
 

 

ABSTRACT 

MILLER, PAUL DUNCAN. Synthesis and Characterization of Donor-Bridge-Donor Biradical 

and Biradicaloid Complexes to Elucidate the Origin of Open-Shell Character. (Under the 

direction of Dr. David A. Shultz). 

 The electronic structures of Kekulé-type biradicals ½ two antiferromagnetically coupled 

radicals that can form a ˊ-bond ½ have been a point of research and debate ever since 

Chichibabinôs hydrocarbon was synthesized in 1907 and was finally determined to be closed shell 

in 1987. Stability issues have complicated data collection and analysis of this class of molecules, 

however the utilization of bulky metal complexes of semiquinone radical donors ½ utilized 

heavily in the Shultz lab ½ precludes the previous concerns of dimerization and other deleterious 

interactions in solution. Biradicals using this radical donor were synthesized with two distinct 

types of bridges: oligothiophenes, and oligophenylenes. Distance-dependence relationships were 

made to magnetic exchange, with implications that as organic bridges vary from quinoidal to fully 

aromatic, the antiferromagnetic magnetic exchange increases, and the molecular structures change 

dramatically. These changes are explained using a new, p-molecular orbital model that lacks the 

pitfalls of previous analyses. Also herein is a novel spin system utilizing D-B-D biradicals with 

controlled electronic structure through a ñtug-of-warò magnetic exchange interactions utilizing 

paramagnetic metals, investigations into the chalcogenophenes and how these ˊ-systems modulate 

magnetic exchange for the first time to date, and finally investigations into how alkene and alkyne 

moieties modulate oligophenylene and oligothiophene magnetic exchange were conducted. 
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CHAPTER 1: GENERAL INTRODUCTION, BACKGROUND AND THEORY  

I.1. Electronic Coupling (HDA) and Organic Biradicals 

 Conjugated ́-systems are regularly incorporated into molecule-based materials for organic 

semiconductors, break junctions, and spintronics.1ï6 These systems rely upon a common process: 

moving electrons. Electron transfer (ET) is the process of moving one electron from a source 

(atom/molecule; donor, D) to another atom or molecule, an acceptor (A). In single molecule 

devices, electron motion is called transport. The rate and efficiency of ET/transport is dependent 

on the electronic coupling matrix element, HDA, which is analogous to a resonance integral and 

cannot be measured directly. However, it is possible to calculate HDA by virtue of its correlation 

with the rate constant of electron transfer, kD-A, the conductance (g) in a single-molecule electronic 

device, or ï as demonstrated by the Shultz and Kirk  groups ï the exchange coupling parameter, J 

(Figure I.1). Molecular structure-property relationships affecting HDA
 are key to fine tuning 

ET/transport/exchange, which in turn will  lead to synthetic control of electronic, magnetic, and 

spintronic material properties.1ï6 

 The direct method of determining electron transport in a single molecule device requires 

measuring the conductance through molecular bridges that span metallic electrodes. The most 

common device architecture is the ñbreak-junctionò. Conductance, g (= resistance-1 and measures 

the ñeaseò with which current flows), across a single molecule is measured between two-electrodes 

and has been shown to be directly proportional to HDA with the equation:7 

Figure I.1 Left: Visual of a break junction experiment that measures the conductance across a single molecule. L 

= linker that allows for the bridge to bind to the metal contacts. Middle: Depiction of Shultz group ground state 

Donor-Bridge-Acceptor biradicals. Right: Energy/rate diagram of D-B-A molecule states upon photo-excitation. 
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Where e is the charge of an electron and ɻD/ɻA are widths of the D and A levels due to their 

couplings to the left and right metal leads, respectively. However, these experiments cannot give 

clear structural information on the role of the bridge, since the atomic composition of the linker 

that binds the bridge to the electrodes (e.g., thiols or amines), bridge conformation, details of the 

linker-metal contact, and nature and morphology of the metallic contacts all affect the conductance 

observed.8ï11 As such, the experimental g is an average of hundreds to thousands of measurements. 

Thus, while break-junction devices may best approximate true molecular circuity, they are not the 

best way to evaluate the role of the molecular bridge. 

An alternative experiment to probe HDA is to use donor-bridge-acceptor (D-B-A) 

molecules. D-B-A molecular systems are designed to facilitate energy or electron transfer from 

the donor to an acceptor in an excited state  ï photoinduced ET (PET). HDA can then be determined 

via specific magnetic-field dependent PET rate constants with the equation for Marcus Theory:12 

 

Ὧ  
ȿ ȿ

ü
ÅØÐ

 Ў
    (2) 

 

Where kD-A is the rate of an electron transferred from a donor to an acceptor, ˂  is the reorganization 

energy, and æG0 is the free energy of the reaction. Photoexcitation of the donor of a D-B-A 

molecule results in charge separation, to yield a D+-B-A- intermediate which is not only a 

zwitterion, but an excited state biradical. Utilizing ultrafast spectroscopy in the presence of 

magnetic fields, it is possible to study the rate of charge separation and recombination, kCS (=kD-A) 

and kCR, respectively, and compute JDA and HDA.13 Notably, Equations 1 and 2 show that both kD-

A and g are directly proportional to HDA
2. However, it is not possible to determine detailed 

structural information of transient excited states which diminishes this experimentôs ability to 

correlate structure-property relationships. 
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Studying ET processes typically requires studying transient excited states or systems where 

structural information is difficult  if  not impossible to assess experimentally. However, work in the 

Shultz and Kirk  groups has shown that Donor-Bridge-Acceptor (D-B-A) biradicals are ground 

state analogs of photoinduced charge-separated excited states.14 The Shultz group has synthesized 

a series of D-B-A biradicals utilizing ortho-semiquinones (SQ) as the radical donor and nitronyl 

nitroxides (NN) as the radical acceptor. Thus, the two-spin SQ-B-NN molecules can be considered 

ground state analogues of charge separated excited states, and structural and chemical information 

of these air stable biradicals can be related to JSQ-NN (= JDA), which can be used to compute HDA. 

The group in the past has confirmed direct torsional15 and distance16 dependence relationships to 

J (and therefore HDA) in SQ-B-NN compounds (Figure I.2; SQ = S = ½ orthosemiquinone, B = 

molecular bridge fragment, and NN = S = ½ nitronyl nitroxide). This relationship means that all 

structural information found via X-ray crystallography can be related to ET/transport processes 

which is not possible without calculations in either PET or break-junction experiments. The SQ-

B-NN molecules in which SQ and NN groups are conjugated via the bridge (e.g., bridge = para-

phenylene) possess a unique SOMO(SQ) Ą LUMO(B-NN) pĄp*  band that approximates a 

potential bias in metal-B-metal break junction devices. Thus, we have correlated bridge-dependent 

JSQ-B-NN with computed conductance in metal-B-metal devices at a bias that corresponds to the 

potential of the SQ Ą B-NN transition.17  

Figure I.2 Top: Exponential dependence of JsoNN (red) and HDA (blue) on 

distance for (A) 1,4-SQ-Phn-NN (n = 1,2) biradical series, and for 2,5-SQ-

Thn-NN (n = 1,2). Error bars correspond to propagated error in J values 

determined from multiple susceptibility experiments. The dashed lines in B 

represent exponential attenuation of JSQNN (green) and HDA (black) using the 

J value for 4-T estimated from the EPR-determined 1H hyperfine coupling 

constants (J = +172 cmī1). Right: Bond-line drawings, thermal ellipsoid plots 

(hydrogen atoms and cumenyl groups omitted for clarity), donor and acceptor 

torsion angles, magnetic exchange coupling parameters (JSQ NN), and 

donorī acceptor distances (¡) of complexes. 
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Interestingly, there is a direct correlation of the J values of SQ-B-NN and NN-B-NN 

molecules. (Figure I.3) This indicates bridge dependence for the magnitude of J regardless of the 

radicals utilized, and perhaps regardless of the superexchange mechanism (see Section I.3). 

However, because coupling in the NN-B-NN molecules makes use of an undetermined 

superexchange pathway, and because the NN radicals are disjoint (vide infra),18 there are no 

spectroscopic identifiers to help probe said magnetic exchange.  Also, nitronyl nitroxides can 

readily interact intermolecularly with other nitronyl nitroxides, complicating analysis of magnetic 

susceptibility experiments.19  

Therefore, to further probe bridge dependence on the magnitude of J,  the class of donor-

bridge-donor (D-B-D) molecules will  be analyzed. Conjugated D-B-D biradicals are molecular 

analogs of devices with zero bias with respect to electron transport. Structures in which the radicals 

are conjugated through the bridge are called ñbiradicaloidsò due to the tendency of spins to pair 

Figure I.4 Two major resonance structures of Chichibabinôs hydrocarbon. Due to the magnitude of JAF, the Kekulé 

structure is favored. 

Figure I.3 Left: Plot of SQ-B-NN and NN-B-NN magnetic exchange. Right: SQ-B-NN and their respective NN-

B-NN analogs. 
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into bonds, giving quinoidal, diamagnetic resonance structures. Biradicaloids are distinct from 

biradicals in that biradicaloids possess a mixed open/closed shell ground state unlike biradicals 

which possess an open shell ground state. The first example of a biradicaloid was Chichibabinôs 

hydrocarbon which was first synthesized in 1907.20 This compound has two viable Lewis 

structures: Kekulé and open-shell (Figure I.4). At first, it was thought that this compound 

displayed paramagnetism at room temperature and below. It was later determined that the 

paramagnetism was from impurities and degradation products, showing that the ground state for 

biradicaloids is a closed shell state.21 However, similar biradicaloids are found to have substantial 

degrees of open shell character. This deviation is due to the degree of electron donation from the 

radical donors utilized or the bridges utilized to span the radicals. Therefore, any paramagnetism 

in biradicaloids is from mixing open shell excited states with the closed shell ground state, which 

is highly dependent on bridge length, bridge symmetry, and strength of the radical donors.  

The Shultz group has a history of investigating cross-conjugated open-shell D-B-D 

molecules,22,23 though the focus of the research presented within will  be the synthesis and 

characterization of biradicaloids (conjugated D-B-D molecules) utilizing SQ radicals as the donor 

moiety to determine if  there is a relationship between the magnitude of JSQ-SQ and JSQ-NN. In 

addition, work towards exploring JSQ-SQ ï g  relationships will  be addressed. 
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I.2. Exchange Coupling in Biradicals 

I.2.1. Deriving the Exchange Coupling Parameter, J, from Hundôs Rule 

 When two S = ½ radicals interact, the resulting states are raised and lowered by the 

exchange parameter, J.  The exchange parameter is comprised of both ferromagnetic- (JF) and 

antiferromagnetic (JAF) contributions, and the gap between the states is called the singlet-triplet 

gap, æEST: 

 

æEST = 2J = JF + JAF     (3) 

 

The key to understanding J lies in deriving the constituent electron-electron repulsion and 

transfer integrals of the two orthogonal p-orbital, 2 electron model. This derivation can be found 

in Appendix A.1. The derivation of both the closed-shell and open-shell states is summarized in 

Figure I.5. Thus, the orthogonal magnetic orbital, active-electron approximation gives 

ferromagnetic (JF) and antiferromagnetic (JAF) contribution to the exchange parameter (J) as:24ï26 

 

J = JF - JAF = 2k ï     (4) 

 

Therefore, J is positive when JF dominates, meaning the biradical is ferromagnetic. When 

J is negative JAF is larger than JF and the biradical is antiferromagnetic. Another way to interpret 

Figure I.5 Energy diagram of the electronic states for the two-electron two-orbital model.  ̡ is the resonance 

transfer integral, and can be related to the electronic coupling matrix element (HAB). 
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this equation is that unless the overall system can save more energy aligning opposite spins via 

bonding interactions, electrons will preferentially have parallel spins. That way there will be less 

overall electron-electron repulsion since no electrons can occupy the same space (overlap region) 

with the same quantum numbers. In essence, this is the underlying principle of Hundôs and Pauliôs 

rules of filling orbitals with electrons. 

I.2.2. Heisenburg-Dirac-van Vleck Hamiltonian: Determining Spin State Energies  

When considering two exchange-coupled unpaired electrons, there will be multiple 

resulting spin states of differing multiplicity that, depending on the degree of exchange, can be 

thermally populated from the ground state. The Heisenburg-Dirac-van Vleck (HDVV) 

Hamiltonian,24 which is an empirical operator that models coupling of two unpaired spins, is 

expressed as: 

 

Ǧij = -2Jijȃiȃj      (5) 

 

And describes the interaction between two different spin systems being dependent on the 

magnitude of coupling, Jij (exchange parameter), and the spin angular momentum operators, ȃ. 

Recall from the previous section, Jij embodies all the state interactions that determine the ground 

state spin preference. The product of the spin angular momentum operators is required in this 

expression since unpaired electrons interacting can either increase (ferromagnetic coupling) or 

decrease (antiferromagnetic coupling) the spin angular momentum.  

 Let us consider two doublets which are coupled to yield a singlet and a triplet state, the 

lower energy state dependent on the sign of Jij. Jij > 0 describes high-spin (ferromagnetic) coupling 

while Jij < 0 describes low-spin (antiferromagnetic) coupling. The product of the spin angular 

momentum operators can be written as the total spin angular momentum operator: 

 

¢  = (ȃi + Sj)
2 = ȃi

2 + 2 ȃi ȃj + ȃj
2    (6) 

Therefore, ȃiȃj  = (¢   - ȃi
2  - ȃj

2)    (7) 
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 The eigenvalue of ȃ2 is S(S+1) and the eigenvalue of ȃ is ὛὛ ρ, therefore the energy 

of the state with spin STot (spin multiplicity) resulting from interaction of species with spins Si and 

Sj (which are the sum of the spins in the interacting spin centers) is given by: 

 

ETot = -Jij[STot(STot +1) ï Si(Si +1) ï Sj(Sj +1)]   (8) 

 

 For two doublets, coupling results in a singlet and a triplet state. the energy of triplet 

state (S = 1) is: 

 

ET = -J[1(1 +1) ï  (  +1) ï  ( ρ)] = -J[2 ï  ï ] = -
╙
 

 

The energy of the singlet state (S = 0) is: 

 

ES = -J[0(0 +1) ï  (  +1) ï  ( ρ)] = -J[0 ï  ï ] = 
╙
 

 

Therefore, the singlet-triplet gap, æEST, is:  

 

æEST = ES - ET = 
╙
 + 
╙
 = 2J 

 

The energy diagram of when J > 0 (ferromagnetically coupled; left) and of when J < 0 

(antiferromagnetically coupled; right) is then: 
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However, this version of HDVV Hamiltonian only applies to a two-spin center system. 

Considering bis(semiquinones), each semiquinone possesses one spin center with S = ½. A 

semiquinone that is stabilized by a paramagnetic metal ion (i.e. Ni(II), S = 1) will introduce another 

spin center, making the overall system a four-spin center problem with varying STot depending on 

the metals utilized. Therefore, the equation: 

 

Ǧ = -В ╙¢¢     (9) 

 

Allows for the treatment of molecules containing any number of spin centers.  

