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ABSTRACT 

Trapping of a photoinduced metastable paramagnetic state of a molecular material is one 

of the most fascinating phenomena of molecular bistability, due to its potential uses in memory 

devices, sensors, or radiation detectors. This thesis focuses on two photomagnetic systems that 

are very different but show conceptual similarity – spin-crossover (SCO) complexes and sigma-

dimers of organic radicals. Despite the long history of research on SCO in complexes of 3d4-3d7 

transition metal ions, the design and preparation of SCO complexes for surface functionalization, 

the prediction of spin state behavior, and the combination of SCO with other properties, such as 

conductivity or ferroelectricity, in a single material are current emerging areas associated with 

many challenges. In this thesis, we demonstrate that 2,2′-biimidazole offers a convenient 

platform for modification of SCO complexes for surface functionalization. The ligand can be 

conveniently alkylated at the protonated nitrogen atoms, preserving essentially the same ligand 

filed strength. We suggest a simple approach to predicting the spin state of tris-homoleptic 

diimine complexes with the Fe(II) ion. We also show an effective way to incorporate TCNQ– 

organic radical as the conducting moieties into SCO complexes. These complexes offer a rare 

example of highly conducting photomagnets. 

The light-induced magnetism has been studied extensively in spin crossover coordination 

compounds and charge transfer complexes. Prior to the present work, however, no such studies 

existed on organic systems in solid state form. Here we demonstratefor the first time the 

photoinduced splitting of hypervalent 4-center 6-electron S···S−S···S bridged σ-dimers of 

bisdithiazolyl radicals, 8-fluoro-4-ethyl-4H-bis[1,2,3]dithiazolo[4,5-μ 5’,4’-e]pyridin-3-yl, -

dimer phase (-FBPEt) and 8-fluoro-4-methyl-4H-bis[1,2,3]dithiazolo[4,5-μ 5’,4’-e]pyridin-3-

yl, (-FBPMe). The results are very encouraging, as we have been able to generate the S=1/2 

radical forms of these materials under irradiation. Moreover, these radicals exhibit an 

unprecedented stabilty in the solid state; one of them convert back to the diamagnetic σ-dimer 

(S=0) at the temperature as high as 242 K. The dimer-to-radical photoconversion, which we 

dubbed the LIRT (light-induced radical trapping) effect, has been demonstrated by magnetic 

susceptibility measurements, optical spectroscopy, and single crystal X-ray diffraction. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Spin Crossover Compounds 

1.1.1 Fe(II) Spin Crossover Complexes  

1.1.1.1 Spin crossover - a general overview. The first case of spin-crossover (SCO) was 

discovered in 1930s by Cambi and co-workers for dithiocarbamate complexes of Fe(III) ion.1 At 

the beginning, the origin of the temperature-dependent change in the magnetic moment of these 

complexes was unclear. Linus Pauling attempted to explain the phenomenon by switching 

between the ionic and covalent nature of metal-ligand bonds.2 In 1956, Orgel suggested that the 

change in the magnetic behavior was caused by an equilibrium between the Fe(III) ion with an 

unpaired electron (LS) and the Fe(III) ion with 5 unpaired electrons (HS).3 The first examples of 

Fe(II)SCO compounds were [Fe(phen)2(NCX)2] (X = S and Se, phen = 1,10-phenanthroline) 

reported by Madeja and König in 1960s.4 The spin transition (ST) between the HS and LS 

electronic configurations in both Fe(III) dithiocarbamates and [Fe(phen)2(NCX)2] complexes 

was conclusively proven by Mössbauer spectroscopy, which was first applied by Ewald et al,5 to 

study this phenomenon following on the reports by Madeja and König (The Mössbauer effect 

was discovered by Rudolf Mössbauer in 1957, 

subsequently earning him a Nobel Prize in Physics 

in 1961). In 1984, Decurtins et al. discovered the 

possibility to quantitatively convert an Fe(II) SCO 

compound from the LS to the HS state by irradiation 

at cryogenic temperatures.6 The irradiation let to 

trapping of the metastable HS state that remained 

stable for a prolonged period of time at low 

temperatures. Hence, the effect was dubbed "light-

induced excited spin-state trapping", or LIESST. 

This discovery had a great impact on the field of 

SCO, offering the ability to control the spin state by light, as well as opening a new regime of 

bistability beyond just a thermal hysteresis (Figure 1.1).6 The field  gained an additional impetus 

Figure 1.1 The thermal hysteresis (a) and 
LIESST effect (b) in SCO complexes. 
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in 1993, when Jay, Kahn, and coworkers discovered an SCO compound that showed a thermal 

hysteresis around room temperature.7 In recent years, extensive research efforts have been 

devoted to understanding the spin relaxation dynamics by femto/picosecond spectroscopy,8 

designing multifunctional SCO materials,9 and using SCO complexes as MRI contrast agents.10 

Generally, the SCO can be observed in complexes of d4-d7 metal ions. Nevertheless, the 

majority of transition metal complexes exist solely in the LS or HS state, depending on the 

ligand field strength and the nature of the metal ion. In other words, the complexes exhibit 

electronic configuration only on one side of the crossover point on the Tanabe-Sugano diagram 

(Figure 1.2). There are, however, some complexes of d4-7 transition metal ions that undergo a 

crossover between two sides of the Tanabe-Sugano diagram under influence of an external 

stimulus, such as temperature, light, pressure, or magnetic/electrical field.11 The LS state is 

enthalpically favored, due to the shorter and stronger metal-ligand bonds (see Sec. 1.1.1.2). The 

transition from the LS to the HS state upon warming is an entropy-driven process, since the HS 

state possesses larger vibrational and electronic entropy. Thus, both H and S are positive for 

the LS to HS conversion. The transition temperature, at which the concentrations of active SCO 

centers in the LS and HS states are equal, is defined as T1/2 =  H/S.3,4 

Although SCO compounds are found 

for 3d4 (CrII, MnIII), 3d5 (MnII, FeIII), 3d6 (FeII, 

CoIII), and 3d7 (CoII, NiIII) metal ions, the most 

abundant among them are complexes of the 

Fe(II) ion, which account for more than 90% 

of SCO compounds.3,12 This popularity is 

generally explained based on the ligand field 

induced by the central metal ion. For the 

majority of reported SCO compounds, the T1/2 

values range from ~70 K to ~400 K (a Mn(III) 

SCO complex with T1/2 as low as 44 K is an 

oddity13). Taking into account that T1/2 = 

H/S, the abundance of Fe(II) SCO 

complexes can also be reasoned by the 

 

Figure 1.2. The Tanabe-Sugano diagram of d6 

ions for octahedral complexes 
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sensitivity of the H/S quotient to the change of the ligand field. As the ligand field changes, so 

does the H/S. A large change in entropy will suppress the variation of the H/S quotient. 

The contributions to the change in entropy upon the LSHS conversion come from the change 

in the spin multiplicity and from the change in the vibrational entropy. In the case of Fe(II) ion, 

the change in S is significant when going from the LS state, 1A (a spin singlet), to the HS state, 
5T (a spin quintet). This large change in S causes the value of T1/2 to be relatively less sensitive 

to the ligand field changes. That is why a large number of SCO complexes is known for the 

Fe(II) ion. For the Co(III) ion, the entropy change is similar to that of Fe(II). The enthalpy 

changes, however, are more significant due to the smaller ionic radius and the larger positive 

charge on Co(III) ion. Therefore, a much smaller number of Co(III) SCO complexes exist. For 

the Fe(III) ion, the enthalpy changes are similar or slightly larger than those forthe Fe(II) ion,14 

while the entropy changes become smaller on going from the LS, 2T (a spin doublet), to the HS, 
6A (a spin sextet). As the results, the H/S quotient is more sensitive to the ligand field 

variation, and fewer SCO complexes have been reported for the Fe(III) ion. For other cases, the 

entropy changes are smaller, as going from 3T to 5A for Cr(II), 2T to 6A for Mn(II), and 2E to 4T 

for Co(II). 

1.1.1.2 Characterization of SCO compounds. Single crystal X-ray diffraction. One of 

the most significant and typical changes during ST is in the metal-ligand (M-L) bond lengths. 

When a compound undergoes an ST from the LS to HS state, electron(s) from non-bonding or 

weakly -bonding t2g orbitals populate(s) -anti-bonding eg
* orbitals leading to the elongation of 

M-L bonds (r), which can be as large as 0.2 Å for Fe(II) SCO complexes. This can lead to 3-4% 

difference in the unit cell volume between the LS and HS states.15 For other metal ions that 

exhibit SCO the structural changes are smaller, example, r less than 0.1 Å for the Co(II) ion, 

since only one electron is transferred from the eg to t2g orbitals when going from the HS to LS 

state. The larger r values potentially allow one to achieve more abrupt  ST, as well as to 

increase the relaxation temperature from the photoinduced HS state to the ground LS state due to 

the higher activation energy.3, 15 

The distortion of the octahedral coordination around the metal center is also smaller in 

the LS state. With shorter M-L distances, ligands tend to distribute more evenly around the metal 

ion to minimize the electron-electron repulsion between the ligands. Moreover, the shorter 
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distances allow multidentate (chelating) ligands to become less constrained while their bite angle 

approaches closer the ideal octahedral angle of 90°. The total angular distortion (the deviations 

from the ideal 90° angle summed over all 12 L-M-L angles between cis-arranged M-L bonds) 

can be drastically different for the HS and LS states.16 

Magnetic susceptibility measurements. Perhaps the most straightforward way to detect 

the SCO is offered by measuring magnetic susceptibility () and visualizing the results as a 

dependence of the T product on the external parameter. In the absence of magnetic exchange 

coupling, the Curie law predicts the constant value of T = 
g2S S+18 , where g is the Lande g-

factor and S is the spin-state value. The transition from the HS state at higher temperature to the 

LS state at lower temperature is accompanied by a reduction in the T values. This decrease can 

take place over just a few degrees in an abrupt ST, but also can span ranges as wide as a few 

hundred degrees in the case of a gradual SCO. A thermal hysteresis is usually observed in the 

former case. Zero-field splitting, spin-orbit coupling, and intermolecular exchange coupling 

effects can also result in the decrease of the T value, but they usually take place at much lower 

temperature than that of a typical ST. A transition from the HS to the LS state usually becomes 

“frozen” if temperature falls below 60-70K, as the SCO molecule does not possess enough 

thermal energy to overcome the activation barrier between the two spin states.3, 16-17 There is 

only one example of a SCO Mn(III) complex where the ST can take place as low as 44 K.13 

57
Fe Mossbauer spectroscopy. This technique has become a standard method for the 

study of  SCO compounds, since some parameter changes observed by this method are solely 

due to the ST at the iron center. These changes are quantified by two parameters, quadrupole 

splitting, EQ, and isomer shift, . The EQ value characterizes the symmetry of the electron 

distribution around the nucleus.18 The more even of electron distribution around the nucleus is, 

the smaller EQ is. For the Fe(II) HS state, t2g
4eg

2, the uneven distribution of electrons in 

t2gorbitals leads to large EQ values, from 1.5 to 4.0 mm/s. In contrast, in the Fe(II) LS state, t2g
6, 

the three t2g orbitals are fully occupied, resulting in a smaller EQ values, 0-0.8 mm/s. An 

opposite trend is observed in Fe(III) complexes. The HS Fe(III) ion, t2g
3eg

2, has smaller EQ 

values (0-0.9 mm/s) relative to the LS Fe(III) ion, t2g
5 (0.3-1.8 mm/s), due to the uneven electron 

distribution in t2g orbitals of the latter.19 EQ also depends on the nature of ligand binding, which 
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also affects electron distribution around the iron nucleus. The higher asymmetry of the ligand 

field around the metal ion causes EQ to increase. In addition, the ligand nature can also 

influence the value of EQ via metal to ligand charge transfer (MLCT). For example, in the case 

of Fe(III) SCO complexes, the asymmetric 3d electron distribution around the iron nucleus 

would lead to a larger value of EQ. However, the asymmetric 3d electron density is reduced due 

to the strong MLCT. As the results, the values of EQ are not as large as one could expect, and 

the change in EQ upon SCO is smaller for Fe(III) complexes than for Fe(II) ones.18-19 

The isomer shift, , depends mainly on the electron density at the nucleus that only arises 

from the s-electron wavefunction: the higher s-electron density results in more negative isomer 

shifts. Nevertheless, the s-electron density is also influenced by the d-electron configuration due 

to the shielding effect. Therefore, the 3d5 Fe(III) ion exhibits, on average, smaller  values (from 

–0.5 to 0.6 mm/s) as compared to the 3d6 Fe(II) ion (from –0.2 to 1.6 mm/s). The  values alone, 

however, do not allow a conclusive assignment of the oxidation state, since the d electron density 

also depends on the MLCT (covalence) effects. An iron SCO complex featuring MLCT exhibits 

less shielding of s-electron density in the LS state, because of more efficient  back-bonding 

from the t2g orbitals of the metal to the * orbitals of the ligand, owing to both the shorter M-L 

bonds and the higher electron density in the t2g orbitals. As a result, the  value decreases slightly 

upon going from the HS to the LS state.18-19 

Optical methods. UV-visible (UV-Vis) spectroscopy is the most common optical method 

for characterization of SCO complexes, due to the distinctly different of optical absorption 

spectra of the LS and the HS species. The method is relatively straightforward in terms of data 

analysis and instrumental setup. It also offers a convenient way to assess the behavior of a SCO 

compound under irradiation at low temperatures, and requiring only a minimal amount of the 

sample.  

There are several differences in UV-vis spectra of the LS and HS species. The weak spin-

allowed d-d transitions appear at lower energy in the HS state, due to the smaller ligand-field 

splitting between the t2g and eg orbitals.20 In many cases, the LS d-d band is covered by much 

strong π-π transition(s) of  ligands or (MLCT transition. Nevertheless, the intensity of the MLCT 
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band is substantially stronger in the LS state as compared to the HS state, which allows the 

determination of the HS/LS ratio through the evolution of the MLCT band.16, 20 

Other spectroscopic techniques, such as IR, NMR, Raman, or XPS, have been used to 

characterize SCO complexes.3 In addition, the STs also have been studied by heat capacity and 

dielectric constant measurements.21 

1.1.1.3 Fe(II) spin crossover complexes. More than 90% of known SCO compounds 

belong to Fe(II) complexes. Nitrogen-binding ligands usually provide a suitable ligand field to 

achieve SCO in octahedrally coordinated 

Fe(II) ions. The occurrence of SCO depends 

on the relation between two parameters, the 

ligand field splitting, 10Dq (Figure 1.3), and 

the electron pairing energy, П. The typical 

value of П for the Fe(II) ion is ~15,000 cm–1. 

If 10Dq is much larger than П, the δS state 

(1A1g) becomes the quantum-mechanical 

ground state. In the case of Fe(II) ion, that is 

the case when 10 DqLS > 23000 cm-1. On the 

other hand, when П is much larger than 

10Dq, the HS state (5T2g) becomes the ground 

state, and the compound remains HS at all 

temperature. Such behavior typically occurs 

when 10DqHS < 10000 cm-1. Only in a narrow 

range, 10DqHS  11,000-12,500 cm-1 or 

10DqLS 19,000-22,000 cm-1, can Fe(II) 

compounds exhibit the SCO behavior. In 

these cases, the zero-point energy difference 

between the HS and LS states is E°HL = E°HS 

– E°LS  0-2,000 cm-1. The quantum chemical ground state is still LS at all temperatures, but 

E°HL is small enough, on the order of thermally accessible energies, kit. Therefore, electrons 

 

 

Figure 1.3. Electronic structures of Fe(II) ion at 
the LS and HS states 
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can populate the HS state upon warming, a process driven by the increase in entropy upon the 

LSHS conversion.5, 20b 

Octahedral Fe(II) SCO complexes with six nitrogen-donor ligand(s) are not only the most 

populous type of SCO compounds, but also the ones that show the greatest M-L bond lengths 

changes associated with the SCO (r up to 0.2 Å). The large changes in r induce a stronger 

perturbation at the individual SCO sites, which in systems with cooperative intermolecular 

interactions results in more abrupt SCO with thermal hysteresis.22 The large r values also mean 

that the LS and HS states are more removed, both structurally and energetically. As a 

consequence, the relaxation from the metastable HS state – trapped by light irradiation of the LS 

state at low temperatures or by thermal quenching of the HS state from high to low temperatures 

–to the ground LS state has a slower tunneling rate and a higher thermal barrier to the HSLS 

relaxation, which imply, in general, higher TLIESST relaxation temperatures.20b 

Below we provide a general structural classification of Fe(II) SCO complexes. 

Complexes with monodentate ligands: Among monodentate ligands that result in SCO 

behaviors for Fe(II) complexes, the most popular are tetrazole derivatives. The simplest among 

them is N-methyl tetrazole (NMT). The SCO in [Fe(NMT)6]
2+ depends on the nature of counter 

ion. With BF4
- and ClO4

-, the SCO takes place at very low temperatures and does not proceed 

completely, but with PF6
- or CF3SO3

- the SCO takes place at higher temperature, 206 K and 173 

K, respectively, and proceeds to completion. The majority of other homoleptic complexes of 

Fe(II) with tetrazole derivatives exhibit SCO with the transition temperature ranging from 72 K 

to 205 K. Iso-oxazole is another ligand that affords SCO complexes with Fe(II).23 

Fe(II) complexes with imidazole (im), [Fe(im)6]X2 (X = BF4
-, ClO4

-, PF6
-), are HS at all 

temperature. In the case of pyridine (py), the cation [Fe(py)6]
2+ has been only found in few 

cases.24 In both cases, it is believed that the steric effect created by the -hydrogen atoms of 

imidazole or pyridine either destabilize the structures or stabilize HS states.25 Note that, in other 

ligands, iso-oxazole and tetrazole, the -hydrogen is still there, but only one, instead of two, for 

each ligand molecule.3 
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Tris(diimine) Fe(II) SCO complexes: The first, and one of the most thoroughly studied 

Fe(II) SCO compounds, were [Fe(phen)(NCX)2] (phen = 1,10-phenantroline, X = S or Se).4c 

However, phen, as well as 2,2'-bipyridine (bpy), are strong-field ligands, and their tris-

homoleptic complexes with Fe(II), [Fe(L3)]
2+, are generally LS. One of the strategies to 

destabilize the LS state is to substitute one or more of the hydrogen atoms in the pyridyl rings to 

create steric hindrance. The most efficient is the substitution at the positions adjacent to the N-

donor atoms, as such substituent induces steric repulsion with the neighbor ligands to increase 

the Fe-L bond lengths. Thus, tris-homoleptic complexes with phen that contains a methyl or 

methoxy subsitutent in the 2- position (1.1 and 1.2, respectively), exhibit SCO.26 In contrast, 

similar complexes with the substituents in both 2- and 9-positions of phen(1.3) could not be 

isolated.27 A similar behavior was found with modified bpy ligands, as mono-substituted ligand 

1.4 afforded a tris-homoleptic SCO complex while such complex with ligand 1.5 could not be 

isolated.27-28 

 

Scheme 1.1. Phen/bpy-type ligands 

 

The second strategy to decrease the ligand field strength is replacing six-membered 

ring(s) by five-membered heterocycle(s). Many instances of such ligands have been examined 

and some are shown below. While the tris-homoleptic Fe(II) complexes of ligands 1.6, 1.7, and 

1.9 show SCO behaviors below room temperature (RT),29 the analogous complex with 1.8 is LS, 

at least up to 350K.29 When thiazole is used instead of imidazole, the tris-complex[Fe(1.10)3]
2+ is 

LS. Introduction of a methyl -substituent in the pyridyl ring of 1.10 provides ligand 1.11, with 

the complex [Fe(1.11)3]
2+ being HS at all temperatures. If the methyl substituent is on the 

thiazole ring, as in 1.12 or 1.13, the tris-homoleptic complexes exhibit SCO. This difference in 

properties of the complex of 1.11, on the one hand, and those of 1.12 and 1.13, on the other hand, 
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was attributed to the methyl group creating a stronger steric effect in the former case. The tris 

complex of 1.14 also shows SCO behavior.30 

 

  Scheme 1.2. Dimine ligands composed of penta-hexa-heterocycle rings 

 

When replacing the remaining six-membered ring by a five-membered ring, the ligand 

field becomes even weaker. As the result, tris Fe(II) complex of 1.15 is HS at all temperature.31 

Ligand 1.16, however, is slightly stronger than 1.15, which is attributed to the more concentrated 

π-system within the chelate ring that increases the interaction between the metal center and the 

ligand. Consequently, [Fe(1.16)3]
2+ exhibits SCO behavior.32 The ligands with oxygen-

containing heterocycles have a weaker ligand field, and tris Fe(II) complex of 1.17 is HS at all 

temperatures.33 

 

Scheme 1.3. Diimine ligands composed of penta-heterocycle rings 
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The 2,2'-bithiazole derivatives have slightly stronger ligand field than their 2,2'-

biimidazole counterparts. The tris Fe(II) complexes of 1.18 and 1.19 show SCO behavior,34 

while the analogous compound of 20 is LS below RT. The behavior above RT has not been 

reported for this complex.35 

 

Scheme 1.4.Tridentate nitrogen-binding ligands composed of penta- and hexa-heterocycle rings 

 

Bis(triimine) Fe(II) SCO complexes: For 1.21, If R1 = R2 = H, the ligand field is strong 

and the resulting Fe(II) complex, [Fe(1.21)2]
2+, is LS at all temperatures. If R1 = C6H5, R2= H, 

the steric effect induced by the phenyl group causes the bis Fe(II) complex to exhibit SCO in 

solution. In the solid state, however, a complex with hexafluoro phosphate anion is HS, while the 

one with perchlorate is LS. When R1 and R2 are both either phenyl or methyl groups, the 

resulting complexes are HS in both solution and solid state.36 When the middle six-membered 

ring is replaced by a five-membered one, the decrease in the ligand field is significant, and as the 

result, the complex of 1.22 is HS at all temperatures.37 On the other hand, when thiazole is used 

instead of pyrazole, 1.23, the corresponding Fe(II) complex shows the SCO behavior. Replacing 

a side six-membered ring in terpyridine by a five-membered ring has a lesser effect on the ligand 

field strength. For example, the bis-complex of 1.24 is very similar to that of terpyridine, being 

LS at all temperatures. The behavior of complexes of 1.25, however, exhibits strong dependence 

on anions and hydration. Since the NH groups form hydrogen bonds with water, the SCO 

transition temperature changes significantly upon dehydration or hydration. The hydrated form 

was found to stabilize the LS state.38 Similar to 1.25, the SCO in complexes of 1.26 also exhibits 

anion dependence. The complex with the BF4
- anion shows an abrupt ST centered at 159 K with 
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a 4 K thermal hysteresis, while the complex with PF6
- anion is HS at all temperatures [49,50].39 

If two pyrazole rings in 1.25 are replaced by thiazole rings, the resulting complexes, 

[Fe(1.27)]2
2+ and [Fe(1.28)]2

2+, are LS.40 

- Iron SCO complexes with tetradentate ligands: Some of tetradentate ligands are shown 

in Scheme 1.5. Complexes of Fe(II) with 1.29 or 1.30 and NCS- co-ligands, [Fe(1.29)(NCS)2] 

and [Fe(1.30)(NCS)2], exhibit ST at very low temperatures. The complex of 1.29 has a sharp ST 

around 70 K, while a gradual SCO centered around 100 K is observed in the complex of 1.30.41 

The complex [Fe(1.31)(NCS)2] has two polymorphs; one shows ST at 176K without hysteresis, 

while the other undergoes ST at around 120 K with 8 K thermal hysteresis. The complex 

[Fe(1.32)(NCS)2], on the other hand, has one polymorph that shows ST at 138 K. Ligand 1.33 

also forms several polymorphs with Fe(II) and NCS- which exhibit SCO. The solvated complex 

has ST at 170 K, while the unsolvated one shows a sharp ST with 8 K thermal hysteresis around 

110 K.26a When the two NCS- ligands are replaced with bidentate 2,2'-biimidazole, the resulting 

compound, [Fe(1.33)bim](ClO4)2, also exhibits a gradual SO centered around 170 K.16 The 

complex with 1.34, [Fe(1.34)(NCS)2], also undergoes SCO.27 With the macrocyclic ligands, the 

ligand field strength depends not only on the -donor and -donor/acceptor capabilities of the 

ligand, but also on the ring size. In the case of 14-membered ring(1.35), both [Fe(1.35)(NCS)2] 

and [Fe(1.35)(NCMe)2]
2+ are LS.42 With larger macrocycles, i.e. the 15- and 16- membered rings 

as in 1.36 and 1.37, respectively, the ligand becomes weaker, resulting in the HS behavior for 

[Fe(1.36)(NCMe)2]
2+ and [Fe(1.37)(NCMe)2]

2+.43 

 

Scheme 1.5. Tetradentate nitrogen-binding ligands 
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- Fe(II) SCO complexes with pentadentate ligands: Some pentadentate ligands that afford 

Fe(II) SCO compounds are shown below. The complexes [Fe(1.38)L]n+, where L = MeCN, py, 

or CN-, are LS. The complex [Fe(1.38)N3]CF3SO32H2O undergoes SCO centered around 156 K, 

but in a CD3OD solution the SCO is observed at T1/2 = 207 K.44 The crystalline form of 

[Fe(1.38)(CH3OH)](CF3SO3)2 shows SCO behavior around 90 K, with about a half of iron 

centers converting from HS to LS upon cooling.45 Ligand 1.39 can form mono or polynuclear 

complexes. A mononuclear complex [Fe(1.39)(N{CN}2)]PF6CH3OH is LS in the solid state, 

while dinuclear ones, [Fe(1.39)2(-N{CN}2)](PF6)2xCH3OH, exhibit a sharp ST with 50% 

HSLS conversion when x=1 and complete conversion when x=0.46 Pentadentate macrocycle 

1.40 forms a SCO complex [Fe(1.40)(CN)2]H2O, while [Fe(1.40)(NCS)2] is HS. Ligand 1.41, 

however, forms LS compound [Fe(1.40)(CN)2], which becomes HS when CN- is replaced by 

NCS-, [Fe(1.40)(NCS)2].
47 

 

Scheme 1.6. Pentadentate nitrogen-binding ligands 

 

- Fe(II) SCO complexes with hexadentate ligands: Salicylaldimine derivatives, such as 

1.42, are popular ligands that can afford SCO compounds with the Fe(III) ion. the complex of 

Fe(II), [Fe(1.42)], also exhibits an abrupt two-step ST, with a thermal hysteresis of 35 K.31 The 

magnetic properties of [Fe(1.43)]X2 exhibit strong anion dependence. Complexes with X = BF4
- 

or ClO4
- are LS; the complex with X = PF6

- exists as two polymorphs, one of which is LS while 

the other exhibits SCO behavior with T1/2 = 150 K.48 The value of T1/2 can be tuned by 

substituting methyl group(s) for H atom(s) adjacent to the N donor atoms of pyridine ring(s). The 

larger the number of methyl substituents, the lower T1/2, as the result of steric effects. [FeL]X2 (L 

= 1.44, 1.45, 1.46; X = ClO4
-, PF6

-) exhibit gradual SCO with T1/2 above 400 K, at 290-320 K, 

and at 210-240 K, respectively.49 When six-membered rings are replaced by five-membered 
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ones, the resulting ligand is weaker. The complexes [Fe(1.47)]X2 (X- = ClO4
-, BPh4

-) show 

gradual, but complete SCO below 293 K. An interesting cage-like ligand is represented by 1.48. 

The complex [Fe(1.48)]2+ show SCO in solution, but [Fe(1.48)](SO3CF3)2is LS in the solid 

state.33 The complex with macrocyclic hexadentate ligand 1.49 is LS. The larger macrocycle, 

1.50, has a weaker ligand field, and its Fe(II) complex exhibits SCO with T1/2 = 282 K.50 

 

Scheme 1.7. Hexadentate nitrogen-binding ligands 

 

1.1.2 Multifunctional SCO Complexes 

1.1.2.1 Materials combining SCO and conductivity. A few approaches have been used 

to combine SCO and conductivity, including co-crystallization of SCO moieties (usually 

cationic) with conducting moieties (usually radical anions) or binding a conducting moiety 

directly to the ligand used to prepare an SCO complex. So far, the former approach was the most 

successful in terms of the number of compounds produced and the values of electrical 
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conductivity shown by the complexes. The cationic SCO moieties were mostly represented by 

Fe(III) salicylaldimine complexes. Two other examples include ligands 1.56 and dppTTF.51 

Conducting moieties were usually partially charged [M(dmit)2]
- (M = Ni, Pd Pt), or 

[Ni(mnt)2]
-. The TCNQ- radical was also used in one case, but the structure of the resulting 

material was not established.  

