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Abstract

Abstract

The major focus of this thesis involves preparation of new Fe(Il) complexes with potential
to exhibit SCO transition. In order to acquire and tune SCO properties, a series of novel
triazole-based ligands (L1 to L17), as well as their Fe(Il) complexes were synthesized and
characterized. Special attention was given to construct high diemsional Fe(Il) complex with

possible spin switching properties.

Ligands can mainly be divided nto two different groups based on theirr flexibility. The first
group of ligands shares an urea group between the triazole ring and the functional groups
(L1 to L8), which can be treated as flexible ligands; the second group of ligands is built up
from triazole Schiff base, with a Schiff base bond as linkage (L10 to L16), which can be
assigned to half-rigid ligands. Besides these two groups, a reported ligand 4-(p-
carboxyphenyl)-1,2,4-triazole (L9) and a newly synthesized lLgand 3,3°,5,5’-tetra[(2-
pyridylmethyl)amino-methyl]-4,4’-azo-1,2,4-triazole (L17) are also prepared for the
present stuty. A number of novel complexes have been synthesised and characterized with
these ligands, some of which exhibit interesting magnetic behaviours rangng from SCO

transitions to antiferromagnetic coupling to ferromagnetic coupling.

A series of three dinuclear and two trinuclear N/, N2-triazole bridged Fe(Il) complexes are
summarized in Chapter 2 and Chapter 3, which covered the discussion of SCO transitions
and antiferromagnetic coupling among these five discrete molecular complexes. Chapter 4
contained three polyuclear Fe complexes with the coordmation mediated by a second
carboxyl-based ligand (oxalate, citrate). The three structures differed from a Fe(Ill) dimer
to a Fe(Il) one dimensional chain to a Fe(Il) three dimensional framework. Detailed
magnetic properties of these three complexes are explored. The high dimensional networks
built up from the [FeN¢] core are summarized im Chapter 5, which covers two examples of
2D Fe(Ill) layered networks with quite different magnetic behavior: one complex shows
ferromagnetic coupling between the lnked Fe(Il) centers, while the second one exhibits

weak antiftmagnetic coupling through the supramolecular mteractions.

Beyond the successful synthesis and characterization of these desired complexes, Chapter 6
summarizes several crystal structures that formed as unexpect results during the present
study. These structures mainly came out as a result of the competition between the
crystallization of the targeted complex and the isolated by-product, either Fe complex or
pure ligand form. Detailed discussion has been made in regard to explore the relationship

between the supramolecular interactions and the unexpected crystals formation.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Ligand Field Theory

As an extended theory of crystal field theory (CFT), ligand field theory (LFT) focuses on
the donor atoms’ effect on the energy of d orbitals n metal complex. In a free transition
atom, all d orbitals are degenerated: d-, dxy, dyz, d- and di’.,?. They all have the same energy.
According to ligand field theory, ['l when the transition metal ion is surrounded by donor
ligands, forming a complex, an electrostatic repulsion between the ligands and the electrons
of the transition metal ions in the d orbitals is found. Depending on the difference of the
coordination number and the geometry that is formed in the complex, the atomic d orbitals
mteract with the donor orbitals (typically) of the ligands differently. In the case of an
octahedral coordination geometry (On) with six donor atoms, the d orbitals split nto two
degenerated subsets: the lower energy 72¢ and the higher energy e, orbitals. [2] The ligand
field splitting (LFS) parameter (4o, 40 = 10Dq) defines the energy difference between the
two sets of orbitals. For example, when the ligands point directly towards an orbital, the
energy level of that orbital increases by 0.6 Ao.This is the case for the eg orbitals, that is, di’-
,° and d7 orbitals, with anti-bonding character. Correspondingly, the energy of the
remaining #2¢ orbitals (dyy, dyz dx: orbitals) decreases by the same amount in total, 0.440 for
each orbital, with non-bonding character 3] The octahedral transition metal complexes with
a d orbital occupancy of d" (4< n <7) are able to propose at least two electronic
configurations, the most typical ones being either low spin (LS) or high spin (HS). The
relative magnitudes of the ligand field splitting (LFS) parameter (4o) and the spin pairing
energy (P) (the repulsion between two electrons sharing one orbital) determine the
stabilisation of one configuration over another.3! For example, if LFS (do) is larger than P,
the LS state would be energetically favourable. As it takes less energy for electrons to share
orbitals, rather than occupy higher energy orbitals. On the other hand, if 4o is small whereas
the P is relatively large, the electrons will tend to occupy the higher energy orbitals resulting
the complex staying in HS state.
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Figure 1.1.: Schematic representation of the d-orbital splitting in an octahedral ligand field and shape of d
orbitals during the splitting. The diagramalso illustrates the directionality of the metal d orbitals with respect
to ligand o orbitals. It should be noted that the orbitals with e, symmetry point directly at ligand o orbitals,
whereas the orbitals with #2, symmetry do not. Figure adapted from reference [2b]

Take an example, as the diagram of the energy configurations shown in figure 1.1, for an
Fe(I) d° system in a weak ligand field (P > Ao) will end up with an electronic configuration
HS state (maximum number of unpaired electrons). So the final complex will be shown as
paramagnetic HS complex (f2¢%eg?, *T2g, S = 2). Conversely, assuming in the same system
we have a strong ligand field (P < Ao), then the electrons will be completely filled into the
t2¢ orbital and result in a diamagnetic LS complex (724%¢¢°, 'Aig, S = 0). The stable form of
the electron occupation can be identified by making a comparison between the LFS (40)
and the spin pairing energy P, such the state of the system can be ensured. As the value of
P m transition metal system is nearly constant, the LFS is the only variable factor that

determines whether the HS or LS state is preferred. [3:4]

1.2 Occurrence of Spin Crossover

In general, according to Hund's rule, [’ the metal d electrons will fill up the orbitals starting
from atomic orbitals with the lowest energy, with one electron per orbital, and all spins
parallel to each other. While for transition metal ions with d*-d’ electron configuration,
things can change to a quite different situation. As mentioned in the last section, if the metal
ion is put in the octahedral symmetry environment, we have two parameters to determine
the favorable electron stable states: ligand field splitting parameter (4o) and the spin pairing
energy P. Under some specific conditons, when the ligand field is of an mntermediate
strength (P = 40), the competition between LFS (40) and the pairing energy of the different

electrons will lead to complexes of a different spin state for the same geometry. This allows

2



Chapter 1 Introduction

reversible spin transition between electronic configurations to occur upon the perturbation
of the environmental factors, such as temperature, pressure, or light wradiation. This

phenomenon is called Spin Crossover (SCO). (Figure 1.2, illustrates the case of a 3d° Fel

ion)
HS state, °T,, LS state, ‘A,
/\:" & —+ -+
/ 1 DDqu Temperature HS
- presars 1009
) tH —+ —+
H H H

Figure 1.2.: HS and LS states transition for a molecular species formed by Fel ion surrounded by six ligands
situated at the corners of an octahedron.

In pricinple, this phenomenon can happen in any transition ions with d*-d’ electron
configuration, while we can find that some metal system has much larger tendency to have
SCO behavior than the others. Among the SCO field, majority of complexes have been
found in ron(Il) and ron(Ill) system, with a few numbers in cobalt(Il) and cobalt(Ill), while
very rare SCO cases were found in chromium(Il), manganese(Il) or manganese(Ill). The
reason of the scare SCO examples found in the 4d or 5d transition rows is accordance with
the the increased ligand field splitting energy trends. According to Racah, [¢) for the complex
of metal ions in the same group, with same oxidation state and identical ligand sphere, the
ligand field strength increases by around 50 % from 3d to 4d, also from 4d to 5d elements,
whereas the spin-pairing energy does not change so much in this order. For that reason, the
LS state is commonly adopted among 4d and 5d complexes. For Fe(Il), on one hand, the
low-spin d configuration has maximum ligand field stabilisation energy; on the other hand,
the relatively large Fe(Il) ion sphere nduces a rather weaker ligand field in most ligands. In
contrary, for example, Co(Ill) ion has a relative smaller sphere, even though it also has d°
configuration, the LS state configuration is almost always adopted. In addition, SCO
transition has been found more often in an octahedral sphere than tetrahedral symmetrical
environment. The reason being that the low ligand field splitting favors high spin tetrahedral
complexes. 17891 So from here, our discussion will mainly focus on iron complexes that

show SCO behavior, especially attention is given on the octahedral ron(Il) systems.
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Figure 1.3.: Schematic representation of the main types of SCO event. Displaying as the high-spin fraction
(HS) vs. the temperature (T): gradual ST (a), abrupt ST (b), ST with hysteresis (c), two-step ST (d) and
incomplete ST (e). Figure adapted from reference [10b]

SCO behaviour can adopt quite different forms with the individual system, there are many
factors that can influence the final spin transition behavior. In general, there are five typical
categories in which most of the transitions can be divided into: that is, gradual, abrupt,
hysteretic, multi-step and incomplete transition. [191 (Figure 1.3) When there is minimal or
no communication between individual SCO centres, a gradual spin transition is observed,
as shown in Figure 1.3a. This phenomenon is mostly found for complexes in the solution,
or dispersed in a polymer media. In these systems, there are no effectively interactions
between SCO active sites. A system with high degree of communication between the
adjacent metal centres will show some degree of cooperativity and give an abrupt transition
(Figure 1.3 b and c), when the communication is strong enough, that is, with a strong
cooperativity between the SCO centers, a thermal hysteresis would occur. This indicates the
memory effect of the bistable compounds, which further makes it possible for electronic
device application. '] The SCO systems may also undergo a multi-step transition due to the
existence of, or conversion to multiple SCO environments (Figure 1.3 d), or exhibit an
incomplete transition process (Figure 1.3e), which maily arises due to paramagnetic

centres that do not have the right ligand environment for SCO.

1.3 Thermal-Triggered Spin Transition

As discussed before, the electronic states of d orbital configuration for a specific electron
number can be varied under the influence of an octahedral ligand sphere involving the
mterplay of electron-electron repulsion and orbital momentum. This can be calculated as
functions of the so-called Racah parameters. [°1 The corresponding results can be plotted in
a Tanabe-Sugano diagram [12], which shows how the electronic states of a free ion split under
the influence of an octahedral ligand field. As illustrated in Figure 1.4, the LFS (4o) is given
on the x axis with a value of 10 Dq and at a value of 0 Dq the ground state of a free d° ion
is shown as °D state. As Ao increases, the ground state 7D splits into two substates: 'F and

T> state, with the latter being the ground state for the moment. An increasing ligand field
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results in the stabilization of the LS ‘A; ground state, which has its origin in the // ground
state of the free ion. This suggest that the LS state is stabilized beyond a critical LFS Aci
where the spin pairing energy P is equal to the LFS (4o). While 4o strongly depends on the
metal-ligand distance r (equation 1.1, x represent the dipole moment of the ligand) and an
increasing distance r results in a decreasing Ao, which further favors the stabilization of the
HS state. Theory has been developed regarding to estimate potentials for the HS and LS
state dependence of the metal-ligand distance r. [13-13]

10 Dg ~ u/r (equation 1.1)

8 g ety s T
40—E STZ
| - T
| E 3-|—
3 30 - 2
G = 3
3F p= T
3 -
P =
3, 20—E
10 3
E 5
SD O_T'nrl|litrllllI|Hl'1lllrlllntlltli]” 1
0 10 20 30
10Dqg/B

Figure 1.4 Tanabe-Sugano diagram for octahedral d° complexes assuming a Racah parameter of B =~ 1050
cm! for iron(Il), showing the energy of the excited ligand-field states in units of the Racah parameter of
electronelectronic repulsion B relative to the respective ground state, versus the ligand-field strength 10Dq

also in units of B. [10b]

The representation of the structural change in the electron configuration diagram is the so-
called potential energy diagram, where the potential energy (£,) of the SCO system is
plotted as a function of bond difference (4r) between the HS and the LS metal-ligand bond
strength. As shown in Figure 1.5, there are two potential wells stand for the HS and LS state

of a spin crossover complex along the nuclear coordinate rre-L, where the minima of the

potential wells are displaced vertically and horizontally to each other. The population of

5
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anti-bonding eg orbitals in the high spin state leads to a stronger repulsion between the metal
center and the donor atoms, which shows in the diagram as the 7>, (HS) potential well is
shifted toward a larger (Fe-L) distance. While in the case of Ag, all the electrons are in the
non-bonding 72 orbitals, resulting a rather shorter metal-ligand distance.

EA

l al
A, T,

-2

LS HS

N~ 0

AEy

Ary

r(Fe-L)

Figure 1.5: Representative scheme of the potential wells for the low-spin and high-spin state of an iron(II)
spin-crossovercomplex.[10b]

The scheme of the potential wells (figure 1.5) also displays the zero-point energy difference
of the LS and HS state AE’nz, which represent for the most important factor for the
occurence of a thermal SCO. When suitable ligands are chosen, where the AE’n; (AEH =
E’ns — E%s) is in the order of magnitude of the thermal energy kT (kaT ~ AE’n1 ~ 200 cm!
at T = 293 K), a thermally mduced SCO could be achieved. The spin transition in the
thermally induced SCO system is entropy-driven and includes two different contribution: a
vibrational contribution and an electronic contribution. The spin degeneracy of the HS state
and the higher density of its vibrational states leads to a larger entropy of this spin state
compared to LS state. [1%] The order of the enthalpy difference 4H is usually 10-20 kJ mol™!
and the entropy difference A4S is between 50 and 80 kJ mol'! during the spin transition. The
relation between Gibbs free energy and the entropy A4S is given in the Gibbs-Helmholtz-

equation:
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AG = Gus — Grs =4AH — TAS (equation 1.2)

Where AH = Hus — Hrs and AS = Sus — Sis. At low temperature case, the LS state is stable
(with AH > 0 and AG > 0). As the temperature increases, the 74S term becomes dominant,
with AG < 0, the HS state becomes more stable. ['7] When AG = 0, the value of 77,2 can be
expressed by Eq. (1.3). The transitional temperature 77,2 can be defined as the temperature
where the compound has an equivalent ratio of LS and HS.

T12 = AH/AS (equation 1.3)

Based on theoretical and empirical derivations, general trends can be assigned in which

energy region of ligand field makes it possible for SCO to occur. [13] (Scheme 1)

lODqHS < 11000 cm™ HS complex

10Dg™ = 11500-12500 cm™" and

lOD(/LS = 19000-21000 cm™ spin crossover complex
IOD(/LS > 21500 cm™ LS complex

Scheme 1.: The 10Dg ranges at which HS, LS or SCO complexes are expected.

1.4 Light-Induced Excited Spin-State Trapping (LIESST)

It was mentioned earlier that it is also possible to excite low spin centres into high spin states
by iwradiation with an appropriate wavelength of light. This phenomenon is called Light-
Induced Excited Spin-State Trapping, also abbreviated as LIESST effect (taken each mitial
letter in the capital form). The process of photo induced switching was first observed in
solution in 1982. ['81 In 1984, Decurtins et al. ['°] demonstrated the ability to convert
[Fe(L)s]'[BF4]2 (L = 1-propyltetrazole) from LS state to the metastable HS state with light
rrradiation at 514 nm at 10 K. The scheme m figure 1.6 shows the potential wells of the LS
ground state (‘A;), the HS state (°7>) with the respective higher excited states and illustrates
the mechanism of the LIESST effect and the mverse effect called reverse LIESST.
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Figure 1.6.: Schematic illustration of LIESST and reverse LIESST of a d° complex in the SC range. Spin
allowed d—d transitions are denoted by arrows and the radiationless relaxation processes by wavy lines . [14]
Irradiation of a sample in the LS state at low temperature with light of appropiate
wavenumbers (commonly green light, 515 nm) leads to the spin-allowed population of the
Ty state, followed by an intersystem crossing decay into the triplet states 37> or 377, and a
second intersystem crossing decay further leads the system into the metastable 27> state. As
the radiative relaxation into the LS ground state is forbidden and the thermal tunneling into
the /4; state goes very slowly at low temperatures, this makes it possible that the metastable
’T, state can have a rather long lifetime at low temperatures. Interestingly, when a second
rradiation with a different wavelength (such as a red light, 820 nm) is applied to the complex
in the metastable 77> state, the relaxation can go back into the ‘4; ground state. (Figure 1.6)
This process is called reverse LIESST. To date, the LIESST effect has been reported in a
large number of iron(I) and a few iron(Ill) complexes. [2°1 The highest LIESST value at the

moment is around 135 K, which is still very far from requirement for practical applications.
[21]
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1.5 Other Influence on Spin Transition

1.5.1 External Pressure

Apart the two major factors mentioned above (temperature, light irridiation) that can trigger
spin transition (ST) among the 3d transition metal complexes, there are many other factors
that can influence or even trigger the ST process. Another possibility to achieve or modify
a spin transition is forcing pressure on the potential compounds. As the volume of the
compound (ion and crystal lattice) will become smaller afier the applying of external
pressure, the metal-ligand distance will also be shorter, which increase the ligand field
around the metal center. Intuitively, this will most likely favour the LS, i.e., to increase the
transition temperature. This has been confirmed ever since the first discovery of the pressure
effect on a spin crossover system. [22] Figure 1.7 deomstrated the imposing of pressure on
the SCO sample changes the ST from an abrupt cuve to a gradual transiton, with the 77,

increased during the process.
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Figure 1.7.: Pressure induced phase transition triggered abrupt vs. gradual components of spin crossover.
[22b]

An increase in pressure can effectively increases the separation between the zero point

energies of the low spin and high spin states by the work term of PAV. Prove has also been
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shown that the application of pressure on a complex can in fact induce a transition in a HS

system for which a thermal transition does not occur before the pressure addition. [23]

1.5.2 Solvents Effects

The solvents embedded i the crystal lattice could dramatically influence the spin-crossover
properties of the complex, lke water molecules as mostly discussed, sometimes non-
coordinated ligand can also act as solvents. The solvents involved in the crystal lattice brings
multiple intra- or intermolecular interactions that can make a fine-tuning of the SCO
behavior. Even though this effect is hardly predictable, it is very important to discover and
explore the relationship between these supramolecular interactions and the magnetic
behavior. On one hand, there are many positive examples reported that the elastic
mteractions strenghed by the lattice solvents bring a stronger cooperativity between the
active magnetic center, such leading to an abrupt transition or even hysteresis effect. [>4]
While on the other side, it is also known that such guest molecules may have a dilution
effect so that it inhibits intermolecular contacts (negative effect). [>°1 A recent publication
by our group also provided one example showing the lattice solvents (DMF) can initiate
quite different SCO processes: from a gradual and incomplete ST to a half SCO m a
dinuclear complex. [26] Another markable example has been given by the group of Sally
Brooker [?71: In a dinuclear iron(Il) complex, by putting the samlple in different guest gas
vapor (H20. EtOH, CH3CN), the complex undergoes reversible single-crystal-to-single-
crystal (SCSC) transformation process. The solvents mlvoled here not only changed the
magnetic behavior, but also brought clear color difference. This makes the SCO complex
suitable for potential solvent sensor development. Interestingly, quite different from the gas
asorption in Metal Organic Frameworks (MOFs) materials, this complex does not own any
porous voids inside the structure, indicating the guest recognition process is purly because

of weak supramolecular mteractions mnvolved.

The asorption abilities of different solvents n MOFs is well-known and widely studied,
especially on the porous MOFs, they show dramatic characters with potential gas storage
and application. %) Guest-dependent SCO on MOFs system has also been reported years
ago by Cameron J. Kepert and co-workers: [2°1 (Figure 1.8) The nanoporous metal organic
framework Fe2(azpy)sa(NCS)s (guest) (azpy = trans-4,4’-azopyridine) displays reversible
uptake and release of guest molecules, and the electronic switching centers are sensitive to
the nature of the sorbed guests. The switching of this material arises from the presence of

rron(Il) spin crossover centers within the framework lattice, the sorbed phases undergoing

10
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“half-spin” crossovers, and the desorbed phase showing no switching property. The
mterpenetrated framework m the structure is found responsible for the guest uptake and
release, causing substantial changes in the local geometry of the ron(Il) centers. In this case,
it is somehow very similar to the MOFs absorption of CH4 or H> gas accompanying with

SCO transition because of the porous character.
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Figure 1.8.: Spin transition triggered by absorption/desorption of guest molecules. [29]

Very recently, the group of Jeffrey R. Long and co-workers have proven that the cooperative
binding process is also possiblse with the SCO complex system. [391 By the selective
adsorption of carbon monoxide (CO) m a series of metal organic frameworks with
coordinatively unsaturated won(I) sites. The neighbouring iron(Il) sites undergo a SCO
transition above a threshold CO pressure, these materials exhibit larger CO separation
capacities when the electronic transformation altered the binding properties at neighbouring
Fe sites. The demonstration here is that the cooperative adsorption is electronic based (spin
based), that the changing of the spin center can also provide more efficient and selective

adsorbing abilities of the MOFs.

1.5.3 Nature of Ligand and Counteranion

The replacement of one ligand by another can initiate, or modify the spin-crossover
characteristics of a given complex. From an empirical point of view, for mixed complexes
[FeAnBs-n] the rule of “averaged environment” holds [*!l which illustrates that the 10Dq
values of complexes can be found approximately through linear relationship between 10Dq
values for [FeAs] and [FeBs]:

10Dgq ([FeAnBs-n]) = 6/n * 10Dq ([FeAs]) + 6/(6 — n) * 10Dq ([FeBs]) (equation 1.4)

An typical example is given by the system [Fe(py)s(NCS)2], which stays in HS state at room
temperature and does not show any thermal spin-transition. The substitution of two of the

pyridine molecules by relatively strong ligand field 1,10-phenanthroline molecules,

11
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however, gives [Fe(phen)(py)2(NCS)2] which does undergo a thermal transition. 321 To
modify the SCO properties by substitution of ligand is also possible with the counteranions.
As when they coordinate to the metal centers, they directly affect the LFS (4o) through the
donor atoms. There are several reportings regarding this aspect. [33] Take the substitution
effect of NCX™ (X = S, Se, BH3) for example, a clear relationship has been observed between
the replacement of the co-ligands and the the transition temperature 77 : T12(NCS™) < T2
(NCSe") < T12 (NCBH3"). 3321 (Figure 1.9)
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Figure 1.9.: Clear co-ligand effects on the SCO behavior as illustrated in a 3D network. [33a]

0 50 100

Another direction to influence the ligand field is the substitution within a ligand that may
ultimately alter the spin state of a system. The Halcrow’s group has been devoting to explore
the relationship between the ligand substitute and counteranion effect with the [Fe(bpp)2]**
(bpp = 2,6-di{pyrazol-1-yl}pyridine) system for decades. Recently, they generalized a
unified relationship between ligand substituents and spin state within this series of
complexes. 341 As shown in figure 1.10, they summarized that the plots of the SCO transition
temperature 77,2 in solution vs. the relevant Hammett parameter [33] show that the low-spin
state of the complex is stabilized either by electron-withdrawing pyridyl (“X”) substituents,
or by electron-donating pyrazolyl (“Y”) substituents. However, the unsharp trends here can
be unified by taking subset of complexes with halogeno X or Y substituents into
consideration: the two sets of compounds instead show identical trends of a small reduction

m 77, with increasing substituent electronegativity.

12
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Figure 1.10.: Correlation between Ty versus the substituent electronegativity z» in the [Fe(bpp)2]>* system.
[34]

Another factor that we need to take into account is the steric hindrance that might give rise
to the crystal lattice when replacing one functional group with another. The steric hindrance
effect can substantially decrease the ligand field strength and destabilize the singlet ground
state of iron(Il) ion. 36! This is well demonstrated by a group of three-fold symmetric, four-
coordinate iron(Il) phosphoraminimato complex PhB(Mesim)3Fe—N=PRR'R” (PRR’R” =
PMePho, PMe>Ph, PMes, and P"Pr3). B71 A detailed quantitative insight by correlating the
T1/2 agamnst phosphine steric and electronic parameters suggests that transition temperature
T12 is primarily influenced by the size of the phosphorammimato ligand, with smaller
ligands favoring the low-spin state.

1.6 Development of 1,2,4-triazole System

With the initial work of Cambi and Szegd in 1931, 331 the subject of SCO in d block metal
complexes spans around nine decades and is one of the most intriguing areas of norganic
research. During the past decades, numerous of SCO complexes have been found and
reported from the molecular level (mono-, tri-, tetra-, penta- and hexa-nuclear specieces) to
one-dimensional (1D) chain structures, two-dimensional (2D) network, and three-
dimensional (3D) porous SCO Materials. [3°] The detailed study of these compounds
provides us valuable information about the ligand substitution effect, counteranion effect,
and crystal packing effect on SCO behavior. These research and studies partially reveals the
relationship between the modified ligand field, supramolecular interactions and the SCO
behavior, which guides us to design new SCO materials with wide hysteresis loop and large
T1s2. Despite the unique and markable SCO potential of all these excellent works, to

understand the origin of the cooperativity and design strong cooperative spin-transition

13
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compounds is still a very challenging task. The conception of rational design for SCO

materials is still far away from practical application.

While one of the most important information from the last decades’ research experience is
that the cooperativity between the active spin metal centers is linked via the communication
between them. This includes the supramolecular interactions, crystal packing and covently
linking bonds, et cetera. The idea of linking the spin crossover centers covalently to enhance
the cooperative and abruptness is not new, ['!l while the number of high dimensional (1D,
2D, 3D) complexes is still pretty rare. Most of the current ligand system on SCO research
is confined with the molecular compounds, 401 which is limited for the full study of SCO
origin. The Fe(Il)-triazole system, a rather old system, however, shows as perfect candidant
for such design consideration. Different from the above model examples listed in references
40, the Fe(Il)-triazole system can not only build up the molecular level dinuclear and
trinucler SCO complex, but also is able to expand the dimension to 1D chains, 2D sheets
and 3D networks showing different SCO behavior.
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Figure 1.11.: Left, monodentate bridging binding modes of 4-substituted-1,2,4-triazoles; Middle, the
bidentate bridging mode; Right, geometry of the stable triple N7,N2-triazole bridge.

After the first reporting of Fe(Il) nitrate and chloride complexes with 1,2,4-triazole and 4-
amino- 1,2,4-triazole in 1986, [4!1 the very good characteristics of these SCO complexes
drawn great interest among researchers, especially under some leadership of P. Giitlich
(University of Mainz), O. Kahn (University of Bordeaux), J. G. Haasnoot (University of
Leiden) and L. G. Lavrenova (Novosibirsk State University). The 1,2,4-triazole (Htrz) and
its derivatives without substituents at 1- and 2-positions tend to coordinate to metal centers
in a bidentate bridging mode (Figure 1.11), forming either oligo- or polynuclear compounds.
[42] This N1,N2-triazole triple bridging mode is very stable, as the angle formed (125.26°) is
quite similar to the angle of the exocyclic free donor electron pair of a regular five-
membered ring (126°). The monodentate coordination mode can act as the same function

like pyridine, which makes this ligand multi-functional for constructng SCO from

14



Chapter 1 Introduction

molecular compound to high dimensional structures. The detailed discussion of the reported
ron(Il)-triazole SCO complexes will be given as following:

Mono-nuclear complex

There are two reported examples with the mono- species, while in both cases, the triazole
ligand adapt the monodentate coordination modes with the counteranion thiocyanate [432]

and dicyanamide [43b

| facilitate the coordinate such that no SCO process was found. (Figure
1.12) Unlke the tetrazole ligand, where six tetrazole molecules binding to the Fe center
leading to a SCO, [*4 the ligand field from the counteranion here within the triazole

compound must be too weak that it stays in HS state for the whole temperature range.
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Figure 1.12.: The monomer, dimer and trimer compounds linked by different coordinate modes from triazole
N.

bi- / tri-nuclear complex

When people try to construct the 1D cham structure, m many cases, especially for those
containing a bulky R substituent at the 4-position of the triazole ring, only bi-, or trinuclear
compounds were isolated rather than polynuclear 1D chains. (Figure 1.12) Listed as
appendix, table 9.1 and 9.2 sumarize the reported bi- and tri-nuclear Fe(Il)-triazole
compounds in Chapter 9, among them, only a few showing sharp SCO transition.
Additionaly, two exciting trimer compounds [4%- 461 together with one dimer compound [47]

have been reported this year, indicating intense mterest and severe demanding in this family

of SCO complex.
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Figure 1.13.: Tllustration of the one-dimensional (1D) coordination polymer chains of [Fe(R-trz)3] and

consresponding the high transition temperature with wide hysteresis loop. Figure adapted from reference. [48]
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Among the few examples exhibiting remarkable SCO behavior, the famous 1D polymer
with general formula [Fe(Rtrz);]JA2-nSolvent (A = mono anion) still remains among the
most promising materials for future applications in electronic devices since some of them
display wide thermal hysteresis loops around room temperature (Figure 1.13). ['!] Up to
now, a large number of this polynuclear 1D chain complexes have been synthesized and
studied. Due to poor crystallinity, most of these complexes are structurally characterized
through a combination of X-ray absorption experiments (EXAFS), powder diffraction
(PXRD) and comparison with their linear trinuclear compounds or other analogues. The
synthesis and study of the linear polynuclear ron(Il) complexes with 1,2,4-triazoles have
been discussed in a number of reviews. [42] Despite the paramount interest of this family,
after the first isolation of the structure of [Fe(NH2trz);][(NOs)2 in 2011, there is only one
more crystal structure found very recently in this year. [*°1 Compare to the large number of
reports and huge mterest in this family of complex, further systematic study of these

complexes and the isolation of more crystal structures is in severe need.
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Figure 1.14.: Illustration ofthe two-dimensional (2D) framework of [Fe(btr)2(NCS)2] and it high
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The well-known 1won(Il) SCO
[Fe(btr)2(NCS)2]*H20 (btr = 4,4’-bis-1,2,4-triazole) is found to exhibit an abrupt spin
transition with 25 K hysteresis. [°!] This derivative represents the first example of a 2D spin
transition compound and has become a model material n SCO research. In the structure, as
shown in figure 1.13, the triazole ligand adapts the monodentate mode on both sides, acting
with similar function as 4,4 ’-bipyridine (bpy) to lnk the metal centers to a 2D network.The

apical positions are filled with the counteranion thiocyanate to finish the coordination
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sphere. Later research has been made based on this model, and two other compounds have
been reported with the very similar bi-triazole feature ligands linked via different groups
(—CH>CH>—, —-N=N-) between the two triazole rings. [32] Just like the bpy system, the azide-
triazole complex also gave a result of 1D chain, which further showed a single-crystal-to-
single-crystal (SCSC) transformation to a 3D network after dehydration of the coordinated
water molecules, accompaying with SCO behavior. 1331 Additionaly, in the case of 4, 4 -bis-
1,2,4-triazole, a three dimensional compound was discovered, showing a two-step spin

conversion, [54]

H-bonding Guests

Figure 1.15.: Illustration of the Hoffmann type framework constructed via triazole ligand (monodentate mode).
Figure adapted from reference. %2

Very recently, the triazole-based ligand has been successfully applied to the Hoffimann
clathrates system. As illustrated in figure 1.15, the triazole ligand adapt the mono-dentate
coordination mode to finish the axial coordnation sphere, linking the structure to a high
dimensional network with SCO properties. This work was first started by the group of
Cameron J. Kepert and Suzanne M. Neville, 358 four remarkable papers have been
published recently, including one excellent work with four step iron(Il) spin state transition.
[55] These exciting works suggests a big breakthrough in triazole-based SCO system, which

also implies the importance of further effort to be made in order to discover the full potiential
embedded nside this family of ligands.

1.7 Characterization Techniques of SCO Complexes
1.7.1 General Overview

During the SCO transition in a d metal complex, the electronic rearrangement around the d
orbitals can bring lots of changes, from tiny electron configuration, magnetic moment to the
properties of the bulk material For thermally mduced SCO, more oftenly, it wil be
accompanied by a change of color from LS state of purple (or pink—magenta) color to white
(or light-reddish) HS state. The color change can even be detected by naked eye, while the
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corresponding physical quantifying might need the help of advanced set up or
spectrometers. For the magnetic moment, the old and typical methods like the Gouy- and
Faraday-balance can not play too much role here as their application is more or less confined
with room temperature. The differential scanning calorimetry (DSC) method provide a way
to investigate the changes in the heat capacity of a sample and can be used to calculate
enthalpy and entropy changes during different state transitions. As was discussed in section
1.3, based on the integration of the heat capacity, the transition temperature 77, can be
calculated. Common modern techniques to detect and quantify SCO processes include:
variation-temperature single X-ray diffraction, magnetic measurements and Mdssbauer
spectroscopy. These techniques will be given a detailed explanantion in the following
section. In addition, there are also some less frequently used methods during the
characterization of SCO behavior, like IR (Infra-red) and Raman spectroscopy, UV/Visible
(UV/Vis) spectroscopy and Electron Paramagnetic Resonance (EPR) spectroscopy.

1.7.2 Single Crystal X-Ray Diffraction

Single Crystal X-Ray Diffraction (SC-XRD) is one of the most valuable analysis techniques
we can use to detect and analysize a SCO process. As was discussed in section 1.3, because
of the difference population of antibonding e, orbitals, the metal to donor atoms bond
lengths for the different spin states can be quite different. In general, for ron(II) complexes,
the average distances (Fe—N) are between 1.9 A and 2.0 A for LS state and 2.1 A t0 2.2 A
for HS state, this also brings up about 3~4% difference in cell volume. [3¢] These detailed
experimental values can be obtained in SC-XRD. More importantly, it can also provide us
lots of other valuable information such as molecular symmetry, distortion in complex
geometry and intra-/inter-molecular interactions, et cetera. These factors are vital to uncover
the mystery of SCO transition deep into the atomic level. In common case, the change of
bond lengths during the spin transition directly alters the geometry of the complex leading
to a more distorted octahedral sphere in the high-spin-state. The degree of the distortion
within the octahedral coordination sphere is given as the octahedral distortion parameter

20DP:
Topp = %12, (190-ai]) (equation 1.5)
aiis the cis—bond angles between the donor atoms of the ligand and the metal center

As the the geometry is more ordered in the LS state, commonly the Zopp value is below 80°
for LS and above 100° for HS state. [37]
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1.7.3 Magnetic Measurements

From the magnetic point of view, the most dramatic change during a spin transition is quite
obvious. Ideally, for a Fe(Il) SCO complex, the changing from HS to LS state leads to a
changing of paramagnetic (S=2) metal center to a total diamagnetic (S=0) metal center. This
alteration can be easily detected via magnetic measurements using a SQUID
(Superconducting QUantum Interference Device) magnetometer. The SQUID is based on
superconducting loops containing Josephson junctions, and it allows the measurement of
extremely low magnetic fields such brings high sensitivity towards any tiny change in the
magnetic susceptibility. The temperature dependence of the susceptibility of a given sample
can be measured and from the collected data, we can plot the ywT vs. T plot. These plots

contain information about the magnetic susceptibilities changes during the spin transition.

1.7.4 Mossbauer-Spectroscopy

For 3’Fe containing samples, there is the very particular Mdssbauer spectroscopy, [°®1 which
is based on the recoil-free resonant absorption and emission of gamma rays in solids. Only
specific elements can be analysed using Mdssbauer spectroscopy, as two requirements need
to be met: low energy gamma rays and long—lived excited state. The most commonly
analysed isotope is 3’Fe, but ''°Sn, > 1Eu, '?!Sb and '®!Dy can also be analysed. [5°! This
technique probes the hyperfine interactions between the Mossbauer nuclei and its
surrounding electrons. Typically, the Mossbauer spectra of iron complexes can consist of
three different features: a singlet (isomer shift, 6), a doublet (quadrupole splitting, A), or a
sextet (magnetic splitting), corresponding to three different mteractions involved: the
electric monopole interaction, the electric quadrupole interaction and the magnetic dipole
mteraction. (Figure 1.16) Due to the high energy and extremely narrow line widths of
gamma rays, among all different spectroscopies, Mdssbauer spectroscopy is the most

sensitive techniques with highest resolving power of 6.5 x 1013, [60]
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Figure 1.16.: Illustration of typical Mdssbauer Spectra.
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For the Fe complex in different spin states, the different electronic environments around the
Fe center leads to an obvious difference of the quadrupole splitting Azp and the isomer shift
o distinguishing the HS- and the LS-state. A very remarkable example is given as for the
mononuclear SCO complex [Fe(phen)2(NCS)2] with transition temperature 7;,2.= 180K and
its derivative complex [Fe(phen)3]X2, which has no spin transition from 300K to 2K. [61] Ag
shown m figure 1.17, for the SCO [Fe(phen)2(NCS):], the quadrupole splitting Azp in the
Mossbauer spectrum going froma HS doublet at 300 K to a LS doublet at low 77 K is clearly
different, where the HS Fe center has a big 4rp and the LS metal center has a relatively
small quadrupole splitting. The process from 300K to 188K, 186K, 180K, 189K and 77K,
perfectly explains the SCO transition process with the area beneath the signal of a HS or
LS-species indicating its corresponding abundance in the sample. While for the non-SCO
[Fe(phen)3;]X> complex, there is no obvious change abserved from 300K to 5K, the
quadrupole splitting Azpstayed the same during the temperature range.
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Figure 1.17.: Illustration of Mdssbauer Spectraon a group of non-SCO and SCO complex.
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1.7.5 The Hirshfeld Surface Technique

As previously discussed in section 1.7.2, the single crystal X-ray diffraction technique offers
a great detailed msight into the structural and spatial arrangement of individual molecules
within a crystal, which is of vital importance for the analysis of the crystal packing and
supramolecular interactions within the solid lattice. However the crystal data itself gives no
definitive answer about the molecular contacts and much of the detailed nformation is
therefore based on observation and detailed explanation of those short contacts. A recently
developed method, the Hirshfeld Surface Analysis, [02] however, provides visualized
mformation about the crystal packing and the strength of the intermolecular interactions
mside the crystal lattice. This makes the analysis of the crystal structure simpler and clearer,

especially on the intermolecular interaction analysis.

The Hirshfeld surfaces represents the partition of the total crystalline electron density into
molecular fragments. Hirshfeld partitioning is an extension of the Hirshfeld stockholder
concept, 031 which divides the electron density of a molecule into continuous atomic
fragments. The concept was generalized to extract contmuous molecular fragments from

electron density distributions by defining a molecular weight function:

__ ZaeMolecule Pa(D _ Ppromolecule (r) . [64]
W(T) B z:AeCrystal pA(T) B pprocrystal(r) (Equatlon 16, taken from I'Cf )

Where pa(r) are spherically averaged atomic electron density functions [64] centered on the
position of the atoms. The ppromotecute(r) and pprocrysai(r) are the appropriate sums of the
electron density of the atoms belonging to molecule and crystal, respectively. Such the
integration over the weighted electon density can reflect the molecular properties. [©3] The
defined molecular Hirshfeld surfaces, where w(r) equals to Y5, represent partitioned regions
over the space where the total electron density of spherical atoms of a molecule
(promolecule) dominates the corresponding sum of the crystal (procrystal). [66] The volume
mside the Hirshfeld surface satisfies the condition that the weight function > 0.5, this cut-
off value guarantees maximum proximity of neighbouring molecular volumes, i e., the
molecular surfaces will at most touch but never overlap. The surfaces therefore pack very
tightly, only leaving small gaps between molecular surfaces where no molecule dominates
the electron density. Compared to other molecular analysis methods, like, quantum theory
of atoms in molecules (QTAIM), [67] Wigner—Seitz Cell (WS), 98] fused Van der Waal
surface [9°] and solvent excluded/accessible surfaces, |79 the Hirshfeld surfaces method bears
several advantages besides as the function of the molecular geometry. Hirshfeld surfaces
are defined within the crystal lattice, hence necessarily reflect the interplay between
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different atomic sizes and intermolecular contacts in the crystal: intermolecular interactions.
[71]

With the assistance of the CrystalExplorer Program released by Spackman and McKinnon,
[66b] a large range of properties can be visualized on the Hirshfeld surface, including the
distance of external atoms, de, and internal atoms, d;, to the surface. The distance information
among the surface can be condensed into a 2D histogram of d. and d;, containing the unique
close contact information for molecules i a crystal structure, called a fingerprint plot
(Figure 1.18). [66a] Besides plotting de and d; onto the Hirshfeld surface, a normalized contact

distance, dnorm, 1s also defined:

i— r7aW d,_ rgaw 2 .
Agorm = —zaw—+ —zaw— 77" (Equation 1.7, taken from ref [66a])
i e

Where the 4" is the van der Waals radius of the appropriate internal or external atom of
the surface. This new defined dnorm 1s introduced to explain the drawback that the d./d;
surfaces does not take into account the size of atoms. For example, close contacts between
smaller atoms (H, C, N and O) are highlighted better using the d. function than those
between larger atoms, e.g. P, S, Cl The dnom property avoids this problem by plotting a
measure of whether the contact between atoms is greater, the same, or less than the sum of
the van der Waals radii. The dnorm based Hirshfeld surface mapped the surface using a colour
scale from blue (contacts longer than vdW separation), through white (around vdW
separation) to red (shorter than vdW separation), by means of this, the close contacts are
displayed visualized as different colored regions. (Figure 1.18) Additionally, as the dnom
here highlights both donors and acceptors equally on the surface, less prominent contacts,

such as weak C—H...n mteractions, becomes visible.

de| CheH (11.0%)
N/CN/C (11.5%))

/ T -—
0.8| x

di

U6 08 1.0 1 T4 16 1.8 20 2. K

Figure 1.18.: Illustration of the Hirshfeld surface (dnorm based) of crystal structure of ligand 3 (2-imztrz), the
distances d; and d. are illustrated schematically for a single point (red dot) (left), and shown on the right side

the corresponding 2D fingerprint highlighted with different short contacts.
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An example is given here with the organic crystal structure of ligand 3 of the present work,
as shown i figure 1.18, the left side shows the Hirshfeld surface based on dnom, and the
right side gives the corresponding two dimensional fingerprint plot. It is very clear from the
Hirshfeld surface that the red circles represent the C—H---N hydrogen bonding mnteractions,
while the rather faint red spots on the top of the surface reflect the m---m stackings between
the triazole and imidazole rings. The 2D fingerprint plot shows characteristic shapes and
occupation of the different short contacts. The sharp spike-like green regions in the plots
correspond to the H-bondings, and the C:---H/H:--C contacts (defined as the C—-H:-'n
interactions) appear as “‘wing’’ in the upper left and right of the 2-D fingerprint plot. From
the occupation of these short contacts, we can tell that for this structure, the H-bonding
mteractions involving N atoms is the dommnant force that leads to the final 3D solid structure
packing.