I.2.3. Measurement of the Exchange Coupling Parameter J 

  There are two traditional ways to obtain J empirically: magnetometry and EPR. Starting 

with magnetometry which measures the magnetic susceptibility (ɢpara) of a sample, J can be 

extracted from the Van-Vleck equation:24,27 

 

…  
В

В   

       (10) 

 

Where N is Avogadroôs number, kB is the Boltzmann constant, T is the temperature, and En is the 

energy difference of the ground state and state n. By including Equation 8, which gives the energy 

of a spin state, into the Van-Vleck equation the expression becomes: 

 

…  
В

В

      (11) 

 

Which upon plugging constants and modifying the denominator by the Curie-Weiss law gives: 

 

…  
Ȣ Ⱦ

 

В

В

     (12) 
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In this equation, g is the electron g-factor, ɓ is the Bohr magneton, S is the total spin of the 

state, ⱥ is the Curie-Law correction factor, and Es is the energy difference between the ground 

spin state and spin state S. When considering a biradical, the two doublets will couple to form a 

singlet (S=0) and a triplet (S=1) state, which when included into Equation 11 gives: 

 

…  
Ȣ Ⱦ

 
 

  

 

…  
Ȣ Ⱦ

 
 

   (13) 

This equation then gives a relationship between ɢ and J for a biradical. For these systems, 

J can be determined from fitting variable temperature magnetic susceptibility data with Equation 

41. Note that this is effectively a Boltzmann distribution looking at the population of spin states 

with S ґ 0, which account for the magnetic properties of the material. In Figure I.6, the effects of 

changing magnitude and sign of J in Equation 12 is displayed. ɢparaT vs. T plots as shown are 

simply made by multiplying ɢpara by the temperature. For these plots, g = 2.00 and ⱥ = -0.01 K. 

Note that for J < 0, as temperature increases ɢparaT asymptotes upward to 0.75, while for J 

> 0 ɢparaT asymptotes down to 0.75. Also note that for J < 0, for larger absolute values of J the 

faster ɢparaT drops to zero. Recall Equation 31, this trend implies that as bonding interactions 

Figure I.6 Left: ɢpara vs. T plots of biradicals with varying J. Key for both plots is embedded here. Right: ɢparaT vs. 

T plots of biradicals with varying J. Both: Data is generally collected with a magnetometer, ie: super conducting 

quantum interference device (SQUID). 
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dominate (large JAF), and therefore a biradical will no longer be paramagnetic within certain 

temperature ranges. 

 The other way to empirically derive J is through variable temperature EPR. The intensity 

of the signal in EPR is directly proportional to ɢpara given by the Curie law: 

 

IEPR  θɢpara =       (14) 

 

 In the previous expression, C is the Curie constant describes a materialôs magnetic 

susceptibility. Below is the equation that gives the Curie constant: 

 

C = ** ρ     (15) 

 

Where Npara is the concentration of magnetic particles, which are EPR active, and J is the angular 

momentum quantum number. Note that only unpaired electrons give rise to any EPR signal, 

therefore the spin states of interest will be those that give rise to paramagnetism. The population 

of paramagnetic states are temperature dependent, therefore the Curie law will have to be modified 

to account for the Boltzmann distribution of the paramagnetic, and diamagnetic states: 

Figure I.7 Plots of EPR intensity for various values of J in wavenumbers for a biradical (STot = 1). The x-axis in 

temperature [K] has a temperature range of 3-2500 K (in inverse units).  
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Ὅ  θ…   
В

В

   (16) 

 

Where S is the multiplicity of the state, A is the number of spin states with the same multiplicity, 

and Es is the energy difference between the ground spin state and spin state S. When applied to a 

biradical, the two spin-states with be a singlet (S = 0) and a triplet (S = 1) the expression becomes: 

 

…  

╙

 

╙

 

      (17) 

 

Once again, ɢpara is related to J and the exchange parameter can be extracted from fitting 

VT-EPR data to Equation 17. Figure I.7 shows the effects of sign and magnitude of J on the 

curvature of the data with g = 2.00 (typical value for organic biradicals). Note that for 

ferromagnetic biradicals (J > 0), the slope changes little, while for antiferromagnetic biradicals (J 

< 0), the curve changes drastically with IEPR Ą 0 as the magnitude of J increases.  

I .2.4. Methods of Predicting J for Alterna nt -́Systems for D-B-A and D-B-D Biradicals 

As shown previously, the sign of J dictates whether a multispin spin system will  be 

ferromagnetic, J  > 0, or antiferromagnetic, J < 0. For alternant, -́conjugated systems there are 

qualitative rules that can be used to predict the sign of J. Let us consider two biradical systems, 

Figure I.8 Examples of how to utilize the Ŭ/  ̡method to predict magnetic coupling. A: Conjugated D-B-A biradical 

that is ferromagnetically coupled (Ferromagnetic triplet); non-disjoint SOMOs. B: Cross-conjugated D-B-A 

biradical that is antiferromagnetically coupled (Antiferromagnetic singlet); disjoint SOMOs. C: Conjugated D-B-

D biradical that is antiferromagnetically coupled (Antiferromagnetic singlet); disjoint SOMOs. D: Cross-

conjugated  D-B-D biradical that is ferromagnetically coupled (Ferromagnetic triplet); non-disjoint SOMOs. 
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with the bridges para- and ortho-phenylene for both D-B-A and D-B-D biradicals (Figure I.8), 

using methylene and allyl radicals as substitutes for semi(quinone) and nitronyl nitroxide radicals, 

respectively. 

 As seen in Figure I.8, alternatively labelling each position of the biradical, starting at a 

spin center such as the methyl radical, with Ŭ then ɓ, then seeing whether the label at the other spin 

center matches the first spin center label, Ŭ (ñupò spin), or if  it is ɓ (ñdownò spin). If  it is Ŭ, the 

biradical will  be ferromagnetic. If  ɓ, it will  be antiferromagnetic.28,29 

 This method works due to the topology of alternant -́systems. The number of atoms 

between the two spin centers must be even for the SOMOs to be disjoint. Another way to view this 

is to look at how the two SOMOs of the radicals interact (Figure I.930ï38). Recall in Equation 31 

that JAF =  and JF = 2k, where ɓ is the resonance integral which increases the more the system 

can spin pair two electrons and k is the exchange integral which increases the more orbitals overlap.  

When the SOMOs do not overlap, or are disjoint, the molecule will  be antiferromagnetic 

since JF will  be small due to minimal orbital overlap and JAF will  be larger due to more bonding 

interactions. Counter to this, when the SOMOs are non-disjoint, or overlapping, the exchange will  

be ferromagnetic due to larger overlap density and consequently a large exchange integral, k. 

J: -336 cm-1 

Figure I.9  Diagram depicting the combination of methyl and allyl SOMOs with experimental J values for the 

SQ-Bridge-NN and SQ-Bridge-SQ analogs found in previous work. A: Non-disjoint SOMOs in 1,4-SQ-Ph-NN. 

B: Disjoint SOMOs in 1,3-SQ-Ph-NN, arrows highlight bonding interactions. C: Disjoint SOMOs in 1,4-SQ2Ph, 

J is computationally derived utilizing B3LYP/6-31G(d) within Gaussian software. D: Non-disjoint SOMOs in 1,3-

SQ2Ph. 
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 However, it should be noted that for D-B-D molecules (Figure I.8.C), while the Ŭ/̡ 

method does accurately predict the antiferromagnetic exchange, we are no longer looking at 

SOMOs and are instead looking at HOMO/LUMO gaps due to the formation of ˊ/ˊ* bonds. Also, 

the Ŭ/̡ method only applies to alternant ́ -systems, which lack odd-numbered rings. Non-alternant 

-́systems regularly break these rules, and rules that describe their behavior are still being 

developed.1,2,39  

For example, let us consider thiophene. Thiophene is a 5-membered, aromatic ring that 

contains one sulfur atom. When utilizing the Ŭ/̡ method (Figure I.10) for 2,5-dimethylene-

thiophene, it is possible to label the same position as both Ŭ and .̡ This model then fails and 

determining the sign of J, since it fails to predict either antiferromagnetic or ferromagnetic 

coupling. Empirical results however show that the ferromagnetic pathway is disfavored over the 

antiferromagnetic pathway.40 Antiferromagnetic coupling prevails due to poor orbital overlap of 

carbon 2p and sulfur 3p atomic orbitals, which effectively diminishes the ability for electrons to 

delocalize through the ferromagnetic pathway. Again however, non-alternant hydrocarbons to date 

still have no overarching rules that can universally predict conductance (or J) across a non-

alternant molecule and the previous analysis only applies to thiophene. A typically more aromatic 

example that possesses the same topology as thiophene is the cyclopentadiene anion (Cp-). Cp- 

also does not follow the rules stated above.39 

Figure I.10  The Ŭ/  ̡method for a conjugated (disjoint SOMOs) SQ-Bridge-SQ analog system. 
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I.3. Valence Bond Configuration Interaction Model for D-B-A Biradicals 

 Despite the focus of the work herein being on D-B-D biradicals, previous work by the 

Shultz lab on D-B-A biradicals gives a key correlation that can be extrapolated to D-B-D 

biradicals: J   θἯ. The valence bond configuration interaction (VBCI) model allows for J to be 

related to HDA for D-B-A biradicals using spectroscopic methods. It is different than a MO model, 

since instead of considering electron-electron repulsion and transfer integrals, the VBCI model 

makes use of configurations and states.41 Since electronic transitions are between states, this model 

lends itself nicely for empirical parameterization using electronic absorption spectroscopy. The 

connection between electronic absorption spectra and MOs is far less straightforward. The VBCI 

model condenses the system to a few key states that can be observed experimentally using 

electronic absorption spectroscopy.14,42  

As seen in Figure I.11, the MO model (left) for SQNN predicts ferromagnetic coupling 

that results from LUMONN -- SOMOSQ mixing. Note that the SOMOs are orthogonal, and do not 

interact. Rather the LUMONN-SOMOSQ mixing creates overlap density with the SOMONN that 

results in a substantial exchange integral and a triplet ground state.  Thus, the MO model correctly 

predicts ferromagnetic coupling, but lacks a straightforward connection to spectroscopy and to 

HDA. 

 Now consider the VBCI model for SQ-NN biradicals as shown in Figure I.11 (right).14 

Similar to the MO model, the VBCI model uses the fragment orbitals SOMONN, SOMOSQ, and 

LUMONN, but ignores interaction of the constituent orbitals. Thus, the ground-configuration 

singlet and triplet states are degenerate due to orthogonal SOMOs. The ñCIò in VBCI suggests that 

Figure I.11  Left: MO model of SQ-NN Right: VBCI model of SQ-NN. 



16 

 

excited states will mix (configuration interaction) into the ground states to yield the experimentally 

observed singlet triplet gap, æEST = 2JSQ-NN.  

There are three possible excited states to consider in this model.  The first could arise from 

a SOMONN
0SOMOSQ

2LUMONN
0 configuration (via the SOMONN Ą SOMOSQ transition). 

However, since the two SOMOs are orthogonal (and H is zero), this excited configuration can be 

ignored (although it would only have spin singlet character). The second excited configuration 

could be SOMONN
0SOMOSQ

1LUMONN
1 configuration (via the SOMONN Ą LUMONN transition). 

However, this highest energy excited configuration can also be ignored especially when compared 

to the last possibility in this 3-orbital model. The SOMONN
1SOMOSQ

0LUMONN
1 configuration 

(via the SOMOSQ Ą LUMONN transition). This configuration has two spins on the NN fragment 

but in orthogonal orbitals. Moreover, the SOMOSQ and LUMONN fragments have the same local 

symmetry, thus HLUMOSQ-LUMONN (= HSQ-NN) Í 0. This excited configuration is the best choice for 

mixing with the ground configurations to provide the observed singlet-triplet gap. In what follows, 

this configuration is referred to as the CTC, charge-transfer configuration since it arises from a 

SOMOSQ Ą LUMONN transition. 

 Both the ground- (GC = SOMONN
1SOMOSQ

1LUMONN
0) and CTC 

(SOMONN
0SOMOSQ

1LUMONN
1) configurations possess singlet and triplet multiplicities, 

consequently 1CTC will mix with 1GC and 3CTC will mix only with 3GC (Figure I.11; B).  Hundôs 

rule applies to excited states, so it is expected that 3CTC will be lower in energy than 1CTC. Thus, 

3GC will mix with 3CTC more strongly than 1CTC will mix with 1GC due to the smaller energy 

gap in the former pair. Configuration mixing can relate JSQ-NN to the SQ-NN electronic coupling, 

HSQ-NN/HDA as derived in Eqns. 18-22. So, prior to configuration interactions between the charge 

transfer states and the ground states the energy of the states are: 

 

3CTC = U ï K0       

1CTC = U + K0       

ES = ET = E0              (18) 

 

Where K0 is the single-site exchange integral which gives the gap between the excited states, U is 

the mean charge transfer energy of the ground states to the excited states, and E0 is the energy of 
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the degenerate ground state triplet (3E) and singlet (1E). Factoring in the configuration interactions 

between the 3GC/3CTC and 1GC/1CTC states the new energies of the ground states are: 

 

ES = E0 -       (19) 

 

ET = E0 -        (20) 

 

Therefore, the singlet-triplet gap is: 

 

Ў╔╢╣ ς╙ ╔╢ ╔╣      (21) 

 

And plugging Equation 19 and 20 into Equation 21 gives: 
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Equation 22 then shows that there is a directly proportional relationship between J and HDA: 

 

╙ θ  Ὄ        (23) 

 

And as previously discussed regarding Equations 1 and 2, this implies that: 

 

▓╓ ═ θ Ἧθ ╙ θ  Ὄ      (24) 

 

 Also, by measuring U and K0 from electronic absorption spectroscopy and J from 

magnetometry or EPR, it is then possible to obtain the electronic coupling matrix element HDA 

quantitatively. As shown in Figure I.12 for SQ-Ph-NN,14 by performing variable temperature UV-

vis (VT UV-vis) it is possible to preferentially populate either the open shell triplet (lower 

temperature) or the open shell singlet (higher temperature). This Boltzmann population of the two 

states reflects in the VT UV-vis spectra, allowing us to determine U an K by inspection.  

K is half the energy difference between the bands that represent the intra-ligand charge 

transfer bands for the 3GC Ą 3CTC and 1GC Ą 1CTC, and U is the average energy of those two 

bands. Therefore, by substituting the values for K, U, and J found empirically into Equation 48, 

HSQ-Ph-NN = 3540 cm-1. 

Figure I.12  Variable temperature UV-vis of ferromagnetically coupled biradical SQ-Ph-NN. EILCT between 3GC 

and 3CTC is smaller than EILCT for  1GC and 1CTC. J = 100 cm-1 for SQ-Ph-NN, as found by magnetometry. 
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I.4. How Magnetic Exchange and Conductance Correlate 

As previously discussed, prior work by the Shultz lab has shown that J can be correlated 

to the electronic matrix coupling element, HDA, squared which in turn enables us to correlate J and 

conductance (g) through single molecules.14 To better explore this correlation, conductance 

calculations for Metal-Bridge-Metal (M-B-M) junctions were performed for the bridges as shown 

in Figure I.13 and compared with the magnetic exchange of previously synthesized D-B-A 

molecules. 