In the crystal packing of these materials, columns/layers of SCO cations usually alternate 

with columns/layers of anion radicals. The synergy between the SCO behavior and conductivity 

can be expected, since the SCO is accompanied by significant structural changes, which, in turn, 

should affect the packing of conducting columns/layers. For example, the decrease in the metal-

to-ligand bond lengths upon the HSLS transition should lead to the shrinkage of the unit cell 

that might induce a chemical pressure on the conducting substructure through the shortening of 

distances between the radical anions. Such structural changes are poised to modify the 

conductivity of the material that undergoes SCO. 

Faulmann and co-workers described complexes [FeIII(1.52)(1.57)][M(dmit)2]CH3CN (M 

= Ni, Pd, Pt) and [FeIII(1.52)(1.57)][Ni(dmit)2]3. The former series exhibits gradual SCO, similar 

to the starting SCO complex, [FeIII(1.52)(1.57)](BPh4). On the other hand, 

[FeIII(1.52)(1.57)][Ni(dmit)2]3 contains partially charged [Ni(dmit)2]
-, which results in high RT 

conductivity of 0.1 S/cm. This compound also shows a gradual SCO and antiferromagnetic 

interactions between the radical anions in the solid state.9c 

Takahashi and co-

workers also prepared a 

similar compound, 

[FeIII(1.54)2][Ni(dmit)2]3CH3

CNH2O. This compound also 

exhibits a gradual SCO that 

takes place over a wide 

temperature range, from 60 K 

to above 300 K. 

[Ni(dsmit)2]
- also is partially 

charged and form segregated 

 

Figure 1.4. Temperature dependence of T product and resistivity. 
Reprinted from [9g] with permission from American Chemical 
Society (see appendix A.1), Copyright 2008. 
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columns through - stacking. The compound exhibits good RT conductivity, 2.0 S/cm. The 

activation energy is lower at low temperature, 0.17 eV from 60K to 90 K and 0.25 eV from 125 

K to 300 K.9f 

The complex [FeIII(1.53)2][Pd(dmit)2]5acetone, prepared by electrochemical 

crystallization, undergoes SCO centered around 220 K. In the crystal structure, the cations 

[FeIII(1.53)2]
+ form columns while [Pd(dmit)2]

- moieties form segregated layers. Among five 

[Pd(dmit)2]
- moieties in the asymmetric unit, two form a neutral dimer, [Pd(dmit)2]2, two form 

an anionic dimer, {[Pd(dmit)2]2}
-, and one is a neutral monomer. The RT conductivity is 0.016 

S/cm, and the activation energy in the LS state, 0.24 eV, is lower than that in the HS state, 0.37 

eV. The synergy between SCO and conductivity was observed in this compound (Figure 1.4).9g 

 

 

Scheme 1.8. Ligands and organic acceptors used in the known molecular materials that combine 
SCO and conductivity 

 

 

Another compound combining SCO and conductivity was reported by Nakano and co-

workers, using the TCNQ radical anion. Among two complexes, [FeIII(1.56)2](TCNQ)n (n=1,2), 
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the one with n=1 exhibited a sharp ST at 159.5 K, while the compound with n=2 showed a 

gradual SCO centered at 370 K. The latter compound contains a partially charged TCNQ moiety 

and has the RT conductivity of 2.8·10-3 S/cm. The crystal structures of these compounds have 

never been reported.9d 

 

1.1.2.2 Materials combining SCO and magnetic ordering. To obtain materials that 

combine SCO with long range magnetic ordering, various SCO cations were co-crystallized with 

negatively charged metal-oxalate frameworks. A few examples of such materials are provided 

below. 

In the complex {[CoII(bpy)][ACrIII(ox)3]}, where oxo =oxalate, the [Co(bpy)3]
2+ cation is 

HS when A = Na+, but when A = Li+, the compound exhibits SCO. This change in behavior was 

attributed to the smaller cavity size formed in the [CrIII(ox)3]
3- anionic framework with the 

smaller Li+ ion, which results in the chemical pressure on the [Co(bpy)3]
2+cation stabilizing the 

LS state. In this case, however, the oxalate framework does not exhibit magnetic ordering.9e 

[FeIII(1.51)][MnIICrIII(ox)3]CH2Cl2 exhibits both SCO behavior and magnetic ordering. 

The cation [FeIII(1.51)]2+ undergoes SCO at temperature around 250 K. The oxalate framework 

shows ferromagnetic ordering at 5.4 K. The compound also exhibits LIESST effect, which does 

not have any influence on the magnetic ordering temperature.9a,b 

1.2 Organic Radical/Dimer Interconversion 

Besides SCO complexes, another group of materials that show paramagnetic bistability as 

a function of temperature are organic radicals that can undergo reversible dimerization. The first 

such conversion was reported by Fujita and Awaga for 1,3,5-trithia-2,4,6-triazapentalenyl 

(TTTA) in 1999.52 This compound undergoes a first-order phase transition with a very large 

thermal hysteresis around RT; the conversion from the -radical to a dimer of radicals takes 

place at 230 K while the reverse process occurs at 305 K (Figure 1.5A). The structure of the HT 

form contains columns of slightly slipped TTTA radicals with regular interplanar distances 

(Figure 1.5B). The radicals exhibit strong antiferromagnetic coupling dominated by intracolumn 

interactions, J/kB = -320 K, while the intercolumn exchange coupling is weaker, J'/kB = -60 K. In 

the LT phase, however, there is a strong dimerization of radicals (Figure 1.5C). In each pair, the 

two TTTA radicals are positioned on top of one another thus dramatically increasing the 
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antiferromagnetic coupling , J/kB = -1300 K. In addition, in the LT phase all TTTA molecules are 

parallel to each other, which is not observed in the HT phase (Figure 1.5B,C). 

 

 

Figure 1.5. Temperature dependence of magnetic susceptibility of TTTA measured in the 
cooling (open circles) and heating (solid circles) modes (A) and crystal packing in the high 
temperature (B) and low temperature (C) phases. Reprinted from [52] with permission from 
American Association for the Advancement of Science, Copyright 1999 (see Appendix A.2) 

 

Figure 1.6. Temperature dependence of IR transmittance at 3.85 m (A), conductivity (B), and 
magnetic susceptibility (C), and the scheme of molecular arrangements in the paramagnetic and 
diamagnetic states (D) of spiro-biphenalenyl radical. Reprinted from [53] with permission from 
American Association for the Advancement of Science, Copyright 2002 (see Appendix A.3) 
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Haddon and co-workers reported another example of magnetic bistability in all-organic 

system, the spiro-biphenalenyl radical.53 The compound undergoes a first-order phase transition 

manifested in both magnetism and conductivity (Figure 1.6, A-C). The transition occurs just 

above RT, with a thermal hysteresis of 25 K, between 325 K and 350K. The -dimer is a basic 

building block for both HT and LT structures. In the HT structure, the unpaired electrons locate 

on the exterior of phenalenyl moieties, which leads to a paramagnetic state. Upon the phase 

transition, the interplanar distance between two interior phenalenyl moieties decreases from 3.3 

Å in the HT phase to 3.2 Å in the LT structure, causing the relocation of unpaired electrons to 

the interior phenalenyl moieties (Figure 1.6D). The strong antiferromagnetic coupling between 

the radicals results in a diamagnetic state. The structural phase transition is also accompanied by 

a by a two-order increase in conductivity upon dimerization. This was attributed to the closure of 

the energy gap in the dimerized structure as compared to the radical form. Recently, Oakley and 

co-workers reported on -dimerization of bisdithiazolyl radicals via a hypervalent four-center 

six-electron SS–SS  bond,  (Figure 1.7). 

 

Figure 1.7. The structures of the -dimer and the pair of π-bisdithiazolyl radicals 

The thermal phase transition from the diamagnetic to paramagnetic state results in 

disruption of the -bond and formation of a pair of -radicals at 380 K. Upon cooling, the radical 

pair recombines to form the dimer at 375 K. The conversion from the -dimer to the pair of -

radicals at ambient temperature was achieved under applied pressures. Based on the conductivity 

behavior, it is believed that this transition takes place at a pressure around 1.5 GPa.54 

Another organic system that exhibits magnetic bistability around RT is 2-azaadamantane 

N-oxyl (AZADO) radical. The compound undergoes a spin transition between a LT diamagnetic 
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dimer and a HT paramagnetic radical pair with a thermal hysteresis of about 25 K. The LT 

structure determined by single crystal X-ray diffraction revealed the dimerization of two 

monomers with the N-O separation of 2.3 Å. The HT structure was not reported. However, based 

on magnetic properties, EPR, DSC, and optical spectra, the authors believed that at HT the 

compound is essentially in the radical form. The color of the compound also changes, in synergy 

with the magnetic phase transition, from yellow (dimer form) to red (radical form).55 

 

Scheme 1.9. The drawing structure of AZADO monomer (A), dimer (B) and pair of radicals (C). 
Reprinted from [55] with permission from John Wiley and Sons, Copyright 2011 (see Appendix 
A.4) 

 

1.3 Research Objectives 

The review of existing literature on spin-crossover, multifunctional spin-crossover 

complexes, and sigma-dimers of organic radicals has served to set the goals for this thesis: 

1. Preparation of SCO complexes for binding to surfaces of nanoparticles (NPs) and thin films. 

SCO complexes are very sensitive to the changes of the environments around the metal ion, 

such as the coordination sphere (the ligand(s)) or the outer sphere (interstitial solvents, 

anions, and intermolecular interactions). Finding a robust ligand set that can warrant the 

retention of the SCO in the Fe(II) complexes will allow further modification of the ligand(s) 

for surface binding. The research directed at attainment of this goal will be presented in 
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Chapter 2. Binding SCO complexes to the surface of NPs or thin films will help elucidate 

how SCO complexes behave on the surfaces, how other phenomena, such as surface plasmon 

resonance, interact with the SCO behavior, and how arrays of SCO complexes on the 

surfaces can be created and what prospects such arrays hold in terms of fabrication of 

electronic devices. 

2. Development of a simple rule to predict the spin state of homoleptic Fe(II) tris-diimine 

complexes. The prediction of the spin state of Fe(II) complexes with quantum-chemical 

calculations still faces many challenges, such as the accuracy of the prediction and the time 

costs, especially when the energy difference between the HS and LS states is small (like in 

SCO complexes). A simple rule to predict the spin state of homoleptic Fe(II) tris-diimine 

complexes will be presented in Chapter 3. The rule is based on the relation between the spin 

state of Fe(II) complexes and the NN separation in the chelating site of free diimine 

ligands. The latter can be obtained from crystal structure databases or by inexpensive and 

quite accurate quantum-chemical calculations. 

3. Design and preparation of materials that combine SCO and electrical conductivity. The 

combination of conductivity and SCO on the molecular scale is one of the current interests in 

the area of multifunctional molecule-based solids. The preparation and studies of these 

materials will help to understand the interplay between magnetic switching and electrical 

transport in structures that undergo substantial change in the crystal packing associated with 

magnetic bistability. These structural changes that take place during SCO will vary the 

chemical pressure on the conducting stack of organic radicals, causing the change in the 

conductivity. The preparation and study of such materials will be demonstrated in Chapter 4. 

4. Light induced-radical trapping (LIRT). One of the most fascinating phenomena in SCO 

complexes, the light induced-excited state spin trapping (LIESST) effect, has been studied 

over 30 years and is relatively well understood. Nevertheless, similar effects are unknown in 

organic systems, despite the fact that some of them demonstrate temperature-induced 

transitions conceptually similar to the SCO (Section 1.2). In Chapter 5, we use methods 

similar to those that were employed to study the LIESST effect to understand the behavior of 

these organic sigma-dimers under irradiation at low temperatures. We will demonstrate that 

these systems also exhibit light-induced transition from the diamagnetic to paramagnetic 

state, a phenomenon which we called the LIRT effect.  
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CHAPTER TWO 

SPIN CROSSOVER IN HETEROLEPTIC Fe(II) COMPLEXES OF 2,2'-

BIIMIDAZOLE AND ITS ALKYLATED DERIVATIVE  

In this Chapter, we explore a robust platform for the preparation of Fe(II) complexes that 

can retain SCO behavior despite various modification of the periphery of a ligand or changes in 

the counterion. Such system can be used to prepare SCO complexes for surface binding by 

functionalizing the ligand with a linker terminated with -SH, -NH2, or -COOH group. Moreover, 

these complexes can also be used as precursors to hybrid materials by replacing inert counterions 

with ones that impart to the system other useful physical properties, such as electrical 

conductivity, ferroelectricity, or magnetic ordering. 

We have found that [Fe(tpma)(bim)]2+ (tpma = tris(2-pyridylmethyl)amine, bim = 2,2′-

biimidazole ) is a good candidate for the development of such complexes. The modification of 

the bim ligand can be easily performed by N-alkylation. We prepared and investigated tpma-

capped complexes of Fe(II) with bim and it derivatives: [Fe(tpma)(bim)](ClO4)2 (2.1), 

[Fe(tpma)(xbim)](ClO4)2 (2.2), and [Fe(tpma)(xbbim)](ClO4)2 (2.3) (xbim = 1,1′-(,′-o-xylyl)-

2,2'-biimidazole, xbbim = 1,1′-(,′-o-xylyl)-2,2′-bibenzimidazole). These complexes were 

characterized by a combination of X-ray crystallography, magnetic and photomagnetic 

measurements, Mössbauer and optical absorption spectroscopy. 

2.1 Introduction 

SCO is one of the most fascinating bistability phenomena. Recent progress in molecular 

electronics, facilitated by our improved ability to synthesize, manipulate, and assemble matter at 

nanoscales, provided new impetus to study SCO complexes for potential applications in high-

speed, high-density switches and recording media.56 In this vein, formation of arrays of SCO 

centers on various substrates is of great fundamental interest.57 

Three principal requirements must be satisfied in order to utilize SCO complexes in such 

nanoscale architectures: (1) the complex should possess pendant functionalities for attachment to 

the corresponding substrate; (2) the pendant group should be easily tunable to allow attachment 
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to various surfaces and under different environments; (3) the SCO behavior should be retained 

after the complex has been attached to the surface. The design of such a compound is non-trivial 

because small change in the structure of the complex and modification of its environment may 

lead to loss of the SCO behavior. 

In an effort to design a SCO complex appropriate for surface binding, we noted the 

compound [FeII(dpea)(bim)](ClO4)2 (dpea = (2-aminoethyl)bis(2-pyridylmethyl)amine) that was 

reported to undergo a gradual spin transition with T1/2 = 200 K.58 (T1/2 is defined as the 

temperature at which the amounts of the HS and LS species in the sample are equal.) The 

protonated N atoms on the periphery of the chelating bim ligand offer convenient access to a 

variety of derivatives through N-alkylation. We hypothesized that such substitution of the 

aliphatic groups for the H atoms should have a relatively little effect on the ligand field strength 

of bim. 

The study reported herein aimed to verify the hypothesis that bim could be used as a 

ligand platform for attachment of various functionalities to an Fe(II) SCO complex, while 

preserving the existing spin transition. Additionally, to increase the long-term stability of the 

ligands and complexes involved, we decided to replace the amino-containing dpea with tpma. 

We present the synthesis and a detailed study of the structural, magnetic, and photomagnetic 

properties of a series of Fe(II) complexes that have as ligands bim or one of its alkylated 

derivatives (Scheme 2.1) and tpma. We discuss various aspects of spin transitions in these 

complexes and demonstrate the 

viability of the chosen set of 

ligands for the preparation of 

modified SCO complexes 

appropriate for surface binding 

studies. 

2.2 Experimental Section 

2.2.1 Syntheses 

All reactions were 

performed in an inert atmosphere 

 

Scheme 2.1. Ligands encountered in this Chapter. 
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using standard Schlenk techniques, unless noted otherwise. All reagents and anhydrous solvents 

were purchased from Aldrich, except for glyoxal (Alfa Aesar), and used as received. Elemental 

analyses were carried out by Atlantic Microlab, Inc. Ligands tpma,59 bim,60 and xbbim61 were 

synthesized according to the published procedures. 

1,1′-(,′-o-Xylyl)-2,2'-biimidazole (xbim) was synthesized by a modification of the 

procedure described by Thummel et al.
62 To a solution containing 0.528 g (2.00 mmol) of ,′-

dibromo-o-xylene in 30 mL of acetonitrile in a 100 mL round-bottom flask was added with 

stirring 0.32 g (2.4 mmol) of  bim followed by 5 mL of a 2.5 M aqueous solution of NaOH. The 

temperature of the mixture was increased to reflux. After refluxing for ~10 minutes, a yellow-

brown solution formed. The reflux was continued for 24 hours, after which time the reaction was 

allowed to cool down to room temperature. After  adding 20 mL of deionized water, the mixture 

was extracted with dichloromethane (3×20 mL). The organic fractions were combined, dried 

over anhydrous MgSO4, and evaporated to dryness. The obtained product was washed with 

diethyl ether, affording xbim as white solid. Yield = 0.385 g (68%). 1
H NMR (DMSO-d6), , 

ppm: 7.47 (s, 2H), 7.39 (m, 4H), 7.11 (s, 2H), 4.98 (s, 4H). 

Caution: The complexes between metal ions and organic ligands with perchlorate 

counter ion are potentially explosive. The compounds should be prepared in small amounts and 

handled with great care! 

[Fe(tpma)(bim)](ClO4)2 (2.1). A solution of Fe(ClO4)2·6H2O (72.6 mg, 0.200 mmol) in 

2 mL of methanol was added to a suspension of  bim (26.8 mg, 0.200 mmol) in 8 mL of ethanol 

with stirring. The yellowish suspension obtained was stirred for ~30 s, followed by addition of a 

solution of tpma (58 mg, 0.20 mmol) in 2 mL of methanol. The resulting mixture was stirred 

vigorously for a few seconds and then quickly filtered. The filtrate was left undisturbed under 

inert atmosphere overnight. Block-shaped yellow-brown crystals that formed were recovered by 

filtration and washed successively with ethanol and diethyl ether. Yield = 71.6 mg (52%). Elem. 

analysis: calcd. (found) for FeCl2O8.5N8C24H25 (1·0.5H2O), %: C, 41.85 (41.68); H, 3.63 (3.62); 

N, 16.28 (16.27). HR-ESI-MS: m/z = 240.07586 (calcd. for [Fe(tpma)(bim)]2+: 240.07312). 

[Fe(tpma)(xbim)](ClO4)2 (2.2). This complex was prepared in a manner similar to that 

described for 1, starting with 36.3 mg (0.100 mmol) of Fe(ClO4)2·6H2O, 23.6 mg (0.100 mmol) 
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of xbim, and 29 mg (0.10 mmol) of tpma, and using 10 mL of a methanol-ethanol (9:1 v/v) 

solvent mixture. Diethyl ether was layered on the top of a yellow solution obtained to afford 

yellowish crystals. The product was recovered by filtration and washed successively with ethanol 

and diethyl ether. Yield = 38.7 mg (50%). Elem. analysis: calcd. (found) for FeCl2O8N8C32H30 

(2), %: C, 49.19 (49.44); H, 3.97 (3.90); N, 14.34 (14.42). HR-ESI-MS: m/z = 291.09934 (calcd. 

for [Fe(tpma)(xbim)]2+: 291.09660). 

[Fe(tpma)(xbbim)](ClO4)2 (2.3). This complex was prepared in a manner similar to that 

described for 2.1, starting with 72.6 mg (0.200 mmol) of Fe(ClO4)2.6H2O, 67.2 mg (0.200 mmol) 

of xbbim, and 58 mg (0.20 mmol) of tpma and using the same volumes of solvent. Diethyl ether 

was layered on the top of a yellow solution obtained. Bright red crystals that appeared after two 

days were filtered and washed with successively with ethanol and diethyl ether. Yield = 104 mg 

(57%). Elem. analysis: calcd. (found) for FeCl2O9.2N8C41.2H38.8 (2.3·0.75CH3OH), %: C, 54.05 

(54.68); H, 4.12 (4.34); N, 12.37 (11.80). HR-ESI-MS: m/z= 341.11520 (calcd. for 

[Fe(tpma)(xbbim)]2+: 341.11226). 

Examination of ligand field strength. The ligand field strength of bim, xbim, and xbbim 

was examined by mixing a solution of NiCl2·6H2O in MeOH with a suspension of corresponding 

ligand in DMF in a 1:3 ratio and recording an absorption spectrum of the obtained clear pale-

orange solution. 

2.2.2 Physical Measurements 

Single crystal X-ray diffraction. In a typical experiment, a selected single crystal was 

suspended in Paratone-N oil (Hampton Research) and mounted on a cryoloop which was placed 

in an N2 cold stream and cooled down at 5 K/min to the desired data collection temperature. The 

data sets were recorded as ω-scans at 0.3° step width and integrated with the Bruker SAINT 

software package.63 In all the experiments, a multi-scan adsorption correction was applied based 

on fitting a function to the empirical transmission surface as sampled by multiple equivalent 

measurements (SADABS).64 The space group determination was performed with XPREP,65 

while the solution and refinement of the crystal structures were carried out using the SHELX 

programs.66 The final refinement was performed with anisotropic atomic displacement 

parameters for all but H atoms. All H atoms were placed in calculated positions. A summary of 
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pertinent information relating to unit cell parameters, data collection, and refinements is provided 

in Table 2.1. For 2.1, data were collected using an Agilent supernova dual-source system and 

data integration and absorption corrections were done with CRYSALIS.67 

Spectroscopic Measurements. 
1H nuclear magnetic resonance (NMR) spectra were 

measured on a Bruker 600 MHz spectrometer. Electrospray ionization (ESI) mass spectra were 

acquired on a Beckman Coulter System Gold HPLC BioEssential with Binary Gradient 125S 

pump and a UV/Vis 166 analytical detector. 

Magnetic Measurements. The magnetic susceptibility measurements were carried out 

on polycrystalline samples using a superconducting quantum interference device (SQUID) 

magnetometer (Quantum Design MPMS-XL). The DC susceptibility was measured in an applied 

field of 0.1 T in the 1.8-300 K temperature range. Field-dependent magnetization was obtained at 

1.8 K with the field varying from 0 to 7 T. The data were corrected for diamagnetic contributions 

using tabulated constants.68 

Photomagnetic Measurements. Irradiation was performed at 5 K by coupling a sample, 

centered in the pick-up coils of a SQUID magnetometer, to a room temperature white light 

source (Halogen bulb) in two different ways. At low power ( 1 mW/cm2), the microcrystals 

were spread onto transparent adhesive tape and immobilized near the end of a bundle of optical 

fibers. For high power ( 10 mW/cm2), a commercial sample holder (Quantum Design Fiber 

Optic Sample Holder) was used, wherein a quartz bucket, containing < 1 mg of microcrystals, 

was held against the end of a quartz rod. The raw data have been corrected for a paramagnetic 

background arising from the sample holder. Following common practices,69 the resulting 

magnetic signal has been scaled to match the high temperature values obtained with a more 

massive sample measured with a low background probe. 

Mössbauer Spectroscopy. The 57Fe Mössbauer spectra were collected on constant 

acceleration instruments over the temperature range of 1.5-300 K, in applied external fields up to 

8 T. Samples for experiments in low applied magnetic fields (< 50 mT) were prepared by placing 

polycrystalline solids in Mössbauer cups covered with Teflon lids. For high-field measurements, 

the solid materials were ground to finely divided powders and suspended in mineral oil. Spectral 
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simulations were generated using WMOSS (WEB Research, Edina, MN), and isomer shifts are 

reported relative to Fe metal foil at room temperature. 

Optical and LIESST Measurements. For optical measurements small single crystals 

(0.20×0.20×0.10 mm3) were mounted on a copper plate so as to completely cover a small 

aperture. The copper plate was inserted into a cryostat (Janis-Sumitomo) capable of reaching 10 

K. Full absorption spectra were recorded in transmission mode on a double beam spectrometer 

(Cary 5000) between 400 and 800 nm. For the small samples it was not possible to record spectra 

further into the infrared region due to insufficient sensitivity of the detector. Irradiation was 

performed with a HeNe laser at 632 nm with a maximum rating of 30 mW. Power density on the 

sample was adjusted to 10 mW/mm2with grey filters. The wavelength chosen is optimal for 

penetration depth and efficiency of the light-induced transformation. For slow kinetics, full 

absorption spectra were recorded with the above spectrometer at given time intervals after 

switching off the laser. For faster kinetics a home built single beam set-up with a CCD camera 

allowed for faster recording of spectra with a delay less than a second between switching off the 

laser and acquiring the first spectrum.  

Crystallographic experiment at the Swiss Norwegian Beamline. Synchrotron 

diffraction data were collected at the Swiss-Norwegian beamline (SBNL) BM01A. The selected 

crystal was mounted into a modified version of a Cryovac KONTI cryostat system. The base 

sample temperature achievable with the cryostat was around 50 K. Although the HSLS 

relaxation is already quite fast (t1/2 ≈ 500 s) at this temperature, continuous irradiation at  = 632 

nm with an intensity of ~10 mW/mm2 was sufficient to maintain a steady-state HS fraction of 

more than 90%. The data were collected using The Oxford Diffraction KM6 Kappa 

diffractometer before and during continuous irradiation with a 30 mW He-Ne laser at 632nm. 

The laser beam was guided to the crystal via an optical fiber, and the power density on the 

sample was adjusted to 10 mW/mm2 using a grey filter. The temperature at the crystal was 

estimated to be ~50 K. Data reduction and absorption correction were done using the 

CRYSALIS software package and the refinement was carried out in the using the SHELX suite 

of programs.66 Due to the low completeness of the datasets, all atoms but Fe and Cl were refined 

isotropically. 
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2.3 Results and Discussion 

2.3.1 Syntheses 

Complexes [Fe(tpma)(L2)](ClO4)2 (2.1, L2 = bim; 2.2, L2 = xbim; 2.3, L2 = xbbim) were 

synthesized by reacting Fe(ClO4)2·6H2O with the corresponding bidentate ligand L2 in the 1:1 

ratio, followed by the addition of one equivalent of tpma. The initial reaction between the Fe(II) 

precursor and L2 is fast, as indicated by the formation of a clear solution within seconds after 

mixing a solution of Fe(ClO4)2·6H2O with a suspension of L2. The obtained solution becomes 

cloudy after a few minutes. Tpma is added into the reaction as soon as cloudiness is observed. 

The resulting clear solution was stirred vigorously for a few seconds and then quickly filtered. 

Crystals of all complexes were obtained either by leaving the filtrate undisturbed overnight (2.1) 

or by layering the filtrate with diethyl ether (2.2 and 2.3). The crystallization was performed 

under inert atmosphere to avoid decreased reaction yields. 

2.3.2 Crystal Structures 

The crystal structures of complexes 2.1-2.3 were determined at different temperatures. 

All complexes crystallize in monoclinic space groups (Table 2.1). No symmetry change was 

observed upon changing the temperature. 2.1 and 2.3 crystallized with interstitial solvent 

molecules. The crystals of 2.2 did not contain any solvent. The Fe–N bond lengths and N–Fe–N 

bond angles are listed in Table 2.2. In each complex, the FeII ion is coordinated by four N atoms 

of tpma and two imino N atoms of the corresponding L2 ligand (Figure 2.1). 

Complexes 2.1 and 2.2 exhibit dramatic changes in the coordination environment of the 

FeII ion as a function of temperature (Table 2.2). In the structure of 2.1, the average Fe–N bond 

length increases from 2.022(2) to 2.117(2) to 2.147(3) Å at 120, 195, and 295 K, respectively. 