1.8 Objective and Scope of the Thesis

As we discussed in section 1.6, despite the numerous studies that have been devoted to the
origin of the cooperativity between the spin transition metal centers and how to design
strongly cooperative spin-transition compounds in the past decades, the conception of
rational design for SCO materials is still far away from practical application. Considering
the scarce example of high dimensional complexes showing SCO and the fact that most of
the current research interest is more focused on the lower dimensional molecular clusters,
the present study tries to make up the gap. Our objective herein is not confined with the
molecular clusters, but we also try to expand the low dimensional molecules to covalently
linked high dimensional complexes with the expectation of higher cooperativity between

the covently linked active Fe centers.

The major aim of this work was the synthesis of new spin crossover complexes based on
modified triazole ligands. The potential virtue of the modified triazole ligand makes it
possible to expand the molecular system to high dimension (high nuclearities). In the
meantime, we are also very interested i the typical molecular systems, where the
counteranion effect, supramolecular interactions and crystal packing effects play a great role
on the final SCO behavior. We want to explore the cooperative interactions between these
chemically (supramolecularly) connected spin centers, to study the relationship between
dimensionality (supramolecular mteractions) and the cooperativity m SCO complex, and to

uncover the mystery behind these fascinating SCO effects.
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Figure 1.19.: Overview of two approaches to design-synthesize ligand for constructing SCO materials. The
spacer shown as green ellipse can be rigid linkages like phenyl, vinyl and ethinyl group or flexible linkages
like urea, thiourea and methylene group.

To fulfil such purpose, the ligand design approach is applied, together with the
supramolecular method as effective control of crystallization process. As shown in Figure
1.19, starting from urea triazoles, we design two ways to construct SCO materials from
molecular cluster to higher dimensional materials. Firstly, by introducing different
substituents with variant electon-donating or -withdrawing groups, we plan to focus on
mono-, bi-, and tri-nuclear molecules systems. (Figure 1.19, left) For these compounds, the
weak intermolecular contacts between separate SCO centers, solvents and anions are of
primary importance for the definng of the SCO properties of these materials. To get the
higher dimensional complex, we tend to change the substituent to groups with a second
coordmation site. (Figure 1.19, right) The variation of the ending group like carboxyl,
pyridyl or cyano group could link the metal center from the other side, such giving a 2-D or
3-D metal organic framework. Different from the lower dimensional complex, covalent
bonds are expected to play a decisive role in the manifestation of the desired complex in
these polymeric or 3-D systems, and they could possibly provide strong short-range

interactions between the active centers.

Based on these considerations, a series of modified triazole ligands (L1 to L17) (scheme 2)
were synthesized and characterized. Attempts has been made to isolate the corresponding

ron(IT) complexes and to analysize their magnetic properties.
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Scheme 2.: Ligand systems that have been delevoped for this study. Detailed nomenclature of these ligands

are listed in the back of'the thesis, following the appendix.

Chapter 2 contains three molecular complexes isolated from ligand 1. These complexes
represent rare discrete dimeric/trimeric species, with w2-N1,N2-triazole bridges linking the
Fell centers. Magnetic susceptibility measurements reveal a gradual single-step SCO

behavior of complex 4 on the central Fe(Il) site.

Chapter 3 mntroduces two more molecular compounds isolated from ligand 2. Magnetic
susceptibility measurements revealed an abrupt single-step SCO behavior of the trinuclear
complex 6 with a transition temperature 77,2 = 120K. The two molecular clusters own similar
structure as the three compounds in chapter 2, but the change of the substitution and

counteranion leads to quite different magnetic behavior.

Chapter 4 covers three polynuclear Fe compounds. Complex 7 and 8 are oxalate bridged
Fe(Il) complex with 7 showing a linear 1D chain and C8 exhibiting a zigzag chain based
3D mterpenetrated framework. Both structures showed a rather big void in the 3D
architecture (~ 15 % of the crystal volume). Complex 9 is a binuclear Fe(Ill) complex, which
is bridged by two citrate ligands to form a centrosymmetric structure. Magnetic
susceptibility measurements indicate for all three compounds similar magnetic behavior

with slightly different degree of antiferromagnetic coupling between the adjacent Fe centers.

Chapter 5 presents two results of high dimensional networks (2D) built up from ligand 2
and ligand 3. The rather weak ligand filed formed by nitrogen donors from the imidazole
and imine groups here trapped the Fe centers at HS state for both complexes. Pleasantly,
complex 12 was found to behave as a ferromagnetic model, while complex 10 showed weak

antiffmagnetic coupling through the supramolecular interactions i the crystal lattice.
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Chapter 6 summarizes several unexpect crysal structures during the synthesis of SCO Fe
complex in the present study. They showed out as the result of the competition between the
crystallization of the targeted complex and the isolated structure, either Fe complex or pure
ligand form. Relationship has been explored that the mutil-supramolecular interactions
found in these structures not only stabilize the solid packing in the crystal lattice, but also
partially explain the reason why it more likely to crystallize as ligand rather than the desired
complex.

Chapter 7 lists a general discussion of obtained results and some perstective on the present

study system has been given.

Chapter 8 attaches the appendix for the thesis.
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Chapter 2 SCO Investigation of Three Triple NI,N2-
Triazole Bridged Fe' Complexes based on Toltrz

This chapter covers the summary results of three triple NI,N2-triazole bridged Fe!l
complexes based on ligand 4 (toltrz), which is manuscripted to the journal submission of

Eur. J. Inorg. Chem. Manuscript detailing will be presented in the following:
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2.1 Abstract

Based on the p-tolyl functionalized Schiff base 1,2,4-triazole ligand 4-(p-tolylidene-amino)-
4H-1,2 4-triazole (toltrz), a series of three triazole-bridged Fe!' complexes have been
prepared. The compounds represent rare discrete dimeric/trimeric species, with u2-N1,N2-
triazole bridges linking the Fe!! centers. Maossbauer spectroscopy and magnetic
susceptibility measurements reveal a gradual single-step spin crossover (SCO) behavior for
the trimeric compound 4 on the central Fell site. Single-crystal X-ray diffraction at 120 K
confirms that the central Fe!l sites undergoes a HS to LS transition while the peripheral Fe!l
remain in HS state (HS = high spin; LS = low spin). Compounds 1 and 2 are isostructures
with different terminal ligand XCN (X = S, Se), these two compounds stay in high spin state

over the whole temperature range but display weak antiferromagnetic exchange coupling.

2.2 Introduction

Spin crossover (SCO), known as the inter-conversion between electronic spin states in
metal-organic compounds, has drawn fascination and research attention for both chemist

and physicist since the discovery of the first SCO compound in 1931. [1-3] The potential
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applications of such materials for data storage, molecular electronics and thermosensors [4-

6] impel the chemists to optimize the SCO compounds with higher 7. and larger hysteresis
loop area. Among the few examples exhibiting remarkable SCO behavior, the system based
on the 1,2,4-triazole ligand still remains the most promising materials for future
applications. Particularly the 1D coordnation polymers of general formula [Fe((Rtrz)3](X)2
(Rtrz = 4-subsitituted-1,2,4-triazole, X~ = standard monoanions), display wide thermal
hysteresis loops around room temperature. 7] However, the challenge to obtain crystalline
compounds of such coordination polymers makes it difficult to investigate the structural data
at the molecular and inter-molecular scales. Alternatively, discrete polynuclear complexes,
Le., dinuclear or ftrinuclear triazole-based complexes, mvolving similar triple triazole
bridges, are currently receiving great interest. [>- 31 The versatile feature of the 1,2,4-triazole-
based ligands makes them suitable candidates for building up discrete polynuclear
complexes, with variety of coordination modes. [®1 As summarized in Prof. Brooker’s recent
review (831 selectively functionalizing the 3C, 3C, and/or *N positions of the triazole ring
gives access to a wide range of discrete Fell SCO complexes. [°1 Similarly to the triple
NI,N2-1,2,4-triazole bridged analogues, these discrete SCO complexes provide
fundamental msights mto the influence over the SCO, like counteranion -effect,
supramolecular interactions and crystal packing effects, to help us understand and design-

synthesize the polymeric SCO systems.

The focus of the present study is on solely *N position modified 1,2,4-triazole-based ligands.
Despite the early discovery of the first N/,N2-1,2,4-triazole bridged trinuclear Fe!! species
in 1983 by the group of Prof. Jan Reedijk, ['°! and a continuous endeavor on this family of
compounds, the successful preparation of discrete NI,N2-1,2,4-triazole bridged SCO Fe!
complexes based on *N functionalized 1,2,4-triazole ligands is still very challenging. For
example, Yann Garcia et al. reported the first such structure of a binuclear Fe!! complex in
two different spin states only in 2011. ['!] The three newly published examples in last year,
together with a very recent case in 2018, [12] indicate the lasting-hot topic in this field. A
detailed list of the reported discrete N/,N2-1,2,4-triazole bridged complexes can be found
m table 9.1, 9.2, from which we can see the vitalty and creativity i this family of
compounds. By mtroducing an electron-withdraw and steric bulky group, p-toluyl, the main
objective in this study is to explore the different supramolecular interactions effecting on
the spin transition behavior. We add herein three additions to this short list of complexes,
enlarging the library of switchable NI,N2-1,24-triazole bridged complexes for the
elaboration of polynuclear architectures. We report the synthesis, structure, and magnetic
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properties of a series of three polynuclear triazole-bridged Fe!' complexes based on a Schiff
base modified triazole ligand, ie., 4-(p-tolylidene-amino)-4H-1,2,4-triazole (toltrz)

[FellZ(toltrz)s(SCN)4]  3H20  (C1),  [Fe'lz(toltrz)s(SeCN)s]  3H20  (C2) and
[Fe'l3(toltrz)s(H20)s] 6(BF4) 2H,0 2CH3CH2CO2CH3 (C4). Single X-ray diffraction and
magnetic measurements reveal that compounds 1 and 2 are isomorphous binuclear Fe!!
complexes showing weak antiferromagnetic exchange mteractions, while compound 4 is a

trinuclear Fe!l complex exhibiting a gradual spin transition behavior.

2.3 Experimental Section

General Methods and M aterials

All commercially purchased chemicals and solvents were used without further purification.
Magnetic susceptibility data were collected with a Quantum Design SQUID magnetometer
MPMS XL-7 in a temperature range of 2-300 K with an applied field of 1 kOe. Samples
were prepared in gelatin capsules and held i plastic straws for msertion mto the
magnetometer. Magnetic susceptibility values were corrected for the diamagnetic
susceptibility according to Pascal’s constants. [132] S7Fe Mossbauer spectra were recorded in
transmission geometry using a constant acceleration spectrometer operated in conjunction
with a 512-channel analyzer in the time-scale mode (WissEl GmbH). The source contained
37Co diffused in Rh with an activity of 1.4 GBq. The spectrometer was calibrated against a-
ron at room temperature (RT). Variable temperature measurements were performed with a
continuous flow cryostat (Optistat®™, Oxford Instruments). Spectral data were transferred
from the multi-channel analyzer to a PC for further analysis employing the public domain
program Vinda running on an Excel 2003® platform. [13%] The spectra were analyzed by
least-squares fits using Lorentzian line shapes, /" Elemental analysis (C, H, and N) was
measured at the microanalytical laboratories of the Johannes Gutenberg University Mainz.
Infrared spectra (FT-IR) were recorded as potassium bromide pellets in the range from 4000
to 400 cmr! with a JASCO FT/IR-4200 at the Johannes Gutenberg-University Mainz.

Single Crystal X-ray Diffraction

Single-crystal X-ray diffraction data (C1 and C2 at 173 K) were collected on a Bruker Smart
APEX II CCD diffractometer, operating at 45 kV and 35 mA using Mo Ka radiation (A =
0.71073 A). The diffractometer was equipped with a nitrogen cold stream operating at
173(2) K. The crystal of C4 (at 120 K and 173 K) was measured on a Stoe IPDS II
diffractometer operating with a Mo-Ka (A = 0.71073 A) X-ray tube with a graphite
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monochromator. Data reduction was performed using the SMART and SAINT software [14]
and an empirical absorption correction was applied using the SADABS program. [131 All
structures were solved by direct methods and refined by full-matrix least squares on F? using
the SHELXTL program package, [1®] and the Olex2 program. [17] The ordered non-hydrogen
atoms in each structure were refined with anisotropic displacement parameters, while the
hydrogen atoms were placed in idealized positions and allowed to ride on their parent atoms.
In compound 1 and 2, the N18 and C35 atoms are respectively disordered over two positions
with a ratio of 1:1. In compound 4, there is a disordering over one p-tolyl fragment (C3 to
C10) with a ratio of 1:1 at both temperatures. While the refinement of the reflection data
yielded poorly resolved structural results: there is one more N4 (connected with the
disordered p-tolyl ring) disordering, plus the ethyl ethylate solvent molecule was also
disordered at the carbonyl group C33=01 over three positions with a ratio of 0.5:0.25:0.25.
Even though, the structure of C4 at 120 K got a poor reflection data with the final Ry ( 7 >
26(]) ) value of 0.1473, the major part of the structure is still reliable and gives us valuable
data for the structure and property investigation (see in the main text). In all the structures,
the lattice water molecules were refined with anisotropic displacement parameters, while
the hydrogen atoms were not defined. Thus, in the discussion in the main text, all the lattice
water molecules or the disordered parts were not included. The crystallographic data and
refinement parameters of C1, C2, C4 (173 K) and C4 (120 K) are listed m Table 1. CCDC
numbers 1587514—1587517 contain the supplementary crystal data of the compounds:
1587514 (C1), 1587515 (C2), 1587516 (C4 at 173 K) and 1587517 (C4 at 120 K), which
can be obtamed free of charge from The Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data_request/cif. All structure figures are generated with DIAMOND-
3. [18]

Syntheses

Synthesis of the ligand

NH, .
4\'«/ Dry EtOH, reflux N
N + e~y
N=—

\ drops of H,S0, N
| W=

Figure 2.1.: Synthetic scheme to prepare the toltrz ligand.
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The ligand 4-(p-tolylidene-amino)-4H-1,2,4-triazole (toltrz) (Figure 2.1) was prepared via
a modified procedure from the reported article. [1°2] To avoid the possible by-product, we
choose ethanol as the reaction solvent. 4-Ammo-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.)
and 4-methylbenzaldehyde (2.65 g, 0.022 mol, 1.1 eq.) were dissolved in ethanol with the
addition of few drops of H2SO4, acting as acidic catalyst. The reaction mixture was slowly
heated up to 80 °C until it started to boil, then refluxed at this temperature for 10 h. When
cooled down to r.t., the excess of the solvent was removed by rotary evaporator at 35 °C.
The product such obtained was washed with small amounts of cold ethanol and diethyl ether,
and then dried in the desiccator with phosphorus pentoxide as dry agent. A white powder
with intense smelling was obtained. Yield: 3.53 g (94.85%), m.p.137-163 °C; IR (KBr)
1608 cmr! (H-C=N), 3101 cm! (Ar, CH-strech.); 817 cmr!, 2918 cnr! (Ar-CH3). 1H-NMR
(Figure 9.4) (CDsOD) 7.35-7.82 (dd, 4H, Ar-H), 8.94 (s, 1H, H-C=N), 9.05(s, 2H,
triazole), 2.43(s, 3H, p-CH3).

Synthesis of the Complex
Synthesis of [Fe!>(toltrz)s(SCN)4] 3H20(C1)

To a stirring solution of toltrz (150 mg, 0.8 mmol) in methanol (5 mL) was added an aqueous
solution of FeSO4 7H20 (90 mg, ~ 0.3 mmol) and NH4SCN (50 mg, ~ 0.6 mmol). The
solution turned from colorless to light yellow immediately. One spatula-amount (~35 mg)
of ascorbic acid was added to prevent possible oxidation process. The reaction mixture was
then stirred for 3~4 hours before filtrated with rapid fiter paper. The obtamed clear light
reddish solution was kept n a small vial and left stand still to evaporate the solvent slowly.
After one week, light yellow plate-like crystals of C1 were deposited at the bottom of the
vial. After removing the mother liquid, the single crystals were quickly dried in an argon
stream, and stored under argon. Yield: 62.3 mg (47.15% based on Fe). Anal. Calcd (Found)
for C54H56N2403S4Fe2: C, 49.06 (49.17); H, 3.74 (4.03); N, 25.43 (25.38). IR (KBr)
n/cmr!: 3104 (w), 2976 (m), 2920 (w), 2072 (s), 1607 (vs), 1121 (vs), 1062 (m), 817 (m),
620 (vs), 505 (m), 396 (w).

Synthesis of [Fe!>(toltrz)s(SeCN)4] 3H20 (C2)

The preparation of compound 2 is almost the same as the procedure for compound 1, except
for changing of NH4SCN (50 mg, ~ 0.6 mmol) to KSeCN (47 mg, ~ 0.6 mmol). As the
selenim compound is slightly light sensitive, all the procedures here (reaction,
evaporation ...) were performed in a rather dark environment. Yield: 63.4 mg (41.97% based
on Fe). Anal. Calcd (Found) for C54H56N2403Se4Fe2: C, 42.93 (42.48); H, 3.34 (3.48);
N, 22.25 (21.46). IR (KBr) n/enr!: 3217 (w), 3108 (m), 2975 (w), 2854 (m), 2070 (s), 1607
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(vs), 1524 (s), 1369 (m), 1179 (m), 1115 (vs), 1063 (m), 881 (m), 817 (m), 755 (m), 622
(vs), 509 (m), 443 (w).

Synthesis of [Fe!l3(toltrz)s(H20)s] (BF4)s 2H20 2CH3CH>CO2CH3 (C4)

To the dissolved Fe(BF4)2 6H20 (135 mg, 0.4 mmol) in 10 mL ethyl acetate, one spatula
amount (~35 mg) of ascorbic acid added to prevent possible oxidation process. After the
completeness of dissolving the wron salt, a solution of toltrz (150 mg, 0.8 mmol) dissolved
m ethyl acetate (5~10 mL) was slowly added to the above solution. This reaction solution
was then stirred for around 3-4 hours before filtrated with rapid filter paper. The obtained
almost colorless solution was kept in a small vial and left stand still to evaporate the solvent
slowly. After five days, light-green block crystals of C4 were deposited at the bottom of the
vial. After removing the mother liquid, the single crystals were quickly dried in an argon
stream, and stored under argon. After the drying process, the crystalline sample was found
to change color from light green to pale-green. The same sample powder such obtained was
used for SQUID and Mossbauer measurements without further modification. Yield: 61.26
mg (58.18% based on Fe). Anal Caled (Found) for  solvent-free
C30H44N1207B3F12Fel.5: C, 35.02 (34.74); H, 4.31 (4.03); N, 16.34 (16.43). IR (KBr)
n/cmr!: 3132 (m), 3032 (m), 2975 (w), 2921 (w), 2859 (m), 1606 (vs), 1567 (s), 1532 (s),
1307 (m), 1181 (m), 1084 (vs), 1073 (vs), 1037 (vs), 993 (m), 889 (w), 817 (m), 726 (m),
627 (s), 533 (m), 522 (m), 397 (w).

2.4 Result and discussion
2.4.1 Structural Description

Crystallographic data for the compounds 1, 2 and 4 are summarized in Table 2.1 and the
selected bond lengths and angles are given in Table 2.2, S2.1.
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Table 2.1. Crystallographic Data and Refinement Parameters for Compounds 1, 2 and 4.

Compound C1 C2 C4 120K) C4 173K)
Empirical formula Cs4Ha9oFe2N240384 Cs4HsoFe2N2403Ses C34H28BsF12Fe 1 sN120¢ C34H36BsF12Fe1 5sN120¢
Formula weight 1322.11 1510.72 1044.89 1052.95
Crystal size 0.2x0.14x0.03 0.35x0.15x0.13 0.44x0.28x0.04 0.57x0.35x0.15
Crystal system Triclinic Triclinic Triclinic Triclinic

Space group P-1(No.2) P-1(No.2) P-1(No.2) P-1 (No.2)
a(A) 11.7271(14) 11.7281(11) 12.713(3) 12.7127(7)
b(A) 14.1648(17) 14.2238(12) 13.406(3) 13.4058(7)
c(A) 21.415(2) 21.7330(19) 16.821(3) 16.8209(9)

a (°) 74.800(3) 74.846(2) 67.48(3) 67.484(2)

B©) 75.809(3) 75.784(2) 84.64(3) 84.639(2)

7(°) 80.439(3) 79.688(2) 78.43(3) 78.432(2)
V(A% 3308.4(7) 3366.6(5) 2593.9(11) 2593.9(2)

z 2 2 2 2

Dealc (g/cm?) 1.327 1.490 1.388 1.348
4Mo-Ko) (mm!) 0.624 2.652 0.517 0.518

F(000) 1362 1508 1052 1068
Reflections collected 22926 10413 24183 33228
Independent reflections 11322 (0.1115) 10247 (0.0112) 12389 (0.0764) 12332 (0.0804)
Parameters 834 825 742 716
Goodness-of-fit 0.920 1.025 1.451 1.050

Ri [ I>25(]) ? 0.0703 0.0848 0.1473 0.0920

wR; (all data)P 0.2274 0.2755 0.4542 0.3159

“Ri = 3||Fo| — |Fe||[/Z|Fol|. "WR2 = {Z[W(Fo? — F)*)/Z [W(Fo2 )]}
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Crystal structure of [Fe!/>(toltrz)s(SCN)4] 3H20 (C1) and [Fe'>(toltrz)s(SeCN)4] 3H20
€2

Figure 2.2.: View of the dinuclear molecular structure of C1 at 173 K. Only selected atoms are labelled for
clarity.

Compounds 1 and 2 are isostructural, and the molecular structures were determined at 173(2)
K. Both compounds crystallize in triclnic space group P-/. The asymmetric unit contains
one full neutral dinuclear complex plus partial six (C1) and four (C2) lattice aqua molecules,
although some of these aqua molecular positions are partially occupied resulting in a total
of 3 aqua molecules in both structures. As shown in Figure 2.2, for each compound, the two
Fel!l centers are linked through three w2-N1,N2-triazole bridges with a distance of 4.005 (7)
A (C1), 3.981 (9) A (C2), respectively. Each Fe!! coordination sphere is completed by three
N atoms from one terminal triazole ligand and two thiocyanate (C1) or selenocyanate (C2)
anions. The terminal average Fe—N bond lengths 2.139(1) A (C1), and 2.144(1) A (C2) are
shorter than the central average Fe—N bond lengths 2.197(1) A (C1) and 2.191(1) A (C2).
(Table S2.1) In both cases, the bond range makes the Fe centers sitting well in the range
expected for high spin state value at 173 K, [201 which is further confirmed by magnetic
measurement. (See below) The NCS anions in C1 are non-linear with the N-C—S fragment
showing an angle around 175°; the angle at N—atom coordinating to the iron atoms, Fe-N—
C, is split nto two groups with the angle being around 140° and 175°. (See Table S2.1) In
both compounds, there is one of the bridging ligands being disordered over the C=N bond
part with a relative occupancy of 0.5/0.5 (C18, N15).
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Figure 2.3. The 1D chain connected via 7..7 stacking in C1 (left) and C2 (right). The dashed lines represent
different ..z stacking.

In compound 1, the adjacent neutral dimnuclear units are interconnected through =
(phenyl)--m (phenyl) (centroid-centroid = 3.9796(4) A) and m (phenyl)-rt (triazole)
(centroid---centroid = 3.8134(3) A) stacking interactions forming a 1D chain along ¢ axis.
(Figure 2.3, Table S2.2) This chain is further connected through another two groups of
mtermolecular m--mt stacking (Table S4) together with one set of non-classical S--m stacking
(211 (S--centroid = 3.7232(5), ¢ = x + 1, y, 2) to form a 3D structure. While similarly, in
compound 2, a group of double w1 stacking interactions through phenyl and triazole ring,
as well as a Se---m [21] (Sel centroid = 3.6503(3) A) contact was found to facilitate the 1D
structure along the a axis. This 1D structure is stabilized and further extended via m--m
stacking from different directions to form a 3D supramolecular architecture. (Figure 2.3,
Table S2.2)

Crystal structure of [Fe''3(toltrz)s(H20)s] (BFs)s 2H20 2CH3CH2CO>CH3 (C4)

Figure 2.4.: (left) View of the centrosymmetric trinuclear complex in C4 at 173 K. Only the metal, oxygen
and nitrogen atoms involved in coordination bonds are labelled for clarity. (a=-x+1,-y+ 1,-z+ 1);
(right) The intense intramolecular H-bonding involved with the BF4™ anion, the symmetrical part is labelled

as blue for comparison.
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[Fe'3toltrz)s(H20)s] (BF4)s 2H>0 2CH3CH>CO:>CH3 crystallizes in the triclinic space
group P-1. The structures at 173 and 120 K are mutually isomorphous. The structure was

found to be comparable to other reported trinuclear 1,2,4-triazole analogues!!3-18] Tt consists
of a linear trinuclear unit, where the central Fe2 is bridged to the exterior ron(Il) atoms by
three toltrz ligands via a u>-N1,N2-donating (N2, N6, N10) mode. (Figure 2.4a, this drawing
corresponds to the structure obtained at 173 K) The terminal coordination sites are occupied
by three H2O molecules. The central Fe!l ion sits on an inversion center such that there are
only two unique metal centers per trinuclear unit, Fel and Fe2. The central Fe2 is in an
octahedral [FeN¢] coordination environment, while the outer Fe!! ions, Fel and Fela (a = -
x+1,-y+1,-2z+ 1), are na [FeN303] coordination environment due to the coordmnation
of the terminated aqua molecules. Each trinuclear unit is cationic with a 3+ charge which is

balanced by three BF4~ conuteranions.

As shown in figure 2.4b, the BF4 anions are mvolved in intensive mntramolecular H-
bonding with the terminated aqua molecules and the bridging ligands (Table S2.3), which
lead to a strong binding between the counter anions and the positively charged trimer unit.
This further explains why we can isolate the crystals in the not very polar solvent (ethyl
ethylate) other than the polar solvent like methanol. The structure also shows at both
temperatures one tolyl fragment being disordered with a relative occupancy of 0.5/0.5 (C3
to C10 at 173K, N4, C3 to C10 at 120K).

Table 2.2. Selected bond distances (A) and angles (°) of compound 4 at 173K and 120K.

Compound 4 at 120 K

Fe(1)-O(3W) 2.125(7) Fe(1)-N(1) 2.154(7) Fe(2)-N(2) 2.150(7)
Fe(1)-O2W) 2.131(6) Fe(1)-N(5) 2.177(6) Fe(2)-N(2)#1 2.150(7)
Fe(1)-O(1W) 2.152(6) Fe(2)-N(6) 2.161(6) Fe(2)-N(10) 2.193(6)
Fe(1)-N(9) 2.167(7) Fe(2)-N(6)#1 2.161(6) Fe(2)-N(10)#1 2.193(6)
O(BW)-Fe(1)-O2W)  89.9(3) O(1W)-Fe(1)-N(1) 89.93) N(Q)#1-Fe(2)-N(6)#1 90.4(2)
O(3W)-Fe(1)-O(1W)  89.9(3) O(1W)-Fe(1)-N(5) 177.7(3) N(2)-Fe(2)-N(6)#1 89.6(2)
O(3W)-Fe(1)-N(9) 89.8(3) N(9)-Fe(1)-N(5) 91.0(2) N(2)#1-Fe(2)-N(6) 89.6(2)
O(3W)-Fe(1)-N(1) 179.2(3) N(1)-Fe(1)-N(9) 90.9(3) N(2)-Fe(2)-N(6) 90.4(2)
O(BW)-Fe(1)-N(5) 90.5(3) N(1)-Fe(1)-N(5) 89.7(2) N(2)-Fe(2)-N(2)#1 180.0
O(2W)-Fe(1)-O(1W)  87.2(3) N(6)#1-Fe(2)-N(6) 180.0 N(2)-Fe(2)-N(10)#1 88.6(2)
O(2W)-Fe(1)-N(9) 178.4(2) N(6)#1-Fe(2)-N(10)#1  91.3(2) NQ)#1-Fe(2)-N(10)#1  91.4(2)
O(2W)-Fe(1)-N(1) 89.3(3) N(6)-Fe(2)-N(10)#1 88.7(2) N(2)-Fe(2)-N(10) 91.4(2)
O(2W)-Fe(1)-N(5) 90.5(2) N(6)#1-Fe(2)-N(10) 88.7(2) N(2)#1-Fe(2)-N(10) 88.6(2)
O(1W)-Fe(1)-N(9) 91.3(3) N(6)-Fe(2)-N(10) 91.3(2) N(10)-Fe(2)-N(10)#1 180.0
Compound 4 at 173 K

Fe(1)-O(1W) 2.122(4) Fe(1)-N(5) 2.161(4) Fe(2)-N(6)#1 2.173(3)
Fe(1)-O2W) 2.116(4) Fe(1)-N(9) 2.150(4) Fe(2)-N(6) 2.173(3)
Fe(1)-O(3W) 2.132(4) Fe(2)-N(2)#1 2.157(4) Fe(2)-N(10)#1 2.192(3)
Fe(1)-N(1) 2.156(4) Fe(2)-N(2) 2.157(4) Fe(2)-N(10) 2.193(3)
O(1W)-Fe(1)-O(3W)  89.86(2) O(BW)-Fe(1)-N(5) 89.85(16) N(2)#1-Fe(2)-N(10)#1  91.18(1)
O(1W)-Fe(1)-N(1) 89.04(2) O(3W)-Fe(1)-N(9) 89.99(16)  N(2)-Fe(2)-N(10) 91.18(2)
O(1W)-Fe(1)-N(5) 177.56(2) N(1)-Fe(1)-N(5) 91.24(14) N(2)#1-Fe(2)-N(10) 88.82(2)
O(1W)-Fe(1)-N(9) 89.84(2) N(9)-Fe(1)-N(1) 90.13(14)  N(2)-Fe(2)-N(10)#1 88.82(2)
O2W)-Fe(1)-O(1W)  88.50(2) N(9)-Fe(1)-N(5) 92.59(15)  N(6)#1-Fe(2)-N(6) 180.0
O(2W)-Fe(1)-O(3W)  89.01(2) N(Q2)#1-Fe(2)-N(2) 180.0 N(6)-Fe(2)-N(10)#1 88.48(2)
O(2W)-Fe(1)-N(1) 90.84(2) N(2)-Fe(2)-N(6) 90.67(14)  N(6)#1-Fe(2)-N(10) 88.48(1)
O(2W)-Fe(1)-N(5) 89.07(2) N(2)-Fe(2)-N(6)#1 89.33(13)  N(6)#1-Fe(2)-N(10)#1  91.52(1)
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e
O(2W)-Fe(1)-N(9) 178.06(2) N(@2)#1-Fe(2)-N(6)#1 90.67(13)  N(6)-Fe(2)-N(10) 91.52(2)
O(3W)-Fe(1)-N(1) 178.90(2) N(2)#1-Fe(2)-N(6) 89.33(13)  N(10)#1-Fe(2)-N(10) 180.0
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N10a
N10a
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Figure 2.5.: Comparison of the coordination environment of the central Fel ion of C4 at 120 and 173 K.

Colour code: Red (Fe), Blue (N).

Of the two crystallographically unique iron(Il) ions, only the central one (Fe2) is in the
expected coordination environment for SCO to occur. From magnetic susceptibility
measurements, a partial spin transition is shown to occur between 200K—-50K gradually.
(See below) The crystal structure determination was conducted at 173 K and 120 K, right in
the beginning and middle of the SCO transition range. Although the structures at 175 and
120 K are similar, small, but significant differences are observed m a number of bond
distances and angles. The comparison of the coordination environment of the central ion in
C4, at 120 and 173 K (Figure 2.5, Table 2.2), displays the typical structural changing during
a spin transition. At 120 K, the bond distances between the six nitrogen atoms and the central
iron ion are of 2.150(7), 2.161(6) and 2.193(6) A for Fe2—-N2, Fe2-N6 and Fe2-N10,
respectively. These values are obviously shorter than the bond distances measured at 173 K,
which are 2.157(4), 2.173(3) and 2.192(3) A, respectively. (Figure 2.5) The decrease is
slightly shorter than the average values observed in Fe!'! HS — LS transitions for which the
coordination distances are shortened by approximately 0.15-0.20 A. However, the gradual
transition in our compound happens from 50 K to 200K, as such the small changes in the
coordination distances confirm that we have a transition process from HS to LS. Moreover,
the even though small while clear bond distance difference here can not be ascribed to purely
thermal expansion, as the relative rate of thermal expansion, [?21 @, usually lies within the
range 0 x 10 K™ < o <20 x 10 K. And in our case, the relative rate of thermal

expansion a at the measured two temperatures (120 K and 173 K) is around 2.0 x 1074 K1,
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Figure 2.6.: The 1D chain formed in compound C4 along a axis.

Supramolecular mteractions play an important role i the stabilization of the structures.
Apart from the intensive mntramolecular H-bonding mnvolved with the counteranion BF4
between the terminated aqueous molecules and the bridging ligands as mentioned above,
other groups of intermolecular H-bonding involving BF4  anion and adjacent C—H from
triazole rings are found, together with a group of C—H-m stacking (C11-H11--C24a ring
centroid = 3.1060(1) A,a= —x+ 2, -~y + 1, — z+ 1) and F-- stacking (F3--N5 ring centroid
= 3.3033(2) A) to link the independent trinuclear units into a 1D chain along a axis (Figure
2.6). This chain is further interconnected by a group of C—H --- & stacking interaction (C14
ring centroid--C 14a ring centroid = 3.8326(2) A, a= —x+ 1, =y + 1, —2) in bc plane, which
is stabilized and extended into a 3D supramolecular architecture via different groups of H-
bonding iteractions (Table S2.3).

2.4.2 FT-IR spectroscopy

The FT-IR spectra of the three compounds are very similar and dominated by the spectral
characteristics of the Schiff base ligand. However, some significant changes could be found
due to the coordination of the compound. The bands between 2800 cm! and 1630-1280 cnr
1 (1609, 1531 and 1412) are attributable to the Ca—Car, and Ca=N stretching vibration
frequencies of the aromatic groups. The characteristic band for the triazole ring at 1502 cm-
I with a strong intensity can be assigned to the @-ring vibration. (23] This band moves to a
medium peak at 1531 cmr! for all complexes, indicating the coordination of the N-donor
atoms from triazole ring. The medium-intensity doublet peaks around 1305 cm’! can be
assigned to vibrations of the v-triazole nucleus, it stays almost the same for all the

compounds. [23] In addition, the peaks at 1235 (m), 1180 (m), 1065 (m), and 816 (s) cm’!
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can be assigned to the C—H m-plane or out-of-plane bend ring breathing, and ring
deformation absorptions of the organic ligands. These bands can be noticed for all the
compounds. They are shifted as compared to the ligand spectrum (Figure 2.7), which could
be related with the change in the geometry of the p-tolyl fragment upon complex formation.
The characteristic azomethine (HC=N) stretching [>4] at 1636 cm! in the ligand remains
unchanged in all the compounds showing the none-coordmating character of the C=N
groups. [231 The spectrum for C1 and C2 is very similar with the strong C=N stretching at
2070 cmr! suggesting the presence of XCN (X = S, Se) in the compounds. The 20 c¢cm!
hypsochromic shift as compared to the spectrum of KNCS/KNCSe (2050 cmr!) indicates
the fact that XCN is coordinated with Fe'! via the nitrogen atoms. [*°] In addition, the
spectrum of C4 shows bands for the tetrafluoroborate counterions at 1083 cm!.

ligand
compound1

—

compound2

compound4

r + 1 + Tt *+ T * T *+ T * T *t T T* 1
2200 2000 1800 1600 1400 1200 1000 800 600

Figure 2.7.: The FT-IR spectraof ligand toltrz and compounds 1, 2 and 4.

2.4.3 Magnetic susceptibility and Mossbauer Spectroscopy

The variable-temperature magnetic susceptibility data of compound 1 and 2 have been
recorded in the 300—2 K range (Figure 2.8). At the temperature of 300 K, the ym7T value of
7.13 ecm?K-mol'! (C1) and 7.86 ¢cm?® K- mol™' (C2) can be ascribed to the corresponding
two high-spin Fe(Il) ions. This value remains almost constant at 7.10 — 7.14 cm?-K-mol!
for compound 1 from 300 K down to 60 K; below this temperature, the ym7 value starts to
decrease more and more abruptly to reach a value of 1.93 cm?-K-mol! at 2 K. For C2, ymT
drops to 6.71 cn®-K-mol'! from 300 K down to 100 K, with a slight slope showing small

44



Chapter 2 SCO Investigation of Three Triple N1,N2-Triazole Bridged
Fe!' Complexes based on Toltrz

TIP effect for the measurement. Below 100 K, the ym7 value decreases more drastically all
the way down to 1.53 cm®-K-mol'! at 2 K. Such temperature dependence reveals typical
rather weak antiferromagnetic exchange interaction between two Fe!l jons in the high-spin
state. The magnetic properties of these two compounds are thus in accordance with an S =

2 HS ground state for the Fe!l ions throughout the whole temperature range.

8+

1
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1
@
1

taT! cm’Kmol
£
1

1, T/ em’Kmol”

- ————————— - T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
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Figure 2.8.: The temperature-dependent magnetic susceptibility for C1 and C2 (the solid line represents the
best fit curve).

To evaluate the antiferromagnetic interaction through the triple N/,N2-triazole bridge, the
magnetic data of the entire temperature range was simulated using the PHI [27] program with
values g = 2.22 (C1) and 2.18 (C2), coupling constants J = —0.62(2) cmr! (C1) and -0.78(2)
cmr! (C2), respectively. A TIP contribution of 0.003 c¢cm® mol! was applied for the data
simulation of compound 2. (Figure 2.8) The values for the exchange coupling are small and

in accordance with data for similar binuclear Fe(I) analogues. [3-11.12]
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Figure 2.9.: The temperature-dependent magnetic susceptibility (yuTv.s. T) for compound 3.
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Temperature dependent magnetic susceptibility measurements on a bulk crystalline sample
of compound 4 were also made from 300 K to 2 K range. The data revealed a gradual one-
step SCO (Figure 2.9). At 300 K, the ymT values of 10.08 cm K mol! is in agreement with
all Fe(Il) sites of the trinuclear unit being in the HS state. The slightly higher value compared
to the expected spin only ones for three Fe(Il) ions here suggests possible spin orbital
contribution being involved. The values remain approximately constant until 200 K where
there is a gradual decrease in yuT values to 7.43 cm K mol! by 50 K. The ymT value at 50
K indicates a SCO of one-third of the Fe(Il) sites to the LS state with a transition temperature
of ~ 130 K. Again the yuT values of 7.43 cm K mol! here is a bit too large for two spin
only HS Fe(ll) ions, assuming the central ron ion has a full spin transition at this
temperature. No thermal hysteresis was observed. This information was further explored by

Mossbauer spectroscopy (see below).
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Figure 2.10.: Méssbauer spectra of compound4 at77 K, 107K, 137 K, 167 K, 197 K and 298 K. The open
circles are the experimental data, the black solid line shows a superposition of the following components:
subspectrum 1 (purple) representsthe [LS] fraction of central iron (Fe2), subspectrum 2 (blue) is due to the
[HS] fraction of terminal iron (Fel and Fela), and 3 (green) is the [HS] fraction of centraliron (Fe2). In
addition, a minor high-spin ferric impurity species is represented by subspectrum 4 (grey). Parameters see
Table 3.

In order to understand the details of SCO process of compound 4, temperature dependent
Mossbauer spectroscopy was performed on a bulk crystalline sample (Figure 2.10). The
spectra have been analyzed with in total 4 different subspectra. The parameters (o: isomer
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shift, 4AEp: quadrupole splitting, 7 line width at half maximum, A: relative spectral area)
are listed m table 2.3.

Table 2.3. 37Fe Mossbauerparameters of compound 4 as obtained from the analysis shown in Figure 2.10.

