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Abstract: Two novel salts containing the anion [Ni(mnt),]™ (mnt = maleonitriledithiolate) have
been synthesized. The counter-ions, [FeI)(L! or L2),], are cationic complexes where L! and L2 are
methylated derivatives of 2,6-bis(pyazolyl)pyridine or pyrazine, which are similar to ligands found in a
series of spin-crossover (SCO) complexes. Both salts are characterized by variable temperature single
crystal X-ray diffraction and bulk magnetization measurements. Compound 1, [Fe(IT)(L1),][Ni(mnt),],
displays an incomplete and gradual SCO up to 300 K, followed by a more rapid increase in the high-spin
fraction between 300 and 350 K. Compound 2, [Fe(IT)(L?),][Ni(mnt);],.MeNO,, shows a gradual, but
more complete SCO response centered at 250 K. For compound 2, the SCO is confirmed by variable
temperature Mossbauer spectroscopy. In both cases, the anionic moieties are isolated from each other
and so no electrical conductivity is observed.

Keywords: spin-crossover; molecular magnets; magnetic materials; molecular materials

1. Introduction

The phenomenon of spin-crossover (SCO) has been known since the 1930s, following the
serendipitous work by Cambi et al. [1,2]. Contemporary interest in SCO is due to potential
applications in data storage devices [3], sensors and displays. Their utility relies on electronic
instability between high-spin (HS) and low-spin (LS) configurations in transition metal
complexes with octahedral geometries and 4 to 7 valence d-electrons. Exploitable switching
properties can be associated with SCO, for example color, magnetization [4,5], dielectric
constant [6,7], photo-physical properties [8-10], electrical conductivity [11] and structural
parameters [12]. The most studied complexes contain Fe(II) and N-donor heterocyclic
ligands, since spin state conversion in these compounds tend to give relatively large
changes in properties [13,14]. In these cases, HS-LS switching also involves the maximal
change in electron multiplicity, S = 0 (LS) to S = 2 (HS). A popular series of ligands in
Fe(II) complexes, relevant to this work, has been 2,6-bis(pyrazol-1-yl)pyridine (dpp) and
its derivatives, pioneered by Halcrow et al. [15-17].

In addition, SCO cationic complexes are attractive components of multifunctional
hybrid salts when combined with anions that bring other properties, such as electrical con-
ductivity or magnetic ordering [18]. This goes together with the development of molecular
conductors where the conducting network is made from anionic moieties [19-21]. The goal
is to obtain a molecular conductor that also exhibits SCO, such that the induced structural
changes affect the materials ability to conduct electricity. Indeed, it is well-known that
the electrical properties of molecular conductors are sensitive to small modifications of
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their crystal structure. There have been some successes in this area. For example, Fe(III)
complexes of salycyl-type ligands [Fe(Il)(sal,-trien)][Ni(dmit), ], with n = 1 [22-24] were
the first materials to contain [Ni(dmit)] anions and SCO cations, although the compound
did not conduct electricity, and when n = 3 SCQO, it disappears with the appearance of semi-
conductivity [25]. The same group also made [Fe(Ill)(salten)-Mepepy][Ni(dmit);]3, which
had a gradual SCO associated with photoisomerization of the Mepepy ligand and moder-
ated conductivity [26]. Takahashi et al. first observed a clear synergy between SCO and
electrical conduction [27] in the related compound [Fe(III)(gsal), ][Ni(dmit), ]3.CH3CN.H;O,
gsalH = N-(8-quinolyl)-salicyladimine. Generally, these early approaches focused on dmit-
based anionic components with Fe(Ill) SCO complex cations, whereas, more recently,
mnt-based anions (Scheme 1) have been used. Most notably, a compound closely related to
those in this work, [Fe(Il)(dpp).][Ni(IIl)(mnt),],.MeNO, [28] was characterized by multi-
stage spin-state conversions with mixed HS-LS states. A related Fe(II) /Ni(IIl) compound,
[Fe(dppTTF),][Ni(mnt);]2(BF4)2 PhCN, included a derivatized dpp with tetrathifulvalene
(TTF) resulting in synergy between SCO and electrical conductivity [29]. In the current
work, we focus on Ni(Ill) mnt-based anions with Fe(II) complex cations with methylated
derivatives of dpp (Scheme 1, X = C) and the related pyrazine (X = N). This expansion is
useful to investigate if the chemical flexibility, when derivatizing the dpp ligand, allows or
disrupts SCO when metal complex anions are used.

i j\
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| | AN
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Scheme 1. Ligands (left) used in this work, where X = C (ligand L!) and X = N (L2). Mono-anionic
complex, [Ni(IIT)(mnt),], (right) used in this work.

