
 
  

CHAPTER IV 
RESULTS AND DISCUSSION 

 
4.1 Synthesis and basic characterization of Fe(III) Schiff base 

complexes 
4.1.1 Spectroscopic study of [Fe(salRen-5-OMe)2]A 

The infrared spectra of [Fe(salBzen-5-OMe)2]A and [Fe(salPren-5-

OMe)2]A complexes are shown in Figures 4.1 and 4.2, with the corresponding IR 

spectroscopic data shown in Table 4.1. All complexes in this series exhibit similar 

spectra with the same key bands. The C=N stretches, corresponding to the imine 

groups in salBzen-5-OMe and salPren-5-OMe, appear around 1620-1631 cm-1. The C=C 

stretches of the aromatic ring are observed in the range of 1463-1544 cm-1, while N-H 

stretches are detected between 3087-3245 cm-1. The benzyl group is more electron-

withdrawing than the propyl group. This electron-donating effect of the propyl group 

reduces the strength of the C=C bonds in the aromatic ring and the C=N bonds in the 

complex. Consequently, the IR peaks of [Fe(salPren-5-OMe)2]A 6-10 are comparatively 

lower in wavenumber than those of the [Fe(salBzen-5-OMe)2]A 1-5 complexes. 

Additionally, the complexes show characteristic anion stretches for NO3- and ClO4- at 

1290-1382 and 1085-1112 cm-1, respectively (Díaz-Torres et al., 2020). The IR spectra 

are fully consistent with the proposed structures. However, complex 6 exhibits a broad 

band around 3409 cm-1, which is attributed to O-H vibrational stretches, suggesting 

possible water absorption by the complex. 
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Figure 4.1 IR spectra of [Fe(salBzen-5-OMe)2]A complexes. 

 
Figure 4.2 IR spectra of [Fe(salPen-5-OMe)2]A complexes. 
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Figure 4.3 IR spectra of HsalPren-5-OMe and HsalBzen-5-OMe ligands. 

Additionally, the infrared spectra of HsalPren-5-OMe and HsalBzen-5-OMe 

ligands exhibit characteristic vibrational bands corresponding to their functional groups 

(Figure 4.3). Both ligands show a broad absorption band in the region of 3000 cm-1, which 

can be attributed to C-H stretching vibrations. A strong absorption band near 1500 cm-1 is 

associated with aromatic C=C stretching, while the C=N stretching vibrations of the imine 

groups in HsalPren-5-OMe and HsalBzen-5-OMe appear at approximately 1630 cm-1. These 

spectral differences highlight the structural variations between the two ligands and their 

electronic effects.  
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Table 4.1 IR spectroscopic data of [Fe(salRen-5-OMe)2]A complexes. 

 

 

The UV-Vis spectra of [Fe(salBzen-5-OMe)2]A and [Fe(salPren-5-OMe)2]A 

complexes in chloroform are shown in Figures 4.4-4.5. All complexes exhibit a prominent 

absorption band in the UV region, below 400 nm, is assigned to a charge transfer and 

intraligand π-π* transitions arising from the aromatic ring of the salBzen and salPren ligands. 

In the visible region, two additional peaks are observed around 600 nm and 730 nm, likely 

corresponding to ligand-to-metal charge transfer (LMCT) bands from a phenolate pπ orbital 

to an iron(III) dπ orbital, as shown in Table 4.2. The λmax positions are consistent with those 

observed in high spin Fe(III) complexes, such as [Fe(salRen)2]+ (Petty et al., 1978). These 

spectral values are consistent with those reported for various Fe(III) complexes, including 

[Fe(salMeen-5-Br)2]ClO4, [Fe(salMeen-5-Cl)2]ClO4 (Al-Azzani et al., 2020), [Fe(hapMen)2]ClO4, 

[Fe(hapEen)2]ClO4 (Shongwe et al., 2012), and [Fe(X-salMeen)2]PF6 (Petty et al., 1978). In 

each case, the lower-energy band is indicative of the low-spin (LS) state, while the higher-

energy band is characteristic of the high-spin (HS) state (Tweedle et al., 1976).  

Complexes  Wavenumber (cm−1) 
nN-H nC=N nC=C nanion 

[Fe(salBzen-5-OMe)2]Cl 1 3087 1629 1544 - 

[Fe(salBzen-5-OMe)2]Br 2 3105 1629 1537 - 

[Fe(salBzen-5-OMe)2]I 3 3112 1623 1535 - 

[Fe(salBzen-5-OMe)2]NO3 4 3178 1631 1542 1382 

[Fe(salBzen-5-OMe)2]ClO4 5 3232 1629 1542 1112 

[Fe(salPren-5-OMe)2]Cl 6 3107 1627 1463 - 

[Fe(salPren-5-OMe)2]Br 7 3190 1620 1463 - 

[Fe(salPren-5-OMe)2]I 8 3097 1620 1463 - 

[Fe(salPren-5-OMe)2]NO3 9 3190 1620 1463 1290 

[Fe(salPren-5-OMe)2]ClO4 10 3245 1622 1463 1085 
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Figure 4.4 UV-Vis spectra of [Fe(salBzen-5-OMe)2]A complexes. 

