed HS(0.5)/LS(0.5) state. Such a plateau (remaining HS
fraction) is often observed for coordination polymers of this
ligand type with either a pronounced zigzag structure or a
perpendicular arrangement of the 1D chains.'™"'®?°

The ymT product stays constant until 10 K. Upon heating,
compound 1 exhibits a 15 K wide thermal hysteresis loop
with critical temperatures of T;,,! = 90 K upon cooling and
Ti,1 = 105 K upon heating, coming back to a full HS state.
By cooling down the component with a rate of 2 K min™" a
minimum yT value of 2.37 em®> K mol ' at 100 K can be
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observed, which is no longer in a range typical for a full HS
iron(u) compound, nor for a mixed HS/LS state (74% of active
sites remain trapped in the HS state). By increasing the
cooling rate to 5 K min™', a minimum value of 3.06 cm’
K mol ™" at 101 K is detected, showing that 95% of the active
sites are trapped in the HS state. Finally, with a cooling rate
of 10 K min™', the y\T values are constant within the whole
temperature range and maintain a value of 3.21 cm® K mol ",
showing that the HS state of the compound 1 is completely
trapped.

Since complex 1 shows extraordinary thermal kinetic trap-
ping, a TIESST (temperature induced excited spin state trap-
ping) experiment was conducted (Fig. 6). The compound was
rapidly cooled with a rate of 10 K min™" from 300 K to 10 K.
Using this procedure, the complex got trapped in a metasta-
ble HS state at 10 K. At this temperature the system would be
in a mixed HS/LS form if a very slow cooling rate was used.
The temperature is then slowly increased at a rate of 0.5 K
min~" and the magnetic behaviour is recorded. The magnetic
response of the trapped high spin state remains relatively
constant up to 60 K. Above 60 K the system reaches the ther-
mally activated domain, and the HS — LS relaxation becomes
more and more rapid to reach a minimum in the yT vs. T
curve at 85 K with a y\T value of 1.78 em® K mol™, corre-
sponding to the mixed HS/LS state. The critical temperature
Triesst wWas found to be 73 K (the inset in Fig. 6). This is sig-
nificantly higher than the Tygssr temperatures observed so
far for complexes of this ligand type (assuming that these
temperatures are usually in the same order of magnitude).
Upon further heating, the compound goes back to a full HS
state at 105 K. In order to determine the actual width of the
thermal hysteresis loop of 1 without any kinetic trapping
effects, the complex was cooled from room temperature to a
temperature between 80 K and 105 K (in intervals of 5 K) and

4f 14
'?Ea
£ 7
e
O,
~ ol
s 73 K
= 60 )
TIK]
1 1 1 1

: 1
0 25 50 75 100 125

TIK]

Fig. 6 Black cycles: TIESST experiment recorded for the coordination
polymer 1 at a warming rate 0.5 K min™%. The inset shows the first
deviation for the determination of Ttiesst. Open triangles: relaxation of
the thermally trapped HS state at 80, 85, 90, 95, 100 and 105 K for the
determination of the hysteresis width without of trapping effects. The
solid lines are guides for the eye.
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then left at this temperature for the HS — LS relaxation (open
triangles in Fig. 6). To follow the relaxation process, every 10
min a measurement point was taken. As illustrated in Fig. 6,
full relaxation is observed up to a temperature of 95 K. At 100
K the system no longer relaxes completely into the mixed HS/
LS state and at 105 K the complex remains in the HS state.
This experiment shows that even with a sweeping velocity of
0.5 K min~" kinetic effects influence the width of the hystere-
sis loop (determined to be 15 K) and the actual width exclud-
ing kinetic effects is more in the region of 7 K.

The thermal dependence of the yuT product of 2 is
displayed in Fig. 7. The complex shows a gradual SCO
between 350 and 400 K with a transition temperature of T},
=355 K to reach a maximum T value of 3.11 em® K mol ™,
typical for an iron(u) complex in the HS state. Between 340
and 10 K the yT values are approximately constant with a
value close to zero (0.01 cm® K mol™ at 10 K), which is typi-
cal for an iron(u) complex in the LS state.