 Notably, no linear relationship between J and g was found, rather these observables fit to 

the equation: 

 

Ὣ Ὣ ὐO ὐO      (25) 

 

 Where gL=0 and ὐᴼ  are the conductance and magnetic exchange, respectively, at a bridge 

length of zero, and ̡g and ̡ J are the beta decay constants of conductance and magnetic exchange, 

respectively. This equation follows the formalism previously found for the relationship between 

kD-A and g.43 Notably, it was found that ɓg/ɓJ > 1 when comparing the decay of conductance across 

oligophenylenes to the decay of magnetic exchange for SQ-Phn-NN (n = 0-2) biradicals.16,17 This 

Figure I.13  A. Metal-Bridge-Metal junctions corresponding to biradical complexes. B. (C) Bridges common to 

M-B-M junctions were chosen to make Donor-Bridge-Acceptor complexes. C. J values for the listed Donor-

Bridge-Acceptor biradicals. BCO = bicyclo[2.2.2] octane, Ph = para-phenylene, Th = 2,5-thiophene, Py = 

pyridine, Py-Th = 2-pyridyl-5ô-thiophene, Ph2 = para-biphenylene, and Th2 = 2,5ô-bithiophene. 
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matches the previously found non-linear trend between kD-A and g for similar oligophenylene 

bridges, however the previous work by Beratan and Waldeck found ɓg/ɓET < 0.43 This implies that 

while J , g, and kD-A are all correlated to each other through Equation 24, this is a non-trivial, non-

linear correlation. 

 To better understand these relationships, it is important to further define the single factor 

that links all these together: the electronic coupling matrix element, HDA. Simply stated, HDA is the 

off-diagonal matrix element that facilitates the mixing of the donor and acceptor wavefunctions. 

As shown in Equations 1, 2, and 22 when HDA increases so too does conductance, the rate of 

electron transfer processes, and magnetic exchange, respectively. The overall expression for HDA, 

which was originally formulated my McConnell in 1961, is:12,44 

 

Ὄ  
Ў Ў

Ὤ       (26) 

 

Where hDb, hbb, and hbA are the individual electronic matrix elements that couple the donor and the 

first bridging unit, coupling between adjacent bridging units, and coupling between the last 

bridging unit and the acceptor, respectively, and with n Ó 1 which corresponds to the number of 

identical bridging units separating the donor and the acceptor. Finally, æŮ is the tunneling-energy 

Figure I.14 Illustration of the individual parameters involved in the superexchange model (Equation 26). D = 

donor, b = bridging unit, and A = acceptor.12 



21 

 

gap. This quantity is the difference between the energy of the donor-acceptor system at the 

transition state configuration and the energy of the bridge-localized states (Figure I.14).12 

 Realistically, extrapolating the individual components that make up HDA is challenging 

especially æŮ due to needing to understand the redox potentials of donor, bridge, and acceptor 

components as well as needing to know the vertical energy gap at the transition state configuration 

(Figure I.14). Rather than extracting these individual terms, it is common to simply attribute 

observables to HDA as a whole. Also, HDA shows distance dependence as shown in the following 

equation according to the superexchange model:45  

 

Ὄ  Ὄ Ὡ ᶻ       (27) 

 

 Where d is the distance between the donor and acceptor portion of the molecular system. 

Also note that due to Equation 24 it is possible to write the following expressions: 

 

Ὣ  Ὣ Ὡ
ᶻ       (27a) 

 

Ὧ  Ὧ Ὡ ᶻ       (27b) 

 

ὐ  ὐὩ ᶻ        (27c) 

 

Which show that conductance, rate of electron transfer, and magnetic exchange are all 

exponential functions dependent on the distance between the electrodes, donor-acceptor, and 

radical centers, respectively, as well as the exponential distance decay constant, .̡ The 

superexchange model defines ̡  according to the following equation: 

 

‍  ÌÎ
Ў

       (28) 

 

Where ɻ  is the length of the individual bridging units that connect the donor to the acceptor (Figure 

I.14). Therefore,  ̡ as it increases will reflect a faster decrease in HDA over distance, and the 

opposite as ̡ decreases.  According to Equation 28, HDA will decrease faster over distance when 



22 

 

 ɻand æŮ increase in value, while increasing hbb will slow this decrease of HDA. hbb increasing in 

value would mean that the individual bridging units are more strongly coupled to each other, 

therefore better coupling the donor to the acceptor by behaving more and more like a molecular 

wire. æŮ increasing in value means that the energy barrier for the electron/hole to quantum tunnel 

through the bridge is increasing, which decreases the coupling of the donor and acceptor. 

Therefore,  ̡summarizes how efficiently coupled the donor is to the acceptor. 

 There is theoretically the potential that æŮ < hbb. According to Equation 28, this would 

give ̡  a negative value, which almost counter intuitively would mean that HDA, and therefore J, 

g, and kD-A, would increase with distance rather than decrease. However, there have been recent 

reports in the literature that show just this,46,47 with one example shown in a break-junction 

experiment where mono-thiol modulated oligothiophenes showed increasing electronic tunneling, 

and conductance, with increasing conjugation.48 It should be noted however that Equation 28 does 

not account for the entire barrier to electron tunneling width which will increase with increasing 

conjugation (more bridging units in this scenario). Therefore realistically, and in most situations, 

it will not be possible to achieve ̡ < 0. 

    

Figure I.15 Comparison of how HDA varies with different ̡-decay values according to . Notably, when ̡ > 0 the 

magnitude of HDA exponentially decays from the predetermined Ὄ ρπ, while  ̡< 0 shows an exponential 

increase. 
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CHAPTER 2: DONOR-BRIDGE-DONOR BIRADICAL MOLECULES AND THE 

QUINOID -BIRADICALOID -BIRADICAL ELECTRONIC STRUCTURAL 

SPECTRUM 

II.1 . Introduction  

To date, phenoxy and dicyanomethylene radicals are the most common,  organic radical 

employed in the construction of conjugated ˊ-systems with so-called biradicaloid character and 

their magnetic, optical, electrochemical, and vibrational properties have been probed (Figure 

I I.1a).40,49ï51 These compounds typically display narrow HOMO-LUMO gaps,51 quinoidal 

Raman/IR C-C stretching modes around 1500-1600 cm-1,52 and temperature dependent 

paramagnetism.40 The latter leads to diamagnetism when the magnetic coupling is large due to the 

ñKekul®ò nature of the biradicals . Notably, recent empirical reports of break-junction conductivity 

show that introducing biradicaloid character into organic ˊ-systems that bridge metal contacts 

(electrodes) increases conductivity when the organic bridge is a diarylamine radical cation 

compared to the neutral bis(triarylamine).46,47 Specifically, these studies indicate a dramatic 

increase in the conductance by a factor of 1,600 (monoradical) and 5,400 (biradical) for 

oligophenylene (Phn) bridges (n = 3). Even more remarkable is the fact that the conductance was 

observed to increase as a function of n up to n = 3 in the single oxidized (monoradical) and doubly-

Figure II. 1a Examples of previously synthesized biradicaloids utilizing (A) phenoxy, (B) dicyanomethylene, and 

(C) cationic diarylamine radicals. For C, -SMe groups used as linkers in break-junction conductivity studies. 

Equilibrium arrow is used since left hand structure is an open shell triplet, while the structure on the right is a 

closed shell singlet. 



24 

 

oxidized (biradical) bridges. Thus, these results show that biradical/oid motifs can remove some 

of the distance dependence of conductivity commonly seen in typical conducting ˊ-systems.8,16 

Biradicaloids are therefore an interesting scaffold to study perturbed aromaticity and the 

effects of that on magnetic exchange and conductivity. However, recent literature has utilized 

models that make it difficult to understand the electronic structure of this class of compounds.53,54 

Specifically, what is the origin of the open-shell electronic structrures? For example, Haley et al. 

synthesized a compound with a reportedly high degree of singlet biradical character (y; 

computationally derived from NOON analysis of the HOMO/LUMO), with an exceptionally large 

J = -646 cm-1.53 The former looks at the computationally predicted occupation number of the 

biradicaloid LUMO relative to the HOMO to give singlet biradical character index (y).55 The latter 

indicates a singlet-triplet gap of ~1300 cm-1, ensuring near total population of the ground state 

singlet which can either be open or closed shell. The crystal structure though shows quinoidal 

characteristics that would be expected of a quinoidal, diamagnetic molecule with J of that 

magnitude (perturbed aromaticity). Quinoidal character indicates a large degree of closed shell 

singlet character in the ground state configuration, not open shell character. It is important to note 

that it is currently common practice in the field of biradicaloid chemistry as of writing this to rely 

Figure II. 1b Examples of bis(phenoxy) biradicaloids previously synthesized. For thiophene/furan/selenophene 

bridged bis(phenoxy) molecules, a = 1 and b = 2. For phenyl bridged bis(phenoxy) molecules, a = 0, b = 1, c = 2, 

and d = 3. 
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on computationally-derived y to determine the degree of open shell singlet biradical character in 

biradicaloids.53,54,56ï58  

However, descriptions for the origin of y utilize an Anderson-type 4-state CI model.59 This 

model was originally developed for hydrogenic orbitals that allows mixing of open- and closed-

shell singlet configurations. Notably, this model does not apply to all MOs, particularly those of 

large, conjugated organic ́-systems. For such molecules, symmetry dictates that the lowest 

energy, closed shell singlet (C2h or C2v: 
1Ag or 1A1, respectively) cannot CI mix with the lowest 

open-shell singlet (1Bu or 1B1). While second-order Jahn-Teller mixing is possible, representative 

examples lack large ground-state distortions with concomitant symmetry lowering, 53,54,56,57 and so 

CI mixing of open-shell character into the ground state must come from configurations outside the 

HOMO and LUMO ï and there are many. This complication is exacerbated as the conjugation of 

the ˊ-system is expanded, which adds even more states that can CI mix together that is required to 

have any open shell character in the ground state for biradicaloids. Thus, while computed y-values 

suggest open-shell character, neither the calculation itself nor the 4-state model provide a 

straightforward description of the origin of the open shell electronic structure of biradicaloids.    

It is important to recall that the very first biradicaloid that was synthesized in 1907 

(Chichibabinôs hydrocarbon; CH)20 inspired decades of controversy dubbed the ñBiradical 

Paradoxò.60  The paradox being: solution EPR of CH indicated |J|<< |a| (a = nuclear hyperfine 

coupling constant), despite clear evidence that |J| was in fact much larger than |a| due to the 

diamagnetic character displayed by the compound. Many studies were conducted to explain this 

phenomenon,60ï65 however it wasnôt until 1987 that Montgomery et al. conclusively showed 

through X-ray diffraction that CH contained a quinoidalized structure, and that upon obtaining a 

pure sample of CH, it was actually EPR silent due to the large magnitude of |J|, making it 

diamagnetic, and that it was paramagnetic impurities (dimers,66 or radical quenching through 

proton abstraction67) that were giving the conflicting results.21 However, there are still non-

covalent intermolecular interactions between radicals that can obfuscate analysis of 

biradicaloids.68 

Representative examples of bisphenoxy biradicals are shown in Figure II.I.b .49,69ï71 Of 

these, only 2d and 2b(tBu) have reported magnetic exchange values (-36 cm-1 and -55 cm-1, 

respectively; H = -2JS1ÅS2).
70 Compound 2d is the only unsubstituted bisphenoxy, utilizing a 

terphenyl spacer, that shows any paramagnetic response, and 2d(tBu) is only paramagnetic since 
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it cannot fully quinoidalize due to the steric-induced torsion caused by tBu groups. Every example 

of a bis(phenoxy) bridged by a furan, thiophene, or selenophene is diamagnetic with reported 1H-

NMR characterization.49 Notably, only 1b(O) and 2b have reported crystal structures, which are 

vital in assisting in the elucidation of the electronic ground state of biradicaloids.21 Interestingly 

though, 1b(O, S, Se) displayed drastic, reversible electrochromism, indicating major structural 

changes going from  bis(quinone) to bis(phenoxyl) in their electrochemical redox reactions.49 

Metal complexes of S = ½ orthosemiquinone (SQ) are interesting alternatives to phenoxy 

radical-based molecules or other similar organic radical donors, as the former allow for including 

both diamagnetic and paramagnetic transition metal ions into the molecular scaffold. Also, SQ 

radicals can be considered weaker radical donors than phenoxy radicals. This is due to the spin 

distribution of SQ vs. phenoxy, with the former having ~30% less spin density (using simple 

Hückel SOMO coefficients) at the point of attachment of an organic ˊ-system.72 The decreased 

spin delocalization of the SQ unit results in weaker coupling and a smaller singlet-triplet gap 

compared to phenoxy radical analogs.49,69ï71 Though most importantly, stabilization of the 

complex is faciliated by TpCum,Me (Figure II. 1c), which is an exceptionally bulky ligand that can 

ensure that no intermolecular dimerization can occur between the biradicaloids synthesized herein. 

Two distinct series of semiquinone biradicaloids were synthesized: (2,5-thiophene)1-3- 

(oligothiophene) and (1,4-phenylene)1-2-(oligophenylene) bridged. Both moieties are regularly 

utilized in organic electronic devices and molecular electronics such organic light-emitting diodes, 

solar cells, and organovoltaics.1ï6 For the oligothiophene series, both ZnII and Ni II stabilized 

semiquinones were utilized to probe the challenging magnetic properties of oftentimes 

diamagnetic biradicaloids. Similarly, the more aromatic phenyl-type bridges were used to probe 

magnetic exchange over simple oligophenylenes as well as the more exotic biphenylene and 

dihydrodibenzo[c,e][1,2]azaborinine bridges, the latter two to probe how introducing 

antiaromaticity or isoelectronic-carbon substitutes into the bridge affects magnetic exchange, 

respectively.   
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II.2  Results and Discussion of Oligothiophene and Oligophenylene bis(SQ)s  

 II.2.1. General Synthesis of Bis(Semiquinones) 

Figure II. 2 Target biradicaloids that were synthesized. Top left shows expanded structure of TpCum,Me. Note that 

all M = Cu biradicaloids were unstable in air due to inherent instability caused by CuII  being able to initiate 

intradiol cleavage through valence tautomerism, complicating data collection (see Appendix A.2 for mechanism). 

Yields shown are starting from the parent dibromide. 2,5-SQ2-thieno[2,3-b]thiophene is a cross conjugated D-B-

D molecule, therefore it is not a biradicaloid. 

Figure II. 1c Synthetic route for all MSQ2Bridge biradicaloids. Bridges utilized outlined in Figure II.2 . 
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Table II.1. Yields for the Suzuki Coupling,a MOM-deprotection,b and Complexation/SQ Formation Stepsc 

Bridge (MOM2Cat)2Bridgea  Cat2Bridgeb SQ2Bridgec 

--- 64%  

 

 

 

 

 

99% 

48% 

Ph 45% 41% 

Ph2 53% 44% 

Fluorene 70% 77% 

Biphenylene 22% 14% 

Phenanthrene 82% 71% 

Azaborinine 46% 34% 

Th 87% 85% 

Th2 75% 36% 

Th3 88% 75% 

syn-ThTh 69% 59% 

anti-ThTh 81% 53% 
CThe yields for the complexations are only for M = Zn. 

Bis(semiquinone)s incorporating an organic bridge  were synthesized utilizing the reaction 

scheme outlined in Figure II. 1c. The parent dibromide was either purchased or synthesized 

according to the relevant literature.73ï75 Suzuki coupling of the dibromide with 2 equivalents of 

MOM2CatBpin76 yielded the (MOM2Cat)2Bridge. Methoxymethylether (MOM) groups were 

removed either at room temperature in MeOH overnight in the presence of excess HCl, or removed 

with catalytic amounts of 2 M HCl in MeOH in 5 minutes utilizing a microwave reactor to heat 

the reaction to 90 °C. The Cat2Bridge can then be complexed in basic conditions with two 

equivalents of TpCum,MeM(OH) (M = Zn, Cu, or Ni)77ï79 to form bis(semiquinone) (MSQ2Bridge). 