Similarly for 2.2, the average Fe–N bond length increases from 2.002(4) at 123 K to 2.184(4) Å 

at 210 K. The observed changes are consistent with SCO, i.e. the transition of FeII ions from the 

LS state to the HS state as the temperature increases, since the population of the antibonding eg 

orbitals in the HS state should lead to the longer bond lengths. 
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Table 2.1. Data collection and structure refinement parameters for complexes 2.1-2.3 

Formula FeCl2O8.5N8C24H25 (2.1·0.5H2O) FeCl2O8N8C32H30 (2.2) FeCl2O9.2N8C41.2H38.8 
(2.3·0.75CH3OH) 

Temperature 120 K 195K 295 K 123 K 210 K 50 K before 
irr. 

50 K 
during irr. 

123 K 210 K 

CCDC Code 885413 885414 885415 885416 885417 885632 885633 885418 885419 
Space group C2/c C2/c C2/c P21/c P21/c P21/c P21/c P21/n P21/n 

a, Å 12.6038(3) 12.7824(4) 12.8438(5) 8.967(3) 9.017(2) 8.853(2) 8.825(2) 14.879(2) 14.918(2) 
b, Å 12.3578(3) 12.4738(3) 12.5351(6) 8.951(3) 9.125(2) 8.8571(7) 9.0223(9) 13.594(2) 13.693(2) 
c, Å 35.7498(8) 36.024(1) 36.204(1) 40.44(1) 41.012(8) 40.321(8) 40.643(10) 23.807(3) 23.831(3) 
, deg 97.052(2) 95.657(3) 97.945(4) 95.444(3) 92.146(2) 95.28(2) 92.03(2) 101.604(2) 101.586(2) 
V, Å3 5526.1(2) 5692.6(3) 5772.9(4) 3231(2) 3372(1) 3148.2(9) 3234(1) 4717(1) 4769(1) 

Z 8 8 8 4 4 4 4 4 4 
, Å CuK, 1.5418 MoK, 0.71073 Synchrotron, 0.69412 MoK, 0.71073 

Crystal shape Block block block block block block block block block 
Crystal size dark-red red yellow dark-red yellow dark-red yellow red red 
Crystal size 0.29×0.19 

×0.16 
0.29×0.19 

×0.16 
0.30×0.08 

×0.05 
0.35×0.34 

×0.13 
0.35×0.34 

×0.13 
  0.94×0.60 

×0.15 
0.94×0.60 

×0.15 
dcalc, g cm–3 1.637 1.589 1.576 1.606 1.539 1.649 1.605 1.275 1.257 

, mm–1 6.732 6.535 6.455 0.699 0.670 0.718 0.699 0.490 0.485 
2max, deg 72.24 73.41 73.50 23.50 23.50 22.67 22.68 26.00 26.00 

Total reflections 9304 9785 11365 4758 4957 5864 5009 9274 9330 
Rint 0.021 0.0255 0.053 0.030 0.027 0.035 0.042 0.029 0.033 

Unique 
reflections 

5321 5460 5654 4534 4617 1880 1822 7901 7077 

Parameters 
refined 

394 440 444 460 488 220 220 562 594 

R1 [Fo> 2(Fo)] 0.047 0.042 0.063 0.061 0.063 0.069 0.133 0.083 0.061 
wR2 [Fo> 
2(Fo)] 

0.121 0.108 0.161 0.136 0.140 0.158 0.307 0.226 0.166 

Diff. peak and  
hole, e/Å3 

0.74, –0.55 0.63 , –0.35 0.67, –0.66 0.72, –0.55 0.86, –0.42 0.72,          
–0.70 

0.79,  –
0.62 

1.09, –0.79 0.62, –0.45 

Goodness of fit 1.023 1.055 1.016 1.326 1.234 1.124 1.268 1.178 1.061 
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Table 2.2. Fe–N bond lengths (Å) and N–Fe–N bond angles (degrees) in complexes 2.1-2.3 

Compound 2.1·0.5H2O 2.2 2.3·0.75CH3OH 

Temperature 120 K 195 K 295 K 123 K 210 K 123 K 210 K 

Bond lengths        

Fe(1)-N(1) 2.006(2) 2.143((2) 2.182(3) 2.006(4) 2.240(4) 2.259(4) 2.258(3) 

Fe(1)-N(2) 1.991(2) 2.107(2) 2.123(3) 1.973(4) 2.174(4) 2.167(4) 2.175(3) 

Fe(1)-N(3) 1.977(2) 2.089(2) 2.123(4) 1.985(4) 2.169(4) 2.204(4) 2.197(3) 

Fe(1)-N(4) 1.972((2) 2.086(2) 2.120(3) 1.966(4) 2.165(4) 2.186(4) 2.184(3) 

Fe(1)-N(5) 2.074(2) 2.127 2) 2.154(3) 2.049(4) 2.158(4) 2.146(4) 2.151(2) 

Fe(1)-N(6) 2.066(2) 2.152(2) 2.177(4) 2.032(4) 2.200(4) 2.164(4) 2.161(3) 

d(Fe–N)average 2.022(2) 2.117(2) 2.147(3) 2.002(4) 2.184(4) 2.188(4) 2.188(3) 

Bond angles        

N(1)-Fe(1)-N(2) 84.40(9) 81.20(8) 80.4(1) 83.6(2) 78.7(2) 77.4(2) 77.5(1) 

N(1)-Fe(1)-N(3) 83.06(9) 79.03(8) 77.9(1) 80.8(2) 74.9(2) 76.4(2) 76.4(1) 

N(1)-Fe(1)-N(4) 83.45(9) 79.56(8) 78.6(1) 84.8(2) 77.4(2) 74.1(2) 74.2(1) 

N(1)-Fe(1)-N(5) 175.89(9) 175.50(9) 175.4(1) 172.0(2) 170.8(2) 125.2(1) 124.3(1) 

N(1)-Fe(1)-N(6) 95.69(8) 97.46(8) 97.7(1) 98.5(2) 103.4(2) 156.3(2) 157.0(1) 

N(2)-Fe(1)-N(3) 90.63(9) 89.34(8) 89.0(1) 93.5(2) 92.3(2) 80.9(2) 80.9(1) 

N(2)-Fe(1)-N(4) 88.70(9) 88.16(8) 87.8(1) 86.9(2) 85.3(2) 111.3(2) 110.5(1) 

N(2)-Fe(1)-N(5) 99.49(9) 102.64(9) 103.5(1) 99.0(2) 102.8(2) 150.0(2) 150.8(1) 

N(2)-Fe(1)-N(6) 179.04(9) 178.49(9) 178.0(1) 176.9(2) 177.1(2) 90.2(2) 90.7(1) 

N(3)-Fe(1)-N(4) 166.50(9) 158.57(9) 156.5(1) 165.5(2) 152.1(2) 144.4(2) 144.8(1) 

N(3)-Fe(1)-N(5) 98.15(9) 103.20(9) 104.6(1) 91.5(2) 95.9(2) 85.7(1) 85.7(1) 

N(3)-Fe(1)-N(6) 90.34(8) 91.08(8) 91.3(1) 89.0(2) 90.2(2) 122.0(2) 121.6(1) 

N(4)-Fe(1)-N(5) 95.25(9) 98.12(9) 98.9(1) 102.8(2) 111.8(2) 95.2(2) 95.3(1) 

N(4)-Fe(1)-N(6) 90.36(8) 90.93(8) 91.2(1) 91.1(2) 93.3(2) 92.2(2) 92.2(1) 

N(5)-Fe(1)-N(6) 80.39(8) 78.67(9) 78.4(1) 79.2(2) 75.4(2) 74.4(1) 74.5(1) 

(N-Fe-N) 59.9(3) 87.5(3) 95.1(3) 71.9(7) 118.1(7) 167.2(6) 165.5(3) 

 

SCO affects the distortion of octahedral coordination of the FeII ion in complexes with 

chelating ligands. This distortion is characterized by the parameter , defined as the total 

deviation of the twelve N-Fe-N angles (i) from the ideal value of 90°, i – 90°|.70 Shorter Fe-

N bond length increases the bite angle of the chelating bidentate ligand, thus decreasing the 

deviation of the N-Fe-N angles from 90°. Therefore, for the same set of ligands,  is smaller in 
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the LS complex than in the HS complex. Indeed, such a decrease is observed for complexes 2.1 

and 2.2, in which the  parameter becomes smaller as the temperature decreases (Table 2.2), 

indicating a SCO. 

 

 In contrast to 2.1 and 2.2, complex 2.3 does not exhibit significant changes in the Fe–N 

bond lengths with the temperature. The average Fe–N distance is the same at 210 K and 123 K 

(2.188(4) Å), indicating that the FeII ion is the HS state at both temperatures. The parameter  is 

also similar at 210 and 123 K (165.5(3)° and 167.2(6)°, respectively). Note, however, that at both 

temperatures,  for 2.3 is significantly higher than for 2.1 and 2.2 at high temperature (< 

118.1(7)°), thus indicating that the coordination environment of the FeII ion in 2.3 is strongly 

distorted from the octahedral geometry. 

In the crystal packing of 2.1, the mononuclear cations [Fe(tpma)(bim)]2+ form layers 

parallel to the ab plane, with the interlayer space being filled with ClO4
– anions and H2O 

molecules (Figure 2.2a). Within one layer, each cation is surrounded by four other cations. 

Intermolecular - and - contacts exist between the tpma and bim ligands of the five 

neighboring complex cations (Figure 2.2b). The tpma-bim and tpma-tpma - spacings are 3.34 

Å and 3.69 Å, respectively. The distances from the H atom to the plane of the aromatic ring 

along the - contact are 2.76 Å and 3.10 Å for the bim-tpma and tpma-tpma interactions, 

respectively. Noteworthy, a pronounced double-layer structure is observed along the c axis 

 
Figure 2.1. Mononuclear cationic complexes [Fe(tpma)(L2)]

2+ in the crystal structures of 
2.1·0.5H2O (a), 2.2 (b), and 2.3·0.75CH3OH (c). Thermal ellipsoids at 50% probability 
level. 
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(Figure 2.2a). No significant - or - contacts can be identified between molecules in different 

layers. 

The crystal packing of 2.2 features double columns of [Fe(tpma)(xbim)]2+ cations in the b 

direction of the crystal lattice (Figure 2.3a). The assembly into the double column is achieved by 

interdigitation of the xbim ligands via - interactions (2.91 and 3.05 Å) between the xylene and 

biimidazole fragments (Figure 2.3b). On each side of the column, the cations are held together by 

close intermolecular - (3.45 Å) and - (2.67 and 2.77 Å) contacts between the pyridyl rings 

of tpma. The double columns propagate in the b direction of the crystal lattice and exhibit inter-

columnar - contacts (2.79 and 2.87 Å) between the pyridyl rings of tpma ligands (Figure 

2.3c). Importantly, the network of - and - contacts imparts three-dimensional character to 

the intermolecular interactions in the structure of 2.2, in contrast to the structure of 2.1, in which 

the interactions between the complexes are restricted to two dimensions. Such intermolecular 

interactions underline cooperativity in spin transitions. Hence one would anticipate the SCO in 

solid samples of 2.2 to be more abrupt than in those of 2.1. 

2.3.3 Magnetic and Photomagnetic Properties 

The magnetic properties of polycrystalline samples of 2.1, 2.2, and 2.3 were studied. The 

complexes exhibit room-temperature T values of 3.20, 3.63, and 3.18 emu·K·mol–1, 

respectively, which are consistent with the HS state of the FeII ion (S = 2). The deviation from 

the spin-only T value (3.00 emu·K·mol–1 for the HS FeII ion) is explained by a small orbital 

contribution, typical of this ion.71 Below 240 K, the T of 2.1 gradually decreases and becomes 

almost constant at 140 K (Figure 2.4a), attaining the value of ~0.014 emu·K·mol–1, which is 

close to the temperature-independent paramagnetic contribution expected for the LS FeII ion (S = 

0).72 Therefore, the magnetic behavior of 2.1 confirms the occurrence of the temperature-induced 

SCO also inferred from the crystallographic data. The T1/2 value estimated from the T vs. T 

curve is 190 K. 

Similar to 2.1, complex 2.2 exhibits SCO but the transition is abrupt and shows hysteresis 

with T1/2
= 196 K and T1/2

 = 203 K upon cooling and heating, respectively (Figure 2.4b). 

Consistent with other SCO systems, the width of the hysteresis and the T1/2 values depend on the 
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cooling/heating rate. In our studies, the SCO becomes rate-independent when dT/dt < 5 K/min. 

Thus, the spin transition in 2.2 occurs with greater cooperativity than the spin transition in 2.1. 

 

 

Figure 2.2. (a) Crystal packing of 2.1·0.5H2O showing the arrangement of cations 
[Fe(tpma)(bim)]2+ in layers separated by ClO4

– counter ions and H2O molecules. (The H atoms 
and solvent molecules are omitted for the sake of clarity.) The layers are arranged in pairs, with 
the larger interlayer separation between the pairs than within each pair. (b) A top view of one 
cationic layer showing the - (red dashed lines) and - (black dotted lines) interactions 
between the central cation and the four surrounding cations. The corresponding distances for 
the - and - intermolecular contacts are also shown. The former has been calculated as the 
interplane separation between the two interacting -systems, while the latter has been taken as 
the distance from the H atom (not shown) to the plane of the aromatic ring. Color scheme: Fe = 
light blue, Cl = yellow, O = red, N = blue, C = gray. 

 

In contrast to 2.1 and 2.2, complex 2.3 does not exhibit SCO. Its T value is essentially 

constant in the entire temperature range (Figure 2.4a) and indicative of HS FeII. The slight 

decrease in T below 20 K is due to zero-field splitting. Complexes 2.1 and 2.2 were irradiated 

with white light at 5 K in a static magnetic field of 10 mT. The magnetic response was monitored 

as a function of light-exposure time. Both complexes exhibit a photoinduced increase in the T 

value, i.e. the LIESST effect. Within experimental uncertainty, the photomagnetic increase in T 

with the time was linear at both low ( 1 mW/cm2) and high ( 10 mW/cm2) power levels. The 

time constant describing the decay rate of the photomagnetic state at 5 K was about 1 day and 10 

days for 2.1 and 2.2, respectively (see the Appendix B.2 and the section on optical studies). 
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Figure 2.3. (a) Crystal packing of 2.2 showing the arrangement of mononuclear cations 
[Fe(tpma)(xbim)]2+ in columns. (The H atoms are omitted for the sake of clarity.) (b) A side 
view of one column emphasizing the - (red dashed lines) and - (black dotted lines) 
interactions between the tpma ligands and the - interactions between the xbim ligands. (c) A 
fragment of the crystal packing identifying intermolecular - contacts between tpma ligands 
in neighboring columns. The distances corresponding to the observed - and - 
intermolecular contacts are provided. Color scheme: Fe = light blue, Cl = yellow, O = red, N = 
blue, C = gray. 

 

The magnetic response of 2.2 before and after irradiation and as a function of temperature 

is shown in Figure 2.4c. The temperature at which the photoinduced HS state relaxes to the LS 

state is TL = 52 K. Previous studies of SCO complexes that show LIESST identified a 

relationship between T1/2 and TL, namely TL = T0 – 0.31T1/2, where T0 is a constant for complexes 

with a given coordination, e.g. six monodentate (T0 = 100 K), three bidentate (T0 = 120 K), or 

two tridentate ligands (T0 = 150 K) that coordinate through imine nitrogen atoms.69, 73 The values 

for TL and T1/2 observed for 2 are consistent with the relationship above, with T0 = 115 K. 

2.3.4 Mössbauer Spectroscopy  

57Fe Mössbauer spectra were acquired on polycrystalline samples of 2.1, 2.2, and 2.3. At 

300 K, the spectra of all three complexes show a quadrupole doublet with the isomer shift ()  
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Figure 2.4. Temperature dependences of T measured in an applied magnetic field of 100 mT: 
(a) Samples 2.1 and 2.3. (b) Sample 2.2 measured in the cooling and heating modes (black and 
red symbols, respectively). Inset: an enlarged region of thermal hysteresis. (c) Sample 2.2 
measured while slow-cooling ( 1 K/min) from 300 K (blue curve) and upon warming at a rate 
of 0.5 K/min after irradiation with white light at high power ( 10 mW/cm2) for 2 hours at 10 
K (red curve). 
 
 

and quadrupole splitting (EQ) characteristic of HS FeII (Figures 2.5 and 2.A3 and Table 2.3). At 

4.2 K, the spectra of 2.1 and 2.2 exhibit one doublet with lower   and much smaller EQ than at 

room temperature, and indicative of LS FeII. These changes confirm the complete SCO in 2.1 

and 2.2 between room temperature and 4.2 K. The observation of a mixture of the HS and LS 

states in the Mössbauer spectrum of 2.1 recorded at 160 K is also in agreement with the results of 

magnetic measurements, which indicate a gradual SCO observed for this complex. The amount 

of the HS state at 160 K obtained from both methods is similar (Table 2.3). The Mössbauer 

spectrum of 2.3 at 4.2 K shows that the sample contains only HS FeII ions. The decrease of the 

isomer shift upon increasing the temperature is due to the second-order Doppler effect, while the 

decrease in the EQ is due to population of excited orbital states. Mössbauer parameters observed 

for the LS and HS states of 2.1 and 2.2 are similar to those reported for other FeII complexes with 

SCO including the related complex [Fe(dpea)(bim)](ClO4)2.
58 The 300-K EQ value for the HS 

FeII in 2.3 is larger than the corresponding values for HS FeII in 2.1 and 2.2, which may be due to 

the higher distortion from the octahedral coordination environment of FeII in 2.3 than in 2.1 and 

2.2. 
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2.3.5 Ligand Field Studies 

The combination of crystallographic, 

magnetic, and Mössbauer experiments clearly 

demonstrates the occurrence of temperature-

driven SCO in complexes 2.1 and 2.2. While 

the SCO in 2.1 is gradual, 2.2 exhibits an 

abrupt SCO with thermal hysteresis. 

Importantly, the observation of SCO in 2.2 

demonstrates that the N-alkylation of bim has 

little effect on the ligand field strength. Thus, 

the combination of tpma and bim or its 

alkylated derivative is a suitable ligand set for 

the preparation of SCO Fe(II) complexes. The 

ligand field splitting for the HS and LS forms 

of both 2.1 and 2.2 must be in the 11,000-

12,500 cm–1 and 19,000-22,000 cm–1 ranges, 

respectively, because for these parameters the 

energy difference between the LS and HS 

states is smaller than 2,000 cm–1, making SCO 

possible.20a The absence of SCO in 2.3 

suggests that the d-orbital splitting in this 

complex is such that the HS form remains the 

ground state at all temperatures. 

In order to understand the influence of alkylation on the ligand field strength of bim, 

xbim, and xbbim, we prepared tris-complexes of these ligands with the NiII ion and examined 

their optical absorption spectra. The 3A2g
3T2g transition in the absorption spectrum offers a 

direct measure of the ligand field splitting (10Dq) in octahedral Ni(II) complexes. NiCl2·6H2O 

and the corresponding ligand were mixed in the 1:3 ratio in DMF, and the absorption spectrum 

of the resultant solution was recorded (Figure 2.6). From these spectra, the 10Dq values for 

[Ni(bim)3]
2+, [Ni(xbim)3]

2+, and [Ni(xbbim)3]
2+ (Figure B.4)  are found to be 10,800, 11,000, and 

 

Figure 2.5. Mössbauer spectra of 2.1 recorded 
at different temperatures. The red and blue 
lines are simulated contributions of HS and 
LS FeII ions. The black line represents the 
sum of contributions for all types of Fe in the 
sample. 
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11,200 cm–1, respectively. These results show that the ligand field strength in complexes of 

xbbim is slightly larger than that in complexes of bim or xbim. Therefore, the difference in the 

magnetic properties of 2.1-2.3, i.e. the existence of 2.3 only in the HS state and the observation 

of SCO for 2.1 and 2.2, cannot be explained based on the trend in ligand field strength, namely 

10Dq(bim) < 10Dq(xbim) < 10Dq(xbbim), because the stronger ligand field of xbbim would 

favor the LS state in 2.3. 

 

Table 2.3. Mössbauer parameters of Fe sites in 2.1, 2.2, and 2.3 

Complex 2.1 2.2 2.3 

T, K 4.2 123 160 298 4.2 298 4.2 298 

Fe Type LS LS LS HSa HS LS HS HS HS 

, mm/s 0.53 0.52 0.51 1.0 0.93 0.52 0.95 1.03 0.94 

EQ, 

mm/s 
0.49 0.49 0.49 3.00 2.55 0.41 2.80 3.75 0.94 

Content, 

% 
100 100 92 8 100 100 100 100 100 

a The amount of the HS state estimated from the T value at 160 K is 11.7%. 

 

As mentioned above, the coordination environment of the FeII ion in 2.3 (210 = 165.5(3)° 

and 123 = 167.2(6)°)1 exhibits a substantially larger distortion from the octahedral geometry than 

the distortion of the FeII centers in 2.1 and 2.2 (295/120 = 95.1(3)°/59.9(3)° and 210/123 = 

118.1(7)°/71.9(7)°, respectively). 

                                                           
1
The subscript indicates the temperature at which the parameter  was calculated. 
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The distortion in 2.3 stems from the steric 

interaction between an -proton of one of 

the pyridyl rings of tpma and a proton on 

one of the benzene rings of xbbim, which 

causes a substantial deviation of the 

pyridyl from the equatorial plane defined 

by the FeII center and the chelating xbbim 

ligand (Figure 2.7). This symmetry 

lowering leads to further splitting of the 

d-orbitals, in particular, by lowering the 

energy of the dx2–y2 orbital and raising the 

energy of the dxz and dyz orbitals. 

Therefore, the effective ligand field 

splitting between the formerly t2 and e 

orbital sets decreases, stabilizing the HS 

state of the complex. 

2.3.6 Optical Studies 

The thermal SCO for 2.1 and 2.2 

can also be followed by optical 

spectroscopy. Figures 2.8 and B.5 show 

the evolution of UV-Vis absorption 

spectra of single crystals of 2.2 and 2.1, 

respectively, with temperature. The 

maximum observed at ~800 nm 

corresponds to the characteristic spin-

allowed 5T25E d-d transition of the HS FeII.7 The spin-allowed 1A11T1 d-d transition of the 

LS FeII appears as a 640-nm shoulder of the intense 1MLCT band at 550 nm.74 As the 

temperature is lowered, the overall intensity of the spectrum increases due to the increasing 

intensity of the 1MLCT band. 

 
 
Figure 2.7. The intramolecular H···H 
repulsion indicated with red arrows causes a 
significant distortion of the FeII coordination 
from the octahedral geometry in the crystal 
structure of 2.3. Color scheme: Fe = light blue, 
N = blue, C = grey, H = light grey. 

 

Figure 2.6. UV-visible absorption spectra of 
[Ni(bim)3]

2+, [Ni(xbim)3]
2+ and [Ni(xbbim)3]

2+ 
in DMF. 
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From the Mössbauer spectra and the magnetic susceptibility measurements it is known 

that both 2.1 and 2.2 contain exclusively LS FeII and HS FeII at 10 K and 295K, respectively. 

This information was used to derive the temperature dependence of the HS FeII fraction (HS) in 

samples of 2.1 and 2.2 from the temperature dependence of optical absorption at 640 nm (Figure 

2.9). The spin transition of 2.1 determined optically is gradual and reversible, with T1/2 = 195 K 

being close to the value obtained from the magnetic measurements. The transition curves for 2.2 

derived from the optical data are also nearly super imposable with the ones obtained from the 

magnetic measurements. For the single crystal used in optical studies the SCO curves appear 

slightly steeper, and the hysteresis loop, with T1/2
= 192 K upon cooling and T1/2

 = 205 K upon 

heating, is 6 degrees wider than the one obtained from the susceptibility measurements on the 

micro-crystalline sample of 2.2.  This difference is in accordance with previous observations of 

larger hysteresis in single-crystal measurements, e.g., for [Fe(bbtr)3](ClO4)2 (bbtr = 1,4-di(1,2,3-

triazol-1-yl)butane).75 

Figure 2.10a shows the absorption spectrum of a single crystal of 2.2 before and after 

irradiation with a HeNe laser at 632 nm (10mW/mm2) for 30 s at 10 K. The spectrum after 

irradiation is identical to that obtained at room temperature (Figure 2.9), which indicates that 

irradiation leads to the formation of a metastable HS FeII by LIESST. Figure 2.10b shows the 

relaxation of the metastable HS state upon warming. At a sweep rate of 0.2 K/min, instead of 0.5 

K/min that was used for the photomagnetic measurements, the LIESST temperature drops to 49 

K (Figure 2.9), in accordance with expectation for a dynamic determination of the HS fraction as 

a function of temperature. 

Figure 2.10c shows the evolution of the absorption spectrum of 2.2 after the metastable 

HS state was quantitatively populated by irradiation with  = 632 nm at 40 K. At this 

temperature, the relaxation to the LS ground state is still slow enough so that an almost complete 

population of the HS state can be achieved. Similar measurements were performed at other 

temperatures for samples 2.1 and 2.2, in order to obtain the HSLS relaxation curves (Figures 

2.11, B.6, and B.7). For 2.1, the relaxation at a given temperature is about two orders of 

magnitude faster than for 2.2. For instance at 35 K, the t1/2 for 2.1 and 2.2 is 100 s and 16000 s, 

respectively. For 2.1, the relaxation curves are close to a single exponential. For 2.2, they have a 
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sigmoidal form often encountered for cooperative systems. The HSLS relaxation rate constant 

for 2.1 and the average relaxation rate constant for 2.2 are plotted as lnkHL vs. 1/T in Figure 2.12. 

 

Figure 2.8. Temperature-dependent single-crystal absorption spectra of 2.2: a) on cooling from 
room temperature to 10 K, and b) on heating back to room temperature. Thickness of the crystal 
d ≈ 100 m, OD = 1 correspond to  ≈ 50 ε–1cm–1. 

 

 

Figure 2.9. Thermal spin transition derived from optical spectra of 2.1 in cooling () and 
heating () modes, and of 2.2 in cooling () and heating modes () and after irradiation at 10 K 
and (  = 632 nm) and subsequent heating (). Temperature changes were at 0.2 K/min. 
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Although the relaxation rate constants increase with increasing temperature, as expected for a 

thermally activated process, there is a strong deviation from pure thermal activation at low 

temperatures towards a temperature independent tunneling process.20a The low-temperature 

tunneling rate constant for 2.1 is 5·10–4 s–1 at 10 K. For 2.2, the lowest temperature at which the 

relaxation could be measured was 25 K from which a low-temperature tunneling rate constant of 

<10–5 s–1 was estimated. 

 

Figure 2.10. Single-crystal absorption spectra of 2.2: a) at 10 K before and after irradiation at λ = 
632 nm, b) on warming after irradiation at a rate of 0.2 K/min, c) at 40 K at time intervals of 100 
s after irradiation. The small sharp peak at 525 nm is an artifact due a filter change in the 
spectrometer. 

 

 

Figure 2.11. HSLS relaxation curves for 2.1 (a) and 2.2 (b) following irradiation at  = 632 
nm at different temperatures. In a) the curves are normalized, while in b) the absolute values of 
the HS fraction are given. 
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The comparison of the spin transition and the relaxation behavior of these compounds 

reveals the manifestation of cooperative effects in 2.2 but not in 2.1. For complex 2.1, the 

thermal transition is gradual and the corresponding relaxation curves are single exponentials. 

Both properties are in line with negligible 

cooperative effects, which is not surprising 

given the lack of strong  or hydrogen 

bonding interactions between the molecules of 

2.1 in the crystals. For 2.2 the thermal transition 

is abrupt and the relaxation at low temperature is 

slow. These observations can be rationalized 

based on cooperativity supported by the 

existence of a hierarchy of interactions between 

complexes, which include (1) strong  and -

 interactions between the pyridyl rings of tpma 

and - interactions between the xylene and 

biimidazole moieties of xbim along the double 

columns, (2) weaker - interactions between 

the pyridyl rings of tpma ligands of complexes situated in adjacent double columns, and (3) 

electrostatic interactions between the [Fe(tpma)(xbim)]2+ cations and the perchlorate anions. The 

strong anisotropic interactions within crystals of 2.2 result in a cooperative first-order phase 

transition propagating through the chains, with the weaker inter-chain interactions operating 

concertedly along the chains. At low temperature, the relaxation occurs stochastically within the 

chains, while the intra-chain interactions act like a friction for the macroscopic transformation of 

the chains. The resulting relaxation curves have a faster initial decay followed by a slower 

relaxation behavior at longer times. 

