
ABSTRACT 

HEWITT, PATRICK. Organic Polyradicals and Donor-Bridge-Acceptor Biradicals: Synthesis, 

Characterization and Properties for Understanding Electronic Structure. (Under the direction of 

Dr. David A. Shultz). 

 Herein several topics relating to stable organic radicals will be discussed. After a general 

introduction, background and theory presented in Chapter I, Part A describes the theory, design, 

synthesis and application of several polyradicals, as discussed in Chapters II, then Part B will 

begin with Chapter III on the theory, design, synthesis and prior results of donor-bridge-acceptor 

biradicals. In this work, these biradicals will provide insights into molecular electronic structure; 

specifically related molecular rectification in single-molecule electronics (Chapter IV) and the 

electronic nature of and coupling through nonalternant -system bridges (Chapter V).  

Chapter I will focus on and describe the physical organic theory behind organic radicals 

and the correlation of this theory and structure-property relationships. These topics include the 

Pauli Exclusion Principle, Hund’s rules, the Heisenberg Hamiltonian and magnetic exchange 

coupling. These principles will then be discussed in the context of spin polarization and the 

origin of the ground-state spin of organic radicals of disjoint and non-disjoint molecules. This 

chapter will also discuss primary characterization techniques employed in the study of organic 

radicals; these are electron paramagnetic resonance (EPR) and magnetometry. 

Part A, Chapter II is going to discuss the history and application of radical polymers 

(polyradicals), including the synthesis, characterization and results of two polyradical backbones: 

poly(ortho-phenyleneethynylene) (PoPE) and poly(thiophene) (pTh). The significant synthetic 

progress on a third polymer, a copolymer of the radical-appended thiophene with 3-

hexylthiophene as well as a polyradical for future work involving a facile synthesis are discussed 

in Appendix A.  



Part B begins with Chapter III and will cover donor-bridge-acceptor biradical theory for 

semiquinone donor radicals bridged with diamagnetic linkers to nitronylnitroxide acceptor 

radicals. The relevance to molecular electronics, as well as their synthesis, characterization and 

results in a general aspect with regard to results that predates the work reported in this document. 

Such topics to be discussed include the history of electron transfer, ways that electron transfer 

can be measured and models to evaluate and explain the observations of magnetic exchange 

coupling in our molecules. Former relevant results that will be discussed will be the importance 

of the distance dependence series donor-bridge-acceptors, how exchange coupling changes and is 

affected by a conjugated versus a cross-conjugated diamagnetic bridging unit and the 

significance of torsional dependence studies on exchange coupling.  

Chapter IV concentrates on molecular rectification. The seminal literature of molecular 

rectification will be discussed, the influence of the frontier molecular orbitals in a rectifying 

device, the crucial characteristic for a rectifier and three classes of rectifiers that satisfy this 

characteristic with some examples. The discussion of current work in molecular rectification will 

conclude with ongoing challenges facing the study of molecular rectification and introduce why 

hetero-biradicals may be uniquely suited for studying certain attributes of molecular rectifiers. 

Our group’s initial foray into molecular rectification and lessons learned will be discussed along 

with two, separate strategies for elucidating the orbital contributions to molecular rectification 

and their results.  

Finally Chapter V focuses on a class of conjugated hydrocarbons, known as nonalternant 

hydrocarbons, whose electronic structure and the common analogies that describe it are still 

contended, and empirical studies probing it are scarce. Of this class of compounds, a member 

that has been investigated for its unique photophysical properties and electronic structure for 



over 60 years, azulene is investigated with the hetero-biradical donor-bridge-acceptor motif. 

Alongside azulene, ferrocene is also investigated and these compounds are compared to the 

alternant hydrocarbon, phenylene (benzene) as a bridging unit.  
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I. Introduction and General Theory 

In 1900, Moses Gomberg first reported an organic radical, triphenylmethyl, which he 

postulated must have been created during his attempted synthesis of hexaphenylethane, but 

instead resulted in the formation of the triphenylmethyl peroxide.1 It was not until 1957, that a 

stable organic radical, displaying weak ferromagnetism was discovered in crystals of galvinoxyl 

radicals.2,3 Since then a variety of stable organic radicals, such as: nitroxides, (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl (TEMPO), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 1,2,4-

benzotriazinyl (Blatter’s radical), verdazyl, aminyl, and many others and derivatives; have been 

discovered and studied.4–14 More recently in the past 25 years, many magnetic materials and 

other novel materials by incorporating organic radicals into organic or hybrid-organic materials 

have been synthesized and studied.15–27 These types of materials have potential application for 

new organic batteries, spintronics and spin-polarized transport, semiconductors, memory storage, 

photovoltaics, organic light-emitting diodes (OLEDs), and other organic electronic devices.28–42 

Specifically, in 1997, IBM released the first hard drive (16.8 GB) that utilized spin valves 

in the read heads, which revolutionized the way that information could be stored.43 Information 

could now be encoded as the binary language of 1’s and 0’s on a hard disk in the form of either 

an electron with an up spin or down spin. Since then great advancements have been made in the 

development of memory storage devices, but more efficient, innovative, and cost-effective 

methods are necessary. Especially because according to IBM, in 2015, more than 2.5 exabytes (1 

exabyte = 1 million terabytes) of information was created and stored per day necessitating the 

need for materials and devices with higher areal density. Through the application of fundamental 

understanding of redox activity, charge transport, and spintronics, new materials capable of 

storing and processing information will be developed. 
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Another area of interest is OLEDs, which have an upper limit of efficiency of 25% 

because only singlet excitons will emit light and according to spin statistics, only 25% of 

excitons formed are singlets the other 75% are triplets. However using stable, organic, high spin 

materials could provide a relatively inexpensive route to manipulating spin populations by 

facilitating intersystem crossings via radical substituents.44  

In conventional inorganic magnetic materials, the source of spin comes from electrons 

located in d- and f-orbitals of transition and rare earth metals and spins are coupled in three 

dimensions. This is a problem that must be addressed when designing organic high-spin 

materials.45,46 Since ferromagnetic coupling requires very specific intermolecular interactions, 

most organic radicals are only coupled in two dimensions and result in antiferromagnetic 

coupling in the third dimension (z-axis) resulting in a material with a minimized net spin. Current 

electronic and magnetic materials rely on rare earth or precious elements that scarce and 

expensive to use which in turn raises the cost of the products in which they find application. 

Moving toward organic or organic-hybrid molecular electronics benefit from reduced cost of 

production, lighter weight and flexibility.  

Two classes of organic radicals will be discussed: first the application, background and 

current progress into incorporating stable organic radicals onto a polymer backbone, known as 

polyradicals will be discussed in Chapter II; the second will be the utility of heterospin organic 

biradicals for the evaluation of electronic and magnetic coupling through bridging units that are 

of interest for molecular electronics will be discussed in Chapters III-V.  

Polyradical research has been an active area of research since Mataga proposed using 

polycarbenes for accessing high-spin materials in 196847 and since then, Rajca demonstrated the 

synthesis of entirely organic high spin materials, some with spin quantum numbers (S) as high as 
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5000 at 10 K.48,49 Recently, Nishide has had success by incorporating TEMPO and galvinoxyl 

pendant groups into aliphatic polymer backbones to serve as anodes and cathodes, respectively, 

in an organic battery.28,35,38,50 Potential spintronics applications are possible for any spin-

polarized material, but has been demonstrated by Tagami, K. et al. where by measuring current-

voltage relationships and showing that through a tetramer of poly(o-phenylenevinylene) with 

phenoxyl pendant groups, the current resulting from up spins and down spins is 

disproportionate.18 

The second part of this document (Chapters III-V) will discuss the past, current and 

future work of heterospin, donor-bridge-acceptor biradicals (in the form of ligands) for 

evaluating molecules that are of interest to molecular electronics, which has been an active area 

of research in the Shultz group for over a decade.51 Stable D-B-A biradicals are effectively 

ground-state analogues of the charge-separated excited states encountered in photoinduced 

electron transfer. As such, detailed electronic studies of stable ground state donor-acceptor 

biradical systems provide a convenient platform for evaluating crucial electronic structure 

contributions to electron transport relevant to molecular electronics.  

The remainder of this chapter will be devoted to the models of spin-spin interactions in 

high-spin organic radicals. The succeeding chapters will involve analyses of organic radicals and 

applications of materials incorporating organic radicals into molecular electronics. Knowledge 

obtained from this research will have application and relevance elsewhere, such as photovoltaics, 

data storage, semiconductors, OLEDs, etc. 

I.1. Pauli Exclusion Principle.  