Discussion

The two complexes 1 and 2 vary only in one substituent that
has a marginal influence on the overall ligand field strength
at the iron centre. Investigations into the spin transition
behaviour in solution revealed almost identical transition
temperatures.'® Despite this, the spin transition behaviour,
considering the transition temperature T;,,, the completeness
of the spin transition and the amount of cooperative interac-
tions (hysteresis or not), of the two complexes is very differ-
ent. This can only be due to the very different packing of the
1D chains in the crystal. The difference in the cooperative
interactions (7 K wide hysteresis for 1 vs. gradual spin cross-
over for 2) is probably the easiest to be explained. In contrast
to 2 the packing of the molecules of 1 in the crystal (Fig. 3)
reveals four different hydrogen bonds leading to 2D layers
that are further interconnected. The hydrogen bonding of the
free azpy molecules plays a decisive role. The additional azpy
molecules in the packing of the complex cross-link these per-
pendicularly oriented chains that propagate in the same

4 4
= 3l 3
S
Ee
€ 2t 2
S,
I~
2 1t 1
O.Mm ) 0
200 250 300 350 400
TIK]

Fig. 7 Plot of the ymT product vs. T over the range 200-400 K for the
compound 2.
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direction with a strong hydrogen bond (Table 3, hydrogen
bond 4). In contrast to this, in the case of 2 only one non-
classical hydrogen bond is observed. This significant differ-
ence in the amount of hydrogen bonds between the 1D
chains easily explains the difference in the cooperative inter-
actions. The magnetic characterisation for complex 1 shows
an incomplete spin transition that stops at a plateau with
about 50% of the molecules in the HS and 50% in the LS
states while the SCO of 2 is complete. Two different reasons
can be responsible for this observation. The first possibility
is that only one out of the two planes propagating in perpen-
dicular directions is undergoing the spin crossover. The sec-
ond alternative, which was already observed for similar coor-
dination polymers of this ligand type, is the formation of a
mixed HS-LS chain with only every second iron centre under-
going spin transition due to restraining steric effects."’ Both
possibilities can explain the magnetic behaviour, resulting in
a mixed HS/LS state. For 1, intermolecular restraining inter-
actions are easily imaginable because of the zigzag motif of
the 1D chains in combination with the perpendicular orienta-
tion and the hydrogen bonds. All complexes characterised so
far with such a perpendicular arrangement of 1D chains
showed steps in the transition curve.'® To provide assurance
with regard to this hypothesis, it would be necessary to exam-
ine the X-ray diffraction data at low temperatures where the
complex is in the mixed HS/LS state. Unfortunately the spin
transition takes place at such low temperatures that it was
not possible to obtain the desired data. The very low transi-
tion temperature of 1, in combination with the inter-
molecular restraining interactions, also explains the trapping
of the HS state during rapid cooling and the decreasing hys-
teresis width with slow cooling rates. Most likely the spin
transition is accompanied by phase transitions (e.g
rearrangement of the H-bond network) leading to these
kinetic effects. The complete spin transition of 2 and the
weak cooperative effects are in good agreement in the pres-
ence of only one hydrogen bond linking the 1D chains that
are, additionally, all parallel. Due to the high transition tem-
perature (above room temperature) no kinetic trapping
effects are observed.

Experimental
Materials and methods

All syntheses were carried out under argon using Schlenk
tube techniques. Methanol was dried over magnesium and
distilled under argon before use. The syntheses of the
starting complexes [FeL1/2(MeOH),] were prepared as
described in the literature.">" 3,3'-Azopyridine as an axial
ligand was prepared according to the literature.'*"
{[FeL1(azpy)]-0.5(azpy)}, (1). A solution of [FeL1(MeOH),]
(0.24 g, 0.54 mmol) and azpy (0.20 g, 1.08 mmol) in methanol
(30 mL) was heated to reflux for 3 h. After cooling and left to
stand at room temperature for 24 h, the precipitated black
crystalline solid was filtered off, washed with methanol (2 x 5
mL) and dried in vacuo to give 1 (yield 0.24 g, 78.8%). IR