2.3.7 The LIESST Structure 

We obtained a crystal structure of 2.2 at ~50 K (the lowest temperature attainable in our 

experiment), in the dark state and under continuous irradiation with  = 632 nm (10 mW/mm2). 

Despite the fast HSLS relaxation (t1/2 ≈ 500 s) observed at this temperature, the continuous 

 

Figure 2.12. HSLS relaxation rate 
constants, kHL, for 2.1 () and 2.2 () 
plotted on a logarithmic scale vs. 1/T. 
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irradiation at ~10 mW/mm2 is sufficient to maintain a steady-state HS fraction of more than 90% 

as determined by optical absorption spectroscopy. Both before and during irradiation, the space 

group (P21/c) remained the same as observed in the conventional X-ray diffraction experiment at 

123 K (Table 2.1). The average Fe–N bond lengths (Table 2.4) observed before and during 

irradiation (1.98(1) and 2.17(3) Å, respectively) compare well with the values obtained for the 

structure of 2.2 in the LS and HS forms at 123 and 210 K (2.002(4) and 2.184(4) Å, 

respectively).  The same holds true for the comparison of the parameter , which is equal to 

75.3° before and 114.5° during irradiation and to 71.9° at 123 K and 118.1° at 210 K in the 

experiments without irradiation. All these observations indicate an almost quantitative 

transformation of the LS to HS FeII under continuous irradiation at ~50 K, i.e. near the LIESST 

temperature TL. 

 

Table 2.4. Selected structural data for complex 2.2 at ~50 K before and during continuous 
irradiation at  = 632 nm, 10 mW/mm2. 

Bond Fe1-N1 Fe1-N2 Fe1-N3 Fe1-N4 
Fe1-

N5 
Fe1-N6 

d(Fe–

N)average 
(N-Fe-N) 

Bond 

length, 

Å 

Before 

irradiation 
1.96(2) 1.976(9) 1.98(1) 1.96(1) 1.95(2) 2.025(8) 1.98(1) 75.3° 

Under 

irradiation 
2.17(4) 2.19(2) 2.14(2) 2.18(2) 2.11(4) 2.21(2) 2.17(3) 114.5° 

2.4 Conclusions 

This study identified tpma and bim as an effective ligand platform for achieving 

temperature-driven SCO in the mononuclear complex [Fe(tpma)(bim)]2+ (2.1). Importantly, the 

SCO behavior is retained upon N-alkylation of bim, as shown by the magnetic and structural 

properties of [Fe(tpma)(xbim)](ClO4)2 (2.2). This compound exhibits an abrupt spin transition 

with thermal hysteresis in both microcrystalline powder form and in single crystal. Nevertheless, 

not all bim derivatives are appropriate for the preparation of SCO complexes. For example, the 

introduction of a bulky substituent in xbim causes intramolecular steric repulsion between the 
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ligands of FeII, distorts the coordination environment of the FeII, and stabilizes the HS state of the 

complex. Indeed the complex [Fe(tpma)(xbim)](ClO4)2 (2.3) exists in HS FeII at all temperatures. 

This study opens a way to design new SCO Fe(II) complexes with ligands derived from bim, and 

to introduce addition functionalities into such structures in order to prepare multifunctional 

molecular materials. 
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CHAPTER THREE 

A SIMPLE APPROACH FOR PREDICTING THE SPIN STATE OF 

HOMOLEPTIC Fe(II) TRIS-DIIMINE COMPLEXES 

3.1 Introduction 

 

After the initial discovery in 1930s, SCO has become one of the most studied phenomena 

associated with molecular bistability.76 Although the switching between the LS and HS electronic 

configurations has been observed in many complexes of d4–d7 transition metal ions, the Fe(II) 

complexes account for more than 90% of known SCO materials.3 Most commonly, the 

coordination environment around the Fe(II) ion in such complexes consists of N-donor ligands 

that provide a moderate ligand field for occurrence of the SCO below 400K.77 The spin transition 

itself can be driven by changes in temperature, pressure, or light irradiation.20 

Despite the numerous studies on Fe(II) SCO complexes, predicting the occurrence and 

temperature of the spin-state conversion often remains a non-trivial task. The SCO behavior can 

be extremely sensitive not only to the first coordination sphere around the metal ion but also to 

more subtle crystal packing effects. The quantum chemical calculations, which have become a 

powerful tool for coordination chemists in recent decades, still encounter significant problems in 

predicting the possibility of the LSHS conversion due to the necessity to deal with the opened 

shell system and the relatively small energy difference between the LS and HS states.78 

Given the general interest in magnetically bistable molecular materials, it is not 

surprising that simpler approaches were sought to provide a more directed guide to the design of 

new SCO complexes. Thus, Busch et al. suggested to evaluate the possibility of SCO in an 

octahedral Fe(II) complex by studying the ligand field splitting (10Dq) of a Ni(II) complex with 

the same set of ligands.79 The 10Dq value can be easily evaluated from the first spin-allowed d-d 

transition (3A2g3T2g) in the optical absorption spectrum of the Ni(II) complex. It was shown 

that the values of 10Dqin the range of 11,200-12,400 cm–1 often led to the observation of the 

SCO in the corresponding Fe(II) complex. Such approach, while simple, still requires the 

preparation of the Ni(II) analogue, the measurement of its optical spectrum, and the “leap of 

faith” (albeit quite logical) that the same complex can be obtained with the Fe(II) ion.  
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Other, more subtle considerations involved the evaluation of the ligand-field trends based 

on the π-accepting and -donating character of the corresponding ligands. For example, it is 

generally accepted that 2,2′-bipyridine (bpy) and 1,10-phenantroline (phen) act as -acceptors 

that lower the energy of metal’s t2g orbitals, thus increasing the ligand-field splitting. Indeed, 

their tris-homoleptic complexes, such as [Fe(phen)3]Cl2,
80

 are found almost exclusively in the LS 

state. In contrast, the tris-homoleptic Fe(II) complexes  of 2,2′-bisimidazole (bim), such as 

[Fe(bim)3](ClO4),
81 are always in the HS state, due to the weaker π-accepting ability of the five-

membered rings in the bim ligand. Nevertheless, the complex [Fe(bi)3](ClO4)2
32 (bi = 2,2’-bi-2-

imidazoline, which has less extensive -conjugation system compares to bim) exhibits SCO, 

which was explained by the more concentrated π-system of the ligand that helps to increase the 

metal-ligand interaction. 

One should realize, however, that these sometimes vague explanations of the ligand-field 

strength are generally provided after the magnetic behavior of the particular complex has been 

already established. They thus become justifications that carry a limited predictive power and 

sometimes contradict other related examples. Herein, we suggest a very simple approach to the 

prediction of the spin state of Fe(II) complexes bearing a homoleptic set of three chelating 

diimine ligands. We base our reasoning on the ability of a particular ligand to conform to the 

geometrical parameters required by the LS and/or HS state of the Fe(II) ion. By analyzing a 

wealth of literature data, we demonstrate that this approach results in a reliable prediction of LS, 

HS, or SCO behavior of the homoleptic complexes with diimines. Finally, we use this simple 

concept to predict the spin state of two Fe(II) complexes that have been subsequently prepared 

and shown to follow the predicted behavior. 

3.2 Experimental Section 

3.2.1 Syntheses 

All the reactions were performed under N2 gas using Schlenk line technique. All the 

starting materials and solvents were purchased from Aldrich and used as received. Ligand xbim 

was synthesized according to the published procedure.62 

Caution! The complexes between metal ions and organic ligands with perchlorate counter ion 

are potentially explosive. The compounds should be prepared in small amounts and handled with 

great care! 
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[Fe(xbim)3](ClO4)2 (3.C1). 18.1 mg (0.05 mmol) of Fe(ClO4)2·6H2O was placed in one 

side of a 6-mLH-tube, and 35.4 mg (0.15 mmol) of xbim was charged on the other side under N2. 

Anhydrous methanol was carefully added until the solutions from both sides of the H-tube 

connected (~6 mL of methanol).The tube was left under N2 atmosphere. Crystals formed after 

two weeks were washed successively by ethanol and diethylether and collected by filtration. 

Yield = 38.1 mg (79.4 %). 

[Fe(dafo)3](ClO4)2·MeNO2 (3.C2).36.2 mg (0.10 mmol) of Fe(ClO4)2·6H2O and 54.6 

mg (0.30 mmol) of 4,5-diazafluoren-9-one (dafo) were placed in a Schlenk tube under N2. After 

adding 8.0 mL of anhydrous nitromethane, the mixture was stirred for 2 min affording an orange-

red solution. After filtering, the filtrate was left in the N2-filledglove box for slow evaporation. 

The red cubic-shaped crystals formed after several days were washed successively by ethanol 

and diethylether. Yield = 52.6 mg (61%).  

 

3.2.2 Physical Measurements 

Single-Crystal X-ray Diffraction. In a typical experiment, a selected single crystal was 

suspended in Paratone-N oil (Hampton Research) and mounted on a cryoloop which was placed 

on a goniometer stage of a Bruker AXS SMART diffractometer equipped with an APEX-II CCD 

detector. The data sets were recorded as -scans in steps of 0.3°. After integration of the data, a 

multi-scan absorption correction was applied. The space group was determined for both 3.C1 and 

3.C2 from the analysis of systematic absences. The solution and refinement of the crystal 

structures were carried out using the SHELX programs.66 The final refinement was performed 

with anisotropic atomic displacement parameters for all non-hydrogen atoms, except for the 

disordered atoms of anions and solvent molecules. All H atoms were placed in calculated 

positions. A summary of pertinent information relating to unit cell parameters, data collection, 

and refinements is provided in Table A3.1. 

Magnetic Measurements. The magnetic susceptibility measurements were carried out 

on polycrystalline samples using a superconducting quantum interference device (SQUID) 

magnetometer (Quantum Design MPMS-XL). The DC susceptibility was measured in the 

cooling mode, from 300 to 1.8 K, under applied field of 0.1 T.  
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Quantum-Chemical Calculations. The molecular structures of the diimine ligands used 

in this work were optimized by density functional theory (DFT) calculations using Orca 

package82
 with hybrid functional B3LYP and basis set 6-31G.  

3.3 Results and Discussion 

3.3.1. Analysis of Existing Homoleptic Fe(II) Tris-diimine Complexes 

A transition from the LS state to the HS state of an Fe(II) complex is accompanied by a 

significant increase in the Fe–N bond lengths due to the population of antibonding eg orbitals in 

the HS state. The typical Fe–N bond lengths for the LS and HS complexes are in the range of 

1.95-2.00 Å and 2.15-2.20 Å, respectively. Therefore, the bond-length analysis is a convenient 

way to assess the spin state of a particular Fe(II) complex. A search of the Cambridge Structural 

Database (CSD) revealed ~700 structures with the six-coordinate Fe(II) ion surrounded by three 

identical diimine ligands (or ligand arms) that form 5-member chelating rings. The plots showing 

the range of the Fe–N bond lengths and corresponding N-N distances on the same ligands in 

these complexes is presented in Figure 3.1. A bimodal distribution of the bond lengths becomes 

immediately obvious (Figure 3.1c), with the corresponding average d(Fe–N) values of 1.96 Å 

and 2.20 Å. This distribution reflects the ability of the d6 Fe(II) ion to adopt either the LS or the 

HS electronic configuration, respectively. 

Out of this large group of structures, about 1/3 are represented by complexes that contain 

[Fe(bpy)3]
2+, [Fe(phen)3]

2+, or related cations formed by the Fe(II) ion and ligands derived from 

bpy or phen. The analysis of Fe–N bond lengths in these structures shows a tight unimodal 

distribution centered at 1.98 Å (Figures 3.1a,b), a typical bond length for an LS Fe(II) complex. 

This is not surprising, as both bpy and phen are classified as strong-field ligands that stabilize the 

LS state. The directionality of the -donating nitrogen orbitals in these ligands creates a 

favorable situation for the overlap with the eg orbitals of the transition metal, thus allowing the 

formation of a stable complex at the bond lengths compatible with the LS state. The conversion 

of any of these complexes to the HS state would cause the elongation of Fe–N distances to ~2.2 

Å, but at this distance the orbital overlap would be dramatically compromised, thus making the 

HS state energetically inaccessible. Granted, the ligand’s geometry can also adapt, but the 

distortion would be too large to conform to the bite angle at the HS Fe(II) center. One can 
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imagine that upon elongation of the 

Fe–N bonds to ~2.2 Å, the N···N 

separation in the bpy- or phen-based 

ligand would have to increase to direct 

the nitrogen lone pairs closer to the 

line connecting the atoms if the orbital 

overlap were to be optimized in the 

HS state (Scheme 3.2). 

Interestingly, a few structures 

with the bpy/phen-type ligands 

(Scheme 3.1) exhibit Fe–N bond 

lengths in the range of 2.10-2.20 Å, 

suggesting the HS state for the 

corresponding complexes. We now 

examine these cases, in order to 

demonstrate that the exceptions can be 

rationally explained based on the 

metal-ligand bonding considerations 

and steric effects.83 The first case is 

found in the complex [Fe(3,3′-

Me2bpy)3](ClO4)2.
84 In this structure, 

the significant steric repulsion 

between the methyl substituents 

causes a strong twist of the ligand, 

resulting in the dihedral angle of 37° 

between the pyridyl rings. 

Consequently, the Fe–N bonding is 

weakened, and the HS state becomes 

comparable in energy to the LS state; 

the complex shows SCO behavior. 

The other type of exceptions stems 

 

Figure 3.1. Distribution of Fe–N bond lengths and N-
N distances in the crystal structures of tris-homoleptic 
complexes of Fe(II) ion with a group of diimine 
ligands derived from 2,2′-bipyridine (a) or 1,10-
phenanthroline (b), and with other diimine ligands (c) 
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from the steric hindrance caused by the ligand in the vicinity of the metal center. Complexes 

[Fe(6-Mebpy)3],
28 [Fe(2-Mephen)3],

85 and [Fe(2-pyq)3]
28 contain a methyl substituent or an 

additional phenylene ring next to the coordinating N atom, thus introducing a substantial 

crowding in the coordination sphere of the metal ion. Consequently, the Fe–N distances elongate 

to relieve the steric repulsion, and the complexes adopt the HS state (with L = 2-Mephen) or 

demonstrate SCO behavior (with L = 6-Mebpy or 2-pyq). Finally, the third type of exceptions 

deals with the strain introduced by binding chelating diimine ligands that are connected into a 

more rigid molecular structure, as can be seen for ligands L1 and L2 in Scheme 3.1. 

 

Scheme 3.1. Bpy/phen-type ligands that afford HS or SCO homoleptic Fe(II) complexes 
 
 
3.3.2. The Relation between N-N Distances in a Free Ligand and the Spin State of the 

Corresponding Tris-homoleptic Fe(II) Complex 

As shown above for the cases of bpy and phen-type ligands, the spin state of Fe(II) 

complexes with such ligands remains predictable as long as there is no noticeable steric effect 

caused by ligand modification. Therefore, we will continue our consideration of homoleptic tris-

diimine complexes of the Fe(II) ion by focusing only on those complexes that contain simple, 

non-derivatized diimine ligands (Scheme 3.4). 
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Scheme 3.2. The decreasing Fe-N orbital overlap upon the formation of the HS state in the 
complex with a bpy-type ligand. The relative difference in the Fe-N bond lengths between the LS 
and HS states is exaggerated to make the effect more visible. The arrows indicate the direction in 
which the bpy ligand has to “open” to optimize the orbital overlap along the Fe-N -bond. 
 

 

From the previous consideration of orbital overlap and bite angles in the bpy- and phen-

containing complexes, it is clear the N-N separation and the lone-pair directionality in certain 

ligands will be more disposed to the formation of either the LS or the HS state. To that end, we 

compiled in Table 3.1the N-N distances in these ligands in the free, unbound form and the spin 

state of their tris-homoleptic complexes with Fe(II) as established in the literature. Crystal 

structures for many of these ligands have been reported. For the cases in which the crystal 

structures were not available, we used DFT-level theory to optimize the structures of free ligands 

and extract the N-N distances. A comparison of calculated and experimental results for several 

cases in Table 3.1 show that such approach is valid. 

If the N1-X-Y-N2 torsion angle was close to zero, corresponding to the planar cist-

configuration, the N-N distance was simply taken as the distance between the N1 and N2 atoms 

(Scheme 3.3a). For the other arrangements, when the N1-X-Y-N2 torsion angle was different 

from zero, the N-N distance was calculated as if the ligand were in the cis-form by rotating the 

XN1 orYN2 group around the XY bridge while keeping the angles  and  constant. The 

resulting N-N distance was calculated as 

d(N–N) = y– xcos –zcos,  

where the metric parameters are as defined in Scheme 3.3b. 
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Scheme 3.3. (a) The N-N distance in the planar cis-form of an unbound diimine ligand. (b) The 
parameters used to calculate the N-N distance in the other rearrangements with the torsion angles 
different from zero of unbound ligands. 

 

 

An examination of the data compiled in Table 3.1 reveals that ligands with short N-N 

distances in the free form tend to form LS Fe(II) tris-diimine complexes, while ligands with long 

N-N distances favor the HS state. In the case of intermediate N-N distances, SCO behavior is 

observed. This relations can be explained by the contribution of two factors already considered 

above in the discussion of bpy- and phen-containing complexes, namely, the strain (distortion) 

imposed on the ligand in the complex and the stability of the Fe-N bonds. We observe that 

essentially all ligands exhibit a shorter N-N separation in the complex as compared to the value 

in the free ligand. Moreover, the N-N separation in the LS state is shorter than that in the HS 

state for the same ligand (Figure 3.1). These observations indicate that the ligand’s structure 

becomes more strained as it binds to the metal ion. In many cases, however, the LS state is still 

energetically favorable as compared to the HS state, because the strain on the ligand is 

compensated by the formation of shorter and more stable metal-ligand bonds in the LS complex. 

Nevertheless, if the N-N distance is large, the strain required to form the LS state is too high  to 

be compensated by the more stable metal-ligand bonds. In such case the complex favors the HS 

state. Quite logically, for the intermediate N-N distances, a situation arises when the energy 

difference between the LS and HS states becomes small, affording the LSHS interconversion 

to be driven by external factors. 

We now will discuss specific group of ligands according to the observed ranges of the N-

N separation. Unbound phen, bpy and their analogs (3.1-3.6) exhibits one of the shortest N-N 

distances, ~2.7 Å. In the LS Fe(II) complexes with these ligands, the average N-N distance is 

about 2.58Å, which is not far from the N-N distances in the unbound ligands. This means that a 
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rather small distortion of the ligand’s structure is required to accommodate the LS structure. 

Consequently, these ligands form LS Fe(II) complexes. 

 
 

Scheme 3.4. Investigated diimine ligands 
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Table 3.1. N-N distances in the unbound ligands and the spin state of their tris-homoleptic Fe(II) 
complexes. 

Ligand 
d(N-N), Å 

FeII spin state 
Exp. Calc. 

3.1 2.721 86  LS 87 

3.2 2.692 88  LS 89 

3.3 2.706 90  LS 91 

3.4 2.722 92  LS 93 

3.5 2.688 94  LS 95 

3.6 2.711 96  LS 97 

3.7 2.828 98  SCO 50a, 99 

3.8 2.786 100  SCO 101 

3.9 2.770 102 2.771 SCO 103 

3.10 2.770 104 2.767 LS 30b, 105 

3.11 2.785 106  SCO 107 

3.12 2.659 108  LS 103a 

3.13  2.771 LS 109 

3.14 2.980 110  HS 111 

3.15 3.051 112 3.055 HS 

3.16 2.917 34a 2.921 SCO 34a 

3.17 2.810 34a  SCO 34 

3.18 2.847 103b  SCO 103b 

3.19 2.855 113 2.864 SCO 81 

3.20 2.944 2.928 HS 34b 

3.21 2.836 114 2.830 * 35 

3.22  2.691 LS 115 

3.23 2.848 115  SCO 115 

3.24 2.638 116  LS 117 

3.25 2.673 118  LS 35 

* The complex is LS below RT, but the spin state above RT was not reported 
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When a six-membered ring is replaced by a five-membered one (ligands 3.7-3.11), the N-

N distance becomes longer, due to the smaller internal angle of the ring that causes the increase 

in the  or  angle in Scheme 3.4. As the result, a larger strain needs to be imposed on the ligand 

to decrease the N-N separation and direct the N-donor lone pairs into proper orientation to 

optimize bonding in the LS state of the complex. Consequently, such ligands tend to stabilize the 

HS state, while some of them lead to SCO in Fe(II) complexes. The data in Table 3.1 also show 

that the N-N distance of ~2.77 Å in the free ligand appears to define a borderline between the LS 

state and the SCO behavior of the tris-diimine complex. 

Diimine ligands formed by two five-membered rings (3.14-3.21) show even larger N-N 

separations, in some cases as large as ~3.0 Å (Table 3.1). In such cases, the strain imposed on the 

ligand in the LS state becomes extremely large, and the tris-diimine complexes exist only in the 

HS state. We also note that the N-N separation depends directly on the size of the heteroatom, 

generally decreasing from the O- to N- to S-heterocycles, as the larger heteroatom leads to the 

increased internal angles in the ring and the smaller N-N separation. For example, the in ligands 

3.20, 3.19, and 3.21 that contain O, N, and S heteroatom, the N-N distance decreases from 2.944 

to 2.855 to 2.836 Å, respectively. As a result, the tris-homoleptic Fe(II) complex with 3.20 is HS, 

while the analogous complexes with 3.19 and 3.21 exhibit SCO. 

In acyclic diimines, the angle between the N-C bond and the C-C bridge becomes similar 

to that in diimines with six-membered heterocycles. In addition, due to their more localized 

nature, the N-C bonds in acyclic diimines are slightly shorter than those in heterocyclic diimines. 

As a result, acyclic diimines exhibit shorter N-N distances, e.g., 2.638 and 2.673 Å for 3.24 and 

3.25, respectively (compare to 2.70 Å in bpy and phen). Consequently, the tris-homoleptic Fe(II) 

complexes of 3.22, 3.24, and 3.26 are LS, while that of 3.23 exhibits SCO. A similar 

consideration can be applied to cyclic diimines that lack a conjugated -system, e.g., 3.25. The 

lengthening of bonds within the ring(s) results in smaller N-N separation, rendering the tris-

homoleptic Fe(II) complex with 3.25 LS. 

Based on the analysis presented above, we can define the ranges of N-N distances in free 

diimine ligands, which dictate the spin state of the corresponding tris-homoleptic Fe(II) 

complexes (Figure 3.2): at the N-N separation of 2.77 Å or less, the complex is most likely to 

exist in the LS state; the SCO behavior is observed in the range of 2.77-2.93Å N-N separation; 

when the N-N distance exceeds 2.93 Å, the HS state is more stable. 
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3.3.3 Spin-State Predictions 

To further test the validity of our empirical rule for predicting the spin state of tris-

homoleptic Fe(II) complexes with diimine ligands, we used two ligands from Scheme 3.2, bim 

and bpy. The former is characterized by a long N-N distance, 2.98 Å, and its tris-complex with 

Fe(II) is HS, while the latter has a short N-N distance, 2.71 Å, resulting in the LS homoleptic 

Fe(II) complex. Subsequently, these two ligands have been modified to adversely impact the N-

N separation, making it shorter for bim and longer for bpy. If our rule is correct, we should be 

able to change the magnetic behavior of the homoleptic Fe(II) complexes once the ligand 

modification  moves it into a different range of N-N separations in Figure 3.2. 

 

Figure 3.2. A correlation diagram for predicting the spin state of homoleptic tris-diimine Fe(II) 
complexes depending on the N-N separation in the free diimine ligands 
 

 

[Fe(xbim)3](BF4)2 (3.C1). In the first example, bim (3.14) was modified by the 

alkylation at the NH groups with o-xylylene dibromide 

to afford xbim. The presence of sp3 carbons, C7 and 

C14, in the eight-membered ring of xbim introduces a 

strain that causes the N3-N4 distance to become much 

longer (3.299 Å) than that in bim (2.916 Å), while the 

N-N distance between N1 and N2 shortens from 2.98Å Scheme 3.5. Bim and xbim ligands 
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in bim to 2.78 Å in xbim (Table 3.2). Hence, the modification of bim to xbim moves the ligand 

from the range of those that result in HS 

Fe(II) complexes to the ones that are 

conducive to SCO behavior. After 

obtaining the ligand, we prepared the 

complex [Fe(xbim)3](BF4)2(3.C1) and 

studied its properties by means of X-ray 

diffraction and magnetic measurements. 

Crystal structure. The crystal 

structure of 3.C1 was determined at both 

100 K and room temperature. The 

complex crystallizes in the space group 

of P63 at both temperatures. The average 

Fe-N bond length of 1.981 Å at 100 K 

suggests that the compound is in the LS 

state. At RT, the average Fe-N bond 

length increases to 2.123 Å, indicating 

an incomplete transition to the HS state. 

There are some other notable 

structural changes as listed in the Table 3.2. In comparison to the unbound ligand, the N1-N2 

distance becomes much shorter in the complex at RT, where the complex is in the mixed spin 

state, and even shorter in the LS state at 100K. The shortening of the N1-N2 distance causes the 

lengthening of the N3-N4 distance. In the free ligands, the central C3-C4 bond of the bim unit is 

longer in xbim as compared to bim, but in the structure of 3.C1 the C3-C4 bond become seven 

shorter than in the unbound bim molecule. 

Magnetic properties. In agreement with the crystal structure analysis, the magnetic data 

confirm that the complex undergoes a gradual SCO (Figure 3.4). The compound is almost 

completely HS at 400 K with the T product of 3.2 emuK/mol, which is slightly higher than the 

spin only value for the Fe(II) HS ion, 3.0 emuK/mol; this increase is attributed to the orbital 

contribution. The T value decreases quickly upon cooling and becomes close to zero below 230 

K. The T vs. T dependence indicates the T1/2value of 314 K. The occurrence of SCO in the tris-

 

Figure 3.3. Crystal structure of the cation complex 
in 3.C1. Color scheme: Fe = green, N = blue, C = 
gray. All H atoms are omitted for clarity. 
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homoleptic complex of Fe(II) with xbim is in agreement with the postulated rule: the SCO 

behavior is to be expected based on the distance in the free xbim ligand, 2.78 Å, which falls 

within the 2.77-2.93 Å range. 

 

Table 3.2. Selected bond lengths of bim, xbim, and [Fe(xbim)3](BF4)2 

Average Distances 

(Å) 
bim xbim 

[Fe(xbim)3](BF4)2 

RT 100 K 

N1-N2 2.991 2.780 2.612(1) 2.585(4) 

N3-N4 2.916 3.299 3.311(2) 3.329(5) 

C3-C4 1.424 1.476 1.450(1) 1.415(7) 

C7-C14 NA 2.933 2.941(3) 2.987(1) 

Fe-N   2.123(2) 1.981(4) 

 

 

Figure 3.4. Temperature dependence of T of 3.C1 measured at an applied field of 0.1 T 

 

 

[Fe(dafo)3](ClO4)2 (3.C2). Homoleptic 

Fe(II) complexes with bpy-type ligands are 

usually LS at all temperature.89
 According to the 

considerations above, the strong field of bpy(3.2) 
Scheme 3.6. Bpy and dafo ligands 
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should be weakened if a strain could be introduced to increase the rather short N-N separation in 

this ligand. Such strain can be induced in 4,5-diazafluoren-9-one (dafo) that contains a ketone 

bridge between the C4 and C7 atoms. The presence of the central five-membered ring fused 

directly to the six-membered heterocycles leads to a significant expansion of the N1-N2 

separation and contraction of the C4-C7 distances, from 2.706 and 2.898 Å in bpy to 3.053 and 

2.379 Å in dafo, respectively. With such N1-N2 separation, [Fe(dafo)3]
2+ should exhibit only the 

HS state. 

Crystal structure. The crystal structure of 3.C2 was determined at 100 K. The 

compound crystallizes in a chiral space group, P43212. The average Fe-N bond length of 2.217 Å 

indicates the HS state of the complex. This Fe-N bond length is much shorter than the one in the 

homoleptic Fe(II) complex of bpy, 1.983 Å, which is typical for the Fe(II) LS state. 