Electrons are members of a class of subatomic particles known as fermions. The Pauli 

Exclusion Principle states that no two fermions can possess the same quantum state. Fermions 
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possess half-integer spins and must be completely indistinguishable from one another. The 

electronic state (ΨElectronic) for an electron is the product of several wavefunctions:  

 𝛹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 = 𝜓𝑀𝑂𝜓𝑠𝑝𝑖𝑛  Eq. I-1 

where, 𝜓𝑀𝑂 is the spatial wavefunction, the atomic or molecular orbital that an electron occupies 

and ψ
spin is the spin wavefunction. The electronic wavefunction (𝛹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐) must be 

antisymmetric with respect to exchange of electron “labels.” If two electrons (1 and 2) are in two 

molecular orbitals (a and b), the wavefunction:  

 𝜓𝑀𝑂 =  𝜙𝑎(1)𝜙𝑏(2)  

 𝜙𝑎(1)𝜙𝑏(2) ≠  ± 𝜙𝑎(2)𝜙𝑏(1)  

is unacceptable because it is neither symmetric nor antisymmetric with respect to exchange of 

the two electrons and electrons 1 and 2 can be distinguished spatially; electron 1 only exists in 𝜙a 

and electron 2 only exists in 𝜙b.
52 In order to make symmetrized wavefunctions, linear 

combinations of 𝜙𝑎(1)𝜙𝑏(2) and 𝜙𝑎(2)𝜙𝑏(1) are taken to give symmetric and antisymmetric 

wavefunctions, respectively, 𝜓𝑠 and 𝜓𝑎: 

 
𝑃12𝜓𝑠 =  

1

√2
(𝜙𝑎(2)𝜙𝑏(1) + 𝜙𝑎(1)𝜙𝑏(2)) =  𝜓𝑠 

 

 
𝜓𝑠 =  

1

√2
(𝜙𝑎(1)𝜙𝑏(2) + 𝜙𝑎(2)𝜙𝑏(1)) 

Eq. I-2 

 
𝜓𝑎 =  

1

√2
(𝜙𝑎(1)𝜙𝑏(2) − 𝜙𝑎(2)𝜙𝑏(1)) 

Eq. I-3 

An operation is performed on the above wavefunctions (Eq. I-2 and I-3), this operator exchanges 

the two electrons and is called the permutation operator (P12). When applied to equations Eq. I-2 

and Eq. I-3, it yields: 
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𝑃12𝜓𝑎 =  

1

√2
(𝜙𝑎(1)𝜙𝑏(2) − 𝜙𝑎(2)𝜙𝑏(1)) = −𝜓𝑎 

 

Note that 𝑃12𝜓𝑠 = 𝜓𝑠 and 𝑃12𝜓𝑎 = −𝜓𝑎, identifying symmetric and antisymmetric spatial 

wavefunctions.  

 Electron spin can be expressed as either an up spin (α) or a down spin (β) with respect to 

the axis of quantization. Electrons with the same spin are symmetric with respect to label 

exchange and electrons with opposite spins are antisymmetric with respect to label exchange.52,53 

Statistically, there are four possibilities when considering two electrons (1 and 2) between two 

spin channels (α and β): α(1)α(2), β(1)β(2), α(1)β(2), and β(1)α(2). The first two are symmetric 

with respect to exchange and the last two are neither symmetric nor antisymmetric with respect 

to exchange; therefore, the electrons in these spin channels are distinguishable and are not 

acceptable spin functions. So, linear combinations of each must be used to make the electron 

spins indistinguishable from one another. The two from the linear combination with the two 

already acceptable spin combinations will give four wavefunctions, three will be symmetric and 

one will be antisymmetric with respect to exchange and they are: 

Symmetric:   α(1)α(2); β(1)β(2);  
1

√2
(α(1)β(2) + β(1)α(2)) 

Antisymmetric 
1

√2
(α(1)β(2) − β(1)α(2) 

For two electrons in two spin channels, the symmetric wavefunctions are referred to as the triplet 

state and the antisymmetric wavefunction is referred to as the singlet state. The total spin for a 

system, (𝑆)  = ∑ 𝑚𝑠; or the number of up spins (α) minus the number of down spins (β), divide 

by two. When examining a system of electrons and spins, only the unpaired electrons need to be 

considered when calculating S because for all paired spins: 𝑆 = ∑ 𝑚𝑠 =
1

2
−

1

2
= 0. 
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 In order to get the overall antisymmetric electronic wavefunctions (ΨElectronic), in general, 

is written as a Slater determinant. For a two spatial wavefunctions (𝜓 and 𝜓), two spin 

wavefunction system, the Slater determinant is written as follows: 

𝛹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 =
1

√2
|
𝜓(1)𝛼(1) 𝜓(1)𝛽(1)
𝜓(2)𝛼(2) 𝜓(2)𝛽(2)

| 

If the electrons were to occupy the same orbital and have the same spin, the Slater determinant 

would be: 

𝛹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 =
1

√2
|
𝜓(1)𝛼(1) 𝜓(1)𝛼(1)
𝜓(2)𝛼(2) 𝜓(2)𝛼(2)

| 

In this case the columns are the same and so the determinant would be: 

|𝛹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐| =  𝜓(1)α(1)𝜓(2)α(2) − 𝜓(1)𝛼(1)𝜓(2)α(2) = 0 

The determinant for a matrix with equivalent columns is zero.54 As a result this case is 

mathematically impossible and coincides with the Pauli Exclusion Principle in that no two 

electrons may occupy the same orbital and have the same spin. A more generic form for the 

Slater determinant is: 

𝜓(1,2 … , N) = (
1

N!
)

1/2

|

𝜙𝑎(1) 𝜙𝑏(1)

𝜙𝑎(2) 𝜙𝑏(2)
… 𝜙𝑧(1)

… 𝜙𝑧(2)
⋮ ⋮

𝜙𝑎(𝑁) 𝜙𝑏(𝑁)
 … ⋮
 … 𝜙𝑧(𝑁)

| 

Interchanging two rows of the matrix causes the wavefunction to change signs and if two 

columns are identical, then the determinant is zero. Simply put, the symmetric spatial 

wavefunction must be combined with the antisymmetric spin wavefunction and the 

antisymmetric spatial wavefunction must be combined with the symmetric spin wavefunctions as 

follows: 

𝛹1 = [𝜓𝑀𝑂,𝑠][𝜓𝑆𝑝𝑖𝑛,𝑎] = [𝜙𝑎(1)𝜙𝑏(2) + 𝜙𝑎(2)𝜙𝑏(1)][(α(1)β(2) − β(1)α(2)] 
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𝛹3 = [𝜓𝑀𝑂,𝑎][𝜓𝑆𝑝𝑖𝑛,𝑠] = [𝜙𝑎(1)𝜙𝑏(2) − 𝜙𝑎(2)𝜙𝑏(1)][(α(1)β(2) + β(1)α(2)] 

                                                  = [𝜙𝑎(1)𝜙𝑏(2) − 𝜙𝑎(2)𝜙𝑏(1)][α(1)α(2)] 

                                       = [𝜙𝑎(1)𝜙𝑏(2) − 𝜙𝑎(2)𝜙𝑏(1)][(β(1)β(2)] 

As shown in Figure I-1 for the electronic wavefunctions for σ orbitals in H2 the case where: 

ΨElectronic = SMO x ASpin, the symmetric spatial wavefunctions allow for orbital overlap and if the 

spatial wavefunction is symmetric, then the spin wavefunction must be antisymmetric (in line 

with the Pauli Principle) and the result is a bonding interaction resulting in a singlet ground state 

for H2.
17 In the case where: ΨElectronic = AMO x SSpin, the symmetric spin wavefunction would 

result in a high-spin triplet ground state for H2, however if the spin wavefunction is symmetric, 

then the spatial wavefunction must be antisymmetric which results in a molecular orbital with a 

node between the two constituent hydrogen s orbitals and that is the same as the antibonding (σ*) 

orbital in H2. Indicating that the triplet ground state for H2 is impossible and the singlet is indeed 

the ground state configuration for H2. For the three triplet electronic functions, the probability of 

finding the two electrons close together in space is essentially zero ((3Ψ)2 ≈ 0) The electrons repel 

each other as a result of the antisymmetric spatial wavefunction.  

 

 

Figure I-1. Electronic wavefunctions (ΨElectronic) cases for bonding and antibonding orbitals with respect to they 

symmetries of the spatial (ψMO) and spin (ψspin) wavefunctions. 

ΨElectronic = [ψMO][ψspin]

ΨElectronic = SMO x Sspin

ΨElectronic = AMO x Sspin

ΨElectronic = AMO x Aspin

ΨElectronic = SMO x Aspin

Bonding
Overall ΨElectronic is Antisymmetric

Violates Pauli Exclusion Principle
Overall ΨElectronic is Symmetric

Antisymmetric ψMO

Antibonding
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I.2. Hund’s Rules.  

Consider two, orthogonal p orbitals (px and py) occupied by electrons 1 and 2. The singlet and 

triplet electronic wavefunctions are: 

𝛹1 =
1

√2
[xy + yx][(αβ − βα] 

𝛹3 =
1

√2
[xy − yx][(αβ + βα] 

=
1

√2
[xy − yx][αα] 

=
1

√2
[xy − yx][(ββ] 

The total energy for each state is given by: 

 
Ex =

⟨ 𝛹𝑥 |𝐻̂| 𝛹𝑥 ⟩

⟨ 𝛹𝑥 | 𝛹𝑥 ⟩
 

Eq. I-4 

The denominator of equation Eq. I-4 is equal to one because the two p-orbitals are orthogonal 

and the wavefunctions are normalized. The spin functions can be integrated separately because 

they do not interact with the Hamiltonian and are also equal to one because they too are 

normalized.55 The energy expressions become:  

E1 =
1

2
⟨xy + yx|Ĥ|xy + yx⟩ =

1

2
(⟨xy|𝐻̂|xy⟩ + ⟨xy|Ĥ|yx⟩ + ⟨yx|𝐻̂|xy⟩ + ⟨yx|Ĥ|yx⟩) 

E3 =
1

2
⟨xy − yx|Ĥ|xy − yx⟩ =

1

2
(⟨xy|𝐻̂|xy⟩ − ⟨xy|Ĥ|yx⟩ − ⟨yx|𝐻̂|xy⟩ + ⟨yx|Ĥ|yx⟩) 

Because the p orbitals can be interchanged by symmetry operations, the energy expressions can 

be simplified: 

⟨xy|Ĥ|xy⟩ = ⟨yx|Ĥ|yx⟩ and ⟨xy|Ĥ|yx⟩ =  ⟨yx|Ĥ|xy⟩ 

E1 = ⟨xy|Ĥ|xy⟩ + ⟨xy|Ĥ|yx⟩ 
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E3 = ⟨xy|Ĥ|xy⟩ − ⟨xy|Ĥ|yx⟩ 