2. Results and Discussion
2.1. Description of Structures of Compounds 1 and 2

Crystals amenable to single X-ray diffraction were obtained of compound 1, [Fe(II)(L!);]
[Ni(mnt);]; and compound 2, [Fe(I)(L2),][Ni(mnt);],.MeNO,, as detailed in
Sections 3.1 and 3.2. For both compounds, the structures were solved at 100 and ca. 290 K.
Both compounds crystalize in the P-1 (No. 2) space group. Table 1 contains the relevant
crystallographic data and collection parameters. Figures 1 and 2 show the molecular
structures of both compounds at 100 K, with thermal ellipsoids and the atom numbering
scheme referred to in the text. The asymmetric unit of compound 1 contains one crystallo-
graphically independent Fe(II) cation, two [Ni(mnt),]™ anions and no included solvent.
By contrast, compound 2 contains the same 1:2 Fe(II): Ni(IIl) metal complex ratio with the
additional inclusion of one CH3NO, molecule.

For compound 1, the coordination geometry about the Fe(II) cation has a distorted
octahedral FeNg environment. From the point of view of SCO, it is important to look
at the Fe-N bond lengths, which reflect the spin-state [12]. In compound 1, at 100 K,
these bond lengths range from 1.889 to 1.987 A (average 1.957 A). At 293 K, there is little
change, with the bond lengths varying between 1.891 and 1.987 A (average 1.954 A). At
both temperatures, this is indicative of a LS-state Fe(Il) center. In addition, a change
in the distortion from ideal local octahedral geometry can indicate a spin-state change.
The OctoDist program [30] was used to determine the distortion parameters. The first
parameter, %, is the sum of the deviations from 90° of the twelve cis N-Fe-N angles. A
second parameter, ©, is the sum of the deviations from 60° of the twenty-four N-Fe-N
angles, six per pseudo three-fold axis, measured on a projection of opposite triangular



Magnetochemistry 2021, 7, 72

30f12

faces of the FeNg octahedron, orientated by superimposing the face centroids. Typically, &
and O are lower for LS and higher for more distorted HS complexes [12]. For compound
1, X is 87.09° at 100 K and 87.16° at 293 K, essentially unchanged. Similarly, © is 287.00°
at 100 K and 285.14° at 293 K is also unchanged. These structural parameters indicate LS
complexes at both temperatures and do not reflect the SCO found from magnetization data
(Section 2.2), most likely due to the substantially incomplete nature of the transition.

Table 1. Crystallographic data and collection parameters for compounds 1 and 2.

Parameter Compound 1 Compound 2
Empirical formula C46H34N1888F8Ni2 C45H35N21 SgOzFeNiz
Molecular Mass 1268.66 1331.64
T/K 100(2) 293(2) 100(2) 290(2)
CCDC number 2080108 2080109 2080110 2080111
Crystal color & shape Brown Plate Black Prism
Crystal system Triclinic Triclinic
Space Group P-1(2) P-1(2)
a/A 11.1318(3) 11.2229(5) 13.3643(6) 13.4983(8)
b/A 12.1322(4) 12.3046(6) 14.7900(6) 15.1017(10)
c/A 19.4594(6) 19.6208(7) 14.9875(8) 15.1633(9)
«/° 94.543(2) 93.625(3) 79.731(6) 79.756(6)
B/° 90.216(2) 89.349(3) 81.844(6) 81.882(6)
v/° 92.986(2) 90.932(4) 69.962(5) 68.796(3)
Volume/A3 2616.16(14) 2703.6(2) 2728.01(15) 2825.8(3)
Wavelength/A 0.71075 0.71075
Radjiation Type Mo K« Mo Ko
V4 2 2 2 2
t/mm-! 1.360 1.316 1.312 1.267
Measured reflections 33346 35619 26321 27746
Independent reflections 11866 12326 12418 12853
Reflections I > 2 o() 7764 6982 7709 6893
wR; (all data) 0.0956 0.1109 0.0828 0.1435
Ry, I>20() 0.0496 0.0528 0.0456 0.0772

7 ¥

Figure 1. The molecular structure of compound 1 at 100 K, in the ORTEP [29] style with 50% thermal
ellipsoids and atom numbering scheme. H atoms have been omitted for clarity.
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Figure 2. The molecular structure of compound 2 at 100 K, in the ORTEP [29] style with 50% thermal
ellipsoids and atom numbering scheme. H atoms have been omitted for clarity.