 

Figure 4.5 UV-Vis spectra of [Fe(salPren-5-OMe)2]A complexes. 
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Table 4.2 UV-vis spectroscopic data of [Fe(salRen-5-OMe)2]A complexes. 

Complexes  λmax (nm), ε (M−1 cm−1)  
p-p* HS-LMCT LS-LMCT    ε Ratio (HS/LS) 

[Fe(salBzen-5-OMe)2]Cl 1 385(7340) 606(2711) 738(1859) 1.46 

[Fe(salBzen-5-OMe)2]Br 2 389(7310) 605(2922) 739(1875) 1.56 

[Fe(salBzen-5-OMe)2]I 3 391(7626) 606(3127) 737(1866) 1.67 

[Fe(salBzen-5-OMe)2]NO3 4 384(7821) 601(3537) 733(2312) 1.53 

[Fe(salBzen-5-OMe)2]ClO4 5 380(7763) 604(4156) 732(2324) 1.79 

[Fe(salPren-5-OMe)2]Cl 6 390(6382) 596(1604) 731(1432) 1.12 

[Fe(salPren-5-OMe)2]Br 7 387(6856) 597(1693) 729(1357) 1.25 

[Fe(salPren-5-OMe)2]I 8 390(6977) 599(2051) 727(1601) 1.28 

[Fe(salPren-5-OMe)2]NO3 9 390(7607) 604(2441) 735(1914) 1.27 

[Fe(salPren-5-OMe)2]ClO4 10 388(7130) 605(2536) 732(1678) 1.51 

The observed differences in the ε (HS/LS) ratios between the two series are 

consistent with variations in ligand field strength. The salPren-5-OMe ligand appears to 

induce a stronger ligand field, favoring the LS state, while the salBzen-5-OMe ligand 

supports a weaker ligand field, favoring the HS state. These differences might arise from 

electronic or steric effects introduced by the structural differences between salBzen and 

salPren ligands. However, the anion also impacts these ratios with the complexes 

increasingly LS as the N-H···anion interactions become stronger. The order of the anions is 

consistent with the Hofmeister series (Kang et al., 2020). 

The elemental analysis and mass spectrometry data for complexes 1-10 

confirmed their purity, as detailed in the experimental section and supporting information. 

It was observed that [Fe(salPren-5-OMe)2]A 6-10 contained 0.25 mol of H2O, likely due to 

residual solvent from the synthesis process. Unfortunately, for compound 6, the mass 

spectrometry data revealed a discrepancy between the molecular weight of the salPren 

ligand and the expected molecular weight of the complex. This discrepancy may result 
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from water absorption by the complex, which was observed as an oil-like sample. Despite 

extensive efforts to recrystallize the salPren series, no crystals suitable for SC-XRD were 

obtained. Furthermore, the powder X-ray diffraction (PXRD) data for these samples were 

broad and nearly amorphous. Although reasonable PXRD patterns were obtained for 

complexes 6–10 from extremely fresh samples, the difficulty in crystallization persisted, 

and most samples used for bulk measurements remained amorphous as shown in 

supporting information. In contrast, the [Fe(salBzen-5-OMe)2]A (1–5) series did not contain 

any solvent. All complexes in this series successfully recrystallized, allowing for more 

definitive structural analysis. Additionally, the PXRD patterns of each complex in salBzen 

series align with their corresponding simulated patterns generated using Jana 2020 as 

shown in supporting information. 

 
4.2 Structural studies of Fe(III) Schiff base complexes 

Crystals of [Fe(salBzen-5-OMe)2]Cl (1), [Fe(salBzen-5-OMe)2]Br (2) and [Fe(salBzen-

5-OMe)2]I (3) were grown from CH2Cl2/hexane. While crystals of [Fe(salBzen-5-OMe)2]NO3 

(4) and [Fe(salBzen-5-OMe)2]ClO4 (5) were grown from CHCl3/hexane to give black blocks. 

They crystallize in monoclinic P21/n or P21/c (1, 4 and 5), monoclinic P21/n (2) or tetragonal 

P43212 (3) phases. The structures of 1, 3 and 4 were determined at 150 and 295 K, while 

2 was recorded at 295 K only. Efforts to determine the structure of 2 at low temperature 

were unsuccessful because of crystal cracking. In contrast, The unique magnetic 

characteristics of 5 (vide infra) motivated us to examine its structures at 30, 100 and 295 

K. The Fe-ligand bond lengths and octahedral distortion parameters, calculated using 

OctaDist (Ketkaew et al., 2021), and the crystallographic data and refinement parameters 

are provided in Tables 4.3-4.6. In all cases, the Fe(III) center is six-coordinate, bonded to 

four nitrogen and two oxygen atoms from two meridional salBzen ligands, with the oxygen 

atoms positioned cis to each other, resulting in an octahedral coordination sphere (Figure 

4.6-4.10). The anion is stabilized by N-H···anion interactions, with distances varying 

between 2.1 and 2.6 Å, varying with the anion size. Interestingly, in 1 symmetry-breaking 
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is observed, showing one independent HS Fe(III) centre at high temperature (295 K), and 

two centres (Fe1 and Fe2) at low temperature (150 K) that remain in a [HS-HS] state. The 