Figure II.2  shows the full list of biradicaloids synthesized with total overall yields starting from 

the parent dibromide. M = Cu biradicaloids unfortunately yielded degradation products when 

exposed to air/mild oxidants due to intradiol cleavage initiated by valence tautomerism (see 

Appendix A.2).80 All yields for the sequential steps are shown in Table II.1. 

 Synthesis of SQ2 required a different route as shown in Figure II. 3. 2-(tert-butyl)phenol 

was first brominated with Br2 to make 4-bromo-2-(tert-butyl)phenol, then oxidized with IBX to 

form the quinone, which was immediately converted to catechol via sodium dithionite reduction, 

then MOM protected to yield MOM2CatBr. This material was then lithiated with two equivalents 

of tBuLi and quenched with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (iPrOBpin) to 

yield MOM2CatBpin. Suzuki coupling between MOM2CatBr and MOM2CatBpin yielded 

MOM2Cat-CatMOM2, which was subsequently deprotected in microwave MOM-deprotection 

conditions and complexed with two equivalents of TpCum,MeZn(OH) to yield SQ2. 
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Figure II. 3 Synthetic route to MOM2CatBpin and SQ2. Overall yield starting from MOM2CatBr shown in Figure 

II.2 . 
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II.2.2. X-ray Crystallography: Structure Analysis of Oligothiophene Series 

X-ray quality crystals were grown for SQ2, SQ2Th, SQ2Th2, and SQ2Th3 and structures 

were obtained via X-ray diffraction (Figure II. 4). It should be noted that the utilization of TpCum,Me 

as a ligand sterically blocks any intermolecular interactions between bridges in the crystal lattice. 

Therefore ́-stacking effects between the oligothiophene bridges can be ruled out when analyzing 

these molecules. Bond deviation parameters (BDP = ×æi) were also calculated utilizing the 

equation: 

×æi = ×|rDBSQ ï rSQ|     (29) 

 

With rDBSQ being the bond lengths of 3,5-di-tert-butyl-1,2-semiquinonate (3,5-DBSQ)78 and rSQ2 

being the bond lengths of the semiquinones found in the crystal structures for compounds SQ2Thn 

(n = 0-3) (Table II.1). 3,5-DBSQ was used as a comparison to the SQ2 series since it can be 

considered a completely non-delocalized radical while in the SQ2 series the SQ radicals can 

delocalize into the bridge. A comparison between the two will therefore show to what degree the 

SQ radical is perturbing the bridge aromaticity. Dioxolene ×æi were 0.168 Å (SQ2), 0.150 ± 0.019 

Å (SQ2Th), 0.119 ± 0.014 Å (SQ2Th2), and 0.080 ± 0.017 Å (SQ2Th3). Notably, as the distance 

between the two semiquinone radical centers increased, the ×æi for the series exponentially 

decreases with an exponential decay constant of 0.057 Å-1 (Figure II. 5). 

Figure II. 4 Thermal ellipsoid (50% probability) plots from crystal structures (data collected at 100 K) of SQ2, 

SQ2Th, SQ2Th2, and SQ2Th3 with M = Zn. Numbering conventions for dioxolene and thiophene shown. Cumenyl 

groups and protons omitted for clarity. 
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 This trend indicates that as the distance between the two semiquinone radicals increases, 

the degree of bonding decreases and aromaticity increases. Delocalization of two conjugated 

radicals into the bridge then leads to increased bonding as seen in Figure II. 6 which would also 

remove the aromaticity of the system only if the bonding interactions overcome aromatic 

stabilization. In thiophene rings, bond C2ô-C3ô and C4ô-C5ô are double bonds, while bond C3ô-

C4ô is a single bond. This formalism for thiophenes, while still aromatic, is due to the lone pair of 

the sulfur atom having poor orbital overlap between the 2p orbital of carbon and the 3p orbital of 

sulfur which allows thiophene rings to be considered ñperturbed butadienesò.  

 Bond deviation parameters were also determined for thiophene bridges by comparing the 

bridges of SQ2Th, SQ2Th2, and SQ2Th3 to their respective diamagnetic, fully aromatic analogs 

2,5-diphenyl-thiophene,81 5,5'-diphenyl-2,2'-bithiophene,82 and 3',4'-dibutyl-5,5''-diphenyl-

2,2':5',2''-terthiophene, respectively.83 Only bonds between atoms within the oligothiophene -́

system, excluding substituents, were considered. The bridge ×æi were 0.110 ± 0.024 Å  (SQ2Th), 

0.081 ± 0.017 Å (SQ2Th2), and 0.026 ± 0.028 Å (SQ2Th3) which indicates that as more thiophene 

rings are included in the bridge the more aromatic, and less quinoidal, the system becomes. 

Analyzing the crystal structure bond lengths (Table II .2), the bond length of C3ô-C4ô for 

SQ2Th, SQ2Th2, and SQ2Th3 is 1.374 Å, 1.389 Å, and 1.402 Å, respectively. So as the SQ radicals 

Figure II. 5 Plot of ×æi versus the distance between the SQ radical centers as found in the crystal structures seen 

in Figure II.2 . Standard deviation (SD) calculated utilizing SD = ВὼὭ  ВώὭ where x is the sum of SD of the 

dioxolene bonds in 3,5-di-tert-butyl-semiquinone and y is the sum of SD of the dioxolene bonds in the synthesized 

biradicaloids. 
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are brought further apart, the C3ô-C4ô bond order trends to one. For C2ô-C3ô, the bond length is 

1.418 Å, 1.399 Å, and 1.383 Å, respectively, which shows the bond order trending to two. Finally, 

the average torsions between the rings in SQ2Th, SQ2Th2, and SQ2Th3 are 4.005°, 7.440°, and 

13.453°, respectively. This structural information indicates that at 100 K (temperature structures 

were determined at) SQ2Th is quinoidalized and closed shell, while SQ2Th3 is open shell and 

aromatic (Figure II. 6), with SQ2Th2 in a mixed open/closed shell state. 
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Table II .2. Select SQ and Th bond lengthsa for SQ-SQ and SQ-Th1-3-SQ.  

  Dioxolene Bonds r (Å) Thiophene Bonds r (Å) Dioxolene Sҟi (Å)b Thiophene Sҟi (Å)d  

SQ-SQ C1-O1 1.254 --- --- 

 
 

0.168 

--- 

 

C2-O2 1.316 --- --- --- 

C1-C2 1.479 --- --- --- 

C2-C3 1.370 --- --- --- 

C3-C4 1.426 --- --- --- 

C4-C5 1.451 --- --- --- 

C5-C6 1.362 --- --- --- 

C6-C1 1.462 --- --- --- 
 C4-/пΩc 1.421 --- --- --- 

SQ-Th-SQ C1-O1 1.269 /нΩ-/оΩ 1.406 

 

 

0.150 

 

 

C2-O2 1.322 /оΩ-/пΩ 1.375  

C1-C2 1.470 

 

 

C2-C3 1.372  

C3-C4 1.417  

C4-C5 1.427 0.110 

C5-C6 1.370  

C6-C1 1.454  

C4-/нΩ 1.411  

SQ-Th2-SQ C1-O1 1.264 /нΩ-/оΩ 1.399 

 
 

0.119 

 

 

C2-O2 1.307 /оΩ-/пΩ 1.388  

C1-C2 1.477 /пΩ-/рΩ 1.395  

C2-C3 1.379 /рΩ-C2έ 1.414  

C3-C4 1.404 

 

 

C4-C5 1.438 0.081 

C5-C6 1.369  

C6-C1 1.452  

C4-/нΩ 1.422  

SQ-Th3-SQ C1-O1 1.268 /нΩ-/оΩ 1.383 

 

0.080  

 

 

C2-O2 1.298 /оΩ-/пΩ 1.402  

C1-C2 1.476 /пΩ-/рΩ 1.378  

C2-C3 1.392 /рΩ-/нέ 1.443  

C3-C4 1.389 /нέ-/оέ 1.375                 0.026 

C4-C5 1.436 /оέ-/пέ 1.408  

C5-C6 1.368 
 

 

C6-C1 1.452  

C4-/нΩ 1.443  
 

aAverage values where applicable, see Figure II.4 for numbering scheme. b Bond deviation parameter, ×æi = sum of absolute value of difference in 

dioxolene bond lengths compared to those of 3,5-di-tert-butylsemiquinone.78 See text for details. cHere, C4-C4ô refers to the covalent bond that 

connects the dioxolene rings. d Bond deviation parameters for thiophene bridges determined by comparing the bridges of SQ2Th, SQ2Th2, and 

SQ2Th3 to 2,5-diphenyl-thiophene,81 5,5'-diphenyl-2,2'-bithiophene,82 and 3',4'-dibutyl-5,5''-diphenyl-2,2':5',2''-terthiophene,83 respectively. Errors 

can be found in the text. 

Figure II. 6 Simplified Lewis structures of SQ2Thn (n = 1, 2, 3) with methyl radicals replacing semiquinones. Bond 

order is based off crystal structure data.  
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II.2.3. EPR Spectroscopy: Oligothiophene Series 

The EPR spectrum for SQ2Th3 collected at 120 K in 2-MeTHF is characteristic of a 

randomly-oriented, rhombic spin triplet84 is shown in Figure II.5 . Zero-field splitting (zfs) 

parameters, determined by fitting the experimental spectrum using EasySpin, which is a 

computational EPR program for MatLab,85 were determined as |D/hc| = 0.00342 cm-1 and |E/hc| = 

0.00062 cm-1. Triplet EPR spectrum were not observed for either SQ2Th or SQ2Th2 at 95 K in 2-

MeTHF. Solid solution films of both SQ2Th and SQ2Th2 in polyvinyl chloride (PVC) were used 

to acquire the powder EPR spectrum of both SQ2Th and SQ2Th2 at elevated temperatures. While 

SQ2Th failed to show a triplet spectrum up to 360 K, SQ2Th2 exhibited a powder pattern of a 

rhombic triplet at 295 K (Figure II. 7), with zfs parameters determined by fitting are |D/hc| = 

0.00578 cm-1 and |E/hc| = 0.00086 cm-1. Both SQ2Th2 and SQ2Th3 displayed æms = 2 signals, 

which unequivocally show that these compounds contain two coupled spins.  

In organic triplets where spin-orbit coupling plays a negligible role in the zfs, the axial zfs 

parameter D is proportional to 1/r3, where r is the distance between spin centers. Therefore, for 

SQ2Th2, the distance between the spin centers is 5.57 Å, and for SQ2Th3 the distance is 6.64 Å. 

The semiquinone radical centers in SQ2Th2 are 9.12 Å apart as seen in the crystal structure, and 

for SQ2Th3 the distance is 12.97 Å. This data implies that while the spin centers for SQ2Th2 are 

closer together, the spins in SQ2Th3 can delocalize relatively further into the bridge. Or another 

way, the spins in SQ2Th2 move 3.55 Å closer together (~ 1/3 of the length of the Th2), while in 

Figure II. 7 Powder EPR of ZnSQ2Th3 (left) and ZnSQ2Th2 (right). Subset spectra are the æms = 2 signal for each 

compound. Fitting performed with EasySpin. g = 2.0000 peak is a S = ½ impurity. 
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SQ2Th3 the spins move 6.33 Å (~1/2 of the length of Th3). However, based off the bond lengths 

found in the crystal structure for SQ2Th3, this delocalization does not cause quinoidalization, with 

bond orders as seen in Figure II. 6.  

The distance between the two semi(quinone) radical centers in SQ2Th is 5.28 Å. This 

compound is also diagmagnetic within the temperature ranges allowed due to instrument 

limitations (EPR has a maximum temperature of 350 K, and SQUID magnetometry has a 

maximum of 360 K due to plastic sample holder). Radical delocalization in SQ2Th2 brings the 

radicals in similar proximity as seen in SQ2Th, and bond lengths in the crystal structure show bond 

orders of roughly 1.5 throughout the conjugated pathway indicating that SQ2Th2 is neither 

quinoidalized or truly aromatic. 

Curie plots were generated for SQ2Th2 and SQ2Th3 with their respective PVC films as 

shown in Figure II. 8 by tracking the area of the æms = 2 transition by EPR over various 

temperatures. VT-EPR data for SQ2Th2 was fit according to a 3-State Model (Equation 31) that 

will be further explained later on, and gave J = (æE2 - æE1)/2 = -258 cm-1. SQ2Th3 VT-EPR gave  

J = -119 cm-1, and the fit (Equation 17)  while relatively poor is corroborated by subsequent data. 

Figure II. 8 A. VT-EPR data for SQ2Th2 in a PVC matrix [~0.2 M] and fit to a 3-State Model. B. VT-EPR data for 

SQ2Th3 in a PVC matrix [~0.2 M] and fit to Equation 17. 
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II.2.4. SQUID Magnetometry: Oligothiophene Series  

Crystals grown for X-ray diffraction were utilized in SQUID magnetometry measurements. 

Magnetometry was performed on SQ2Thn (n = 1, 2, 3) utilizing a super conducting quantum 

interference device (SQUID) to measure the magnetic susceptibility of the sample over various 

temperatures. SQ2Th displayed a diamagnetic ɢdiaT vs. T plot, characteristic of negative slopes 

with the y-intercept = 0 between the temperatures 5 to 300 K (Appendix A.3). However, SQ2Th3 

gave a paramagnetic ɢparaT vs. T curve (Figure II. 9; right), the fitting (Equation 13) of which 

gave J = -121 cm-1. For SQ2Th2, however, the paramagnetic susceptibility data (Figure II. 9; left) 

was fit to a 3-State Model (Equation 30) that will be further explained later. This fitting gave J = 

-321 cm-1. 

Figure II. 9 Left: Paramagnetic susceptibility-temperature product (cparaÅT) vs. temperature for a crystalline 

sample of SQ-Th2-SQ with g = 2.00. Fit with a 3-State Model. Right: Paramagnetic susceptibility-temperature 

product (cparaÅT) vs. temperature for a crystalline sample of SQ-Th3-SQ with g = 2.00. Fit with Equation 13.  
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II.2.5. Variable Temperature UV-vis: Zn Oligothiophene Series 

 Shown in Figure II. 10 are the EAS spectrum of the oligothiophene series at room 

temperature in cyclohexane. Both SQ2Th and SQ2Th2 display intense low energy bands between 

12000-15000 cm-1, which are also present in SQ2Th3 however are much lower in intensity. Also, 

SQ2Th2 and SQ2Th3 share similar bands around 17500-23000 cm-1. It was initially found that 

SQ2Th3 displayed thermochromism when conducting powder EPR experiments in MeTHF at 100 

K. Therefore, SQ2Th, SQ2Th2, and SQ2Th3 were each dissolved in a saturated solution of 

polystyrene (PS) or polyvinylchloride (PVC) in CH2Cl2, and pipetted on a flat, glass surface then 

SQ2Th SQ2Th2 SQ2Th3 

Figure II. 11 Left: VT-EAS spectrum of ZnSQ2Th3 in a PS film. Isosbestic points are at 15500, 20500, and 24000 

cm-1. Right: VT-EAS spectrum of ZnSQ2Th2. Peak intensity increase at 13000 cm-1 due to decreased molecular 

motion at lower temperatures. 