At both temperatures, the overall structure of compound 1 consists of alternating
layers of cations and anions when viewed down the crystallographic ab plane, as seen
in Figure 3. The anionic Ni layer consists of discrete dimers that occupy cavities created
by the cations, with close S ... S contacts between dimers. At 100 K, these are 3.393 A
between S1 and S11, and 3.526 A between S6 and S16 with significantly longer distances
to the next nearest dimer. The anionic charge, and by extension the Ni oxidation state,
can be correlated with the geometry, specifically the Ni-S bond lengths since these are
affected by the electron population of the molecular orbitals. For compound 1, the two
crystallographically independent anions have similar bond lengths that are compatible
with mono-anions and Ni(ITI). The bond lengths range from 2.135 to 2.143 A at 293 K
and 2.139 to 2.151 A at 100 K, whereas large bond lengths of ca. 2.17 A are found for
[Ni(IT)(mnt), 1>~ [31].

Figure 3. The crystal packing of compound 1 at 100 K. Short contacts between S atoms are indicated
by black dotted lines. H atoms have been omitted for clarity.
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For compound 2, the complex geometry about Fe(Il) is also a distorted octahedron,
but in this case, there is a variation in Fe-N bond lengths as a function of temperature. At
100 K, the bond lengths vary from 1.967 to 2.070 A with an average of 2.030 A. However,
there is an increase at 290 K to an average of 2.102 A with a minimum bond length of 2.047
and a maximum of 2.136 A. This change reflects the spin-state change that is seen in the
bulk magnetism and Mossbauer data vide infra. In addition, there is a clear distortion
of the octahedral geometry between the two temperatures. The parameter X is 109.14°
at 100 K, meaning that the LS state of compound 2 has an intrinsically more distorted
geometry than the LS state of compound 1. However, at 290 K, this significantly increases to
132.94°, which is indicative of a spin-state change. Additionally, an increase was seen in the
distortion parameter ® of 354.66° at 100 K, but is 428.34° at 290 K. Furthermore, Halcrow
suggested that whole molecule deviation from ideal D,q symmetry in HS [Fe(dpp),]**-like
cations indicates a propensity to undergo SCO [12]. The contention is that HS structures
that deviate too much from the typical distortion seen at LS are unable to undergo SCO,
although this analysis is not definitive. The distortion from D,q4 is parametized by the
trans-N(pyridyl)-Fe-N(pyridyl) angle (0) and the dihedral angle between ligand mean
planes (¢). For compound 2, parameter 0 is 178.43 (100 K) and 178.11° (293 K), whereas ¢
is 84.84° (100 K) and 85.20° (24 = 93 K). The HS and LS values do not deviate far from each
other, and therefore compound 2 is not an outlier in undergoing SCO [11].

In comparison to compound 1, the anions and cations of compound 2 are not clearly
separated into layers, since the two ions tend to interdigitate with each other. Correspond-
ingly, there are no short S ... S contacts between anions, the shortest S . .. S distance being
3.926 A, so that each Ni anion is isolated from the nearest neighbor (Figure 4). The Ni-S
bond lengths are similar for both crystallographically independent anions, indicating that
they have the same charge and metal oxidation state. The values range from 2.138 to
2.155 A at 290 K and 2.141 to 2.161 A at 100 K, typical for a Ni(III) monoanion [31].

Figure 4. The crystal packing of compound 2 at 100 K. H atoms have been omitted for clarity.
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In both compound 1 and 2, the arrangement and isolation of the anions means that
it is unlikely that these compounds would display electrical conduction, as observed in
some mnt-containing structures with more evenly distributed layering. This is evident
from preliminary 2-probe resistance measurements, which give values above the limit of
our equipment (1 M ohm) in three perpendicular directions through the crystals at 300 K.