Fe-N/O bond lengths in 1 and 2 are in the ranges 2.161–2.180 Å and 1.902–1.921 Å, 

respectively, and are comparable to the corresponding distances observed for the HS 

Fe(III) center in [Fe(naphBzen)2]I found in the [LS-HS] state at 100 K and [HS-HS] state at 

120 K (Boonprab et al., 2019). Even at low temperature, 1 exhibits no significant variation 

in bond distances. While Fe1 is much more distorted than Fe2, this suggests that 1 does 

not exhibit SCO down to 150 K. In contrast, [Fe(salEen-Br)2]Cl·0.5H2O also features two 

independent centers; however, at 150 K, one adopts the HS state while the other remains 

in the LS state (Cardoso et al., 2015). This suggests that salBzen-5-OMe displays a weaker 

ligand field than salEen-Br with the same anion. In contrast, the Fe N/O bond lengths for 

3 and 4 are on average between 1.990-2.003 Å and 1.858-1.870 Å respectively, which is 

characteristic of LS Fe(III) at 150 K and 295 K, nevertheless, at 295 K the value remains 

slightly lower than anticipated for a fully HS state, suggesting an incomplete and gradual 

SCO within the examined temperature range. Interestingly, for 5 the Fe-O bond length 

remains relatively unchanged between 30 K and 100 K, indicating minimal structural 

rearrangement around the Fe-O coordination sphere in this temperature range. In contrast, 

the Fe-N bond lengths show a significant increase during this interval, reflecting notable 

changes in the Fe-N bond lengths (Figure 4.11). This behavior aligns with the complex’s 

predominant HS state, even at 30 K. The elongation of Fe-N bonds corresponds to the HS 

state, while the stable Fe-O bond length highlights the structural rigidity of the Fe-O 

coordination. This structural observation supports the magnetic data, confirming the 

complex’s strong preference for the HS state over the examined temperature range. 
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Figure 4.6 View of the asymmetric unit of [Fe(salBzen-5-OMe)2]Cl (1) at 150 K (left) and 

295 K (right). 

 
Figure 4.7 View of the asymmetric unit of [Fe(salBzen-5-OMe)2]Br (2) at 295 K. 
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Figure 4.8 View of the asymmetric unit of [Fe(salBzen-5-OMe)2]I (3) at 150 K (left) and 295 

K (right). 

 
Figure 4.9 View of the asymmetric unit of [Fe(salBzen-5-OMe)2]NO3 (4) at 150 K (left) and 

295 K (right). 
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Figure 4.10 View of the asymmetric unit of [Fe(salBzen-5-OMe)2]ClO4 (5) at 30 K (left), 100 

K (middle) and 290 K (right). 

 
Figure 4.11 Fe-N/O bond lengths (Å) of [Fe(salBzen-5-OMe)2]ClO4 (5) at 30-300 K. 
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A feature that all the structures share is that a combination of N–H···anion and 

C–H···anion interactions link the cations. Notably, in 1 the N–H···Cl contacts at Fe1 and 

Fe2 differ by only 0.001 Å at 150 K, indicating minimal change. Even at 295 K, where 

symmetry breaking reduces the structure to a single Fe center, the N–H···Cl distance 

changes by just 0.07 Å. This stability suggests that the ligand field remains weak and 

does not strengthen enough to favor the LS state, even when the symmetry is lowered. 

Additionally, packing in 1 shows the formation of 1D chains of both Fe1 and Fe2 centers 

at 150 K, with neighboring chains linked through N–H···Cl and C–H···Cl interactions to 

form 2D sheets in the ac plane (Figure 4.12). This dense network appears to resist the 

contraction typically associated with the LS state, further stabilizing the HS 

configuration at LT. The electronic environment surrounding the Fe centers, influenced 

by hydrogen-bonding interactions with the Cl anions, may further contribute to the HS 

state stability by maintaining a relatively weak ligand field. Thus, despite symmetry 

breaking, the compound’s rigid framework, stable ligand field, and network of 

intermolecular interactions effectively inhibit SCO, leading to the unusual retention of 

the HS state at both low and high temperatures. It is noteworthy that the packing 

closely resembles that of the related compound [Fe(naphBzen)2]I which exhibits 

strongly hysteretic SCO and hidden hysteresis as a result of an extremely rare reverse-

LIESST process (Boonprab et al., 2019). In comparison to the packing in the structure 

of complex 2, we observe a distinct square motif (Figure 4.13) that resembles structural 

features seen in [Fe(salEen-5-I)2]halide, particularly [Fe(salEen-5-I)2]Br (Boonprab et al., 