Figure II. 10 Left: EAS of SQ2Thn (n = 1, 2, 3) in cyclohexane at room temperature.  Right: Dilute solutions of 

SQ2Thn (n = 1, 2, 3) in dichloromethane. 



38 

 

covered with a watch glass to decrease the rate of CH2Cl2 evaporation. This process yielded 

transparent films with each compound evenly embedded that were then loaded into a helium 

cryostat that allowed for the samples to be analyzed via electronic absorption spectroscopy at 

various temperatures (Figure II. 11).  

 SQ2Th displayed no thermochromic behavior, however SQ2Th2 showed some and SQ2Th3 

displayed immense thermochromic behavior, with the bands between 8000-15500 cm-1 and 23000 

cm-1 increasing in intensity as the temperature was lowered while the bands between 15500-20500 

cm-1 decreased in intensity. This intensity change corresponds to a color shift of red to orange. 

This notably being the expected color of SQ2Th3 given the color trend (regarding extending 

conjugation) of the previous two biradicaloids (SQ2Th = purple; SQ2Th2 = green). 

Given that SQ2Th3 is antiferromagnetic, the ground state is a single state. Therefore, as the 

sample is cooled, population of the ground state singlet will increase and any bands corresponding 

to transitions associated with that state will increase in intensity, while bands associated with the 

higher energy triplet state will decrease in intensity. Therefore, the bands between 8000-15500 cm-

1 and the band at 23000 cm-1 originate from the ground state open shell singlet, while the bands at 

1550-20500 cm-1 correspond to a higher energy open shell triplet state. When fitting the data to a 

Boltzmann distribution (Figure II.12.A), the magnetic exchange, J, was found to be -111 cm-1 and 

Figure II. 12 A: Boltzmann distribution of peak intensities of the peak at 18215 cm-1 (triplet) and 22422 cm-1 

(singlet). Fitting finds J of -111 cm-1 for SQ2Th3. B: ñSingletò UV-vis spectrum of SQ2Th3 at 4 K. Y-axis is molar 

extinction coefficient/103 M-1cm-1. 

A 
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is in excellent agreement with J = -122 cm-1 found via SQUID magnetometry. Notably, at room 

temperature the fitting shows that SQ2Th3 is approximately 50% open shell triplet. Interestingly,  

the singlet spectrum of SQ2Th3 (4 K; Figure II.12.B) highlights the similarities between the 

electronic ground state of this compound and SQ2Th and SQ2Th2.  

Similarly, though less drastically, SQ2Th2 displayed only visible thermochromism with the 

band at 13000 cm-1 decreasing in intensity as the temperature was lowered (Figure II.11; right). 

When this peaks intensity vs. temperature was fit to the same 3-State Model utilized for both 

SQUID magnetometry and VT-EPR data for SQ2Th2 the magnetic exchange was found to be J = 

(æE2 - æE1)/2 = -258 cm-1 (Figure II. 13; left; Equation 32). The ὃ  ground state is the only 

state populated at temperatures below ~100K. A ὄ  biradical state is populated at temperatures 

greater than ~100K. This state has a different geometry due to a pseudo Jahn-Teller distortion, 

where the SQ-Th2-SQ may be distorted relative to the ground state by out-of-plane vibrations (e.g. 

SQ-T and Th-Th bond torsions) to lower the symmetry (Figure II. 13; right). In these cases, the 

ground biradical state (ὄ ) possesses an exchange coupled ὄ  state that is 642 cm-1 (J = 321 

cm-1) higher in energy.     

II.2.6. Computing the æEST of Biradicaloids: Oligothiophene Series 

 Despite obtaining crystal structures and deriving ×æi for SQ2 and SQ2Th, there was 

unfortunately no way to directly probe the magnetic properties of these compounds due to the 

Figure II. 13 Left: Fitted plot of the peak at 13000 cm-1 intensity versus temperature for SQ2Th2 to the 3 State 

Model. Right: Temperature dependent populations of the three lowest energy states of SQ-Th2-SQ.  
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apparent magnitude of J causing these compounds to be diamagnetic between the temperature 

ranges of 0-360 K. SQ2 and SQ2Th can have NMRs taken at room temperature with no 

paramagnetic broadening/signal damping. Therefore, it was determined to ascertain the singlet-

triplet gaps computationally. Given the number of atoms in these molecules (MM = 1676 g/mol 

and 1759 g/mol for SQ2 and SQ2Th, respectively), it was determined to optimize the structures of 

the 1OS and 3OS utilizing density functional theory (DFT), which is a computationally cheaper, 

albeit less accurate, method than CASSCF or CI due to imbuing the computed wavefunction with 

spin contamination.78  

 Gaussian® 16 software was utilized for the computations.86 UB3LYP/6-31G(d) with a 

SDD effective core potential for Zn was utilized to optimize the structures 1OS and 3OS 

wavefunctions of SQ2, SQ2Th, SQ2Th2, and SQ2Th3 starting from the crystal structures obtained 

by X-ray diffraction.30ï37 The cumene groups were omitted from the structures, since those groups 

do no participate in the magnetic exchange between the two radical centers, and only impose more 

computational cost to the calculation. A modified spin-flip  methodology as seen in the 

literature87,88 was utilized (optimizing the 3OS first, then once optimized changing the 

wavefunction to 1OS and optimizing). For the 1OS structures, the torsion angles between the SQ-

B and between the thiophene rings were restricted to that as seen in the crystal structure. This 

restriction for the 1OS was made since without torsional restrictions, the computations created 

Figure II. 14 Left: Exponential decay of computed |J| as the distance between the two radical centers increases. 

Right: Exponential growth of computed |J| as the bond deviation parameters of the dioxolene rings in SQ2Thn (n = 

0-3) increases. 



41 

 

structures with vastly larger torsions than were seen in the crystal structure. This restriction was 

not made for the 3OS since it is expected for the torsions to increase without the added ability to 

planarize through quinoidalization.  Singlet-triplet gaps were calculated from the differences in the 

triplet and singlet wavefunction electronic energies with ESinglet ï ETriplet so that a negative æEST 

indicates a more stable singlet state than triplet state given these are antiferromagnetically coupled 

radicals. J was calculated by dividing the computed æEST by two. 

 The computed J values were then -1007 cm-1 (SQ2), -556 cm-1 (SQ2Th), -280 cm-1 

(SQ2Th2), and -135 cm-1 (SQ2Th3). The computed J for SQ2Th2 and SQ2Th3 were in good 

agreement with the J found via magnetometry being -321 cm-1 and -122 cm-1, with 13% and 11% 

error respectively. Therefore, it was concluded that given the minimal error compared to the 

empirical results that the computed J for SQ2 and SQ2Th were valid enough for analysis. The data 

also fit nicely to an exponential curve when correlated with the distance between the two radical 

centers (Figure II.14; left). Notably, the ̡ -decay constant of 0.165 Å-1 is comparable to other ̡-

decay constants for similar oligothiophene systems studied, albeit is smaller.8,16 Also, when 

comparing the previously calculated dioxolene ×æi for the SQ2Thn (n = 0-3) series to the computed 

J, there was an exponential growth with a correlation of R2 = 0.981 (Figure II.14; right).  

II.2.7. Discussion of Oligothiophene Biradicaloids 

The bond deviation parameters for SQ-Th2-SQ indicate a ground state electronic structure 

description that is between closed-shell quinoidal and open-shell biradical in nature (i.e., a 

biradicaloid, Figure II.6). Here, we analyze the VT magnetic and spectroscopic data in order to 

develop insight into the biradicaloid nature of the ground state and the unusual temperature-

dependent behavior of the data. Since the magnetic susceptibility, EPR, and electronic absorption 

data for SQ2Th2 are all temperature dependent, we initially considered the S = ½ dimer model we 

employed for SQ2Th3. This model incorporates an S = 0 singlet ground state and thermally 

accessible S = 1 triplet state. However, we were unable to obtain a singlet-triplet energy gap (2J) 

that was consistent with the VT magnetic susceptibility, EPR, and electronic absorption data sets. 

Therefore, we employed an expanded model to describe the thermally accessible states in SQ-Th2-

SQ. This three-state model is comprised of a closed shell biradicaloid ground state (ὃ ), with 

thermally populated open-shell singlet (ὄ ) and triplet (ὄ ) exchange-coupled states at 

energies ȹE1 and ȹE2, respectively, above the closed-shell ground state. In this model, the energy 

difference ȹE1 - ȹE2 corresponds to the singlet-triplet splitting (2J) of the open shell biradical 



42 

 

states using the exchange Hamiltonian, ꞊ ςὐὛɆὛ. We attribute the existence of two 

(biradicaloid and aromatic ring-bridged biradical) populations to result from a temperature-

dependent structural change (increased ring torsion amplitudes) that leads to greater SQ-Th and 

Th-Th bond torsions in SQ-Th2-SQ as the temperature increases. Thus, Equations 30, 31, and 32 

were fit to the VT magnetic susceptibility, EPR, and electronic absorption data, respectively. 
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Best fits of Eqn. 3 to the VT magnetic susceptibility data yield ȹE1 = 317 cm-1 and ȹE2 = 

959 cm-1. This results in the open-shell biradical singlet residing only 317 cm-1 above the S = 0 

quinoidal ground state, with a biradical singlet-triplet splitting of ȹE1 - ȹE2 = 2J = 642 cm-1 (J = 

-321 cm-1). In contrast to the VT magnetic susceptibility data, the VT EPR data directly probes the 

thermally populated open shell triplet state as a spectroscopic observable. The best fit of Equation. 

31 to the VT EPR data gives ȹE1 = 306 cm-1 and ȹE2 = 822 cm-1. The ȹE1 = 306 cm-1 quinoid ï 

biradical singlet-singlet gap is in remarkable agreement with that determined from the VT 

magnetic susceptibility experiments (ȹE1 = 317 cm-1). However, the ȹE1 - ȹE2 = 2J = -516 cm-1 

(J = -258 cm-1) determined for the biradical singlet-triplet gap in the solid solution (polymer) phase 

is reduced by ~20% compared to that determined by magnetic susceptibility experiments on 

samples in the polycrystalline state. 

EPR, VT-UV-vis, and crystal structure data indicate that SQ2Th3 has an open shell singlet 

ground state, rather than the closed and mixed shell singlet ground state that SQ2Th and SQ2Th2 

possess, respectively. This distinction is shown in the crystal structures because the bond lengths 

going from SQ2Th to SQ2Th3 indicate a trend of being quinoidalized to aromatic. EPR fitting gave 

D/hc values, which showed that the spins in SQ2Th2 are closer together than the spins in SQ2Th3. 
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This result is expected, since there is one less thiophene bridging the two semiquinones in SQ2Th2 

than in SQ2Th3, however these results also show that the spins delocalize further in SQ2Th3 than 

they do in SQ2Th2. Also, the spin-to-spin distance in SQ2Th2 (5.57 Å) is approaching the distance 

between the semiquinone spin centers in SQ2Th (5.28 Å). Though, this may simply be because 

the relationship between D/hc and radical-radical distance deteriorates when the radicals in 

question are in conjugation with each other, or that there is simply more ́-system for the radicals 

to delocalize into in SQ2Th3 relative to SQ2Th2. Also, SQ2Th was diagmagnetic under all 

experimental probing between the temperature of 5-360 K. Interestingly, crystal structure 

information indicates that SQ2Th2 is neither fully quinoidalized or fully aromatic.  

Therefore there is a minimum distance, or oligomer count, between two conjugated radicals 

in oligothiophenes, or any type of repeating bridge, before the spins preferentially pair and become 

EPR silent/diamagnetic. Consider a traditional circuit that contains a resistor (Figure II. 15). The 

current of the system is the quotient of the voltage by the reistance applied to that voltage. The 

radical source utilized in biradicaloids could be considered a voltage source, with increased radical 

SOMO/bridge LUMO overlap and radical density increasing the ñvoltageò or delocalization into 

the bridge. The resistor and wire is then the bridge used to connect the two radicals. In SQ2Th2, 

the spins are nearly at the threshold distance that allows for quinoidalization to occur. Each 

thiophene ring adds increased ñresistanceò in the way of aromatic stabilization, which in SQ2Th3 

stabilizes the system more than through the extra -́bond created through quinoidalization. 

Therefore the more aromatic rings in a system, the less the spins will be able to pair. Similar 

conclusions that aromaticity of the bridge being inversely proportional to conductivity across that 

bridge (g  θHDA  θJ) have been made by others.89ï91 And importantly, the less aromatic character 

Figure II. 15 Comparison between a traditional circuit with a resistor to a bis(semiquinone) biradicaloid bridged 

by Thn (n = 0-3). The battery voltage is similar to the SQ(SOMO)-Bridge(LUMO) bonding energy, while the 

resistor/wire is similar to the bridging unit, with more resistance as n increases. 
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the bridge contains, the more efficiently it should be able to conduct electricity due to increasing 

bonding interactions between the bridging units. 

An indirect way to judge biradicaloid character are ̡-decay constants. The larger ̡  is, the 

faster conductivity, or magnetic exchange (J  θg)  drops to zero as the distance between two 

electrodes, or radical sources, is increased. Reports have shown that by perturbing aromaticity 

through quinoidalization, conductivity increases and conversely the ̡ -decay constants 

decrease.46,47,74,89 As stated, SQ radicals are analagous to electrodes, therefore ̡ -decay constants 

for magnetic exchange correlate with those shown in conductivity studies, though cannot be 

directly interchanged. As shown by Kirk et al., the ratio of ̡ g/ J̡ ( g̡ = decay constant for 

conductance; J̡ = decay constant for magnetic exchange of SQ-Thn-NN (n = 1-2) biradicals) for 

oligothiophenes is 1.58.17  Figure II.14 showed that ̡J for the SQ2Thn (n = 0-3) series was 0.165 

Å-1, which is less than the reported ̡J for SQ-Thn-NN (n = 0-2) J values was 0.22 Å-1.16 This shows 

that magnetic exchange decays less rapidly in SQ-B-SQ systems than SQ-B-NN. The ratio of ̡ g 

from computations of conductance across aromatic oligothiophenes (used g̡ = 0.35 Å-1; g̡ = 0.29 

Å-1 found with conductance studies for repeat units 1, 2, 3, and 5)8,16 and J̡ for SQ2Thn (n = 0-3) 

is then 2.33, which further deviates from unity relative to SQ-Thn-NN.  