T=77K
Subspectra HS Fel LS Fe2 HS Fela HS Fe2 Fe(IIT)-oxides
o [mm/s] 1,25+ 0,03 0,52+ 0,04 - - 0,56 + 0,15
AEo [mm/s] 3,45+0,50 0,20 = 0,05 - - 0,70+ 0,17
I’ [mm/s] 0,35+0,02 0,30+ 0,05 - - 0,30+ 0,10
Rel. Area [%)] 65,00+ 1,10 32,50+ 1,30 0 0 2,40+ 1,20
T=107K
J [mm/s] 1,22 +£0,02 0,52+ 0,03 1,19+ 0,02 1,34+ 0,03 0,56+ 0,16
AEo [mm/s] 3,45+0,04 0,10+ 0,02 3,60+ 0,03 3,30+ 0,04 0,70 = 0,05
I’ [mm/s] 0,40 + 0,02 0,28 = 0,03 0,30+ 0,02 0,30+ 0,05 0,30+ 0,03
Rel. Area [%)] 49,10 + 1,60 23,50+ 1,5 17,10 + 0,80 8,50 + 2,10 1,70 = 1,90
T=137K
J [mm/s] 1,20 £ 0,05 0,52+ 0,04 1,17+ 0,04 1,32+ 0,03 0,56 + 0,04
AEo [mm/s] 3,32+0,04 0,10+ 0,02 3,60+ 0,03 3,20+ 0,04 0,70 = 0,05
I’ [mm/s] 0,40 + 0,04 0,28 + 0,03 0,30+ 0,04 0,30+ 0,04 0,30+ 0,05
Rel. Area [%)] 39,7+ 1,40 19,9+ 0,90 24,8+ 1,20 12,4+ 1,60 3,17+ 1,70
T=167K
o [mm/s] 1,20 £ 0,03 0,52 + 0,04 1,13+0,03 1,28 + 0,05 0,52 + 0,04
AEo [mm/s] 3,25+0,05 0,10+ 0,03 3,30+ 0,04 3,10+ 0,04 0,70 = 0,05
I’ [mm/s] 0,40 + 0,03 0,28 + 0,04 0,30+ 0,03 0,30+ 0,04 0,30+ 0,08
Rel. Area [%)] 34,50+ 0,90 17,3+1,10 27,6 + 1,40 13,8+ 1,20 6,90 + 1,80
T=197K
J [mm/s] 1,15+ 0,03 0,52+ 0,04 1,13+ 0,04 1,28 = 0,05 0,46 = 0,03
AEo [mm/s] 3,10+ 0,05 0,10+ 0,03 3,30+ 0,04 3,10+ 0,05 0,70 = 0,05
I’ [mm/s] 0,40 + 0,03 0,28 + 0,04 0,30+ 0,03 0,30+ 0,03 0,30+ 0,04
Rel. Area [%)] 17,20 + 1,00 7,30+ 1,90 43,1+0,50 21,6 0,90 10,77 + 1,60
T=227K
J [mm/s] 1,15+ 0,04 0,52 + 0,04 1,11 +0,02 1,28 0,03 0,46 = 0,02
AEo [mm/s] 3,10+ 0,05 0,10+ 0,02 3,15+ 0,04 3,10+0,03 0,70 = 0,04
I’ [mm/s] 0,40 + 0,03 0,28 = 0,05 0,30+ 0,03 0,30+ 0,04 0,30+ 0,02
Rel. Area [%)] 12,70 + 0,80 6,40 + 1,80 44,40 + 1,20 22,60 + 0,90 14,00 + 1,10
T=257K
J [mm/s] 1,13 +£0,03 0,52+ 0,04 1,10 + 0,03 1,24 £0,05 0,43 +0,03
AEo [mm/s] 3,10+ 0,04 0,10+0,03 2,90 + 0,05 2,90 = 0,05 0,70 + 0,04
I [mm/s] 0,40 + 0,02 0,28 + 0,04 0,30+ 0,03 0,30+ 0,04 0,30+ 0,05
Rel. Area [%)] 8,54+ 1,20 4,30+ 1,90 42,7+ 0,80 21,30 + 1,20 23,10+ 0,70
T=298K
J [mm/s] - - 1,08 £ 0,02 1,18 + 0,03 0,43+ 0,03
AEo [mm/s] - - 2,85+0,03 2,90 £+ 0,04 0,70 £ 0,04
I' [mm/s] - - 0,30+ 0,04 0,30+ 0,02 0,30+ 0,03
Rel. Area [%)] 0 0 47,00 + 1,50 23,50 + 1,60 29,40 + 1,20

As fillustrated in Figure 2.10 and Table 2.3, the spectrum at 77 K shows two distinctly
different doublets. Doublet 1 (purple) has 6 = 0.52 mm's™! and 4Ep = 0.20 mmrs™'. Such a
low quadrupole splitting is characteristic for a LS iron(Il) with a half filled 3d shell
embedded in an octahedral ligand field. Doublet 2 (blue) has § = 1.25 mm's™! and AEp =
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3.45 mms!, values which are typical fingerprints of a high-spin iron(Il) species in an
octahedral N/O ligand environment (>8], The relative intensity ratio of 1:2 between these two
doublets indicates that the central won(Il) is i its low spin state, i.e., for complex 4 a HS-
LS-HS state is stabilized at 77 K, which is in accordance with the magnetic susceptibility
results discussed above. With increasing temperature, the intensity of doublet 1 representing
the central LS iron(Il) decreases while a new doublet 3 (green) emerges which has J > 1
mm's™!, an isomer shift typical for Fe(Il) HS. Nevertheless, the parameters of doublet 3 are
clearly distinct from those of 2. Thus, doublet 3 can, without any doubts, be assigned to
originate from the central Fe site. The SCO of this central Fe is reflected in the Mdssbauer
spectra displayed in Figure 2.10 by an intensity increase of the green doublet 3 which is on
the expense of the decreasing intensity of the purple doublet 1 representing the central iron
m its LS state. At 298 K, doublet 1 vanishes, and the approximate 2:1 relative area ratio of
the HS doublet 2 and the HS doublet 3 reflects the SCO transition of complex 4 from a HS-
LS-HS state to a HS-HS-HS state. At 167 K, the relative HS and LS ratio reaches 1:2, which
gives us the hint of the transition temperature around 170K. The gradual character of this
spin transition made it difficult to spot the exact transition temperature, while a derivative
plot of the ymT v.s. T curve (figure S1) helps us to identify the 71,2 at 180 K. This is in good

agreement with the Mossbauer data discussed above.

Subspectrum 4 has an isomer shift of § ~ 0.56 mmrs'! and a quadruple splitting of 4Eo ~ 0.7
mm's”! which are characteristic parameters for Fe(Ill)-oxide/hydroxides. 23] (Figure 2.10,
Table 2.3). Since this component accounts only for 2 to 3% of the total spectral area at 77
K, it represents clearly a small impurity fraction. The increasing of the relative area of this
component (30 % at 298 K) is caused by the large Lamb-Mossbauer factor of Fe(Ill)-
oxide/hydroxide nanoparticles compared to that of Fe(Il) m a relatively soft complex
environment. A further confirmation for only a very small impurity of the sample is

provided by the magnetization measurements.
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Figure 2.11.: Plot of reduced magnetization (M/Np) v.s. H for compound 4 in the 2—10 K range. The solid

lines are just for the guidance of the eye, does not represent any simulated results.

As shown in figure 2.11, the variable field isotherms measurements were performed in the
range 2—10 K under external magnetic fields up to 70 kOe. The maximum value of 5.99 Nf
at 70 kOe (2K) matches perfectly with the theoretical saturation magnetization value of Fe(II)
ion (8.00 Np), suggesting good homogenous character of the sample. In addition, the
reduced magnetization plots (M vs. H/T) exhibit significant separations between the isofield
curves, confirming the existence of zero field splitting, which possibly explains the dropping
of ymT values below 30 K (figure S1, S2).

In conclusion the temperature dependent Mossbauer spectra displayed in Figure 2.10 clearly
show that the central ron(Il) in complex 4 is able to undergo SCO starting at around 100K
and completing at room temperature in accordance with the magnetic susceptbility data

shown in Figure 2.9.

2.5 Conclusion

The work described herein represents three new examples of discrete polynuclear Fel!
complexes from the 4-substituted 1,2,4-triazole. Based on the ligand 4-(p-tolylidene-
amino)-4H-1,2,4-triazole (toltrz), a series of crystalline coordination Fe!! complexes, that is,
two binuclear [Fe'l>(toltrz)s(SCN)4] 3H20 (C1), [Fell2(toltrz)s(SeCN)4] 3H20 (C2) and one
trinuclear [Fe''3(toltrz)s(H20)s] 6(BF4) 2H20 2CH3CH2CO2CH3 (C4) has been synthesized
and structurally as well as magnetically characterized. A gradual spin transition was found
in compound 3, while isostructural C1 and C2 showed a similar and weak antiferromagnetic
exchange coupling between the linked Fe!! centers. As there are still only a few examples

for these binuclear Fe!! crystallne complexes, the successful preparation and analysis of
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these compounds is still a challenge and mteresting work. More related crystalline
coordination materials with 4-substtituted-1,2,4-triazole  derivatives also need to be
synthesized and characterized i order to deeply understand the structural-magneto
correlation of these coordination compounds and provide some fundamental trends for the
SCO field.
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Table S2.1 Selected bond lengths [A] and angles [°] for compounds 1 and 2.

Compound 1
Fe(1)-N(1) 2.155(8) Fe(1)-N(5) 2.147(7) Fe(1)-N(6) 2.109(7)
Fe(1)-N(7) 2.174(8) Fe(1)-N(11) 2.223(6) Fe(1)-N(15) 2.205(7)
Fe(2)-N(8) 2.179(7) Fe(2)-N(12) 2.198(7) Fe(2)-N(16) 2.200(7)
Fe(2)-N(19) 2.177(7) Fe(2)-N(23) 2.165(8) Fe(2)-N(24) 2.079(8)
N(1)-Fe(1)-N(7) 174.5(3) N(1)-Fe(1)-N(11) 93.0(3) N(1)-Fe(1)-N(15) 91.9(3)
N(5)-Fe(1)-N(1) 86.3(3) N(5)-Fe(1)-N(7) 88.3(3) N(5)-Fe(1)-N(11) 177.1(3)
N(5)-Fe(1)-N(15) 94.0(3) N(6)-Fe(1)-N(1) 92.5(3) N(6)-Fe(1)-N(5) 92.6(3)
N(6)-Fe(1)-N(7) 89.0(3) N(6)-Fe(1)-N(11) 90.2(2) N(6)-Fe(1)-N(15) 172.4(3)
N(7)-Fe(1)-N(11) 92.3(3) N(7)-Fe(1)-N(15) 87.3(3) N(15)-Fe(1)-N(11) ~ 83.2(2)
N(8)-Fe(2)-N(12) 88.6(2) N(8)-Fe(2)-N(16) 88.4(3) N(12)-Fe(2)-N(16)  86.9(2)
N(19)-Fe(2)-N(8) 176.1(3) N(19)-Fe(2)-N(12) 90.4(3) N(19)-Fe(2)-N(16)  95.3(3)
N(23)-Fe(2)-N(8) 87.03) N(23)-Fe(2)-N(12) 86.6(3) N(23)-Fe(2)-N(16)  172.1(3)
N(23)-Fe(2)-N(19)  89.2(3) N(24)-Fe(2)-N(8) 91.6(3) N(24)-Fe(2)-N(12)  179.2(3)
N(24)-Fe(2)-N(16)  92.3(3) N(24)-Fe(2)-N(19) 89.4(3) N(24)-Fe(2)-N(23)  94.2(3)
C(11)-N(5)-Fe(1) 148.8(7) C(54)-N(24)-Fe(2) 168.6(9) N(23)-C(53)-S(3) 175.8(8)
C(12)-N(6)-Fe(1) 171.6(7) N(©)-C(11)-S(2) 177.8(10)  N(24)-C(54)-S(4) 177.5(10)
C(53)-N(23)-Fe(2)  138.8(7) N(6)-C(12)-S(1) 179.0(9)
Compound 2

Fe(2)-N(8) 2.178(9) Fe(2)-N(23) 2.091(11)  Fe(1)-N(11) 2.233(9)
Fe(2)-N(16) 2.181(9) Fe(2)-N(24) 2.193(10)  Fe(1)-N(1) 2.165(13)
Fe(2)-N(12) 2.206(9) Fe(1)-N(7) 2.178(11)  Fe(1)-N(5) 2.142(12)
Fe(2)-N(19) 2.181(9) Fe(1)-N(15) 2.181(10)  Fe(1)-N(6) 2.116(11)
N(8)-Fe(2)-N(16) 88.6(4) N(23)-Fe(2)-N(16) 91.0(4) N(1)-Fe(1)-N(11) 92.4(4)
N(8)-Fe(2)-N(12) 90.0(4) N(23)-Fe(2)-N(12) 177.5(3) N(5)-Fe(1)-N(7) 87.4(4)
N(8)-Fe(2)-N(19) 176.0(4) N(23)-Fe(2)-N(19) 89.1(3) N(5)-Fe(1)-N(15) 94.6(4)
N(8)-Fe(2)-N(24) 86.3(4) N(23)-Fe(2)-N(24) 95.1(4) N(5)-Fe(1)-N(11) 179.3(4)
N(16)-Fe(2)-N(12)  86.9(3) N(24)-Fe(2)-N(12) 87.1(3) N(5)-Fe(1)-N(1) 87.6(5)
N(16)-Fe(2)-N(19)  95.4(4) N(7)-Fe(1)-N(15) 87.8(4) N(6)-Fe(1)-N(7) 89.4(4)
N(16)-Fe(2)-N(24)  172.1(4) N(7)-Fe(1)-N(11) 92.6(3) N(6)-Fe(1)-N(15) 173.3(4)
N(19)-Fe(2)-N(12)  89.6(3) N(15)-Fe(1)-N(11) 84.7(3) N(6)-Fe(1)-N(11) 89.4(4)
N(19)-Fe(2)-N(24)  89.7(4) N(1)-Fe(1)-N(7) 175.1(4) N(6)-Fe(1)-N(1) 91.2(5)
N(23)-Fe(2)-N(8) 91.4(4) N(1)-Fe(1)-N(15) 92.1(4) N(6)-Fe(1)-N(5) 91.3(4)
C(11)-N(5)-Fe(1) 149.2(10) C(54)-N(24)-Fe(2) 139.2(9) N(5)-C(11)-Se(2) 178.4(12)
C(12)-N(6)-Fe(1) 174.7(11) N(23)-C(53)-Se(4) 177.0(12)  N(6)-C(12)-Se(1) 178.8(13)
C(53)-N(23)-Fe(2)  166.3(11) N(24)-C(54)-Se(3) 177.5(10)
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Table S2.2. Geometry of the m (phenyltriazole) / X (X = S, Se) ... © (phenyltriazole) in
compounds 1 and 2.

centroidl / X centroid2 distance of Symmetry codes of
(X =S8, Se) centroid1/X ... centroid2 (A) centroid2
Compound 1
C16 ring C49 ring 4.0357(5) -x+1l,-y+1,-z+2
N7 ring C6 ring 3.8134(3) —-x+1,-y+1,-z+1
C51 ring C16 ring 3.9796(4) -x+1,-y+1,-z+2
C4 ring C13 ring 4.0083(3) -x+1,—-y+1,—-z+1
S1 C16 ring 3.7232(5) x+1,y,z
Compound 2
NI11 ring C29 ring 4.2776(5) -X—-y+1,-z+2
Sel C16 ring 3.6503(3) x—1,y,z
C16 ring C49 ring 4.002(3) - x+1l,-y+1,-z+2
N2 ring C7 ring 4.2609(3) -X-y+1,-z+1
N7 ring C7 ring 3.8363(3) —x+1,-y+1,—z+1

“ Angle of the centroid 1 -+ maxis to the plane ofthe centroid 2 cycle contacted.

Table S2.3. Hydrogen-bonding mteractions in compond 4.

D-H A H---A (A) DA (A)  <D-H-A () Symmetry codes of A
O2w—-H2wb F12 1.852 2.628(3) 146.32 X, y, zZ
O2w—H2wa F11 2.113 2.813(2) 137.21 -x+1, -y —-z+1
O3w-H3wa  F4 2,056 2.674(2) 127.19 X, 9.z
Olw-Hlwb F8 1.849 2.688(4) 165.36 X, ¥,z

Cl12-H12a F7 2322 3.217(3) 156.78 -x+L-y+1, -z+1
C2-H2a F3 2.303 3.237(2) 167.52 -x+1L-y+1, —-z+1
C18-H18a F6 2.537 3.365(2) 146.67 -x+1,-y+1 -z
C22-H22a F9 2.391 3.280(3) 155.61 -x+1,-y+1 —z+1
C22-H22a F10 2.486 3.347(2) 150.67 -x+1,-y+1, —z+1
C31-H31b F10 2.542 3.1137(2) 117.35 -x+2, -y—-z+1
C3-H33b  FII 2513 3.19502) 126.58 x4l 42 241
C21-H21a F1 2.518 3.421(3) 163.83 -x+2,-y+1, —-z+1
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Chapter 3 SCO Investigation of Two Triple N1,NV2-
Triazole Bridged Fe" Complexes based on Prytrz

This chapter covers the summary results of two triple N1,N2-triazole bridged Fe!! complexes
based on ligand 1 (pyrtrz), which is manuscripted to a journal submission of Z. Anorg. Allg.
Chem. Manuscript detailing will be presented in the following:

Triple N1,N2-Triazole Bridged Dinuclear and Trinuclear Fe!!
complexes: Antiferromagnetic coupling v.s. Spin Conversion
Ai-Min Li** and Eva Rentschler®*

¢ Institute of Inorganic and Analytical Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-
14, 55128 Mainz, Germany

rentschler@uni-mainz.de

b Graduate School Materials Science in Mainz, Staudingerweg 9, D-55128 Mainz, Germany

KEYWORDS Spin crossover / trinuclear /binuclear / 1,2,4-triazole / Schiff bases

3.1 Abstract

Based on the pyrrolyl functionalized Schiff base 1,2,4-triazole ligand 4-((1H-pyrrol-2-
ylmethylene-amino)-4H-1,2,4-triazole (pyrtrz), a group of two multi-nuclear triazole-
bridged Fe!! compounds has been prepared. These two compounds represent rare discrete
multi-nuclear species, with u2-N1,N2-triazole bridges linking the Fe!! centers. Magnetic
susceptibility measurements revealed an abrupt single-step spin crossover (SCO) behavior
of compound 6 on the central Fe!l sites and single-crystal X-ray diffraction (173 K) showed
that this compound crystallizes in the monoclinic space group (P21/c), and multiple
mtramolecular mnteractions were found responsible for the abrupt transition. Compound 5 is
a dinuclear complex with thiocyanate as terminal ligands, this compound stayed in high spin

state over all temperature range and display weak antiferromagnetic exchange coupling.

3.2 Introduction

During the development of spin crossover (SCO) complex preparation and characterization,
the molecular complexes are most commonly reported, like the mononuclear [Fe(bpp)2]**
(bpp = 2,6-di{pyrazol-1-yl}pyridine) system, [ the triazole-based  dinuclear
[Fe2(PMAT):]*" system, [2] and the very recently reported thiadiazole and oxadiazole

dinuclear system by our group. 3] Comparable to these well-explored systems, the discrete
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polynuclear complexes based on triazole ligand, i.e., dinuclear and trinuclear complexes
triple-bridged by N1,N2-1,2,4-triazole ligands, are currently receiving great interest. [4] This
family of compounds stands for the attempting and endeavor made to explore and isolate
the famous 1D coordination polymers of general formula [Fe((Rtrz)3](X)2 (Rtrz = 4-
subsitituted-1,2,4-triazole, X = standard monoanions), some of which displayed wide
thermal hysteresis loops around room temperature. [°1 Compared to the typical molecular
system mentioned above, the triazole-based compounds bear benefits of expanding the
discrete nuclearities to multinuclear or 1D polymeric complex, which is of vital importance
in the exploration of cooperativity between the covently linked wron (II) centers. After the
first structural report on the 1D polymeric structure [Fe(NH2trz);J(NO3)2 in 2011, there is
only one more crystal structure found very recently in the last year. [®] However, a series of
the discrete di-, and tri-nuclear complexes were synthesized and studied, with the intention
of better understanding of the 1D polymer at the molecular and mter-molecular scales, such
to understand and fine tune its SCO properties (Table 9.1, 9.2). [7-12] Interestingly, among
the limited examples of the discrete polynuclear complexes that displayed SCO, the five
trinuclear complexes with p-tolylsulfonate (Tos™) as counteranion [13- 141 all showed gradual
transition with different transition temperatures. (Table 9.1, 9.2). In the present work, we
report the first example of a trimer complex showing an abrupt spin transition with
tolylsulfonate (Tos) as counteranion. Heremn, we report the synthesis, structure, and
magnetic properties of two poly-nuclear triazole-bridged Fe!! complexes based on a Schiff
base modified triazole ligand, ie., 4-((1H-pyrrol-2-yl)methylene-amino)-4H-1,2,4-triazole
(pyrtrz): [Fe'2 (pyrtrz)s(SCN)4]4H20 (5) and [Fe''s(pyrtrz)s(TsO)s].7H20.2CH30H (6).
Single X-ray diffraction and magnetic measurement reveal that both compounds are bridged
by u2-N1,N2-1,2 4-triazole ligands, complex 5 is a binuclear Fe!! complex showing weak
antiferromagnetic interactions, while complex 6 is a trinuclear Fe!! complex exhibiting an
abrupt spin transition behavior. Multiple intramolecular interactions were found being

responsible for the sharp transition.

3.2 Experimental Section

General Methods and Materials.

All commercially purchased chemicals (Alfa Aesar, Sigma—Aldrich and Acros Organics)
and solvents were used without further purification. Magnetic susceptibility data were
collected with SQUID magnetometer MPMS XL-7 i a temperature range of 2~300 K with
an applied field of 1000 Oe. Samples for SQUID measurement were prepared in gelatin
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capsules and held in plastic straws for isertion into the magnetometer. The obtained
magnetic susceptibility values were corrected for diamagnetic susceptibility according to
the Pascal’s constants. ['°] Elemental analysis (C, H, and N) was measured in the
microanalytical laboratories at Johannes Gutenberg University Mainz. Infrared spectra (FT-

IR) were recorded as potassium bromide pellets in the range from 4000 to 400 cm™!' with a

JASCO FT/IR-4200 at the Johannes Gutenberg-University Mainz.

Single Crystal X-ray Diffraction

Single-crystal X-ray diffraction data (C5 and C6) were collected on a Bruker Smart APEX
I CCD diffractometer. The diffractometer was operated at 45 kV and 35 mA with Mo Ka
radiation (A = 0.71073 A), and a nitrogen cold stream was applied to contain the collection
temperature at 173(2) K. Each data reduction was performed using the SAINT and SMART
softwares [16] and an empirical absorption correction was applied with the SADABS
program. ['7] Both structures (C5 and C6) were solved by direct methods, refined by full-
matrix least-squares on F? with the SHELXTL program package, ['8] and the Olex2 program.
191 The ordered non-hydrogen atoms in each structure were refined with anisotropic
displacement parameters, while the hydrogen atoms were placed in idealized positions and
allowed to ride on their parent atoms. In compound 5, the C39 and S4 atoms are respectively
disordered over two positions with a ratio of 2:1. In compound 6, the refinement of the
reflection data yielded acceptable resolved structural results with highly disordering
fragments: there are four disordering positions over the pyrrolyl fragments (C31 to C35,
N36; N54, C56, N57, C58 to C60;N42, C43 to C47, N48; C67to C71, N72), all with a ratio
of 1:1, and four more disordering positions were found over the counter anion p-
toluenesulfonate parts (C94 to C100, S4, O16 to O18; C87 to C93; C208 to C214, S6, 022
to O24; C101 to C107, S5, O19 to 020), all with a ratio of 1:1. Even though, with all these
disordering positions, we managed to get a final refimement with the final R1 (I > 20(/))
value of 0.0852 (completeness of 0.996), the major part of the structure is still reliable and
gives us valuable data for the structure and property investigation (see in the main text). In
all the structures, the lattice water molecules were refined with anisotropic displacement
parameters, while the hydrogen atoms were not defined. Thus, in the discussion of the main
text, unless specified, all the lattice water molecules or the disordered parts were not
included. The crystallographic data and refinement parameters of C5 and C6 are listed in
Table 3.1. CCDC numbers 1815489-1815490 contain the supplementary crystal data of the
compounds: 1815489 (C5) and 1815490 (C6), which can be obtained free of charge from
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The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

All structure figures are generated with DIAMOND-3. [20]

Syntheses

Synthesis of the ligand

HN \
NH, HN .
/\N/ \ Dry EtOH, reflux /\ NN NS
N + — /N
\ _;, X X drops of H,SO, N

Figure 3.1.: Synthetic scheme to prepare the pyrtrz ligand.

The ligand 4-((1H-pyrrol-2-yl)methylene-amino)-4H-1,2,4-triazole (pyrtrz) (Figure 3.1)
was prepared by the condensation reaction: [2! 4-Amino-1,2,4-triazole (1.68 g, 0.02 mol,
1.0 eq.) and pyrrole-2-carboxaldehyde (2.09 g, 0.022 mol, 1.1 eq.) were dissolved in ethanol
with the addition of few drops of H2SO4, acting as acidic catalyst. The reaction mixture was
slowly heated up to 80 °C until it started to boil, then kept refluxing for 10 h. When it cooled
down to r.t., the excess of the solvent was removed by rotary evaporator at 35 °C. The
products such obtained was washed with small amount of cold ethanol, diethyl ether and
then dried in the desiccator with phosphorus pentoxide as dry agent. Dark purple powder
was obtained. Yield: 3.14 g (97.52%), m.p., 207.5-210.7 °C; IR (KBr): 1635 cmr! (vw),
3127(w), 1169 (s), 1062 (vs), 860(s), 762 and 621 cmr! (Ar, CH-strech); 817 cmx!, 2918 cnr
' (Ar-CH3). IHNMR (Figure 9.1) (CD30OD) 7.91 (s, 1H, Ar-H), 7.99 (s, 1H, Ar-H), 8.92
(s, 1H, H-C=N), 9.07 (s,2H,triazole).

Synthesis of the Complex

Synthesis of [Fe'l2 (pyrtrz)s(SCN)4]-6H20 (C5)

To a stirring solution of pyrtrz (129 mg, 0.8 mmol) in methanol (5 mL) was added an aquous
solution of FeSO4.7H20 (90 mg, ~ 0.3 mmol) and NH4SCN (50 mg, ~ 0.6 mmol). The
solution turned from light yellow to dark red immediately. To prevent possible oxidation
process, one spatula amount (~35 mg) of ascorbic acid was added into the reaction solution.
The reaction mixture was then stired for around 3~4 hours before filtrated with rapid filter
paper. The clear light reddish solution such obtained was kept in a small vial and left stand
still to allow the solvent evaporate slowly. After one week, light brown block-like crystals
of C5 were deposited at the bottom of the vial. After removing the mother liquid, the single
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crystals were quickly dried in an argon stream, and stored under argon. Yield: 127.1 mg
(34.90% based on Fe). Anal. Calcd (Found) for C39H35Fe2N2904S4: C, 38.59 (36.38); H,
2.91 (3.63); N, 33.46 (32.62). IR (KBr) n/enr!: 3125 (w), 2927 (m), 2856 (w), 2078 (s),
1609 (vs), 1523 (m), 1422 (w), 1385 (vs), 1311 (m), 1246(vs), 1127 (s), 1063 (m), 1037 (m),
985 (m), 881(w), 759(m), 621 (s), 593 (m), 506 (w).

Synthesis of [Fe'ls(pyrtrz)s(TsO)s].7H20.2CH30H (C6)

Freshly prepared Fe(TsO)2 (120 mg, ~0.3 mmol) in 3 mL H>O was added mto a stirring
solution of pyrtrz (97 mg, 0.6 mmol) dissolved n MeOH (2~3 mL). After stiring for half
hour, one spatula amount (~35 mg) of ascorbic acid was added. This solution was then
stirred for 3~4 hours before filtrated. The obtained clear light yellow solution was then kept
in a small vial and left stand still to evaporate the solvent slowly. After two weeks, light
pink needle-like crystals of C6 were deposited at the bottom of the vial. After removing the
mother liquid, the single crystals were quickly dried in an argon stream, and stored under
argon. Yield: 2573 mg (35.83% based on Fe). Anal Caled (Found) for
C85H88Fe3N30031.5S6: C, 42.65 (42.26); H, 3.71 (4.22); N, 17.55 (17.62). IR (KBr)
n/enr!: 3097 (w), 2988(w), 2922(w), 2857 (w), 1605 (vs), 1530 (s), 1446(m), 1423(m), 1368
(s), 1189(vs), 1125 (s), 1072 (s), 1035 (vs), 1010(s), 883 (m), 844(m), 815 (m), 752 (m),
682(s), 624 (m), 606(w), 566 (s), 513 (w).
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3.4 Result and discussion

3.4.1 Structural Description

Crystallographic data for the compounds 5 and 6 are summarized in Table 3.1 and the
selected bond lengths and angles are presented n Table S3.1.

Table 3.1. Crystallographic Data and Refinement Parameters for compounds 5 and 6.

Compound Cs Co6

Empirical formula Cs9H35Fe2N29004S4 CssHssFesN30031.5S6
Formula weight 1213.90 2393.76
Crystal size 0.14x0.13x0.07 0.51x0.11x0.03
Crystal system Triclinic Triclinic

Space group P-1(No.2) Pi21/cl (No.14)
a(A) 11.9168(13) 19.3399(19)
bA) 13.8948(15) 15.6171(15)
c(A) 18.830(2) 37.287(4)

a(®) 90.543(3) 90

B 101.891(3) 96.902(2)

7(°) 102.381(3) 90

V (A3) 2975.4(6) 11180.2(19)

VA 2 4

Dealc (g/cm?) 1.355 1.422
1#(Mo-Ko) (mm!) 0.691 0.583

F(000) 1240 4936
Reflections collected 28747 64247
Independent reflections 10485 (0.1442) 26617 (0.1035)
Parameters 668 1858
Goodness-of-fit 0.919 0.996
Ri[I>25(]) ? 0.1123 0.0852

wR> (all data)P 0.3641 0.2743

“R;=X||Fo| —|Fc||/Z|Fo|,"WR2 = {[w(Fo® — Fc?)?] /2 [w(Fo?)?]}!"?
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Crystal structure of [Fe'2 (pyrtrz)s(SCN)4]4H20 (C5)

Figure 3.2.: Thermal ellipsoid view of the binuclear molecular structure of C5 at 173 K, shown with 40%

probability ellipsoids. All H atoms are omitted, and only selected atoms are labelled for clarity.

Compound 5 crystallizes in the triclinic space group P-/. The asymmetric unit contains one
full neutral dinuclear complex plus 6 lattice aqua molecules, although some of these aqua
molecules are partially occupied resulting in a total of 4 aqua molecules in the structure. As
shown in Fig. 3.2, for each compound, the two Fell centers are linked through three uo2-
N1,N2-triazole bridges with the distance of 3.988 (7) A. Each Fe!! coordination sphere is
further completed by three N atoms from one terminal triazole ligand and two cis-
thiocyanate anions. The terminal average Fe—N bond length of 2.113(3) A is shorter than
the central average Fe—N bond length of 2.159(3) A. (Table S3.1) While in both cases, the
bond range makes the Fe centers sitting well in the range of high-spin state value at 173 K,
[22] which is further confirmed by magnetic measurement. (See below) The NCS- anions are
almost linear with the N—C—S angle around 178°; the angle of coordation to ron Fe--N—
C is split into two groups with the angle being around 160° and 175°. (See Table S3.1)
Within the structure, there is one of the terminal thiocyanates being disordered over the
C39-S4 bond part with a relative occupancy of 2:1.
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Figure 3.3.: The 1D chain connected via different intermolecular interactions along a axis. The red dashed

lines represent H-bonding, while the blue dashed lines represent w...t stacking.

Figure 3.4.: The m---m stacking in bc plane.

In compound 5, the adjacent neutral dinuclear units are interconnected through
C31-H31-7tnis-ring stacking (C31-H31--centroid = 2.6070(2) A) and a group of one-to-two
H-bonding (S4 ... H17 = 2.9763(3) A, S4-H16 = 2.6145(2) A) interactions to form a 1D
chain along a axis. (Figure 3.3) This chain is further connected in bc plane through another
two groups of parallel intermolecular 77 stacking (centroid-centroid 3.5625(2) A)
together with one set of C6—H6-1tns ring stacking (C6—H6--centroid = 3.7232(5) A) to form
a 3D supramolecular architecture. (Figure 3.4)
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Crystal structure of [Fe"3(pyrtrz)s(TsO)s].6.5H20.CH3OH (C6)

. S6

$1

Figure 3.5.: Thermal ellipsoid view of the linear trinuclear complex C6 at 173 K, shown with 40%
probability ellipsoids. All water, methanol solvent molecules and H atoms are omitted for clarity, and only

selected atoms are labelled.

Compound 6 was found crystallized in monoclinic space group P21/c. Within the linear
trinuclear basic units, the Fe!l ions are linked by three w>-NI,N2-donating triazole ligands,
the terminal coordination sites are occupied by three H2O molecules to complete its [N303]
hexa-coordination. (Figure 3.5) Quite surprisingly, this structure consists of three complete
Fe centers within the asymmetrical units, where there are only two other examples among
the 17 reported linear trimer analogues. [190: 112l The central Fe2 is in an octahedral [FeN]
coordination environment, while the outer Fe!! ion, Fel and Fe3, are in a [FeN3O3]
coordination environment due to the coordination of the terminated aqua molecules. Each
trinuclear unit is cationic with a 6% charge, which is balanced by six friee p-toluenesulfonate
conuteranions. Interestingly, due to different groups of H-bonding and n stacking, (Figure
3.6, table S3.2, S3.3, only predommant ones are discussed regards to the disordering
fragments) the p-toluenesulfonate ions are embedded unequally around the three linear Fe
units. This unique feature makes the central Fe centers crystallographically independent
without symmetrical center, such the structure ended up with monoclinic space group with
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three independent Fe centers within the asymmetrical unit. The X-ray analysis also reveals
two methanol and seven water molecules linked to the trinuclear units via different H-
bonding interactions, as some atoms are only partially occupied, resulting only in a total of
one methanol and 6.5 water molecules identified. The hydrogen from the water molecules
are not defined here, such potential supramolecular interactions are not discussed here.
Though one significant point need to be pointed out that six of the seven water molecules
scattered exclusively along one side of the trimer with another one (029) embedded in the
middle of the trimer units (Figure 3.5). The balance of the unevenly distributed water
molecules is achieved by the same unequally embedded p-toluenesulfonate anions, which

further explains the uniqueness of the structure.

C212

Figure 3.6.: The different intramolecular interaction found in the trimer units. The red dashed lines represent

H-bonding, while the blue dashed lines represent ...t stacking.
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Figure 3.7.: Labelled core of the linear trinuclear complex. Iron(Il) sites (spheres)are coloured differently to

distinguish the spin state. (high spin (HS): red, low spin (LS): purple)

According to the ligand-field theory, the total ligand-field strength is larger for the central
metal centre (coordinated by six triazole N atoms) than for the peripheral ions (surrounded
by three triazole N and three O atoms from water). Considering the coordnation
environment among the three crystallographically unique iron(II) ions, only the central one
(Fe2) is n the expected coordination environment for SCO to occur. According to the
magnetic susceptibility measurement, the spin transition between the central Fe!l sites
happenes between 150 K ~ 95 K with 77,2 around 120 K (details in the magnetic part). The
crystal structure determination was conducted at 173 K, right in the begnning of the spin
transition. While still, significant differences were observed between the central Fe and the
peripheral ones. The examination of the Fe2-N distances reveal bond lengths of
approximately 2.08 A (Table S3.1) which are consistent with this site being in the middle
of LS and HS state at this temperature (Figure 3.7). The Fe2—N and Fe3—N bond distances
of approximately 2.16 A are consistent with a HS state as expected for this coordination
environment. (Table S3.1, Figure 3.7) In addition, numerous of mtra- and inter-molecular
mteractions mvolving the sulfonate oxygen atoms of the free p-tolylsulfonate anions lead to
the final crystal packing. These supramolecular interactions explains the unusual sharp
transition found in the rather bulky m-rich ligand system. 7Yl A comprehensive list of all the

interactions is shown in Table S3.3.
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3.4.2 FT-IR spectroscopy

1 ligand pyrtrz
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Figure 3.8.: The FT-IR spectraof ligand pyrtrz and compounds 5, 6.

The FT-IR spectra of compounds 5 and 6 indicate that the ligand pytrz almost exhibit the
similar vibration to that in the neat form pytrz. As shown in Figure 3.8, the spectra of the
two compounds are very similar and dominated by the spectral characteristics of the Schiff
base ligand. However, a careful mspection can allow the assignment of significant changes
due to the coordination of the complex. The vibration frequencies of the aromatic groups
(Car—Car and Car=N) can be found between 1310 cmr! and 1610 cmi! in both compounds and
the free ligand. The peak at 1508 (s, pyrtrz), 1522 (m, C5) and 1529 (s, C6) cmr! can be
assigned to the characteristic @-triazole ring vibration. The ~15 cmr! hypsochromic shifts
between the compounds and the free ligand indicates the coordination of nitrogen atoms to
the metal centers. (23] Additionally, the peaks at 1169 (s), 1062 (vs), and 762 (vs) cmx! can
be assigned to the C—H m-plane or out-of-plane bend ring breathing, and ring deformation
absorptions. The characteristic azomethine (HC=N) stretching [?4] around 1635 cnr! in the
ligand somehow showed as very faint peak. [>°] The spectrum of C6 showed strong C=N
stretching at 2078 cm! suggesting the presence of the thiocyanate in the compounds. The
28 cmr! hypsochromic shift compared to the spectrum of KNCS (2050 cm!) indicates the
fact that SCN is coordinated with Fe!! via the nitrogen atoms. [2] In addition, the spectrum
of C5 showed signature bands for the p-toluenesulfonate counterions: The band at 1446
cm ! could be ascribed to the —CHs3 vibrations of the anion, and the bands at 1035, 1010
cm ! may be assigned to the internal vibrations of the CH3CsHas parts. 271 While the broad
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band at 1189 cm™! and sharp one at 1125 cm! are assigned to vas(—SO3°) and vas(—SO3°)

vibrations, respectively.

3.4.3 Magnetic susceptibility and Mossbauer Spectroscopy

As shown i figure 3.9, the magnetic susceptibility data of compound 5 has been recorded
in the temperature range 300—2 K. The ym7 value of 6.55 cm?-K-mol™! (C5) at 300 K can
be ascribed to the corresponding two high spin Fe(Il) ions. This value remains almost
constant at 6.55 ~ 6.27 cm®*K-mol™! for compound 5 from 300 K down to 140 K; below
this temperature, it starts to decrease more and more abruptly to reach a final value of 0.88
c® K'mol'! (2 K). This temperature dependent behavior indicates typical
antiferromagnetic magnetic coupling between two Fe(Il) ions in the high spin state.

8 4
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Figure 3.9.: The temperature-dependent magnetic susceptibility for compound 5 (the solid line represents the

best fit curve).

To evaluate the antiferromagnetic coupling through the triple N/,N2-triazole bridge mn the

(28] program over the entire

dinuclear complex, the magnetic data are simulated with PHI
temperature range. Considering the multiple supramolecular interactions found between the
adjacent dimer molcules. The intermolecular interaction parameter zJ/ was implemented
with the fiting progress. The best fiting result gives us the value g = 1.94, zJ = -0.17(2) cnr
I and coupling constants J = —0.58(2) cnr!. (Figure 3.9) The result suggests that the

antiferromagnetic coupling between the two adjacent Fe!! centers is weak, and the
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supramolecular interactions found i the crystal lattice was found assisting for the

antiferromagnetic coupling.
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Figure 3.10. The temperature-dependent magnetic susceptibility (ymT v.s. T) for compound 6.

Temperature dependent magnetic susceptibility measurements on a bulk crystalline sample
of compound 6 was also made from 300 K to 4 K range. The data revealed an abrupt one-
step SCO (Figure 3.10). At 300 K, the yuT values 0f9.63 cm K mol! are in agreement with
all Fe(Il) sites being in the HS state per trinuclear unit. This value remains approximately
constant until 150 K where the decrease in yuT values became abruptly all the way down to
6.75 cmrK mol! by 95 K. The process indicates of a sharp SCO transition of one-third of
the Fe(Il) sites to the LS state with a 77, around 120K. No thermal hysteresis was observed

with heating process.

In order to understand the details of SCO process of compound 6, temperature dependent
Mossbauer spectroscopy was performed on a bulk crystalline sample (Figure 3.11). Spectra
were recorded at 77 K, 107 K, 137 K, 167 K and 197 K. The spectra have been analyzed
with in total 3 different subspectra. The full parameters (oJ: isomer shift, 4eq: quadrupole
splitting, 7 line width at half maximum, A: relative spectral area) are listed in Table 3.2.
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Figure 3.11. Mdssbauerspectraof compound 6 at 77 K, 107 K and 137 K. The open circles are the

experimental data, theblack solid line shows a superposition of the following components:subspectrum 1

(purple) represents the [LS] fraction of central iron (Fe2), subspectrum?2 (blue) is due to the [HS] fraction of

terminal iron (Fel and Fe3), and subspectrum3 (green) is the [HS] fraction of central iron (Fe2). Parameters

see Table 3.2.

Table 3.2. 57Fe Mdssbauer parameters of compound 6 at different temperatures.