Ĥ is composed of two one-electron terms (ĥ1 and ĥ2) and one two electron term (1/r12) where the 

subscripts 1 and 2 refer to the order of the electrons in the integral.54  

Ĥ = ĥ1 + ĥ2 +
1

r12
 

After substituting the operators and expanding the equations, the energy expressions become: 

 E1 = ⟨xy|ĥ1 + ĥ2 +
1

r12
|xy⟩ + ⟨xy|ĥ1 + ĥ2 +

1
r12

|yx⟩  

 E1 = ⟨xy|ĥ1|xy⟩ + ⟨xy|ĥ2|xy⟩ + ⟨xy|
1

r12
|xy⟩ + ⟨xy|

1
r12

|yx⟩  

 E1 = [⟨x|ĥ1|x⟩⟨y|y⟩ + ⟨y|ĥ2|y⟩⟨x|x⟩ + ⟨xy|
1

r12
|xy⟩]

+ [⟨x|ĥ1|y⟩⟨y|x⟩ + ⟨y|ĥ2|x⟩⟨x|y⟩ + ⟨xy|
1

r12
|yx⟩] 

 

 E3 = ⟨xy|ĥ1 + ĥ2 +
1

r12
|xy⟩ − ⟨xy|ĥ1 + ĥ2 +

1
r12

|yx⟩  

 E3 = ⟨xy|ĥ1|xy⟩ + ⟨xy|ĥ2|xy⟩ + ⟨xy|
1

r12
|xy⟩ − ⟨xy|

1
r12

|yx⟩  

 E3 = [⟨x|ĥ1|x⟩⟨y|y⟩ + ⟨y|ĥ2|y⟩⟨x|x⟩ + ⟨xy|
1

r12
|xy⟩]

− [⟨x|ĥ1|y⟩⟨y|x⟩ + ⟨y|ĥ2|x⟩⟨x|y⟩ + ⟨xy|
1

r12
|yx⟩] 

 

⟨x|ĥ1|x⟩ = 𝐡xx, ⟨y|ĥ2|y⟩ = 𝐡yy, ⟨x|ĥ1|y⟩ = 𝐡xy, ⟨y|ĥ2|x⟩ = 𝐡yx;  𝐡xx = 𝐡yy  and 𝐡xy = 𝐡yx 

Sxx = ⟨x|x⟩ = 1, Syy = ⟨y|y⟩ = 1, Sxy = ⟨x|y⟩ = ⟨y|x⟩ = 0 for orthogonal orbitals. 

⟨xy|
1

r12
|xy⟩ = jxy  and ⟨xy|

1

r12
|yx⟩ = kxy 

h is the resonance integral, j is the coulomb integral, k is the exchange integral, and S is the 

overlap integral. A key point is that the exchange integral measures the electron-electron 
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repulsion in the overlap region of orbitals x and y.  By substituting these definitions, the energy 

expressions become: 

 E1 = [𝐡xxSyy + 𝐡yySxx + jxy] + [𝐡xySyx + 𝐡yxSxy + kxy]

= 𝐡xx + 𝐡yy + jxy + kxy 

 

 E3 = [𝐡xxSyy + 𝐡yySxx + jxy] − [𝐡xySyx + 𝐡yxSxy + kxy]

= 𝐡xx + 𝐡yy + jxy − kxy 

 

 E1 = 2𝐡xx + jxy + kxy  Eq. I-5  

 E3 = 2𝐡xx + jxy − kxy  Eq. I-6 

The energy difference between the singlet and triplet states is equal to: 

 ∆EST = E1 − E3 = (2𝐡xx + jxy + kxy) − (2𝐡xx + jxy − kxy)  

 = 2𝐡xx − 2𝐡xx + jxy − jxy + kxy + kxy = 2kxy Eq. I-7  

For two, non-orthogonal p-orbitals the energy expressions becomes: 

Singlet State: 

 
E1 =

⟨ Ψx |Ĥ| Ψx ⟩

⟨ Ψx | Ψx ⟩
=

⟨xy + yx|Ĥ|xy + yx⟩

⟨xy + yx|xy + yx⟩
 

 

 
=

⟨xy|Ĥ|xy⟩ + ⟨xy|Ĥ|yx⟩ + ⟨yx|Ĥ|xy⟩ + ⟨yx|Ĥ|yx⟩

⟨xy|xy⟩ + ⟨xy|yx⟩ + ⟨yx|xy⟩ + ⟨yx|yx⟩
 

 

 
=

2(⟨xy|Ĥ|xy⟩ + ⟨xy|Ĥ|yx⟩)

2(⟨xy|xy⟩ + ⟨xy|yx⟩)
=

⟨xy|Ĥ|xy⟩ + ⟨xy|Ĥ|yx⟩

⟨xy|xy⟩ + ⟨xy|yx⟩
 

 

 

Triplet State: 

The exchange integral is never zero (kxy ≥ 0), so the triplet state is lower in energy than the 

singlet state by 2kxy. 
54 
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E3 =

⟨ Ψx |Ĥ| Ψx ⟩

⟨ Ψx | Ψx ⟩
=

⟨xy − yx|Ĥ|xy − yx⟩

⟨xy − yx|xy − yx⟩
 

 

 
=

⟨xy|Ĥ|xy⟩ − ⟨xy|Ĥ|yx⟩ − ⟨yx|Ĥ|xy⟩ + ⟨yx|Ĥ|yx⟩

⟨xy|xy⟩ − ⟨xy|yx⟩ − ⟨yx|xy⟩ + ⟨yx|yx⟩
 

 

 
=

2(⟨xy|Ĥ|xy⟩ − ⟨xy|Ĥ|yx⟩)

2(⟨xy|xy⟩ − ⟨xy|yx⟩)
=

⟨xy|Ĥ|xy⟩ − ⟨xy|Ĥ|yx⟩

⟨xy|xy⟩ − ⟨xy|yx⟩
 

 

These expressions can be expanded and simplified by substituting Ĥ, which is once again the 

sum of the one-electron terms (ĥ1 and ĥ2) and the two electron term (1/r12), jxy = ⟨xy|
1

r12
|xy⟩; 

kxy = ⟨xy|
1

r12
|yx⟩, and ⟨xy|xy⟩ = ⟨yx|yx⟩ = 1; ⟨xy|yx⟩ = ⟨yx|xy⟩ = Sxy 

2   

Singlet State: 

 
E1 =

[𝐡xxSyy + 𝐡yySxx + jxy] + [𝐡xySyx + 𝐡yxSxy + kxy]

1 + Sxy 
2

 
 

 
=

[𝐡xx + 𝐡yy + jxy] + [𝐡xySyx + 𝐡yxSxy + kxy]

1 + Sxy
2

 
Eq. I-8 

 

Triplet State: 

 
=

[𝐡xxSyy + 𝐡yySxx + jxy] − [𝐡xySyx + 𝐡yxSxy + kxy]

1 − Sxy
2

 
 

 
E3 =

[𝐡xx + 𝐡yy + jxy] + [𝐡xySyx + 𝐡yxSxy − kxy]

1 − Sxy
2

 
Eq.I-9  

The energy difference between the singlet and triplet states is now: 

 
∆EST =

[𝐡xx + 𝐡yy + jxy] + [𝐡xySyx + 𝐡yxSxy + kxy]

1 + Sxy
2

−
[𝐡xx + 𝐡yy + jxy] + [𝐡xySyx + 𝐡yxSxy − kxy]

1 − Sxy
2
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∆EST =

(1 − Sxy
2 )[𝐡xx + 𝐡yy + jxy + 𝐡xySyx + 𝐡yxSxy + kxy]

(1 + Sxy
2 )(1 − Sxy

2 )

−
(1 + Sxy

2 )[𝐡xx + 𝐡yy + jxy + 𝐡xySyx + 𝐡yxSxy − kxy]

(1 + Sxy
2 )(1 − Sxy

2 )
 

 

 
∆EST =

4Sxy𝐡xy + 2kxy − 2Sxy
2 𝐡xx − 2Sxy

2 𝐡yy − 2Sxy
2 jxy

1 − Sxy
4

 
Eq. I-10 

Now, the energies of the singlet and triplet states are dependent on the overlap integral (S) of the 

orbitals (atomic or molecular).  

1.3. Heisenberg Hamiltonian and the Exchange Coupling Constant (J).  

For a system of two singly occupied molecular orbitals (SOMOs), the Heisenberg 

Hamiltonian is: 

 Ĥ = −2 ∑ ∑ Jxy ŜxŜy

x<y

 
Eq.I-11  

where Jxy is the exchange coupling constant between centers x and y and 𝑆̂𝑥 and 𝑆̂𝑦  are the spin 

operators for electrons 1 and 2.54 The exchange coupling constant (J) can be described as the 

sum of two terms discussed in the previous section: the exchange integral, k, and the product of 

the resonance integral, β, which is a negative number, and the overlap integral, S.  