CrystEngComm, 2015, 17, 5389-5395 | 5393
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(KBr): v = 1638(s, v[CO]), 1552(s, {N=N]); MS (DEI-(+), 70
eV): m/z (%): 382 (100) [FeL1'], 367 (47) [M'-Me], 184 (76)
[azpy'], 106 (46) [CsH4N;'], 78 (100) [CsH4N'], 51 (37) [C4H5'].
Elemental analysis caled (%) for Cs;3HjFeNgO, (658.50 g
mol ™) C 60.19, H 4.59, N 17.02; found: C 60.52, H 4.48, N
17.07.

{[FeL2(azpy)]}. (2). A solution of [FeL2(MeOH),] (0.33 g,
0.69 mmol) and azpy (0.25 g, 1.38 mmol) in methanol (30
mL) was heated to reflux for 3 h. After cooling and left to
stand at room temperature for 24 h, the black powder was fil-
tered off, washed with methanol (6 mL) and dried in vacuo to
give 2 (vield 0.3 g, 72.7%). IR (KBr): ¥ = 1688 (s, v[CO]), 1557
(s, V[N=N]), 1267 (vs, v[C-O]); MS (DEL-(+), 70 eV): m/z (%):
414 (100) [FeL,'], 382 (29) [M'-OCH3;], 340 (46) [M'-COOMe,,
309 (40) [C14HoFeN,0;"], 184 (71) [azpy'], 106 (46) [CsH4N;'],
78 (100) [CsH,N'], 51 (39) [C,H;']. Elemental analysis caled
(%) for C,gH,sFeNgOg (598.39 g mol ™) C 56.20, H 4.38, N
14.04; found: 56.12, H 4.04, N 13.98.

X-ray diffraction

The intensity data of 1 and 2 were collected using a Stoe IPDS
II diffractometer with graphite-monochromated MoKa radia-
tion. The data were corrected for Lorentz and polarization
effects. The structures were solved by direct methods using
SIR97 (ref. 21) and refined by full-matrix least-square tech-
niques against F,> (SHELXL-97 (ref. 22)). The hydrogen atoms
were included at calculated positions with fixed displacement
parameters, and allowed to ride their parent atoms. All non-
hydrogen atoms were refined anisotropically. ORTEP-III*?
was used for the structure representation and SCHAKAL-99
(ref. 24) for the representation of the molecular packing.
CCDC 1053320 (1) and 1053319 (2) contain the supplemen-
tary crystallographic data for this paper and can be obtained
free of charge from the Cambridge Crystallographic Data
Centre via http://www.ccdc.cam.ac.uk/data_request/cif.

Magnetic measurements

Magnetic measurements on the bulk materials were carried
out using a SQUID MPMS-XL5 from Quantum Design with an
applied field of 5000 G (1), 2000 G (1-TIESST and 2), respec-
tively, and in the temperature range from 400 to 10 K in the
sweep (1) and settle (2) modes. The sample was prepared in a
gelatine capsule held in a plastic straw. The raw data were
corrected for the diamagnetic part of the sample holder and
the diamagnetism of the organic ligand using tabulated Pas-
cal's constants.

Conclusions

In this work we have presented two novel 1D iron(u) spin
crossover coordination polymers with 3,3"-azopyridine as an
axial ligand. The results from X-ray structure analysis
revealed that the differences in the SCO behavior of the two
complexes can be attributed to differences in the formation
of hydrogen bonds in the molecular packing. The presence of
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free ligand molecules in the crystal packing of 1 supports the
special perpendicular orientation of the polymer chains
which again is associated with the unique magnetic proper-
ties. In contrast to the studies so far, where either the hyster-
esis width®>® or the completeness of the spin transition
(quenching effects)®® is influenced by the scan rate, we
observe for complex 1 a combination of both effects.
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