T=77K
Subspectra HS Fel and Fe3 LS Fe2 HS Fe2 and Fe3
0 [mm/s] 1.22£0.02 0.54 £ 0.04 -
AEo [mm/s] 3.22+0.02 0.24+0.03 -
I' [mm/s] 0.41+0.03 0.47 £0.03 -
Rel. Area [%] 66.00 +1.00 34.00 +1.00 0
T=107K
0 [mm/s] 1.16 £ 0.03 0.54 +0.05 1.21+0.04
AEo [mm/s] 322+0.04 0.24+0.10 225+0.02
I' [mm/s] 0.34 £ 0.02 0.47 £0.07 0.36 £ 0.04
Rel. Area [%] 65.00 + 1.00 8.00+2.00 27.00 £ 1.00
T=137K
0 [mm/s] 1.16 £ 0.03 - 1.21+0.03
AEo [mm/s] 322+0.04 - 2.05+0.04
I' [mm/s] 0.34+0.02 - 0.44+0.03
Rel. Area [%] 65.00 £2.00 - 35.00 = 1.00
T=167K
0 [mm/s] 1.15+0.02 - 1.21+0.04
AEo [mm/s] 3.16 +0.02 - 1.93+0.03
I' [mm/s] 0.34+0.01 - 0.36 £ 0.05
Rel. Area [%] 64.00 +2.00 - 36.00 +2.00
T=197K
0 [mm/s] 1.15+0.04 - 1.21+0.03
AEo [mm/s] 3.16 £0.04 - 1.87 +0.04
I' [mm/s] 0.34+0.02 - 0.36 +0.01
Rel. Area [%] 67.00 £ 1.00 - 33.00+1.00

As clearly shown in Figure 3.11 and Table 3.2, the Mdssbauer spectrum at 77 K shows two
distinctly different doublets. Doublet 1 (purple) has 6 = 0.54 mm's™! and 4rq = 0.24 mm's™!.
Such a low quadrupole splitting is characteristic for a LS ron(II) embedded i an octahedral

ligand field. Doublet 2 (blue) has § = 1.22 mm's™' and 4gq = 3.22 mm's™!, values which are
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typical fingerprints of a high-spin ron(Il) species in an octahedral N/O ligand environment.
[29] The relative intensity ratio of 12 between these two doublets indicates that the central
ron(Il) is in its low spin state, ie., for complex 6, a HS-LS-HS state is stabilized at 77 K,
which is in accordance with the magnetic susceptibility results discussed above. With
increasing temperature, at 107 K, the intensity of doublet 1 representing the central LS
iron(IT) decreases while a new doublet 3 (green) emerges which has 6 > 1 mm's™!, an isomer
shift typical for Fe(Il) HS. The SCO of the central Fe is perfectly reflected in the Mossbauer
spectra displayed at this temperature (at 107 K), that is, the intensity increasing of the green
doublet 3 (central iron HS) is at the expense of the decreasing intensity of the purple doublet
1 (central iron LS). It is worth noticing that the intensity of LS and HS species here does not
reflect the actual concentrations of the different iron sites because of the different Lamb-
Maossbauer factors for the LS and HS state. [14230] Nevertheless, the total intensity sum of
green doublet 3 and purple doublet 1 still keeps a 1:2 ratio to the blue doublet 2 (external
ron HS), confirming the SCO process undergoing on the central iron center only. At 137 K,
doublet 1 vanishes, and the approximate 2:1 relative area ratio of the HS doublet 2 and the
HS doublet 3 reflects the SCO transition of complex 6 from a HS-LS-HS state to a HS-HS-
HS state. Further measurements of higher temperature (167 K and 197 K) reveal good
agreement with the steady HS and LS ratio of 12, which confirms the stability of HS-HS-
HS state after the spin transition. Additionally, the relative intensity ratio of 3:1 between the
green doublet 3 and purple doublet 1 at 107 K gives us the hint of the transition temperature
being around 120 K. As the spin transition in compound 6 is abrupt, with the help of the
derivative plot of the ymT vs. T curve (Figure S1), a spin transition temperature of 120 K is
also easily spotted. In conclusion, the temperature dependent Mossbauer spectra displayed
m Figure 11 clearly shows that the central ron(II) in complex 6 is able to undergo SCO with
T2 around 120 K, which is in good accordance with the magnetic susceptibility data shown
in Figure 3.10.

The abrupt SCO behavior of this compound suggests medium strong cooperativity between
molecules in the lattice, which is in accordance with the structural analysis. The multiple
mtra- and inter-molecular H-bonding interactions found in the crystal lattice explain the
strong cooperativity between the active Fe(Il) centers. Interestingly, even though studies
have shown that ligands with bulky aromatic substituents and aromatic anions might have a
“dilute or separation effect” on the overall cooperativity of the SCO compounds. [132.14b] The
abrupt transition observed here stands for an example with the supramolecular interactions

overcome the “aromatic dilute effect”. A further study can be followed by synthesis of
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similar compounds with different degree of aromatic substitutions, either from the triazole
ligands or from the counter anions. Furthermore, the relatively low transition temperature
(120 K) for this compound is consistent with other similar discrete molecular species
containing bulky aromatic 1,2,4-triazole ligands. [13.14]

3.5 Conclusion

The work presented here shows two new examples of discrete triazole-based multi-nuclear
Fell complexes. Based on the ligand 4-((1H-pyrrol-2-yl)methylene-amino)-4H-1,2,4-
triazole (pyrtrz), a group of two crystalline coordination Fe!! complexes, ie., one binuclear
[Fe'>(pyrtrz)s(SCN)4] - 7TH20 (C5) and one trinuclear
[Fe''3(pyrtrz)s(TsO)s] - 10H>0-2CH3;0OH (C6), has been synthesized and magnetically
characterized. An abrupt spin transition (712 = 120 K) was found n compound 2, which
was confirmed and explored by the magnetic susceptibility, Mossbauver spectra and
structural measurements. The binuclear complex 5 did not show the spin transition, while
an weak antiferromagnetic exchange coupling inside the dimer molecules was detected,
assisted by the supramolecular interactions i the crystal lattice. The trimer complex
described here represent the first example of an abrupt transition found with the
accompanying of tolylsulfonate anion. This work suggests that apart from the mnefficient
communication the bulky aromatic groups might bring into the SCO system, the multiple
supramolecular interaction formed can sometimes also lead to a good cooperativity between
the active metal centers. The future work might need to focus on the isolation of more similar
compounds with different degree of potential supramolecular interactions to examine their

effect more quantitatively.
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Figure S1. A derivative plot of the ymT v.s. T curve for compound 6.

Table S3.1 Selected bond lengths [A] and angles [°] for C5 and C6.

Compound 5
Fe(1)-N(1) 2.142(5) Fe(1)-N(28) 2.095(11) Fe(2)-N(12) 2.201(9)
Fe(1)-N(7) 2.142(5)  Fe(1)-N(29) 2.128(11)  Fe(2)-N(16) 2.108(6)
Fe(1)-N(11) 2.172(9)  Fe(2)-N(2) 2.161(5) Fe(2)-N(26) 2.090(10)
Fe(1)-N(22) 2.163(6)  Fe(2)-N(6) 2.134(5)  Fe(2)-N(27) 2.094(11)
N(1)-Fe(1)-N(7) 87.2(3) N(28)-Fe(1)-N(29) 92.6(4) N(16)-Fe(2)-N(12) 88.5(3)
N(1)-Fe(1)-N(11) 86.7(3) N(29)-Fe(1)-N(1) 90.0(3) N(26)-Fe(2)-N(2) 176.9(4)
N(1)-Fe(1)-N(22) 86.9(3) N(29)-Fe(1)-N(7) 90.3(3) N(26)-Fe(2)-N(6) 89.9(4)
N(7)-Fe(1)-N(11) 90.93)  N(29)-Fe(1)-N(11)  176.4(4)  N(26)-Fe(2)-N(12) 90.8(4)
N(7)-Fe(1)-N(22) 173.8(3)  N(29)-Fe(1)-N(22) 87.8(4) N(26)-Fe(2)-N(16) 86.7(4)
N(22)-Fe(1)-N(11) 90.6(3) N(2)-Fe(2)-N(12) 86.4(3) N(26)-Fe(2)-N(27) 92.5(4)
N(28)-Fe(1)-N(1) 177.0(3)  N(6)-Fe(2)-N(2) 88.6(3) N(27)-Fe(2)-N(2) 90.3(4)
N(28)-Fe(1)-N(7) 91.23)  N(6)-Fe(2)-N(12) 87.9(3) N(27)-Fe(2)-N(6) 92.4(3)
N(28)-Fe(1)-N(11) 90.8(4) N(16)-Fe(2)-N(2) 94.6(3) N(27)-Fe(2)-N(12) 176.7(4)
N(28)-Fe(1)-N(22) 94.8(3) N(16)-Fe(2)-N(6) 175.0(3) N(27)-Fe(2)-N(16) 91.4(4)
C(36)-N(26)-Fe(2)  161.0(14)  C(38)-N(28)-Fe(1) 174.1(10) N(27)-C(37)-S(2) 178.7(13)
C(37)-N(27)-Fe(2)  172.9(11)  N(26)-C(36)-S(1) 174.7(17) N(28)-C(38)-S(3) 179.0(12)
Compound 6
Fe(1)-0O(1) 2.149(3)  Fe(2)-N(2) 2.093(4) Fe(3)-0(4) 2.118(5)
Fe(1)-0(2) 2.069(4)  Fe(2)-N(14) 2.075(5) Fe(3)-0(5) 2.124(5)
Fe(1)-0(3) 2.133(4)  Fe(2)-N(26) 2.094(5) Fe(3)-0(6) 2.159(5)
Fe(1)-N(1) 2.173(5)  Fe(2)-N(37) 2.081(5) Fe(3)-N(38) 2.134(5)
Fe(1)-N(13) 2.157(5)  Fe(2)-N(49) 2.130(5) Fe(3)-N(50) 2.156(5)
Fe(1)-N(25) 2.160(4)  Fe(2)-N(61) 2.108(6) Fe(3)-N(62) 2.173(6)
O(4)-Fe(3)-0(5) 91.3(2) O(5)-Fe(3)-0(6) 88.0(2) N(38)-Fe(3)-0(6) 88.4(2)
O(4)-Fe(3)-0(6) 87.7(3) O(5)-Fe(3)-N(38) 175.7(2) N(38)-Fe(3)-N(50) 92.3(2)
O(4)-Fe(3)-N(38) 91.02)  O(5)-Fe(3)-N(50) 91.23(19)  N(38)-Fe(3)-N(62) 87.1(2)
O(4)-Fe(3)-N(50) 91.9Q2) O(5)-Fe(3)-N(62) 90.6(2) N(50)-Fe(3)-0(6) 179.2(2)
O(4)-Fe(3)-N(62) 178.1(2)  O(6)-Fe(3)-N(62) 92.5(2) N(50)-Fe(3)-N(62) 87.87(19)
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Table S3.2. Geometry of mntra-molecular C—H/O - & (pyrrole/triazole) in compound 6.

Atom (X) centroid X:--centroid ¢@/deg?
distance/A

C70b—H70b C9%4 ring 2.9070(2) 70.509(5)
013 N6l ring 3.462(5) 79.035(3)
O12 ring N1 ring 2.992(6) 78.413(3)
C75-H75 C80 ring 2.748(2) 85.609(4)
C60-H60 C80 ring 2.630(2) 86.995(3)
C93-H93a C60 ring 2.813(2) 89.298(5)

% Angle ofthe X...t axis to the plane of the centroid cycle contacted.

Table S3.3. Intra- and inter-molecular Hydrogen-bonding mteractions in compound 6.

D-H A H---A (A) DA (A) <D-H--A (®)  Symmetry codes ofA
C27-H27 019 2412 3.231(6) 144(2) X 9,z
N36-H36 021b 1.913 2.726(7) 153(1) X 0z
CI19-H19 011 2442 3.16909) 13303) X 0z
C15-HI5 013 2267 3.199(7) 166(2) X 3z
C63-H63 023 2.523 3.342(5) 144(3) X, ¥,z
N48-H48 029 1.938 2.799(8) 167(2) X 9,z
N72 —H72 032 1.914 2.769(6) 166(2) X, ¥,z
C27-H27 020 2.101 3.051(2) 173(2) X, ¥,z
C33b—H33a 021 1.983 2.847(3) 150(3) X, ¥,z
C53-HS3 o12 229 3.161(5) 151(5) X 9,2
N21-H21 026 1.932 2.807(9) 1732) —x+1y+05 —z+05
N57-H57 029b 2233 2.962(7) 140(5) Xy 405 2405
N72b-H72b 07 1,755 2.591(3) 157(2) x4+ 1, y+05 —z+05
C3-H3 022 2.193 3.0832) 156(5) X%y —05 —z+05
C9—HY 028a 1.975 2.905(6) 166(2) —x+1,y=05 —z+05
C17-H17 017 2.156 2.994(7) 1473) x4+ 1,y-05 —z+05
C39-H39 014 2241 3.08209) 147(5) %y —05 —z+05
C41-H41 0l8b 2071 2.991(8) 162(2) X y-1z
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Chapter 4 Three Iron Polynuclear Complexes: Magnetic
Properties from a Dimer to 1D chain to 3D framework

This chapter covers the summary results of three iron polynuclear complexes based on
ligand 4 (toltrz) and ligand 3 (5-imztrz), which is manuscripted to the journal submission of
CrystEngComm. Manuscript detailing will be presented in the following:

1,2,4-triazole Schiff base directed synthesis of Iron Polynuclear
Complexes: investigating the magnetic properties from a dimer
to 1D chain to 3D framework

Ai-Min Li*® and Eva Rentschler?*

¢ Institute of Inorganic and Analytical Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-
14, 55128 Mainz, Germany

rentschler@uni-mainz.de

b Graduate School Materials Science in Mainz, Staudingerweg 9, D-55128 Mainz, Germany

KEYWORDS Polynuclear /Iron / 1,2,4-triazole / Schiff bases

4.1 Abstract

Based on two functionalized Schiff base ligands 4-(1H-imidazol-5-ylmethylene-amino)-
4H-1,2,4-triazole (imztrz) and 4-(p-tolylidene-amino)-4H-1,2,4-triazole (toltrz), a series of
three polynuclear triazole based Fe compounds has been prepared. Compounds 7 and 8 are
oxalate bridged Fe!' complex with C7 showing a linear 1D chain and C8 exhibiting a zigzag
chain based 3D interpenetrated framework. Both structures show rather big void n the 3D
architecture (~ 15% of the crystal volume). Compound 9 is a binuclear Fe!'! complex, which
is bridged by two citrate ligands to form a face-shared centrosymmetric structure. Magnetic
susceptibility measurements indicate that all three compounds show weak antiferromagnetic

exchange interaction between the adjacent Fe centers.

4.2 Introduction

In recent years, mterest has grown among chemists and physics to design and build up
extended 3d metal networks based on small chelating anionic ligands such as oxalate and
citrate. Particularly, in the field of magnetic materials, ['! oxalato-bridged complexes have
been mtensively studied because of their versatile abilitiess to mediate magnetic coupling

between the paramagnetic metal centers with a rather large separation (~5 A). [2] Numerous

76



Chapter 4 Three Iron Polynuclear Complexes:
Magnetic Properties from a Dimer to 1D chain to 3D framework

of polynuclear chains and networks have been reported with regard to this aspect. [3-7] The
binuclear ron system was first studied long ago by the pioneers Earnshaw, Lewis and
Murray, [8] while there are only few examples with dimeric Fe!ll citrate complexes reported
until now. [°! Success in characterization of polynuclear compounds has been achieved, by
the combination of oxalate with 4, 4’-bipyridine (bpy) 7% and its derivatives lke 2, 2’-
bipyrimidine (bpym) [0 as chelating bridging ligands, which resulted in chain or layered
compounds. Compared to oxalate bridged metal complexes of CwCit/Ni, the number of
reports on characteristics for oxalate-bridged Fe!! complexes is still limited. Similar to
bpym/bpy derivatives, 1,2,4-triazole based ligand has been a useful building block for the
construction of metal-organic co-ordination frameworks since years, especially on the
synthesis of spin crossover molecules. A number of polymeric compounds bridged by the
u2-N1,N2-triazoles has been isolated and reported with interesting magnetic properties. [10]
It is well known that the 1,2,4-triazole ligand can also adopt the monodentate mode when
coordinating to the metal center, [!!] while only very recently, the feature of this type of
ligand has been well-developed to construct higher dimensional magnetic based materials.
[10¢, 12] However, such coordination mode blended with oxalate / citrate for constructing
metal coordination compounds have been rarely explored. ['3] Incidentally, in the
preparation of triazole based polynuclear complexes, for the first time, we isolated two Fe!l
compounds with the interest of co-ordination between oxalate and monodentate triazole
ligands and one citrate Fe!'' compound with the triazole ligand acting as a charge balance.
Herein, we report the synthesis, structure, and magnetic properties of a series of three
polynuclear Fe complexes based on oxalate/citrate and Schiff base modified triazole
ligands, ie., 4-(p-tolylidene-amino)-4H-1,2,4-triazole (tolrz) and 4-(1H-imidazol-5-
ylmethylene-amino)-4H-1,2,4-triazole (5-imztrz) : [Fe'(toltrz):(C204)] SH20 (7), [Feé'(5-
imzrz)(C204)] 2H>0 (8) and [Fel'(cit) (H20)](5-imzrzH)-3H2O (9). Single X-ray
diffraction and magnetic measurements reveal that compounds 7 and 8 are oxalate bridged
Fell complexes with porous character showing different antiferromagnetic interactions. Both
structures differ significantly fiom the bpy/bpym structures, [©® 721 while compound 9 is a
citrate bridged Fe'll face-shared dimer exhibiting a weak antiferromagnetic interactions,

which can be compared with the reported similar analogues. [9-]
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4.3 Experimental Section

General Methods and Materials.

All chemicals and solvents were purchased from the commercial companies (Alfa Aesar,
Sigma—Aldrich and Acros Organics) and used without further purification. The magnetic
measurement were proceeded with a Quantum Design SQUID magnetometer MPMS XL-7
over the temperature range of 2-300 K with an applied field of 0.1T. Samples for the
magnetic measurement were prepared in gelatin capsules and held i plastic straws for
insertion into the magnetometer. The obtained magnetic susceptibility values were corrected
with diamagnetic susceptibility according to the Pascal’s constants. ['4l Elemental analysis
(C, H, N) was measured in the microanalytical laboratories at Johannes Gutenberg
University Mainz. Infrared spectra (FT-IR) were recorded as potassum bromide pellets in

the range from 4000 to 400 c! with a JASCO FT/IR-4200.

Single Crystal X-ray Diffraction

Single-crystal X-ray diffraction data for all the three compounds were collected on a Bruker
Smart APEX II CCD diffractometer. The diffractometer was operated at 45 kV and 35 mA
with Mo Ka radiation (A = 0.71073 A), and a nitrogen cold stream was applied to aquire the
data collection environment of 173(2) K. Each data reduction was performed using the
SMART and SAINT software [!3] and an empirical absorption correction was applied using
the SADABS program. 6] All the three structures were solved by direct methods and
refined by full-matrix least-squares on F? using the SHELXTL program package, [17] and
the Olex2 program. ['3] The ordered non-hydrogen atoms in each structure were refined with
anisotropic displacement parameters, while the hydrogen atoms were placed in idealized
positions and allowed to ride on their parent atoms. The lattice water molecules were refined
with anisotropic displacement parameters i all three structures, and all positions of the
hydrogen atoms of the water molecules in C8 and C9 were obtained from Fourier-difference
maps, while in compound 7, the hydrogen atoms were not defined. The crystallographic
data and refinement parameters of C7, C8 and C9 are listed in Table 4.1. CCDC numbers
1815493-1815495 contain the supplementary crystal data of the compounds: 1815493 (C7),
185494 (C8) and 1815495 (C9), which can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif. All structure
figures are generated with DIAMOND-3. [1°]
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Syntheses

Synthesis of the ligand

HN=\
N
NH, HN—\ Dry BOIL, reflux N W
- 3 . P
N//\N + o \\N drops of 11,80 N//\N
\N;’ > rops of H,S0, \N"_I

Figure 4.1.: Synthetic scheme to prepare the 5-imztrz ligand.

The ligand 4-(1H-imidazol-5-ylmethylene-amino)-4H-1,2,4-triazole (5-imztrz) (Figure 4.1)
was prepared by the by the condensation reaction of a modified literature procedure. [20]
First dissolved 4-amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) in ethanol, heated the
reaction solution to boiling (80 ©°C). Then, the second reactant 1H-Imidazole-4-
carbaldehyde (2.11 g, 0.022 mol, 1.1 eq.) dissolved in ethanol was added dropwise though
a dropping funnel. After the addition, few drops of catalytic H2SO4 was added. The reaction
mixture was then kept for refluxing for another 10 h. When cooled down to r.t., the excess
of the solvent was removed by rotary evaporator at 35 °C. The product such obtained was
washed with small amount of cold ethanol, diethyl ether and then dried in the desiccator
with phosphorus pentoxide as dry agent. Light-yellow powder was obtained. Yield: 2.98 g
(91.89%), m.p.253.5-265.7 °C; IR (KBr) 3116 cmr! (Ar, CH-strech.); 1625 cmr! (H-C=N);
1504 cmr!, 1187 enr!, 1065 cnr!, 857 cnn!, 620 cm! (C=N, C=C). IHNMR (Figure 9.2)
(d5°-DMSO): 9.07 (s,2H,triazole), 8.92 (s, 1H, H-C=N), 7.91 (s, 1H, imidazole ring), 7.79
(s, 1H, imidazole ring).

The ligand 4-(p-tolylidene-amino)-4H-1,2,4-triazole (toltrz) was prepared in the similar
manner, except changing of 1H-Imidazole-4-carbaldehyde (2.11 g, 0.022 mol) to 4-
methylbenzaldehyde (2.65 g 0.022 mol). A white powder with intense smelling was
obtained. Yield: 3.53 g (94.85%), m.p.137.5-157.8 °C; IR (KBr): 1608 cmr! (H-C=N), 3101
cnr! (Ar, CH-strech); 817 cnr!, 2918 cm! (Ar-CH3). IHNMR (Figure 9.4) (CD30OD):
7.35-7.82 (dd, 4H, Ar—H), 8.94 (s, 1H, H-C=N), 9.05(s,2H,triazole), 2.43(s,3H,p-CH3).
Synthesis of the Complex

Caution! The prepared perchlorate complexes are potentially explosive. Even though explosions

never occurred, only small amounts should be prepared and handled with care!

Synthesis of [Fe!(toltrz)2(C204)] SH20 (C7)

This compound was first obtained as an unexpected product from the following procedure:

To a stirring solution of toltrz (150 mg, 0.8 mmol) in methanol (3 mL) was added an 5 mL
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aqua solution of Fe(ClO4)4-6H20 (80 mg, ~ 0.3 mmol). The solution turned from colorless
to a slightly dark reddish color solution. Then two spatula-amount (~70 mg) of ascorbic acid
were added to prevent possible oxidation process. The reaction mixture was then stirred at
60 °C for 3 hours before filtrated with rapid filter paper. The obtained clear reddish solution
was kept in a small vial and left stand still to evaporate the solvent slowly. After three weeks,
light yellow needle-like crystals of C7 were deposited at the bottom of the vial. After
removing the mother liquid, the single crystals were quickly dried in an argon stream, and
stored under argon. Yield: 35.7 mg (34.80% based on Fe). The oxalate anion seen from the
X-ray diffraction result violates the basic starting materials that we put into the reaction in
the first place. The only explanation is that it came from the decomposition of the ascorbic
acid when it was working against the oxidation of Fe!! ions. There are several reports
regarding this way to achieve the oxalate as starting material. [>!] We thus tried to prepare
the oxalate compound by using (NH4)2(C204) (38 mg, ~ 0.3 mmol, with the ratio of 1:1
compared to Fe) mstead of ascorbic acid in a rather mild reaction conditions (stirred at r.t.).
Same light-yellow crystals formed after one week with a higher yield of 66.96% (68.7 mg,
based on Fe). Anal. Calcd (Found) for C22H20FeN8O11: C, 42.06 (41.44); H, 3.21 (3.59);
N, 17.83 (17.57). IR (KBr) n/cmr!: 3115 (m), 2921 (w), 1643 (vs), 1605 (s), 1523 (m), 1421
(w), 1122 (m), 829 (m), 619 (m), 489 (w).

Synthesis of [Fe!'(5-imztrz)(C204)] 2H20 (C8)

This compound was also first obtained as an unexpected product with the same procedure
for compound 8, except for changing of toltrz (150 mg, 0.8 mmol) to imztrz (130 mg, 0.8
mmol). Yield: 38.7 mg (20.54% based on Fe). The preparation with ammonium oxalate give
us the same crystalline compound with a yield of 72.98% (137.5 mg, based on Fe) Anal
Calcd (Found) for CSH10FeN606: C, 28.09 (27.75); H, 2.95 (3.28); N, 24.57 (23.70). IR
(KBr) nfemr!: 3121 (m), 2923 (w), 1683 (vs), 1634 (vs), 1616 (vs), 1520 (m), 1433 (w),
1353 (m), 1311 (m), 1167 (m), 1113 (vs), 1062 (vs), 1006 (m), 956 (m), 799 (s), 693 (m),
647 (m), 620 (s), 513 (m), 485 (w).

Synthesis of [Fe!l(cit) (H20)](5-imztrzH)-3H20 (C9)

To a stirring 3 mL methonlic solution of imztrz (130 mg, 0.8 mmol), Fe(ClO4)4+-6H20 (80
mg, ~ 0.3 mmol) n 5 mL H2O was added. The solution color changed from light yellow to
a bit darker. Then citric acid (60 mg, ~ 0.3 mmol) was added as a powder into the reaction
solution, the reaction was then kept stirring at 60 °C for 5 hours before filtrated with rapid
filter paper. The obtained light-yellow solution was kept n a small vial and left stand still
to evaporate the solvent slowly. After five days, light-yellow (looks like white too) block
crystals of C9 were deposited at the bottom of the vial. After removing the mother liquid,
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the single crystals were picked up and blew with an argon stream to dryness before stored
mn a small vial Yield: 81.7 mg (56.85% based on Fe). Anal Calcd (Found) for
C12H19FeN60O11: C, 30.08 (30.78); H, 4.00 (3.75); N, 17.54 (18.37). IR (KBr) n/cnr':
3136 (m), 2959 (w), 2853 (w), 2620 (w), 1683 (vs), 1634 (vs), 1617 (vs), 1570 (m), 1523
(m), 1506 (w), 1343 (w), 1384 (w), 1351 (m), 1313 (m), 1257 (w), 1164 (m), 1112 (s), 1063
(s), 1007 (m), 958 (m), 863 (m), 801 (s), 690 (w), 620 (m), 512 (m), 486 (m).

4.4 Result and discussion

4.4.1 Structural Description

Crystallographic data for the compounds 7-9 are summarized in Table 4.1 and the selected

bond lengths and angles are presented in Table 4.2.

Table 4.1. Crystallographic Data and Refinement Parameters for Compounds 7-9.

Compound C7 C8 Cc9

Empirical formula C22H20FeNsOr CsHioFeNsOs Ci2Hi9FeNgOr 1
Formula weight 628.31 342.07 479.18
Crystal size 0.27x0.13x0.09 0.27x0.15%0.13 0.23x0.16x0.10
Crystal system Monoclinic Monoclinic Triclinic
Space group C2/c (No. 15) Pc(No.7) P-1(No.2)
a(A) 24.005(8) 8.7922(9) 9.0449(12)
bA) 19.357(5) 8.9323(9) 9.9703(15)
c(R) 5.4461(12) 8.6926(9) 11.8286(16)
a(®) 90 90 68.265(4)
L) 93.213(9) 105.468(2) 75.823(4)

7(°) 90 90 68.729(4)

v (A3) 2526.6(12) 657.94(12) 915.8(2)

Z 4 2 2

Deale (g/cm®) 1.652 1.727 1.738
#Mo-Ka) (mml) 0.676 1.186 0.899

F(000) 1288 348 494
Reflections collected 8064 5500 7451
Independentreflections 3042 (0.0904) 2455 (0.0341) 4315 (0.0538)
Parameters 233 194 281
Goodness-of-fit 0.924 1.008 0.979
Ri[I>20(]) 2 0.0621 0.0379 0.0609

wR; (all data)P 0.1417 0.0852 0.1480

“R;=X||Fo| —|Fc||/Z|Fo|,"WR2 = {[w(Fo® — Fc?)?] /2 [w(Fo?)?]}!"?

81



Chapter 4 Three Iron Polynuclear Complexes: Magnetic Properties from a Dimer to
1D chain to 3D framework

Crystal structure of [Fe' (toltrz)2(C204)] SH20 (C7)

L]

Figure 4.2.: Perspective drawing of'the 1D framework of compound 7, and supramolecular interactions

involved. . (a=-x,-y+1,z-05b=x+0.5, -y+0.5, z-0.5)

Compound 7 crystallizes in the monoclinic space group C2/c. It is built up from 1D [Fe(uz—
C204)(toltrz)2] linear chains, that are further linked by supramolecular interactions (H-
bonding, m-m stacking) to a 3D supramolecular network. The polymeric linear chains
consist of [Fe(toltrz)2]>* units bridged sequentially by the oxalate ligands (bis-bidentate
mode). The selected bonding parameters for C7 are listed in Table 4.2. As shown in Figure
4.2, in each chain, the crystallographically unique Fe(1) atom in octahedral geometry is
surrounded by two N donors from two symmetrical toltrz molecules and four O donors from
two symmetrical related oxalate ligands with an adjacent Fe...Fe distances of 5.446 A. The
Fe(1)-O distances are 2.073(3) A (Fel-O1) and 2.112(3) A (Fel-02), comparable with
those reported similar structures. [2 221 The Fe(1)-N distance, [Fel-N1, 2.148(3) A ] is
within the range observed in most iron(Il) complexes.l??! Two toltrz molecules lie on each

side of the chain with a dihedral angle of 46.7°, ensuring a minimum steric hindered effect.
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Table 4.2. Selected bond distances (A) and angles (°) of compound 7-9.

Compound 7
Fe(1)-0(1) 2.07303) Fe(1)-0Q2)#1 2.112(3) Fe(1)-N(1) 2.148(3)
Fe(1)-O(1)#1 2.073(3) Fe(1)-0(2) 2.112(3) Fe(1)-N(1)#1 2.148(3)
O(1)-Fe(1)-O(1)#1 101.50(15) O(1)#1-Fe(1)-N(1) 92.15(11) O(2)#1-Fe(1)-N(1)  89.78(11)
O(1)#1-Fe(1)-0(2) 178.92(11) O(1)-Fe(1)-N(1) 89.88(11) O(2)-Fe(1)-N(1) 88.15(11)
O(1)-Fe(1)-0(2) 79.54(10) 0(2)-Fe(1)-0(2)#1 99.42(15) N(1)-Fe(1)-N(1)#1  176.80(19)
Compound 8
Fe(1)-0(1) 2.195(6) Fe(1)-0(3)#3 2.234(5) Fe(1)-N(1)#4 2.145(7)
Fe(1)-0(2) 2.105(5) Fe(1)-O(4)#3 2.068(6) Fe(1)-N(6) 2.139(8)
O(1)-Fe(1)-0(3)#2 84.33(11) O(4)#1-Fe(1)-0(1) 85.7(2) N(1)#3-Fe(1)-O(1)  87.3(3)
O(2)-Fe(1)-0(1) 77.71(18) O(4)#1-Fe(1)-0(2) 157.80(11)  N(1)#3-Fe(1)- 170.8(2)
O(3)#2
O(2)-Fe(1)-O(3)#2 86.65(19) O(@)#2-Fe(1)-O(3)#2  77.05(19) N(6)-Fe(1)-O(1) 173.3(3)
O(2)-Fe(1)-N(1)#3 95.3(2) O(4)#2-Fe(1)-N(1)#3  98.6(2) N(6)-Fe(1)-O(3)#2  89.7(3)
O(2)-Fe(1)-N(6) 98.9(2) O(4)#2-Fe(1)-N(6) 96.0(2) N(6)-Fe(1)-N(1)#3  98.87(13)
Compound 9
Fe(1)-O(1W) 2.029(3) Fe(1)-O(4)#5 2.033(3) Fe(1)-O(5) 1.984(3)
Fe(1)-O(2)#5 2.008(3) Fe(1)-O(5)#5 2.071(3) Fe(1)-O(7) 2.005(3)
O(1W)-Fe(1)-O(4)#5  82.75(11) O(4)#1-Fe(1)-O(5)#5  80.38(11) O(5)-Fe(1)-0O(7) 88.14(11)
O(1W)-Fe(1)-O(5)#5  162.92(11) O(5)-Fe(1)-O(1W) 103.89(12)  O(7)-Fe(1)-O(1W)  89.22(11)
O2)#1-Fe(1)-O(1W)  94.36(12) O(5)-Fe(1)-0(2)#5 161.50(11)  O(7)-Fe(1)-0O(2)#5  89.12(12)
OQ)#1-Fe(1)-O(4)#5  92.56(12) O(5)-Fe(1)-O(4)#5 92.72(11)  O(7)-Fe(1)-0O(4)#5  171.90(12)
OQ)#1-Fe(1)-O(5)#5 83.78(11) O(5)-Fe(1)-O(5)#5 79.65(12) O(7)-Fe(1)-O(5)#5 107.68(11)

Symmetry transformations used to generate equivalent atoms:

Bl=—x+ 1Ly, z+1/2;#2=x —y+2,2— 12, #83=x—1,—y+ 1,2+ 12, ;#4=x, —y +2,2 + 1/2;
#5=—x+1,-y,—z+1.

Apart from the ancillary role of the toltrz molecules, it also provides the H donor atoms
(C10-H10) to participate in the mnterchain hydrogen-bonded interactions with the O1 atoms
fiom oxalate ligands in the adjacent chain (C10-H10a-O1 = 2.517 (1) A, Cl10a-O1 =
3.4016(8) A, a=x+ 0.5, —y + 0.5, z — 0.5), through which the polymeric linear chains are
linked in the ab plane. (Figure 4.3)

Figure 4.3.: The 3D network formed by supramolecular interactions in C7 with channels filled up with water

molecules.

One group of double m-m stacking nvolving the triazole ring and the phenyl ring
(centroiod--centroiod = 3.7794 (10) A) was also found along ¢ axis, together with another
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group of C—H...n interaction (C8—H8b--centroiodcs ring = 2.9879(8) A, b=x, —y+ 1, z —
0.5), (Figure 4.2, Figure 4.3). These intermolecular mnteractions further extend the structure
mto a 3D supramolecular network with porous channels along c¢ axis. (Figure 4.3)
Calculations using PLATON, [23] showed that the effective volume for inclusion of these
channels is about 2526.6 A3 / cell comprising ~16.4% of the crystal volume. The five
crystallografically independent water molecules are placed in the channels of the network.
While the hydrogen atoms of the water molecules could not be determined, the potential

H-bonding interactions involved are not discussed here.
Crystal structure of [Fe!(imztrz)(C204)] 2H20 (C8)

Compound 8 crystallizes in the monoclinic space group Pc. As shown in Figure 4.4, quite
different from the linear chain in compound 7, this structure consists of zig-zag chains in
which the metal centers are bridged by two bis-bidentate centrosymmetric oxalato ligands.
The distorted octahedral geometry around the Fe atoms is completed by a chelating imztrz
molecule coordinated by two nitrogen atoms: one belonging to the triazole ring and the other
one to a symmetrical molecular imidazole substituent. The one-dimensional structure of this
compound is shown in Figure 4.4, whereas selected bond lengths and angles of the FeO4N2
unit are listed in Table 4.2. The dihedral angles between two consecutive oxalate anions are
about 74.7° and the shortest Fe...Fe distance across the oxalate ligands is 5.58 A, which is
in good accordance with those previously reported oxalato-bridged Fe! complexes. [2 22
The imztrz ligand is nearly planar with dihedral angles between the triazole ring and
imidazole substituent near to 7°.They are parallel to each other along the chain, forming an

angle of 50.35° with the rron-oxalate framework growing direction. (Figure 4.4)

Figure 4.4.: a) View of the ID chain in compound 8; b) The porous framework formed via

covalent/coordinatebondsin8. (a=x-1,-y+ 1,z b=x -y+2,z-0.5)
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The imztrz ligand adopt a u2-bridging mode, which further links the zg-zag chains via
coordination bonds to a higher dimensional framework, giving rise to a three-dimensional
framework with large rectangular porous channels paralleling to the ¢ axis, by the size of
7.463 A x 14.657A. (Fig. 4.4). The Fe--Fe distance across the imztrz ligands here is 12.0890
(8) A. Apart from the covalent/coordinate bonds linking, multiple groups of H-bonding
mteractions are found to gather the porous units into a 3D interpenetrate structure with a
relatively small void. (Figure 4.5, Table S4.1) Calculations using PLATON, [23] showed that
the effective volume for inclusion of these channels is about 657.9 A3 / cell comprising
~18.2% of the crystal volume. The two crystallografically independent water molecules are
embedded in the channels of the network via strong H-bonding interactions (DA ~ 2.83
A, details in table S4.1)

Figure 4.5.: The 3D interpenetrate structure in compound 8 with water molecules embedded in the channels.
Crystal structure of [Fe''(cit) (H20)] (5-imztrzH) 3H20 (C9)

Compound 9 crystallizes in the triclinic space group P-/. The unit cell of C9 is made up of
two cations [5-imztrzHJ]”?, one discrete binuclear iron (III) citrate anionic complex
[Fe'>(cit)2(H>0)2] and three lattice water molecules. As shown in Figure 4.6, the anionic
complex is an edge-shared bi-octahedral dimer with a centro-symmetric structure, in which
the two iron ions are bridged by two u2-alkoxo groups of the two fully deprotonated citrate
ligands. All carboxylate groups are coordinated in a monodentate mode to the termmal sites,
and two coordinated aqua molecules complete the first coordination sphere of the two

octahedral spheres.
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" Yo2wa O1wa

a o3w

Figure 4.6.: Structure of the [Fe(cit) (H20)](5-imztrzH)-3H,0 complex. Symmetric code:a=-x+1, -y, -z
+ 1.

The Fe—O bond distances range from 1.984(3) to 2.071(3) A with the average value of 2.022
A, and the adjacent non-bonded Fe--Fe distance is around 3.115(2) A. In the structure, two
12-O atoms and two iron ions form a four-membered {Fe;O2} ring, in which the O—Fe—-O
angle is 79.65(12)°. (Figure 4.6) These values are in good agreement with those reported in
similar structures. [°2¢] The selected bond distances and angles are listed in table 4.2, from
which we can tell that the octahedron is slightly distorted. In addition, short H-bonding
mteractions were found between the adjacent dimers via a one-to-two binding mode (O3 to
C8-HS8A, and O3 to C11-H11A) to link this dimer mto a 1D chain along b axis, which is
further connected through water molecules between the chains to finish with a 2D sheet in
ab plane. (Figure 4.7, table S4.1).

Figure 4.7.: The 2D sheetbuilt from dimer units via H-bonding interaction in compound 9. The red dashed
lines represent different H-bonding involved.
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Figure 4.8.: The 3D supramolecular framework connected by different weak interactions in compound 9.

The blue dashed lines represent - stacking and the red dashed lines stand for the H-bonding interactions.
Interesting  pars of mw-mteractions were found i the structure: anion-w
(06--centroiodimidazole = 3.3689(31) A), C—H--nt (C8—H8B--centroiodiriazole = 2.8454(3) A)
and T iriazoleTimidazole adapting a head-to-tail mode stacking with a distance of 4.0974(5) A.
These stackings are arranged along the ¢ axis, which connects the 2D sheet nto a 3D
supramolecular framework. Other groups of H-bonding interactions were found to stabilize
the structure. (Figure 4.8, table S4.1) According to the VBT theory [>4], the sum of the bond
valences around Fe is 2.958(10), which is in accordance with the valence of the Fe3* ion.
This fact strongly supports the conclusion that although citrate acid is a reductant, the ferric
ion is not reduced when it is heated up to 60 °C in the reaction solution, i.e., citrate acid
can’t act as protecting agent as ascorbic acid does from preventing Fe!! oxidation process.

The valence +3 of'the Fe is further confirmed by the magnetic measurement.

4.4.2 FT-IR spectroscopy

The FT-IR spectra of the three compounds indicates that the coordination of the nitrogen
atoms with won(Il) salts affect the vibration of ligand (toltrz, 5-imztrz) only to a minor
extent. As shown in Figure 4.9, the spectra of compound 7, compound 8 and 9 are very
similar compared to the corresponding ligand toltrz and 5-imztrzz However, a careful
examination can detect the significant changes due to the coordination of the compound.
The bands between 1675 and 1400 cmr! are attributable to Car—Car and Ca=N stretching
vibration frequencies of the aromatic group, with the asymmetric O-C-O vibration
overlapping in the same region. For compound 7 and 8, the vus (O-C-0O) signature for oxalate
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is found at 1604 cm! and 1617 cmr!, and those values for citrate appear at 1606 cm! and
1583 cmr! for C9. The vy (O—C-O0) vibration is found in lower frequency region, 1383 cmr
L (C7), 1401 cm! (C8), 1379 cmr! (C9). Among the three compounds, the difference
between the asymmetric and symmetric stretches, A[ Vascoo-) — Vas(coo-)], are in the order of
200 cm!, indicating the different coordination mode of the carboxyl groups, [2°1 which is
consistent with the observed X-ray crystal structures of C7—C9. In compounds 8 and 9, the
characteristic band for the triazole @-ring vibration shifts from a strong signal at 1503 cm!
(free ligand) to a medium peak at 1523 (C8) cnr! and 1525 (C9) cnr!, indicating the
coordination of the N-donor atoms from triazole ring in compound 8, and the protoned N
atom in compound 9. [261 This characteric band is also identified for compound 7 around
1525 emr! (1503 co! in free toltrz ligand). Addtionally, the peaks at 1215 (m), 1171 (m),
1063 (m), and 851 (s) cmr! can be assigned to the C—H in-plane or out-of-plane bend ring
breathing, and ring deformation absorptions of the organic ligands. These bands can be
noticed for all the compounds and they are shifted as compared to the ligand spectrum
(Figure 4.9), which can be connected with the change in the geometry of the ligands upon
complex formation. The characteristic azomethine (HC=N) stretching [?7] around 1636 cmr
I is overlapping with the asymmetric O—C—O vibration and Ca=N stretching in all the

compounds, which cannot be assigned any more.

ligand toltrz

—

compound 7

ligand 5-imztrz

T ey

compound 8
compound 9
{ ! | ! | ! 1 ! | ! | ! 1 ! |
4000 3500 3000 2500 2000 1500 1000 500

Figure 4.9.: The FT-IR spectra of ligand imztrz, ligand toltrz and compounds 7-9.
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4.4.3 Magnetic susceptibility

Although the covalent structure of compound 8 is three-dimensional, we can assume that
the long imztrz bridging ligands (Fe...Fe distances of 12.0890 (8) A) do not couple the Fe(II)
ions or at least only in a negligible strength. Thus, from magnetic point of view, the structure
can be considered as a pseudo-one-dimensional structure with Fe(Il) ions linked by oxalate
anion, and quite similar in compound 7. We analyze the magnetic properties of these two

compounds based on the chain models. [?3]

The magnetic susceptibility data of compound 7, 8 and 9 have been recorded mn the
temperature range 300—2 K. The magnetic properties of compound 7 and 8 in the form ym7T
vs T are represented in Figure 4.10. The ym7T value of 7.01 cm®-K-mol'! (C7) and 7.36
cm?-K-mol™! (C8) at 300 K can be ascribed to the corresponding two high-spin Fe(II) ions,
which is somehow above the value calculated for a magnetically non-interacting spin quintet
through the spin-only formula (ym7 = 6.0 cn®-K-mol'! with g = 2.0). For compound 7, with
the temperature decrease from 300K to 140 K, the ym7 value drops slowly from 7.01 to 6.05
cm?®-K-mol'!, below this temperature, ym7 starts to decrease more and more abruptly to
reach a value of 0.27 cm?®-K-mol™! at 2 K. For compound 8, ym7 drops to 6.49 cn®-K-mol™!
from 300K down to 110K, then the value decrease more dramatically all the way down to
0.69 cm?®-K-mol'! at 2 K. The magnetic susceptibility curves (ym vs T) exhibit maxima at
30 (C7) and 16 K (C8), revealing that a significant antiferromagnetic interaction between

the high-spin Fe!lions occurs.
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Figure 4.10.: Plots of the experimental and theoretic temperature dependence of ya1 for C7 (left) and C8
(right). The solid lines represent the best fit curve: blue line for dimer model fitted with PHI and red line for
fitting with the chain model.