Deviations from unity for g̡/ J̡ implies greater bridge contributions to the magnetic 

exchange. To explain, the expression to describe i̡ in the superexchange model:12 

 

i̡ = ÌÎ
Ў

ȟ
     (33) 

 

Shows how exponential decay constants ( i̡; i = J or g) relate to tunneling energy gaps (æŮ), the 

bridge-bridge electronic coupling (HBB,i; i = J or g), and the length of the individual bridge unit 

(L). æŮ can be defined as ñthe energy required to promote an electron from the donor (electrode) 

to the bridge LUMO, or to promote a hole from the acceptor (cathode) to the bridge HOMOò.16 

Also, i̡  is directly related to effective barrier heights (æEeff, and me being the mass of a tunneling 

electron; Equation 34).12,92
 æEeff is simply the energy required to overcome to initiate electron 

transfer/transport. 
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‍ πȢωυς Ὡὠ B ‍    (34) 

 

When looking at the ratio of g̡/ J̡ for the same bridges the Equation 33 then becomes: 

 

 

Ў

ȟ

Ў

ȟ

      (35) 

 

Which removes L as a contributing factor to the magnitude of ̡ g/ J̡ and becomes solely dependent 

on æŮ and HBB,i. Since J̡ of the SQ-Thn-NN and SQ2Thn systems are being compared to the same 

g̡ (0.35 Å-1), and given that æŮg/HBB,g for aromatic thiophene systems was computed to be 

1.79 by Kirk  et. al,16  the expression can be further simplified: 

 

‍ πȢφπÌÎ
Ў

ȟ
      (36) 

 

 Equation 36 is independent of the biradical system being analyzed assuming the bridges 

utilized are the same as those in the conductance experiment, so when plugging in J̡ = 0.165 Å-1  

for the SQ2Thn series æŮJ/HBB,J is 1.32, which is less than æŮJ/HBB,J  = 1.53 for the SQ-Thn-NN 

series as previously reported by Kirk  and Shultz.16,38 There are two possibilities for the lowering 

of æŮJ/HBB,J  in the SQ2Thn system: In the SQ-B-SQ system (1) æŮJ is decreased, or (2) HBB,J is 

increased relative to æŮJ and HBB,J respectively for the D-B-A counterpart. Decreasing æŮJ is harder 

to explain, though there is an easier explanation for HBB,JSQ2 > HBB,JSQNN. There are resonance 

structures that represent excited states, EC1 and EC2, for SQ-Th2-NN that impart quinoidal 

character into the compound (Figure II. 16). However the degree of quinoidal character in SQ-

Th2-NN is less when analyzing the crystal structures relative to the analagous SQ-Th2-SQ since 

the two resonance forms for SQ-Th2-SQ that impart quinoidal character, GC and EC1, represent 

the ground state and an excited state, respectively.14,16 Increased quinoidal character increases HBB 

due to increased orbital interactions between the bridge units, and quinoidalization is facilitated by 

the radical donating semiquinone. It could also be said that æŮJ decreases with increased 

quinoidalization, since it should be intrinsically easier for an electron to tunnel through a ˊ-bond 
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rather than a ů-bond. Therefore with these expectations, when comparing the æŮ/HBB values going 

from the fully  aromatic conducting systems with no SQ units, to the minimally quinoidalized SQ-

Thn-NN molecules, to the SQ2Thn molecules that can fully  quinoidalize there appears to be a direct 

correlation between the number of SQ radicals and æŮ/HBB (Figure II.16). This relationship 

indicates that electrons more readily travel through bridges with perturbed aromaticity. 

There are also key spectroscopic features could identify whether an oligothiophene 

biradicaloid will be quinoidal or aromatic that were identified (detailed computational analysis is 

ongoing to verify the following speculations). The variable temperature UV-vis of SQ2Th3 

revealed from the isosbestic points that only two states are involved, and that the band at 18500 

cm-1 is a transition from an open shell triplet, with the band at 22500 cm-1 originating from an open 

shell singlet. This is verified when comparing the magnetic exchange, J, found from the Boltzmann 

fitting of these two bands, -111 cm-1, to J found by SQUID magnetometry, -122 cm-1. These values 

are reasonably different due to the matrixes the data was collected in (PVC film for UV-Vis; single 

crystalline sample for SQUID) and validates the assignment of these bands given their temperature 

dependency. Therefore, it is reasonable to conclude that SQ2Th3 has an open shell ground state. 

Lack of thermochromism in the temperature ranges studied for both SQ2Th and SQ2Th2 is likely 

due to the magnitude of J for both these compounds, which also directly affects the ground state 

electronic properties to be more closed shell for SQ2Th2, and completely closed shell for SQ2Th. 

Finally, the high intensity of the low energy bands (12000 cm-1 to 15000 cm-1) seen in SQ2Th and 

Figure II. 16 A: Resonance forms for SQ-Th2-NN and SQ-Th2-SQ that highlight quinoidal character in the bridge 

that would increase HBB,J. B: Plot showing a linear correlation between the number of SQ radicals bound to the 

aromatic bridges and æŮ/HBB. 
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SQ2Th2 is likely due to the quinoidal structure these compounds possess. Any excitation from a 

quinoidal state will in effect rearomatize the excited state, this driving force lowering the energy 

of the transition. Also, since it is symmetry forbidden for the OS ground state (1B1
 symmetry) of 

the allyl model to mix with the closed shell/quinoidal state (1A1 symmetry), it would then be 

expected for SQ2Th3 to weakly absorb in this region as is seen in the UV-vis spectrum. Though 

notably, the SQ2Th3 4 K UV-vis (Figure II.11) shows that open shell singlet state of SQ2Th3 very 

closely matches the electronic properties of SQ2Th and SQ2Th2 at room temperature. We 

speculate that as temperatures decrease, the antisymmetric OS ground state for SQ2Th3 can more 

readily mix with antisymmetric bridge states, which would partially quinoidalize the molecule at 

lower temperatures. 

 The utilization of bond deviation parameters to analyze biradicaloids were shown to aid in 

understanding the effects of the bridge on the magnetic exchange between the two radicals. While 

the reliability of the data is highly dependent on high quality crystals structures (minimal 

uncertainty in atomic positions) and works best for appended radical systems (phenoxy, 

semiquinone, etc.), ×æi need to be used as an empirical measure to quantify the degree of open 

shell singlet biradical character in biradicaloids, given the direct correlations between radical 

separation distance (Figure II.5 ) and the empirically verified, computed magnetic exchange 

(Figure II.12). They could also help predict the minimum number of thiophene units separating 

the radicals required to have completely ñunperturbedò aromaticity. The equation from Figure 

II.12.B indicates that there is a minimum degree of magnetic exchange (|-61| cm-1) when the ×æi 

will become 0. Therefore, when using this value to calculate the distance between the two 

semiquinone radicals with the fitting in Figure II.14.A, the distance is 19.47 Å which is 

approximately 5 thiophene bridging units. This type of analysis helps pinpoint when HBB, which 

facilitates quinoidolization, will be overcome by aromatic stabilization for a given biradicaloid 

system. 

While no magnetic data for SQ2 or SQ2Th could be collected due to the magnitude of the 

magnetic exchange prevalent in these molecules, it is possible from the data collected to come to 

an educated guess as to their approximate values. For SQ2Th, EPR analysis does not display any 

triplet state for SQ2Th. Since no visible triplet state was observed up to 360 K via EPR, a 

conservative minimum for the magnetic exchange of SQ2Th can be given to be J  Ò -700 cm-1. At 

360 K with a magnetic exchange of -700 cm-1, approximately 1.5% of the 3OS is populated. For 
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comparison, at 360 K SQ2Th2 and SQ2Th3 have 31% and 71% of the 3OS populated, respectively. 

It is entirely possible for SQ2Th that this minimal population of the 3OS would be below the limit 

of detection for the instrument. Also, by utilizing Equation 27c in conjunction with both the 

crystal structure and magnetic data collected it is possible to back calculate the theoretical J for 

both SQ2 and SQ2Th.  

 

╙╢╠ ╣▐  ╙╢╠ ╣▐Ὡ
Ў  z      (37) 

 

As shown in Equation 37, it is possible to derive JSQ2Th by utilizing the already found 

JSQ2Th2, which is the average value found from magnetic susceptibility, VT-EAS, and VT-EPR 

experiments (-279 cm-1), the æR, or the difference in the distances between the two semiquinone 

radical centers found in the crystal structures for SQ2Th and SQ2Th2 (3.86 Å), and finally the ̡-

decay constant of 0.22 Å-1 previously found for SQ-B-NN oligothiophenes.17 By solving for JSQ2Th 

we get the magnetic exchange for SQ2Th to be -652 cm-1. This value is in good agreement with 

the prior observation made for the EPR experiments for SQ2Th. Further evidence that the J-value 

for SQ2Th is approximately -652 cm-1 is discussed in Chapter IV. Utilizing a similar 

superexchange analysis for SQ2 gives J = -1521 cm-1. These J values differ greatly than the 

computed J values of -1007 cm-1 (SQ2) and -556 cm-1 (SQ2Th). This can be attributed to the 

computational methodology used, which did not consider specific configuration interactions that 

could lower the energy of the ground state singlet significantly, as well as the fact that these 

computations were only comparing the difference in energy of the open shell singlet and triplet. 

Given that these are well within the closed shell regime, this discrepancy further demonstrates the 

need for the allyl model presented herein.  Interestingly, it is possible to back calculate the 

magnetic exchange of SQ2Th3 (previously found Jave = -117) from Jave = -279 cm-1 for SQ2Th2. 
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II.2.8. X-ray Crystallography: Structure Analysis of Phenylene Series 

 X-ray quality crystals were grown for SQ2Ph, SQ2Ph2, SQ2BiPh, SQ2Phen, and SQ2AB 

and structures were obtained via X-ray diffraction (Figure II.17). Bond deviation parameters (×æi) 

were calculated the same as they were for the previously discussed oligothiophene series utilizing 

Equation 29 from the listed dioxolene bond lengths (Table II.3). ×æi are 0.114 Å (SQ2Ph) and 

0.086 Å (SQ2Ph2), with a beta decay value of 0.080 Å-1 (Figure II. 18). The C4-C1ô bond lengths 

Figure II. 17 Thermal ellipsoid (50% probability) plots from crystal structures (data collected at 100 K) of 

SQ2Ph, SQ2Ph2, SQ2Phen, SQ2AB, and SQ2BiPh. Note that for SQ2Phen the ethene moieties shown are 50% 

occupied. Cumenyl groups and protons omitted for clarity. 

 

Figure II. 18 Plot of ×æi versus the distance between the SQ radical centers as found in the crystal structures seen 

in Figure II.17. Standard deviation (SD) calculated utilizing SD = ВὼὭ  ВώὭ where x is the sum of SD of 

the dioxolene bonds in 3,5-ditertbutyl-semiquinone and y is the sum of SD of the dioxolene bonds in the 

synthesized biradicaloids. 
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(see Table II.3 for labelling) are 1.453 Å (SQ2Ph) and 1.487 Å (SQ2Ph2), which indicates 

decreasing double bond character of the C4-C1ô bond going from phenyl to biphenyl bridged 

bis(semiquinone)s. The C1ô-C2ô bonds lengths are 1.414 Å (SQ2Ph) and 1.404 Å (SQ2Ph2), and 

the C2ô-C3ô bond lengths are 1.370 Å (SQ2Ph) and 1.390 Å (SQ2Ph2). Notably, the average 

torsion angles between the SQ radicals are 18.06° (SQ2Ph) and 34.04° (SQ2Ph2). These bond 

lengths and torsion angles indicate bond orders as proposed by Figure II. 19, with SQ2Ph being 

quinoidalized and SQ2Ph2 being aromatic.  

Table II.3. Select SQ and Ph bond lengthsa for SQ-Phn-SQ (n = 1, 2), SQ-Phen-SQ, SQ-AB-SQ, SQ-BiPh-SQ. 

aAverage values where applicable. b Bond deviation parameter, ×æi = sum of absolute value of difference in dioxolene bond lengths 

compared to those of 3,5-di-tert-butyl-semiquinone.78 See text for details. Labelling shown for phenyl/biphenyl, 

phenanthrene/azaborinine, and biphenylene. Note: SQ2Phen data requires more refinement. 

Figure II. 19 Simplified Lewis structures of SQ2Phn (n = 1 and 2) with methyl radicals replacing semiquinones for 

simplicity. Bond order is derived from crystal structure data.  
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 When analyzing the crystal structure of SQ2BiPh, the introduction of antiaromaticity from 

the 4-membered ring is apparent given the pronounced alternant bond lengths in the phenyl rings 

in biphenylene. Notably for the 4-membered ring, the C4ô-C5ô and C10ô-C11ô bond lengths are 

1.510 Å and 1.498 Å, respectively, which are single bonds, and the C4ô-C11ô and C5ô-C10ô bond 

lengths are 1.375 Å and 1.413 Å respectively, which are more akin to double bonds. These bond 

lengths are indicative of 2nd Order Jahn Teller distortion, which is a common phenomenon in 

systems containing 4-membered antiaromatic rings,93 and has already been observed in 

compounds containing biphenylene.74,94  

 Comparing the SQ2Phen and SQ2AB bond lengths show that quinoidalization of the bridge 

occurs through different pathways. The C4ô-C1ò bond is 1.586 Å (SQ2Phen), 1.468 Å (SQ2AB), 

and 1.498 Å (SQ2Ph2) for a non-torsionally rectified comparison. Figure II. 20 shows the rough 

bond orders of SQ2Phen and SQ2AB based off the bond lengths in the crystal structures. Bond 

orders were determined by inspection. 

 Finally, x-ray quality crystals were grown for SQ2Fluorene and a structure was obtained 

via X-ray diffraction (Figure II. 21). The ×æi for this compound was found to be 0.054 Å, which 

was derived from the dioxolene bond lengths shown in Table II.4. 

 

 

Figure II. 20 Simplified Lewis structures of SQ2Phen and SQ2AB with methyl radicals replacing semiquinones 

for simplicity. Bond order is based off crystal structure data.  

Figure II. 21 Left: Thermal ellipsoid (50% probability) plots from crystal structures (data collected at 100 K) of 

SQ2Fluorene. Right: Atom labels for fluorene bridge in SQ2Fluorene. 
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Table II.4 Crystallographic information for SQ2Fluorene. 

Compound Dioxolene 

Bond 

 

r [Å] 

Bridge  

Bond 

 

r [Å] 

Dioxolene 

Ɇæi [Å] 

 

 

 

 

SQ2Fluorene 

C1-C2 1.470 C1ô-C2ô 1.411  

 

 

 

0.054 

C2-C3 1.396 C2ô-C3ô 1.386 

C3-C4 1.372 C3ô-C4ô 1.400 

C4-C5 1.432 C4ô-C5ô 1.395 

C5-C6 1.374 C5ô-C6ô 1.384 

C6-C1 1.431 C6ô-C1ô 1.409 

C1-O1 1.282 C4ô-C1ò 1.455 

C2-O2 1.294 C3ô-C7ô 1.526 

C5-C1ô 1.474     ---    --- 
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II.2.9. EPR Spectroscopy: Phenylene Series 

 The EPR spectrum for SQ2Ph2, SQ2BiPh, SQ2Phen, SQ2AB, and SQ2Fluorene were 

collected at 295 K in PVC/PS films are characteristic of a randomly-oriented, rhombic spin 

triplets84 as shown in Figure II. 22 and Figure II. 23. Zero-field splitting (zfs) parameters, 

determined by fitting the experimental spectrum using EasySpin,85 were determined for |D/hc| as 

0.00409 cm-1 (SQ2Ph2), 0.00327 cm-1 (SQ2BiPh), 0.00268 cm-1 (SQ2Phen), 0.00249 cm-1 

(SQ2AB), and 0.00306 cm-1 (SQ2Fluorene), and for |E/hc| as 0.00017 cm-1 (SQ2Ph2), 0.0055 cm-

1 (SQ2BiPh), 0.00016 cm-1 (SQ2Phen), 0.00012 cm-1 (SQ2AB), and 0.00018 cm-1 (SQ2Fluorene). 