 𝐽 = 2βS + k Eq. I-12  

where β = ⟨ϕx|Ĥ|ϕy⟩, S =⟨ϕx|ϕy⟩, and k = ⟨xy|
1

r12
|xy⟩.54,56 The spin alignment of the two 

electrons in the SOMOs is given by the sign of J. When J > 0, the spins are aligned parallel 

meaning the triplet ground-state is lower in energy than the singlet (given that at this point only 

two SOMOs are being considered), which gives a high-spin, ferromagnetic interaction. When J < 

0, the spins are aligned antiparallel meaning the singlet ground-state is lower in energy than the 

triplet, which gives a low-spin, antiferromagnetic interaction. Because 2βS ≤ 0 and k > 0, the 
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product of the resonance integral and the overlap integral (2βS) is the antiferromagnetic 

component of J, as it makes J more negative; conversely, k contributes to the ferromagnetic 

component of J, as it makes J more positive. So, when 2βS > k, J < 0 and the interaction between 

the spins is antiferromagnetic and when 2βS < k, J > 0 and the interaction is ferromagnetic. The 

energies of the singlet and triplet states are given by: 

 E1 = 2(α + βS) + j + k Eq.I-13 

 E3 = 2(α − βS) + j − k Eq.I-14 

where 𝛼 = ⟨𝜙𝑥|𝐻̂|𝜙𝑥⟩, the Coulomb integral.54 The sign changes in front of two terms when 

going from the expression for the energy of the singlet state vs. the triplet state: in front of βS 

and k. Because β is a negative number, the product βS, stabilizes the singlet state by lowering the 

overall energy, but the negative sign in front of βS in the triplet state energy expression will 

make the term positive and increase the overall energy, destabilizing the triplet. Likewise, the 

exchange integral is always positive and so k increases the energy of the singlet state, 

destabilizing it and for the triplet, the energy is stabilized by k.  

 ∆EST = E1 − E3 = 2(α + βS) + j + k − (2(α − βS) + j − k)  

 ∆EST = 2α + 2βS + j + k − 2α − 2βS − j + k  

 ∆EST = 4βS + 2k = 2J Eq.I-25 

 If S = 0, then: ∆EST = 2k = 2J  
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According to equation Eq.I-15, the difference between the singlet and triplet energies 

(ΔEST) is entirely dependent on the exchange coupling constant, J.54 In the limiting case when 

the two SOMOs are orthogonal, ΔEST and J are entirely dependent on the exchange coupling. To 

make high-spin molecules the overlap integral must be minimized (S = 0) by constructing 

molecules with orthogonal SOMOs and the maximizing the exchange integral (k >> 0) by 

allowing the SOMOs to overlap.57 Figure I-2 shows two orthogonal p-orbitals on an atom and the 

region of space where those two orbitals overlap, for these orbitals the overlap integral (S) is 

zero, despite being significant overlap between the orbitals. In the overlap region, the blue and 

red areas show where the wavefunctions constructively interfere (S > 0) and the purple region 

shows where the wavefunctions destructively interfere (S < 0). The net result is that the 

constructive interference is cancelled completely by the destructive interference because the p-

orbitals are orthogonal. According to Eq.I-15 the energy of the singlet state is lowered by overlap 

(S) because this allows for delocalization of the antiferromagnetically coupled electrons. The 

energy of the singlet state is increased by exchange (k) because the antiparallel spins can occupy 

 

Figure I-2. The overlap region of two orthogonal p orbitals. 
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this overlap region which increases its energy due to electron-electron repulsion. The triplet state 

is lowered because the electrons do not experience the electron-electron repulsion that the singlet 

configuration experiences because the parallel spins cannot occupy the overlap region at all due 

to the Pauli Exclusion Principle.57 Given this information, electrons in atomic orbitals align 

parallel to the other unpaired electrons in the atom as shown in Figure I-3 with px and py orbitals 

of a carbon atom. Carbon having four valence electrons, the first two go into the 2s orbitals, it 

being much lower in energy than the 2p allows the electrons to pair. The two remaining electrons 

go into the px and py orbitals. The parallel alignment is lower in energy than the antiparallel 

alignment for atomic orbitals as a result of the exchange interaction.   

  

 

Figure I-3. Triplet and singlet configurations in a carbon atom. 
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I.4. Structural Considerations for Organic Radicals. 

I.4.1. Kekulé vs. non-Kekulé. Conjugated organic compounds can be classified as either 

Kekulé or non-Kekulé based on the existence of closed-shell line-drawing structures. Molecules 

that are considered to be Kekulé have one or more resonance structures that can be represented 

completely with a single line-drawing structure (i.e., with neither radicals nor formal charges). 

For example, butadiene is represented completely by the line-only drawing shown in Figure I-4. 

If one were to draw the biradical or zwitterionic structures, using arrow-pushing, one could 

arrive at the resonance form consisting of the line-only drawing. Therefore, butadiene is 

 

Figure I-4. Resonance structures of butadiene (Kekulé). 

 

Figure I-5. Examples of Kekulé and non-Kekulé hydrocarbons. 
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considered to be a Kekulé structure. Benzene is a quintessential Kekulé hydrocarbon, shown in 

Figure I-5, as being the molecule whose structure was solved in 1865 by Friedrich August 

Kekulé as being drawn as a cyclohexane ring with alternating single and double bonds. Figure I-

5 shows other molecules considered to be Kekulé along with non-Kekulé structures. Non-Kekulé 

molecules are those that lack resonance forms represented solely by line-only structures. As a 

consequence, non-Kekulé molecules have multiple radical centers (or charges), and the simplest 

examples are biradicals.17   

I.4.2. Spin Ground-States of Organic Biradicals. The atomic connectivity through a given 

π-system dictates whether spins are coupled ferromagnetically or antiferromagnetically. To 

illustrate this, consider trimethylenemethane (TMM) and tetramethyleneethane (TME), Figure I-

6. An alternant π-system can be defined using a convention, informally known as the “star” 

method, which states that if one stars every other atom in the π-system, such that the number of 

stars is maximized, and if no starred-atom is next to another, then the system is said to be 

alternant.58 Electronic structure, bonding, and reactivity is very well understood and can be 

predicted for these systems. 59 Even alternant π- systems include derivatives of benzene, 

naphthalene, etc. If two starred-atoms or two non-starred-atoms are adjacent to each other, the 

system is said to be nonalternant, and the electronic structure, bonding, and reactivity in these 

systems is not as easily predicted, these systems include derivatives of cyclopentadienyl ions, 

azulene, and others. Figure I-6 shows TMM and TME starred appropriately showing that both 

molecules have even, alternant π systems. The stars are not only a determination of alternant vs. 

nonalternant, but can also be used to provide the number of non-bonding molecular orbitals 

(NBMOs) as well as give the ground-state spin for the biradicals. The number of NBMOs is 

equal to the number of p-orbitals in the π-system minus two times the number of double bonds in 
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the resonance structure with the highest degree of bondedness (Eq. I-16).60 Which is to say, if 

this analysis were being performed on butadiene, in Figure I-4, the resonance structure that we 

would use would be the first (the Kekulé drawing) with two double bonds.  

 No. of NBMOs = N − 2T Eq.I-16 

where N= the number of p-orbitals in the π system and T = the number of double bonds in the 

molecule’s highest degree of bondedness. Application of this formula on butadiene gives zero 

NBMOs, but for TMM and TME, the number of NBMOs in each biradical is two, which concurs 

with the fact that there are two radical centers. To calculate the ground-state spin (S) for 

biradicals (or polyradicals), S is equal to the number of starred atoms minus the number of 

unstarred atoms, divided by two (Eq.I-17).  where n* = number of starred atoms and n = number 

of unstarred atoms. If this calculation is performed on TMM and TME in Figure I-6, then for 

TMM there are three starred-atoms minus one unstarred, divided by two gives S = 1, a triplet 

 
𝑆 =  

(n∗ − n)

2
 

Eq.I-17 

 

Figure I-6. Trimethylenemethane (TMM) and tetramethyleneethane (TME) analysis with the star convention 

and ground-state spin calculation. 
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ground state with the spins aligned parallel. For TME there are three starred-atoms minus three 

unstarred, divided by two gives S = 0, a singlet ground-state with the spins of the two radicals 

aligned antiparallel. An antiparallel spin alignment among lone electrons in degenerate orbitals is 

a violation of Hund’s Rule, which states that the lowest energy configuration is when the spins of 

electrons in degenerate orbitals are aligned to give the highest spin quantum number. 

 

I.5. Spin Polarization. 

There are two models concerning spin polarization that are used to explain the ground state 

configurations of molecules and violations of Hund’s Rule. The first way to explain this is with 

the spin polarization that results from the necessity of electrons in a π-system to form a bonding 

interaction.60 Each p-orbital (atom) in a π- system contributes one electron to the π-system and in 

order to have a bonding interaction between adjacent atoms, the electrons in those orbitals must 

have an antiferromagnetic interaction (covalent bonding interactions are extreme examples of 

antiferromagnetic interactions). In Figure I-7, the interactions between two carbon atoms each 

with two orthogonal p-orbitals are shown. When the spatial wavefunction is symmetric, the spin 

wavefunction must be antisymmetric. The electrons in px and py on carbon 1 (C1) both have 

down spins for reasons previously discussed and the p-orbitals and electrons on carbon 2 (C2) 

satisfy the requirement for the electronic wavefunction (ΨElectronic) (SMO x ASpin). This results in 

both σ- and π-bonding interactions and that the adjacent π-system p-orbitals have the opposite 

spin.60 This can be applied to larger π-systems, adjacent carbon atoms must have opposite spins. 
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The other ΨElectronic case is also shown in Figure I-7, AMO x SSpin. In this case, the spins in all the 

shown p-orbitals for both C1 and C2 are aligned. However, there is a node between the px1 and px2 

 

Figure I-7. Consequences for σ and π bonding interactions between two adjacent carbon atoms based on the 

requirements for the electronic wavefunctions (ΨElectronic). 

 

Figure I-8. TMM and TME spin 

polarization explaining the seeming 

violation of Hund’s rule.  
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and node between the py1 and py2 orbitals. Based solely on the spatial wavefunctions these 

resemble σ* and π* orbitals, respectively. C1 and C2 have no bonding interaction and no π-

system between them. Figure I-8 applies this method of spin polarization by labeling π system 

atoms as either having an α (up) spin or a β (down) spin and adjacent atoms have opposite spins. 