 

 

Figure 3.5. Crystal structure of the cation complex in 3.C2. Color scheme: Fe = green, O = red, 
N = blue, C = gray, and H = off white. 
 

 

Magnetic properties. Compound 3.C2 exhibits the HS behavior in the temperature range 

of 2-300 K, in good agreement with the crystal structure data. The T product remains 

essentially the same, 3.3 emuK/mol, in the entire temperature range.,  As expected, the value is 

slightly higher than the spin only value of the HS Fe(II) ion, 3.0 emuK/mol, due to the orbital 
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contribution. The quick drop in the T product below 15 K results from the zero-field splitting 

effects and/or intermolecular exchange interactions. Similar to 3.C1, the observed magnetic 

behavior of 3.C2 is in good agreement with the prediction made with our empirical rule. 

 

 

Table 3.3. Selected bond lengths of bpy, dafo, [Fe(bpy)3]
2+, and  [Fe(dafo)3](ClO4)2 

Average Distance 

(Å) 
bpy dafo [Fe(bpy)3]

2+ 3.C2 

N1-N2 2.706 3.053 2.595(3) 2.883(5) 

C5-C6 1.484 1.484 1.460(1) 1.457(2) 

C4-C7 2.898 2.379 3.017(4)  

Fe-N   1.983(1) 2.217(4) 

 

 

 

Figure 3.6. Temperature dependence of T of 3.C2 measured at an applied field of 0.1 T 
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3.4 Conclusions 

In summary, we have analyzed the structures of many tris-homoleptic Fe(II) complexes 

with diimine ligands and found that the N-N distance of a specific ligand in the LS state of the 

complex is shorter than that in the HS state, which is shorter than the N-N separation in the 

corresponding free ligand. More importantly, there is a strong correlation between the N-N 

separation in the free ligand and the spin state of the corresponding Fe(II) complex. The SCO 

behavior can be expected if this distance is in the 2.77 to 2.93Å range. Ligands with N-N 

distances below this range support the LS state while ligands with longer N-N distances favor 

the HS state. Two examples were used to test this empirical rule. In both cases, the modification 

of the ligand was such as to move it to a different ligand class according to the N-N separation. 

The resulting Fe(II) tris-homoleptic complexes with the modified ligands showed the magnetic 

behaviors as predicted by the rule. The prediction of SCO in Fe(II) complexes by quantum-

chemical calculations poses significant challenges. The simple empirical rule proposed herein 

offers a quick and reliable way to estimate the possibility of SCO in such tris-homoleptic Fe(II) 

complexes using the structural information available for the free ligand either from X-ray 

crystallography or from quick and affordable quantum-chemical calculation on the ligand alone. 
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CHAPTER FOUR 

MULTIFUNCTIONAL MATERIALS: A COMBINATION OF SPIN 

CROSSOVER AND CONDUCTIVITY 

4.1 Introduction 

The preparation of multifunctional molecule-based materials is a challenging endeavor 

that has been actively pursued over the last decade. The seminal work by Coronado et al.,119 who 

described the co-crystallization of a ferromagnetic layer of oxalato-bridged metal ions with 

conducting stacks of organic radicals, has sparked extensive research efforts aimed at creating 

novel molecular architectures that embed different functional components. A number of other 

molecular materials that exhibit both conductivity and magnetic ordering have been reported 

over the last decade.120 The central challenge in the preparation of such hybrids lies in the need 

to provide magnetic exchange pathways to achieve long-range magnetic correlations. This 

requirement necessitates the formation of extended frameworks of metal ions connected via 

linkers capable of mediating significant magnetic exchange interactions. In the majority of cases, 

co-crystallization of such extended fragments with other functional parts of the structure poses 

problems in terms of both crystallization kinetics (the need to combat the fast precipitation of 

extended structures) and structural commensurability.121 

Besides the magnetic order-disorder transitions, two other scenarios for magnetic 

bistability are well established for molecular materials. We imply here the single-molecule 

magnets122 and spin-crossover (SCO) complexes,3, 76 both of which do not require long-range 

magnetic correlations for the emergence of two distinct magnetic states. In particular, in SCO 

complexes the interconversion between the high-spin (HS) and low-spin (LS) electronic 

configurations of a transition metal ion can be triggered by changes in temperature, pressure, or 

light irradiation.20 In recent years, there have been a number of attempts at merging the SCO 

with other functional properties.51, 123 In particular, co-crystallization of FeIII SCO cations with 

the radical anions [M(dmit)2]
– anion (M = Ni, Pd, Pt; dmit = 1,3-dithiole-2-thione-4,5-dithiolate) 

led to hybrid semiconducting SCO materials.9c,f,g, 124 
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About 90% of the known SCO compounds are represented by complexes of the d6 FeII 

ion.3 The spin transitions in the FeII complexes are, in general, more abrupt than in the 

complexes of other SCO ions. Until now, however, there have been only a few examples of the 

combination of FeII SCO complexes with organic radicals that could lead to the 

(semi)conducting SCO materials.51, 123b Moreover, the combination of SCO complexes with 

TCNQ, one of the ubiquitous radicals in the preparation of synthetic conductors, has been 

essentially unexplored. The only structurally characterized example reported to date is an Fe(II) 

SCO complex containing TCNQ– co-ligands,125 but its conducting properties were not reported. 

Besides, to achieve significant charge transport in organic conductors, the radicals should carry a 

non-integer charge.126
 In this Chapter, we report a simple approach to the synthesis of 

FeII complexes with partially charged TCNQ●– counter ions. The first compound, 

[Fe(DMF)4(TCNQ)2](TCNQ)2 (4.1), is a HS complex; the second compound,  

[Fe(tpma)(TCNQ)2](TCNQ)1.5(4.2), exhibits SCO behavior, but incomplete and at rather high 

temperatures. The other two compounds, [Fe(tpma)(xbim)](X)(TCNQ)1.5·DMF (X = ClO4
–(4.3), 

BF4
– (4.4)), were obtained by combination of a robust SCO cation, [Fe(tpma)(xbim)]2+, 

described in Chapter 2, with the TCNQ●– radical anion. These complexes exhibit temperature- 

and light-induced SCO and high electrical conductivity. 

4.2 Experimental Section 

4.2.1 Syntheses 

All reactions were performed in an N2-filled glove box. TCNQ was obtained from TCI 

and all other reagents and anhydrous solvents were obtained from Aldrich and used as received. 

Ligands tpma,59 xbim,62 and (Bu4N)TCNQ,127 were synthesized according to the published 

procedures. 

Caution! The complexes between metal ions and organic ligands with perchlorate 

counter ion are potentially explosive. The compounds should be prepared in small amounts and 

handled with great care! 

[Fe(DMF)4(TCNQ)2](TCNQ)2 (4.1). 16.9 mg (0.05 mmol) of Fe(BF4)2·6H2O was 

dissolved in a mixture of 0.6 mL of DMF and 2.0 mL of acetone. The obtained solution was 

added to a mixture of 10.2 mg (0.05 mmol) of TCNQ and 22.3 mg (0.05 mmol) of 



63 
 

(Bu4N)TCNQ. The vial with the resulting solution was placed inside a larger vial, the bottom of 

which was filled with diethyl ether for slow vapor diffusion. Needle-like crystals that grew in the 

inner vial were recovered by filtration and washed with diethyl ether. Yield = 26.7 mg (46%). 

[Fe(tpma)(TCNQ)2](TCNQ)1.5 (4.2). A solution of 16.9 mg (0.05 mmol)of 

Fe(BF4)2·6H2O and 14.5 mg (0.05 mmol) of tpma in 2.0 mL of acetonitrile was added to a 

Schlenk tube containing10.2 mg (0.05 mmol) of TCNQ and 22.3 mg (0.05 mmol) of 

(Bu4N)TCNQ in 6.0 mL of 1,2-dichloroethane. The resulting mixture was stirred for a minute 

and filtered. Diethyl ether was layered on the top of the filtrate in a 5 mm inner diameter tube for 

crystallization. The block-like crystals that grew in the tube were recovered by filtration and 

washed with diethyl ether. Yield = 26.7 mg (41%). 

[Fe(tpma)(xbim)](ClO4)(TCNQ)1.5·0.5DMF (4.3). A solution of 18.1 mg (0.05 mmol) 

of Fe(ClO4)2·6H2O, 14.5 mg (0.05 mmol) of tpma, and 11.8 mg (0.05 mmol) of xbim in a 

mixture of 0.8 mL of DMF and 2.0 mL of acetone was added to a small vial containing a mixture 

of 10.2 mg (0.05 mmol) of TCNQ and 22.3 mg (0.05 mmol) of (Bu4N)TCNQ. Large black shiny 

plate crystals of 4.3 formed after a few days. They were recovered by filtration and washed with 

diethyl ether. Yield = 43.6 mg (75%). IR, (CN), cm–1: 2196, 2175, 2161, 2155. Elem. analysis: 

calcd. (%)  for 4.3 (FeClO5.5C54.5N15.5H46.5): C 59.62, H 4.27, N 19.78; found: C 59.29, H 4.20, N 

19.56. 

[Fe(tpma)(xbim)](BF4)(TCNQ)1.5·0.5DMF (4.4). Compound 4.4 was prepared in a 

manner analogous to that described for 4.3, using 16.9 mg (0.05 mmol) of Fe(BF4)2·6H2O and 

0.7 mL of DMF with the same amounts of TCNQ and (Bu4N)TCNQ. Black shiny thin plate 

crystals that formed after a few days were recovered by filtration and washed with diethyl ether. 

Yield =28.9 mg (50%).IR, (CN), cm–1: 2197, 2175, 2161, 2156. Elem. analysis: calcd. (%) for 

4.4, (FeBF4O1.5C54.5N15.5H46.5):C 60.32, H 4.32, N 20.01; found: C 60.11, H 4.18,N 19.78. 

 

4.2.2 Transport Measurements 

Electrical transport was measured on a single crystal of 4.3 along the b axis by the 4-

probe DC method (Keithley 6221 and 6517A). The proper orientation was established by face-

indexing of the crystal by means of X-ray diffraction. It was noted that the sample was unusually 
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brittle around the SCO region at ~145 K. To minimize the stress/strain on the sample, soft gold-

coated spider silk fibers with a diameter of ~ 4 m were used as electrical wires.128 

 

4.2.3 Magnetic and Photomagnetic Measurements 

The magnetic susceptibility measurements were carried out on polycrystalline samples 

using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design 

MPMS-XL). The DC susceptibility was measured in the cooling mode, from 300 to 1.8 K, under 

applied field of 0.1 T. The photomagnetic measurements were performed with the SQUID, using 

a fiberoptic sample holder (Quantum Design) and a continuous-wave 450 nm diode laser 

operating at the power of 15 mWcm–2. Irradiation of the sample was performed at 5 K for 3 h. 

After the laser was turned off, the sample was allowed to equilibrate for 10 minutes, after which 

time the magnetic susceptibility was measured in the warming mode. 

 

4.2. Single Crystal X-ray Diffraction 

In a typical experiment, a selected single crystal was suspended in Paratone-N oil 

(Hampton Research) and mounted on a cryoloop which was placed in an N2 cold stream and 

cooled down at 5 K/min to the desired data collection temperature. The data sets were recorded 

as ω-scans at 0.3° step width and integrated with the Bruker SAINT software package.63 In all 

the experiments, a multi-scan adsorption correction was applied based on fitting a function to the 

empirical transmission surface as sampled by multiple equivalent measurements (SADABS).64 

The space group determination was performed with XPREP,65 while the solution and refinement 

of the crystal structures were carried out using the SHELX programs.66 The final refinement was 

performed with anisotropic atomic displacement parameters for all but H atoms. All H atoms 

were placed in calculated positions. A summary of pertinent information relating to unit cell 

parameters, data collection, and refinements is provided in Table C.1. 

4.3 Results and Discussion 

4.3.1 Crystal Structures 

Compound 4.1. The crystal structure of 4.1 was determined at 100 K. Each Fe(II) center 

is octahedrally coordinated by oxygen atoms of four DMF molecules in the equatorial positions 
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and two nitrogen atoms of TCNQ●– 

radicals (<1) in the axial positions. 

The average Fe-O and Fe-N bond 

lengths are 2.095Å and 2.144 Å, 

respectively, suggesting the Fe(II) ion 

is in the HS state. Each coordinated 

(B)TCNQ●– radical is engaged in π-

stacking interaction with a TCNQ●– 

radical from a neighbor complex, as 

well as with unbound (F) TCNQ●– 

radicals, to form a column that 

propagates in the [110] direction with 

the BBFFBBFF repeat pattern (Figure 

4.1a). The interplanar separation 

between two adjacent TCNQ●– anions 

in the column is very regular, ~ 3.13Å, 

which suggests the presence of a well-

delocalized pathway for electron 

hopping. When viewed in the column 

propagation direction, the crystal 

packing reveals a zigzag pattern of 

Fe(II) ions and TCNQ●– radicals, 

“glued” together by the coordination of 

TCNQ to Fe(II) centers and - 

stacking interactions between TCNQ●– (Figure 4.2b). 

It is well established that the structures containing stacks of organic radicals have 

potential to exhibit significant conductivity if the radical carries a non-integer charge.126 Based 

on the formula of 4.1, the average charge on the TCNQ●– radical should be –0.50. It was shown, 

however, that the oxidation state of TCNQ is well reflected by its bond lengths. Given the 

presence of two non-equivalent radicals (B and F) in the crystal structure of 4.1, we used the 

 

Figure 4.1. The sideview (a) and the topview (b) of 
crystal packing of 4.1. The H atoms and interstitial 
solvent molecule and anions are omitted for clarity. 

 

 

Scheme 4.1. Metric parameters used in the 
Kistenmacher equation 
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Kistenmacher relationship,  = –41.67[c/(b+d)] + 19.83, to estimate the charge distribution in the 

TCNQ stack (Scheme 4.1).129
 In 4.1 at 100 K, the calculated charges on the radicals F and B are 

equal to –0.28 and –0.60, respectively. Since the Kistenmacher relationship was derived for 

structures established at RT, we scaled the calculated values to make the total charge equal to –1 

per 2 TCNQ units, in order to maintain the electroneutrality of the structure. With this correction, 

the charges on TCNQ●– radicals have become –0.32 for F and –0.68 for B, with a ratio of 

(B)/(F) = 2.13. 

Compound 4.2. The asymmetric unit in the crystal structure of 4.2 includes one FeII ion, 

one tpma molecule, three and a half TCNQ anions, and one and a half molecules of 1,2-

dichloroethane as interstitial solvent (Figure 4.2a). The FeII ion is coordinated by the tetradentate 

tpma ligand and two TCNQ●– radicals, B1 and B2. Radicals B1 form isolated -stacked dimers 

while radicals B2 engage in -stacking interactions with non-coordinated radicals F to form a 

column with the B2F1B2F2F2 repeat sequence (Figure 4.2b). 

 

Figure 4.2. Asymmetric unit (a) and the top view of crystal packing (b) in the crystal structure of 
4.2. The H atoms and interstitial solvent molecules are omitted for clarity. The thermal ellipsoids 
are shown at the 50% probability level. 

 

At 230 K, the average Fe-N bond length is 1.96 Å, characteristic of the LS FeII ion. The 

interplanar distance in the B1-B1 dimer is 3.17 Å. The other TCNQ-TCNQ separations are 
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longer, 3.28, 3.18, and 3.34Å for F1-B2, B2-F2, and F2-F2, respectively. The charges calculated 

from the Kistenmacher relationship are –0.81, –0.74, –0.32, and –0.26 for B1, B2, F2, and F1 

radical anions, respectively. Similar to the structure of 4.1, in the structure of 4.2 the coordinated 

TCNQ●– anions bears a higher negative charge than the free TCNQ●– anions, and the more 

negative the charge , the shorter the TCNQ-TCNQ separation. 

Compounds 4.3 and 4.4. The 

crystal structures of 4.3 and 4.4 were 

determined at 230 and 100 K. Both 

compounds crystallize in the C2/c 

space group. The asymmetric unit 

includes one [Fe(tpma)(xbim)]2+ 

cation, one ClO4
– or BF4

– anion, one 

and a half partially charged TCNQ●– 

radicals, and one DMF solvent 

molecule (Figure 4.3). The crystal 

packing shows a clear separation of 

the structure into the cationic and 

anionic layers (Figure 4.4). The latter 

are composed of -stacks of TCNQ●– radicals that propagate along the crystallographic b axis. 

The average Fe-N bond length in 4.3 decreases from 2.183 Å at 230 K to 2.057 Å at 100 K. 

These values are in the range typical of the HS and LS FeII complexes, respectively. The changes 

observed in the metal-ligand distances suggest the occurrence of temperature-induced SCO in 

complex 4.3. Similar structural changes are observed for 4.4 (Table 4.1). 

At 230 K, the crystal packing of the TCNQ●– anions is quite regular. The two 

crystallographically unique anions pack in the sequence ABBABB… along the b axis, with the 

corresponding interplanar separations being 3.25-3.30-3.25-3.25-3.30 Å (red labels in Figure 

4.3). When the temperature is lowered, the SCO at the FeII centers causes the decrease in the Fe–

N bond lengths. The associated shrinkage of the unit cell is transmitted to the TCNQ substructure 

in a non-uniform way: the B···B separations remain the same, 3.30 Å, while the A·· ·B 

separations decrease to 3.19 Å (black labels in Fig. 4.5a). It appears that the decrease in the 

 

Figure 4.3. Asymmetric unit of 4.3. The H atoms 
are omitted for clarity. The thermal ellipsoid are 
shown at the 50% probability level. 



68 
 

B···B distance is prevented by the rather close intermolecular N···H contacts, at 2.55 Å, between 

the N atom of the TCNQ radical and the methylene H atom of the tpma ligand. Similar 

temperature-dependent structural changes are also observed in 4.4 (Figure 4.5b). 

 

Table 4.1. Average Fe–N bond lengths and unit cell volumes (VUC) and charges  on 
crystallographically independent TCNQ molecules, A and B, in crystal structures of 4.3 and 4.4 
determined at 100 K and 230 K. 

Structural 

parameter 

4.3 4.4 

100 K 230 K 100 K 230 K 

d(Fe-N)av 2.057(4) 2.183(3) 2.034(3) 2.182(3) 

VUC, Å3 9781(7) 10058(2) 9829(5) 10023(1) 

(A) –1.22 –0.74 –1.13 –0.74 

(B) –0.39 –0.63 –0.43 –0.63 

 

 

Figure 4.4. The view of the crystal packing of 4.3 along the c (a) and b (b) axes. The 
H atoms, ClO4

– anions and solvent molecules, DMF, have been omitted for clarity. 
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Figure 4.5. The side view of the crystal packing of 4.3 (a) and 4.4 (b)with interatomic distances 
at 230 K and100 K indicated with red and black numbers, respectively. 

 

 

In 4.3, the charges on the radicals A and B are nearly equal at 230 K, –0.51 and –0.43, 

respectively. Since the Kistenmacher relationship was derived for the structures established at 

r.t., we scaled the calculated values to make the total charge equal to –1 per 1.5 TCNQ units, i.e. 

to maintain the electroneutrality of the structure (Table 1). Thus, in 4.3 at 230 K, the charges on 

TCNQ radicals become –0.74 for A and –0.63 for B, for a ratio of (A)/(B) = 1.17. Upon 

cooling to 100 K, the temperature at which the majority of Fe(II) centers are LS, the charges 

become –1.22 and –0.39, respectively, with (A)/(B) = 3.13. Similar changes to the charge 

distribution are also observed in 4.4 (Table 4.1). The more uniform charge distribution in the HS 

structurecorrelates well with the more regular interplanar spacing between the TCNQ units and 

suggests that electrons are more delocalized in the HS state. 

4.3.2 Magnetic and Photomagnetic Properties 

Compound 4.1. This complex exhibits paramagnetic behavior, with the value of T 

remaining essentially constant and equal to ~3.44 emu·K·mol–1  in the 20-300 K range. This 

value is characteristic of the HS Fe(II) ion, S =2. The value of T is slightly larger than expected 

for a spin-only S = 2 state (3.00 emu·K·mol–1), which can be explained by a small orbital 

a) 

b) 
) 

a) 
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contribution typical of the HS Fe(II) ion. Below 20K, the T drops quickly to the value of 2.34 

emu·K·mol–1 at 1.8K. This decrease 

can be attributed to zero-field splitting 

effects, as well as to a possible week 

antiferromagnetic coupling between 

Fe(II) centers through the -stacked 

TCNQ●– radicals of the B-B type. 

Compound 4.2. The T value 

for this complex is ~0.17  

emu·K·mol–1at temperatures below 

230 K, indicating the LS state of the 

Fe(II) ion. An increase in T is 

observed above 230 K, with the 

maximum value of 1.6 emu·K·mol–1 

at 400 K, the highest temperature 

accessible in our magnetic 

measurements. The observed change 

in T is indicative of a gradual SCO, 

with about a half of Fe(II) centers 

undergoing the LSHS conversion 

by 400 K (Figure 4.7). 

Compounds 4.3 and 4.4. At 

RT, these complexes exhibit T 

values of 3.25 and 3.24 emu·K·mol–

1, respectively, which are typical for 

the HS state of the FeII ion (S = 2). The slight increase from the theoretically expected spin-only 

value of 3.00 emu·K·mol–1 is explained by a small orbital contribution.16,71-72 Upon cooling, the 

T values of both complexes decrease in the range from 200 to 100 K (Figure 4.8a), confirming 

a gradual temperature-induced SCO. The anion has a little impact on the character and 

 

Figure 4.7. Temperature dependences of T for 4.2 

 

Figure 4.6. Temperature dependences of T for 4.1 
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temperature of the SCO, with the midpoint of the transition being observed at T1/2 =145 K for 3 

and T1/2 = 160 K for 4.4. 

The LIESST effect was also studied on sample 4.3. The complex was irradiated in the 

SQUID chamber by a 445nm laser (15 mW/cm2) at 5K, under a constant magnetic field of 0.1 T. 

Upon irradiation, the magnetic susceptibility increased significantly and saturated after 3 hours 

(Figure C.1). The comparison of the T product of the photoinduced state to that of the HS state 

at 250 K indicated a quantitative light-induced LSHS conversion in complex 4.3 at low 

temperature (Figure 4.8b). 

After the laser was turned 

off, the sample was warmed up from 

5 to 25 K at 3 K/min, from 25 to 80 

at 0.3 K/min, and from 80 to 25 K at 

3 K/min. The initial slight increase in 

T is associated with the zero-field 

splitting effects. In the range of 40-

60 K, an abrupt decrease in the T 

value was observed, indicating the 

thermally activated HSLS 

relaxation, which was complete at 65 

K. The relaxation temperature, 

TLIESST = 50 K, was found as the 

minimum in (T)/T. As the 

temperature was increased further, 

the thermally induced LSHS 

conversion was observed, and the 

curve obtained upon warming 

essentially matched the one obtained 

upon cooling. 

 

 

Figure 4.8. (a) Temperature dependences of T for 
4.3 (red circles) and 4.4 (black triangles) measured in 
the cooling mode. (b) Temperature dependences of 
T for 4.3 measured in the cooling mode (black 
circles) and then in the warming mode after 
irradiation with the 445 nm laser at 5 K (red circles). 
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4.3.3 Transport Measurements 

Compound 4.1. The conductivity measurements were performed on a single crystal of 

4.1 along the [110] direction, which coincides with the direction of the TCNQ stack. The RT 

conductivity value of 0.125 S/cm falls within the range typical of semiconductors. In particular, 

we note that conductivity of the same order was reported by Dunbar et al. for a structurally 

similar stack of TCNQ radicals co-crystallized with a paramagnetic Mn(II) complex.130
 As the 

temperature is lowered, the conductivity of 4.1 decreases, confirming the semiconducting 

behavior. The activation energy (Ea) estimated from the ln(R/R0) vs. 1/T plot is equal to 180 

meV (Figure 4.9). 

 

Figure 4.9. The dependence of the relative resistance of sample 4.1 on the inverse temperature.  

 

Compound 4.3. The conductivity measurements were also performed on a single crystal 

of 4.3 along the direction of TCNQ stacks which run parallel to the b axis. The average RT 

conductivity value was 0.2 S/cm. Upon cooling, the conductivity of 4.3 decreases, implying 

semiconducting behavior. The activation energy (Ea) estimated from the ln(R/R0) vs. 1/T plot is 

equal to 110meV (Figure 4.10). The Ea value gradually becomes substantially lower (10 meV) in 

the low-temperature region. Such behavior might be caused by the closer approach of the TCNQ 

units, which should increase the band dispersion. Indeed, the change in the Ea takes place in the 

100-125 K temperature range, which coincides with the completion of the HSLS conversion in 

4.3. A change in the activation energy above and below the SCO region was also reported by 
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Oshio et al.51 for [Fe(dppTTF)2][Ni(mnt)2]2(BF4)·PhCN (dppTTF = 1-{2-(1,3-dithiol-2-ylinene)-

1,3-dithiolyl}-2-{2,6-bis(1-pyrazolyl)pyridyl}-ethylene, mnt = maleonitriledithiolate), but the 

difference in the Ea values was smaller – 129 meV in the LS state vs. 119 meV in the HS state. 

 

Figure 4.10. The dependence of the relative resistance of sample 4.3 on the inverse 
temperature. Two regions of distinctly different activation regimes are shown with black linear 
fits, and the corresponded activation energies are indicated. The shaded area indicates the 
temperature range of the SCO. 

 

 

4.4 Conclusion 

In summary, we prepared four Fe(II) complexes that contain partially charged TCNQ●– 

radical anions which form stacks through the - interactions. The presence of stacks of partially 

charged TCNQ●– radicals is a necessary conditions to induce semiconducting behavior in such 

materials. In complexes 4.1 and 4.2, some TCNQ●– anions coordinate directly to Fe(II) ions 

while the other TCNQ●–anions remain unbound. In compounds 4.3 and 4.4, only unbound 

TCNQ●–anions are present, since the metal ion is pre-protected by a combination of tpma and 

xbim ligands. In these structures, the free TCNQ●– radical anions form segregated layers of 

stacked columns. The Fe(II) ion exhibits the HS state at all temperature in 4.1, while an onset of 

a gradual SCO was observed in 4.2 above 230 K, with nearly 50% of the Fe(II) centers 

converting to the HS state by 400 K. Complexes 4.3 and 4.4 exhibit gradual temperature-induced 



74 
 

SCO in the 100-200 K temperature range. To the best of our knowledge, they are the first cases 

of structurally characterized SCO semiconductors that utilize the TCNQ●– radical and exhibit 

high electrical conductivity. In addition, complexes 4.3 and 4.4 exhibit the LIESST effect and 

thus represent a rare example of photoswitchable SCO semiconductors, with only two other 

cases having been reported in the literature.9f,g The measurements on the changes in the 

conductivity associated with the light-induced LSHS conversion are still missing in all the 

known cases. Our future efforts will be directed at implementing such measurements. 
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CHAPTER FIVE 

PHOTOINDUCED SOLID STATE CONVERSION OF RADICAL -

DIMERS TO -RADICAL PAIRS 

5.1 Introduction 

Photoinduced switching of the magnetic state of molecular materials holds the potential 

for applications in data storage, high-speed sensing and radiation detectors.131
 Within this context 

one of the most well-known and heavily studied photomagnetic phenomena is light-induced 

excited spin state trapping (LIESST) found for some transition metal complexes.6-7, 20, 132 

Essentially,  the LIESST effect involves a change in the population of the t2g and eg orbitals, a so-

called spin crossover (SCO) between high-spin (HS) and low-spin (LS) states.4a, 133 In the solid 

state this configurational change leads to variations in bond lengths which can be as large as 0.2 

Å,70 but no formal bond breaking or making occurs during the spin transition. As a result, the 

activation barrier for relaxation of the HS state is typically small, and the photoinduced HS 

product rarely remains stable above 100 K,134 the highest TLIESST being (to our knowledge) 180 

K.134b 

In principle, photoinduced spin state changes in all-organic molecular materials can also 

serve as a basis for magnetic switching,135 but utilization of these effects in the solid state devices 

remains a challenge. For example, while photochemically driven singlet-triplet interconversions 

have been extensively studied, the resulting triplet states are generally short lived.136 In solution, 

greater stability has been achieved when the spin state changes are accompanied by large 

conformational changes,137 but this strategy is not easily transferable to the confines of the 

crystal environment. By contrast, the thermally induced solid state interconversion of a 

diamagnetic radical dimer (S = ) to a pair of stable paramagnetic radicals (each S = ½ ) is well 

documented, and such systems have been shown to exhibit thermal hysteresis and even wide 

regimes of bistability.52-53, 138 In one case photoinduced dimer-radical interconversion within the 

thermally bistable region has also been reported.139 However, the photoinduced low-temperature 

conversion of a radical dimer to a pair of radicals and subsequent trapping of the paramagnetic 

state, herein denoted as light-induced radical trapping (LIRT), has not been observed thus far. 
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Figure 5.1. Configurational (2
+)2 (+)(–) change accompanying the interconversion of the 

4c-6e hypervalent S·· ·S–S···S -dimer and a pair of -radicals. 
 