Figure II. 22 Powder EPR of SQ2Ph2 (A), SQ2BiPh (B), SQ2Phen (C), and SQ2AB (D) observed in PVC at 295 

K. Subset spectra are the æms = 2 signal for each compound. Fitting performed with EasySpin. g = 2.0000 peak is 

a S = ½ impurity. 
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All compounds displayed æms = 2 signals, which unequivocally show that these compounds 

contain two coupled spins. In organic triplets where spin-orbit coupling plays a negligible role in 

the zfs, the axial zfs parameter D is proportional to 1/r3, where r is the distance between spin 

centers.  Therefore, the approximate distances between the radical spin centers are 6.25 Å 

(SQ2Ph2), 6.74 Å (SQ2BiPh), 7.12 Å (SQ2Phen), 7.38 Å (SQ2AB), and 6.89 Å (SQ2Fluorene). 

All attempts at acquiring the triplet EPR data for SQ2Ph failed, giving only paramagnetic (S = ½) 

impurity signals. This is attributed not to decomposition, but rather the larger magnitude of 

magnetic exchange for SQ2Ph relative to all the other oligophenylene biradicals analyzed herein.  

 

 

Figure II. 23 Powder EPR of SQ2Fluorene observed in PS at 295 K. Subset spectrum is the æms = 2 transition 

Fitting performed with EasySpin. g = 2.0000 peak is a S = ½ impurity. 
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II.2.10. Variable Temperature UV-vis: Zn Phenylene Series 

Shown in Figure II. 24 and Figure II.26 are the UV-vis spectrum of the SQ2Ph, SQ2Ph2, 

SQ2Phen, SQ2AB, SQ2BiPh, and SQ2Fluorene at room temperature in cyclohexane. The UV-vis 

spectra of SQ2Ph and SQ2Ph2 share similar characteristics, as well as SQ2Phen, SQ2AB, 

SQ2BiPh, and SQ2Fluorene. The low energy bands between 11000-17000 cm-1 for SQ2Ph also 

appear in SQ2Ph2, SQ2Phen, SQ2AB, SQ2BiPh, and SQ2Fluorene albeit at much lower 

intensities. These low energy bands, in all cases, appear to possess vibronic structure =. For 

Figure II. 24 Left: VT-EAS spectrum of SQ2Ph2 in a PVC film. Right: Comparison of SQ2Ph, SQ2Ph2, 

SQ2Phen, SQ2AB, and SQ2BiPh UV-vis in cyclohexane. 

 

Figure II. 25 Left: Comparison of 4 K EAS of SQ2Ph2 in PVC and SQ2Ph in cyclohexane. Right: Boltzmann 

fitting of the bands at 23700 cm-1 (triplet; black) and 26500 cm-1 (singlet; green) for the EAS of SQ2Ph2. 
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SQ2Ph, the vibronic structure of the low energy bands have an energy spacing ~1600 cm-1, which 

is slightly less than C=C bond stretching frequencies (1640-1680 cm-1). Interestingly, SQ2Ph2, 

SQ2Phen, SQ2AB, and SQ2Fluorene all share two similar high energy bands between 23000 and 

27000 cm-1. SQ2BiPh has much more complex electronic structure, which would require VT UV-

vis data or computations to further elucidate. 

Also shown in Figure II.25 is the VT UV-vis data for SQ2Ph2. It should be noted that all 

these compounds display visible thermochromism when cooled with liquid nitrogen except 

SQ2Ph, which according to its crystal structure is quinoidalized and not aromatic like the other 

compounds. When fitting the VT UV-vis data for SQ2Ph2 to a Boltzmann distribution (Figure 

II.2 2), J was determined to be -41 cm-1 (Triplet band) and -51 cm-1 (Singlet band), which closely 

correlates to J = -54 cm-1 found via SQUID magnetometry for SQ2Ph2 (Figure II. 27). Differences 

in these J values is likely due to an underlying band distorting the data analysis, which is likely 

the case since analysis of the UV-vis spectra for SQ2Phen and SQ2Fluorene reveal there are two 

absorption bands, between 21500 and 23500 cm-1, roughly where the triplet absorption band is for 

SQ2Ph2. Finally, if considering the 4 K UV-vis of SQ2Ph2 (Figure II. 25), the bands at  23000     

cm-1 and 26000 cm-1 are like the high energy bands present in SQ2Ph, albeit redshifted due to the 

relatively extended conjugation. 

 

Figure II. 26 Comparison of SQ2Fluorene and SQ2Ph2 EAS spectrum in cyclohexane. 
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II.2.11. Magnetometry and Computations: Zn Phenylene Series 

 

 Crystals grown for X-ray diffraction were utilized in SQUID magnetometry measurements 

for SQ2Ph, SQ2Ph2, SQ2Phen, SQ2AB, SQ2BiPh, and SQ2Flourene. SQUID magnetometry for 

these molecules showed J values of -395 cm-1 (SQ2Ph), -54 cm-1 (SQ2Ph2), -68 cm-1 (SQ2AB), -

76 cm-1 (SQ2Phen and SQ2BiPh), and -82 cm-1 (SQ2Flourene) (Figure II. 27 and Figure II. 28; J 

derived from fitting with Equation 13, except for SQ2Ph which was fit with Equation 30). 

 Gaussian® 16 software was utilized for  computations to determine the æEST for SQ2Ph 

and SQ2Ph2.86 UB3LYP/6-31G(d) with a SDD effective core potential for Zn was utilized to 

optimize the structures 1OS and 3OS wavefunctions of SQ2Ph and SQ2Ph2 starting from the crystal 

Figure II. 27 Paramagnetic susceptibility-temperature product (cparaÅT) vs. temperature for a crystalline sample 

of (A) SQ-Ph2-SQ, (B) SQ-AB-SQ, (C) SQ-Phen-SQ, and (D) SQ-BiPh-SQ with g = 2.00, and ⱥ = 0. SQ-Ph-

SQ SQUID data can be found in Appendix A.3. 
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structures obtained by X-ray diffraction.30ï37 The cumene groups were omitted from the structures, 

since those groups do no participate in the magnetic exchange between the two radical centers, 

and only impose more computational cost to the calculation. A modified spin-flip  methodology as 

seen in the literature87,88 was utilized, and similar restrictions to the torsion angles were made to 

the structures as done for the SQ2Thn (n = 1-3) series. Singlet-triplet gaps were calculated from the 

differences in the triplet and singlet wavefunction electronic energies with ESinglet ï ETriplet and J 

was calculated by dividing the computed æEST by two. The computed J values were then -336    

cm-1 (SQ2Ph) and -34 cm-1 (SQ2Ph2). These values are an adequate approximation, given the 

similarity between the empirically derived J = -395 cm-1 and in silico J = -336 cm-1 for SQ2Ph 

and the empirically derived J = -54 cm-1 and in silico J = -34 cm-1 for SQ2Ph2. 

II.2.12. Discussion of Oligophenylene Biradicaloids 

 Of all the biradicaloid oligophenylenes synthesized, only SQ2Ph was found to be 

effectively diamagnetic at room temperature. The crystal structure of SQ2Ph shows distinct 

quinoidal bonding characteristics in the phenyl bridge, indicating that the two SQ radicals are 

covalently interacting. Also, no triplet EPR spectra was observed for SQ2Ph. Rather than concerns 

Figure II. 28  Paramagnetic susceptibility-temperature product (cparaÅT) vs. temperature for a crystalline sample 

of (A) SQ-Ph-SQ, fit with Equation 30, and (B) SQ-Flourene-SQ, fit with Equation 13.  
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of decomposition or dimerization, the lack of an observable powder spectra is likely due to the 

observed  J = -395 cm-1 by SQUID magnetometry. DFT computational results utilizing B3LYP/6-

31(d) gave JSQ2Ph = -336 cm-1. Notably, the number of repeating units in the bridge separating the 

SQ radicals required for paramagnetism to dominate at room temperature is only two phenyl rings 

rather than three required for the oligothiophene biradicaloid series. This result is not surprising, 

since quinoidalization of biradicaloids is resisted by the aromatic stabilization of the system. 

Thiophene is inherently less aromatic than phenylene, therefore requires more repeat units to add 

the required ñresistanceò to stop quinoidalization. 

 Therefore, when looking at the relationship between magnetic exchange and distance 

between the SQ radicals (Figure II. 30), it is expected to see that the ̡J = 0.30 Å-1 for SQ2Phn (n 

= 0-2) is larger than J̡,SQ2Thn = 0.17 Å-1. Also, past computational work by Shultz and Kirk has 

shown that for conductive systems with oligophenylene bridges (M-Phn-M) has a conductive decay 

constant, g̡ = 0.45 Å-1,17 which closely matched ̡g = 0.42 Å-1 found by conducting probe atomic 

force microscopy on oligophenylene-monothiols suspended between metal contacts.95  Shultz and 

Kirk also found that for SQ-Phn-NN (n = 0-2) biradicals ̡J = 0.39 Å-1. Since deviation from unity 

for g̡/ J̡ implies either changing bridge-unit state mixing (HBB) or a changing barrier to electron 

Figure II. 29 Left: Distance-computed magnetic exchange relationship for SQ2Phn (n = 0-2) compounds. Right: 

Plot of æŮ/HBB correlated to the number of SQ units in conjugation across the system, with 0 for M-Phn-M fully 

aromatic bridge, 1 for SQ-Phn-NN biradicals, and 2 for SQ2Phn biradicaloids. 
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tunneling,12 g̡/ J̡ can be used to directly compare SQ-Phn-NN and SQ2Phn (n =0-2) compounds 

relative to M-Phn-M. For SQ-Phn-NN, ɓg/ J̡ = 1.15 and for SQ2Phn g̡/ J̡ = 1.50. Since g̡/ J̡ 

deviates more from unity for SQ2Phn than for SQ-Phn-NN, it can be concluded that either 1) æŮ 

decreases and/or 2) HBB increases in SQ2Phn relative to SQ-Phn-NN. As previously postulated for 

SQ2Thn (n = 0-3), there are increased bonding interactions between the bridging units due to 

increased quinoidalization of the system going from SQ-Phn-NN (excited states with quinoidal 

forms) to SQ2Phn where the ground state contains quinoidal characteristics, at least for SQ2 and 

SQ2Ph. Therefore, it is expected that an increase in HBB is occurring for SQ2Phn systems due to 

increased bonding interactions between the bridge-units. 

Recall Equation 33 (pg. 42), for M-Phn-M systems æŮg/HBB,g = 2.63, and for SQ-Phn-NN 

(n = 0-2) biradicals æŮJ/HBB,J = 2.31. Since J̡ of the SQ-Phn-NN and SQ2Phn systems are being 

compared to the same ̡g (0.45 Å-1), and given that æŮg/HBB,g for aromatic phenylene systems 

was computed to be 2.63 by Kirk  et. al,16  the Equation 35 (pg. 45) can be further simplified to: 

 

‍ πȢτχÌÎ
Ў

ȟ
      (38) 

 

Substituting ̡ J = 0.30 Å-1 for SQ2Phn (n = 0-2) into this expression, æŮJ/HBB,J = 1.89. Plotting these 

æŮ/HBB values for M-Phn-M, SQ-Phn-NN, and SQ2Phn against the number of SQ radicals (which 

perturb aromaticity and increase HBB) as seen in Figure II. 30 shows a near linear relationship (R2 

= 0.994).  

Another measure of quinoidalization are the bond deviation parameters of the dioxolene 

rings in the SQ2Phn (n = 0-2) series. It was found that as the length of the phenylene bridge 

increased, ×æi decreased. This finding corresponds with what was seen for SQ2Thn (n = 0-3), and 

interestingly ̡ BDP for the SQ2Phn series was 0.08 Å-1, while for SQ2Thn B̡DP = 0.057 Å-1. Since 

×æi effectively show the degree of SQ-Bridge state mixing or perturbation of aromaticity of the 

bridge, and that it is expected for oligophenylenes to resist quinoidalization more than 

oligothiophenes due to being more aromatic, the fact that ̡BDP(Ph) > ̡ BDP(Th) matches these 

expectations. As found with the oligothiophene series, there was a decent correlation between the 
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computed magnetic exchange of SQ2, SQ2Ph, and SQ2Ph2 and the ×æi for these compounds 

(Figure II. 29). 

In order to properly compare the magnetic exchange values of the various oligophenylene 

bisSQs synthesized herein, the J values need to be corrected to account for the torsion angles 

between the semiquinone radical centers. This can be done utilizing the equation: 

 

╙   
╙

Б  
      (39) 

 

Where ◖ is any torsion angle between the semiquinone radicals, and J◖ is the magnetic exchange 

corrected for any torsion angles which is effectively the maximum magnetic exchange possible 

across the bridge. The corrected J◖ are shown below in Table II.5. 

This torsional correction analysis makes it apparent that the maximum magnetic exchange 

for SQ2Ph2, SQ2Fluorene, and SQ2Phenanthrene are approximately the same. This finding 

implies that with respect to the torsional rectifiers, SQ2Fluorene and SQ2Phenanthrene, there is 

little difference in having what is restricting the torsion angles be a part of the conjugation 

(phenanthrene) or a saturated carbon center (fluorene). J◖ for SQ2BiPh however is -127 cm-1. This 

is a significant increase in exchange relative to the SQ2Ph2, and as already discussed the torsional 

Figure II. 30 Plot of the correlation between bond deviation parameters derived from crystal structures of SQ2Phn 

(n = 0-2) and J◖ values. 
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rectifier in question does not seem to impart much to the observed exchange. Therefore, the 

difference in J◖ for SQ2Ph2 and SQ2BiPh comes from the diminished aromaticity of the phenyl 

rings in biphenylene, which while can be seen in the crystal structure given the pronounced 

alternating bond lengths visible in SQ2BiPh (Table II.3), can be quantified utilizing Equations 

44-46 (pgs 70-71), which then gives an aromaticity index, I 6, of 92 (SQ2Ph2) and 78 (SQ2BiPh), 

where I 6 values of 0 indicate no aromaticity and 100 maximum aromaticity. This result elucidates 

once again the power of utilizing biradicals to understand structure-property relationships that can 

be related to conductivity, since biphenylene was previously found to not have a statistically 

significant difference in its conductivity relative to fluorene.74,94 These findings conform to our 

expectation that the magnetic exchange of aromatic linkers is proportional to how aromatic the 

bridge is, with increased aromatic character decreasing conductivity, and is clearly observed when 

simply comparing the magnetic exchange of SQ2Th2 and SQ2Ph2. 