The ground-state spin can be determined by taking the absolute value of the difference between 

the numbers of α spin and β spins. Note that the starred atoms in the π-system in Figure I-6 

corresponds to identical spins in the α-, β-labelling in Figure I-8.  

The other method for explaining the ground state in biradicals is via a configuration 

interaction which is known as dynamic spin polarization (DSP). This method involves mixing in 

an excited-state of the same symmetry with the ground-state and can be understood using simple 

Hückel molecular orbitals. Before discussing biradicals, let’s consider dynamic spin polarization 

in allyl radical. Equation 18 shows the mixing of the lowest excited doublet-state of the same 

symmetry into the allyl radical, |ψ1
αψ1

β
ψ2

α⟩.61,62 The first term in Eq.I-18 shows that mixing α 

 
Ψ =

1

√6
(|ψ3

αψ1
β

ψ2
α⟩ − |ψ1

αψ3
β

ψ2
α⟩ − 2|ψ1

αψ2
β

ψ3
α⟩) 

Eq.I-18  

 

 

Figure I-9. Allyl radical ground state molecular orbital diagram a) without and b) with dynamic spin 

polarization (DSP). 
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spin in ψ3 into ψ1 with a positive sign will increase the probability of finding the electron on the 

terminal carbons (1 and 3) because of the α spin in ψ2 does not allow the two electrons to appear 

in the same p-orbital simultaneously. Increasing the probability of finding the electrons at 

opposite ends of the molecule reduces the chance that the electrons will be in adjacent p-orbitals 

and decreases the electrostatic repulsion between the two electrons. The second term results in 

increase probability of finding the β spin on carbon 2 because the β can simultaneously appear in 

the same p orbitals as the α spins which decreases the probability of finding the β spin on 

carbons 1 and 3  in 𝜓1 due to the α spin in 𝜓2, which lowers the Coulombic repulsion between 

these two electrons.62 The third term results in decreased electron repulsion between the 

electrons of opposite spins in 𝜓1 and 𝜓2.The way this manifests itself in the allyl radical is that 

the α spin in 𝜓2 results in the polarization of the 𝜓1 orbital by increasing the α spin density on 

carbons 1 and 3 because the α spins cannot simultaneously occupy the same p orbital, restricting 

them to opposite sides of the molecule so that the probability of the α spins do not occupy p-

orbitals on adjacent carbon atoms. This lowers the energies of the 𝜓1
𝛼 and 𝜓1

𝛽
 by reducing the 

Coulombic repulsions between the α and β spins because the α spin in 𝜓1 has an increased 
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probability of being found at the terminal carbon atoms due to the increased exchange interaction 

with the α spin of the 𝜓2 which only has electron density on the terminal carbon atoms. This 

exchange further lowers the energy of the 𝜓1
𝛼 orbital. The 𝜓1

𝛽
orbital is only lowered due to the 

reduced Coulombic repulsions between the α and β spins because of the increased probability of 

finding the β spin on the central carbon atom to fulfill the requirement that in order to have a π 

bonding interaction an antiferromagnetic alignment between adjacent p orbitals is needed. The 

effects of dynamic spin polarization in biradicals is the same as explained in the allyl radical, 

however now the polarization effects of both NBMOs must be considered. The classic example 

of dynamic spin polarization from a Hückel MO diagram biradical is the explanations of the 

ground state in cyclobutadiene and TMM, the MO diagrams of both are shown in Figure I-10, 

without spins on the electrons in the 𝜓2 and 𝜓3 MOs, and these will be identified using a DSP 

explanation. In a biradical, DSP may be either additive or competitive. Additive means that the 

NBMOs polarize the orbitals in the same manner enhancing the polarizing effects, leading to a 

 

Figure I-10. Huckel MO diagrams of cyclobutadiene and TMM. 
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lower energy state and competitive means that the NBMOs polarize the orbitals in the opposite 

manner and cancel out the polarizing effects. 

 Figure I-11a shows the effects on 𝜓1 of placing one α spin electron in 𝜓2, which splits 

and polarizes 𝜓1 into α and β orbitals, for the same reasons as discussed in the allyl radical, 

where the 𝜓1 orbital is polarized such that there is an increased probability of finding the α spin 

electron in the p orbitals located on carbons 1 and 3 and the β spin has an increased probability 

of being found on carbons 2 and 4.62,63 Figure I-11b and c show the effects on 𝜓1 when the 

second electron is placed in 𝜓3. For the triplet configuration of cyclobutadiene (a and c together), 

the DSP is competitive and the stabilizing effects are canceled due to the first α spin electron in 

𝜓2 polarizing 𝜓1 to give increased α spin on carbons 1 and 3 and increased β spin on carbons 2 

and 4 and the second α spin electron in 𝜓3 polarizing 𝜓1 to give increased α spin on carbons 2 

and 4 and increased β spin on carbons 1 and 3; opposite polarizations. For the singlet 

configuration of cyclobutadiene (a and b together), the DSP is additive and the stabilizing effects 

are enhanced due to the first α spin electron in 𝜓2 polarizing 𝜓1 to give increased α spin on 

 

Figure I-11. Effect of dynamic spin polarization on the α and β spin energies on the ψ1 of cyclobutadiene. 
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carbons 1 and 3 and increased β spin on carbons 2 and 4, and the β spin electron in 𝜓3 polarizing 

𝜓1 to give increased α spin on carbons 1 and 3 and increased β spin on carbons 2 and 4; same 

polarization. Therefore, the ground state configuration of cyclobutadiene is a singlet due to the 

enhanced stabilizing effects from the additive DSP. 

 Figure I-12 shows DSP in TMM, which has previously been mentioned to have a high-

spin triplet ground state configuration. Figure I-12a shows the effects on 𝜓1 of placing one α spin 

electron in 𝜓2, which splits and polarizes 𝜓1 into α and β orbitals, where the 𝜓1 orbital is 

polarized such that there is an increased probability of finding the α spin electron in the p orbitals 

located on carbons 1, 3 and 4 and the β spin has an increased probability of being found on 

carbon 2. Figure I-12b and c show the effects on 𝜓1 when the second electron is placed in 𝜓3. 

For the triplet configuration of TMM (a and c together), the DSP is additive and the stabilizing 

effects are enhanced due to the first α spin electron in 𝜓2 polarizing 𝜓1 to give increased α spin 

on carbons 1, 3 and 4 and increased β spin on carbon 2 and the second α spin electron in 𝜓3 

polarizing 𝜓1 to give increased α spin on carbons 1, 3 and 4 and increased β spin on carbon 2; 

polarization is the same. For the singlet configuration of TMM (a and b together), the DSP is 

Figure I-12. Effect of Dynamic Spin Polarization on the α and β spin energies in 

the Ψ1
⬚of TMM. 

 

 

Figure I-12. Effect of dynamic spin polarization on the α and β spin energies in the ψ1 of TMM. 
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competitive and the stabilizing effects are canceled due to the first α spin electron in 𝜓2 

polarizing 𝜓1 to give increased α spin on carbons 1, 3 and 4 and increased β spin on carbon 2, 

and the β spin electron in 𝜓3 polarizing 𝜓1 to give increased α spin on carbon 2 and increased β 

spin on carbons 1, 3 and the enhanced stabilizing effects from the additive DSP. This method for 

determining ground state spin in biradical systems can be applied to other biradicals, these are 

the simplest cases because there is only one filled MO to take into account and this analysis can 

become quite complex. Therefore, the ground state configuration of TMM is a triplet due to 

when examining the MOs of larger molecules, DSP manifests itself in the topological 

configuration of the MOs and the NBMOs can be classified as either disjoint or non-disjoint. 

 

I.6. Disjoint and Non-disjoint Biradicals. 

In TMM (Figures I-10, I-12), there is electron density on both carbons 1 and 3 in both the 

NBMOs, 𝜓2 and 𝜓3. This is called non-disjoint and as discussed before, this overlap density 

gives rise to a substantial exchange integral (k) and leads to the ferromagnetic alignment of the 

spins, i.e., a high-spin ground state in TMM, where the triplet lies below the singlet by 2k = 2j 

(Eq.I-15). In cyclobutadiene (Figures I-10, I-11), in 𝜓2 there is electron density on carbons 1 and 

3 and in 𝜓3 the electron density is located on carbons 2 and 4.17,57 Such an orbital pattern is 

characteristic of disjoint biradicals, and leads to a negligible exchange integral (k) and to 

antiferromagnetic alignment of the spins and a low-spin ground state in cyclobutadiene. This 

classification of disjoint biradical having low-spin ground states and small singlet-triplet gaps 

and non-disjoint molecules having high-spin ground states and large singlet-triplet gaps holds for 

even-alternant π systems. Figure I-13 shows two examples each of biradicals that are disjoint and 

non-disjoint as can be seen by the MO diagrams of the NBMOs in each example. It is easily seen 
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that TMM and m-xylene both share electron density on common carbon atoms in each of their 

respective NBMOs. Indicating that they are non-disjoint and would be predicted to have a high-

spin, ferromagnetically aligned ground state. In TME and 1,2,4,5-tetramethylenebenzene, the 

electron density in the NBMOs are located on opposite sides of the molecule and do not share 

any common carbon atoms. These two cases are effectively two distinct allyl radicals in the case 

of TME and two distinct pentadienyl radicals as is the case for 1,2,4,5-tetramethylenebenzene. 

I.7. Electron Paramagnetic Resonance (EPR) Spectroscopy. 