2.2. Magnetic Properties

Figure 5 shows the magnetic data for compound 1, [Fe(L1),][Ni(mnt), ],
and 2, [Fe(L?),][Ni(mnt);],.MeNO,, expressed as the temperature (T) dependence of the
product xmT, where xm is the molar magnetic susceptibility. An initial analysis of the
data can assume no magnetic exchange at higher temperatures. The magnetic data would
then be a summation of contributions from HS Fe(Il) (S = 2), LS Fe(Il) (S = 0) and two
[Ni(III)(mnt),] anions (S = 1/2 each). At lower temperatures there may also be a magnetic
exchange that reduces or increases the contribution.

xT _fcm™ K mol
.
-
4T_7em’ K mol”!
>

r T T T T 1 ' v v
0 50 100 1850 200 250 300 350 0 50 100 150 200 250 200 250
Temperature | K Temperature / K

Figure 5. Temperature dependence of the product ), T for compound 1 (left) and compound 2 (right).
Full circles are measurements of warmings from 2 to 350 K, while open circles are measurements and
there is cooling across the same temperature range.

For compound 1, at 2 K the value of x,,T is 0.04 cm?® K mol~!, which implies that
Fe(Il) is in the LS state and there is also little contribution from the Ni anionic moieties. The
reason for the small contribution from the anions is most likely linked to their dimerization
and subsequent antiferromagnetic coupling. On warming, there is a steady, almost linear
increase in ), T up to about 300 K (1.41 cm® K mol 1), followed by a more rapid rise to 350 K
where the maximum x,, T is 1.93 cm® K mol~!. These higher values cannot be achieved by a
simple loss of antiferromagnetic coupling between anions, which would lead to a maximum
xmT value of 0.75 cm? K mol~1. Therefore, there must be an increased contribution from HS
Fe(Il) as the temperature rises. Nevertheless, this is an incomplete SCO and is not reflected in
the variable temperature structural data of compound 1. Such behavior has been previously
seen in [FeL,](ClOy),, where L = 2,6-bis(3-methylpyrazol-1-yl)pyrazine [32].

Compound 2 distinctly shows different behavior. At 2 K, the value of xuT
is 0.46 cm3 K mol~1, which rises slightly and reaches 0.5 cm3 K mol~1! after 100 K, af-
ter which there is a more rapid rise to a maximum value of 4.02 cm® K mol ! at 350 K. We
can estimate the g-value for the Fe complex using the Mossbauer data and bulk magnetic
data at 300 K. The Mossbauer data (Section 2.3) indicates that 83% of the Fe(II) complex is
in the HS state at 300 K, whereas the bulk magnetic data gives a total ), T of 3.82 cm® K
mol ! at the same temperature. Assuming this high temperature x;, T value also includes
contributions from two independent [Ni(mnt),] anions (total 0.75 cm® K mol~!), then
3.07 cm® K mol~! is the contribution from 83% of a S = 2 HS Fe(Il) and 17% S = 0 LS Fe(II).
This gives an estimate of g of 2.2 using x,uT = 0.83 x 0.12505 g?S(S + 1). Using this g value
and the same calculation, with the % fraction HS as the unknown, we can estimate the
HS fraction to be 90% at 350 K and 46% at 200 K. Below about 100 K, the Fe(Il) centers
are mostly in the LS state and this does not contribute to the magnetism. The small value
of xuT further implies an antiferromagnetic coupling between [Ni(mnt);] anions, albeit
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weaker than that shown by compound 1. Indeed, the data below 80 K follows a Curie-Weiss
law, with a negative Weiss constant of -0.6 K. However, bulk magnetization data is not
an ideal method of decoupling the contributions from the Ni and Fe ions, but the above
calculation of the HS fraction at 200 K agrees well with Mossbauer data vida infra. Finally,
on measuring while cooling and warming the curves for compound 2 are essentially iden-
tical with no hysteresis, it reflects the lack of inter-cation short contacts in the structure.
We can make some speculations as to the origin of the difference in abruptness of the
SCO between the two salts. The compounds have cations with a very small molecular
change; a CH in compound 1 is replaced by a N atom in compound 2. This is unlikely to
be directly responsible for such a difference in SCO, where more abrupt transitions are
correlated to increased intermolecular interactions. However, the inclusion of the solvent
in compound 2, along with the overall change in packing, is likely to be more relevant.
Compound 1, with a much more gradual SCO, has a clear 2D layered structure, but the
more abrupt SCO for compound 2 is associated with a more 3D structure, although both
do not have any substantive inter-cation interactions. It is suggested that the more abrupt
SCO for compound 2 is a result of the 3D organization, whereas the very gradual SCO for
compound 1 is a response to more isolation of cations into layers.