Table II.5. Corrected J◖ Values for the Oligophenlyene bisSQs  

Compound J [cm-1] ʇcos(◖) J  ʟ[cm-1] 

SQ-Ph-SQ -395 0.904 -437 

SQ-Ph2-SQ -54 0.564 -96 

SQ-Fluorene-SQ -82 0.815 -101 

SQ-Phenanthrene-SQ -76 0.776 -98 

SQ-Biphenylene-SQ -76 0.597 -127 

SQ-Azaborinine-SQ -68 0.791 -86 

SQ2AB contains a bridge that is an internal rectifier, so that the bridge will have 

asymmetric molecular orbitals. From the crystal structure of SQ2AB, the C3ô-N1 bond length is 

1.403 Å which is of intermediate length to a C-N bond (1.47 Å)96 and a C=N bond (1.26 Å).97 

Also, the C6ô-B1 bond length is 1.516 Å and shorter than a pure B-C bond (1.578 Å).96 The N1-

B1 bond length was found to be 1.473 Å, which closely resembles other reported B=N bonds (1.42 

Å).97 This indicates that the azaborinine torsional rectifier is a part of the conjugated system, albeit 

minimally due to the verging on single C-B and C-N bond orders. Line broadening of the powder 

EPR spectrum for SQ2AB (Figure II. 22) was atypical for the overall series, and while could not 

be directly observed in the fitting the broadening could be due to poorly resolved nitrogen 

hyperfine given that there would be two unequal radical-N interactions, which can only result if 

the B-N moiety is part of the conjugation. Compared to the isoelectronic SQ2Phen molecule 
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however, J◖ for SQ2AB is -86 cm-1, substantially less than J◖ = -98 cm-1 for SQ2Phen. It is possible 

that breaking of the molecular orbital symmetry in SQ2AB causes inefficient conjugation 

throughout the system, or that coulombic repulsions occur due to the azaborinine moiety (-B=N+) 

diminishing the overall exchange since more exchange places more electron density near these 

charges. Also, the ethene torsional rectifier present in SQ2Phen may dominate the magnetic 

exchange pathway increasing the overall exchange. From the SQ2Phen crystal structure, the C4-

Clô bond length is 1.586 Å, which is well into the regime of a carbon-carbon single bond and much 

longer than seen in typical phenanthrene (1.437 Å). As shown in Figure II. 19, the ethene has 

increased double bond character, and shorter than the bonds observed in phenanthrene for the same 

bonds.98 As discussed already, SQ2AB cannot take advantage of this additional pathway as 

efficiently as SQ2Phen, forcing the conjugation pathway to stay within the rings which explains 

the shorter C4ô-C1ò bond length for SQ2AB relative to SQ2Phen.  
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II. 3. The Allyl Model for Conjugated D-B-D Biradicaloids 

 Unlike conjugated D-B-A and cross-conjugated D-B-A/D-B-D biradicals, only conjugated 

D-B-D biradicaloids have the capacity to be diamagnetic by virtue of -́bond formation. Let us 

reconsider the two-electron two-orbital model as outlined in Section I.2, but rather than two 

orthogonal p-orbitals let us use two parallel p-orbitals, with two electrons (akin to the ́-bond in 

ethylene). There are two possibilities from the linear combination of two p-orbitals: a ́ -bond and 

a ́ *-bond. Here the ́-bond can be described by either Equation 41 or 42 since both are spatially 

symmetric, and the ́*-bond can be described by the spatially antisymmetric Equation 40 and 43.  

 

ɊT = 
Ѝ

[ A˒(1) ˒ B(2) - A˒(2) ˒ B(1)]    (40) 

ɊS,OS = 
Ѝ

[ A˒(1) ˒ B(2) + ˒ A(2) ˒ B(1)]   (41) 

ɊS+,CS = 
Ѝ

[ A˒(1) ˒ A(2) + B˒(1) ˒ B(2)]   (42) 

ɊS-,CS = 
Ѝ

[ A˒(1) ˒ A(2) - B˒(1) ˒ B(2)]   (43) 

 

 However, a major difference when applying this model to two orthogonal or two parallel 

p-orbitals will be when considering the energies of the wavefunctions since bonding can now occur 

due to the orbital alignment. Recall that the expression for J is: 

 

J = JF - JAF = 2k ï      (4) 

 

Figure II .31  Depiction of the bonding to non-bonding interactions between two p-orbitals as the distance between 

the two orbitals is changed. 
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 Here ̡  is the resonance integral which describes the energy a system saves by delocalizing 

electrons over multiple centers via bonding interactions. When bonding is possible, the value of  ̡

is large and will cause JAF to be much larger than JF. If JAF becomes large enough due to the 

magnitude of ̡ then the ground state becomes closed shell, and what was previously considered 

the symmetric closed-shell singlet will be the open shell singlet state. The antisymmetric closed 

shell singlet will be a zwitterionic state that arise from two-photon absorption, which is a reportedly 

common phenomenon in biradicaloid molecules,99 and the open shell triplet will remain as such. 

However, this MO model fails to give us any spectroscopic handholds outside of two photon 

absorption and fails to consider how the bridge plays a role in the magnetic exchange, so let us 

consider another model. 

Assume it is possible to physically move the orbitals further and closer apart, much like an 

accordion (Figure II .31). As the orbitals move closer together, the energy of the bonding orbital 

will decrease while the anti-bonding orbital energy will increase. While after a certain distance 

apart, the two orbitals will effectively become non-bonding. The magnitude of HDA is dependent 

on the degree of bonding present in the system since it is the off-diagonal matrix element (HDA) 

that mixes two states. Since JAF is directly proportional to HDA, the magnitude of J will then be 

dependent on the degree of bonding in the system, which is dependent on the distance between the 

two radical centers/p-orbitals. 

 Realistically, the only way to physically move two orbitals closer/further apart in a 

controlled fashion is using molecular bridges of varying length to connect the two orbitals. 

Utilizing bridges composed of conjugated -́systems to connect two radicals requires considering 

how the SOMOs of two radicals will mix with the MOs of the bridges utilized. Going from an 

oligomer to a hypothetical polymer with n = Ð oligomers, the HOMO/LUMO gap of the bridge 

will trend downwards due to extended conjugation. Also increasing the distance between the two 

radicals will inherently decrease the magnitude of magnetic exchange. Let us then consider 

simplifying any organic ́-system bridge as well as the semiquinone radicals to p-orbitals, such 

that when constructing our SQ-Bridge-SQ state model we obtain the orbitals for allyl (Figure 

I I.32). The ñsemiquinoneò p-orbitals will each have one electron, while the bridge p-orbital will 

have two electrons, giving four ˊ-electrons total. 
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 4 distinct electronic states are required to understand D-B-D biradicals: a closed-shell (CS) 

1A1 state, open-shell 1,3B1 states (OSB), open-shell 1,3A1 states (OSA), and doubly excited closed-

shell (DEICS) states. ñBiradicaloidò character arises from symmetry-allowed CI mixing of the CS 

and OSA states. The greater the mixing, the more biradical, open shell character, and lesser mixing 

results in greater closed shell character. The CI mixing characteristic of biradicaloids is manifested 

in varying degrees of a quinoidal bonding pattern in the molecule (Figure 1I .6): more closed shell 

character = less CI while more open shell character = more CI. To then give a more accurate 

definition, a compound is a biradicaloid when it has a closed shell electronic ground state that can 

CI mix with an excited open shell state of the same symmetry. For biradicals however, the ground 

state is OSB which cannot mix with the CS state without 2nd order Jahn Teller distortion to lower 

the symmetry of the system. Therefore, the OSB state will have minimal, if any, quinoidal 

characteristics upon mixing with antisymmetric bridge states. This mixture would only partially 

Figure I I.32 Symmetrized models for biradicaloid electronic structure. A: 4-state model showing the transition 

from closed-shell singlet to open shell singlet as the number of bridge units increases. B: MO model based on the 

allyl p-system. The three p-orbitals represent paramagnetic SQ at the termini (one e- each) and the bridge unit (two 

e-). Six configurations are shown. CS = closed-shell, OS = open shell, DE1CS = lowest doubly-excited closed-

shell, and DE2CS = highest doubly-excited closed-shell. 
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ñquinoidalizeò parts of the bridge and would likely have minimal effect on the structure of the 

molecule since quinoidalization will only be present in excited state configurations. 

 Modification of the preferred electronic ground state, be it open, mixed, or closed shell, 

should then be dependent on the magnitude of the magnetic exchange, J. It is the CI of the ὃ  

(closed shell state) and ὃ  (mixed open/closed shell state) that imparts biradical characteristics 

into biradicaloid molecules. Therefore, there is expected to be a large energy gap between these 

two states when the biradicaloid molecule is fully quinoidalized. Large energy gaps lead to 

diminished CI, therefore less biradical character. 

Finally, given all previous analysis, we propose the state model for the SQ2Thn (n = 1-3) 

series shown in Figure II. 33, which utilizes the electronic states discussed in Figure II .32, which 

suggests a closed shell ground singlet for SQ2Th, an open-shell singlet for SQ2Th3, and a mixed-

configuration ground state for SQ2Th2. The pattern of bridge bond lengths shown in Figure II.6 

is consistent with these predictions as the alternation of short- and long C-C bonds characteristic 

of quinoidal resonance structures is most prominent for SQ2Th and least prominent for SQ2Th3. 

In addition, the bond deviation parameters Sæi decrease from SQ2Th to SQ2Th3 indicating 

maximal quinoidal character for SQ2Th. The results of structural analysis are consistent with EPR 

spectroscopy which indicates the presence of a low-lying thermally populated triplet in the case of 

SQ2Th3 with æEST = -240 cm-1 (J = -120 cm-1), which is adequately reproduced from solution 

absorption spectral measurements. By comparison, a significantly larger singlet-triplet gap exists 

for the more quinoidal SQ2Th2 (Jave = -288 cm-1), and no triplet EPR spectrum was observed for 

SQ2Th up to 360 K consistent with a much larger energy gap between the closed shell ground 

state and an open shell triplet. Because of the small æEST for SQ2Th3, the room temperature 

electronic absorption spectrum is notably different (Figure II. 10) than the other two complexes. 

However, absorption spectral features for SQ2Th3 become more like the other two complexes at 

lower temperatures (Figure II.12) as the triplet state is depopulated. Therefore, the mechanism to 

create biradicaloids with high ñbiradical characterò is to simply extend the conjugation between 

the two radicals. Extending the conjugation will lower the energies of the open shell triplet and 

singlet states and increase the energy of the closed shell state progressively with a dramatic 

increase in energy at the point in which aromatic stabilization overcomes the magnetic exchange. 

Also theoretically, this mechanism (Figure 33) implies a point in which a ground closed shell 1A1 

state is just below the open shell 1B1 excited state. This could be how to achieve a high degree of 
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ñbiradical characterò in a compound where there appears to be quinoidal characteristics in the 

bonding. The closed shell singlet and open shell singlet gap would be miniscule allowing for easier 

population of this antisymmetric open shell singlet state, while the symmetric closed shell state is 

still the lower energy state. 

 

  

Figure II. 33 States for SQ2Thn (n = 1-3) biradical/oids derived from the allyl model. 
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CHAPTER 3: PROBING MAGNETIC EXCHANGE ACROSS THE CHALCOGENS  

III.1. Introduction  

We were interested in probing the magnetic exchange across the chalcogenophenes, given 

the minimal literature precedent in studying the heavier chalcogenophenes (selenophene and 

tellurophene) and furan as well as previous studies performed by Wenger et. al.,100,101 that 

determined electronic coupling matrix element, HAB, values and comproportionation constants, Kc, 

for the mono-oxidized molecules shown in Figure III. 1. Kc were calculated from æEox found by 

cyclic voltammetry using the equation Kc =10æEox/59mV. Kc is a measure of how stable the singly 

oxidized species is in a mixed valent compound, with increasing Kc correlating to increased 

communication between the redox active centers (in this case the nitrogen atoms in the 

phenothiazine units; increased communication between redox centers means increased HAB). 

However, Kc can also be governed by electrostatic forces and ion-pairing effects, so correlating Kc 

with HAB must be done with caution.102  The trend for Kc was in increasing order of furan < 

thiophene < selenophene < tellurophene. HAB values were also directly determined by analysis of 

the intervalence charge transfer (IVCT) bands seen by UV-vis of the mono-oxidized compounds. 

However, they found the order of increasing HAB to be tellurophene < furan < selenophene < 

thiophene, though the authors do state that this method of analysis did not yield statistically distinct 

HAB values to draw a conclusive trend across this series.100 

These findings are inconclusive with respect to determining whether oligothiophenes are 

better or worse than oligoselenophenes in facilitating charge transport. Also, these findings do run 

counter to previously accepted trends in aromaticity for the chalcogenophenes, with thiophene > 

selenophene > tellurophene > furan103 since selenophenes should have their aromaticity more 

easily perturbed than thiophenes to enable charge delocalization (Figure III. 2). As shown, 

Figure II I .1 Precursors to mixed-valent monocationic forms of phenothiazine-decorated chalcogenophenes as 

synthesized by Wenger et. al. 
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aromaticity indexes (A) were previously calculated for the chalcogenophenes. The method of 

quantifying aromaticity with A is done by first calculating the bond order utilizing Gordyôs 

relationship:104 

 

N = a/R2 - b      (44) 

 

Where N is the bond order, R is the bond length, and a and b are constants characteristic of a given 

atomic pair and are calculated from covalent radii and electronegativity values105 utilizing the 

Shomaker-Stevenson equation.106 A table of Gordy constants are listed in Appendix A.5. It should  

be noted that the Gordy relationship fails to match the Pauling equation for bond orders less than 

one, but otherwise effectively overlaps in all other situations and apply to the systems currently 

under investigation.107  Once the bond order is calculated this way for every bond in one ring within 

the ˊ-system, the variance is calculated to determine how different the bond orders are from each 

other with the equation: 

 

ὠ  
p
 
В  p

     (45) 

 

Where Ñ is the average bond order of the ˊ-system Therefore this definition of aromaticity can be 

summarized as how similar are the bond orders of all the bonds in the ˊ-system? The more similar 

they are, the smaller the variance and more aromatic a ˊ-system, and vice versa. For 5-membered 

heterocyclic rings the maximum variance (Vk) is 35, which makes a variance of 0 the maximum 

degree of aromaticity and 35 the maximum degree of electron localization.103 To convert these 

variances to a more manageable scale the following equation is used: 

Figure II I .2 Aromaticity indexes (A) for thiophene, selenophene, tellurophene, and furan calculated through 

determining the variances in the Gordy bond orders of the -́system. 
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ὃ ρππρ      (46) 

 

Where A is the aromaticity index. Now, A = 0 indicates a non-delocalized Kekulé system and A = 

100 corresponds to a fully aromatic system. Notably it is advised to not cross compare A calculated 

for different sized ring systems in all situations.103 

As previously shown for the oligothiophene and oligophenylene bisSQ series, diminishing 

aromaticity of the bridge should correspond to an increase in magnetic exchange, J, which is 

directly correlated to both the rate of electron transfer,7,108 and conductance.17 Biradical systems, 

while not adding extra charge into a system, do increase the amount of electron density present in 

the bridge. Therefore, while not being able to derive the stabilization energy of charge 

delocalization from magnetic exchange, these two observables can be seen as directly correlated. 

Therefore, to further probe these systems, the compounds shown in Figure III. 4 were synthesized 

and studied by X-ray crystallography, SQUID magnetometry, EPR, and UV-vis. Also, to the best 

of our knowledge, no study on the dependence of distance on magnetic exchange has been 

performed for oligoselenophenes bridged biradicals. 
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III.2. Results for  Selenophene bisSQs 

III.2.1. General Synthesis 

All SQ2Sen (n=1-3) complexes were synthesized starting from commercially available 

selenophene. As shown in Figure III. 3, it is possible to obtain 2,5-dibromoselenophene by treating a 

solution of selenophene in chloroform with NBS.109 Also starting from selenophene, monolithiation of this 

material then reaction with CuCl2 yield biselenophene, and subsequent bromination with excess 

NBS gives 2,5ô-dibromo-2,2ô-biselenophene.101 It was decided to synthesize 2,2':5',2''-

Figure II I .3 Synthetic routes to access 2,5-dibromoselenophene, 2,5ô-dibromo-2,2ô-biselenophene, and 5,5''-

dibromo-2,2':5',2''-terselenophene. 

Figure II I .4 Synthetic route to access SQ2Sen (n= 1-3)  










































































































































































































































































































































































































































































