I.7.1. Introduction, X-band, organic radicals. EPR was first observed and developed by 

Zavoisky in 1944 as a method for studying materials with unpaired electrons and is analogous to 

NMR spectroscopy and has been used to study organic radicals, paramagnetic metal ions, and 

even bioorganic molecules such as metallo-proteins.64 EPR is classified by the frequency of 

microwave radiation used and while there are wavebands that range from 1 to 360 GHz, most 

 

Figure I-13. Non-disjoint and disjoint molecular orbitals. 
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commonly microwaves of approximately 9-10 GHz are used for studying organic radical species 

which is known as X-band EPR. To a lesser extent, Q-band with microwave frequencies of about 

35 GHz can also be used, but the higher the frequency the stronger the magnetic field that is 

required to observe EPR transitions, which will be indicated and discussed in Eq. I-19.  

I.7.2. Zeeman splitting. Zeeman splitting describes the energy changes for ms energy levels 

when in a magnetic field. Figure I-14 shows the Zeeman splitting for an S = 1/2 paramagnetic 

species with increasing magnetic field. In the absence of an applied magnetic field the ms = ± 1/2 

energy levels are degenerate, but as a magnetic field that is parallel with ms = +1/2 and 

antiparallel with ms = -1/2 is applied, the +1/2 energy level decreases in energy and the -1/2 

energy level increases. Eq. I-19 describes the Zeeman splitting:  

 ∆𝐸 = ℎ𝜈 = 𝑔𝑒𝜇𝐵𝐵0, Eq. I-19 

where h is Plank’s constant, ν is the microwave frequency, ge is the Landé factor, μB is the Bohr 

magneton and B0 is the magnetic field. Eq. I-19 also describes the resonance condition for the ms 

energy levels; the quantum of energy that must be absorbed in order to induce transitions 

between the energy levels.  

The Landé factor also known as a g-factor or g-value is a unitless parameter which by 

analogy is compared to the chemical shift in NMR spectroscopy. The g-value for a free electron 

 

Figure I-14. Zeeman splitting diagram of the ms energy 

levels of an S = 1/2 paramagnetic species. 
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is 2.00232. Most organic radicals will be close to this value and paramagnetic metal ions can 

have a variety of g-values. The g-values are sometimes used to identify the paramagnetic species 

present and the g-value can be calculated from the EPR spectrum by knowing the microwave 

frequency; however, the magnetic fields that come from an EPR spectrum are relative values not 

absolute. In order to correctly assign a g-value to a paramagnetic species a reference with a well-

known g-value must be added to the EPR sample and then the x-axis is shifted to give the 

reference the correct g-value, just as solvent signals or ferrocene/ferrocenium are used as 

references for NMR or electrochemistry, respectively. 

A main distinction between EPR spectroscopy and other types of spectroscopies like 

NMR or electronic absorption is that the spectrum comes out of the spectrometer looking like the 

first derivative of the absorption signal as shown in Figure I-15A. EPR spectrometers have 

resonators for the signals that get produced from microwaves, but even with this the signal can 

be very noisy and the technique that is used to improve the signal-to-noise ratio is called field 

modulation which involves a small field being added to the main magnetic field by the use of 

two modulating coils on either side of the resonator. The modulated field’s phase and amplitude 

 

 

Figure I-15. A) EPR spectrum without hyperfine shown beside its absorbance spectrum. B) EPR and absorbance 

spectrum of an S = 1/2 organic radical showing a doublet of a more complex multiplet.  
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is compared to a reference signal and the result is that the signal-to-noise ratio is improved. 

Consequently, very small changes in the slope of the absorbance spectrum stand-out much more 

in the modulated EPR spectrum (Figure I-15B); which for all intents and purposes is a first 

derivative spectrum as it can be integrated to give the absorbance spectrum and integrated again 

to give the area under the curve which can be used in linear Beer’s law-type comparisons of spin 

concentrations. Figure I-15B exemplifies the advantage of acquiring a field-modulated spectrum 

rather than the absorbance spectrum as it shows an organic radical which is a doublet of a more 

complex multiplet with small hyperfine couplings that can be observed in the EPR spectrum, but 

in the absorbance spectrum only the doublet signal can be easily detected visually.  

I.7.3. Isotropic EPR Spectra. Thus far and for this section all the EPR spectra that have 

been shown as examples and discussed are isotropic EPR spectra. That is they are taken in fluid 

solutions and the EPR spectrum is an average of the various molecular orientations. This results 

in spectra with a high degree of inversion symmetry. 

 Another feature of EPR spectra is the presence of hyperfine coupling which just like in 

NMR spectroscopy a magnetic nucleus interacts with the magnetic fields of other magnetic 

 

Figure I-16. The EPR spectra of an organic radical interacting with two equivalent I = 1/2 nuclei (Top) and the 

spectrum of an organic radical interacting with one I = 1 nucleus (Bottom) each shown with a stick drawing to 

help identify the intensities and peak positions. 
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nuclei and this results in the splitting of the observed signal, the same is true for electrons in EPR 

interacting with magnetic nuclei. For an electron interacting with one nucleus with a nuclear spin 

(I) = 1/2, like a proton, the EPR signal would be split into a doublet by following the equation 

2𝑁𝐼 + 1 for the number of observed lines, where N is the number of equivalent nuclei and I is 

the nuclear spin, just like in NMR. If the radical is interacting with two equivalent protons, then 

the signal is a triplet (2•2•1/2+1 = 3) as shown in the top spectrum of Figure I-16. The bottom 

spectrum of Figure I-16 also shows a triplet, but this is due to the radical interacting with one I = 

1 nucleus, like a nitrogen, rather than it interacting with two I = 1/2 nuclei. The key to 

differentiating these scenarios are the line intensities for each spectrum. Just as in 1H-NMR 

spectroscopy, the I = 1/2 nuclei follow Pascal’s triangle for their relative intensities, which 

means there should be three lines and they are in a 1:2:1 ratio with one another. For I = 1 nuclei, 

they follow a modified version of Pascal’s triangle because they give 3 lines (2•1•1+1 =3) for 

one nucleus, but each line is of equivalent intensity. So the N = 1 line of Pascal’s triangle is 

1:1:1. Both triangles for I = 1/2 and I = 1 nuclei are shown in Figure I-17 for relative intensities 

up to N = 5. Modified Pascal’s triangles for nuclear spins greater than 1 can be generated as well 

by following the same pattern. For multiple inequivalent nuclei the signal will be split 

accordingly into multiplets of multiplets, an example of this will be shown in Figure I-18.  

 

Figure I-17. Pascal’s triangle showing the relative signal intensities for I = ½ and I =1 nuclear spins. 
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 The observed magnitude of the hyperfine coupling (a) is proportional to the amount of 

spin density on that magnetic nucleus and is given by the McConnell relation: 

 𝑎 = 𝑄𝜌,  

where a is the observed hyperfine coupling constant, ρ is the spin density and Q is an empirical 

constant that ranges from 2.0 to 2.5 mT.65  

Figure I-18 shows the EPR spectra of two organic radicals, the top spectrum is that of a 

nitronylnitroxide and the bottom is an iminonitroxide. In terms of determining the expected EPR 

spectrum, it is important that we look at the SOMO of each radical because it will be the most 

closely related to the spin density and for the nitronylnitroxide, in particular, the line drawing 

structure cannot convey the correct information. The SOMO for nitronylnitroxide is symmetric, 

there is a large amount of spin on the nitrogen nuclei, a little less on the oxygens and a node 

going through the central carbon atom. Given this picture we can assume and observe that the 

EPR spectrum for nitronylnitroxide will consist of the radical interacting with two equivalent 

nitrogen (I=1) nuclei, which should give a 5-line pattern in a 1:2:3:2:1 ratio. 99.962% of 

naturally occurring oxygen isotopes have a nuclear spin of zero, so no splitting is observed for 

 

Figure I-18. EPR spectra, line drawings and SOMOs for nitronylnitroxides and 

iminonitroxide organic radicals. 
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the oxygen nuclei. The iminonitroxide SOMO, just like the line drawing shows that the nitrogen 

nuclei are inequivalent, so for this radical we can expect that the EPR signal would be split into a 

1:1:1 triplet by each nitrogen giving a triplet of triplets or nine lines. It turns out that for 

iminonitroxides, the hyperfine with respect to the N-O nitrogen is approximately two times that 

of the other nitrogen and so the observed spectrum is a seven-line pattern with two sets of 

overlapping lines near the middle of the spectrum. Experimentally, the nitronylnitroxide 

hyperfine is approximately 7 Gauss and the iminonitroxide hyperfine coupling constants are 

about 9 and 4.5 Gauss, given McConnell’s relation we can conclude that some of the spin density 

has shifted from one nitrogen onto the other in the iminonitroxide, relative to the 

nitronylnitroxide.  

So far, the organic radicals discussed are monoradicals; however, much of the later chapters 

involve the synthesis of biradicals or polyradicals and at minimum, EPR is used as a 

characterization technique. The isotropic EPR spectra of biradicals and polyradicals have a 

distinguishing feature if the radicals are coupled with each other and form higher spin states. For 

a coupled biradical, the ms quantum numbers can be 1, 0, -1 and split as shown in Figure I-19 

when placed into a magnetic field. Just like the S = 1/2 monoradical, one ms level rises and one 

ms level decreases in energy, but the ms = 0 has not net magnetic moment and therefore is not 

 

Figure I-19. Zeeman splitting in an exchange coupled biradical. 
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affected by Zeeman splitting. In EPR only transitions between 1-0 and -1-0 are allowed which 

are known as Δms = +1 transitions. At low temperature in frozen solution, a forbidden transition, 

Δms = +2 between the -1-1 energy levels can be observed at one-half the magnetic field as the 

Δms = +1 transitions. In the Δms = 1 an exchange coupled biradical manifests as the hyperfine 

couplings that were present in the monoradical are now half their value. Figure I-20 shows a 

nitronylnitroxide monoradical as one of the common intermediates (Cat-B-NN) during the 

synthesis of semiquinone-bridge-nitronylnitroxide (SQ-B-NN) biradicals that will be described 

in greater detail in Chapter 3. As mentioned previously, nitronylnitroxide (NN) hyperfine 

coupling from the nitrogen nuclei is approximately 7 Gauss as is shown for Cat-B-NN and when 

the semiquinone (SQ) is introduced into the molecule, the EPR spectrum of the biradical still 

shows the characteristic 5-line pattern for the NN, but now the hyperfine coupling is effectively 

half at about 3.5-4 Gauss. This trend in hyperfine coupling for monoradicals, biradicals and 

polyradicals follows the pattern of aobs = amono / N, where aobs and amono are the observed 

hyperfine coupling and the hyperfine coupling in the monoradical, respectively and N is the 

number of exchange coupled radicals in the system allowing for higher spin states. So for a 

biradical it is half the monoradical and for a triradical it would be one-third the monoradical 

 

Figure I-20. EPR spectra of nitronylnitroxide (NN) monoradical in the form of Cat-B-NN 

and the corresponding semiquinone-bridge-nitronylnitroxide (SQ-B-NN) biradical. 
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hyperfine coupling, and so on. g-values and hyperfine couplings, the latter of which indicates the 

spin density distribution is most of the information that can be acquired from isotropic EPR of 

mono-, bi- and polyradicals.  