2.3. Mdssbauer Spectroscopy

The variable temperature °” Fe Mossbauer data for compound 2 is presented in Figure 6.
The associated hyperfine parameters were found by a least-squares fit, assuming Lorentzian
shaped peaks, and are given in Table 2. Measurements were taken at several temperatures
between 300 and 100 K but Figure 6 shows the fitted data at 300 K, 200 K and 100 K. All
spectra were found to have signals that are attributable to both HS and LS Fe(II) complexes.

The experimental data is given as black dots. The signal for the HS Fe(II) having the
largest quadrupole splitting (Table 2) is modelled by the green curve. The signal for the
LS Fe(Il) with the smallest quadrupole splitting is modelled by the blue curve. In each
case, the hyperfine parameters compare well with the expected values. The red curve is
the sum of the contributions from both the HS and LS Fe(II) curves and maps well onto
the experimental data. The portion of the HS and LS complexes vary, as expected from the
SQUID magnetic data. The measurements at 300 and 200 K clearly show two quadrupole
doublets, indicating the presence of significant quantities of both HS and LS Fe(Il) centers.
An analysis of the integrals of the modelled curves indicates, at 300 K, that there is 83%
of the HS fraction and 17% of the LS fraction. At 200 K, there is approximately 50% of
each, and only 1.8% of the HS complex remains at 100 K. These percentage fractions are
very close to those proposed from bulk magnetic data. Figure 7 shows all the Mossbauer
data replotted to show the temperature variation of the HS fraction. This data confirms the
conversion from almost complete LS Fe(Il) at 100 K to a HS/LS mixture at 300 K, albeit
with an excess of HS Fe(Il). The transition temperature seen in Figure 7 also compares well
with the bulk magnetic data in Figure 5.
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Figure 6. Mossbauer spectra of compound 2, at 300 K (top), 200 K (middle) and 100 K (bottom).
Experimental data are in black dots and the lines are data fitted, giving the parameters listed in

Table 2. Fitting curves are low-spin (blue), high-spin (green) and total (red).

Table 2. Fitting parameters for variable temperature Mossbauer spectra ! for compound 2.

Temperature/K Spin State 1) AEg r
HS 0.98 1.78 0.49
300 LS 0.29 0.64 0.42
HS 1.01 2.05 0.34
200 LS 0.39 0.63 0.34
HS 1.10 238 0.40
100 LS 0.40 0.64 0.35

1§ is the isomer shift (£0.02 mm s 1), AEg is the quadrupole splitting (+0.02 mm s~!) and I'is the full width and
has the maximum of the peaks (£0.03 mm s~!). HS = high spin. LS = low spin.
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Figure 7. Graph derived from integral analysis of the Mossbauer data, showing temperature variation
of the high-spin Fe(II) fraction in compound 2.