An inverse susceptibility plot, ym!(7), shows linear behavior following Curie—Weiss law
above a certain temperature for compound 7 (80 K) and compound 8 (20K), respectively.
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As shown m figure 4.11, fitting the data with the Curie—Weiss equation (ym = C/T — @)),
we obtain Curie constant C = 7.80(1) (C7), 8.08(1) (C8) cm’-K-mol'! and Weiss constant
® =-30.16(1) (C7), —26.90(1) (C8) K, from which we derive a g-value of 1.86(1) (C7) and
1.98(C8). These values confirm the antiferromagnetic coupling between the adjacent active

Fe(Il) centers.
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Figure 4.11.: Plots of yu' vs T for compound 7 (left) and compound 8 (right) with fitting to the Curie—Weiss
Law.

Based on the crystallographic results, these two compounds have a similar chain structure
with almost equal Fe...Fe distances within the structure, therefore, the magnetic behavior
can be treated as chain mode as high spin Fe!l ions with local spin S = 2. [28] Herein, to
evaluate the antiferromagnetic interaction through the oxalate bridge, we analyze the data
for an S =2 Ising chain model with the equation from Drillon et al. [2°1:

NG, 2
Ty = pexp(4] /kyT)

Nonlinear regression of the data resulted in the best fitting result over almost the whole
temperature range with J = —4.70(1) cm'! and g = 2.53 for compound 7, and J = —3.01(1)

cm! and g = 2.27 for compound 8. (Figure 4.10, red solid line) The result of this fitting is
illustrated in figure 10, where the smooth curve represents the theoretical calculation. The

(Equation 4.1)

rather large g values here represent the strong spin—orbit coupling and large orbital
contribution nvolved for the octahedral surrounded Fe(Il) ions. In addition, the magnetic
data of the entire temperature range are also simulated with a simplified dimer model using
PHI B9 program (Figure 4.10, blue solid line). Interestingly, the fitting results give us quite
similar results compared with the chain model with the values g = 1.95 (C7) and 1.96 (C8),
coupling constants J = —4.37(2) cmr! (C7) and -2.60(2) cmr! (C8). We have also
implemented a paramagnetic impurity (p = 0.074% (C7) and 0.136% (C8)) and a TIP effect
(0.003 c¢cm?-mol! (C7) and 0.002 cn®-mol! (C8)) for the PHI simulation. This magnetic
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analysis result suggests a slightly stronger antiferromagnetic coupling in the rather straight
chain compound 7 compared to the zigzag chain based 3D network compound 8. The J
values obtained here are quite close to those found i the similar iron chains with an agreed
separation range across the bridging oxalato groups: [Fe2(phen)2(C204)2]n (J = —2.2 cmrl,
Fe --- Fe = 5.531 A, phen = phenanthroline), 3! and [Fe(ox)(abpt)]n (/= —5.1 cmr!, Fe - Fe
=5.569 A, abpt = 4-amino-3,5-bis(2-pyridyl)-1,2,4-triazole). [

As shown in figure 4.12, ymT value values for compound 9 at 300K is 8.95 cm’®-K-mol!,
slightly larger than the expected value 8.37 cm’-K-mol! calculated for two isolated Fe'!l
ions with high-spin state (S = 5/2), but comparable to those values observed in some
compounds with strong anti-ferromagnetic coupling interaction between the two iron
centers. 1921 Upon cooling, the ym exhibits a rounded maximum around 20 K, while the
amT value continuously decreases to 0.27 cm?K-mol'' at 2 K, which indicates of

antiferromagnetic coupling between the metal centers.
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Figure 4.12.: Plots of the experimental and theoretic temperature dependence of yM and yMT for compound
9 (the solid line represents the best fit curve).

Assuming isotropic exchange, the experimental magnetic data were simulated for the
dimeric Fe(IIl) system with PHI program [?%] with a simulated g value of 2.20, coupling
constants J value of —4.40(2) cmxr! and impurity ratio p of 0.006%. (Figure 4.12) This value
can be compared with other similar Fe(Ill) systems reported. [°2¢1 The result is in accordance
with the reported tendency that ferromagnetic coupling is pretty rare for a face-shared d°-d’
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system, [°2] even though Zhang and co-workers have stated that the face-shared topological

arrangement favors the ferromagnetic coupling between two metal centers. [P

4.5 Conclusion

The work described herein represents three new examples of polynuclear Fe complexes: a
1D chain, a 3D interpenetrate framework and a dimer compound. For the first time, ligand
4-(1H-midazol-5-ylmethylene-amino)-4H-1,2,4-triazole ~ (imztrz) has been successfully
synthesized and used as a bridging ligand to construct novel iron—organic supramolecular
materials. We have proven that the imidazole ring substitution can function the same as 4,
4’-bipyridin for linking chains to layers, layers to 3D framework. Moreover, we have
reported here two new examples of Fe!l porous compounds, which is rare and may provide
useful reference for future porous Fe!! based MOFs research, like SCO systems combined
with MOFs character. Additionally, the magnetic studies reveal that for all the three
compounds, different degree of antiferromagnetic couplings between the adjacent Fe centers

occurred, of which are all in good agreement with the available reported data.
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4.8 Supplementary Information

Table S4.1 Hydrogen-bonding interactions in compounds 8 and 9.

D-H A H---A (A) D---A (A) <D-H:-A (°) Symmetry codes of A
Compound 8
Olw-Hlwa %2 1.762 2.7714(3) 165.32 x4l yz+1
Olw-Hlwb O3 2.14 2.8381(3) 144 X, 9,2
O2w-H2wa Ol 2.00 2.8357(3) 166 X0z
O2w—H2wb ?Vl 2.465 2.8078(3) 103 Xx-1,-y+2,2-05
N5-HSa 02 2,189 2.9294(3) 141 Y —p+lz-05
Cl-H1 o1 2.514 3.0272(3) 115 x+1,-y+1,z-05
CIl-H1 3}2 2.544 3.3430(2) 144 x+Ly-1z
C2-H2 04 2.426 3.1069(3) 130 x+1,-y+22z-05
C3-H3 (‘)Nl 2.467 3.2011(3) 136 xnz—1
C6 —H6 03 2.56 3.0841(2) 116 X —y+22-05
Compound 9
02
Olw—Hlwb W 1.766 2.5877(4) 153 X, ¥,z
O2w—H2wa 03 2.051 2.7361(4) 135 x+1,y -1,z
O2w—H2wb Cs:‘ 2212 2.8172(4) 126 x+1,y—-1,z
Odw-Howb O 2204 27873(4) 124 x4 2 —y—1, -z 4]
N5-H5 06 1.911 2.7775(4) 168 x,y+1,z-1
O3w-H3wa  O2 2022 2.8463(4) 158 X,z
N6-H6 o1 1.871 2.7224(4) 162 ey
O3w—H3wb (V)v4 2336 2.8545(4) 118 X,z
O4w-Hdwa 06 2454 2.8739(4) 110 x4l —ytl—z+1
Cl-HI (v):‘ 2.543 3.1975(5) 126 x+1,p,z
C2-H2 %3 2358 3.1755(5) 144 x4l —y42,-2
C3-H3 %4 2592 3.2410(5) 126 x+1,y,z
C5-Hsa O3 2250 3.0974(5) 148 T R
C6—Ho6a 02 2.391 3.2183(5) 145 —-x+1,-y+1,-z
C6—Ho6a o7 2431 3.0134(5) 119 x,y+1,z—1
Cl1-Hlla 03 2.624 3.4879(6) 145 -x+1,-y+1,-z+1
C8-HSa O3 2.527 3.2920(5) 134 T R
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This chapter covers the summary results of two 2D Fe!l network complexes based on ligand
2 (5-imztrz) and ligand 3 (2-imztrz), which is manuscripted to the journal submission of
Cryst. Growth Des. Manuscript detailing will be presented i the following:

Self-assembled 2D Fe(Il)-imidazole-imine networks: Structural,
Maossbauer, and Magnetic Properties of [Fe'>(2-

imztrz) (SCN)4]» and {{Fe’(5-imztrz):](Cl04)2}

Ai-Min Li®® Tim Hochdbrffer,® Dr. Juliusz A. Wolny¢, Volker Schiinemann® and Eva Rentschler®*

¢ Institute of Inorganic and Analytical Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-
14, 55128 Mainz, Germany

rentschler@uni-mainz.de
b Graduate School Materials Science in Mainz, Staudingerweg 9, D-55128 Mainz, Germany

¢ Fachbereich Physik, Technische Universitit Kaiserslautern, Erwin-Schrodinger-Str. 46, 67663
Kaiserslautern, Germany

KEYWORDS 2D /wron(Il) / 1,2,4-triazole / Schiff bases / Mdssbauer
5.1 Abstract

Based on two functionalized Schiff base ligands 4-(1H-imidazol-5-ylmethylene-amino)-
4H-1,2,4-triazole  (5-imztrz) and 4-(1H-imidazol-2-ylmethylene-amino)-4H-1,2,4-triazole
(2-mztrz), two 2D Fe(Il) networks have been prepared. Compound 10 and 12 share similar
layered structures. Surprisingly, the two 2D networks do not show SCO upon cooling to 2K.
A reason might be that the ancillary coordinated nitrogen atoms from the imidazole ring
leading to a rather small ligand field around the Fe centers. Pleasantly, compound 12 was
found to show ferromagnetic exchanging mteractions through the imidazole and imine
linkage, while compound 10 acted like isolated mononuclear Fe (II) complex showing weak

antiferromagnetic exchanging mteractions mediated by supramolecular mteractions.
5.2 Introduction

The design and preparation of molecule-based coordination polymers with one- or multi-
dimensional structures has attracted mntense attention during the last few years. Such high
dimensional coordination complexes might not only exhibit structural and topological

novelty but also provide valuable information to explore fundamental magnetic interactions
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and magneto-structural correlations in molecular systems. Applications have been found in
the field of molecular magnetism, nonlinear optical and multiferroic materials. 1 It is well-
known that the various supramolecular interactions (w...mw stacking, H-bonding, and van der
Waals) in the solid packing structure play an important role as information transmitters and,
therefore, have a large impact on the intermolecular magnetic exchange. On the other hand,
to design and synthesize new molecular extended architectures based on non-covalent
mteractions is very challenging as those supramolecular interactions are often unpredictable
and difficult to control. In contrast, first introduced by Olivier Kahn, [?] the idea of linking
the active metal sites covalently to increase the cooperativity in polymeric compounds is
more feasible. The nature of the covalent bridging ligand and metal ions mamnly determines
the sign and magnitude of the magnetic exchange coupling between the active metal centers.
3] There are only a few polyatomic bridging ligands, ie, cyanide (CN-), [4] oxalate (C2042
), 31 azido (N3°), 16! pyrazine (pz), [”! and 4.,4’-bipyridine (bpy) [#] have been shown
effectively mediating rather strong magnetic coupling between the transition metal ions that,
in some cases, leads to bulk magnetic ordering. Consequently, there is still a great interest
in the search for new bridging ligands that can construct new magnetic materials with

mtriguing structures and magnetic properties.

The imidazole and imidazolyl-containing ligands have been widely used in coordination
chemistry due to their versatiity in the preparation of polynuclear complexes. [°! More
recently, imidazole-imne moiety based ligands have been applied to design-synthesize
polynuclear metal complexes, especially on spin crossover materials. Particular attention
has been focused on the construction of various supramolecular structures such as molecular
clusters (monomer, dimer, tetramer), [1%1 cylindrical molecular boxes, ['!l molecular cages,
121 and helical structures. [13] Surprisingly, apart fiom the only example of one dimensional
Cu(Il) chain structure reported in 1998 with a salicylic phenol group mediated, there is no
other high dimensional structure reported within this kind of ligand. The possible reason
could be the same as the story of the famous one dimensional cham SCO model
[Fe((Rtrz)3](X)2 (Rtrz = 4-subsitituted-1,2,4-triazole, X- = standard monoanions) ['4]: that
the isolation of the crystaline complex of the polynuclear chain or network is very
challenging as compared to the molecular structures.

As part of our research for novel SCO materials based on triazole ligand system, we decided
to combine the imidazole moiety with 4-amino-1,2,4-triazole in order to prepare new high
dimensional Fe(Il) magnetic materials making use of both triazole and imidazole-imine

potential coordination sites. In this manner, the formed layered structures are covalently
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connected through the bridging ligand, with the Fe centers surrounded by ligands with
suitable ligand strength to allow the spin transition. In addition, this approach should
maintain the effective magnetic exchange within the layered plane, allowing possible
enhancement of the cooperativity between the active Fe(Il) centers. As shown in scheme 1,
two new ligands 4-(1H-imidazol-5-ylmethylene-amino)-4H-1,2,4-triazole (5-imztrz, ligand
1) and 4-(1H-imidazol-2-ylmethylene-amino)-4H-1,2,4-triazole (2-imztrz, ligand 2) have
been synthesized via a simple condensation reaction. Apart from the well-known virtue of
a rather weak ligand field provided by imidazole moiety and the potential H-bond
mteractions from the ‘spare’ N—H groups, these two imidazole-imine ligands share another
advantage: the N—C(sp?) ¢ bonds can be rotated, which makes the ligands more flexible to
adapt to different coordination environment. As the energies of intramolecular torsion and
intermolecular non-bonded interaction lie in the same range (0.5-10 kcal mol!), ['3] they can

mfluence each other and hence the crystal packing in the solid state compounds.

In this paper we present the application of the two new ligands (2-imztrz, 5-imztrz) to
synthesize two layered network [Fe!’>(2-imztrz)4(SCN)4] (10) and [Fe!'(5-imztrz)2] (ClOs)2
(12). Despite both of both Fe(Il) ions being in the appropriate [FeNs]| coordination
environment, these two materials are SCO-inactive, remaining in the HS state on cooling to
low temperature. Compound 12 shows ferromagnetic exchanging interactions through the
mmidazole and imine linkage, while compound 10 acts as isolated Fe (II) ions showing weak

antifemagnetic interactions mediated by supramolecular interactions in the crystal lattice.
5.3 Experimental Section

General Methods and Materials.

All commercially purchased chemicals and solvents from Alfa Aesar, Sigma—Aldrich and
Acros Organics were used without further purification. Magnetic susceptibility
measurements were carried out with a Quantum Design SQUID magnetometer MPMS XIL-
7 over the temperature range of 2~300 K with an applied field of 1 kOe. Samples for the
magnetic measurement were prepared in gelatin capsules and held in plastic straws for
msertion mto the magnetometer. The obtained magnetic susceptibility data were corrected
for diamagnetic susceptibility according to the Pascal’s constants. [16] 37Fe Mossbauer
spectra were recorded and analyzed by fitting to Lorentzian lines at Technische Universitét
Kaiserslautern by Dr. Julusz A. Wolny. Elemental analysis (C, H, N, and S) was measured

at the microanalytical laboratories of the Johannes Gutenberg University Mainz. Infrared
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spectra (FT-IR) were recorded as potassium bromide pellets in the range from 4000 to 400
cmr! with a JASCO FT/IR-4200 at the Johannes Gutenberg-University Mainz.

Single Crystal X-ray Diffraction. Single-crystal X-ray diffraction data for the two
compounds (C10 and C12) were collected on a Bruker Smart APEX II CCD diffractometer,
with operating condition: 45 kV, 35 mA, 173(2) K and Mo Ka radiation ( A = 0.71073 A ).
The the data collection temperature 173(2) K was reached by the application of a nitrogen
cold stream around the diffractometer. Fach data reduction was performed using the
SMART and SAINT software [!7] and an empirical absorption correction was applied using
the SADABS program. [18] Both of the two structures were solved by direct methods and
refined by full-matrix least-squares on F? using the SHELXTL program package, [1°1 and
the Olex2 program. %1 The ordered non-hydrogen atoms in each structure were refined with
anisotropic displacement parameters, while the hydrogen atoms were placed in idealized
positions and allowed to ride on their parent atoms. The crystallographic data and refinement
parameters of compound 10 and 12 are listed in Table 5.1. CCDC numbers 1815516-
1815517 contain the supplementary crystal data of the compounds: 1815516 (C10) and
1815517 (C12), which can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. All structure figures are generated
with DIAMOND-3. [21]

Syntheses

Synthesis of the ligand

W

//\ e NH, s HN ’\\N Dry FtOIL, reflux N //\ Ne NS A

N\ ;’ OW drops of H,S0, \ "_I
N N

Figure 5.1.: Synthetic scheme to prepare the 5-imztrz ligand.

The ligand 4-(1H-mmidazol-5-ylmethylene-amino)-4H-1,2,4-triazole (5-imztrz) (Figure 5.1)
was prepared by the condensation reaction of 4-amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0
eq.) and 1H-imidazole-4-carbaldehyde (2.11 g, 0.022 mol, 1.1 eq.). 22! Ethanol was chosen
as the reaction solvent, and few drops of H>SO4 was added acting as acidic catalyst. The
reaction mixture was refluxed at 80 °C for 18 h before cooled it down to r.t., the excess of
the solvent was removed by rotary evaporator at 35 °C. Products such obtamed was washed
with small amount of cold ethanol, diethyl ether and then dried in the desiccator with
phosphorus pentoxide as dry agent. Light-yellow powder was obtained. Yield: 2.98 g
(91.89%), m.p.253.5-265.7 °C; IR (KBr) 3109(s), 2838 (w), 1625 (vs), 1504 (vs), 1434 (s),
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1386 (s), 1299 (s), 1214 (w), 1175 (vs), 1060 (vs), 995 (s), 945 (w), 853 (s), 691 (m), 630
(vs), 510 (m). "H-NMR (Figure 9.2) (d°-DMSO): 9.07 (s,2H,triazole), 8.92 (s, 1H, H-C=N),
7.91 (s, 1H, imidazole ring), 7.79 (s, 1H, imidazole ring).

The ligand  4-(/H-imidazol-2-ylmethylene-ammo)-4H-1,2,4-triazole ~ (2-imztrz)  was
prepared in a similar manner, except changing of 1H-Imidazole-4-carbaldehyde (2.11 g,
0.022 mol) to 2-imidazolecarboxaldehyde (2.11 g 0.022 mol). Light-yellow powder
obtained. 2.56 g (15.80 mmol, 78.98 %). M.p.217.6-233.5 °C; IR (KBr): 3115(vs), 3005
(m), 2795 (m), 2711 (m), 1622 (s), 1515 (vs), 1440 (vs), 1348 (s), 1233 (w), 1189 (vs), 1159
(s), 1120 (vs), 1056 (vs), 985 (s), 931 (w), 853 (vs), 781 (vs), 705 (vs), 618 (s), 509 (w). 'H-
NMR (Figure 9.3) (d°-DMSO): 13.33 (s, H-Nimidazole), 9.16 (s, 2H, triazole), 8.96 (s, 1H, H-
C=N), 7.45 (s, 1H, imidazole ring), 7.27 (s, 1H, imidazole ring).

Synthesis of the Complex
Synthesis of [Fel'2(2-imztrz)s(SCN)s] (C10)

To a stiring solution of 2-imztrz (129 mg, 0.8 mmol) in methanol (5 mL) was added an
aquous solution of FeSO4 7H20 (112 mg, 0.4 mmol), together with NH4SCN (61 mg, ~ 0.8
mmol). The solution turned from colorless to light reddish immediately after the addidtion.
After sirting for half hour, one spatula-amount (~35 mg) of ascorbic acid was added to the
reaction solution. The reaction mixture was then stirred for 3~4 hours at room temperature
before filtrated with rapid filter paper. The obtained clear dark reddish solution was kept in
a small vial and left stand still to evaporate the solvent slowly. After two weeks, red block
crystals of C10 were deposited at the bottom and the wall of the vial. After removing the
mother liquid, the single crystals were picked up and blew with an argon stream to dryness
before stored in a small vial. Yield: 107.3 mg (54.05% based on Fe). Anal. Caled (Found)
for CI4H12FeN14S2: C, 33.88 (29.38); H, 2.44 (2.37); N, 39.51 (37.99). IR (KBr) n/cnr!:
3134 (m), 3020 (w), 2925 (m), 2854 (w), 2809 (w), 2718 (w), 2057 (vs), 1626 (s), 1517 (s),
1463 (s), 1447 (s), 1385 (m), 1357 (m), 1297 (w), 1205 (w), 1177 (m), 1155 (s), 1113 (s),
1084 (s), 1057 (s), 996 (m), 945 (m), 858 (m), 778 (s), 708 (m), 633 (m), 616 (s).

Synthesis of [Fe!l(5-imztrz);](C104)2 (C12)

A methonolic solution of Fe(ClO4)2.7H20 (112 mg, 0.4 mmol) was added dropwisely mnto
a stirring solution of 5-imztrz (129 mg, 0.8 mmol) in methanol (5 mL). The reaction solution
turned from light yellow to light green immediately after the addition. The reaction was kept
stiring at room temperature for half hour before added one spatula-amount (~35 mg) of
ascorbic acid. The mixture was then stirred for another 3 hours to let the complexation finish.

A clear greenish to reddish solution was obtained after filtration, and such solution was kept
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in a small vial and left stand still to allow the solvent evaporate slowly. Light yellow block
crystals of C12 were deposited at the bottom of the vial after three weeks. After removing
the mother liquid, the single crystals were quickly dried in an argon stream, and stored under
argon. Yield: 11746 mg (50.71% based on Fe). Anal Caled (Found) for
C39H35Fe2N2904S4: C, 24.89 (24.32); H, 2.09 (2.04); N, 29.03 (28.47). IR (KBr) n/cnr!:
3296 (s), 3122 (s), 1627 (vs), 1612 (vs), 1516 (s), 1454 (w), 1431 (s), 1384 (s), 1300 (m),
1280 (m), 1217 (m), 1185 (s), 1141 (s), 1121 (vs), 1095 (vs), 961 (s), 927 (m), 869 (s), 799
(W), 715 (s), 624 (vs), 531 (w).

5.4 Result and discussion

5.4.1 Structural Description

Crystallographic data for the compounds 10 and 12 are summarized in Table 5.1 and the
selected bond lengths and angles are presented in Table 5.2.

Table 5.1. Crystallographic Data and Refinement Parameters for compounds 10 and 12.

Compound C10 C12
Empirical formula C28H24Fe2N2gSy Ci2H12ChFeN;20s
Formula weight 992.69 579.09
Crystal size 0.16 x 0.15 x 0.03 0.2 x 0.1 x 0.05
Crystal system Monoclinic Monoclinic
Space group Pi12/cl (No. 13) Cli2/cl (No. 15)
a(A) 11.963(3) 22.438(6)
bA) 12.941(3) 14.453(3)
c(A) 17.899(4) 15.417(7)
a(°) 90 90
B(°) 126.517(12) 123.430(5)
7(°) 90 90
V(A3 2227.0(10) 4173(2)
Z 2 8
Deate (g/cm?) 1.480 1.844
L(Mo-Ko) (mm!) 0.898 1.052
F(000) 1008 2336
Reflections collected 6305 19208
Independent reflections 5332 (0.2444) 5007 (0.0923)
Parameters 282 316
Goodness-of-fit 1.039 0.898
Ri[I>25(]) ? 0.1166 0.0468
wR; (all data)P 0.3321 0.1128

Ry =3||Fo| - |Fc||/X|Fol, 'wRs = {S[w(Fo? — F?)2] /S [w(Fo?)? ]}
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Crystal structure of [Fel'2(2-imztrz)a(SCN)4] (C10)

v

Figure 5.2.: Illustration ofthe coordination sphere of iron(Il), showing the atom numbering. Only selected
atoms involved in coordination bonds are labelled for clarity. A= -x, y,-z—-0.5;b=-x-1,y,-z— 1.5; c=-

x-,y-1,-z-15d=x y-1,z

Compound 10 crystallizes in monoclinic space group P12/cl. The structure is made up of
parallel 2D sheets, each consisting of an infinite square array of iron atoms bridged by
bismonodentate 2-imztrz ligands, with monodentate N-binding thiocyanate anions
facilitating the pseudooctahedral configuration around each iron atom (Figures 5.2 and 5.3).
Within the asymmetrical unit, there are two independent Fe (II) coordinate sites: Fel and
Fe2. As illustrated in figure 2, Fel is surrounded by four N atoms from the imidazole rings,
while four N atoms from the triazole rings gather around Fe2. The 2-imztrz ligand such
adopts a bismonodentate coordinate mode, forming the basal plane of the 2D network. The
axial positions are occupied by thiocyanate N atoms. Very mterestingly, as the N atoms
coming from triazole ring and imidazole ring own different coordinate direction, the
auxiliary thiocyanate ligands around Fel and Fe2 face to each other in a perpendicular
arrangement: the ones surrounding Fel lies within the plane, while the ones surrounding
Fe2 atoms occupies the axial positions. (Figure 5.3) The basic thombus unit has a Fe-Fe
distance of 9.617 (8) A x 9.778(8) A, the shortest contacts within the diamond being 4.789
(2) A (S-S).
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Figure 5.3.: View of the 2D sheet of [Fe'2(2-imztrz)s(SCN)4]n, along bc plane.

The average Fel-N bond length of 2.182 (7) A is slightly longer than the average of Fe2—-N
bond length of 2.180(7) A. (Table 5.2) While in both cases, the bond length range makes
the Fe centers sitting well in the range expected for high-spin state at 173 K. [23] The HS-
state is further confirmed by magnetic measurement. The NCS- anions are almost linear with
the N—C-S having an angle around 178.3(10)° and 177.1(10)°; the Fe—-N—-C(S) linkages are
bent, with the angle of Fe--N—C being around 168.1(8)° and 156.4(8)°. (Table 5.2) These
structural data can be compared with the other two compounds (C1, CS5) where the terminal
NCS group are N-bonded. The dihedral angles between the triazole ring and the imidazole
ring within the independent 2-imztrz molecules are 4.45° (N2 containing) and 9.88° (N8

containing), respectively, indicating a slight distortion between the imine linkage.

Table 5.2 Selected bond lengths [A] and angles [°] for C10 and C12.

Compound 10

Fe(1)-N(1) 2.126(7) Fe(1)-N(8) 2.194(8) Fe(2)-N(13) 2.186(8)
Fe(1)-N(2) 2.228(8) Fe(2)-N(7)#2 2.236(7) Fe(2)-N(14) 2.117(8)
N(1#1-Fe(1)-N(2)  94.0(3) N(®)#1-Fe(1)-N(2) 86.6(3) N(13)#4-Fe(2)-N(13) 94.9(4)
N(1)-Fe(1)-N(2) 85.6(3) N(8)#1-Fe(1)-N(8) 91.2(4) N(14)#4-Fe(2)-N(7)#2  85.0(3)
N(1)#1-Fe(1)-N(8)  94.4(3) N(7)#3-Fe(2)-N(7)#2 99.9(4) N(14)-Fe(2)-N(7)#2 92.7(3)
N(1)-Fe(1)-N(8) 86.1(3) N(13)-Fe(2)-N(7)#2 83.1(3) N(14)#4-Fe(2)-N(13) 94.93)
N(Q2)#1-Fe(1)-N(2)  96.8(4) N(1)-C(1)-S(1) 178.3(10) N(14)-Fe(2)-N(13) 87.6(3)
C(14)-N(14)-Fe(2)  156.4(8) N(14)-C(14)-S(2) 177.1(10) C(1)-N(1)-Fe(1) 168.1(8)
Compound 12
Fe(1)-N(1) 2.131(3) Fe(1)-N(5)#5 2.109(3) Fe(1)-N(9) 2.410(3)
Fe(1)-N(3) 2.264(3) Fe(1)-N(7) 2.158(3) Fe(1)-N(11)#6 2.153(3)
N(1)-Fe(1)-N(3) 74.51(10) N(5)#5-Fe(1)-N(1) 94.99(11) N(7)-Fe(1)-N(3) 94.83(11)
N(1)-Fe(1)-N(9) 93.57(11) N(S#5-Fe(1)-N(7) 92.78(12) N(7)-Fe(1)-N(9) 72.21(11)
N(1)-Fe(1)- 100.76(12)  N(5#5-Fe(1)-N(9) 89.03(10) N(11)#6-Fe(1)-N(3) 89.94(10)
N(11)#6

NG)-Fe(1)-N(9)  80.63(10)  N(5#5-Fe(1)-N(11)#6  103.22(11)  N(11)#6-Fe(1)-N(7)  91.37(12)

Symmetry transformations used to generate equivalent atoms: #1 = -x, y,—z—- " #2=xy-1,z;#3=-x-1,y -1, -

2=yt =—x—-1,y,—z -y #5=-xX+ Yo,y - Yo, —z+HH#6=X —y+ 1,2 .

103



Chapter 5 Two 2D Fe!! Networks Built Up from Imztrz:
Anterferromagnetic v.s. Ferromagnetic Interaction

Figure 5.4.: Tllustration of the layered packing in compound 10. The colored plane represent the 2D sheets
shared by the Fe(Il) atoms along bc axis. Supramolecular interactions were found between the layers.

In compound 10, the adjacent 2D sheets are imnterconnected through different groups of
supramolecular interactions. (Figure 5.4) The thiocyanate anions that lie in the axial
positions around Fe2 is now linked to the adjacent layer via a group of S-Ttwi3a-ring
interaction (a = x, — y — 2, z — Y; S-centroid distance of 3.739(8) A). Another two groups
of H-bonding mteraction are also found to link the adjacent layers: N3-H3--N12b
(H3--N12b distance of 2.030(5) A, N3--N12b distance of 2.8670(7) A, b=—-x — 1, -y — 1,
—z — 1); N9—H9--N6¢ (H9-Né6¢ distance of 1.991(3) A, N9--N6c¢ distance of 2.824(4) A,
¢c=—-x,—y— 1, — z). The sheets alternate so that the iron atoms in one sheet lie vertically
above and below the centers of the squares formed by the iron atoms of adjacent sheets,
leading to a nonporous 3D supramolecular framework, with the shortest Fe--Fe distance

between the layers being 8.740(9) A. (Figure 5.4, Figure 5.5)

Figure 5.5.: The 2D alternated sheets arrangement in compound 10.
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Crystal structure of [Fe''(5-imzrz)2]J(C104)2 (C12)

Figure 5.6.: View of the asymmetric units in C12 at 173 K, showing the coordination mode of the ligand 5-
imztrz and the pseudo-octahedral configuration around the Fe(IT) center. Only selected atoms are labelled for
clarity. a =-x+05,y-05,-z+05 b=x, —y+1,z-0.5.

The atomic numbering scheme and coordinate environment for C12 are shown in figure 5.6.
The structure was refined in the monoclinic C/2/cl space group and -crystallographic
detailed data are listed in Table 5.1. Within the structure, each Fe(Il) ion is located on an
mversion center exhibiting a distorted octahedral [FeNs] geometry. The ligand 5-imztrz
adopts a tridentate coordinate mode to complete the pseudo-octahedral configuration. Firstly,
four positions of the coordination sphere are occupied by two chelating 5-imztrz ligands.
Each of these ligands is bound to the Fe(I) ion through one of the imidazolyl nitrogen atoms
(N1, N7) and the Schiff base nitrogen atoms in cis position (N3, N9), giving rise to a stable
five-membered chelate ring. Then another two triazole nitrogen atoms (N5a, N11b) from
the two neighbouring [Fe(5-imztrz):] units complete the slightly compressed geometry, with
the in-plane equatorial positions defined by the four nitrogen atoms from the triazole and
Schiff base groups (Figure 5.7). The Fe—N bond distances are in the range 2.109(3)-2.410(3)
A, whereas cis N-Fe—N angles are in the range 72.21(11)-103.22(11)°. Unlike in compound
10, the dihedral angles between the triazole ring and the imidazole ring within the
independent 5-imztrz molecules here are 36.25 (N1 containing) and 31.77° (N7 containing),
respectively, indicating a large distortion between the imine linkage to favor the compressed

octahedral geometry.
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Figure 5.7.: The layered structure along bc plane in compound 12, with perchlorate anions embedded in the

grid among the plane.

Two Fe(Il) ions are bound together via a tridentate bridging 5-imztrz ligand, and the linked
Fe(Il) ion is further connected to three other Fe(Il) ions by another three 5-imztrz ligands,
thus generating near-square grid-like sheets parallel to the hc plane (Figure 5.7). Within the
{Fes} units, the intralayer Fe--Fe separations through the triazolate rings are 7.390(8) A and
7.740(9) A, forming a porous grid with perchlorate anions embedded inside.

Table 5.3. Hydrogen-bonding interactions in compound 12.

D-H A H--A(A) D--A(A) <D-H--A (°) Symmetry codes of A
N2-H2 N12 2.355 2.987(3) 130.63 -X,y,—z+ %
N2-H2 06 2.499 3.224(3) 142.52 —x+ Y% -y-—Y,—z+ "
N8-HS 05 1.958 2.792(2) 163.14 X, Y, Z
C5-H5 02 2.472 3.399(3) 175.46 x—=Ya,y+ Y%,z
C7-H7 05 2.489 3.053(3) 119.78 -x+Ly—-z+%

C10-H10 02 2516 3.370(3) 153.49 xt Lyt ] -z
Cl1-H11 02 2.544 3.37203) 147.85 Cxt Lyl -zl
CI2-HI2 06 2.518 3.12703) 12337 X Vay—Vaz

CI2-HI2 N6 2.447 3.175(3) 135.27 X+ Vo y— Yo —z+ Y
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Figure 5.8.: The 2D network stacked perpendicularly alone a axis in compound 12.

Unlike the case for compound 10, where the adjacent sheets are alternatively arranged
between the layers, a close packing framework is formed. Herem, for compound 2, the 2D
sheets are stacked to each other in a perpendicular direction so that the formed framework
ndeed has a mnor porous character, with perchlorate anions embedded inside the channel.
(Figure 5.8) The ClO4™ is bound to the adjacent 5-imztrz ligands from different layers via
multiple groups of H-bonding interactions. (Table 5.3) Additionally, a group of face-to-face
TimidazoleTimidazole Stacking was found to strengthen the packing between the adjacent layers
(centroid-centroid distance of 3.587(6) A). (Figure 5.9) The rather intense m-7 stacking
from the imidazole rings and H-bonding with ClO4~ mvolved lead to a shortest Fe--Fe
distance between the layers of 8.051(5) A, obviously shorter than that value in compound
10 (8.740(9) A).

Figure 5.9.: Tllustration of the layered packing in compound 12. The colored plane represent the 2D sheets
shared by the Fe(Il) atoms along bc axis. Supramolecular interactions were found between the layers, and

the red circles representthe - stacking between the layers.
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5.4.2 FT-IR spectroscopy

2-imztrz
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Figure 5.10.: The FT-IR spectraofligand 5-imztrz, 2-imztrz and compounds 10, 12.

The FT-IR spectra of the two compounds indicate that the ligand imztrz almost exhibit the
same vibration to that of the free ligand. As shown in Figure 5.10, the spectra of compound
10 and compound 12 are very similar compared to the corresponding ligand 2-imztrz and 5-
mztrz. However, some significant changes could be identified due to the coordination of
the compound. The bands 3115 (2-imztrz), 3109 (5-imztrz), 3134 (C10), 3122 (C12) cn!
and 1626-1297 cnr! (1626, 1517, 1447 and 1385 for C10; 1612, 1516, 1431 and 1384 for
C12) are attributable to the C—H, Car—Car, and Car=N stretching vibration frequencies of the
aromatic group. The peaks at 1515 (2-imztrz) cm! and 1518 (C12) cmr! can be ascribed to
the characteristic band for the triazole @-ring vibration. The corresponding peaks show up
at 1503 cnr! for ligand 5-imztrz and 1515 cm! for compound 12. The relative hypsochromic
shift in the compounds compared to the free ligand indicates the N-donor coordination to
the Fe metal centers. [*4] In addition, the peaks at 1177 (m), 1057 (s), and 778 (s) for C10;
1185 (s), 1095 (vs), and 715 (s) em! can be assigned to the C—H in-plane or out-of-plane
bend ring breathing, and ring deformation absorptions among the organic ligands. The
spectrum of C10 showed strong C=N stretching at 2057 cmr! suggesting the present of the
thiocyanate in the compounds. [23] Moreover, the peaks at 1141 (s), 1121 (vs) and 624 (vs)
m the spectrum of C12 can be assigned to the signature bands for the perchlorate

counteranion.
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5.4.3 Magnetic properties and Mossbauer Spectroscopy

As shown in figure 5.11, the variable-temperature magnetic susceptibility data of compound
10 has been recorded in the temperature range 300—2 K. At the temperature of 300 K, the
amT value of 6.05 cm®-K-mol™! can be ascribed to the corresponding two high spin Fe(II)
ions i the crystallographic smallest unit. This value remamns almost constant around 6.05 —
5.98 cm?* K mol™! from 300 K down to 90 K. The ym7 value starts to decrease more and
more abruptly below 90 K, until it reaches a value of 2.28 c¢cm?-K-mol'! at 2 K. This
temperature dependent behavior reveals typical antiferromagnetic magnetic coupling

between two adjacent Fe(Il) ions.

6 -
B measure
= 5] ——simu
£
<
£
o 4
~ 2J=-0.13 (2)
~
2
g=202
3
n
2
1 ! ! ! ! I ! ! ! | ! ! ! !
0 50 100 150 200 250 300

TIK

Figure 5.11.: The temperature-dependent magnetic susceptibility for compound 10 (the solid line represents

the best fit curve).

From the ananysis of crystal structure, we assume that there is no effective magnetic
exchange through the bridged ligand, as the shortest covently linked Fe...Fe distance of
9.617 (8) A. While the layered structure was found to have a shortest Fe...Fe distance of
8.740(9) A, linked through different supramolecular interacions. Such the decrease of ymT
value at low temperatures can be explained as weak dipolar antiferromagnetic interaction.
The magnetic behavior of compound 10 such can be treated as isolated Fe(Il) ions showing
magnetic coupling throughout the supramolecular interactions i the crystal lattice. To
evaluate this antiferromagnetic interaction for the two the crystallographic independent
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Fe(Il) ions, the magnetic data of the entire temperature range are simulated using the PHI
(26] program with value g = 2.02(1) and only a mean-field parameter zJ = —0.13(2) cm'!.
(Figure 5.11) This rather small coupling constant suggests that the antiferromagnetic
coupling through the supramolecular interactions between the Fe!! centers in the crystal

lattice is weak.

Temperature dependent magnetic susceptibility measurements on a bulk crystalline sample
of compound 12 was also made from 300 K to 4 K range. The value of ym7 at room
temperature is ca. 3.91 cm®-K-mol'!, which is larger than the expected spin only Fe(Il) ion
(ymT = 3.0 ecn®-K-'mol'!  with g = 2.0), indicating that an important orbital contribution is
mvolved. The value is comparable to those of other reported ferrous Fe(Il) complex (4.2,
4.1 emu K mol!). 271 Upon cooling, the ymT value increases rapidly to a maximum value
of 4.51 em®-K-mol'! at 30 K, confirming a typical ferromagnetic coupling between the Fe(II)
centers. Upon further cooling to 4 K, the ymT value drops sharply, which may be attributed
to zero-field splitting of Fe(Il) ions and/or antiferromagnetic coupling.

80
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Figure 5.12.: Plots of yu~' vs T for compound 12 with fitting to the Curie~Weiss Law, with the red solid line
represents the best fit curve.

The magnetic susceptibility in the range 50-300 K obeys the Curie—Weiss law, as shown in
figure 5.12, the application of least-squares method gave us an excellent fitting of the !
vs. T plot, with a Curie constant C = 3.795(2) cm?-K-mol"! and a Weiss temperature 0 =
9.213(2) K. The C here sits in the usual range of octahedral high-spin Fe(II) ions. [28] The
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rather large positive 0 value here further proved the existence of ferromagnetic mteractions
among the adjacent Fe(Il) ions in compound 12. From the structural analysis, we get to
know that within the basic square-lke {Fes} units, there are two different Fe...Fe
separations through the triazolate rings: 7.390(8) A and 7.740(9) A. This gives the adjacent
Fe(Il) centers two possible pathways for the effective magnetic coupling. Different
approaches have been applied to evaluate the detailed ferro/anti-ferromagnetic interaction

m compound 12.