I.7.4. Anisotropic EPR Spectra. Further information can be gleaned by hindering the 

rotation of the molecules which is most easily accomplished by immobilizing the molecules in a 

frozen glass or more uncommonly a polymer film. Alternatively, single crystals can be rotated 

and EPR spectra acquired. However, this is more amenable to paramagnetic inorganic species, 

not organic radicals and because this work does not include paramagnetic inorganic species, the 

EPR spectra of single crystals will not be discussed, but the principles that will be discussed are 

the same.  

 The EPR spectra that rise from immobilized organic radicals are anisotropic and have 

weaker signals than the corresponding isotropic EPR because of the many molecular orientations 

that are present when a sample is frozen, only a relative few will have one of their three principle 

axes (x,y,z) oriented with the magnetic field of the spectrometer, whereas in a fluid solution 

molecular rotation allows molecules to rotate in and out of orientation, thus averaging the 

anisotropic features together into one signal.  

 Anisotropic EPR spectra allow for the extraction of zero-field splitting parameters, D and 

E which describe the electronic geometry of the spin system. D is used to describe the energy 

deviation of the z axis from the x and y axes and E describes the deviation of the x and y axes 

from each other. D can be a negative value, but this only has consequences for the spectrum at 

liquid helium temperatures and the assignment of the x and y axes is arbitrary so E will be 

positive for one and negative for the other, but is usually only discussed in terms of being the 

absolute value. Because the zero-field splitting parameters provide insight into the electronic 
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geometry, D varies inversely with the cube of the interelectronic distance.66 Several cases are 

shown in Figure I-21 for the electronic geometry. The first case is where D and E are both equal 

to zero and the frozen solution. Examples of this would be a sphere or an atom and is known as a 

cubic spin system. The EPR spectrum will appear as a singlet because the x, y and z axes are not 

split from each other because the electronic geometry is the same along each axis. The second 

case is when the electronic geometry is the same along the x and y axes, but different in the z-

axis. The classic examples are a cylinder or benzene for a molecular example. This is known as 

axial geometry and the splitting of the x and y energy levels from z is described by D. E will be 

equal to zero because x and y are the same. The last case is when D ≠ 0 and E ≠ 0, this is known 

as a rhombic spin system and is geometrically an elliptic cylinder or naphthalene where the 

electronic distribution along the three axes is x ≠ y ≠ z. In this case, D describes the energy 

difference from the z axis and the mean of the energy difference between the x and y axes and E 

describes the energy separation of the x and y axes from D. In other words the x energy level is D 

+ E and the y energy level is D – E. Recall that the x and y axis labels are arbitrary so the 

 

Figure I-21. Cubic, axial, and rhombic spin systems with definitions of D and E as well as common geometric 

and chemical examples. 
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respective axis energies could easily be reversed. The only requirement is that the axes be 

assigned so that D > 3E.  

D and E are described by the magnetic dipole operator, ℌD which is:67 

 
ℋ𝐷 = 𝑔𝑒

2𝜇𝐵
2 ∑ {

𝑆𝑖 ∙ 𝑆𝑗

𝑟𝑖𝑗
3

−
3(𝑟𝑖𝑗 ∙ 𝑆𝑖)(𝑟𝑖𝑗 ∙ 𝑆𝑗)

𝑟𝑖𝑗
5

}

𝑖>𝑗

 
Eq. I-20 

where Si is the spin operator of electron i and rij is the interelectronic vector. In terms of the 

components of the total spin angular momentum S and consequently terms of D and E, Eq. I-20 

can be transformed to:66  

 
ℋ𝐷 = − [

1

3
𝐷 − 𝐸] 𝑆𝑥

2 − [
1

3
𝐷 + 𝐸] 𝑆𝑦

2 +
2

3
𝐷𝑆𝑧

2 

 

Eq. I-21 

where x, y and z are the principle axis coordinate system. Adding a term for the Zeeman energy 

can be added to give the complete Hamiltonian as: 

 
ℋ = 𝜇𝐵𝑯𝑔𝑺 + 𝑫𝑆𝑧

2 + 𝑬(𝑆𝑥
2 − 𝑆𝑦

2) −
2

3
𝑫 

 

Eq. I-22 

H is the external magnetic field. The matrix for Eq. I-22 for an S = 1 system with ms = +1, 0, -1 

is: 

  

[

(𝐷/3) + 𝜇𝐵𝑯𝑔𝑛 𝜇𝐵𝑯𝑔(𝑙 − 𝑖𝑚)/√2 𝐸

𝜇𝐵𝑯𝑔(𝑙 + 𝑖𝑚)/√2 −2𝐷/3 𝜇𝐵𝑯𝑔(𝑙 − 𝑖𝑚)/√2

𝐸 𝜇𝐵𝑯𝑔(𝑙 + 𝑖𝑚)/√2 (𝐷/3) − 𝜇𝐵𝑯𝑔𝑛

] Eq. I-23 

where l, m, and n are the direction cosines of the external field with respect to the magnetic axes 

of the triplet.66 Initially disregarding D and E and assuming an isotropic g tensor, the eigenvalues 

of Eq. I-23 are ±𝜇𝐵𝑯𝑔 and 0. Then the zero-field splitting parameters are introduced as a 

perturbation to the +1, 0 and -1 energy levels of the triplet to give: 
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𝑊1

′ = 𝑔𝜇𝐵𝐻 + (
𝐷

2
) (𝑛2 −

1

3
) + [

𝑙2 − 𝑚2

2
] 𝐸 

 

 
𝑊0

′ = 𝐷 (
1

3
− 𝑛2) − [𝑙2 − 𝑚2]𝐸 

Eq. I-24 

 
𝑊−1

′ = 𝑔𝜇𝐵𝐻 + (
𝐷

2
) (𝑛2 −

1

3
) + [

𝑙2 − 𝑚2

2
] 𝐸 

 

Because only 0-1 and -1-0 transitions are allowed and the microwave frequency is constant, the 

field at which a transition occurs is given as:  

 
𝐻0−1,−1−0 = 𝐻𝑟 = 𝐻0 ± [

𝐷′ − 3𝐸′

2
] 𝑙2 + [

𝐷′ + 3𝐸′

2
] 𝑚2 + 𝐷′𝑛2 

Eq. I-25 

where resonance for an isolated monoradical (S = 1/2) occurs at H0 = hν/gμB and D’ = D/ gμB. 

With H parallel to x, y or z magnetic axis absorptions will occur at 𝐻𝑟 = 𝐻0 ± (𝑫′ − 3𝑬′)/2, 

±(𝑫′ + 3𝑬′)/2, or ±𝑫′.66 Therefore, for a rhombic spin system there should be six features, two 

for each axis, the two features for the z-axis will be separated by 2D, the features for either the x 

or y will be separated by D+3E and the other will be separated by D-3E as shown in Figure I-22. 

Figure I-22A shows the principle magnetic axes with each axis oriented parallel to the external 

magnetic field (Hx,y or z) and the effect that has on the x,y, and z energy levels in each case. When 

the z-axis is parallel to the external magnetic field, the z energy level remains unperturbed and 

the x and y energy levels split according to Eq. I-24. The resonant conditions for the 1-0 and -1-0 

transitions occur and the distance between them is equal to 2D, this distance is indicated by the 

red dashed line. If the y-axis is parallel to the external magnetic field, the y energy level remains 

unperturbed and the x and z energy levels split. The resonant conditions now will occur at ±(D-

3E)/2 as defined by Eq. I-25 and the green dashed line indicates the distance separating the two 

resonances as D-3E. Finally, aligning the external magnetic field with the x-axis will split the y 

and z energy levels and leave the x unperturbed. The resonant conditions in this case will occur 
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by Eq. I-25 at ±(D+3E)/2 and be separated by a distance of D+3E as indicated by the blue 

dashed line. It is important to mention that magnetic field is on the x-axis of these plots, the 

figure does not perfectly depict the scenario for an isotropic g tensor, if it did, the features would 

 

Figure I-22. (A) the alignment of each of the magnetic axes of the triplet with respect to the external magnetic 

field and the consequences for the x, y, and z energy levels in each case. (B) how the energy diagrams and 

resonant conditions manifest themselves in the anisotropic spectrum of a biradical. 
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be symmetrically placed about H0 = hν/gμB as shown in Figure I-22B. However, if measured, 

Figure I-22A’s dashed lines are consistent with their assigned gaps of 2D, D+3E and D-3E. 