3. Materials and Methods

All reactions were completed in air, unless otherwise stated, using commercial grade
chemicals. (C4Hg)4N[Ni(mnt),] was purchased from Tokyo Chemicals Industry (TCI) and
was used as received. All other chemicals were purchased from Sigma-Aldrich and used as
received. Magnetization measurements were completed using a MPMS-5 SQUID magne-
tometer (Quantum Design, CA, USA) with powdered samples held in gelatin capsules in
an external field of 0.1 T. Each sample was cooled to 2 K and measured while being warmed
to 300 K. Since compound 2 had a more abrupt SCO, this sample was also measured while
cooling in order to determine hysteresis. Diamagnetic corrections were made for the sample
holder and for the compound, the latter estimated using Pascals constants [33]. Resistance
measurements were made using a two-probe method, at ambient temperature, with gold
wire (diam 1 um) attached to the opposite sides of a crystal with carbon paste. This was
measured using a Keithley Instruments 6517A multimeter (Tektronics, UK). For compound
1, single crystal X-ray diffraction was performed using a Rigaku AFC12 goniometer and
enhanced sensitivity Saturn724+ detector with Superbright Mo rotating anode generator.
Structure refinement was completed using SHELXL [34]. For compound 2, single crystal
X-ray diffraction was performed using a Rapid II imaging plate system with MicroMax-007
HEF/VariMax rotating anode X-ray generator and confocal monochromated Mo-Ka radia-
tion. Structure refinement was completed with SHELXL [34] or CRYSTALS [35] software.
All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were
calculated geometrically and refined using the riding model. Mdossbauer spectra were
recorded using a conventional spectrometer in the constant-acceleration mode. Isomer
shifts are given relative to a-Fe. Temperature dependent Mdssbauer spectra were recorded
with a closed-cycle cryostat (CRYO Industries of America Inc., USA) and were analyzed by
the least-square fits using Lorentzian line shapes. CHN elemental analysis was performed
using an CE-440 Elemental Analyzer (Exeter Analytical Inc., Coventry, UK).

3.1. Synthesis of Ligands and Fe(II) Complexes

The ligand L was prepared by the literature procedure [36], although using the work-
up methods later described by Halcrow et al [15]. The ligand L? was prepared following
the procedure by Halcrow et al. [32]. The reaction of Fe(BF;),.6H,O was done by stirring
for two hours in acetone with two equivalents of L! or L2, followed by precipitation by
adding diethyl ether yielded brown solids. The color indicates that both [Fe(L1),](BEy),
and [Fe(L?),](BFy), are in the LS state at ambient temperature.

3.2. Synthesis of Compounds 1 and 2

Compounds 1 and 2 were produced using a moderated procedure from Oshio et al. [11].
For compound 1, [Fe(L1),](BF,), (38.2 mg, 0.05 mmol) in MeNO, (5 mL) was added drop-
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wise to a solution of (C4Hg)4N[Ni(mnt),] (69.7 mg, 0.12 mmol) in MeNO; (10 mL). The
resulting dark green/brown solution was kept at —20 °C overnight to yield a dark brown
microcrystalline powder, which was collected and washed with cold MeNO;. Recrystalli-
sation was achieved by redissolving the solid in hot MeNO,, followed by cooling at 20 °C
to give thin brown plate-like crystals. Yield 64%. Found C, 43.18; H, 2.02; N, 19.42. Calcd
for [Fe(Ll)zl[Ni(mnt)zh, C46H34N1858F8N122 C, 43.55; H, 2.00; N, 19.87.

Compound 2 was prepared by a similar procedure except using [Fe(L?),](BFy), in place
of [Fe(L1);](BFy),. In this case, small black prism-shaped crystals precipitated after standing
for 2 hours, without the need for cooling. Yield 58%. Found C, 40.85; H, 2.60; N, 22.19.
Calcd for [Fe(Lz)2][Ni(mnt)2]2.MeN02, C45H35N215802F8Ni2: C, 40.59; H, 2.65,‘ N, 22.09.

4. Conclusions

Two novel salts have been synthesized: compound 1 with formula [Fe(L'),][Ni(mnt),],
and compound 2 with formula [Fe(L?),][Ni(mnt),],.MeNO,. L! and L2, which are methy-
lated derivatives of a series of ligands that are present in several Fe(Il) complexes that
exhibit SCO, albeit such salts typically have simple counterions such as BF; and ClOy4. Bulk
magnetization studies indicate that both compounds 1 and 2 show SCO. However, for
compound 1, the SCO is incomplete up to 350 K and only represents a small conversion
from the LS to HS state. Consequently, there is little evidence from variable temperature
single crystal structural data that the typical structural transitions that accompany SCO
are fully developed. By contrast, bulk magnetization measurements on compound 2 show
that the compound is in the LS state below 100 K and almost completely HS at 350 K. The
associated Fe-ligand bond length changes and geometry distortions are clearly observed
even at 290 K, when most of the Fe complexes are in the HS state. Furthermore, the
SCO in compound 2 is confirmed using Mossbauer spectroscopy. The introduction of the
[Ni(mnt),] anion illustrates the chemical flexibility and robust nature of SCO in these types
of Fe(II) complexes. It also points to the possibility of incorporating secondary functionality
into SCO materials.
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