The first attempt was to analyze the magnetic data using a uniform chain model, assuming
the 7.390(8) A linkage has a dominating coupling effect compared to the 7.740(9) A bridge.
As Fe(Il) is usually affected by a strong spin—orbit coupling and a large orbital contribution,
reflecting by the relative large ym7 value in compound 12. To model the 1D chain data, the
equation (equ 5.1) from Drillon et al. [2°] was applied. The magnetic coupling through the
longer linkage (7.740(9) A bridge) can be included by using the mean field approximation
(equ 5.2). [39]

2.2
= ZNg¢exp(4} / kgT) (Equation 5.1)
kgT 1

Xu A 5, (Equation 5.2)

~ 1-(21,/ NP 2
This model reproduces quite satisfactorily magnetic properties of compound 12 while still
did not cover all the measured data points with g = 2.27, J; = 443 cm’!, J, = -1.57 cm’!
(figure 5.13, solid blue line). A note must be given that even if this fit is mathematically
good, it must be taken with caution, because the main J; value is very close to the J2 value.
The molecular field model only is appropriate when the J;/J> ratio is very small. 3% Maybe
the only conclusion we can state from this simulation is that the magnetic coupling through
the imidazole-imine moiety is confirmed, and it has two pathways through the two different
distances of linkage.
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Figure 5.13.: The temperature-dependent magnetic susceptibility (ymuT v.s. T) for compound 12 from 4K t0
300K. The blue line represent the fitting result based on the chain model, and the red line stands for the best
fitting with the 2D Heisenberg quasi-quadratic layer model.

Given the size of the local interacting spins (S = 2, Fe(Il), HS), we can consider them as
classical spins and, therefore, the second approximate method was made by means of the
analytical expression derived by Curély [3!] for the isotropic Heisenberg 2D square system.
Herein, we consider a two J coupling quasi-quadratic layer model, with the magnetic

mteraction between the adjacent 2D layers defined by the molecular field approximation.
[30]

_ Nglug® S(S+D(W1+W2)
ZXap square ~ 3kpT (1-u1?)(1- u2?)

Where Wi= (1 + ui?)(I +u2?)+ 4usuz, W2 =2u1(1 +u2?)+ 2uz(1 + ur?),

(Equation 5.3)

and ui=cos[J;S(S+1) / kT]|—kT/JiS(S + 1)

_ 2D square
- 2
1_(221/ Ng g2)ZZD square

X (Equation 5.4)

In the above equations, N is Avogadro’s number, up is the Bohr magneton, k is the
Boltzmann constant, J; is the exchange couplng and z/ stands for the supramolecular
coupling parameter between the adjacent layers. The best-fit parameters through eq 4 for
compound 12 are g = 2.24(1), J; = 1.27(2) cm’!, J> = -0.51(2) cm! and zJ = -0.13(2) cm!.

Clearly, the parameters obtained with this approximation are more realistic and the model

112



Chapter 5 Two 2D Fe!' Networks Built Up from Imztrz:
Anterferromagnetic v.s. Ferromagnetic Interaction

reproduces quite well the magnetic data for the whole temperature region, although the
middle region is not perfectly reproduced (Figure 5.13, red solid lines). As also mentioned
in previous reports, the Fe(I) ion high-spin d® configuration is usually accompanied by
sizeable zero field splitting and spin-orbital coupling contributions. [32] Unfortunately, a
model including all these contributions is not available in the present and would include too

many correlated parameters that would lead to an unreliable result.
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Figure 5.14.: Plot of reduced magnetization (M/Np) v.s. H for compound 12 in the 4-10 K range. The lines
are just for the guidance of the eye, dose not represent any simulated results.

A further confirmation of the overall ferromagnetic coupling found in compound 12 is
provided by magnetization measurements. As shown in figure 5.14 as variable field
isotherms, the magnetization measurements were performed i the range 4—10 K under
external magnetic fields up to 70 kOe. The magnetization stays amost linear up to 1.78(1)
Np at 20 kOe (4K), and then it shows a slight positive curvature (non-linear) with the field
up to 3.31(1) Np at 70 kOe (4K). Compared to the theoretical saturation magnetization value
of Fe(Il) ion (4.00 Np), the maximum value of 3.31(1) NS at 70 kOe (4K) suggests that the
groud state of the Fe(Il) is not well-defined.
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Figure 5.15.: Mdssbauerspectrumof C12 recorded at 77 and 298 K.

In addition, >’Fe—~M0ossbauer measurement of compound 12 at two different temperatures
(77K, 298K) was performed (Figure 5.15) to test for possible electronic isomerization for
the distorted octahedral Fe(Il) cores. As illustrated in figure 12, both spectra show only one
doublet peaks. The isomer shifts 6 (1.13 and 1.02 mms!), quadrupole splitting Arq (2.81
and 2.18 mms!) lie clearly in the range expected for Fe(Il) ions in octahedral or quasi-
octahedral environments (Table 5.4). [332 33Y] On the other hand, the quadrupole splitting
(4eq) values are also consistent with the high spin electronic configuration for the Fe(Il)
jons. [33¢

Table 5.4.: Mdssbauer parameters for compound 12 at 77 K and 298 K with the isomer shift J, quadrupole
splitting Arp and lorentzian line width I' and site population.

Temperature (K)  isomer shifts § (mm's-!) quadrupole splitting lorentzian line width
Ago (mmrs™!) I (mm's™)
77 1.13 £0.03 2.81 £0.04 0.33 £0.03
298 1.02 £0.03 2.18 £0.04 0.30 +0.03

Considering the structural features of compound 12, the observed J values can be explained
on the basis of the possible exchange pathways present in the compound. In compound 12,
each Fe(Il) ion is surrounded by four triazole-imine bridges in the quasi-quadratic layer,
with two different groups of linking distance owing to the slightly distorted coordnation
geometry. The dominating ferromagnetic interaction is assumed coupled through the longer
linkage, while the mediated antiferromagnetic coupling is assigned to the shorter exchange
pathway. This is the first example with an effective magnetic coupling found in the triazole-
mine linkage. The magnetic exchange pathway for pyrazine-/imidazole-containing Fe(II)
complexes have been well-established, suggesting that an effective d(metal)-nt(pyz,
imidazote) overlap is operative in many cases. [35] The obtained J value in the present work
can be very well compared with the several published Fe(Il) in the pyrazine-/imidazole

system as they shared in the same range separation around the adjacent Fe(II) centers (6.5~
7.5 A). [27.28]
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5.5 Conclusion

The work described herein represents two scarce examples of two-dimensional Fe(II)
network compounds from 4-substituted 1,2,4-triazole. Based on the ligands 4-(1H-imidazol-
5-ylmethylene-amino)-4H-1,2,4-triazole ~ (5-imztrz) and  4-(1H-imidazol-2-ylmethylene-
amino)-4H-1,2,4-triazole (2-imztrz), a group of two 2D Fe!! layered compounds, that is,
[Fell>(2-imztrz)a(SCN)4] (C10) and [Fe''(5-imztrz)>](ClO4)2 (C12) have been synthesized
and magnetically characterized. Compound 12 represents the first example of structurally
and magnetically characterized ferromagnetic coupled 2D network through the triazole-
imine linkage. Compound 10 stayed at high spin state accompanied by a weak
antiferromagnetic exchange coupling through the lattice supramolecular mteractions. The
two 2D networks obtained here were quite different from the previous reported bidentate
triazole linked networks. The two newly isolated compounds showed the possibility of
combining the triazole ligand with a second coordination site to construct high dimensional
Fe(Il) comlex with a [FeN¢] core. Future work of these two compounds shoud be made in
regards to tuning the ligand field strength for 2D SCO studies.
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Chapter 6 Crystal Structure of “Fleeting Fe complexes”
and Ligands: Crystallization Consideration

Based on the results and discussion in last four chapters, we get to know that it is very
important to isolate single crystal and determine the crystal structure for all compounds
prepared to study SCO behavior. Actually, it was also addressed out by Olivier Kahn that
the crystal structures is of vital importance in the field of molecular magnetism around 30
years ago when he wrote the famous book Molecular Magnetism. 11 As it is not only the
covently bonds linking the spin active center that matters for the over all SCO process, but
also the non-covent bonds like H-bonding, as well as «...w stacking make a huge difference.
Additionaly, the different or different amounts of solvents nvolved in the compounds may
also have a tremendous effect on the final magnetic properties. These factors can completely
change the physical properties of targeted compounds, even for compound with the same
empirical formula. Unluckily, despite of the mnumerous advances in many fields of
crystallization science, the successful isolation of a crystal compound suitable for SC-XRD
is sometimes considered more as a mixture of science and art with a pinch of creativity and
luck. 251 During the preparation of potential SCO compounds, there are also some
unexpected crystals coming out of the arduous attempts. We will show here several of such
resolved structures, with the intention of a better understanding of the crystallization process
and detailed insight of the related organic ligands. The crystallographic data and refiement
parameters of all the crystal data discussed in this chapter are listed in Table 9.3-9.7.

6.1 Mononuclear [Fe'(2-imztrz):(CH30H)2(SCN)2] (C11)

Figure 6.1.: Molecular structure of [Fe'l(2-imztrz)>(CH30H)2(SCN),]. Symmetry code:a =—x + 1, -y + 1, — z.
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The centrosymmetric compound [Fe!'(2-imztrz)2(CH3OH)2(SCN)2] (C11) crystallizes in the
monoclinic system with the space group P2://c. The molecular structure of the neutral
mononuclear complex is shown in Figure 6.1. The won(Il) atom les in the centre of
symmetry, and is octahedrally coordinated: two nitrogen atoms from two thiocyanate anions
and two nitrogen atoms of imidazole rings forms the equatorial plane, the axial positions are
occupied by two oxygen atoms from methanol molecules. Surprisingly, quite different from
the other two reported mononuclear Fe complexes with triazole ligand, [6] the 2-imztrz here
is coordinated to the Fe center via nitrogen atoms from the imidazole rings rather than
triazole rings, and the additional coordinated two oxygen atoms makes this mononuclear
complex stay in HS state. Crystal data indicates that all Fe—N and Fe—O distances are in the
range of 2.107(2)-2.271(2) A, typical for HS iron(Il) compounds. (Table 6.1) In addition,
the Fe—No2.imzn- distances are longer than the Fe—Nnycs and Fe—O(MeOH) ones, where
Fe—Nncs = 2.141(2) A and Fe—Oueon = 2.100(1) A; Fe—N2-imzn- = 2.228(2) A. These bond
distances are comparable with those in C1 and C5 discussed in chapter 2 and chapter 3. The
angles around the iron ion vary from 88.1 (5)° to 180.0 (7)° (Table 6.1), pretty close to the
ideal values of 90° and 180° indicating the octahedral coordination being only slightly
distorted.

a -
I—»b‘
C

Figure 6.2.: Schematic representation of m-n stacking interactions linked 2D supramolecular network in C11.
The red dashed lines represent the face-to-face aromatic «t...w stackings and the balck dashed lines stand for
the S.. Ttriazole interactions.

In the title compound, the uncoordinated triazole rings are found been nvolved in face-to-
face aromatic m-m stacking interactions with the imidazole rings with the centroid to
centroid distance of 3.719(1) A (Fig. 6.2). The formed chain structure along the b axis is

further connected to a two dimensional network via a group of non-classical S--Ttriazole
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(S—centroid distance of 4.049(5) A) interactions. The rather weak supramolecular

mteractions here partially explain the unstability of this mononuclear complex.

Table 6.1 Selected bond lengths [A] and angles [°] for C11.

Compound 11

Fe(1)-0(1) 2.100(11)  Fe(1)-N(7) 2.141(2) Fe(1)-N(1) 2.228(2)
O(1)-Fe(1)-O(1)#1 180.0 N(7)-Fe(1)-N(7)#1 180.0(7)  O(1)-Fe(1)-N(1) 90.1(5)
O(1)-Fe(1)-N(7) 91.9(5) O(1)-Fe(1)-N(1)#1 89.9(5)  O(L#I-Fe(1)-N(1)  89.9(5)
O(#1-Fe(1)-N(7)  88.1(5) O(#1-Fe(1)-N()#1  90.1(5)  N(7)-Fe(1)-N(1) 90.8(5)
O(1)-Fe(1)-N(7#1  88.1(5) N(7)-Fe(1)-N(I)#1  892(5)  N(7#1-Fe(1)-N(1)  89.2(5)
O(1)#1-Fe(1)-N(T#1  91.9(5) N(7#1-Fe(1)-N(1)#1  90.8(5)  N(1)#1-Fe(1)-N(1)  180.0

Symmetry code: #1 =—x+1,-y+1,-z.

6.2 Dinuclear [Feuz(l.4)5(C204)(HzO)z](SECN)z(L4)2(H20)4 (C3)

Figure 6.3.: Molecular structure of [Fe>(toltrz)s(C204)(H20)2](SeCN)2(toltrz)2(H20)s.  Symmetry code: a=—
x+1l,-y+1,-z+2.

Compound [Fe2(toltrz)s(C204)(H20)2](SeCN )2 (toltrz)2(H20)s  (C3)  crystallizes in  the
triclinic system with the space group P-I. C3 is a dinuclear complex formed by two
crystallographically related wron(Il) centres. Each metal ion is coordinated to three N-donor
atoms of triazole rings from the toltrz ligands. As shown in figure 6.3, the coordmnation
sphere of the iron centre is completed by one aqua molecule and two O atoms of a bridging
oxalato dianion, resulting in a distorted octahedral coordination geometry. There are two

more aqua molecules embedded i the crystal lattice. The charge is balanced by a non-
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coordinated selenocyanate, which is linked to the Fe molecule via H-bonding interactions
through one water molecule. The Fe-N and Fe—O distances (Table 6.2) are within the
expected ranges for a HS iron(IT) species with this type of coordination environment. 7] The
angles around the iron ion vary from 76.6 (2)° to 177.2 (3)° (Table 6.2), significantly
different from the ideal values of 90° and 180°. This distortion of the octahedron is mainly
due to the rigid bridging oxalato ligand imposing an O1-Fel-0O2* (a=—-x+1,—-y+ 1, -z
+2) angle of 76.6 (2)°.

M

L

4.229(3 J]

Figure 6.4.: Tllustration of the 2D network in dinuclear complex C3, showing the different 7w stackings.

The crystal packing of C3 shows the formation of a 2D supramolecular network by two sets
of m-m stackings involving the phenyl and triazole rings (Fig. 6.4). Along the b axis, the
toltrz molecules adapt a headphenyl-to-taikriazole mode of stacking, leading to a chain structure
with the character of double ron chain parallel to each other. The chain structure is further
connected nto a 2D network via a headphenyl-to-headpheny! stacking along the ¢ axis. The
solvate toltrz molecules are embedded in the channel formed between the 2D networks via

a group of C—H-mt contacts. (distance of C--C is 3.534(3) A).

Table 6.2 Selected bond lengths [A] and angles [°] for C3.

Compound 3
Fe(1)-0(3) 2.088(5) Fe(1)-N(9) 2.124(7)  Fe(1)-N(1) 2.191(6)
Fe(1)-O(1) 2.106(5) Fe(1)-N(5) 2.180(6)  Fe(1)-O(2)#1 2.213(5)
O(3)-Fe(1)-0(1) 168.3(2) N(9)-Fe(1)-N(5) 91.1(2) O(3)-Fe(1)-0(2)#1 91.7(2)
O(3)-Fe(1)-N(9) 93.8(2) O(3)-Fe(1)-N(1) 92.2(2) O(1)-Fe(1)-0(2)#1 76.7(2)
O(1)-Fe(1)-N(9) 97.9(2) O(1)-Fe(1)-N(1) 86.6(2) N(9)-Fe(1)-O(2)#1 174.5(2)
O(3)-Fe(1)-N(5) 88.6(2) N(9)-Fe(1)-N(1) 91.3(2) N(5)-Fe(1)-O(2)#1 88.6(2)
O(1)-Fe(1)-N(5) 92.1(2) N(5)-Fe(1)-N(1) 177.433)  N(1)-Fe(1)-OQ2)#1 88.9(2)

Symmetry code: #1l =—x+1,-y+1,—z+2.
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6.3 Three Polynuclear Fe!' Complex from Hcpt (L9)

6.3.1 1D Chain Structre of [Fe'(cpt)(OH)(H,0)],(C13)

Figure 6.5.: Coordination environment of C13, and the view of the infinite polymeric [Fe(u-cpt)(u-OH)]
chain. Symmetry code:a=-x+1,y+0.5, —z+15 b=-x+1,y-05,-z+ 15

Compound [Fe'l(cpt)(OH)(H20)2]n (C13) crystallizes in the monoclinic system with the
space group P2;/c. As shown i figure 6.5, the asymmetric unit of C13 contains one Fe(Il)
ion, one u2-cpt anion, one OH™ ion and two coordmated aqua molecules. Each ron atom
adopts a slightly distorted octahedral arrangement, where the basal plane is occupied by two
nitrogen atoms (N1, N2a,a=—-—x+ 1, y+ 0.5, — z+ 1.5) from two symmetry equivalent cpt
ligands and two oxygen atoms (O3w and O3wb, b=—x+ 1,y - 0.5, — z+ 1.5) from two
symmetry equivalent OH~ anions. The axial positions are occupied by two oxygen atoms
from aqueous molecules (Olw, O2w). The Fe-N and Fe-O distances are within the
expected ranges for a high-spin iron(IT) species, which are listed in table 6.3. The octahedral
arrangement around Fe(Il) is distorted, as the angles around the iron ion vary from 85.07
(7)° to 170.70 (2)° (Table 6.3). The wron atoms are joined into an infinite polymeric chain
by the u2-hydroxo groups together with u2-cpt-along the b axis (Figure 6.5).

Table 6.3 Selected bond lengths [A] and angles [°] for C13.

Compound 13
Fe(1)-O(3w) 2.031(1) Fe(1)-O(2W) 2.154(2)  Fe(1)-O(1w) 2.170(2)
Fe(1)-O(3w)? 2.040(1) Fe(1)-N(1) 2.170(2)  Fe(1)-N(2)° 2.178(2)
O(Bw)-Fe(1)-O(3w)*  170.70(2)  O(2W)-Fe(1)-N(1) 89.59(7)  O(3w)-Fe(1)-N(2)° 87.00(7)
O(3w)*-Fe(1)-0O2w)  90.71(7) O(BW)*-Fe(1)-O(1W)  85.66(7)  O(2w)-Fe(1)-N(2)° 92.25(8)
O(Bw)-Fe(1)-N(1) 93.45(7) O(BW)-Fe(1)-02W)  98.56(7)  N(1)-Fe(1)-N(2)° 178.02(8)
O(3w)*-Fe(1)-N(1) 85.87(7) N(1)-Fe(1)-O(1W) 90.80(7)  O(1w)-Fe(1)-N(2)° 87.31(7)

Symmetry code:a=-x+1,y-1/2,-z+3/2;b=—x+ 1,y +1/2,-z+3/2.
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6.3.2 Hexanuclear structure of [Fe!l ((u;-0),(OH),(cpt)s(H,0),], (C14)

Figure 6.6.: Molecular structural unit of the u3-O-bridged hexagonal {Fes} cluster. Along a direction, the
carboxylate groups are bound from theleft side, while the triazolyl groups are bound to the opposite side.

Compound [Fe'ls(u3-O)(OH)2(cpt)s(H20)2]n (C14) crystallizes in the orthorhombic system
with the space group /mm2. It owns a hexanuclear iron core, with unit cell constants of a =
16.150(5) A, b = 19.655(5) A and ¢ = 19.670(5) A. The final crystal data has a high R; value
of 0.1295, all the other crystallographic information is listed in table 9.4. The chemical
formula was assigned based on the single crystal data and charge considerations. As shown
in figure 6.6, the the molecular unit is composed of two symmetrical Fe(Il) trinuclear oxo-
centred (O1) equilateral triangles. For the crystallographic independent triangle, there are
three different coordination environment for the iron centers. Fel is surrounded by two
nitrogen atoms (N1, Nla, a=—x — )5, y — 2, — z + }2) from two cpt™ ligands, two oxygen
atoms (04, O4b, b = x — 2, — y + %; — z + '5) from the carboxylate group of other cpt™
ligands, a u3-O (O1) atom and an aqua molecule (O7). Fe2 is bridged to Fel via a w2-bridged
mode of the triazole ring (N2, N2a), which is further coordinated with two hydroxide anions
(02, O2¢, c =x, — Y, 2), the u3-O (O1) atom and another N atom from a third cpt™ ligand to
finish the octahedral geometry. Unlike the linking mode between Fel and Fe2, Fe3 is
connected to Fel via a w2-bridged mode of the carboxylate group (OS5, O5d, d = x, — vy, —
z.), which is further coordinated with two hydroxide anions (O3, O3c, ¢ = X, — Yy, z), the us-
O (O1) atom and another O atom from another cpt™ ligand to complete the octahedral
geometry. The adjacent triangles are symmetry related, and connected by the bridging group
of hydroxide, triazole and carboxylate to end up with the hexanuclear {Fes} cluster unit.
The Fe-N and Fe—O distances are within the expected ranges for high-spin ron(I) species,
which are listed in table 6.4. The angles around the iron ion vary from 86.1 (6)° to 177.9
(5)° (Fel), 86.6(6)° to 175.5(6)° (Fe2), 86.7(6)° to 104.1(9)° (Fe3), (Table 6.4), slightly

different from the ideal values of 90° and 180°, showing distortion around the iron centers.
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Figure 6.7.: The packing arrangement of C14, showing hexagonal honeycomb channels along the a axis.

Within the {Fe¢} cluster, all Fe atoms are m a perfect plane, with all bridgmng ligands

asymmetrically coordinated; all carboxylate moieties bind from one side (left) of the Fes!!

hexagonal core and triazole groups binding from the other side (right) (Fig. 6.6). Hexagonal

honeycomb channels are constructed along a axis (Fig. 6.7). Calculations using PLATON,
(8] showed that the effective volume for inclusion of these channels is about 6244.0A3/cell,

comprising ~65.7% of the crystal volume.

Table 6.4 Selected bond lengths [A] and angles [°] for C14.

Compound 14

Fe(1)-0(1) 2.090(3) Fe(2)-0(1) 2.069(19)
Fe(1)-O(4) 2.106(18)  Fe(2)-N(2) 2.086(15)
Fe(1)-0(7) 2.129(19)  Fe(2)-N(4) 2.21(3)
Fe(1)-N(1) 2.13(2) Fe(2)-0(2) 2.220(13)
O(1)-Fe(1)-O(4)* 91.8(6) O(1)-Fe(2)-N(2) 86.8(5)
0(1)-Fe(1)-0(7) 1793(11)  N(2)°-Fe(2)-N(2) 90.9(9)
0(4)*-Fe(1)-0(7) 88.6(8) O(1)-Fe(2)-N(4) 179.7(7)
O(7)-Fe(1)-N(1)* 93.4(8) N(2)-Fe(2)-N(4) 93.4(6)
O(1)-Fe(1)-N(1) 86.1(6) O(1)-Fe(2)-0(2) 93.2(5)
O(4)*-Fe(1)-N(1) 177.9(5) N(2)%-Fe(2)-0(2) 93.6(6)
O(4)°-Fe(1)-N(1) 88.2(5) N(2)-Fe(2)-0(2) 175.5(6)
O(7)-Fe(1)-N(1) 93.4(8) N(4)-Fe(2)-0(2) 86.6(6)
N(1)%-Fe(1)-N(1) 91.4(10) 0(2)-Fe(2)-0(2)" 81.9(7)

Fe(3)-0(5)°
Fe(3)-0(3)
Fe(3)-0(1)
0(2)-Fe(2)*
0(5)°-Fe(3)-0(3)
0(5)*-Fe(3)-0(3)
0(3)-Fe(3)-0(3)¢
0(5)°-Fe(3)-0(6)
0(3)-Fe(3)-0(6)
0(5)*-Fe(3)-0(1)
0(3)-Fe(3)-0(1)
0(3)%-Fe(3)-0(1)
0(6)-Fe(3)-0(1)

2.038(17)
2.046(12)
2.100(19)
2.220(13)
163.3(6)
92.3(6)
71.3(9)
86.7(6)
91.3(6)
88.7(5)
94.8(5)
94.8(5)
172.5(6)

Symmetry code: a=—-x -2, y— Y, —z+ Y b=x—-Y,—y+¥, —z+c=%x -y,z;d=%x, —-y,— Z.
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6.3.3 3D structure of [Fe"s(us-O)(OH)(cpt)s(H:0):].(C15)

Figure 6.8.: a) Molecular structural unit of the x3-O-bridged equilateral triangle {Fe3} cluster. The carboxylate
groups are bound from the up side, while the triazolyl groups are bound to the opposite side; b) The packing

arrangement of C15, showing hexagonal honeycomb channels along the c axis.

Compound [Fe'3(u3-O)(OH)(cpt)3]n (C15) has a trinuclear iron core that resembles the
MIL88 (MIL stands for a special type of MOF first developed at Institut Lavoisier) Cr(III)
complex series, [°! and a very similar structure has been reported with a cobalt core. [191 This
C15 ron complex can be treated as an isomorphous structure with the reported cobalt
complex [Co3"(u3-O)(OH)(cpt)s(H20)2Jn'xH20-yDMF. C15 crystallizes in the hexagonal
space group, P63/mc, with unit cell constants of a =b = 15.1907(3) A, ¢ = 20.1364(8) A and
y = 120° Al other crystallographic informations are listed in table 9.4. The chemical
formula was assigned based on the single crystal data and charge considerations. As shown
mn figure 6.8, the molecular unit is composed of a Fe(Il) trinuclear oxo-centred (02)
equilateral triangle. Each Fe(Il) ion exhibits octahedral coordination with two O atoms (O 1)
from the carboxylate group of a cpt™ ligand, two N atoms (N1) from the triazole rings of
other cpt™ ligands, a u3-O (O2) atom and a hydroxide anion (O3). The hydroxide anion,
which is presumably generated during the reaction, completes the charge balance of the
entire framework. This hydroxide group was considered to be highly disordered; therefore
the average atomic position of Fe(Il) ions appears to be identical. In the reported cobalt
isostructure, they assume that the hydroxide groups are occupied by the terminal positions
rather than possible lattice position. [1) The Fe-N and Fe-O distances are within the
expected ranges for HS ron(Il) species, which are listed in table 6.5.
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Within the cluster, all bridging ligands are coordinating asymmetrically; all carboxylate
moieties bind from one side (top) of the Fes!! triangular core and triazole groups binding
from the other side (bottom) (Fig. 6.8). The topology of the trinuclear {Fes} cluster is similar
to that of MIL88, [9] where three Cr'!l! ions are bridged via u3-O and terephthalic acid.
Similarly to MIL88, hexagonal honeycomb channels are formed along ¢ axis (Fig. 6.8 b).
Calculations using PLATON, [8] showed that the effective volume for inclusion of these
channels is about 4024.1 A3/cell, comprising ~66.1% of the crystal volume.

Table 6.5 Selected bond lengths [A] and angles [°] for C15.

Compound 15

Fe(1)-0(2) 1.9502) Fe(1)-O(1)#1 2.028(16) OQ)-Fe(1)-0(3)  174.2(18)
Fe(1)-0(3) 2.006(16)  Fe(1)-N(1) 2.10(2) 0(2)-Fe(1)-O(1)#1  89.7(11)
0(3)-Fe(1)-O(1)#1 94.5(9) 0(2)-Fe(1)-N(1) 88.1(11)  O(1)#2-Fe(1)-N(1)  90.3(4)
O(1)#1-Fe(1)-0(1)#2  88.5(11) 0(3)-Fe(1)-N(1) 87.9(9) N(1)#3-Fe(1)-N(1)  90.9(10)

O(1)#2-Fe(1)-N(1)#3  177.5(6) O(#1-Fe(1)-N(1)  177.56)  O@3)-Fe(1)-O(1)#2  94.5(9)

Symmetry code: #1l =y +1,x, z+ ¥ #2 =—x+1,-y,z+ % #3=—y+1,-x+ 1,z

6.4 Layered Structure of Half-Rigid Ligand

Despite the fact that the molecular features of the ligands show no exceptional specialities,
the crystal structures, however, reveal interesting details due to the corresponding lattice
packing in solid state. Heren we summarize five of the rigid or half-rigid ligand crystal
structures K1-KS (scheme 6.1), with the mtention of a better understanding of the solid

state packing, and insight of the ligand potential

OH
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K1: HL1.CCI3C00- K2: HL2.PFg" K3: L3

Scheme 6.1.: Scmeme of organic compounds for crystal structure I (K1) to crystal structure 5 (K5).
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In general, the ligand molecules are hydrogen-bonded via the pyrrolyl (K1), imidazolyl (K2,
K3), hydroxylic (K4), carboxylic (K5) functions and triazole rings, in case of K1 and K2
additional counteranions are also involved. Whereas carboxylic and hydroxylic groups
typically form multiple and stronger H-bondings, the non-classical N-acceptors of pyrrolyl,
imidazolyl and triazole ring are widely found responsible for the solid state packing among

these ligands.

Even though the ligands are substituted with different functional groups, structures K1 to
K5 were found sharing very similar arrangements: firstly, the ligands form a two
dimensional plane linked by varities of H-bonding interactions; then groups of w1 stacking
facilited the formation of the layered supramolecular networks with different distances
between the adjacent layers. The detailed crystallographic information is listed in table
9.5-9.7. Figure 6.9-6.13 illustrate the 2D layered structure formed by H-bonding
mteractions for K1 to K5, detailed values of these short iteractions can be found in table

9.8.

Figure 6.9.: The 2D network formed via multiple supramolecular interactions in ac plane, and the view of the

layered structurein K1. The dashed lines represent the short supramolecular interactions involved.
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Figure 6.10.: The 2D network formed via multiple supramolecular interactions in ac plane, and the view of

the layered structure in K2. The dashed lines represent the short supramolecular interactions involved.

128



Chapter 6 Crystal Structure of “Fleeting Fe complexes” and Ligands:
Crystallization Consideration

Figure 6.11.: The 2D network formed via multiple supramolecular interactions in ac plane, and the view of

the layered structure in K3. The dashed lines represent the short supramolecular interactions involved.

Figure 6.12.: The 2D network formed via multiple supramolecular interactions in ac plane, and the view of

the layered structure in K4. The dashed lines represent the short supramolecular interactions involved.
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Figure 6.13.: The 2D network formed via multiple supramolecular interactions in ac plane, and the view of

the layered structure in K5. The dashed lines represent the short supramolecular interactions involved.

The crystal structures allow us to make general assumptions on the competition between
ligand crystallization and complex formation taking into account the strength of the overall
supramolecular interactions. Detailed exploration of the relationship between potential H-
bonding sites and supramolecular iteraction strength of the formed compounds are made

with the Hirshfeld surfaces analysis in section 6.6.
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6.5 Layered Structure of Flexible Ligand

The urea-triazole ligand system has been found highly potential for the SCO construction,
forming high 772 SCO compounds, sometimes even with hysteresis loop. [!!l After quite a
lot of efforts were put into the crystallization of SCO compounds based on this type of ligand,
the results turned out to be quite challenging to isolate the crystalline metal complex with
the urea-triazole ligand. On the other hand, the urea group is widely used i polymer
synthesis and supramolecular chemistry studies such as anion recognition, where the urea
group as the dominant potential binding site is recognized as H-bonding receptors and
donors. 121 The small molecular ligand herein, surprisingly, also confirms the fact that the
urea group can indeed be nvolved with plenties of H-bonding interactions, which partially
explains the difficulty of isolating crystalline metal complex with this type of ligand. Herein
we summarize four of the flexible urea-triazole ligand crystal structures K6—K9 (scheme
6.2), with the intention of a better understanding of the solid state packing, and the insight
of this flexible ligand potential

Ak Hie a0 HIJLNQ
H I H H

Ké: L10 K7: L11 K8: L14.H30 K9: L15.H30
Scheme 6.2.: Scmeme of organic compounds for crystal structure 6 (K6) to crystal structure 9 (K9).

The slight difference from the urea linking group indeed leads to quite different
supramolecular connection comparing to the rigid ligand discussed in the last section. As
shown in figure 9.14-9.17, K6—K9 share the very similar structural packing as with K1-KS5:
starting from a 2D network to a stacked layered structure linked via different groups of
supramolecular interactions. Quite different from the rigid ligand series, these four
structures are connected by a rather stronger H-bonding through the urea group. As
highlighted in figure 9.14-9.17, the urea groups herein adapt the typical bidentate urea
linkage mode ['?] in K6, K7 and K9, while a solvent (water) involved binding mode was
found in K8. The average 2.956 A distance of donor...acceptor herein is obviously shorter
comparing to that value in the rigid ligand system, (table 9.8, 9.9) indicating a stronger H-
bonding mteraction formed in these flexible ligand series. The detailed values of the

involved short interactions are listed in table 9.9.
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Figure 6.14.: The 2D network formed via multiple supramolecular interactions in ab plane, and the view of

the layered structure in K6. The dashed lines represent the short supramolecular interactions involved. The
urea involved H-bonding interaction is highlighted for clarity.

Figure 6.15.: The 2D network formed via multiple supramolecular interactions in [1 0 1] plane, and the view
of'the layered structure in K7. The dashed lines represent the short supramolecular interactions involved. The

urea involved H-bonding interaction is highlighted for clarity.
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Figure 6.16.: The 2D network formed via multiple supramolecular interactions in bc plane, and the view of

the layered structure in K8. The dashed lines represent the short supramolecular interactions involved. The
urea involved H-bonding interaction is highlighted for clarity.
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Figure 6.17.: The 2D network formed via multiple supramolecular interactions in ab plane, and the view of
the layered structure in K9. The dashed lines represent the short supramolecular interactions involved. The

urea involved H-bonding interaction is highlighted for clarity.

6.6 Rationalization of the Crystallization

The ocassionally obtained Fe complexes (C3, C11, C13—C15), represent the competition
between the expected tn-N1,N2-triazole bridged stable form of Fe complex and the unstable
“fleeting”  structures obtained during the crystallization process. Compound
[Fell2(toltrz)s(C204)(H20)2](SeCN)2(toltrz)2(H20)4 (C3) stands for the difficulty of keeping
the Fe(Il) salts at rather low oxidation state (+2), the by-product of C3, together with the
other three compounds summarized in chapter 4 proved that the addition of ascorbic acid to
the reaction system indeed can prevent the Fe(Il) salts from oxidating to Fe(IIl) state. While
the resulting oxalate anion sometimes overcomes the formation of the triazole-bridged
product, as the oxalate-bridged chain or 2D network is more likely to crystallize. Compound
[Fell(2-imztrz)2(CH3OH)2(SCN)2] (C11) is truly a mestable form of compound as the crystal
re-dissolves in the mother-liquid after one day. This can be a competition with compound
[Fell2(2-imztrz)4(SCN)4] (C10), even though we successfully isolated and repeated C10, the
stable form. Despite the completely different coordination environment and structural
packing (1D, hexanuclear 3D and trinuclear 3D), compounds C13—C15 came from the same
reaction conditions with parallel batches. Further synthetic procedure proved that C15 is the
most stable form among the three polynuclear complexes. These three results demonstrated
that the flexibility of the self-assembly process of crystallization, even though in most of the
times success has been achieved with the most thermally-stable form of all the possible

combinations.
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Figure 6.18.: Hirshfeld surface analysis mapped over dnorm showing intermolecular H-bonding interactions
and ... stackings for crystals K1-K5.

The organic ligand (salts) crystal structures (K1 — K9) were mainly isolated by occasion
during the preparation of the corresponding Fe(Il) complexes. From the ligand pomnt of view,
they share one distinguish character that might explain the overall formation of organic solid
state compounds other than the desired Fe(Il) complex: the multiple supramolecular
mteractions in the solid state packing among these structures. Apart from the structure
description, the major H-bonding, m-m stackings discussed in the last two sections, the
Hirshfeld surfaces were calculated to analyze the intermolecular interactions that stabilize
the molecules in 3D space packing. Hirshfeld surfaces analysis of K1-KS are illustrated,
showing the surfaces mapped over duorm (Figure 6.18) and two-dimensional fingerprint plots
showing itermolecular interactions with percentages contribution of intermolecular contact
highlighted. (Figure 6.19). Hirshfeld surfaces showing red circles stand for C—H--N and
C-H-O mtermolecular mteractions and the remaimning faint red color spots represent for
C-H--r stacking interactions. In addition, the intermolecular H-bonding for C—H-N and
C—H--O mteractions are also reflected in the 2D finger plot by the two long spikes. The
dnorm surface showing the visible red spots indicate C-H-n, C-H-N and C-H--O

mntermolecular interactions, whereas the blue parts indicate H--H and C--C contacts.

133



Chapter 6 Crystal Structure of “Fleeting Fe complexes” and Ligands: Crystallization
Consideration

JRde

de (. (6,8%) 2%e _[cmnar.0m)

4 ConeH {12.9%)

€ 4
ot

.: § | 12|

L. N o
o F -~
RETE AN o 10.2%) o8
06 08| = -

d di
T T3 16 T T T7E U6 U8 1.0 T T& 16 T iy L) U6 U8 10U T T4 16 1 T £
K1 K2 K3

de [ce
e C H(‘M.?%) “de otz

S ptson] B (om173m)
0.6 06 O-H (19,2%,
; /i

e — U5 U8 TU T2 T4 16 18 20 22 24

K4 K5

Figure 6.19.: The 2D fingerprint plots derived from Hirshfeld surface analysis for K1-KS.

Within the 2D fingerprint plots, analysis of the relative contributions due to the different
mteraction types for this group of crystal structures gives us valuable information about how
the structure is packed and which contact dominates the 3D packing. For K1-KS, they share
some same characters as they all have the very similar structure packing. The sharp spike-
like green regions in the plots correspond to the H-Bondings (C—H--N and C—H--O), while
the C-~H/H--C contacts (defined as the C—H--m interactions) are appear as ‘‘wing’’ in the
upper left and right of the 2-D fingerprint plot. The C--C contacts hold less than 1.2% to
2.5% contributions.among all five compounds confirmed the fact that there are not so many
fac-to-face m--m stacking in these structures. For K1 and K2, the additional conuteranions
(CCBLCOO™ and PF¢") dominates the major packing with Cl--H/H-CI (K1) and F--H/H--F
(K2) comprises 30.4% and 23.5% of the total Hirshfeld surfaces, respectively. The 46.4%
high ratio of N--H/H--N contacts in K3 tells us that it is mainly the H-bonding mnvolved
with N atoms from the ligand stabilizing the solid packing, rather than w--m stacking.
Additionally, H--H contacts were found to play major roles in the construction of the 3D
architectures for K3 to KS5.
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Figure 6.20.: Hirshfeld surface analysis mapped over duorm showing intermolecular H-bonding interactions
and w7 stackings for crystals K6-K9.

Figure 6.20 illustrates the Hirshfeld surfaces analysis of K6—K9 and the corresponding 2D
fingerprint plots are shown m figure 6.21. Evidently, the Hirshfeld surfaces give us the
mnformation of strong H-Bonding involving the urea group (NH-CO-NH) and the nitrogen
atoms from the triazole ring, indicating as the red circle spots on the surface. The blue parts
represent the H--H and C--H contacts. Additionally, the rather famt red spot around the
benzyl ring on K8 reflects the weak C—H--m stacking mnvolved.
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Figure 6.21.: The 2D fingerprint plots derived from Hirshfeld surface analysis for K6—K9.

The 2D fingerprint plots give us mformation about the C—-H-N, C-H-O H-bonding
mteractions and the C—H-n stacking involved for the 3D solid packing. The C--C contacts
are only found n K8 and K9 with the occupation of 1.5% and 1.2%, indicating the negligible
face-to-face stacking in the structure. Apart from the fingerprint of H-bonding that appears
as upper and lower spikes in the 2D plots, the H--H contacts make a large contribution to
the total Hirshfeld surfaces and are reflected in the middle of the scattered points. Very
mterestingly, K6—K8 share similar O--H/ H--O contribution due to the oxygen atoms from
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the urea group, which comprises 9.7%, 12.8 %, and 14.7% of the total Hirshfeld surfaces
for K6, K7 and K8 respectively. Introducing of another oxygen atom on K9, however, leads
to an augment of that ratio to 20.6%, indicating a 5% of surface increasing with H-Bonding
with a solely oxygen addition. That information provides us solid experience for a further

ligand design purpose.

In summary, the Hirshfeld surface analysis and 2D fingerprint plots allow us a visual insight
mto the differences in the packing modes and the intermolecular contacts present in the
crystal lattices among these crystal structures. The multiple supramolecular interacitons
nvolved supply an explanation of the competition between the Fe complex isolation and
ligand crystallization. These information can guide us through further crystallization process.
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Chapter 7 General Discussion and Perspective

The primary aim of the present study in this thesis was to synthesize new Fe(Il) complexes
with the potential to exhibit SCO transition, extending from molecular clusters to higher
dimensional (1D, 2D, 3D) materials. To achieve this goal, a number of multi-dentate
triazole-based ligand systems with different substituents as well as their Fe(Il) complexes
were synthesized. These compounds were analyzed using a variety of techniques including
crystallography, SQUID magnetization and Maossbauer spectroscopy. Different magnetic
properties have been found among the isolated compounds, like SCO transitions,

antiferromagnetic coupling and ferromagnetic coupling.

After a general introduction in Chapter 1, Chapter 2 and Chapter 3 discuss a series of three
dinuclear and two trinuclear N/,N2-triazole bridged Fe(Il) complexes which differed only
n the terminal ligand groups and counteranions. All five of these discrete multi-nuclear
species shared similar geometric properties. Quite interestingly, the two trinuclear
complexes (C4, C6) exhibit SCO behavior with different patterns (gradual vs. abrupt
transition). The considerable effects of supramolecular nteractions on these two SCO
compounds were explored. For both trinuclear complexes the central SCO-Fe(Il) centers
are surrounded by triazole nitrogens, while the termmal Fe(II) centers are coordinated by
water molecules and thus do not undergo spin transition. This intrigues us the idea of design-
synthesizing similar triazole mediated SCO compounds by changing of suitable terminal
ligand other than the bridging triazole ligand is also possible and plausible.