2024), which exhibits stepped SCO transition close to room temperature. However, 

unlike [Fe(salEen-5-I)2]Br, complex 2 remains in the HS state even at LT, as evidenced 

by its magnetic profile (vide infra). This persistence of the HS state in 2, despite 

structural similarities to SCO-active [Fe(salEen-5-I)2]Br, suggests a potentially significant 

influence of the square arrangement within the lattice. Although the square motif is 

retained, its specific packing and intermolecular interactions appear to prevent SCO, 

maintaining the HS state at all observed temperatures. In complex 3, the crystal lattice 

at both 295 K and 150 K consistently features a square motif, similar to that in 

[Fe(naphBzen)2]Cl and [Fe(naphBzen)2]Br (Habarakada et al., 2022), but uniquely 

exhibits a helical arrangement where the square motif spirals out of the 2D plane, 
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forming a three-dimensional structure (Figure 4.14). This distinctive helical 

configuration, stabilized by specific anion interactions, sets it apart from the diverse 

but planar packing patterns observed in the [Fe(naphBzen)2]halide family in different 

solvates. We observe that the benzyl group of the salBzen ligand has a strong tendency 

to form a square arrangement with halide anions—a structural characteristic that 

appears to have been previously unrecognized. In our system, the anion plays a 

dominant role in stabilizing this arrangement. Both compounds 1 and 2 exhibit a clear 

square motif, while compound 3 also forms a square arrangement, though it differs in 

its spiral configuration that extends out of the 2D plane. This distinctive, non-planar 

arrangement in compound 3 underscores the versatility of the salBzen ligand and 

highlights the influence of specific anion interactions in directing the formation of 

unique packing motifs. 

 

 
Figure 4.12 Spacefill packing [Fe(salBzen-5-OMe)2]Cl (1) at 295 K (left) and 150 K (right) 

viewed along the b axis in HS state. 
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Figure 4.13 Spacefill packing [Fe(salBzen-5-OMe)2]Br (2) at 295 K viewed along the b 

axis in HS state. 

 
Figure 4.14 Spacefill packing of [Fe(salBzen-5-OMe)2]I (3) at 295 K viewed along the c 

axis with LS state. 

In complexes 4 and 5, at 290 K and 30 K respectively, distinct packing patterns 

emerge compared to the other halide structures. A key feature of these two complexes 

is the formation of a 3D supramolecular network driven by a combination of C-H···π, 

C-H···O, N-H···O, C-H···anion, and N-H···anion interactions, all involving the anion. In 4, 

the Fe centers exhibit a dimer-like arrangement, forming pairs or clusters of complexes 
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that stack into a brick-like pattern of parallelograms (Figure 4.15). The NO3 anions act 

as bridges or spacers, facilitating the dimerization and shaping the parallelogram-based 

packing motif. These dimeric interactions, likely stabilized by hydrogen bonding and 

coordination with NO3 ions, result in an asymmetric yet efficient packing arrangement. 

Compared to the square motif observed in compound 3, the structure of complex 4 

is less symmetric, with a more layered and staggered arrangement of complexes. For 

complex 5, the Fe centers are organized into layers, forming a repeating pattern where 

the units shift slightly between layers. The ClO4 ions function as spacers, stabilizing the 

structure through weak interactions and ionic forces. The packing pattern is defined by 

a trapezoidal tessellation (Figure 4.16), representing a slight distortion from a perfect 

square grid. This distortion introduces a layered and slightly offset arrangement, likely 

influenced by the size and interaction dynamics of the ClO4 ions. 

The comparison of complexes 4 and 5 highlights the significant role of different 

anions (ClO4- and NO3-) in influencing packing and symmetry. These observations 

underscore how subtle variations in the molecular environment can result in diverse 

and unique packing motifs. 

 

 
Figure 4.15 Packing of [Fe(salBzen-5-OMe)2]NO3 (4) at 295 K viewed along the c axis in 

LS state. 
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Figure 4.16 Packing of [Fe(salBzen-5-OMe)2]ClO4 (5) at 100 K viewed along the c axis 

in HS state. 

 

4.3 Hirshfeld surface data analysis of Fe(III) Schiff base complexes 
Hirshfeld surfaces highlight the role of intermolecular interactions in creating a 

network of contacts between cations and anions, as well as neighboring cations within 

the crystal lattice. These interactions arise from functional groups associated with the 

counterions or cations, including N–H, C–H, aromatic rings, and halides. The red regions 

on the isosurface indicate significant hydrogen bonding at the H···O, H···π, and H···H 

sites. The positioning of counteranions within the lattice promotes C–H···A and N–H···A 

interactions, with darker red spots reflecting stronger interactions, particularly between 

C–H and N–H groups and counteranions, as shown in Figure 4.17. In contrast, weaker 

H···H interactions within the lattice correspond to lighter red regions, while the strength 

of H···A interactions varies with the electronegativity of the halide. 
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Figure 4.17 Intramolecular interactions (covalent bond) (left) and C–H···π interactions 

(right) through Hirsfeld surface mapping by dnorm function.  