 

The Oakley group reported magnetic bistability for heterocyclic bisdithiazolyl radicals 

5.1a (R1 = Et, R2 = F) and 5.1b (R1 = Me, R2 = F) (Figure 5.1).54, 140 Each radical crystallizes in 

two modifications, an -phase composed of discrete -radicals and a β-phase composed (at RT) 

of diamagnetic dimers, [5.1]2, formed by radical pairing via a hypervalent four-center six-

electron (4c-6e) S·· ·S–S···S -bond. This arrangement is unusual, in that dissociation of the 

dimer to a pair of radicals is symmetry forbidden, involving a configurational (2
+)2(+)(–) 

change.54 Previous studies showed that β-5.1a dimer could be thermally converted, within the 

same space group, to the radical at 380 K, a dimer-to-radical interconversion that displayed 

thermal hysteresis with a small (5 K) window of magnetic bistability. The same structural 

transformation could also be driven by pressurization to ~0.8 GPa at ambient temperature.54β-

5.1b dimer, however, is more robust with respect to variations in P and T, resisting dissociation 

up to 8 GPa (at ambient temperature) and 400 K (at ambient pressure).140 

In this chapter, we demonstrate that the dimer units in both β-5.1a and β-5.1b are readily 

cleaved by light. The interconversion of dimer and radical forms of β-5.1a and β-5.1b, and the 

stability and structure of the photogenerated radical state have been probed by optical 
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spectroscopy, magnetic susceptibility measurements, and single crystal X-ray diffraction. 

Electronic structure calculations, using DFT and CAS-SCF methods, have also been performed 

on various model structures, with a view to understanding the interconversion pathway between 

the dimer and radical forms in the ground and excited states. The results support the 

interpretation that the ground state interconversion of the dimer and radical forms of β-5.1a and 

β-5.1b is symmetry forbidden, in the Woodward-Hoffmann sense,141 while the photochemical 

transformation is symmetry allowed. 

5.2 Experimental Section 

5.2.1 Syntheses 

Compounds 5.1a and 5.1b were supplied in crystalline form by the Oakley group.54, 140. 

Metallic-bronze crystals, suitable for crystallographic, optical, and magnetic measurements, were 

obtained by fractional sublimation at 10-4 Torr along a temperature gradient of 120 to 60°C in an 

ATS series 3210 three-zone tube furnace, mounted horizontally, and linked to a series 1400 

temperature control system. 

5.2.2 Optical Measurements 

β-5.1a. The optical absorption spectra were recorded in the transmission mode in the 300-

1000 nm range using a Cary 50 Bio UV-Vis spectrometer. The temperature was controlled with a 

δinkam Stage TεS λ4. A polycrystalline sample of β-5.1a was finely ground and deposited on a 

commercial transparent tape, which was attached to the sample stage with a 2-mm aperture for 

measuring the optical response. After the sample was cooled down to 100 K at 5 K min-1, it was 

irradiated with different light sources. In the experiments with white light, a commercial source 

(Schott-Fostec, LLC; ~10 mW cm-2) was used, and the sample was irradiated for ~ 4 min. In the 

other experiments, a 650 nm continuous diode laser (~25 mW cm-2) was used, and the sample 

was irradiated for ~20 s. After irradiation, the sample was warmed up from 100 to 220 K at 3 K 

min-1 and then from 220 to 260 K at 0.2 K min-1, and the absorption spectra were collected at 

specific temperatures shown in Figure 5.2. 

For kinetic measurements (Figure 5.3), the sample was cooled to the desired temperature 

(230-250 K) and allowed to equilibrate for 5 min, after which it was irradiated with the 650nm 
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laser (~25 mW cm-2) for 5 s. The data collection started after a 2-min delay, to allow for thermal 

equilibration. The relaxation from the radical to the dimer was monitored as a function of time 

through the evolution of single-wavelength absorption at 510 nm. 

β-5.1b. The optical absorption spectra were also recorded in the transmission mode in the 

300-1000 nm range using a Cary 50 Bio UV-Vis spectrometer. The temperature, however, was 

controlled by a closed cycle cryostat with the cold finger from Advanced Research Systems, Inc, 

coupled with an APD, HC-2 He compressor and a digital temperature controller, with the 

operational temperature of 4-400K. A polycrystalline sample was finely ground, embedded in 

epoxy, and attached to a 0.5-mm aperture of a copper plate that was placed at the end of the cold 

finger. After the sample was cooled to 60 K at 5 K min-1, it was irradiated with different light 

sources. In the experiments with white light, a commercial source (~10 mW cm-2) was used, and 

the sample was irradiated for ~2 min. In the other experiments, a 650 nm continuous diode laser 

(~15 mW cm-2) was used, and the sample was irradiated for ~30 s. After irradiation, the sample 

was warmed up from 60 to 100 K at 3 K min-1, then from 100 to 160 K at 0.2 K min-1, and the 

absorption spectra were collected at specific temperatures shown in Figure 5.4. 

The kinetic measurements of β-5.1b were performed in a manner similar to that described 

for β-5.1a. The sample was cooled to 100K and irradiated with the 650nm laser (~15 mWcm-2) 

for 20 s. The temperature was then increased to the desired value (125 to 145K, Figure 5.4). Data 

collection started after a 1-min delay to equilibrate the temperature. The relaxation from the 

radical to dimer form was monitored as a function of time through the evolution of single-

wavelength absorption at 508 nm. 

5.2.3 Crystallography 

The structures of 5.1a and 5.1b were determined both for the dimer form and for the 

photoinduced radical form. Initially, a selected single crystal was suspended in Paratone-N oil 

(Hampton Research) and mounted on a cryoloop which was placed on a goniometer head of a 

Bruker D8 Quest diffractometer equipped with a micro-focus MoK  X-ray source. The crystal 

was centered at RT, to avoid photoinduced generation of the radical form that was observed to 

occur at lower temperatures under irradiation from the alignment lamp. After the crystal 
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alignment was complete, the lamp was turned off and the crystal was cooled down in N2 cold 

stream to 100 K at 5 K min-1 in the dark. The X-ray diffraction data were collected as ω-scans at 

0.35° step width. After the data for the dimer were collected, the crystal kept on the goniometer 

stage was irradiated by the 650 nm continuous diode laser (~30 mW cm-2) at 100 K and 90 K for 

5.1a and 5.1b, respectively. The crystal was rotated by 90o for every hour to allow for uniform 

and quantitative photoconversion from the dimer to the radical form. After 4 hours of irradiation, 

the laser was turned off, and the diffraction data were collected as ω-scans at 0.35° step width, at 

100 K for both 5.1a and 5.1b. 

It must be added that in the X-ray diffraction experiments with 5.1b the crystallinity was 

observed to deteriorate upon irradiation. Therefore, a smaller crystal was found and embedded in 

epoxy resin inside the cryoloop. The resin was allowed to age for 24 h before the cryoloop was 

placed on a goniometer head for the data collection. 

The data were integrated with the Bruker SAINT software package.63 A multi-scan 

adsorption correction was applied based on fitting a function to the empirical transmission 

surface as sampled by multiple equivalent measurements (SADABS).64 The space group 

determination was performed with XPREP, and the solution and refinement of the crystal 

structures were carried out using the SHELX suite of programs.66 The final refinement was 

performed with anisotropic atomic displacement parameters for all but hydrogen atoms. All H 

atoms were placed in calculated positions. Difference electron-density maps did not reveal any 

significant peaks that would suggest the presence of a residual fraction of dimers [5.1]2. A 

summary of unit cell metrics, data collection and refinement is provided in Table D.2. 

5.2.4 Photomagnetic Measurements 

Magnetic measurements were performed with a Quantum Design SQUID magnetometer 

MPMS-XL. The sample was irradiated in the SQUID chamber by using a commercial Fiber 

Optic Sample Holder (FOSH, Quantum Design). The sample was finely ground and dispersed on 

a funnel-like sample holder made of Kapton tape, which was placed against the end of a fused 

silica rod connected to the optical fiber. The fiber was coupled to a 650-nm continuous diode 

laser operating at 70 mW cm-2 for β-5.1a and ~20 mW cm-2 for β-5.1b. In a typical experiment, 

the magnetic susceptibility () was first measured as the sample was cooled from 300 to 10 K in 
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the dark, under applied magnetic field of 0.1 T. After the temperature was stabilized at 10 K, the 

light source was turned on, resulting in the increase of the observed magnetization value. The 

irradiation was performed for ~2 h. The temperature of the sample was monitored carefully 

during irradiation (reaching as high as 70 K for β-5.1a). Nevertheless, this values are still 

substantially lower than the temperatures at which the photoinduced paramagnetic state shows 

any significant relaxation to the diamagnetic ground state (>220 K for β-5.1a and >120 K for β-

5.1b). After 2 h, the laser was turned off and the sample was cooled down to 1.8 K. Isothermal 

field-dependent magnetization (Figure D.3) was measured at this temperature with the field 

varying from 0 to 7 T.  

The M versus H measurement was followed by examination of magnetic susceptibility in 

the heating mode at 0.1 T. For β-5.1a, the warming rate was 3 K min-1 from 5 to 220 K, 0.2 K 

min-1 from 220 to 260 K, and 3 K min-1 from 260 to 300 K. For the high-temperature 

measurements above 300 K, the sample was removed from the FOSH, placed into an NMR tube, 

and sealed under N2, to avoid sublimation under vacuum in the SQUID chamber. The high-

temperature magnetic susceptibility was measured by warming from 300 to 360 K at 3 K min-1 

and from 360 to 400 K at 1 K min-1. For β-5.1b, the warming rate was 3 K min-1 from 2 to 100 

K, 0.2 K min-1 from 100 to 170 K, and 3 K min-1 from 170 to 300 K. The photoinduced increase 

in the magnetic susceptibility was calculated by subtracting the values obtained after and before 

irradiation. The observed values were corrected for the diamagnetic contribution from the 

sample. 

5.2.5 Electronic Structure Calculations 

All density functional theory (DFT) calculations were performed with the Gaussian 09W 

suite of programs,142 using the (U)B3LYP hybrid functional and a polarized, split-valence basis 

set with double-ζ (6-31G(d,p)) functions. Ground-state geometries and energies were calculated 

for several models, including 1 with R1 = R2 =H, and a smaller version based on two monocyclic 

dithiazolyl rings. Full geometry optimization for the dimers was invoked within the constraints 

of C2h symmetry, and time-dependent (TD) DFT methods were used to compute the energies and 

oscillator strengths of the excited states of these geometries. The resulting simulation for the 

dimer of -5.1 (Figure 5.12) is plotted using a Gaussian line shape and a 0.33 eV line width. A 

TD-DFT calculation was also performed on a model radical 5.1 (R1 = R2 = H), and a comparison 
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of its computed spectrum with the experimental spectra of the photogenerated radicals 5.1a and 

5.1b at 100 K is provided in Figure D.8. DFT energy surface calculations for both the closed 

shell and broken symmetry singlet states (Figure D.6) were performed on models constrained 

within C2h and adjusted by the parameters r = 2.0−4.0 Å and q = −0.2−3.0 Å to give a grid of ∼225 points. The resulting two-dimensional [r, q] dependent surface displayed in Figure 5.10 

represents the lower in energy of these two states. Similar two-dimensional CAS-SCF energy 

surfaces for the monocyclic dithiazolyl ring model were calculated with the ORCA package82 

using a 6-31G(d,p) basis set and a complete (4,4) active space that included those orbitals shown 

in Figure 5.13. For each chosen r = 2.0−3.0 Å and q = 0.0−3.0 Å, starting orbitals for the CAS-

SCF calculation were obtained from an initial single point B3LYP calculation. Separate CAS-

SCF calculations were then performed on each of the lowest Ag, Au, and Bu roots, with the 

geometry of each excited state separately optimized within Cs symmetry while constraining r and 

q. Several starting geometries were investigated to ensure converged final geometries. 

 

5.3 Results and Discussion 

5.3.2 Optical Measurements 

β-5.1a. Initial experiments to explore the possibility of the photo-induced conversion of 

[β-5.1a]2 2[5.1a] involved examination of the evolution of the solid state transmission optical 

absorption spectrum of [β-5.1a]2 under irradiation. Figure 5.2A shows the optical spectrum of a 

microcrystalline film of [β-5.1a]2 at 100 K, both before (black curve) and after (red curve) the 

sample was irradiated with white light (~10 mW cm–2) for 4 min. The broad absorption of [β-

5.1a]2 in the 600-800 nm range was substantially diminished after irradiation, while new bands 

appeared at 422 and 515 nm signifying the generation of the radical 5.1a (the LIRT state). Based 

on these observations, and to minimize the absorption of light by the photogenerated 5.1a, we 

subsequently used a 650-nm laser for variable-temperature optical, crystallographic, and 

photomagnetic experiments. Thus, in the second optical absorption experiment, a 

microcrystalline film of [β-5.1a]2 was irradiated with the 650-nm laser (~25 mW cm-2) for 20s at 

100 K, and the resulting optical absorption spectrum was monitored as a function of increasing 

temperature. 
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Figure 5.2.(A) Optical absorption spectra recorded on a thin film of [β-5.1a]2 at 100 K before 
and after irradiation with white light (black and red curves, respectively). (B) Evolution of the 
absorption spectrum obtained after irradiation of the thin film of [β-5.1a]2 at 100 K with a 650-
nm laser, and subsequent warming to 260 K. The spectra shown after the one at 100 K (red line) 
were recorded from 230 to 260 K with 5-K steps at a heating rate of 0.2 K min-1. 

 

The spectrum of the radical 5.1a generated by laser irradiation (red curve in Figure 5.2B) 

remained essentially unchanged until 230 K, above which temperature the broad absorption in 

the 600-800 nm range gradually re-appeared and the bands at 422 and 515 nm vanished (Figure 

5.2B). Spectra recorded at 250 K and above matched the original spectrum of [β-5.1a]2. Given 

the use of low-power continuous irradiation and the high temperature (>380 K) required to 

induce the thermal conversion, the possibility of photothermal effects143 is unlikely. That the 

mechanism is predominantly photochemical is further supported by the quasi-linear dependence 

of the conversion on power density at 100 K at low power (Figure D.1). 

Relaxation of the LIRT state was examined by monitoring the isothermal decay of the 

510-nm band at different temperatures. The photogenerated radical 5.1a remained stable for 

prolonged periods at temperatures below 220 K. Even at 220 K, the relaxation was very slow, 

amounting only to ~13% after 4 h. Thereafter the relaxation rate constant increased with 

increasing temperature, as expected for a thermally activated process. A fit of the relaxation 

kinetics between 230 and 250 K (Figure D.3) to a single-exponential decay was only partially 

satisfactory, as the relaxation tends to proceed somewhat faster toward the end of the decay, a 

result attributable to cooperative solid-state effects. Arrhenius analysis of the temperature 

dependence of the derived relaxation rate kRD (Figure 5.3B) afforded a relaxation barrier Eact = 

19.6(7) kcal mol-1. 
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Figure 5.3. (A) Mole fraction R of photogenerated 5.1a as a function of time at different 
temperatures, along with fitted (single exponential) curves. (B) Log plot of rate constants kRD as 
a function of inverse temperature (with derived fit in red). 

 

Figure 5.4. (a) Evolution of the optical absorption spectrum obtained after irradiation of a 
microcrystalline film of -5.1b with a 650-nm laser at 100 K, and subsequent warming to 160 K. 
The spectra shown after the one at 120 K (red line) were recorded with a 5-K step at a heating 
rate of 0.2 K min–1. (b) Mole fraction R of the photogenerated radical form of -5.1b as a 
function of time at different temperatures. The solid red lines indicate the fit to single-
exponential decay kinetics. 
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β-5.1b. The variable temperature studies of the LIRT state were performed similar to 

those described for β-5.1a. The sample of β-5.1a, however, was embedded in epoxy resin. The 

sample was irradiated by the 650-nm continuous diode laser at ~15 mW cm–2 for 30 s at 100 K. 

Similar to -5.1a, the broad absorption of the dimer in the 600-800 nm range was substantially 

reduced as a result of irradiation, and new bands at 420 nm and 510 nm appeared. Upon warming 

up, the spectrum of the photogenerated radical (red curve in Figure 5.4a) remained essentially 

unchanged up to 120 K, but at 125 K and above the broad absorption signature of the dimer in 

the 600-800 nm range gradually re-appeared and the radical-based bands at 420 and 510 nm 

vanished. Spectra recorded at and above 150 K matched the original spectrum of the dimer. 

Relaxation of the LIRT state was examined by monitoring the isothermal decay of the 

510 nm band at different temperatures (Figure 5.4b). At 125 K, only 40% of the radical form was 

converted to the dimer after 11 h. At higher temperatures, the relaxation rate constant increases, 

as expected for a thermally activated process. At 145 K, the relaxation was complete after about 

5000 s. The relaxation kinetics in the thermally activated region was satisfactorily described by a 

single-exponential decay model. The fit of the relaxation rate constants to the Arrhenius equation 

(Figure 5.4b) afforded a relaxation barrier Eact = 7.96(1) kcal mol–1, somewhat smaller than that 

found for -5.1a (19.6 kcal mol–1). This finding is consistent with the difference in the radical-to-

dimer relaxation temperatures, 150 K for -5.1b and 242 K for -5.1a. Possible origins for this 

difference are discussed below. 

5.3.2 Crystal Structure of the LIRT State 

-5.1a. Visualization of the structural changes associated with the photoinduced 

dissociation was achieved by single-crystal X-ray diffraction.144 To this end, a needle-like crystal 

of [β-5.1a]2 was cooled to 100 K and irradiated with a 650-nm laser for 4 hours. Analysis of 

diffraction data collected subsequently at 100 K confirmed a quantitative transformation [β-

5.1a]2 2[5.1a] within the common space group P21/c; difference electron-density maps did not 

reveal any significant peaks that would suggest the presence of a residual fraction of dimer. As 

may be seen in Figure 5.5, which compares the crystal and molecular structures of the dimer and 

the photogenerated radical pair, both determined at 100 K, the loss of the interdimer S3–S3′ bond 

(2.167(1) Å) is accompanied by slippage about the crystallographic inversion center, to form a 

pair of radicals weakly linked by a pair of long S3···N3′ intermolecular contacts (3.184(2) Å). At 
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the same time the long trans annular S3·· ·S4 hypervalent contact (2.795(1) Å) closes to a value 

(2.115(7) Å) near that observed for S1–S2 (2.121(7) Å), and the thione C2–S4 double bond 

(1.680(2) Å) expands to 1.738(2) Å, a value akin to that seen for the S2–C4 single bond 

(1.736(2) Å). Overall, the unit cell and molecular metrics for the photoinduced radical 5.1a are in 

keeping with those found from high pressure (0.98 GPa) and high temperature (380 K) 

measurements.54 

-5.1b. Analysis of the diffraction data collected at 100 K for the crystal of -5.1b before 

and after irradiation also confirmed a quantitative -dimer to -radical pair transformation within 

the common space group P21/c; difference electron-density maps did not reveal any significant 

peaks that would suggest the presence of a residual fraction of the dimer. While the quality of the 

resulting refinement (Table 5.1) is good, the process of data collection was hampered by the 

tendency of the crystals to fracture upon irradiation. As a result, many crystals (with decreasing 

size) had to be examined, until one was found that survived the photo-induced structural changes 

without splintering. This problem was not encountered during related measurements on -5.1a,54 

a behavioral difference that will be discussed below. 

 

Figure 5.5. (A) Unit cell diagrams of [β-5.1a]2 and of photogenerated 5.1a, viewed along the a 
axis. (B) Selected distances (in Å) within the dimer and radical pair. Both structures were 
determined at 100 K. 
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Interpretation of the details of structural changes accompanying the photo-dissociation 

provided an unexpected challenge. The problem became apparent upon close inspection of the 

crystal packing, in particular the position of the dimer and photo-induced radicals with respect to 

the inversion centers in the unit cell (Figure 5.6). Prior to irradiation, the -dimer straddles the 

inversion center at ½, ½,½, and each end is linked laterally to neighboring dimers by close 4-

center S2N2 interactions with d(S1···N1) = 3.044 Å located at inversion centers on the cell faces; 

this produces a chain-like array of dimers. In the post-irradiation structure, the liberated radicals 

remain linked laterally, with radicals locked by 4-center S2N2 interactions at one end and long 

intermolecular S· · ·S' contacts at the other. Both types of links straddle inversion centers, as in 

the parent dimer structure. The question that arises, however, is the genealogy of the links in the 

radical-based structure, and the inversion centers associated them. How do these inversion 

centers relate to those found in the dimer? The dilemma is illustrated in Figure 5.9, which 

provides two cell setting options (I and II) for the radical-based structures at 100 K, each based 

on different but equivalent cell settings. In cell I the long S·· ·S' contacts are set at the ½, ½, ½ 

inversion center, while in cell II the 4-center S2N2 contacts are located at these points.  

 

Figure 5.6. Chains of dimers in -5.1b (at 100 K), with the hypervalent disulfide bond located at 
the ½, ½, ½ inversion center. Also shown are two solutions for the photogenerated radical (at 
100 K) based on different cell settings. In cell I the long S···S' contacts are set at the ½, ½, ½ 
inversion center, and in cell II the 4-center S2N2 contacts are located at these points.  
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While both cells represent acceptable structural solutions, evolution to each one from a 

common dimer implies a different dimer-to-radical conversion pathway. The use of cell I 

requires dissociation of the dimer along a track which keeps the hypervalent S4·· ·S3-S3′· · ·S4′ 

sequence approximately collinear, while cell II requires that the separation of the dimer is 

associated with slippage of the radical pair to form a 4-center S2N2 arrangement. The question as 

to which is the more likely path (I or II) followed upon dissociation of the dimer is discussed 

below.  

The crystallographic conundrum encountered for -5.1b was not an issue in -5.1a, even 

though the packing is very similar, with centrosymmetric dimers arranged into chains. In the 

latter structure, however, there is a unique alignment of ethyl groups with respect to the cross-

braced -stacks, and there is only one cell setting for the resulting dimer that preserves this 

orientation. As a result transformation of the dimer to a structure that closely resembles that 

illustrated for by cell II could be specified without ambiguity. 

Outside of the issue the interconversion pathway(s) between the dimer and radical forms 

there are other differences in the behavior of -5.1b and -5.1a. For example, the unit cell of -

5.1b experiences a significant (5.8%) increase in volume during the dimer-to-radical 

transformation, a result consistent with the failure of pressure to produce the radical pair state of 

-5.1b, as this would necessarily require a contraction in the unit cell. By contrast, the small 

(2.1%) contraction in the cell volume following photo-dissociation of -5.1a is consistent with 

easy access to this state under pressure, as observed. The significant expansion in the cell volume 

of -5.1b upon photodissociation may also account for the tendency of the crystals to fragment 

during the phase transition.145 

5.3.3 Photomagnetic Measurements 

β-5.1a. The plot in Figure 5.7 shows the difference in the T product of β-5.1a before and 

after irradiation. Presented in such a way, the data allow accurate subtraction of the diamagnetic 

contribution from the sample holder and the intrinsic diamagnetism of the sample. (The absolute 

values of the measured moments before and after irradiation are shown in Figure D.2). The T 

value gradually increases on warming, suggesting the presence of strong antiferromagnetic 

exchange coupling between radicals. Field-dependent magnetization (M) measurements taken at 
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1.8 K support this conclusion, as a very slow increase in M is observed with increasing field 

(Figure A.5.3). Indeed the value of M of ca. 0.07B at 7 T is still much smaller than the saturation 

value of 1 B expected for an S = ½ radical, which is consistent with significant 

antiferromagnetic coupling between the radicals. 

 

Figure 5.7. Change in T (at H =0.1 T) upon warming a thin film of [β-5.1a]2 after irradiation 
with  = 650 nm at 10 K (blue curve). The sample was warmed at a rate of 3 K min-1 at 5-220 K, 
0.2 K min-1 at 220-260 K, 3 K min-1 at 260-360 K, and 1 K min-1 at 360-400 K. The dashed red 
line tracks the value of T for 1a estimated from exact diagonalization simulations based on 
exchange energies obtained from DFT calculations. 

 

In accord with the optical measurements, T decreases, first gradually above 230 K, and 

then abruptly, with an inflexion temperature T = 242 K. This behavior is consistent with 

thermally activated relaxation of the metastable radical to the thermodynamically favored dimer 

[β-5.1a]2. Above 260 K, the observed T value matches that measured for the sample of [β-

5.1a]2 prior to irradiation. Further heating results in an abrupt increase in T around 380 K, 

which is consistent with the thermally induced process reported earlier.54 The T value attained 

at 400 K is nearly the same as the maximum T observed for the photogenerated5.1a at 225 K, 

which indicates that the conversion [β-5.1a]2 2 [5.1a] is essentially quantitative. 

β-5.1b. Figure 5.8 shows the difference plot for the T product of the sample -5.1b 

before and after irradiation. (Plots of the absolute temperature dependence of T are shown in the 

supporting information). At low temperatures, (T) is suppressed by antiferromagnetic 

exchange coupling between radicals, as was also observed in the α-5.1b polymorph and the 
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LIRT state of -5.1a. With increasing temperature, (T) quickly rises, reaching a plateau value 

of 0.28-0.31 emu K mol–1 between 40 and 145 K, in agreement with the nearly quantitative 

photoconversion of the diamagnetic σ-dimer to the paramagnetic pair of radicals. The (T) 

value drops abruptly above 145 K and becomes close to zero at 155 K. These results are 

consistent with the thermally activated relaxation to the -dimer state, as was also observed by 

optical absorption spectroscopy. As before the (T) product of the LIRT state does not reach 

the value of 0.375 emu K mol-1 expected for a pure S = ½ system (with g = 2). This may be the 

result of incomplete photoconversion due to defect trapping and/or to measurement errors caused 

by the small amount of sample used (0.48(1) mg) to ensure penetration of the radiation into the 

sample and allow complete conversion. 

 

Figure 5.8. The change in (χT) (at H = 0.1 T) observed for a microcrystalline film of -5.1b 
after irradiation with λ = 650 nm at 10 K and warming at a rate of 3 K min–1 from 2 to 100 K, 0.2 
K min–1 from 100 to 170 K, and 3 K min–1 from 170 to 300 K. 

 

5.3.4 Theoretical Calculations 

To place the experimental results in context, it is useful to review briefly the range of 

dimerization modes known for heterocyclic thiazyl and selenazyl -radicals. The radicals are 

often bound cofacially, through one146 or more147,148 sites, usually involving heavy (S/Se) atoms, 

although for Se-containing dimers some more unusual modes have been observed.149 The 

tendency to form multi-center bonds is also found in purely organic -radicals, and has given rise 

to the moniker “pancake” π-bonding.149 While there is continued debate over the nature and 

strength of the weak interactions in these nominally π-dimers,150 it is convenient to describe the 
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covalent contribution to the binding energy in terms of the coupling of two π-SOMOs on 

neighboring radicals, as illustrated in Figure 5.9 for the cofacial association of a simple 1,2,3-

dithiazolyl.151 

 

 

 

 

 

 

 

Figure 5.9. Qualitative potential energy profiles for (i) the cofacial association of two 1,2,3-
dithiazolyl radicals into -dimer and (ii) the lateral association of two 1,2,3-dithiazolyls into a 
4c-6e SSSS-dimer. The latter process, which involves a (π+)(π-) ↔ ( +)2 configurational 
crossover, is symmetry forbidden, and subject to a thermal activation energy Eact in both 
directions. 