The study was then moved to three polyuclear Fe compounds, discussed in Chapter 4. The
coordination sphere of the iron ions in these three compounds were all linked by a second
carboxyl-based ligand (oxalate, citrate). The structures differed from a Fe(Ill) dimer to a
Fe(Il) one dimensional chain to a Fe(Il) three dimensional framework. Remarkably, the two
Fe(Il) complexes owned the porous features of the metal-organic-frameworks (MOFs).
Detailed magnetic studies showed that all three compounds exhibit different degree of
antiferromagnetic coupling between the adjacent active Fe centers. This work here gave us
good experience that the ascorbic acid adding to the synthetic system aiming at prevention
of Fe(I) oxidation could lead to quite different unexpect results, as the decomposed oxalate
seemed to have a better coordination ability comparing to the nitrogen donors from the
ligand. If one has to use ascorbic acid for this purpose during the synthesis of Fe(Il)

complex, one should maintain the synthetic condition under a rather mild condition.
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Additionally, the results here have shown the potential of triazole ligand acting as bidentate
linkers, like 4,4 ’-bipyridine, to construct high dimensional framework.

High dimensional networks built up from a [FeN¢] core were obtained and are summarized
in Chapter 5. Two examples of 2D Fe(Il) networks sharing similar structural characters but
revealing different magnetic behavior are reported. Surprisingly, these two 2D networks do
not show SCO upon cooling to 2K. The reason might be that the mediated coordinated
nitrogen atoms from the imidazole ring leading to a rather small ligand field around the Fe
centers. Pleasantly, [Fe!/(5-imztrz)2](ClO4)2 (C12) was found to behave as a ferromagnetic
model, while [Fe!'>(2-imztrz)4(SCN)4] (C10) stays at high spin state accompanied by a weak

antiferromagnetic exchange coupling through the lattice supramolecular mteractions.

The two 2D networks obtained here were quite different from a reported bidentate triazole
linked network. This showed the possibility of combining the triazole ligand with a second
coordination site to construct high dimensional Fe(II) complex. For a future extension work
of this idea, one should take the ligand field strength into consideration as well as the second
coordnation site. The imidazole and imine groups here contributed too small ligand field
strength and the compound do not show SCO. Moreover, compound 12 represents the first
example of structurally and magnetically characterized ferromagnetic coupled 2D network
through the triazole-imine linkage.

Chapter 6 summarizes several crystal structures that formed as wumexpected result when
trying to synthesize Fe(Il) complexes. The structures here mainly resulted from the
competition between the crystallization of the targeted compounds and the isolated by-
product, either Fe complex or pure ligand form. Detailed discussion has been made in regard
to explore the relationship between the supramolecular interactions and the unexpected
crystals formation. During the preparation of compounds 13-15, we have found that the
solvothermal synthesis of SCO Fe complex is problematic. Firstly, both mixed and
metastable products can be obtained, and the harsh synthesis method can even give
decomposition of solvents and chemicals, which in most circumstances is undesirable.
Secondly, even though sometimes we successfully get the desired crystals, they tend to
embedded into a pile of dark powder resulting from the decomposition of other solvents and
chemicals, which makes it very difficult to separate the clean crystals. Consequently, when
designing SCO Fe complex by solvothermal synthesis, one has to take good care of these
facts. The analysis of Hirshfeld surfaces and fingerprint plots of the organic crystal sructures

provides insight ito the intermolecular interactions in the molecular structures.
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Chapter 7 General Discussion and Perspective

Relationship has been explored that the multi-supramolecular mteractions found i these
structures not only stabilize the solid packing n the crystal lattice, but also partially explain
the reason why it more likely tend to crystallize as ligand rather than in an Fe-complex.
Especially for the urea-triazole ligand system, the urea group indeed can bring lots of H-
bonding when forming the solid structure, while this also brings the problem of
crystallization with this highly H-bonded system. Hence, it is reasonable to mtroduce more
supramolecular interactions n a SCO system to increase the cooperativity between the
active metal centers, while one should also keep i mind that too much of the uncontrollable
mtermolecular interactions might lead to difficulty of isolating the corresponding crystalline
compounds, which is also of vital importance for the SCO studies.

HN=\ HN
o oD Lo
i )Q atrz \ /‘{‘“ A

\N-',', atrz

(atrz-R} L3 L4
)©/k OH OH
( I atrz
Schiffbase-triazole atrz atr , atrz OH
CH
L7 L8
o
J’L R
HN N ulrz+ u!rz/\/ ulu/\/\/ utrz? NN
H

a[l 2 L13

L10
W
N==N ({utrz-R)
u“z_© u”!_©_ u“’_Q
urea-triazole
L16

Figure 7.1.: The two typically ligand systems applied in the present study: Schiff base triazole and urea-triazole
ligand.

Based on the above results and the discussion, an assumption of the two major ligand
systems can be made. As shown i figure 7.1, the obtamed Fe(Il) complex centered on LI
to L4, representing ligands with rather less potential supramolecular interactions. Ligand 6
to L8 bear too much potential H-bonding sites that makes it difficult to crystallize the
corresponding Fe complex. In addition, the hydroxyl group can be a coordmnation
competition with the triazole nitrogen donors. The urea-triazole system did not gave any
crystalline compounds, even though most of the powder obtained was light-colored (light-
reddish, pink, even white) at room temperature, indicaing the highly possible low spin state
ron complex. As our aims were to explore the relationship between the supramolecular
mteractions, covalently lnked bonds and the SCO behavior, the obtaned non-crystalline

powder was not our study subject herein. Further continuation of this work could focus more
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Chapter 7 General Discussion and Perspective

on ligands with less supramolecular interaction potential, like ligand 1 to ligand 4, which
have been proved showing flexible coordination mode and effective to form SCO Fe centers.
Attempt could also be made to change the terminal ligand site of the obtained dinuclar and
trinuclear complex. Additionally, the ease in modification of the Schiff base triazole system
through different combinations of aldehydes, makes this ligand system ideal for further

research.

NP OB e O l

R Iinkage -~‘rf \N.. \m\wg K

3.% oXYO ofifn A \L@

Figure 7.2.: The newly synthesized ligand 17 and the ideal D chain model for further SCO compounds
synthesis.

Finally, the newly synthesized ligand 17 represent the idea of linking the well-studied
dinuclear system mto one dimensional chain structure. As illustrated i figure 7.2, the
application of this ligand could lead to a 1D chain with a dimeric Fe core. As the triazole-
based dinuclear system is already a well-studied system, the formed compound should have
the right ligand field strength to switch the spin state. The linkage between the dimeric core
could be phenyl, vinyl or other rigid or half-rigid functions. Future efforts should focus on
the crystallization of compounds with this type of ligand. The targeted 1D chain structure
could then be compared to the famous triazole-based 1D chain, which would be very helpful
to explore the relationship between the covent linked active Fe centers and SCO properties.
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Chapter 8 Methodology and Technique
8.1 Materials and Characterization

8.1.1 Materials

All commercially purchased chemicals and solvents were used without further purification
(unless specified). Chemicals were purchased mamly from Alfa Aesar, Acros Organics,
Fisher Chemicals, Sigma-Aldrich and TCI Chemicals. The solvents used for the complex
syntheses were degassed with argon, even though in some cases, with ascorbic acid added.

All complex syntheses were performed in an argon or nitrogen atmosphere to prevent the
oxidation of Fe(Il) to Fe(III).

8.1.2 NMR-Spectroscopy

The NMR spectra were recorded at room temperature using a Bruker DRX 400 spectrometer
(V('H) = 400.13 MHz, V(13C) = 100.61 MHz). The data was processed and analyzed with
the programs Bruker TopSpin 1.3 and MestReNova. ]

8.1.2 Single X-ray Crystallography

Single-crystal X-ray diffraction data were collected on a Bruker Smart APEX II CCD
diffractometer, operating at 45 kV and 35 mA using Mo Ka radiation ( A = 0.71073 A ), the
diffractometer was equipped with a nitrogen cold stream operating at 173(2) K. The low
temperature (120K) data was collected on a STOE IPDS 2T diffractometer at the Johannes
Gutenberg-University Mainz. Each data reduction was performed using the SMART and
SAINT software [?1 and an empirical absorption correction was applied using the SADABS
program. [31 All structures were solved by direct methods and refined by full-matrix least-
squares on F? using the SHELXTL program package, [*] and the Olex2 program. 31 The
ordered non-hydrogen atoms mn each structure were refined with anisotropic displacement
parameters, while the hydrogen atoms were placed i idealized positions and allowed to ride
on their parent atoms. The disordered fraction in all crystal data is specified separately on
each case, with different restrains and constrains parameters applied to get a better model

All structure figures are generated with DIAMOND-3. [€]
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8.1.3 SQUID Measurements

Magnetic susceptibility data were collected with a Quantum Design SQUID magnetometer
MPMS XL-7 (at the Johannes Gutenberg-University Mainz) in a temperature range of 2-
300 K with an applied field of 1 kOe. The molar susceptibility was calculated with the
program julX 1.4.1 of Eckhard Bill (MPI Miilheim/Ruhr).

The simulation of the magnetic data has been performed with PHI. [71 The used Hamiltonian
mn the program PHI

A = Hgy+ Hgy+ A, + Hypp (Equation 8.1, taken from ref [71)

contains the spin-orbit coupling Hamiltonian (H50), exchange interaction Hamiltonian (HEX),
Crystal Field Hamiltonian (Hcr ) and Zeeman Hamiltonian (HzeE). It was possible to solely
consider the exchange interaction Hamiltonian (HEx) and Crystal Field Hamiltonian (Hcr) for

the treated systems.

i<1

Hep= 2Ly Ykezas De=—i B 0, 0. (Equation 8.3, taken from ref [7))

Ay = Zi’jEN]ij S;.S; (Equation 8.2, taken from ref "))
In some cases a temperature independent paramagnetism (TIP) and diamagnetic impurity
fraction (p) had to be included in the simulation.
8.1.5 Mossbauer Measurements

>TFe Mossbauer spectra were recorded at different temperature on a self-made Mossbauer
spectrometer with a CryoVac He-Bath-Cryostat. The data was recorded and analyzed by

fitting to Lorentzian lines in the group of Prof. Dr. Volker Schinemann at Technische
Universitdt Kaiserslautern by Dr. Julusz A. Wolny and Tim Hochdorfter.

8.1.6 Infrared Spectroscopy

Infrared spectra (FT-IR) were recorded as potassium bromide pellets in the range from 4000
cm! to 400 cm! with a JASCO FT/IR-4200. The data processing was performed with
JASCO Spectra Manager.

8.1.7 Elemental Analysis

Elemental analyses (C, H, N and S) were measured at the micro-analytical laboratory of the

Johannes Gutenberg University Mainz with a Foss Heraeus Vario EL elemental analyzer.
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8.2 Synthetic Method
8.2.1 Preparation of Ligands

The Schiff base ligands (L1 to L8) were prepared in a similar manner via a modified
procedure from the reported article. 3] To avoid the possible by-product, ethanol was
choosen as the reaction solvent. Unless stated differently, the ligand synthesis procedure

was the following:

4-amino- 1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and the corresponding aldehyde (x g, 0.022
mol, 1.1 eq.) were dissolved in ethanol with the addition of few drops of H2SOs4, acting as
acidic catalyst. The reaction mixture was slowly heated up to 80 °C until it started to boil,
then refluxed at this temperature for 10 h. When it cooled down to r.t., the excess of the
solvent was removed by rotary evaporator at 35 °C. The products such obtained was washed
with small amount of cold ethanol, diethyl ether and then dried in the desiccator with
phosphorus pentoxide as dry agent. The isolated powder products were used for the complex

synthesis without further purification.

8.2.1.1 4-((1H-pyrrol-2-yl) methylene-amino)-4H-1,2,4-triazole (L1)

HN
/NH2 HN Dry EtOH, reflux N \
N/\N \ y ) /\N/ N >

+ —
\ 4’ °X X drops of H,SO, N
N \ —
N
[84.08] [95.04] [161.07]

From 4-amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and pyrrole-2-carboxaldehyde (2.09
g, 0.022 mol, 1.1 eq.), dark purple powder was obtained.

Yield: 3.14 g (19.49 mmol, 97.52%)

M.P.: 207.5-210.7 °C

TH-NMR: (400 MHz, d5-DMSO0, 25 °C): (Figure 9.1)

o (ppm): 7.91 (s, 1H, Ar—H), 7.99 (s, 1H, Ar-H), 8.92 (s, 1H, H-C=N), 9.07 (s,2H,triazole).
Selected IR (KBr): (Figure 9.20)

v (emrl): 3127(s), 2956 (m), 2853 (m), 1609 (vs), 1508 (s), 1420 (s), 1361 (s), 1169 (s),
1062 (vs), 858(s), 762 (vs), 623 (s), 498 (m).
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8.2.1.2 4-(1H-imidazol-5-ylmethylene-amino)-4 H-1,2,4-triazole (L2)

HN /\\
N
P NH, HN /\\ Dry EtOH, reflux P N W
NN + N ——— 7N
o N d £ H,S0,
\N ;’ \ rops o 2 4 \Ngl
[84.08] [96.03] [162.07]

From 4-amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and 1H-imidazole-4-carbaldehyde
(2.11 g, 0.022 mol, 1.1 eq.), light-yellow powder was obtained.

Yield: 2.98 g (18.39 mmol, 91.89%)
M.P.: 253.5-265.7 °C
TH-NMR: (400 MHz, @°-DMSO, 25 °C): (Figure 9.2)

o (ppm): 9.07 (s,2H,triazole), 8.92 (s, 1H, H-C=N), 7.91 (s, 1H, imidazole ring), 7.79 (s,
1H, imidazole ring).

Selected IR (KBr): (Figure 9.21)

v (cnr!): 3109(s), 2838 (w), 1625 (vs), 1504 (vs), 1434 (s), 1386 (s), 1299 (s), 1214 (w),
1175 (vs), 1060 (vs), 995 (s), 945 (w), 853 (s), 691 (m), 630 (vs), 510 (m).

8.2.1.3 4-(1 H-imidazol-2-ylmethylene-amino)-4 H-1,2,4-triazole (L3)

HN/\>
NH s reflux N N
é\N/ 2 N HN/\\N Dry EtOH, refl é\N/ ka

N\N ;’ OW drops of H,SOy4 N 5’

\
N
[84.08] [96.03] [162.07]

From 4-amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and 2-imidazolecarboxaldehyde
(2.11 g, 0.022 mol, 1.1 eq.), light-yellow powder was obtamned.

Yield: 2.56 g (15.80 mmol, 78.98 %)
M.P.: 217.6-233.5 °C
TH-NMR: (400 MHz, d5-DMSO, 25 °C): (Figure 9.3)

o (ppm): 13.33 (s, H-Nimidazole), 9.16 (s,2H,triazole), 8.96 (s, 1H, H-C=N), 7.45 (s, 1H,
imidazole ring), 7.27 (s, 1H, imidazole ring).

Selected IR (KBr): (Figure 9.22)
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v (cm!): 3115(vs), 3005 (m), 2795 (m), 2711 (m), 1622 (s), 1515 (vs), 1440 (vs), 1348 (s),
1233 (w), 1189 (vs), 1159 (s), 1120 (vs), 1056 (vs), 985 (s), 931 (w), 853 (vs), 781 (vs), 705
(vs), 618 (s), 509 (w).

8.2.1.4 4-(p-tolylidene-amino)-4 H-1,2,4-triazole (L4)

NH

/\ 72 Dry EtOH, reflux \/©/
N ’ N

N / + % é\ N/ "N

\ ;’ drops of H,SO, N
N | \ —

o N
[84.08] [120.15] [186.22]

From 4- Amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and 4-methylbenzaldehyde (2.65 g,

0.022 mol, 1.1 eq.), white powder with intense smelling was obtained.
Yield: 3.53 g (18.96 mmol, 94.85%)

M.P.: 137-163 °C

TH-NMR: (400 MHz, d°-DMSO0, 25 °C): (Figure 9.4)

S5 (ppm): 9.13 (s, 2H,triazole), 9.04 (s, H-C=N), 7.76-7.74 (d, 2H, Ar-H), 7.38-7.36 (d,
2H, Ar-H), 2.39 (s,3H,p-CHs).

Selected IR (KBr): (Figure 9.23)

v (cmr!): 3086 (vs), 2921 (w), 1606 (vs), 1502 (vs), 1459 (m), 1328 (m), 1290 (m), 1217 (s),
1162 (vs), 1065 (vs), 973 (s), 938 (s), 866 (m), 816 (vs), 724 (m), 623 (vs), 515 (s).

8.2.1.5 4-|(4-(tert-butyl) benzylide ne)-amino]-4H-1,2,4-triazole (L5)

NH,
” Dry EtOH, reflux
Né\ N + ﬁ /\ P N N
AN ;’ o N drops of H,SO4 N 7 N
N \Nﬁl
[84.08] [162.10] [228.14]

From 4- Amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and 4-tert-butylbenzaldehyde (3.57
g, 0.022 mol, 1.1 eq.), white powder with intense smelling was obtained.

Yield: 3.90 g (17.10 mmol, 85.47%)
TH-NMR: (400 MHz, CD3;0D, 25 °C): (Figure 9.5)

S (ppm): 9.05 (s,2H, triazole), 8.95 (s, 1H, H-C=N), 7.86-7.84 (d, 2H, Ar-H), 7.59-7.57
(d, 2H, Ar-H), 1.36 (s,9H, —C(CHz)s).
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Selected IR (KBr): (Figure 9.24)

v (cnr!): 3100 (vs), 2966 (vs), 1606 (s), 1494 (vs), 1391 (m), 1287 (m), 1185 (m), 1162 (s),
1107 (w), 1048 (vs), 989 (m), 938 (m), 861 (m), 836 (s), 670 (m), 625 (vs), 560 (m), 504
(m).

8.2.1.6 4-|(4H-1,2,4-Triazol-4-ylimino ) me thyl] phenol (L6)

OH
NH, OH ) \/@/
< \
N//\ N + Dry EtOH, reflux 4\ N 7
;’ o E

N
\N drops of H,SO, \N;,

[84.08] [122.04] [188.07]

From 4- Amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and p-hydroxybenzaldehyde (2.69
g, 0.022 mol, 1.1 eq.), white powder with intense smelling was obtained.

Yield: 3.43 g (18.23 mmol, 91.15%)
TH-NMR: (400 MHz, d5-DMSO0, 25 °C): (Figure 9.6)

S (ppm): 9.07 (s,2H,triazole), 8.92 (s, 1H, H-C=N), 7.71-7.69 (d, 2H, Ar-H), 6.92—6.90
(d, 2H, Ar-H).

Selected IR (KBr): (Figure 9.25)

v(em!): 3116 (vs), 3000 (w), 2948 (w), 2813 (m), 2693 (m), 2611 (s), 1597 (vs), 1512 (vs),
1473 (s), 1449 (s), 1395 (m), 1335 (m), 1287 (vs), 1240 (s), 1171 (vs), 1112 (w), 1055 (vs),
1010 (m), 963 (m), 876 (m), 828 (s), 723 (W), 674 (W), 627 (s), 536 (s), 510 (m), 446 (m).

8.2.1.7 4-[(4H-1,2,4-Triazol-4-ylimino ) me thyl]-1,2-benzenediol (L7)
OH
é\ N g NH, \/@()H Dry EtOH, reflux \/@
N + — NS
\ 9I o~ drops of H,S0, N7 OH
N OH N ’/’
N
[84.08] [138.03] [204.06]
From 4-Amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and 3,4-dihydroxybenzaldehyde
(3.04 g, 0.022 mol, 1.1 eq.), white powder with ntense smelling was obtained.
Yield: 3.52 g (17.23 mmol, 86.15%)
TH-NMR: (400 MHz, d°-DMSO, 25 °C): (Figure 9.7)

o (ppm): 9.06 (s,2H,triazole), 8.83 (s, 1H, H-C=N), 7.30 (s, 1H, Ar-H), 7.14-7.12 (d, 1H,
Ar-H), 6.88—6.86 (d, 1H, Ar—H).

Selected IR (KBr): (Figure 9.26)
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v (cmr!): 3145 (s), 3112 (s), 2958 (w), 2872 (w), 2776 (m), 2587 (m), 1597 (vs), 1511 (vs),
1420 (s), 1348 (s), 1319 (s), 1295 (vs), 1253 (m), 1202 (m), 1180 (s), 1156 (w), 1120 (s),
1063 (vs), 1010 (m), 961 (m), 926 (w), 856 (m), 832 (m), 809 (m), 778 (m), 732 (w), 633
(vs), 568 (s), 508 (m).

8.2.1.8 4-|(4H-1,2,4-Triazol-4-ylimino) methyl]-1,3-benzenediol (L8)
OH OH
' NHZ Dry EtOH, reflux
Né\ N + o Q/Q/ ;> /N7 NS
\ ;I drops of H,SO, N
N OH = OH
[84.08] [138.03] [204.06]

From 4-Amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and 2,4-dihydroxybenzaldehyde
(3.04 g, 0.022 mol, 1.1 eq.), greenish powder was obtamned.

Yield: 4.00 g (19.63 mmol, 98.15%)
TH-NMR: (400 MHz, @°-DMSO, 25 °C): (Figure 9.8)

S5 (ppm): 10.33 (2H, broad, —OH), 9.09 (s,2H,triazole), 8.98 (s, 1H, H-C=N), 7.62-7.60
(d, 1H, Ar-H), 6.41-6.39 (dd, 2H, Ar-H).

Selected IR (KBr): (Figure 9.27)

v(cmr!): 3148 (m), 3114 (s), 2913 (w), 2601 (m), 1613 (vs), 1579 (vs), 1523 (s), 1476 (m),
1455 (m), 1405 (m), 1303 (m), 1265 (vs), 1206 (m), 1192 (s), 1173 (m), 1111 (s), 1064 (vs),
1005 (w), 978 (m), 878 (m), 833 (s), 788 (m), 741 (w), 713 (m), 630 (s), 530 (s), 481 (s).

8.2.1.9 4-(p-Carboxyphenyl)-1,2,4-triazole (L9)

(o] (o] H
H,N N " EtoH, 130°C N o
gl e W NF
H o\/ 9 bar H
N-formylhydrazine TOEF N,N'-diformylhydrazine

(o)
H (o)
N o EtOH, 130°C N=—
o/\u/ NZ . HN T e LQ/N
oH 9 bar oH

[189.05]

The Hcpt ligand was prepared according to a modified known procedure. [
Formylhydrazide (0.225 g, 3.25 mmol) and triethylorthoformate (TEOF, 0.935 mL, 5.65
mmol) was placed in a 20 mL microwave tube containing 10 mL ethanol. The sealed tube
was then was mounted in a CEM laboratory microwave apparatus. After 10 min at 130 °C
and 9 bars of pressure with stiring, a clear solution was obtained. To this clear solution

(diformylhydrazide formed after the first reaction), 4-aminobenzoic acid (PABA, 0.5 g 3.25
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mmol) was added immediately and the reaction tube was placed back in the microwave.
Keep the reaction conditions for the the same as the previous step, continue for another 10
minutes. A white powder formed with slightly pink solution, the white powder was collected
by centrifuged the reaction solution under 3000 round per minute (rpm) for 15 minutes. The
raw product was purified by recrystallisation in mmimum (5 ~ 10 mL) dimethylformamide
(DMF) with diethyether. After recrystallisation, the final product was collected as a fine

white powder.

Yield: 0.32 g (1.69 mmol, 52.01%).

TH-NMR: (400 MHz, d°-DMSO0, 25 °C): (Figure 9.9)

o (ppm): 9.24 (s,2H,triazole), 8.10-8.08 (d, 2H, 2H, Ar-H), 7.87-7.85 (d, 2H, Ar-H).
Selected IR (KBr): (Figure 9.28)

v (cm!): 3114 (s), 3060 (w), 2807 (w), 2509 (m), 1909 (s), 1691 (vs), 1609 (vs), 1534 (vs),
1506 (s), 1455 (vs), 1373 (s), 1337 (vs), 1309 (vs), 1266 (s), 1247 (s), 1208 (m), 1086 (s),
1015 (s), 964 (m), 863 (vs), 805 (s), 771 (vs), 695 (s), 623 (s), 525 (s), 433 (m).

The urea triazole ligands (L10 to L16) was prepared in a similar manner via a procedure
reported by our group. 1% The solvent toluene used here was dried in an auto-solvent drying

machine. The general ligand synthesis procedure was the following:

First put 4-amino-1,2,4-triazole (1.85 g, 0.022 mol, 1.1 eq.) into a 250 mL two-neck flash
filed with dry toluene. One neck of the flask was protected with N2, while the other neck
was connected with a drooping funnel filled with the corresponding isocyanate (x g, 0.02
mol, 1.0 eq.) dissolved in dry toluene (20 mL). Slowly heated the reaction up until 110 °C
until the 4-amino-1,2,4-triazole melts, forming a two phase mixture with the toluene. Then
added the tert-butyl isocyanate dropwise through the dropping funnel in about one hour.
Two hours later, the reaction system became cloudy, then kept the reaction at 110 °C for 3
days. After cooling the reaction to 80 °C, 15 mL methanol and 5 mL H2O were added to
quence the unreacted isocyanate. Keep the reaction at 80 °C for another two hours before
cool the system to room temperature. Then remove the solvent by rotary evaporator at 35
°C. The products such obtained was washed with small amount of diethyl ether and then
dried in the desiccator with phosphorus pentoxide as dry agent. The isolated powder or
crystalline products were used for the complex synthesis without further purification.
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8.2.1.10 4-(3-tert-Butyl ureido)-4H-1,2,4-triazole (L10)

o J<
HN)I\N
| H
N

4\N/NH2 CéN dry toluene, N,
=l toZ >
N reflux for 24 h \ /
N—N
[84.08] [99.07] [183.11]

From 4-amino-1,2,4-triazole (1.85 g, 0.022 mol, 1.1 eq.) and tert-butyl isocyanate (1.98 g,
0.02 mol, 1.0 eq.), fine white powder was obtained.

Yield: 2.64 g (14.42 mmol, 72.10%)
TH-NMR: (400 MHz, d-DMSO, 25 °C): (Figure 9.10)

S (ppm): 9.14 (1H, s, N-NH-C=0), 8.52 (2H, s, triazole), 6.75 (1H, t, 0=C-NH), 1.26 (9H,
t, —C(CHs)3).

Selected IR (KBr): (Figure 9.29)

v (cnr!): 3288 (vs), 3110 (m), 2960 (s), 1710 (s), 1677 (vs), 1555 (vs), 1491 (s), 1461 (s),
1399 (s), 1364 (s), 1323 (m), 1289 (vs), 1232 (s), 1214 (s), 1074 (vs), 1022 (m), 969 (s),
830 (s), 709 (W), 685 (W), 624 (5).

8.2.1.11 4-(3-n-propyl ureido)-4H-1,2,4-triazole (L.11)

)0]\
é\N/NHZ C//N\/\ dry toluene, N, HT H/\/
N\ J + Oé > N
N/ reflux for 24 h ( 7
N—N
[84.08] [85.05] [169.10]

From 1.85 g (0.022 mol, 1.1 eq.) 4-amino-4H-1,2,4-triazole and 1.70 g (0.02 mol, 1.0 eq.)

n-propyl-isocyanate, pure colourless crystalline needles were obtained.
Yield: 1.78 g (10.53 mmol, 52.65%)
TH-NMR: (400 MHz, d5-DMSO, 25 °C): (Figure 9.11)

S (ppm): 9.52 (1H, s, -N-NH-C=0), 8.55 (2H, s, triazole), 7.00 (1H, t, -NH-CH-), 3.01
(2H, m, -NH-CH>—CHa-), 1.43 (2H, m, -CHy—CH>—CH3), 0.85 3H, t, ~CH;).

Selected IR (KBr): (Figure 9.30)
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v (cm!'): 3368 (vs), 3299 (s), 3105 (s), 2968 (s), 2876 (s), 1725 (vs), 1669 (vs), 1561 (vs),
1468 (s), 1435 (s), 1405 (s), 1375 (s), 1325 (s), 1274 (s), 1232 (s), 1155 (s), 1096 (s), 1070
(vs), 996 (s), 947 (s), 884 (s), 832 (s), 758 (s), 621 (vs), 514 (s).

8.2.1.12 4-(3-n-pentyl ureido)-4H-1,2,4-triazole (L.12)

HNJI\N/\/\/
é\N/ NH, 4N\/\/\ dry toluene, N, | N
N c —_— N
\ ;’ + 04 reflux for 24 h ( 7
N \
N—N
[84.08] [113.08] [197.13]

From 1.85 g (0.022 mol, 1.1 eq.) 4-amino-4H-1,2,4-triazole and 2.26 g (0.02 mol, 1.0 eq.)

n-pentyl-isocyanate, white powder was isolated.
Yield: 1.65 g (8.37 mmol, 41.85%)
TH-NMR: (400 MHz, d%-DMSO, 25 °C): (Figure 9.12)

9.53 (1H, s, -N-NH-C=0), 8.55 (2H, s, triazole), 6.98 (1H, t, -NH-CHz-), 3.03 (2H, m, —
NH-CH>-CHz-), 1.42 (2H, m, -NH-CH,~CH>-), 1.26 (4H, m, -CH>~CH>— CHz), 0.87
(3H, t, —-CH3).

Selected IR (KBr): (Figure 9.31)

v (cmrh): 3366 (vs), 3287 (vs), 3122 (vs), 2955 (vs), 2930 (vs), 2872 (vs), 1723 (vs), 1667
(vs), 1561 (vs), 1467 (s), 1398 (s), 1326 (s), 1266 (vs), 1209 (vs), 1157 (s), 1100 (s), 1071
(vs), 1033 (s), 978 (s), 949 (s), 879 (s), 729 (s), 699 (s), 621 (vs), 574 (m).

8.2.1.13 4-(3-n-heptyl ureido)-4H-1,2,4-triazole (L.13)

HNJI\N/\/\/\/
é\N/NHZ c//N\/\/\/\ dry toluene, N, | H
N + 3 —_— N
\ ;I o reflux for 24 h ( 7
N \ N/
N—N
[84.08] [141.12] [225.16]

From 1.85 g (0.022 mol, 1.1 eq.) 4-ammno-4H-1,2,4-triazole and 2.82 g (0.02 mol, 1.0 eq.)
n-heptyl-isocyanate, light-yellow product was obtained as fine powder by recrystallization
of the raw product from hot DMF/iced water system.

Yield: 2.43 g (10.79 mmol, 53.95%)
TH-NMR: (400 MHz, d5-DMSO, 25 °C): (Figure 9.13)

9.50 (1H, s, -N-NH-C=0), 8.55 (2H, s, triazole), 6.98 (1H, t, -NH-CHa-), 3.03 (2H, m, —
NH-CH>-CHz-), 1.41 (2H, m, -NH-CHo—CH>-), 1.26 (8H, m, ~CH>~CH>—CH>—CH>—
CHs), 0.87 3H, t, ~CHj).
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Selected IR (KBr): (Figure 9.32)

v (cm'): 3363 (vs), 3107 (vs), 2929 (vs), 2855 (vs), 1722 (vs), 1667 (vs), 1618 (s), 1560
(vs), 1467 (s), 1379 (s), 1325 (s), 1277 (s), 1238 (s), 1213 (s), 1158 (s), 1099 (s), 1070 (vs),
991 (m), 947 (s), 883 (s), 834 (m), 769 (m), 724 (s), 621 (vs), 526 (w).

8.2.1.14 4-(3-phenyl ureido)-4H-1,2,4-triazole (L14)

I - C
HNJI\N
| H
N

NH N dry toluene, N
Né\ N7 + /C// y 2
z o
\N$’ 0 reflux for 24 h « »
N—N
[84.08] [119.04] [203.08]

From 1.85 g (0.022 mol, 1.1 eq.) 4-amino-4H-1,2,4-triazole and 2.38 g (0.02 mol, 1.0 eq.)
phenyl-isocyanate, The pure white powder product was isolated by recrystallization from
DMF/diethylether.

Yield: 2.34 g (11.52 mmol, 57.60%).
TH-NMR: (400 MHz, d-DMSO, 25 °C): (Figure 9.14)

S (ppm): 9.82 (1H, s, -N-NH-C=0), 9.53 (1H, s, -O=C-NH-C=), 8.66 (2H, s, triazole),
7.48-7.46 (2H, dd, Ar-H), 7.31-7.27 (2H, tt, Ar—H), 7.02 (1H, t, Ar—H).

Selected IR (KBr): (Figure 9.33)

v (cmr!'): 3251 (vs), 3201 (s), 3132 (s), 3087 (vs), 2914 (vs), 2801 (w), 2732 (w), 1711 (s),
1685 (vs), 1602 (vs), 1552 (vs), 1502 (vs), 1446 (vs), 1396 (s), 1322 (vs), 1255 (vs), 1210
(s), 1070 (vs), 1043 (s), 976 (s), 943 (s), 886 (s), 835 (s), 760 (vs), 742 (s), 696 (s), 624 (Vvs),
565 (s), 507 (s), 408 (m).

8.2.1.15 4-(3-4-methoxyphenyl ureido)-4H-1,2,4-triazole (L15)

o
i /©/ N
NH N Jl\
é\N/ 2 < dry toluene, N, HN H

C
ot B0
N’ Ve reflux for 24 h N
° W
N—N
[84.08] [149.05] [233.09]

From 1.85 g (0.022 mol, 1.1 eq.) 4-amino-4H-1,2,4-triazole and 2.98 g (0.02 mol, 1.0 eq.)
4-methoxyphenyl-isocyanate, the pure product was obtained as light-pmk powder by
recrystallization from DMF/H2O system.

Yield: 1.94 g (8.32 mmol, 41.60%)
TH-NMR: (400 MHz, d°-DMSO, 25 °C): (Figure 9.15)
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S (ppm): 9.75 (1H, s, -N-NH-C=0), 9.33 (1H, s, ~-O=C-NH-C=), 8.64 (2H, s, triazole),
7.37-7.35 (2H, dd, Ar—H), 6.88-6.86 (2H, tt, Ar-H), 3.71 (3H, t, -CH5).

Selected IR (KBr): (Figure 9.34)

v (crr'): 3251 (vs), 3142 (s), 3117 (vs), 3052 (m), 2916 (m), 2836 (w), 1684 (s), 1667 (vs),
1634 (m), 1607 (s), 1594 (vs), 1549 (vs), 1511 (vs), 1471 (s), 1414 (s), 1303 (vs), 1239 (vs),
1178 (s), 1164 (s), 1108 (m), 1070 (vs), 1025 (vs), 978 (s), 950 (), 892 (s), 869 (), 825 (s),
786 (W), 626 (vs), 523 (s), 417 (m).

8.2.1.16 4-(3-4-nitrophenyl ureido)-4H-1,2,4-triazole (L16)

NH N JJ\
é\ ” 2 /C// dry toluene, N, HN N

N + o” H |
\N;I NO, reflux for 24 h (N7
\ R/
N—N
[84.08] [164.02] [248.07]

From 1.85 g (0.022 mol, 1.1 eq.) 4-amino-4H-1,2,4-triazole and 3.28 g (0.02 mol, 1.0 eq.)
4-nitrophenyl-isocyanate, yellow powder was isolated by recrystallization from
DMF/diethylether.

Yield: 3.39 g (13.67 mmol, 68.35%).
TH-NMR: (400 MHz, d5-DMSO, 25 °C): (Figure 9.16)

S (ppm): 10.29 (1H, s, -N-NH-C=0), 10.18 (1H, s, -O=C-NH-C=), 8.71 (2H, s, triazole),
8.22-8.20 (2H, dd, Ar—H), 7.74-7.72 (2H, tt, Ar—H).

Selected IR (KBr): (Figure 9.35)

v (cmrh): 3273 (w), 3222 (s), 3165 (s), 3124 (s), 3073 (m), 3020 (s), 2977 (m), 1731 (vs),
1630 (s), 1588 (vs), 1502 (vs), 1417 (s), 1339 (vs), 1272 (s), 1232 (s), 1199 (s), 1115 (s),
1068 (vs), 1031 (s), 978 (s), 951 (s), 849 (vs), 751 (s), 689 (s), 615 (s), 532 (m), 491 (s), 426
(3).
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8.2.1.17 3,3°,5,5 -tetra|(2-pyridy Ime thyl)amino-methyl]-4,4’-azo-1,2,4-triazole (L17)

NH, NH,
SOCI,r.t. for 3 hours

o |
\)j\ + 1.0°Cfor3h 2.120°Cfor6h \ N
. HO NoHgH,0 > . /\( Y\
A: oH 3.160°C for 20 h HO \ OH cl \ R/ cl

N—N N—N
[76.02] [144.06] [180.00] (L17a)

N—N
cl [\ cl
N—=N \/QN)\/
CH,CN, 0 °C
’I‘Hz CDClfor0.5h '!‘ (L17b)
CI/\« »/\CI
N—N
[180.00] [355.96] 1 N
~N =~ l
NS
A

N—N N ! J\,HN
cl R\ cl N
\/k,;‘)\/ i

. NH,
C: \ + 4 é NaHCO3, DMF N\\'N
N l;l 37 0 °C for 20 hours . N
CI/\«ND/\CI d ’\Nﬁﬂ\,/)_—}m (L17)
N=N =™
[355.96] Y/ N
[644.33] é

Ligand 17 was prepared in three steps:

Step A was prepared according to a reported prpcedure ['1: At °C, hydrazine monohydrate
(10.61 g, 0.21 mol) was added dropwise mto an aqueous glycolic acid solution (10.58 g,
0.14 mol). The resulting mixture was heated under refluxing condition at 120 °C for 6 h.
Afterwards, the reflux condenser was replaced with a downward condenser and the reaction
temperature was raised to 160 °C for another 24 h to remove excess hydrazine and water.
After cooling, the resulting yellowish crystalline solid was washed with miniumum cold
water, dired in the ar. To the dry intermediate product 4-amino-4H-1,2,4-triazole-3,5-
dimethanol, thionyl chloride was added (25 mL). The reaction was stired for 4 hours at room
temperature, during which time a vigorous exothermic reaction took place. After removing
the excess thionyl chloride by extraction with diethylether, the obtained yellow oil was
dissolved in a mixed solvent of ethyl acetate and H2O (1:1 by volum ration). Then sodium
hydrogen carbonate (23.52 g 0.28 mol) was added in portions nto the heterogeneous
mixture with vigorously stiring. After complete addition, the layers were separated and the
aqueous layer was extracted with ethyl acetate (5 x 25 mL). The combined organic layers
were dried over anhydrous sodium sulfate. Evaporation of the solvent by rotary evaporator

at 35 °C gave analytically pure L.17a as a colourless (slightly yellowish) crystalline solid.
Yield: 6.78 g (37.67 mmol, 53.81% based on glycolic acid).

TH-NMR: (400 MHz, d°-DMSO, 25 °C): (Figure 9.17)

o (ppm): 6.13 (s, 2H, —-NH?2), 4.87 (s, 4H, 2 x —CH:CI).
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Step B was prepared via a reported procedure ['21: Compound 17a (3.6 g, 20 mmol) in
acetonitrile (50 mL) was cooled in an ice—salt bath. To this solution, a mixture of sodum
dichloro-isocyanurate (SDCL, 4.54 g, 20 mmol) and AcOH (5 mL) in water (5 mL) was
added dropwise at 0 °C. After the addition, the reaction mixture was stirred for 30 min at 0
°C and neutralized to pH 7-8 with Na2COs. The precipitate was collected by filtration,

washed thoroughly with cold water and dried under vacuum to give L17b as a white powder.
Yield: 3.27 g (9.18 mmol, 91.86%)

TH-NMR: (400 MHz, d*-DMSO, 25 °C): (Figure 9.18)

o (ppm): 5.23 (s, 8H, 4 x —CH2CI).

Step C: A suspension of 2-picolylamine (2.6 g, 24.03 mol) and sodium hydrogen carbonate
(10.09 g, 120.17 mol) in DMF (100 mL) was heated to 35 °C. A solution of L17b (2.07 g,
5.82 mmol) m DMF (10 mL) was added and the reaction mixture was heated for 18 hours.
The potassium carbonate was filtered and the filtrate was poured into 300 mL iced water.
Then the mixture was extracted with chloroform 7 times. Evaporation of the collected
chloroform by rotary evaporator at 35 °C gave a raw product as a dark reddish oil. The dark
reddish oil was purified by column chromatography (silica, absolate methonal as elute) to
give the pure ligand as an orange oil

Yield: 0.76 g (1.18 mmol, 20.27%)

TH-NMR: (400 MHz, d*-DMSO, 25 °C): (Figure 9.19)

S (ppm): 3.81 (s, 8H, 4 x PyCHy), 4.12 (s, 8H; 4 x TrZNH2), 7.17~7.20 (t, 4H, 4 x 5-PyH),
7.34~7.36 (d, 4H, 4 x 2-PyH), 7.66~7.69 (t, 4H, 4 x 4-PyH), 8.43~8.46 (d, 4H, 4 x 6-PyH).
IR (KBr): (Figure 9.36)

v (cnr!): 3423 (s), 3058 (w), 3009 (w), 2924 (m), 2831 (m), 1662 (m), 1592 (vs), 1570 (s),
1529 (w), 1474 (s), 1435 (vs), 1397 (m), 1329 (w), 1273 (m), 1222 (w), 1148 (s), 1121 (5),
1050 (s), 996 (s), 848 (m), 763 (vs), 630 (m), 404 (m).

8.2.2 Preparation of Fe Complex

The general methods for the complex synthesis is as following: Firstly, mix the ligand and
FeX> (X= ClO4°, BF47, CF3SO3", p-toluenesulfonate) salts (ligand to Fe salts molar ration as
3:1, 2:1, 1:1) n a small glass beaker with common solvents, like CH3CN, MeOH, EtOH,
H>O or a mixture of these solvents. Then stire the reaction mixture for several hours.

Afterwards, filtrate the obtained solution with rapid filter paper. The finally step is apllied

154



Chapter 8 Methodology and Technique

with different approaches with the intention of better crystallization condition. The details

are shown i the following section.

As we mentioned in chapter 6, crystal structure is of vital importance for the SCO studies.
Herein, we are only focused on the compounds with successful isolation of the crystal
structure. For many compounds during the crystallization growth process, we only obtained

as a powder, in these cases, no other measurements were made.