The Hirshfeld surfaces of compounds 1-5 clearly show that C–H···π and H···O 

interactions significantly contribute to the total interactions, accounting for 19.6–27.6% 

and 7.1–21.6%, respectively. The H···A interactions, influenced by the halides, 

contribute 5.2–7.4%. The 2D fingerprint plots in Figures 4.18 and 4.19 further illustrate 

these contributions. Substituents influence spin crossover behavior by altering these 

interactions. Complexes with Cl- and Br- anions show stronger N–H···halide interactions, 

stabilizing the HS state and preventing SCO. In contrast, the weaker N–H···halide 

interactions with the larger, more polarizable I- anion, stabilizing the LS state and 

leading to a gradual SCO above 350 K. This trend is consistent with the [Fe(salEen-

I)2]halide series (Boonprab et al., 2024), where weaker interactions promote the LS 

state. However, in the [Fe(salEen-I)2]halide series, the SCO occurs with the Br- anion, 

whereas in the [Fe(salBzen-5-OMe)2]halide series, it occurs between Br- and I-. 

Hirshfeld analysis indicates that varying substituents impact the characteristics 

of the spin crossover. The nature of the counteranion significantly affects the 

contributions of H···C and H···O interactions. Halide complexes 1–3 exhibited 

comparable H···C and H···O interactions, reflecting the similar sizes and polarizabilities 

of the halide ligands. However, complexes containing NO3 4 and ClO4 5 demonstrated 

significantly enhanced H···O interactions due to the presence of oxygen atoms in the 

anions capable of forming weak hydrogen bonds. The thermal dependence of these 

interactions also revealed that the H···O contributions increased with temperature in 
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these complexes, highlighting the interplay between thermal motion and 

intermolecular forces. 

Hirshfeld analysis confirms that substituents significantly influence SCO 

behavior by modifying intermolecular interactions and lattice packing. Strongly 

coordinating anions, such as such as Cl 1 and Br 2, create a more rigid lattice, leading 

to a narrower SCO transition range. In contrast, ClO4 5, exhibits only a weak SCO, likely 

due to disorder in the ClO4 anion between 80 K and 90 K, which appears to drive the 

observed transition. Meanwhile, NO3 4 behaves more similarly to I 3 than to ClO4 5, 

suggesting intermediate effects on the SCO process. 

 

 
Figure 4.18 2D fingerprint plots of all contacts: H···C, H···H and H···O for 2 at 295 K. 

 

  

All contacts H⋯C/C⋯H

H⋯O/O⋯H H⋯Br/Br⋯H
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Figure 4.19 Percentage contributions of interactions for complexes 1-5. 

 
4.4 Magnetic studies of Fe(III) Schiff base complexes 

The magnetic properties of 1-5 were undertaken using SQUID magnetometry 

over the 10–380 K range and are presented as !MT vs. T plots in Figure 4.20 (!M is 

defined as the magnetic susceptibility, expressed as M/H per mole of the complex). 

The !MT values for complexes 1 and 2, which remain in the range of 4.00–4.50 cm3 K 

mol-1 between 10 and 300 K, and are indicative of HS Fe(III) centers across the entire 

temperature range, with complex 1 maintaining a !MT value around 4.50 cm3 K mol-1 

at all temperatures, in agreement with X-ray crystallographic analysis, and complex 2 

exhibits a similar magnetic profile, with a !MT value of 4.40 cm3 K mol-1 at 150 K and 

remaining HS down to 10 K. These values agree well with Fe(III) complexes within the 

same ligand family (Al-Azzani et al., 2020; Boonprab et al., 2024; Dey et al., 2020; 

Marques et al., 2023; Shongwe et al., 2012). In contrast, in the [Fe(naphBzen)2]Cl and 

[Fe(naphBzen)2]Br complexes (Habarakada et al., 2022), different solvates can be 

obtained through recrystallization from various solvents. Notably, in the CHCl3 solvates, 

both complexes remain trapped in the LS state. Magnetic data indicate that SCO occurs 

only in the hexane solvates, highlighting that even very weak interactions can play a 

critical role in facilitating SCO behavior. It is evident that the naphBzen complexes tend 

to exhibit very gradual and minimal transitions, resulting in predominantly mixed HS 

H⋯H H⋯OH⋯C H⋯A Others
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and LS states. This telling us the salBzen ligand is substantially more HS than the 

naphBzen and naphEen ligands. 

In contrast, the !MT value of 3 is around 0.52 cm3 K mol-1 at 100 K and aligns 

with an LS Fe(III) center, supporting agreement with X-ray crystallograhic analysis. Upon 

heating of 3 undergoes a gradual and smooth spin crossover, reaching !MT of 2.09 cm3 

K mol-1 at 380 K, this suggests that the spin crossover remains incomplete at this 

temperature (Boonprab et al., 2018; Marques et al., 2023; Martinho et al., 2014; Vicente 

et al., 2016). Similarly, complex 4 displays a !MT value of 0.46 cm3 K mol-1 at 100 K, 

also consistent with a LS Fe(III) centre and agrees well with SCXRD. Upon heating, the 

!MT value begins to slightly increase, reaching 1.38 cm3 K mol-1 at 380 K, which is 

slightly lower than that of complex 3. These profiles suggest that both compounds 3 

and 4 exhibit predominantly gradual spin crossover above 350 K. Similar behavior has 

been reported in in [Fe(salEen-5-I)2]I (Boonprab et al., 2024), which shows a gradual 

and incomplete SCO from LS to mHS over the examined temperature range. Notably, 

the T₁/₂ values recorded for [Fe(salEen-5-I)2]halide (Boonprab et al., 2024) increase as 

the anionic radii increases, suggesting that bigger anions stabilize the LS state — a trend 

consistent with our system, [Fe(salBzen-5-OMe)2]A, as it moves from chloride to iodide. 