 

Formation of the -dimer involves no change in electronic configuration as the two 

radicals approach and, as a result, there is no activation barrier to the association (in the absence 

of lattice effects). By contrast, the lateral association of two dithiazolyl π-radicals to form a 4c-6e 

S⋅⋅⋅S-S⋅⋅⋅S -bond, that is, along a path that keeps all four sulfur atoms collinear, will be subject 

to an activation energy Eact (Figure 5.9), even at the molecular level, as the process is symmetry 

forbidden. In molecular orbital terms, the origin of the activation energy stems from the fact that 

there is a (π+)(π-) ↔ ( +)2 configurational reorganization accompanying the interconversion. 

To generate a more quantitative description of the energy changes accompanying the 

dimer-to-radical interconversion we have carried out a series DFT calculations at the 

(U)B3LYP/6-31G(d,p) level on a model dimer 5.1, with R1 = R2 = H, and tracked  the electronic 

energy of the lowest energy singlet state as function of (i) the separation of the two radicals r, 

and (ii) the degree of slippage q, both defined in Figure 5.10.  
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Figure 5.10. Plate separation (r) and slippage (q) parameters used to map the dimer-to-radical 
transformation of a model (C2h) bisdithiazolyl radical 5.1 (R1 = R2 = H), and (U)B3LYP/6-
31G(d,p) electronic energy surface for the lowest singlet state (closed shell or broken symmetry) 
for the dimer-to-radical transformation. Possible thermal interconversion pathways are shown 
(see text for details). 

 

Variation of these two parameters allows for an approximate mapping of the ground state 

energy surface for the dimer-to-radical interconversion. Outside of the two constraints imposed 

on q and r, full geometry optimization within the confines of C2h symmetry was invoked. The 

resulting electronic energy surface, representing the lower of the closed shell singlet -dimer 

state and the broken symmetry singlet of the -radical pair, is illustrated in Figure 5.10.  

While these calculations ignore the critical “crystal field” effects of the surrounding 

lattice, which prevent the -radical pair from drifting apart, they nonetheless provide qualitative 

insight into the potential energy surface that is traversed as the dimer-to-radical conversion 

proceeds. For example, moving outwards over the ranger = 2.0-3.6 Å with q = 0 Å reveals the 

energy profile anticipated on symmetry arguments (Figure 5.9); the estimated barrier to 

dissociation of the dimer is near 12 kcal mol-1, while that for its reformation is near 4 kcal mol-1. 
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Also noteworthy is the shallow minimum for the -radical pair near r = 3.0 Å, q = 2.3 Å, 

hereafter designated as [3.0, 2.3]. This result is reminiscent of the weak intermolecular 4-center 

S2N2 binding found in thiadiazoles and related compounds.152 The broad funnel-like maximum 

which separates the minima for the starting dimer and final radical pair suggests that their direct 

thermal dissociation by simultaneous contraction (or elongation) of r and q is energetically less 

favorable than one involving a more circuitous route involving sequential changes in r and q.  

 

 

 

 

 

 

Figure 5.11. Comparison of thermally driven radical-to-dimer recombination for -5.1a (left) 
and -5.1b (right), based on structural data (distances in Å) obtained at 100 K. The pathway for 
-5.1b assumes cell setting I (see Figure 5.6) for the radical. 

 

While experimental information on the high temperature dimer-to-radical conversion is 

limited to -5.1a, the availability of low temperature structural data on both the dimer and 

radical forms of both -5.1a and -5.1b presents the opportunity for consideration of the 

pathway for the thermally driven recombination of the two photogenerated radicals to their 

respective dimers. In the case of the radical state of -5.1b a problem arises because of the 

possibility of two cell settings (I and II in Figure 5.6), each of which suggests a different 

reaction pathway. While we cannot make a definitive choice between these two mechanisms, we 

believe that use of cell I allows a better explanation for the lower Tand Eact value observed for 

-5.1b relative to -5.1a. 
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To make this case we refer to the Figure 5.11, which compiles structural data for the 

photo-induced radicals and dimers of -5.1a and -5.1b, as collected at 100 K. For -5.1a the 

radical-to-dimer conversion can be described in terms of back-slippage of the radicals (a 

decrease in q), followed by contraction along r, that is to say, S-S bond formation. An 

approximate trajectory for this process is shown in Figure 5.10 by a blue arrow. Note that 

geometries of the two end-points suggest that throughout the process the radical pair and 

subsequent dimer remain relatively isolated laterally from their neighbors. The terminal 

intermolecular 4-center S2N2 contacts shorten from 3.937 Å in the radical to 3.682 Å in the 

dimer, but in neither case can these interactions be considered energetically significant. Such is 

not the case in -5.1b. If we select cell setting I, as shown in Figure 5.11, the terminal 4-center 

S2N2 contacts in the radical are already short (3.086 Å), and in the course of the dimerization 

they experience a small contraction (to 3.044 Å). The implication of this observation is that the 

outer ends or “tails” of the radical pair are pinned throughout the transformation. That being the 

case, the dimerization process reduces simply to closure of the central unit or “head” of the 

radical pair, the mapping coordinates [3.6, 1.1] of which are consistent with a stretched disulfide 

with relatively little slippage. Inspection of the DFT potential energy surface indicates this 

geometry lies in a fairly high energy region of the potential surface. As a result its reversion to 

the dimer involves little more than contraction along r, a process associated with a smaller 

energy barrier than that required from the more slipped 4-center, minimum energy position. The 

alternative argument, based on cell setting II, requires a greater overall structural change. The 

“tails” must slip backwards (a decrease in q) and r must also contract to form a -dimer. At the 

same time the “heads” must slide forwards (an increase in q) and contract along r to form the 

minimum energy S2N2 units. While we cannot discount this pathway, we feel it would more 

likely give rise to a higher activation energy. 

 

5.3.5 The LIRT Mechanism 

Having discussed the possible pathways for radical-to-dimer recombination and 

demonstrated that thermal dissociation/reassociation along the ground-state energy surface is 

inhibited by an energy barrier arising from symmetry forbidden (π)1(π)1↔ (σ)2 configurational 

crossover, we now address the mechanism for photodissociation of the dimers. To explore this 
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issue we have examined their low-lying excited states using a combination of TD-DFT and CAS-

SCF methods. As a first step we performed a TD-DFT calculation on the gas phase dimer of 

5.1b, using a C2h optimized geometry at the B3LYP/6-31G(d,p) level, which revealed four 

strongly allowed singlet ππ excitations above 400 nm, all to states of Bu symmetry. Calculated 

wavelengths and oscillator strengths are provided in Figure 5.12, along with a spectral 

simulation; experimental solid-state spectra for both β-5.1a and β-5.1b are also shown. Despite 

the appealing correspondence between the number and positions of the calculated (gas phase) 

and experimental (crystalline film) peaks, we are reluctant to attempt definitive assignments, 

since in the solid-state intermolecular electronic perturbations (Davydov splitting)153 are likely to 

be strong. However, the TD-DFT results support the view that all the accessible excited states in 

the visible region are generated by transitions between occupied and virtual π-orbitals (Table D.5 

and Figure D.7). They do not alter σ/π occupancy, and as a result, dimer dissociation through any 

of these Bu states is symmetry forbidden. In the absence of the involvement of other states, 

Franck−Condon excitation to any one of these states, followed by nonradiative relaxation,154 

should eventually regenerate the dimer in its ground state. Photoinduced separation of these 

dimers must therefore involve a state accessed indirectly, and to explore this possibility, we 

considered the role of the lowest-lying excited state, which is of Au symmetry, highlighted in 

Figure 5.12. While this state cannot be generated by direct photoexcitation (f = 0.000), it should 

be readily accessible from the Bu states, since the lower symmetry afforded by the crystal lattice 

(Ci) renders them equivalent. As a result nonradiative relaxation to the Au state from any of the 

Bu states should be fast. The orbital changes accompanying the formation of this Au state may be 

understood with reference to Figure 5.13, which illustrates its formation via electron excitation 

from the S−S σ-bonding ag HOMO-1 to the S−S π-bonding au δUεO, which is a net σ → π 

process. By contrast, and as noted earlier, the Bu(1) state is generated by π → π excitation from 

the S−S π-antibonding bu HOMO to the S−S π-bonding au LUMO. We assert that in the Bu state 

dimer dissociation is symmetry forbidden, but in the Au state it is symmetry allowed. 

To support this conclusion, we would have liked to use CAS-SCF methods to track the 

energies of all excited states, the four photoaccessible Bu states and the indirectly accessible Au 

state, as a function of the separation and slippage coordinates r and q introduced earlier, with a 

view to exploring the resulting energy surfaces and their suitability for providing a pathway for 
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photochemical dissociation. Given, however, the size of the full dimer and the resulting 

chemically active space required to explore the full manifold of excited states, we focused our 

attention on a smaller model dimer built from two prototypal dithiazolyls, as shown in Figure 

5.13. The CAS-SCF (4,4) energies for the Ag [(π1)
2(σ)2] ground state, and the Au [(π1)

2(σ)1(π2)
1] 

and Bu [(π1)
1(σ)2(π2)

1] excited states of this system were calculated using B3LYP/6-31G(d,p) 

starting orbitals. For each state the geometry was separately optimized over a range of [r, q] 

points, to afford the triple-decker energy surface diagram shown in Figure 5.14. Because of its 

smaller π- system, this model cannot provide any information on the higher lying Bu states of the 

full dimer. It does, however, within the confines of a CAS (4,4) space, preserve the orbital 

character of the Au and first Bu states of the full dimer. Moreover, given that all four excited Bu 

states in the full dimer are based on (π)2→ (π)1(π)1 excitations, the behavior of the potential 

surface of the lowest Bu state with respect to variations in r and q is probably representative of 

the others. 

 

Figure 5.12. Thin film electronic spectra of β-5.1a (green) and β-5.1b (blue), with B3LYP/6-
31G(d,p) TD-DFT calculated states and simulated spectrum (red) for a C2h optimized (gas phase) 
dimer of 5.1b. Calculated wavelengths (nm) and oscillator strengths (f) are shown below. 
 

 

As a result, whether this state is accessed photochemically, as implied by the black arrow 

(step 1), or by relaxation from a higher lying Bu state, separation of the dimer remains blocked 

by a large energy barrier, a result anticipated on the basis of orbital symmetry. 
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Figure 5.13. Correlation diagram tracking the B3LYP/6-31G(d,p) frontier orbitals of a gas phase 
σ-dimer 5.1b and a model monocyclic dithiazolyl σ-dimer (right), with transitions to low-lying 
excited Au and Bu states probed by TD-DFT methods and/or CAS-SCF (4,4) methods. 
 

In the absence of a pathway for dissociation, nonradiative relaxation (step 2) allows 

access to the low-lying Au state. As in the full dimer, this state can be described in terms of 

depopulation of the ag orbital, which is σ-bonding across the inner S−S linkage and σ-

antibonding across the outer S···S the outer S−S distances are shortened (to 2.45 Å), heralding 

the evolution of the dimer toward discrete, open-shell radicals. In step 3 the two dithiazolyl rings 

separate, as the Au state is not bound along the r-direction. In essence, stretching and rupture of 

the central S−S bond is not symmetry forbidden. 

While there is a large barrier to motion in the q-coordinate, thermal energy may allow 

some vibrational movement in this direction. Eventually, nonradiative relaxation from the Au 

state to the ground state Ag surface (step 4) then affords two radicals that are sufficiently 

separated (large r) to resist thermal recombination to the dimer. The energy surface traversed 

along step 5, also probed at the DFT level on the full scale model (Figure 5.10), is associated 

with a relatively low barrier to slippage along the q-direction. Depending on solid-state effects, 

the final geometry may lie at the large q end of this trajectory, as in β-5.1a, or retain a relatively 

small value of q, as implied by the use of cell I for β-5.1b.155 
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Figure 5.14. CAS-SCF (4,4) energy surfaces for the singlet ground state Ag and two lowest 
excited singlet states Au and Bu of a model dithiazolyl dimer or radical pair, plotted as a function 
of the separation (r) and slippage (q) parameters defined in Figure 5.10. Black arrows highlight 
the suggested (see text) pathway for light-induced conversion of the dimer to a pair of radicals. 
Configuration drawings are referenced to the orbitals shown in Figure 5.13. White contour lines 
are drawn at 0.15 eV intervals; the energy curves have arbitrary relative offset. 

 

5.4 Summary and Conclusions 

The study of diamagnetic bisdithiazolyl -dimers [5.1a]2 and [5.1b]2 reveals 

photoinduced cleavage of the dimers and their conversion to the paramagnetic radical state. 

Variable temperature magnetic measurements on both compounds indicate the thermal barrier to 

dissociation of -5.1b is greater than that of -5.1a. The results of DFT and CAS-SCF 

calculations on model compounds related to -5.1a and -5.1b reinforce the idea that, even in 

the gas phase, the dimer-to-radical interconversion experiences an energy barrier since it is 

symmetry forbidden,141 requiring a ( )2(π)2 to (π)2(π)1(π)1 configurational crossover. TD-DFT 
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calculations have been used to identify the excited states accessible by irradiation. In the lowest 

excited state, the dimer-to-radical conversion is not forbidden by symmetry, and CAS-SCF 

calculations confirm that the process is photochemically allowed. Consistently, we have 

successfully demonstrated the photo-initiated dissociation of both -5.1a and -5.1b in the solid 

state. This phenomenon, which we denote light induced radical trapping, or LIRT, leads to a 

magnetic signature (a spin state change from S = 0 to S = ½ ) akin to the LIESST effect observed 

in transition-metal based SCO compounds.20b, 69 In both cases, a configurational reorganization is 

required, implying an inherent activation barrier at the molecular level. In the case of the LIRT 

effect, the structural changes for the radical-to-dimer recombination are larger than those 

encountered during a high spin to low spin reversion in metal ion. The somewhat higher thermal 

stability of the LIRT state of these radical -dimers relative to the LIESST state of SCO 

compounds is therefore both predictable and encouraging.134b We believe our findings will be of 

value in the development of new radical-based materials displaying a magneto-optical response. 
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APPENDIX B 

TABLES AND FIGURES OF CHAPTER TWO 
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Figure B.1. The ratio of magnetic susceptibilities after and before irradiation (χ/χOFF) as a 
function of time for 2.1 (black) and 2.2 (red). The inset is a magnified view. Double exponential 
curves were fitted to the data (green and blue lines for 2.1 and 2.2, respectively). The parameters 
of the fits are summarized in Table B.1 below. 
 

 

 

Table B.1.Summary of the fit parameters to the double exponential curves in Fig. B.1. ��τFF = + �� �− /��� + ����− /� ��� 

Complex a bfast fast (h) bslow slow (h) R
2 

1 (green curve) (553±3)×10-3 (655±6)×10-4 (252±4)×10-3 (3386±8)×10-4 (317±3)×10-2 0.99975 
2 (blue curve) (9267±4)×10-4 (118±1)×10-4 (357±7)×10-3 (594±3)×10-4 (592±8)×10-2 0.99919 

 
 

 

Table B.2. Summary of the fit parameters to the double exponential curves in Fig. B.2. ��τFF = + �− /� 
complex a b  (h) R

2 
1 (green curve) (638±1)×10-3 (322±1)×10-4 2.08±0.02 0.99542 
2 (blue curve) (9388±3)×10-4 (532±2)×10-4 3.58±0.03 0.99325 
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Figure B.2. The ratio of magnetic susceptibilities after and before irradiation (χ/χOFF) as a 
function of time for 2.1 (black) and 2.2 (red). The inset is a magnified view. Single exponential 
curves were fitted to the data (green and blue lines for 2.1 and 2.2, respectively). The parameters 
of the fits are summarized in Table B.2 below. 
 

 

 

 

 

Figure B.3. Mössbauer spectra of 2.2 (a) and 2.3 (b) recorded at 4.2 and 298 K. The black line 
represents the calculated fit to the experimental data. 
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Figure B.4. The crystal structure of [Ni(xbbim)3](BF4)2·2.5CH3CN. Thermal ellipsoids at 50% 
probability level. Color scheme: Ni = light-blue, F = green, B = orange, N = blue, C = grey, H = 
beige. Interstitial CH3CN molecules are omitted for clarity. 
 

 

Figure B.5. Temperature dependent single crystal absorption spectra of 5.1 on heating from 10 K up 
to room temperature. Thickness of the crystal d ≈ 100 m, OD =1 corresponds to  ≈ 45 ε–1cm–1. 
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Figure B.6. Single crystal absorption spectra of 2.1 at 5 K before and after irradiation at  = 632 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.7. Evolution of absorption spectra of 2.1 during photoinduced HSLS relaxation as a 
function of time at 25 K (a), 30 K (b), and 35 K (c). 
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APPENDIX C 

TABLES AND FIGURES OF CHAPTER FOUR 

 

Table C.1. Data collection and structure refinement parameters for complexes 4.3 and 4.4. 

Compound 
[Fe(tpma)(xbim)] 

(ClO4)(TCNQ)1.5·DMF 
[Fe(tpma)(xbim)] 

(BF4)(TCNQ)1.5·DMF 

Temperature 100 K 230 K 100 K 230 K 

CCDC Deposition 1009090 1009091 1009092 1009093 

Space group C2/c C2/c C2/c C2/c 

a, Å 60.88(2) 61.611(8) 61.08(2) 61.636(4) 

b, Å 9.765(4) 9.865(1) 9.749(3) 9.8660(7) 

c, Å 16.811(7) 16.868(2) 16.882(5) 16.776(1) 

, deg 101.843(5) 101.177(5) 102.11(1) 100.720(1) 

V, Å3 9781(7) 10058(2) 9829(5) 10023(1) 

Z 8 8 8 8 

, Å MoK, 0.71073 MoK, 0.71073 MoK, 0.71073 MoK, 0.71073 

Crystal shape plate plate plate plate 

Crystal color black-green black-green black-green black-green 

Crystal size, mm3 0.050.110.2 0.050.110.2 0.020.180.22 0.020.180.22 

dcalc, g cm–3 1.441 1.402 1.428 1.384 

, mm–1 0.430 0.418 0.381 0.372 

2max, deg 26.35 25.10 31.11 24.74 

Total reflections 34865 57186 58481 41157 

Rint 0.087 0.071 0.094 0.050 

Unique reflections 9816 8903 15728 8566 

Parameters refined 703 687 724 726 

R1 [Fo> 2(Fo)] 0.073 0.065 0.076 0.063 

wR2 [Fo> 2(Fo)] 0.210 0.197 0.237 0.162 

Diff. peak and hole,  
e/Å3 

0.95/–0.86 0.91/–0.49 0.94/–0.75 0.67/–0.28 

Goodness of fit 1.020 1.045 1.054 1.056 
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Table C.2. Selected bond lengths and angles in crystal structures of 4.3 and 4.4. 

Formula 
[Fe(tpma)(xbim)] 

(ClO4)(TCNQ)1.5·DMF 
[Fe(tpma)(xbim)] 

(BF4)(TCNQ)1.5·DMF 

Temperature 100K 230K 100K 230K 

Bond lengths, Å     

Fe(1)-N(1) 2.080(3) 2.231(3) 2.050(2) 2.228(3) 

Fe(1)-N(2) 2.037(4) 2.170(3) 2.010(3) 2.177(3) 

Fe(1)-N(3) 2.047(3) 2.185(3) 2.022(2) 2.194(2) 

Fe(1)-N(4) 2.044(4) 2.180(3) 2.016(3) 2.166(3) 

Fe(1)-N(5) 2.032(4) 2.213(3) 2.022(3) 2.113(3) 

Fe(1)-N(6) 2.101(4) 2.121(3) 2.084(3) 2.211(3) 

d(Fe–N)average     

Bond angles, deg     

N(1)-Fe(1)-N(2) 79.3(1) 75.3(1) 80.6(1) 75.2(1) 

N(1)-Fe(1)-N(3) 81.6(1) 78.2(1) 82.8(1) 178.1(1) 

N(1)-Fe(1)-N(4) 82.2(1) 78.3(1) 82.6(1) 78.2(1) 

N(1)-Fe(1)-N(5) 176.6(2) 175.0(2) 177.9(1) 176.9(2) 

N(1)-Fe(1)-N(6) 100.7(1) 103.9(1) 99.1(1) 103.8(1) 

N(2)-Fe(1)-N(3) 93.2(1) 93.9(1) 91.8(1) 92.4(1) 

N(2)-Fe(1)-N(4) 161.5(2) 153.5(1) 163.2(1) 153.3(1) 

N(2)-Fe(1)-N(5) 97.4(2) 99.7(2) 98.6(1) 101.8(2) 

N(2)-Fe(1)-N(6) 87.1(1) 87.5(1) 86.2(1) 87.2(1) 

N(3)-Fe(1)-N(4) 84.7(1) 82.5(1) 85.8(1) 82.9(1) 

N(3)-Fe(1)-N(5) 99.5(2) 177.8(1) 99.2(1) 102.7(1) 

N(3)-Fe(1)-N(6) 177.7(1) 102.2(1) 176.9(1) 178.1(1) 

N(4)-Fe(1)-N(5) 101.1(2) 97.0(1) 98.2(1) 104.9(2) 

N(4)-Fe(1)-N(6) 95.7(1) 106.7(2) 96.8(1) 98.3(1) 

N(5)-Fe(1)-N(6) 78.3(2) 75.8(1) 79.0(1) 75.6(1) 
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APPENDIX D 

TABLES AND FIGURES OF CHAPTER FIVE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.1. (A) Long moment of the thin-film sample of [5.1a]2 before (black circles) and after 
(red circles) irradiation with 650 nm laser at 10 K for 2 hours. (B) The difference between the 
long moment obtained after and before irradiation. (C) The change in the molar susceptibility 
of the sample after irradiation. 
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Figure D.2. Power dependence of the photoconversion [5.1a]2 → 2 [5.1a], defined as the mole 
fraction of the radical, R = 2n([5.1a])/n([5.1a]2), generated by exposure over a 30 sec period, 
and monitored by the intensity of absorption at 710 nm at 100 K. 

 

 

 

 

 

 

 

 

 

 

Figure D.3. Field dependent magnetization M measured at 1.8 K after irradiating the thin-film 
sample of [5.1a]2 with the 650 nm laser at 10 K for 2 hours. 
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Figure D.4. Plot of ln(relaxation rate constant kRD)vs1/T for the thermal reversion of -5.1b 

radicalt o dimer. The derived thermal activation energy Eact= 8.3(2) K.Cal/mol 

 

 

 

 

 

 

 

 

 

 

 

Figure D.5. Long moment of - 5.1b before (blue) and after (red) irradiation, as a function of 
temperature (K). 
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Figure D.6. Difference in long moment of -5.1b before and after irradiation, as afunction of 
temperature(K). 

 

 

 

 

 

 

 

 

 

 

 

Figure D.7. (U)B3LYP/6-31G(d,p) electronic energy surface for the lowest singlet state (closed 
shell or broken symmetry) for the dimer-to-radical transformation of a model (C2h) bisdithiazolyl 
radical 5 .1(R1=R2=H) along the trajectory [r,q]=[2.0,0.0]to[4.0,0.0]. 
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Table D.1. Crystal data for dimer [5.1a]2 at 296 K (A) and 100 K (B), and for radical [5.1a] 
generated photochemically at 100 K (C), thermally (D) and under pressure (E).a 

 A B C D E 

Compound [5.1a]2 [5.1a]
 

[5.1a] [5.1a] [5.1a] 

Pressure (GPa) 0.0 0.0 0.0 0.0 0.98 

Formula C7H5FN3S
 

C7H5

FN S  
C7H5FN

S  
C7H5F

N S  
C7H5FN3

S  
M 278.38 278.3

8 
278.38 278.38 278.38 

a (Å) 5.3256(3) 5.296
2(6) 

5.1383(
8) 

5.2038
(4) 

5.1026(5
) 

b (Å) 11.3951(7) 11.32
7(1) 

11.411(
2) 

11.631
7(4) 

11.0754(
9) 

c (Å) 17.393(1) 17.33
2(2) 

17.384(
3) 

17.765
7(9) 

17.153(2
) 

(deg) 105.105(2) 105.0
20(3) 

105.192
(4) 

105.74
6(5) 

104.824(
8) 

V (Å3) 1019.1(1) 1004.
2(2) 

983.7(3) 1035.0
(1) 

937.1(2) 

ρcalcd (g cm-3) 1.814 1.841 1.880 1.786 1.973 

space group P21/c 
b P21/c 

b 
P21/c 

b P21/c 
b
 P21/c 

b
 

Z 4 4 4 4 4 

temp (K) 296(2) 100(2
) 

100(2) 393(2) 293(2) 

 (mm-1) 0.911 0.925 0.944 --- --- 

 (Å) 0.71073 0.710
73 

0.71073 1.5405
6 

0.509176 

data/restr./para
meters 

2444/0/13
7 

2250/
0/137 

2730/0/
137 

--- --- 

solution 
method 

direct 
methods 

direct 
methods 

direct 
methods 

powde
r datac 

powder 

R, Rw (on F
2) 0.036, 0.034

, 
0.031, 0.080, 0.014, 

Reference ref. 14` this 
work 

this 
work 

ref. 14 ref. 14 
aThe decrease in unit cell volume of [5.1a] with increasing P, and its increase with 

increasingT, areas expected. For a more complete discussion of the variations in the cell 
parameters of [5.1a]2 and [5.1a] with pressure, see reference 14.b The unconventional cell setting 
(P21/c with a large value of β) was used so as to allow a direct comparisonwith related structures. 
cLe Bail refinement. dRietveld refinement. 
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Table D.2. UB3LYP/6-311G(d,p) triplet and broken symmetry singlet energies (in Hartrees), 
and derived magnetic exchange energies J (in cm-1). See Figure 5.6 for definition of radical pairs 
corresponding to Jπ and J1-4 interactions. Gaussian Archival Files are provided on the following 
pages. 

Radic

al Pair ETS (Hartrees) <STS
2
> 

EBSS 

(Hartrees) <SBSS
2
> J (cm

-1
)

a
 

Jπ -4253.47689727 2.0538 -4253.47698193 1.0463 -18.44 

J1 -4253.47988254 2.0545 -4253.47994587 1.0520 -13.87 

J2 -4253.47754959 2.0545 -4253.47760082 1.0510 -11.20 

J3 -4253.47809661 2.0546 -4253.47810468 1.0533 -1.77 

J4 -4253.47865951 2.0548 -4253.47865909 1.0548 0.09 

aDerived using Equation 1.  