In addition, depend on different ligand systems, the crystals of the organic part were formed
other than the expected Fe complex in several cases. No attempt was made to grow the
organic crystal individually, such no conclusion can be made regarding to solvent-
dependent crystallization or concentration factors for the crystallization. Most probably the
Fe salts also played some role in the prcess of these organic assembling. As we discussed in
Chapter 6, the assembling process of the organic ligand or salt can be a competition with

the crystallization process of the Fe complex.
8.2.2.1 [Fe''»(toltrz)s(SCN)4] 3H20 (C1)

To a stirring solution of toltrz (150 mg, 0.8 mmol) in methanol (5 mL) was added an aqua
solution of FeSO4 7H20 (90 mg, ~ 0.3 mmol) and NH4SCN (50 mg, ~ 0.6 mmol). The
solution turned from colorless to light yellow immediately. One spatula-amount (~35 mg)
of'ascorbic acid were added to prevent possible oxidation process. The reaction mixture was
then stirred for around 3~ hours before filtrated with rapid filter paper. The obtamned clear
light reddish solution was kept in a small vial and left stand still to evaporate the solvent
slowly. After one week, light yellow plate-like crystals of complex 1 were deposited at the
bottom of the vial. After removing the mother liquid, the single crystals were quickly dried
in an argon stream, and stored under argon. Yield: 62.3 mg (47.15% based on Fe). Anal
Calcd (Found) for C54H49N2403S4Fe2: C, 49.06 (49.17); H, 3.74 (4.03); N, 25.43 (25.38).
IR (KBr) n/cnr!: 3104 (w), 2976 (m), 2920 (w), 2072 (s), 1607 (vs), 1121 (vs), 1062 (m),
817 (m), 620 (vs), 505 (m), 396 (w).

8.2.2.2 [Fe'lz(toltrz)5(SeCN)4] 3H20 (C2)

Caution! The over acidity condition might lead to possible HSeCN, which is pretty
dangerous human’s skin and respiratory system. To avoid the possible decomposion of

seleno- compounds with the exposure of light, this experiment is preceeded under dark

atmosphere.

155



Chapter 8 Methodology and Technique

To a stirring solution of toltrz (150 mg, 0.8 mmol) in methanol (3 mL) was added an aqua
solution of 5 mL Fe(ClO4)4-:6H20 (80 mg, ~ 0.3 mmol) and KSeCN (87 mg, ~ 0.6 mmol).
The solution turned from colorless to light yellow immediately. Then two spatula-amount
(~70 mg) of ascorbic acid (round about 60 mg, ~ 0.3 mmol) were added to prevent possible
oxidation process. The reaction mixture was then stired at 60 °C for 3~4 hours before
filtrated with rapid filter paper. The obtained clear yellow solution was kept in a small vial
and left stand still under dark enviroment to evaporate the solvent slowly. After three weeks,
light yellow stick-like crystals of C1 were deposited at the bottom of the vial.. Yield: 63.4
mg (41.97% based on Fe). Anal Calcd (Found) for C54H50N2403Se4Fe2: C, 42.93
(42.48); H, 3.34 (3.48); N, 22.25 (21.46). IR (KBr) n/cm!: 3217 (w), 3108 (m), 2975 (w),
2854 (m), 2070 (s), 1607 (vs), 1524 (s), 1369 (m), 1179 (m), 1115 (vs), 1063 (m), 881 (m),
817 (m), 755 (m), 622 (vs), 509 (m), 443 (w).

8.2.2.3 [Fe'ly(toltrz)s(C204)(H20)2](SeCN):(toltrz)2(H20)4(C3)

One batch of the reaction during the preparation of C2 showed several light yellow block
crystals at the bottom of the reaction vial, which was confirmed by SXRD as C3. A dinuclear
complex linked by oxalate anion, the oxalate here must come from the decomposing
compounds of ascorbic acid. As a by-product, we only isolated several crystals of this
complex.

8.2.2.4 [Fe'l;(toltrg)s(H20)s] (BF4)s 2H20 2CH3;CH>CO:CH3 (C4)

First dissolved Fe(BF4)2 6H20 (135 mg, 0.4 mmol) in 10 mL ethyl acetate, with one spatula-
amount (~35 mg) of ascorbic acid added to prevent possible oxidation process. After the
completeness of dissolving the iron salt, a solution of toltrz (150 mg, 0.8 mmol) dissolved
in ethyl acetate (5~10 mL) was slowly added mnto the above solution. This reaction solution
was then stirred for around 3~4 hours before filtrated with rapid filter paper. The obtained
almost colorless solution was kept in a small vial and left stand still to evaporate the solvent
slowly. After five days, light-green block crystals of C4 were deposited at the bottom of the
vial. After removing the mother liquid, the single crystals were quickly dried in an argon
stream, and stored under argon. Yield: 61.26 mg (58.18% based on Fe). Anal. Calcd (Found)
for C34H36N1206B3F12Fel.5:C, 38.79 (34.14); H, 3.45 (3.84); N, 15.96 (16.51). IR (KBr)
n/cmr!: 3132 (m), 3032 (m), 2975 (w), 2921 (w), 2859 (m), 1606 (vs), 1567 (s), 1532 (s),
1307 (m), 1181 (m), 1084 (vs), 1073 (vs), 1037 (vs), 993 (m), 889 (w), 817 (m), 726 (m),
627 (s), 533 (m), 522 (m), 397 (w).

8.2.2.5 [Fe'ly(pyrtrz)s(SCN)4]4H20 (C5)
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To a stirring solution of pyrtrz (129 mg, 0.8 mmol) n methanol (5 mL) was added an aqua
solution of FeSO4.7H20 (90 mg, ~ 0.3 mmol) and NH4SCN (50 mg, ~ 0.6 mmol). The
solution turned from light yellow to dark red immediately. One spatula-amount (~35 mg) of
ascorbic acid was added to prevent possible oxidation process. The reaction mixture was
then stirred for around 3~4 hours before filtrated with rapid filter paper. The obtained clear
light reddish solution was kept in a small vial and left stand still to evaporate the solvent
slowly. After one week, light brown block-like crystals of CS were deposited at the bottom
of the vial. After removing the mother liquid, the single crystals were quickly dried in an
argon stream, and stored under argon. Yield: 127.1 mg (34.90% based on Fe). Anal. Calcd
(Found) for C39H35Fe2N2904S54: C, 38.59 (36.38); H, 2.91 (3.63); N, 33.46 (32.62). IR
(KBr) n/emr!: 3125 (w), 2927 (m), 2856 (w), 2078 (s), 1609 (vs), 1523 (m), 1422 (w), 1385
(vs), 1311 (m), 1246(vs), 1127 (s), 1063 (m), 1037 (m), 985 (m), 881(w), 759(m), 621 (s),
593 (m), 506 (w).

8.2.2.6 [Fe3(pyrtrz)s(Ts0)s].6.5H:0.CH3; OH (C6)

Freshly prepared Fe(TsO)2 (120 mg, ~0.3 mmol) in 3 mL H>2O was added mnto a stirring
solution of pyrtrz (97 mg, 0.6 mmol) dissolved in MeOH (2~3 mL). One spatula-amount
(~35 mg) of ascorbic acid was added to prevent possible oxidation process. This solution
was then stirred for around 3~4 hours before filtrated with rapid filter paper. The obtained
clear light yellow solution was then kept in a small vial and left stand still to evaporate the
solvent slowly. After two weeks, light pink needle-like crystals of C6 were deposited at the
bottom of the vial. After removing the mother liquid, the single crystals were quickly dried
in an argon stream, and stored under argon. Yield: 257.3 mg (35.83% based on Fe). Anal
Caled (Found) for C85H88Fe3N30031.5S6: C, 42.65 (42.26); H, 3.71 (4.22); N, 17.55
(17.62). IR (KBr) nfemr!: 3097 (w), 2988(w), 2922(w), 2857 (w), 1605 (vs), 1530 (s),
1446(m), 1423(m), 1368 (s), 1189(vs), 1125 (s), 1072 (s), 1035 (vs), 1010(s), 883 (m),
844(m), 815 (m), 752 (m), 682(s), 624 (m), 606(w), 566 (s), 513 (wW).

8.2.2.7 [Fell(toltrz):(C204)] 5H20 (C7)

This complex was first obtained as an unexpected product from the following procedure:
To a stirring solution of toltrz (150 mg, 0.8 mmol) in methanol (3 mL) was added an 5 mL
aqua solution of Fe(ClO4)4-6H20 (80 mg, ~ 0.3 mmol). The solution turned from colorless
to a slightly dark reddish color solution. Then two spatula-amount of ascorbic acid (round
about 70 mg) were added to prevent possible oxidation process. The reaction mixture was

then stirred at 60 °C for 3~4 hours before filtrated with rapid filter paper. The obtained clear
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reddish solution was kept in a small vial and left stand still to evaporate the solvent slowly.
After three weeks, light yellow needle-like crystals of C7 were deposited at the bottom of
the vial. After removing the mother liquid, the single crystals were quickly dried in an argon
stream, and stored under argon. Yield: 35.7 mg (34.80% based on Fe). While the oxalate
anion from the X-ray diffraction result violates the basic start materials we put into the
reaction in the first place, the only explanation would be that it came from the decomposing
compounds from the ascorbic acid when it was working against the oxidation of Fe!l ions,
there are several reports regarding this way to achieve the oxalate as starting material [13]
Then we tried the standard way of preparing the oxalate compound by using (NH4)2(C204)
(38 mg, ~ 0.3 mmol, with the ratio of 1:1 compared to Fe) instead of ascorbic acid in a rather
mild reaction conditions (stirred at r.t.). Same light-yellow crystals formed after one week
with a higher yield of 66.96% (68.7 mg, based on Fe). Anal Calcd (Found) for
C22H20FeN8O11: C, 42.06 (41.44); H, 3.21 (3.59); N, 17.83 (17.57). IR (KBr) n/cnr':
3115 (m), 2921 (w), 1643 (vs), 1605 (s), 1523 (m), 1421 (w), 1122 (m), 829 (m), 619 (m),
489 (w).

8.2.2.8 [Fe!l(5-imztrz)(C204)]-2H20 (C8)

This complex was also first obtained as an unexpected product with the same procedure for
complex 7, except for changing of toltrz (150 mg, 0.8 mmol) to 5-imztrz (130 mg, 0.8 mmol).
Yield: 38.7 mg (20.54% based on Fe). And the preparation with ammonium oxalate give us
the same crystalline compound with a yield of 72.98% (137.5 mg, based on Fe) Anal Calcd
(Found) for C8H10FeN606: C, 28.09 (27.75); H, 2.95 (3.28); N, 24.57 (23.70). IR (KBr)
n/cmr!: 3121 (m), 2923 (w), 1683 (vs), 1634 (vs), 1616 (vs), 1520 (m), 1433 (w), 1353 (m),
1311 (m), 1167 (m), 1113 (vs), 1062 (vs), 1006 (m), 956 (m), 799 (s), 693 (m), 647 (m),
620 (s), 513 (m), 485 (w).

8.2.2.9 [Fe''(cit)(H20)](5-imztrzH) -3 H20 (C9)

To a stirring 3 mL methonlic solution of 5-imztrz (130 mg, 0.8 mmol), Fe(ClO4)4-6H20 (80
mg, ~ 0.3 mmol) in 5 mL H2O was added. The solution color changed from light yellow to
a bit darker. Then citric acid (60 mg, ~ 0.3 mmol) was added as a powder into the reaction
solution, the reaction was then kept stirring at 60 °C for 5 hours before filtrated with rapid
filter paper. The obtained light-yellow solution was kept in a small vial and left stand still
to evaporate the solvent slowly. After five days, light-yellow (looks like white too) block
crystals of C9 were deposited at the bottom of the vial. After removing the mother liquid,

the single crystals were picked up and blew with an argon stream to dryness before stored
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mn a small vial Yield: 81.7 mg (56.85% based on Fe). Anal Caled (Found) for
CI12H19FeN60O11: C, 30.08 (30.78); H, 4.00 (3.75); N, 17.54 (18.37). IR (KBr) n/cnr!:
3136 (m), 2959 (w), 2853 (w), 2620 (w), 1683 (vs), 1634 (vs), 1617 (vs), 1570 (m), 1523
(m), 1506 (w), 1343 (w), 1384 (w), 1351 (m), 1313 (m), 1257 (w), 1164 (m), 1112 (s), 1063
(s), 1007 (m), 958 (m), 863 (m), 801 (s), 690 (w), 620 (m), 512 (m), 486 (m).

8.2.2.10 [Fe;(2-imztrz)4(SCN)4] (C10)

To a stirring solution of 2-imztrz (129 mg, 0.8 mmol) in methanol (5 mL) was added an
aquous solution of FeSO4 7H20 (112 mg, 0.4 mmol), together with NH4SCN (61 mg, ~ 0.8
mmol). The solution turned from colorless to light reddish immediately. One spatula-
amount (~35 mg) of ascorbic acid were added to prevent possible oxidation process. The
reaction mixture was then stirred for 3~4 hours at room temperature before filtrated with
rapid filter paper. The obtained clear dark reddish solution was kept in a small vial and left
stand still to evaporate the solvent slowly. After two weeks, red block crystals of 10 were
deposited at the bottom of the vial. After removing the mother liquid, the single crystals
were picked up and blew with an argon stream to dryness before stored in a small vial. Yield:
107.3 mg (54.05% based on Fe). Anal. Calcd (Found) for C14H12FeN14S2: C, 33.88
(29.38); H, 2.44 (2.37); N, 39.51 (37.99). IR (KBr) n/enr!: 3134 (m), 3020 (w), 2925 (m),
2854 (w), 2809 (w), 2718 (w), 2057 (vs), 1626 (s), 1517 (s), 1463 (s), 1447 (s), 1385 (m),
1357 (m), 1297 (w), 1205 (w), 1177 (m), 1155 (s), 1113 (s), 1084 (s), 1057 (s), 996 (m),
945 (m), 858 (m), 778 (s), 708 (m), 633 (m), 616 (s).

8.2.2.11 [Fe'(2-imztrz):(CH30H)2(SCN)2] (C11)

During one batch of the above preparation (C10), light yellow crystals of C11 were isolated.
We managed to pick up one of the several needle crystals for SXRD. The collected crystal
data looks good, mdicating relative stable of the mononuclear complex. While very
surprisely, one week after, all the crystals were re-dissolved in the mother liquid. The
following several batched ended up with the two dimensional C10 as the only complex

obtained from this reaction procedure.

8.2.2.12 [Fe'l(5-imztrz)2](C104): (C12)

To a stirring solution of 5-imztrz (129 mg, 0.8 mmol) in methanol (5 mL) was added a
methonolic solution of Fe(ClO4)2.7H20 (112 mg, 0.4 mmol). The solution turned from light
yellow to light green immediately. After stiring for half hour, one spatula-amount (~35 mg)

of ascorbic acid was added. The reaction mixture was then stirred for another 3 hours at

room temperature before filtrated with rapid filter paper. The obtained clear greenish to

159



Chapter 8 Methodology and Technique

reddish solution was kept in a small vial and left stand still to evaporate the solvent slowly.
After three weeks, light yellow block crystals of 12 were deposited at the bottom of the vial.
After removing the mother liquid, the single crystals were quickly dried in an argon stream,
and stored under argon. Yield: 117.46 mg (50.71% based on Fe). Anal. Caled (Found) for
C39H35Fe2N2904S4: C, 24.89 (24.32); H, 2.09 (2.04); N, 29.03 (28.47). IR (KBr) n/cnr!:
3296 (s), 3122 (s), 1627 (vs), 1612 (vs), 1516 (s), 1454 (w), 1431 (s), 1384 (s), 1300 (m),
1280 (m), 1217 (m), 1185 (s), 1141 (s), 1121 (vs), 1095 (vs), 961 (s), 927 (m), 869 (s), 799
(W), 715 (s), 624 (vs), 531 (w).

8.2.2.13 Complex 13, 14 and 15

Complex [Fe!'(cpt)(OH)(H20)2]» (C13), [Fe''s(u3-0O)(OH):(cpt)s(H20)2], (CI14) and
[Fe'3(us-0)(OH)(cpt)3]n (C15) were obtained via the same procedure under the same
condition, while the most stable form is found to be C14.

A mixture of Hept (114 mg, ~ 0.6 mmol) and FeSO4-7H20 (90 mg, ~ 0.3 mmol) was placed
mn a thin glass tube (10 mL), with a mixed solvent of CH3CN/CH3OH (3:1 by molar ratio).
Then one spatula-amount (~35 mg) of ascorbic acid was added mto the reaction vial. The
tube was put under ultrasonic condition for around 10 minutes before moved to a Teflon
vial (35 mL). The well-sealed Teflon vial was kept at 180 °C for 72 hours and upon slow
cooling (—5°C/h) crystals of different shapes were obtained. From individual batches with
the same synthetic condition, three complexes were isolated independently from mdividual
vial:

[Fe'(cpt)(OH)(H20)2], (C13) was obtained as light-yellow irregular block crystals;
[Fes(u3-0)(OH):(cpt)s(H20)2]n  (C14) was collected as yellow rhombus crystals and
[Fe!3(u3-0)(OH)(cpt)s3] » (C15) was isolated as yellow square block.

Later on we tried to change different solvents: MeOH, DMF, H20, EtOH or a mixture of
the above solvent; and different ration of ligand to Fe salts: 1:1, 3:1, 6:1. Surprisingly, the
outcome was the same, that is, in all cases, we collected C14 as the only product. C13 and
C15 have not been reproduced again with this synthetic procedure. It seems that the three
dimensional form (C14) is the most stable form of this three complexes under the solvent
thermal reaction conditions. Even thogh CI14 can be reproduced, the crystals obtained were
covered with dark powder from the decomposing of ascorbic acid, which is very difficult to

remove completely, such no other measurement was made on this complex.
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9.1 Crystallographic Parameters and Tables

Table 9.1 Dinuclear Fe(Il) Complexes Based on Functionalized 4-R-1,2,4-Triazole Ligands.

/\ R dinuclear complex SCO behavior/ Tu2 Ref
N
4
\ =
N
[Fea(u2-L)3(L)2(NCS)4]- CH3OH- CH3 CH2OH incomplete / 77,2=116 K 1
[Fea(u2-L)3(L)2(NCS)4]- 2CH3CH.OH incomplete / 77,2=122 K 1
trz
[Fea(u2-L)3(L)2(NCS)4]- 2CH3CH20H. 1.5H,0 HS 1
\/Q [Fea(uz-L)3(L)2(NCS)4]-4MeOH abrupt/ 712=157K 2a
X
L [Fea(u2-L)3(L)2(NCS)4]-4H2O HS 2b
T [Fea(u2-L)3(L)2(NCS)4]- H2O gradual/ T2 =150 K 3
m/"\/@
Q/ [Fea(u2-L)3(L)2(NCS)4] [Fe (L)2(NCS)2(H20)2 ] abrupt/ T12=111 K 4
trz
[Fea(uz2-L)3(L)2(NCS)4]-3.5MeOH gradual/ T12=115 K 5
trz/N =
7 | [Fez(u2-L)3(L)2(NCS)4]- 2H20 HS 6
X
e N [Fea(u2-L)3(L)2(NCS)4]- CH;OH CH3CH20H incomplete / T12=116 K 6
[Fea(u2-L)3(L)2(NCSe)4]- 2DMF-2H,0 HS with LIESST effect 7
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Table 9.2 Trinuclear Fe(Il) Complexes Based on Functionalized 4-R-1,2,4-Triazole Ligands.

/\N/R Trinuclear complex SCO behavior/ T1/2 Ref
N
\ —
N
/\/ [Fes(u2-L)s(ReO4)4(H20)2](ReO4)2-H20 gradual / T1/2=185 K 8
trz
\D [Fes(u2-L)s(Tos)2](Tos )4-4MeOH gradual/ T1/2~170 K 9
N -
trz/ X
ﬂ [Fes(u2-L)s(L)2H20)4](NO3)6 gradual / T1/2=208 K 10
trz/N X \N [[Fes(u2-L)s(L)2H20)4](ClO4)s HS 10
[Fes(2-L)s(L)2Ha0)4](Br)s HS 10
Q/o\ [Fes(u2-L)s(L)2(H20)4](BFa)s- 2H20 HS 11
o [Fes(u2-L)s(H20)6](Tos )s-4H20 gradual / T1/2 =245 K 1
[Fes(u2-L)s(H20)s](Tos)s gradual / T1/2=330 K 11
[Fes(u2-L)s(H20)2(EtOH)4](Cl04)s - 2EtOH HS 2b
er/N\
OH
OH [Fes(u2-L)s(H20)6](CF3S03)s gradual / T1/2=290 K 12
trz/\/
R [Fes(u2-L)s(H20)6](CF3S03)s abrupt / T1/2=205 K 13
)\ [Fe3(u2-L)s(H20)6](Tos )6-2Ha O gradual / T1/2=242 K 14
tra [Fes(u2-L)s(H20)6](CF3SO3)s gradual / T1/2=185 K 14
Q/N% [Fes(u2-L)s(H20)(BtOH)](Tos )s-4EtOH  gradual / T1/2=148 K 15
trz
SOy’ [Fes(u2-L)s(H20)s] SH20 Hysteresis with 16
2 NS T12(1)=357 K,
T1/2(])=343K
. SOy (MexNH2)s[Fe3(u2-L)s(H20)6] Hysteresis with 17
/Y T1/2(1)=400 K,
s T1/2(])=310K
/\ _NH; [Fes(u2-L)s(SCN)s(H20)](SCN)-4H20 Hysteresis with 18
7 N T1/2(1)=222 K,
\ 41 T1/2(])=218K
[Fes(u2-L)s(tenset)s] abrupt/ T1/2 =318 K 19

(tcnset = 1,1,3,3-tetracyano-2-
thioethylpropenide)
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Table 9.3 Crystallographic data of C3 and C11.

Compound C3 C11
Empirical formula C42Ha7FeN1705Se Ci5.5H205FeN1402S2
Formula weight 1004.77 554.93

Crystal size

Crystal system
Space group

a(d)

b(A)

c(d)

a (%)

B©)

7 ()

v (A3)

VA

Deaic (g/cm?)
1(Mo-Ko) (mm!)
F(000)

Reflections collected
Independent reflections
Parameters
Goodness-of-fit

Ri[1>20(]) !
wR; (all data)P

0.26x0.18%0.12
Triclinic
P1(No. 2)
7.513(4)
14.017(8)
22.117(11)
85.477(19)
86.255(12)
84.632(12)
2308(2)

2

1.446

1.179

1036

16347
10854(0.1306)
603

0.796

0.0725

0.1824

0.21x0.18%0.09
Monoclinic
P21/c(No. 14)
7.172(3)
9.849(4)
17.455(7)

90

101.285(13)
90

1209.1(9)

2

1.524

0.841

571

8460
2138(0.1193)
170

2.046

0.1910

0.5146

“R; = X||Fo| — |Fc||/Z|Fo|,"wR2 = {Z[w(Fo’ — Fc?)’] /2 [w(Fo*)’]}!
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Table 9.4 Crystallographic data of C13, C14 and C15.

Compound C13 Cl4 C15
Empirical formula CoHi1FeN3Os Ca6H30FesN15021 Cs4H36FecN13024
Formula weight 297.06 1463.95 1656.11

Crystal size

Crystal system
Space group

a(d)

b(A)

c (@)

a (%)

Q)

7 )

V(A%

VA

Dealc (g/cm)
#Mo-Ka) (mm')
F(000)

Reflections collected
Independent reflections
Parameters
Goodness-of-fit

Ri[1>20(]) J*
WwR> (all data)®

0.13x0.11x0.03
Monoclinic
P21/c (No. 14)
13.5118(18)
7.1096(10)
10.9425(15)

90

94.241(3)

90

1048.3(2)

4

1.882

1.458

608

7234
2536(0.0408)
163

1.076

0.0351

0.0981

0.19x0.18%0.17
Orthorhombic
Imm?2 (No. 44)
16.150(5)
19.655(5)
19.670(5)

90

90

90

6244(3)

2

0.779

0.720

1470

24313
6636(0.1051)
116

1.191

0.1295

0.3880

0.14x0.04x0.02
Hexagonal
P63me (No. 186)
15.1907(13)
15.1907(13)
20.1364(18)

90

90

120

4024.1(8)

1

0.683

0.565

834

29879
3477(0.3409)
94

0.931

0.1008

0.3517

“R; = X||Fo| — |Fc||/Z|Fo|,"wR2 = {Z[w(Fo’ — Fc?)’] /2 [w(Fo*)’]}!
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Table 9.5 Crystallographic data of K1, K2 and K3.

Compound K1 K2 K3

Empirical formula CisHi3ClsN10O4 Ci2H20F6N1204P  CsHgNe
Formula weight 651.12 >41.37 162.17
Crystal size 0.28%x0.12x0.02 0.55x0.40x0.32 0.25x0.10x0.05
Crystal system Monoclinic Triclinic Orthorhombic
Space group Cc (No.9) PT (No. 2) Pnma (No. 62)
a(A) 22.190(2) 7.1573(5) 10.0363(9)
bA) 9.8066(8) 9.6891(6) 6.3457(6)
c(A) 12.6381(11) 16.1378(9) 10.9958(10)
a(®) 90 97.0143(14) 90

B©) 106.553(2) 93.9287(15) 90

7(°) 90 93.3226(18) 90

V(A% 2636.2(4) 1105.65(12) 700.29(11)

Z 4 2 4

Deatc (g/cm?) 1.641 1.626 1.538
1#(Mo-Ko) (mm!) 0.700 0.223 0.109

F(000) 1320 554 336
Reflections collected 11521 14232 7077
Independent reflections 4756(0.0457) 5283(0.0254) 919(0.0613)
Parameters 397 341 74
Goodness-of-fit 1.089 1.063 1.001
Ri[[>25(]) ? 0.0887 0.0763 0.0347

WwR; (all data)P 0.2545 0.1949 0.0926

“R;=3||Fo| —|Fc||/Z|Fo|,"WR2 = {Z[w(Fo® — Fc?)?] /S [w(Fo?)?] 117
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Table 9.6 Crystallographic data of K4, K5 and K6.

Compound K4 K5 K6

Empirical formula CoHi0N4O3 CoH7N302 C7Hi3NsO
Formula weight 22221 189.18 183.22
Crystal size 0.25x0.17x0.04 0.45x0.25x0.07 0.66x0.21x0.02
Crystal system Monoclinic Monoclinic Orthorhombic
Space group C2/c (No.15) P2i/c (No.14) Pca2; (No. 29)
a(A) 8.8011(16) 7.1573(5) 9.712(9)

bA) 11.6932(19) 9.6891(6) 10.660(11)
c(A) 8.0651(14) 16.1378(9) 9.167(10)
a(®) 90 97.0143(14) 90

B©) 96.762(4) 93.9287(15) 90

7(©) 90 93.3226(18) 90

V(A% 824.2(2) 1105.65(12) 949.0(16)

Z 4 2 4

Deatc (g/cm?) 1.524 1.626 1.282
1#(Mo-Ko) (mm!) 0.112 0.223 0.092

F(000) 392 554 392
Reflections collected 7095 14232 4416
Independent reflections 1990(0.0690) 5283(0.0254) 2281(0.1237)
Parameters 131 341 118
Goodness-of-fit 0.978 1.063 0.793
Ri[[>25(]) ? 0.0461 0.0763 0.0597

WwR; (all data)P 0.1146 0.1949 0.1526

“R;=3||Fo| —|Fc||/Z|Fo|,"WR2 = {Z[w(Fo® — Fc?)?] /S [w(Fo?)?] 117
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Table 9.7 Crystallographic data of K7, K8 and KO9.

Compound K7 K8 K9
Empirical formula Ci2Hz21 5N1002 CoHi1N50; CioHi3Ns503
Formula weight 337.93 22123 25125
Crystal size 1.00x0.3x0.12 0.48x0.19x0.17 0.32x0.32x0.05
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c (No.14) P21/c (No.14) P2i/c (No.14)
a(A) 5.4818(5) 5.9653(6) 19.844(7)
bA) 11.1074(10) 11.9429(12) 7.214(3)
c(A) 27.929(2) 14.9920(15) 7.969(3)
a(®) 90 90 90

£ 95.468(3) 94.674(2) 90.253(11)
7 90 90 90

V(A% 1692.8(3) 1064.52(19) 1140.8(8)

Z 4 4 4

Deatc (g/cm?) 1.326 1.380 1.463
1#(Mo-Ko) (mm!) 0.097 0.103 0.112

F(000) 718 464 528
Reflections collected 13208 7880 7694
Independent reflections 3982(0.0216) 2520(0.0298) 1998(0.0842)
Parameters 236 145 171
Goodness-of-fit 1.031 1.043 1.034
Ri[[>25(]) ? 0.0581 0.0380 0.0594

WwR; (all data)P 0.1586 0.0936 0.1376

“R;=3||Fo| —|Fc||/Z|Fo|,"WR2 = {Z[w(Fo® — Fc?)?] /S [w(Fo?)?] 117
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Table 9.8 Hydrogen-bonding interactions in K1-K5.

D-H A H--A (A) D---A(A) <D-H--A (%) Symmetry codes of A
K1
NI1-H1 o1 1.742 2.581(3) 159.32 V+x,Vh+tyl+z
N5-HS5 04 2.203 2.998(2) 149.71 x1-y-%+z
N6—H6a 03 1.742 2.589(4) 161.19 “htx -y -tz
NI10-H10 02 2.205 2.995(4) 149.67 X,z
Cl-Hla N7 2.172 2.930(3) 136.37 1/2+4x,3/2-y,1/2+z
C3-H3 03 2.433 3.318(3) 156.52 x,-%-1/2+z
C8-H8 N2 2.217 2.943(2) 133.67 -124x,1/2-y-1/2+z
C9-H9% 01 2.481 3.293(3) 144.61 Xy 41z
K2
Olw—-Hlwa 02w 1.923 2.755(2) 165.32 X,z
Olw-Hlwb N7 2.025 2873(2) 17735 2ox Iyz
O2w-H2wa Fo6 2.173 2.952(3) 153.21 I+x,yz
O2w—H2wb F3 2.283 2.993(2) 141.37 Xz
N5-H5 Olw 1.832 2.674(2) 165.69 X, )z
N6-H6 N8 2.032 2.861(3) 163.73 2-x,2-y-z
O3w—H3wb N1 1.964 2.807(3) 175.89 1-x1-y1-z
N12-H12 N2 1.973 2.844(3) 168.89 1-x,1-y,1-z
C7-H7 F2 2213 3.045(2) 148.67 Ixyz
C8-H8 F6 2.126 3.005(3) 157.78 I+x 14z
K3
N6-H6 NS5 2.043 2.897(3) 172.38 -1/2+x,3/2-y,1/2-z
Cl-HI1 N2 2.475 3.288(3) 146.73 1/2+4%,3/2-3-1/2-=
C2-H2 N1 2.389 3.227(3) 151.37 -1/2+x,3/2-y,-1/2-z
C6-Héa N2 2.597 3.398(3) 145.68 xyl+z
K4
Ol-HI N2 1.965 2.782(3) 165.69 vy 1/24z
O2w—Hlwa 02 2.107 2.935(3) 161.37 -x,-1+y,1/2-z
02-H2 o1 2356 2.783(3) 113.42 23z
02-H2 N1 2.036 2.777(3) 147.86 X2y 1/2+z
Olw—Hl1lwb N4 2.128 2.943(3) 157.21 x,-1+yz
C2-H2a Olw 2.263 3.161(3) 157.82 Xz
C3-H3 Olw 2.326 3.243(3) 163.46 Xz
C6-H6 02 2.495 3.251(3) 139.64 x-I+yz
K5
02-H2 N2 1.586 2.638(2) 173.49 %, 1/2-y-1/2+2
CI-H1 o1 2.193 3.123(2) 165.87 I-x-y-z
C9-H9 NI 2.435 3.347(3) 161.48 -x,1/2+y,1/2-z
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Table 9.9 Hydrogen-bonding interactions in K6—K9.

D-H A H-A(A) D---A(A) <D-H-A () Symmetry codes of A
K6
N4-H4 N1 2207 2.859(2) 14538 %, 1-1/2+z
N5-H5 o1 2.195 2.786(2) 125.67 3/2-x,,-1/2+z
Cl-HI N2 2348 3.169(2) 146.32 1/24x 12
C5-H5b o1 2.395 3.007(2) 121.87 X,z
K7
N4—H4 02 2304 2.966(2) 132.56 Itxyz
N5-HS5 02 2.117 2.904(2) 149.38 -1+xyz
NO—H9 N7 1.958 2.826(2) 171.47 Iox-1/2+y,1/2-2
N10-H10 N2 2.546 3.125(3) 124.83 I+x,-1+yz
C2-H2 01 2308 3.229(3) 164.78 I4xyz
C7-H7 02 2.375 3.275(3) 159.83 -1+xyz
K8
Olw—Hlwa N1 1.997 2.873(2) 168.57 3/2-x,-1/2+y,1/2-z
Olw-Hlwb (0] 1.963 2.803(2) 157.89 1/2-x,-12+y,1/2-z
N4-H4 Olw 1.982 2.71002) 139.68 Itxyz
N5-H5 N2 2.124 2.976(2) 163.93 3/2-x,-1/2+y,1/2-z
C5-H5a (0)] 2.413 2.887(2) 111.38 X,z
K9
Olw-Hlwa NI 2.013 2.839(2) 161.48 PR
Olw—Hl1lwb N2 1.942 2.827(2) 166.57 1-x,2-),-z
N4-H4 Olw 2.124 2.726(2) 126.36 X3/2-31/2+z
N5-H5 o1 2.073 2.933(2) 167.39 X,3/2-y,12+z
Cl1-H1 o1 2.278 3.186(2) 154.65 X,5/2-,1/2+z
C2—-H2 Olw 2.276 3.085(2) 141.86 X,z
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9.2 NMR Spectra
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Figure. 9.1: '"H-NMR spectrum of L1.
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Figure. 9.4: '"H-NMR spectrum of L4.
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9.3 Infrared Spectra
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Figure. 9.20: Infrared spectrumof L1.
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Figure. 9.21: Infrared spectrumof L2.
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Figure. 9.22: Infrared spectrumof L3.
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Figure. 9.23: Infrared spectrumof L4.
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Figure. 9.24: Infrared spectrumof L5.
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Figure. 9.25: Infrared spectrumof L6.
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Figure. 9.27: Infrared spectrumof L8.
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Figure. 9.30: Infrared spectrumof L11.
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Figure. 9.31: Infrared spectrumof L12.
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Figure. 9.32: Infrared spectrumof L13.
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Figure. 9.35: Infrared spectrumof L16.
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Figure. 9.39: Infrared spectrumof C4.

110,

Transmittance [%]

70 L 1 L 1 L 1
3800 3000 2000 1000

400
Wavenumbers cm
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Figure. 9.41: Infrared spectrumof C6.
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Figure. 9.44: Infrared spectrumof C9.
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List of Abbreviations

List of Abbreviations

CFT .................................... Crystal ﬁeld theory

LEFT coeoeeveeeeeeeeneenenenannnnnnnn, hgand ﬁeld theory (LFT)

Oh ....................................... OCtahedral Coordil'lation geometry

LFES (40/10Dgq) «+-wwe-eeeeeeeeee ligand field splitting parameter

P o Spln pamg energy

LS ....................................... 10W Spln

HS ....................................... hlgh spin

SCQ errrrrrrmrrererennnnnnnninnainae. Spm Crossover

Ep ........................................ potenﬁal energy

Ar ........................................ bOﬂd lel'lgth diﬁ‘erence

AE gL eeeeeeeesesesenseeeseneeees zero-point energy-difference of the LS and HS state
kBT ..................................... thermal energy

A cveeeeeereei enthalpy diﬁ‘erence

A S ....................................... entropy diﬂ‘erence

A coeeeereeeeea GlbbS ﬁ-ee energy Change

LIESST -oeveveeeeresssesnesesnceeseens Light-Induced Excited Spin-State Trapping
ST ceevrrermrmrmnnnnnnnniniiiiiiiiinin, Spln transition

MOFS ................................... Metal Organic FrameWOI'kS

Hitrz c-eoeeveeereeeeeeeeeeneneninnn 1,2’4_1:1-'@2016

AtrZ ...................................... 4_an1in0_ 1 ,2,4-tri3201€

EXAFS woveeeeveereessseensennnuennes X-ray absorption experiments

PXRID reveverrerrrreeecaenenenenenns pOWder diﬁaction

Dy e 4,4’-bipyridine

SCS(C eveverrmrerananniniaiiiin., Single—Crystal—to—single—Crystal

IR coovveeeenveeesrneeninieeniieeniee e Infra-Red

UV/V]S .................................. UV—V]Sible

EPR ceeeeerereeenenenenininiiin EleCtrOﬂ Paramagnetic Resonance Spectroscopy
DSC ...................................... diﬁ‘erential scannjng Calorimetry

SC-XRIDD :reveeererrorararacaccncnes Smgle Crystal X_Ray Diﬂi-action

ZODP ...................................... Octahedral distortion parameter

SQUID :eeeeeeeereeesneessneeseneenens Superconducting QUantum Interference Device
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List of Abbreviations

O eereeneaneene e isomer shift (relative to o-iron)

ARQ +e e quadrupole splitting

[0 VN 1Y [RE RN IR quantum theory of atoms in molecules
WS ceerreerneennnenieenisaieenee e Wigner—Seitz Cell

PYAW it van der Waals radius

TIP weevveeeeveesseesneesrenssneeneenneas temperature independent paramagnetism
[ID cevveerereeemneeenneeenreeeeinee e, one dimensional

o) D RSO two dimensional

JID ceeeeeeneesneesneenee e three dimensional

ARtz -oveeevveesrressreeseessieensaens 4-substituted- 1,2,4-triazole

NMR covveeerreesreesnrenreenirenenenn, Nuclear Magnetic Resonance

R veeeveeeneesneeeieenie e substituent

TLJD weeeeveereesneenneenreeniieeseennes spin transition temperature

YIS, eeeereessreesee e Versus

M e molar susceptibility
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List of Compounds

List of Compounds

Ln stands for ligand with number n;
Cn stands for compound with number n;

Kn stands for organic crystalline compound with number n.

L1 eeeeermeeeeeenes 4-((1H-pyrrol-2-yl)methylene-amino)-4H-1,2,4-triazole (pyrtrz)

L2 ceoveeeeemneeenene 4-(1H-imidazol-5-ylmethylene-amino )-4H-1,2,4-triazole (5-imztrz)
L3 cooeeeveeeneeeees 4-(1H-midazol-2-ylmethylene-amino)-4H-1,2,4-triazole (2-imztrz)
L4 -oeeeemneeeeeenes 4-(p-tolylidene-amino)-4H-1,2,4-triazole (toltrz)

| I R 4-[(4-(tert-butyl)benzylidene)-amino ]-4H-1,2,4-triazole

L6 -wovveeeeeeeeeeeens 4-[(4H-1,2,4-Triazol-4-ylimino)methyl]phenol

L7 -eeeeereeeneeeenes 4-[(4H-1,2,4-Triazol-4-ylimino)methyl]-1,2-benzenediol

L8 -oeeveeeeseeeeeees 4-[(4H-1,2,4-Triazol-4-ylimino)methyl]-1,3-benzenediol

| B 4-(p-Carboxyphenyl)-1,2,4-triazole (Hcpt)

| 9 (R 4-(3-tert-Butyl ureido)-4H-1,2,4-triazole

| 91 8 BRI 4-(3-n-propyl ureido)-4H-1,2,4-triazole

| B R 4-(3-n-pentyl ureido)-4H-1,2,4-triazole

| ) R 4-(3-n-heptyl ureido)-4H-1,2,4-triazole

L14 -ooeeveeeeeeeeees 4-(3-phenyl ureido)-4H-1,2,4-triazole

| D) R 4-(3-4-methoxyphenyl ureido)-4H-1,2,4-triazole

L16 --ooveeeeeeeeee 4-(3-4-nitrophenyl ureido)-4H-1,2,4-triazole

L7 ceeveeeeneeees 3,37,5,5 -tetra[(2-pyridylmethyl)amino- methyl]-4,4 -azo-1,2,4-triazole
() BTSRRI [Fe!;(L4)5(SCN)4] 3H20

(2 -ovvreeermrmneneeee e, [Fe!3(L4)5(SeCN)4] 3H20

[0k TP [Fe!'5(L4)s(C204)(H20)2] (SeCN)2(L4)2(H20)4
Cf ooovoeeeemememeneneieieeeeeeeeena [Fe''s(LA4)s(H20)s] 6(BF4) H:O CH3;CH>CO>CH3
O -ooveeererennereinee e [Fe'>3(L1)s(SCN)4] 6H20

(6 ++orvverrreersnrerneessseesiesieenteniae e [Fel'3(L1)s(TsO)s].7H20.2CH; OH
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[ RO [Fe''(L4)2(C204)] SH20

[0 TR [Fel(1L.2)(C204)] 2H20

CQ «ororererererenenen et [Fel(cit)(H20)] (HL2) 3H:0
T6) (1 TR [Fel>3(L3)4(SCN)4]

163 § TP [Fe'(L3)2(CH;0H)2(SCN)2]
C12 covoeerememeeeniniees s [Fe''(12)2] (ClO4)2

C13 coveeemremmemenmisinseess s Fe'l(L9)(OH)(H20)2]x

T6) U, TR [Fe!s(u3-0)(OH)2(L9)s(H20)2] »
C15 oooeeeereremememememeieneneieisseeneseseneaenas [Fell3(3-0)(OH)(L9)3] »

L --oveveeeeememereeemeeneneeseseeee e (HL1-CC:CO0)

K2 --oveeeeeeemeneeeeeeeeneee e (HL2 PFs)

7 TR L3

) %€ TS U VRO URURRRIN (L7 H:>0)

K5 coveeeeeeeeneneninieinnieee e, L9

G -+vveeeeeeeemnennnininsniesesese e, L0

K7 -oveeeeememeeeneseeee e L1l

) %, TP (L14H:0)

) %C TR (L15H:0)
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