For complex 5, the !MT value is around 4.42 cm3 K mol-1 at 300 K indicating that the 

complex is almost fully HS. Upon cooling down to 100 K, the !MT value remains 

around 4.35 cm3 K mol-1, confirming that the complex stays in the HS Fe(III) state, 

consistent with SCXRD results. However, the !MT value drops abruptly below 70 K, 

reaching about 3.50 cm3 K mol-1, indicating a partial SCO, which aligns with the 

structural data. Continued cooling causes no significant variation in the !MT value, and 

upon reheating, the spin crossover resumes abruptly, beginning at 60 K. Consequently, 

the spin transition occurs with a slight hysteresis of 6 K., corresponding to 20% switching 

of the Fe(III) centres. Notably, such a spin transition with hysteresis at very low 

temperatures is highly unusual in spin crossover chemistry, especially for Fe(III). This 

behavior suggests that the salBzen ligand system, combined with appropriate anions, 

offer a valuable tool for tuning the temperature at which spin crossover occurs. 
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Figure 4.20 !MT versus T plots for 1–5 complexes. 
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The magnetic properties of complexes 6-10 were investigated using direct 

current (dc) susceptibility and magnetization measurements. These measurements 

were conducted on a Quantum Design MPMS 3 SQUID magnetometer over the 

temperature range of 1.8–300 K or 1.8–400 K. The measurement protocol involved 

four sequential steps: cooling from 300 to 1.8 K (cooling 1), before measuring to 400 K 

(heating 1), followed by measurement to 1.8 K (Cooling 2), followed by measurement 

to 400 K (heating 2). Magnetisation (M) vs field (H) measurements were conducted 

between 0 and 7 T at 1.8, 4 and 7 K, as shown in Figure 4.21. 

The variation of magnetic susceptibility with temperature, !MT, was measured 

during both cooling and heating cycles across the 2–400 K range. The data reveal a 

gradual increase in !MT with increasing temperature for all complexes, indicating 

temperature-driven spin-state transitions on the Fe(III) centers. The first magnetic 

profile is different to the next one suggesting an irreversible change (probably solvent 

water loss). At high temperatures (above ~300 K), all complexes display !MT values 

converging toward 3.5–4.0 cm3 K mol-1, consistent with a high-spin state of Fe(III) in a 

weak-field environment. However, significant differences emerge in the low-

temperature region. Complexes 6 and 7 exhibit nearly identical magnetic behavior 

across the entire temperature range, reflecting the similar crystal field strengths and 

electronic environments provided by these halide anions. In contrast, complex 8 shows 

a slightly lower !MT values at low temperatures, potentially due to the larger size of 

the iodide, which may stabilize a partial low-spin state or promote antiferromagnetic 

interactions. Complexes 9 and 10 exhibit higher !MT values in the low-temperature 

region compared to the halide-containing complexes. This behavior is likely due to the 

weaker intermolecular interactions of NO3 and ClO4 anions, which lead to reduced 

stabilization of the low-spin state. These findings highlight the role of counteranion 

size and interaction strength in governing the SCO behavior of Fe(III) Schiff base 

complexes. 
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Figure 4.21 !MT versus T plots for 6–10 complexes. 
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4.5 Magnetostructural Relationship of Fe(III) complexes 
To gain deeper insight into the varying SCO profiles of the complexes, the 

packing arrangements within their structures were analyzed. In complexes 1-3, the 

molecular packing is primarily governed by strong N–H···anion and C–H···anion 

interactions, resulting in the formation of two-dimensional (2D) sheets. The normalized 

N–H···anion contacts range from 0.77 to 0.80 (Table 4.7), whereas the C–H···anion 

interactions are comparatively weaker, with normalized contact values close to 1.0. 

However, these interactions slightly strengthen during the gradual SCO in complex 3. 

The helical chain formed by these interactions stack along the c-axis through weak C–

H···π and C–H···O interactions, suggesting that the most significant contacts occur within 

the helical chain themselves. 

To analyze structural changes related to magnetic profiles, three characteristics 

(A–C) similar to those we previously defined for [Fe(salEen-I)2]halide (Boonprab et al., 

2024), were created to describe the square configuration of the cationic complexes 

surrounding the anion within the sheets, as shown in Figure 4.22. These parameters 

show an increase with the size of the anion, regardless of the spin state, highlighting 

the lattice space occupied by each anion (Table 4.9). For complexes 1 and 2, the 

smaller values of A–C suggest a threshold below which SCO cannot occur. In contrast, 

complex 3 shows an increase in these parameters with temperature, indicating tighter 

trapping of the anion during SCO. This behavior aligns with the more gradual SCO 

observed in complex 3.  

In comparison, the previously studied [Fe(salEen-I)2]halides exhibited a different 

trend. For these complexes, A–C parameters decreased with increasing temperature 

during SCO, reflecting lattice contraction as the anion became more tightly confined. 