 

Gaussian Archive Files 

J Broken Symmetry Singlet State 
1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8|USER|09-Mar-2013|0 
 ||#P ub3lyp/6-311g(d,p) scf=tight guess=mix vshift=100||ub3lyp/6-311g( 
d,p) BSS photo FBPEtJpi-dimer (final shift coords)||0,1|S,0,7.912487, 
 -4.306397,20.73221|S,0,8.599541,-5.012168,18.853915|S,0,3.091547,-0.04 
 4389,18.676587|S,0,3.742068,-0.67051,20.58961|F,0,5.727138,-2.525711,2 
 1.936929|N,0,5.90993,-2.500492,17.797164|N,0,7.597666,-4.11629,17.8773 
 56|N,0,4.150316,-0.948596,17.752707|C,0,5.232219,-3.631208,15.687186|H 
,0,5.588565,-4.485664,16.009798|H,0,4.285836,-3.559091,15.930948|H,0,5 
 .322572,-3.587618,14.712976|C,0,6.0084,-2.486571,16.319995|H,0,5.65682 
 5,-1.626067,15.977922|H,0,6.960068,-2.552641,16.056772|C,0,6.759439,-3 
 .333153,18.509997|C,0,6.717268,-3.320487,19.948245|C,0,5.789784,-2.523 
 429,20.582228|C,0,4.975953,-1.701038,18.438026|C,0,4.9336,-1.715416,19 
 .876945|S,0,13.050787,-4.306397,20.73221|S,0,13.737841,-5.012168,18.85 
 3915|S,0,8.229847,-0.044389,18.676587|S,0,8.880368,-0.67051,20.58961|F 
,0,10.865438,-2.525711,21.936929|N,0,11.04823,-2.500492,17.797164|N,0, 
 12.735966,-4.11629,17.877356|N,0,9.288616,-0.948596,17.752707|C,0,10.3 
 70519,-3.631208,15.687186|H,0,10.726865,-4.485664,16.009798|H,0,9.4241 
 36,-3.559091,15.930948|H,0,10.460872,-3.587618,14.712976|C,0,11.1467,- 
 2.486571,16.319995|H,0,10.795125,-1.626067,15.977922|H,0,12.098368,-2. 
 552641,16.056772|C,0,11.897739,-3.333153,18.509997|C,0,11.855568,-3.32 
 0487,19.948245|C,0,10.928084,-2.523429,20.582228|C,0,10.114253,-1.7010 
 38,18.438026|C,0,10.0719,-1.715416,19.876945||Version=IA32W-G09RevA.02 
 |State=1-A|HF=-4253.4769819|S2=1.046305|S2-1=0.|S2A=0.426804|RMSD=6.68 
 4e-009|Dipole=0.044061,-0.0391339,-0.5843949|Quadrupole=0.0157368,-2.8 
 884897,2.8727528,-2.4147378,-0.0923547,0.2798355|PG=C01 [X(C14H10F2N6S 
 8)]||@ 

 

JTriplet State 
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1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8(3)|USER|08-Mar-201 
 3|0||#P ub3lyp/6-311g(d,p) scf=tight||ub3lyp/6-311g(d,p) Triplet photo 
 -FBPEtJpi-dimer (final shift coords)||0,3|S,0,7.912487,-4.306397,20.7 
 3221|S,0,8.599541,-5.012168,18.853915|S,0,3.091547,-0.044389,18.676587 
 |S,0,3.742068,-0.67051,20.58961|F,0,5.727138,-2.525711,21.936929|N,0,5 
 .90993,-2.500492,17.797164|N,0,7.597666,-4.11629,17.877356|N,0,4.15031 
 6,-0.948596,17.752707|C,0,5.232219,-3.631208,15.687186|H,0,5.588565,-4 
 .485664,16.009798|H,0,4.285836,-3.559091,15.930948|H,0,5.322572,-3.587 
 618,14.712976|C,0,6.0084,-2.486571,16.319995|H,0,5.656825,-1.626067,15 
 .977922|H,0,6.960068,-2.552641,16.056772|C,0,6.759439,-3.333153,18.509 
 997|C,0,6.717268,-3.320487,19.948245|C,0,5.789784,-2.523429,20.582228| 
 C,0,4.975953,-1.701038,18.438026|C,0,4.9336,-1.715416,19.876945|S,0,13 
 .050787,-4.306397,20.73221|S,0,13.737841,-5.012168,18.853915|S,0,8.229 
 847,-0.044389,18.676587|S,0,8.880368,-0.67051,20.58961|F,0,10.865438,- 
 2.525711,21.936929|N,0,11.04823,-2.500492,17.797164|N,0,12.735966,-4.1 
 1629,17.877356|N,0,9.288616,-0.948596,17.752707|C,0,10.370519,-3.63120 
 8,15.687186|H,0,10.726865,-4.485664,16.009798|H,0,9.424136,-3.559091,1 
 5.930948|H,0,10.460872,-3.587618,14.712976|C,0,11.1467,-2.486571,16.31 
 9995|H,0,10.795125,-1.626067,15.977922|H,0,12.098368,-2.552641,16.0567 
 72|C,0,11.897739,-3.333153,18.509997|C,0,11.855568,-3.320487,19.948245 
 |C,0,10.928084,-2.523429,20.582228|C,0,10.114253,-1.701038,18.438026|C 
,0,10.0719,-1.715416,19.876945||Version=IA32W-G09RevA.02|State=3-A|HF= 
 -4253.4768973|S2=2.053813|S2-1=0.|S2A=2.001685|RMSD=5.567e-009|Dipole= 
 0.0435474,-0.0392972,-0.584962|Quadrupole=0.1290385,-2.9288508,2.79981 
 23,-2.4994689,-0.0923641,0.278162|PG=C01 [X(C14H10F2N6S8)]||@ 

 
 
 

J1 Broken Symmetry Singlet State 

 
1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8|USER|09-Mar-2013|0 
 ||#P ub3lyp/6-311g(d,p) scf=tight guess=mix vshift=100||ub3lyp/6-311g( 
d,p) BSS photo-FBPEt J1-dimer (final_shiftcoords)||0,1|S,0,-1.608695, 
 4.306397,12.820756|S,0,-2.29575,5.012168,14.699051|S,0,3.212245,0.0443 
 89,14.876379|S,0,2.561724,0.67051,12.963356|F,0,0.576654,2.525711,11.6 
 16037|N,0,0.393862,2.500492,15.755802|N,0,-1.293875,4.11629,15.67561|N 
 ,0,2.153475,0.948596,15.800259|C,0,1.071572,3.631208,17.86578|H,0,0.71 
 5226,4.485664,17.543168|H,0,2.017955,3.559091,17.622018|H,0,0.981219,3 
 .587618,18.83999|C,0,0.295391,2.486571,17.232971|H,0,0.646966,1.626068 
,17.575044|H,0,-0.656276,2.552641,17.496194|C,0,-0.455648,3.333153,15. 
 042969|C,0,-0.413477,3.320487,13.604721|C,0,0.514008,2.523429,12.97073 
 8|C,0,1.327839,1.701038,15.11494|C,0,1.370192,1.715416,13.676021|S,0,7 
 .912487,-4.306397,20.73221|S,0,8.599541,-5.012168,18.853915|S,0,3.0915 
 47,-0.044389,18.676587|S,0,3.742068,-0.67051,20.58961|F,0,5.727138,-2. 
 525711,21.936929|N,0,5.90993,-2.500492,17.797164|N,0,7.597666,-4.11629 
,17.877356|N,0,4.150316,-0.948596,17.752707|C,0,5.232219,-3.631208,15. 
 687186|H,0,5.588565,-4.485664,16.009798|H,0,4.285836,-3.559091,15.9309 
 48|H,0,5.322572,-3.587618,14.712976|C,0,6.0084,-2.486571,16.319995|H,0 
,5.656825,-1.626067,15.977922|H,0,6.960068,-2.552641,16.056772|C,0,6.7 
 59439,-3.333153,18.509997|C,0,6.717268,-3.320487,19.948245|C,0,5.78978 
 4,-2.523429,20.582228|C,0,4.975953,-1.701038,18.438026|C,0,4.9336,-1.7 
 15416,19.876945||Version=IA32W-G09RevA.02|HF=-4253.4799459|S2=1.051975 
 |S2-1=0.|S2A=0.439066|RMSD=7.570e-009|Dipole=0.,0.,0.|Quadrupole=1.446 
 6675,0.2240884,-1.6707559,-2.151965,-3.0902779,3.28303|PG=CI [X(C14H10 
 F2N6S8)]||@ 
 

 

J1Triplet State 
 

1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8(3)|USER|09-Mar-201 
 3|0||#P ub3lyp/6-311g(d,p) scf=tight||ub3lyp/6-311g(d,p) Triplet photo 
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 -FBPEt J1-dimer (final shift coords)||0,3|S,0,-1.608695,4.306397,12.82 
 0756|S,0,-2.29575,5.012168,14.699051|S,0,3.212245,0.044389,14.876379|S 
 ,0,2.561724,0.67051,12.963356|F,0,0.576654,2.525711,11.616037|N,0,0.39 
 3862,2.500492,15.755802|N,0,-1.293875,4.11629,15.67561|N,0,2.153475,0. 
 948596,15.800259|C,0,1.071572,3.631208,17.86578|H,0,0.715226,4.485664, 
 17.543168|H,0,2.017955,3.559091,17.622018|H,0,0.981219,3.587618,18.839 
 99|C,0,0.295391,2.486571,17.232971|H,0,0.646966,1.626068,17.575044|H,0 
 ,-0.656276,2.552641,17.496194|C,0,-0.455648,3.333153,15.042969|C,0,-0. 
 413477,3.320487,13.604721|C,0,0.514008,2.523429,12.970738|C,0,1.327839 
,1.701038,15.11494|C,0,1.370192,1.715416,13.676021|S,0,7.912487,-4.306 
 397,20.73221|S,0,8.599541,-5.012168,18.853915|S,0,3.091547,-0.044389,1 
 8.676587|S,0,3.742068,-0.67051,20.58961|F,0,5.727138,-2.525711,21.9369 
 29|N,0,5.90993,-2.500492,17.797164|N,0,7.597666,-4.11629,17.877356|N,0 
,4.150316,-0.948596,17.752707|C,0,5.232219,-3.631208,15.687186|H,0,5.5 
 88565,-4.485664,16.009798|H,0,4.285836,-3.559091,15.930948|H,0,5.32257 
 2,-3.587618,14.712976|C,0,6.0084,-2.486571,16.319995|H,0,5.656825,-1.6 
 26067,15.977922|H,0,6.960068,-2.552641,16.056772|C,0,6.759439,-3.33315 
 3,18.509997|C,0,6.717268,-3.320487,19.948245|C,0,5.789784,-2.523429,20 
 .582228|C,0,4.975953,-1.701038,18.438026|C,0,4.9336,-1.715416,19.87694 
 5||Version=IA32W-G09RevA.02|State=3-AU|HF=-4253.4798825|S2=2.054542|S2 
 -1=0.|S2A=2.00173|RMSD=7.249e-009|Dipole=0.,0.,0.|Quadrupole=1.4628791 
,0.235471,-1.69835,-2.1855878,-3.0790212,3.2739432|PG=CI [X(C14H10F2N6 
 S8)]||@ 
 
 

J2 Broken Symmetry Singlet State 

 
1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8|USER|09-Mar-2013|0 
 ||#P ub3lyp/6-311g(d,p) scf=tight guess=mix vshift=100||ub3lyp/6-311g( 
d,p) BSS photo-FBPEt J2-dimer (final shift coords)||0,1|S,0,-1.608695, 
 4.306397,12.820756|S,0,-2.29575,5.012168,14.699051|S,0,3.212245,0.0443 
 89,14.876379|S,0,2.561724,0.67051,12.963356|F,0,0.576654,2.525711,11.6 
 16037|N,0,0.393862,2.500492,15.755802|N,0,-1.293875,4.11629,15.67561|N 
 ,0,2.153475,0.948596,15.800259|C,0,1.071572,3.631208,17.86578|H,0,0.71 
 5226,4.485664,17.543168|H,0,2.017955,3.559091,17.622018|H,0,0.981219,3 
 .587618,18.83999|C,0,0.295391,2.486571,17.232971|H,0,0.646966,1.626068 
,17.575044|H,0,-0.656276,2.552641,17.496194|C,0,-0.455648,3.333153,15. 
 042969|C,0,-0.413477,3.320487,13.604721|C,0,0.514008,2.523429,12.97073 
 8|C,0,1.327839,1.701038,15.11494|C,0,1.370192,1.715416,13.676021|S,0,5 
 .051964,-1.399103,12.343968|S,0,5.739018,-0.693332,10.465673|S,0,0.231 
 024,-5.661111,10.288346|S,0,0.881545,-5.03499,12.201368|F,0,2.866615,- 
 3.179789,13.548688|N,0,3.049407,-3.205008,9.408923|N,0,4.737144,-1.589 
 21,9.489114|N,0,1.289793,-4.756904,9.364465|C,0,2.371697,-2.074292,7.2 
 98944|H,0,2.728042,-1.219836,7.621556|H,0,1.425314,-2.146409,7.542707| 
 H,0,2.462049,-2.117882,6.324734|C,0,3.147877,-3.218929,7.931753|H,0,2. 
 796302,-4.079432,7.589681|H,0,4.099545,-3.152859,7.66853|C,0,3.898916, 
 -2.372347,10.121755|C,0,3.856745,-2.385013,11.560003|C,0,2.929261,-3.1 
 82071,12.193987|C,0,2.11543,-4.004462,10.049784|C,0,2.073077,-3.990084 
,11.488703||Version=IA32W-G09RevA.02|State=1-A|HF=-4253.4776008|S2=1.0 
 50958|S2-1=0.|S2A=0.436604|RMSD=7.709e-009|Dipole=0.0109359,-0.2582877 
 ,-0.1755013|Quadrupole=-2.830823,-2.946301,5.7771241,0.7382845,-1.9222 
 467,3.3888667|PG=C01 [X(C14H10F2N6S8)]||@ 

 

J2Triplet State 
 

1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8(3)|USER|09-Mar-201 
 3|0||#P ub3lyp/6-311g(d,p) scf=tight||ub3lyp/6-311g(d,p) Triplet photo 
 -FBPEt J2-dimer (final shift coords)||0,3|S,0,-1.608695,4.306397,12.82 
 0756|S,0,-2.29575,5.012168,14.699051|S,0,3.212245,0.044389,14.876379|S 
 ,0,2.561724,0.67051,12.963356|F,0,0.576654,2.525711,11.616037|N,0,0.39 
 3862,2.500492,15.755802|N,0,-1.293875,4.11629,15.67561|N,0,2.153475,0. 
 948596,15.800259|C,0,1.071572,3.631208,17.86578|H,0,0.715226,4.485664, 
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 17.543168|H,0,2.017955,3.559091,17.622018|H,0,0.981219,3.587618,18.839 
 99|C,0,0.295391,2.486571,17.232971|H,0,0.646966,1.626068,17.575044|H,0 
 ,-0.656276,2.552641,17.496194|C,0,-0.455648,3.333153,15.042969|C,0,-0. 
 413477,3.320487,13.604721|C,0,0.514008,2.523429,12.970738|C,0,1.327839 
,1.701038,15.11494|C,0,1.370192,1.715416,13.676021|S,0,5.051964,-1.399 
 103,12.343968|S,0,5.739018,-0.693332,10.465673|S,0,0.231024,-5.661111, 
 10.288346|S,0,0.881545,-5.03499,12.201368|F,0,2.866615,-3.179789,13.54 
 8688|N,0,3.049407,-3.205008,9.408923|N,0,4.737144,-1.58921,9.489114|N, 
 0,1.289793,-4.756904,9.364465|C,0,2.371697,-2.074292,7.298944|H,0,2.72 
 8042,-1.219836,7.621556|H,0,1.425314,-2.146409,7.542707|H,0,2.462049,- 
 2.117882,6.324734|C,0,3.147877,-3.218929,7.931753|H,0,2.796302,-4.0794 
 32,7.589681|H,0,4.099545,-3.152859,7.66853|C,0,3.898916,-2.372347,10.1 
 21755|C,0,3.856745,-2.385013,11.560003|C,0,2.929261,-3.182071,12.19398 
 7|C,0,2.11543,-4.004462,10.049784|C,0,2.073077,-3.990084,11.488703||Ve 
rsion=IA32W-G09RevA.02|State=3-A|HF=-4253.4775496|S2=2.054511|S2-1=0.| 
 S2A=2.001732|RMSD=7.164e-009|Dipole=0.0126697,-0.2674826,-0.1796182|Qu 
adrupole=-2.8323565,-2.9360234,5.7683799,0.7585196,-1.9195632,3.389162 
 2|PG=C01 [X(C14H10F2N6S8)]||@ 
 
 

J3 Broken Symmetry Singlet State 

 
1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8|USER|09-Mar-2013|0 
 ||#P ub3lyp/6-311g(d,p) scf=tight guess=mix vshift=100||ub3lyp/6-311g( 
d,p) BSS photo-FBPEt J3-dimer (final shift coords)||0,1|S,0,-1.608695, 
 4.306397,12.820756|S,0,-2.29575,5.012168,14.699051|S,0,3.212245,0.0443 
 89,14.876379|S,0,2.561724,0.67051,12.963356|F,0,0.576654,2.525711,11.6 
 16037|N,0,0.393862,2.500492,15.755802|N,0,-1.293875,4.11629,15.67561|N 
 ,0,2.153475,0.948596,15.800259|C,0,1.071572,3.631208,17.86578|H,0,0.71 
 5226,4.485664,17.543168|H,0,2.017955,3.559091,17.622018|H,0,0.981219,3 
 .587618,18.83999|C,0,0.295391,2.486571,17.232971|H,0,0.646966,1.626068 
,17.575044|H,0,-0.656276,2.552641,17.496194|C,0,-0.455648,3.333153,15. 
 042969|C,0,-0.413477,3.320487,13.604721|C,0,0.514008,2.523429,12.97073 
 8|C,0,1.327839,1.701038,15.11494|C,0,1.370192,1.715416,13.676021|S,0,- 
 0.086336,-1.399103,12.343968|S,0,0.600718,-0.693332,10.465673|S,0,-4.9 
 07276,-5.661111,10.288346|S,0,-4.256755,-5.03499,12.201368|F,0,-2.2716 
 85,-3.179789,13.548688|N,0,-2.088893,-3.205008,9.408923|N,0,-0.401156, 
 -1.58921,9.489114|N,0,-3.848507,-4.756904,9.364465|C,0,-2.766603,-2.07 
 4292,7.298944|H,0,-2.410258,-1.219836,7.621556|H,0,-3.712986,-2.146409 
,7.542707|H,0,-2.676251,-2.117882,6.324734|C,0,-1.990423,-3.218929,7.9 
 31753|H,0,-2.341998,-4.079432,7.589681|H,0,-1.038755,-3.152859,7.66853 
 |C,0,-1.239384,-2.372347,10.121755|C,0,-1.281555,-2.385013,11.560003|C 
,0,-2.209039,-3.182071,12.193987|C,0,-3.02287,-4.004462,10.049784|C,0, 
 -3.065223,-3.990084,11.488703||Version=IA32W-G09RevA.02|State=1-A|HF=- 
 4253.4781047|S2=1.053307|S2-1=0.|S2A=0.43978|RMSD=8.234e-009|Dipole=0. 
 0115726,0.3303722,0.1562716|Quadrupole=-3.328425,-2.7080569,6.0364819, 
 -1.4970088,0.9894472,3.3710455|PG=C01 [X(C14H10F2N6S8)]||@ 

 

J3Triplet State 
 

1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8(3)|USER|09-Mar-201 
 3|0||#P ub3lyp/6-311g(d,p) scf=tight||ub3lyp/6-311g(d,p) Triplet photo 
 -FBPEt J3-dimer (final shift coords)||0,3|S,0,-1.608695,4.306397,12.82 
 0756|S,0,-2.29575,5.012168,14.699051|S,0,3.212245,0.044389,14.876379|S 
 ,0,2.561724,0.67051,12.963356|F,0,0.576654,2.525711,11.616037|N,0,0.39 
 3862,2.500492,15.755802|N,0,-1.293875,4.11629,15.67561|N,0,2.153475,0. 
 948596,15.800259|C,0,1.071572,3.631208,17.86578|H,0,0.715226,4.485664, 
 17.543168|H,0,2.017955,3.559091,17.622018|H,0,0.981219,3.587618,18.839 
 99|C,0,0.295391,2.486571,17.232971|H,0,0.646966,1.626068,17.575044|H,0 
 ,-0.656276,2.552641,17.496194|C,0,-0.455648,3.333153,15.042969|C,0,-0. 
 413477,3.320487,13.604721|C,0,0.514008,2.523429,12.970738|C,0,1.327839 
,1.701038,15.11494|C,0,1.370192,1.715416,13.676021|S,0,-0.086336,-1.39 
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 9103,12.343968|S,0,0.600718,-0.693332,10.465673|S,0,-4.907276,-5.66111 
 1,10.288346|S,0,-4.256755,-5.03499,12.201368|F,0,-2.271685,-3.179789,1 
 3.548688|N,0,-2.088893,-3.205008,9.408923|N,0,-0.401156,-1.58921,9.489 
 114|N,0,-3.848507,-4.756904,9.364465|C,0,-2.766603,-2.074292,7.298944| 
 H,0,-2.410258,-1.219836,7.621556|H,0,-3.712986,-2.146409,7.542707|H,0, 
 -2.676251,-2.117882,6.324734|C,0,-1.990423,-3.218929,7.931753|H,0,-2.3 
 41998,-4.079432,7.589681|H,0,-1.038755,-3.152859,7.66853|C,0,-1.239384 
 ,-2.372347,10.121755|C,0,-1.281555,-2.385013,11.560003|C,0,-2.209039,- 
 3.182071,12.193987|C,0,-3.02287,-4.004462,10.049784|C,0,-3.065223,-3.9 
 90084,11.488703||Version=IA32W-G09RevA.02|State=3-A|HF=-4253.4780966|S 
 2=2.054584|S2-1=0.|S2A=2.001736|RMSD=6.614e-009|Dipole=0.0131399,0.334 
 631,0.1578721|Quadrupole=-3.3277629,-2.7093854,6.0371483,-1.51113,0.98 
 54439,3.3682804|PG=C01 [X(C14H10F2N6S8)]||@ 
 
 

J4 Broken Symmetry Singlet State 

 
1|1|UNPC-RTO2008|SP|UB3LYP|6-311G(d,p)|C14H10F2N6S8|USER|09-Mar-2013|0 
 ||#P ub3lyp/6-311g(d,p) scf=tight guess=mix vshift=100||ub3lyp/6-311g( 
d,p) BSS photo-FBPEt J4-dimer (final shift coords)||0,1|S,0,-1.608695, 
 4.306397,12.820756|S,0,-2.29575,5.012168,14.699051|S,0,3.212245,0.0443 
 89,14.876379|S,0,2.561724,0.67051,12.963356|F,0,0.576654,2.525711,11.6 
 16037|N,0,0.393862,2.500492,15.755802|N,0,-1.293875,4.11629,15.67561|N 
 ,0,2.153475,0.948596,15.800259|C,0,1.071572,3.631208,17.86578|H,0,0.71 
 5226,4.485664,17.543168|H,0,2.017955,3.559091,17.622018|H,0,0.981219,3 
 .587618,18.83999|C,0,0.295391,2.486571,17.232971|H,0,0.646966,1.626068 
,17.575044|H,0,-0.656276,2.552641,17.496194|C,0,-0.455648,3.333153,15. 
 042969|C,0,-0.413477,3.320487,13.604721|C,0,0.514008,2.523429,12.97073 
 8|C,0,1.327839,1.701038,15.11494|C,0,1.370192,1.715416,13.676021|S,0,- 
 2.364113,7.104603,20.73221|S,0,-1.677059,6.398832,18.853915|S,0,-7.185 
 053,11.366611,18.676587|S,0,-6.534532,10.74049,20.58961|F,0,-4.549462, 
 8.885289,21.936929|N,0,-4.36667,8.910508,17.797164|N,0,-2.678934,7.294 
 71,17.877356|N,0,-6.126284,10.462404,17.752707|C,0,-5.044381,7.779792, 
 15.687186|H,0,-4.688035,6.925336,16.009798|H,0,-5.990764,7.851909,15.9 
 30948|H,0,-4.954028,7.823382,14.712976|C,0,-4.2682,8.924429,16.319995| 
 H,0,-4.619775,9.784933,15.977922|H,0,-3.316532,8.858359,16.056772|C,0, 
 -3.517161,8.077847,18.509997|C,0,-3.559332,8.090513,19.948245|C,0,-4.4 
 86816,8.887571,20.582228|C,0,-5.300647,9.709962,18.438026|C,0,-5.343,9 
 .695584,19.876945||Version=IA32W-G09RevA.02|HF=-4253.4786591|S2=1.0548 
 |S2-1=0.|S2A=0.442818|RMSD=8.513e-009|Dipole=0.,0.,0.|Quadrupole=0.750 
 9748,-0.095668,-0.6553068,-1.1727953,2.9323834,-3.6293678|PG=CI [X(C14 
 H10F2N6S8)]||@ 

 

Table D.3. Excitation energies and oscillator strengths from B3LYP/6-31G(d,p) TD-DFT 
calculation on the gas phase dimer of 5.1b. 

ExcitedState 1: Singlet-AU 1.4479eV856.28nmf=0.0000<S**2>=0.000128->135 0.12871 

132->134        0.69423 

ExcitedState 2: Singlet-BG 1.5972eV776.26nmf=0.0000<S**2>=0.000128->134 0.15855 

132->135 0.68802 

Excited State 3: Singlet-BU 1.6439 eV 754.20 nm f=0.4865 <S**2>=0.000 
133 ->134  0.69910       

ExcitedState 4: Singlet-AG 1.7968eV690.03nmf=0.0000<S**2>=0.000131->134 -0.33463 

133->135 0.62073 
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ExcitedState 5:  Singlet-BU 2.2072eV561.72nmf=0.2699<S**2>=0.000130->134 0.14870 

131->135 0.67902 

Excited State 6: Singlet-AG 2.2401 eV 553.47 nm f=0.0000 <S**2>=0.000 
129 ->134  0.14585       
130 ->135  0.11274       
131 ->134  0.59713       
133 ->135  0.32606       

Excited State 7: Singlet-AU 2.2815 eV 543.43 nm f=0.0002 <S**2>=0.000 
130 ->136  -0.10332       
131 ->137  0.35941       
133 ->136  0.59768       

Excited State 8: Singlet-BG 2.2834 eV 542.98 nm f=0.0000 <S**2>=0.000 
130 ->137  -0.10390       
131 ->136  0.36190       
133 ->137  0.59606       

Excited 
126 

State 
->135 

9: Singlet-
BG0.13417 

2.6900 eV 460.91 nm f=0.0000 <S**2>=0.000 

128 ->134  0.67346       
132 ->135  -0.15818       

Excited 
129 

State 
->135 

10: Singlet-BU 
-0.21411 

2.6951 eV 460.04 nm f=0.2112 <S**2>=0.000 

130 ->134  0.64641       
132 ->138  -0.13189       

ExcitedState 11: Singlet-AG 2.7663eV448.20nmf=0.0000<S**2>=0.000129->134 0.50195 

130->135 -0.49318 

Excited State 12: Singlet-AU 2.8280 eV 438.42 nm f=0.0000 <S**2>=0.000 
126 ->134  0.17946       
128 ->135  0.66690       
132 ->134  -0.12701       

Excited State 13: Singlet-AG 2.9606 eV 418.78 nm f=0.0000 <S**2>=0.000 
129 ->134  -0.30954       
130 ->135  -0.31054       
132 ->137  0.53604       

ExcitedState 14: Singlet-BU 2.9869eV415.09nmf=0.0035<S**2>=0.000129->135 -0.13746 

132->136 0.69048 

ExcitedState15: Singlet-AU 3.0231eV410.12nmf=0.0000<S**2>=0.000 

130 ->136 -0.15480 
131 ->137 0.57299 
133 ->136 -0.37604 

Excited State 16: Singlet-BG 3.0237eV 410.04nm f=0.0000 <S**2>=0.000 

130 ->137  -0.15143     
131 ->136  0.57392     
133 ->137  -0.37958     
Excited 
129 

State 
->134 

17: Singlet-AG0.34175 3.0424eV 407.53nm f=0.0000 <S**2>=0.000 

130 ->135  0.36348     
131 ->134  -0.14288     
132 ->137  0.45637     
Excited 
129 

State 
->135 

18: Singlet-BU0.63892 3.0613eV 405.01nm f=0.3316 <S**2>=0.000 

130 ->134  0.16349  
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131 ->135  -0.11132 
132 ->136  0.13938 
132 ->138  -0.14407 

Excited State 19: Singlet-AU 3.3296eV 372.37nm f=0.0000 <S**2>=0.000 

130 ->138  0.14137     
133 ->138  0.68353     

Excited State 20: Singlet-AU 3.5080eV 353.44nm f=0.0000 <S**2>=0.000 
124 ->135  0.20600     
126 ->134  0.64694     
128 ->135  -0.17667     

 

Figure D.8. Pictorial summary of results of B3LYP/6-31G(d,p) TD-DFT calculation on the gas 
phase radical dimer of 5.1b. Numbered B3LYP/6-31G(d,p) eigen values are shown on the left, 
Kohn-Sham orbitals and the irrepresentations are shown on the right. Excitations with oscillator 
strengths (f) to each state are drawn in grey (see Table D.4 for details). 
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Figure D.9. Electronic spectra of photogenerated radicals -5.1a (green) and -5.1b (blue), with 
UB3LYP/6-31G(d,p) TD-DFT calculated spectrum (red) for a C2v optimized radical 5.1 with 
R1=R2=H. The table provides calculated wavelengths(nm), <S2> expectation values and oscillator 
strengths (f) for the photoaccessible states arising from the 2A2 ground state. 
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