This trend was particularly pronounced in [Fe(salEen-I)2]Br, where sharp decreases in 

parameters B and C (by 0.31 and 0.15 Å, respectively) between 275 and 280 K 

corresponded to the initial step in the SCO profile, while a subsequent reduction in A 

(~0.2 Å) correlated with the more abrupt SCO transition. In contrast, [Fe(salEen-I)2]I 

displayed only subtle changes in A–C (less than 0.1 Å), consistent with its compact 

packing and gradual SCO (Boonprab et al., 2024). These comparisons highlight that the 

gradual SCO behavior observed in complex 3 arises from greater lattice flexibility and 
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enhanced anion-cation interactions. This contrasts with the rigid structural response of 

[Fe(salEen-I)2]halides, where abrupt SCO transitions dominate due to tighter lattice 

confinement and reduced flexibility. 

 

 
Figure 4.22. (a) Simplified illustration of 1−2 and (b) 3 viewed showing the three 

structural parameters, A1, A2, B and C. 

Table 4.9 Structural characteristics of complexes 1−3. 

Complexes 
 Structural characteristic (Å) 

A1 A2 B C 
[Fe(salBzen-5-OMe)2]Cl 1     

150 K 7.329 7.773 10.293 11.061 

295 K 7.875 7.637 10.887 11.061 

[Fe(salBzen-5-OMe)2]Br 2     

295 K 7.954 7.694 10.889 11.239 

[Fe(salBzen-5-OMe)2]I 3     

150 K 11.378 10.530 15.923 14.412 

295 K 11.426 10.565 16.001 14.441 

 A B C 
[Fe(salEen-5-I)2]Cl   

7.481 

  

150 K 9.85 11.26 

  

A: Distance between Fe–Fe1
B: Diagonal distance between Fe–Fe1
C: Diagonal distance between Fe–Fe1 

(a) (b)

Fe

Fe Fe

Fe

A A

A A

A2 A2

A1

A1

B

C
Fe Fe

Fe Fe

A

A

AA

A1

A2 A2

A2

C

B
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Table 4.9 Structural characteristics of complexes 1−3 (Continued). 

[Fe(salEen-5-I)2]Br  

7.970 

7.985 

7.947 

7.773 

7.776 

 

10.75 

10.70 

10.39 

10.37 

10.37 

 

11.77 

11.75 

11.60 

11.58 

11.58 

123 K 

275 K 

280 K 

293 K 

305 K 

[Fe(salEen-5-I)2]I  

8.273 

8.239 

8.239 

 

11.33 

11.30 

11.30 

 

12.06 

11.99 

11.99 

293 K 

400 K 

425 K 

 
4.6 Cyclic voltammetric studies of Fe(III) Schiff base complexes 

The electrochemistry of [Fe(salBzen-5-OMe)2]A, 1-5 in dry CH2Cl2 was studied 

using cyclic voltammetry. The cyclic voltammogram of all the complexes are shown 

in Figures 4.23 and 4.24. The CV measurements, conducted over the potential range 

of -1.0 to 1.2 V, exhibit distinct redox features corresponding to both metal-centered 

and ligand-centered electron transfer processes. All complexes display a quasi-

reversible Fe(III)/Fe(II) redox couple, with the reduction of Fe(III) to Fe(II) observed 

during the cathodic scan between -0.50 to -0.35 V and oxidation during the anodic 

scan at around 0.9-1.0 V, assigned to the salBzen-5-OMe ligand, specifically oxidation 

at the oxygen of the phenolate (Harding et al., 2013). The potentials of the Fe(II)/Fe(III) 

redox couple varies a lot from -0.55 V to -0.39 V with a clear relationship between the 

strength of the N–H···A interactions and the size of the anion. Moreover, for 3 two extra 

redox events occur and are attributed to the redox reactions of I-/I3- and I2/I3-, the redox 

peaks on the left correspond to Eq. (1), while those on the right correspond to Eq. (2) 

(Ma et al., 2021). 

I3- + 2e- à 3 I-  (1) 

3I2 + 2e- à 2 I3-  (2) 
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The reduction potentials for the Fe(II)/Fe(III) redox couple demonstrate how 

the hydrogen bonding strength of the counteranion affects the stability of the Fe(III) 

oxidation state. Complex 1, exhibits the most negative potential (-0.55 V), reflecting 

the strong stabilizing effect of Cl- on Fe(III). In comparison, 2 (-0.47 V) and 3 (-0.39 V) 

complexes display less negative potentials, consistent with the weaker hydrogen 

bonding capability of these larger halides of Br- and I-, respectively. Additionally, two 

distinct trends emerge when comparing halide and non-halide counteranions. Complex 

4 (-0.52 V) has a reduction potential close to that of complex 1, suggesting that 

multiple N–H···O hydrogen bonds significantly contribute to Fe(III) stabilization. In 

contrast, complex 5 (-0.42 V) has the least negative potential, showing that the larger 

anion interacts weakly with the complex. These trends highlight how both the size and 

hydrogen bonding capability influence the redox properties of these Fe(III) complexes. 

The ligand oxidation potentials are mostly unchanged across all complexes, 

showing that counteranions have little effect on the ligand’s electronic properties. 

Complex 3 has the highest oxidation potential (1.00 V), suggesting the weakest 

electron-withdrawing influence. Complexes 2 (0.96 V) and 1 (0.91 V) show slightly lower 

values due to stronger electron-withdrawing effects that stabilize the oxidized ligand. 

Similarly, 4 (0.92 V) and 5 (0.96 V) have moderate oxidation potentials, confirming their 

minimal impact. This consistency supports the idea that the anions mainly stabilize 

the metal center rather than significantly altering the ligand’s redox properties. 
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Figure 4.23 Cyclic voltammograms of [Fe(salBzen-5-OMe)2]A in CH2Cl2 solution at a 

scan rate of 100 mVs-1. 

  
Figure 4.24 Cyclic voltammogram of [Fe(salBzen-5-OMe)2]I in CH2Cl2 solution at a 

scan rate of 100 mVs-1. 
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Table 4.10 Electrochemical data of [Fe(salBzen-5-OMe)2]A in CH2Cl2 solution at 298 

K. 

a All measurements were conducted at 298 K in dried and degassed CH2Cl2 0.1 M 

[NBu4][PF6] solution; scan rate 100 mVs-1. 
b This corresponds to the peak potential. 
c The first reduction peak potential is used to determine Eo’. 

 
The electrochemistry of [Fe(salPren-5-OMe)2]A, 6-10 in dry CH2Cl2 was studied 

by using cyclic voltammetry. The cyclic voltammogram of all the complexes is given 

in Figures 4.25 and 4.26 which also revealed distinct redox behavior influenced by the 

counteranion. Moreover, for 8 there are exhibit two pairs of oxidation-reduction peaks, 

which are attributed to the redox reactions of I-/I3- and I2/I3-, the redox peaks on the 

left correspond to Eq. (1), while those on the right correspond to Eq. (2) (Ma et al., 

2021). The reduction potentials for the Fe(II)/Fe(III) redox couple are relatively 

consistent across the complexes, ranging from -0.49 V to -0.46 V. Complex 6 shows a 

slightly more negative potential at -0.47 V, indicating a slightly stronger stabilizing effect 

on Fe(III) compared to Br- 7, I- 8, and ClO4- 10. The ligand oxidation potentials occur 

around 0.9 V, corresponding to oxidation within the Schiff base ligand’s aromatic 

system. The second peak, appearing at higher potentials around 1.3 V, likely involves 

a subsequent ligand oxidation. The first oxidation process occurs in a narrow range 

between 0.91 V (10) and 0.95 V (6 and 7). The similarity across this redox process 

suggests limited influence of the counteranions on the first oxidation state of the 

ligand. However, in the second oxidation process, variations are more pronounced. The 

Cl- complex 6 exhibits the highest potential (1.38 V), followed closely by Br- 7 (1.37 V), 

Complexa Eo’ [V] (Fe2+/3+) Eo’ [V] (ligand) 
1 -0.55b 0.91c 

2 -0.47 0.96 

3 -0.39 1.00 

4 -0.52 0.92 

5 -0.42 0.96 
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NO3- 9 (1.34 V), ClO4- 10 (1.32 V), and I- 8 (1.30 V). The reasons for this difference are 

unclear. 

 

  
Figure 4.25 Cyclic voltammograms of [Fe(salPren-5-OMe)2]A in CH2Cl2 solution at a 

scan rate of 100 mVs-1. 

 
Figure 4.26 Cyclic voltammograms of [Fe(salPren-5-OMe)2]I in CH2Cl2 solution at a 

scan rate of 100 mVs-1.  
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Table 4.11 Electrochemical data of [Fe(salPren-5-OMe)2]A in CH2Cl2 solution at 298 K. 

a All measurements were conducted at 298 K in dried and degassed CH2Cl2 0.1 M 

[NBu4][PF6] solution; scan rate 100 mVs-1. 
b This corresponds to the peak potential. 
c The first reduction peak potential is used to determine Eo’. 

 

The comparison between [Fe(salPren-5-OMe)2]A, 6–10 and [Fe(salBzen-5-

OMe)2]A, 1–5 complexes highlights the impact of ligand structure and counteranions 

on electrochemical behavior. The salBzen series exhibits greater variation in redox 

potentials depending on the counteranion, likely because the benzyl groups create a 

more well defined binding pocket that strengthens anion-dependent redox shifts. In 

contrast, the salPren series shows more consistent redox potentials across different 

anions, suggesting that its more flexible ligand structure allows greater anion mobility, 

reducing direct stabilization of the Fe(III) center. These findings emphasize the crucial 

role of ligand rigidity and counteranion interactions in modulating the redox properties 

and electron transfer dynamics of Fe(III) Schiff base complexes. 

  

Complexa Eo’ [V] (Fe2+/3+) Eo’ [V] (ligand-p1) Eo’ [V] (ligand-p2) 
6 -0.47b 0.95c 1.38c 

7 -0.46 0.95 1.37 

8 -0.46 0.92 1.30 

9 -0.49 0.94 1.34 

10 -0.46 0.91 1.32 
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