Ultimately, the goal is to bridge the gap between the theory and the observed spectrum and 

Figure I-22B illustrates the gaps between the resonant conditions for each of the principle axes: 

2D, D-3E and D+3E for an isotropic g tensor (gx = gy = gz). Asymmetry in the spectrum gets 

introduced if gx ≠ gy ≠ gz.  

I.8. Magnetometry. 

In general, magnetometry is the study of magnetism and magnetometers measure the 

direction, strength or change of a magnetic field at a particular location. The term magnetometer 

is a device for measuring magnetism and ranges, but is not limited to, from the most simple, a 

compass that detects the Earth’s magnetic field, to a Gouy balance that detects the changes in 

mass of a sample that is suspended in a magnetic field where diamagnetic samples are repelled 

from the field and paramagnetic samples are attracted; even more sensitive and elaborate set-ups 

of SQUID (superconducting quantum interference device) magnetometers which are capable of 

detecting very small magnetic fields in samples and utilize variable temperature experiments to 

analyze magnetic susceptibility. Because this work utilizes SQUID magnetometry, this 

experimental set-up, instrument and data analysis will be discussed.  

 SQUID magnetometers have superconducting coils and generate magnetic fields up to 7 

Tesla so cryogenic temperatures are required for SQUID operation, typically liquid helium is 

used. As a result the outer piece of a squid magnetometer is a Dewar that stores the cryogenic 

liquid which is used to cool the sample chamber as well as the magnet. A simple schematic of 

the sample chamber of a SQUID magnetometer is shown in Figure I-23 which involves the 

sample placed inside of a plastic straw which is then passed through the SQUID’s 
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superconducting coils while a magnetic field is applied to align the spins in a paramagnetic 

sample and the movement of the magnetized sample through the coils results in modulation of 

the current which is detected by the detector coils. The current changes are translated into the 

magnetic response of the sample. Every data point collected during a SQUID experiment goes 

through this process several times which are then averaged.  

 Either the magnetic field or temperature are the two variables that are modulated during a 

SQUID experiment, while the other variable is held constant. Holding the temperature constant 

while the magnetic field is varied is used for determining saturation magnetization (Msat) which 

is when the applied magnetic field cannot increase the magnetization of the sample any further 

and is defined by the equation: 

 𝑀𝑠𝑎𝑡 = 𝑁𝑔𝑒𝜇𝐵𝑆 Eq. I-26 

where N is the number of particles, ge is the Landé factor, μB is the Bohr magneton and S is the 

spin of the system. Calculating Msat allows for the determination of S for a sample for a 

paramagnetic species with a ferromagnetically coupled ground state. The caveat is that because 

 

Figure I-23. A simple schematic of the sample 

chamber of a SQUID magnetometer. 
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magnetometry is not spectroscopy any impurities present in the sample are not differentiated and 

the result of the experiment would be an average of all the paramagnetic species, weighted 

appropriately for those that are higher or lower spin than the sample. Regardless the 

magnetization (M) of the sample can be calculated for any temperature (T) and magnetic field 

(H) combination if the ground-state spin (S) is known by Eq. I-27: 

 𝑀𝑠𝑎𝑡 = 𝑁𝑔𝑒𝜇𝐵𝑆𝐵𝑆(𝑥) Eq. I-27 

where BS(x)is the corresponding Brillouin function: 

 
𝐵𝑆(𝑥) =

1

𝑆
[(𝑆 +

1

2
) 𝑐𝑜𝑡ℎ [(𝑆 +

1

2
) 𝑥] −

1

2
coth (

𝑥

2
)] 

Eq. I-28 

where x = geμBH/kT. If M/Msat is plotted for experimental data with an unknown ground-state 

spin (S), then the Brillouin functions for magnetization can be plotted alongside it and compared 

to determine the average ground state spin for the sample. Figure I-24 shows the Brillouin 

functions for S = 1/2 through 6/2. Because Msat is being used the plots asymptotically approach 

1. However, depending on S the initial slope changes (Figure I-24B) and this can be helpful for 

determining the average ground-state spin of a sample which is a technique used in Chapter II. 

 

Figure I-24. M/Msat Brillouin functions for S=1/2. 2/2. 3/2. 4/2, 5/2, and 6/2. (A) full plot and (B) zoomed in to 

show the initial slopes. 
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 Holding the temperature constant and sweeping the magnetic field gives information 

pertaining to the strength of the magnetism of the sample, but holding the magnetic field constant 

and sweeping the temperature provides insights into the strength of the interactions leading to the 

observed ground-state spin. This type of experiment is known as magnetic susceptibility. The 

energy gap between the singlet and triplet states (ΔEST) is equivalent to 2J and as defined by the 

Heisenberg-Dirac-Van Vleck Hamiltonian: 

 𝐻̂𝑖𝑗 = −2𝐽𝑖𝑗𝑆̂𝑖𝑆̂𝑗 Eq. I-29 

 

 The triplet state has a net magnetic moment where the singlet state does not. Therefore, 2J > 0 

when the triplet state is lower in energy than the singlet state and as the system’s temperature 

 

Figure I-25. Effect of temperature on the populations of the singlet and triplet states leading to the effects on the 

magnetic moment for when J >0 (A) and J < 0 (B) beside their theoretical paramagnetic susceptibility (χparaT) 

plots for different values of J.  
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decreases the triplet state will become more populated and the magnetization of the sample will 

increase (Figure I-25A). Conversely, 2J < 0 when the singlet state is lower in energy than the 

triplet state and the system’s temperature decreases the singlet state will become more populated 

and the magnetization of the sample will decrease (Figure I-25B). χpara is the paramagnetic 

susceptibility and can be modelled with Eq. I-30.  

 
𝜒𝑝𝑎𝑟𝑎 =

𝑔20.125 𝑒𝑚𝑢 𝐾 𝑚⁄ 𝑜𝑙

𝑇
(

6

𝑒
−2𝐽𝐷𝐴

𝑘𝐵𝑇 + 3

) 
Eq. I-30 

Figure I-25 also has χpara T plotted for various values of J. These plots illustrate that it is 

relatively easy to differentiate between ferromagnetically and antiferromagnetically coupled 

radicals because even when J is small (|J| < 5 cm-1), the sign of J can still be determined at lower 

temperatures when J > 0, 𝜒𝑝𝑎𝑟𝑎T increases and for J > 0, 𝜒𝑝𝑎𝑟𝑎T decreases toward 0 emu K mol-

1. However, it becomes more difficult to differentiate between small changes in magnitude for 

two values of J of the same sign. From these theoretical plots, absolute values of J that are less 

than 10 cm-1 have data that are very similar and this can become convoluted when other data 

corrections are required to fit experimental data. SQUID magnetometry will be revisited later in 

Chapter III in the context of donor-bridge-acceptor biradicals and then implemented in the data 

collection and analyses of Chapters IV and V.  
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PART A. Polyradicals 

II. High Spin Organic-Based Polyradicals 

II.1. History and current work. 

 Implementing non-disjoint, non-Kekulé molecules into polymers as a way of creating 

ferromagnetically-coupled, high spin materials was proposed nearly five decades ago, and since 

then an extensive amount of work has been done to create such polymers and materials.1–6 

Mataga’s proposal from 1968 suggested using carbenes as the route for accessing high-spin 

materials because carbene monomer units provide a spin quantum number of S = 1, two spins for 

each unit as they consist of a carbon atom that has two half-filled p orbitals and the exchange 

coupling between neighboring carbenes is large.1 By 1986, Iwamura had developed and 

implemented a synthetic methodology for accessing polycarbenes, which involved the photolysis 

of polydiazo compounds which could be produced from polyketones using hydrazine, that 

produced polycarbenes which were found to be in the high-spin ground state (Figure II-1).7 

High-spin ground state results from the delocalization of one of the electrons in the half-filled p 

orbitals, the other electron is localized due to its orthogonality with the π-system. While these 

carbenes produced high spin polyradical, they are highly unstable. The photolysis needed to be 

conducted under an inert atmosphere at 4.2 K in the EPR cavity in order to collect the spectra 

before the carbenes reacted. Itoh used carbene pendant groups as a route for synthesizing a high 

 

Figure II-1. The synthetic route to polycarbenes used by Iwamura in 1986. 



55 
 

spin polymer with a poly(vinylene) backbone with an average molecular weight of 86 000 

corresponding to a degree of polymerization of 190.8 The delocalized electron of a diaryl carbene 

has thermodynamic stability, which is stabilizing radicals by delocalization. This carbene also 

implemented neighboring bromines and methyl groups in order to afford some kinetic stability to 

the carbene, which is employing bulky functional groups to shield the radical and reduce its 

ability to react. They succeeded in generating carbenes that persisted for several days as long as 

they are kept in an inert atmosphere at 5-10 K.8 The polycarbene shown in Figure II-2 displays a 

much lower spin multiplicity than would be predicted, which implies either the generation of the 

triplet carbenes was incomplete or there are many antiferromagnetic interactions, as the authors 

note, the latter is probably due to intermolecular antiferromagnetic interactions between the 

polymer chains, given that the diazo stretch disappeared in IR after irradiation. Inter- and 

intramolecular interactions leading to antiferromagnetic coupling in a bulk material is an ever 

present ubiquitous issue that must be addressed when attempting to make high spin materials.9–14 

Figure II-3 shows how non-Kekule, non-disjoint polyradicals can give rise to a bulk 

antiferromagnetic interaction despite being ferromagnetically coupled within the polymer chain. 

Figure II-3a shows a typical example of mono-organic radicals in a crystal structure. The solid is 

dominated by antiferromagnetic, through-space interactions between the NBMOs of adjacent 

 

Figure II-2. Itoh’s high spin 

polyradical with a DP = 190. 8  
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molecules, note that in the cartoon model in (a), each electron in each circle, representing a 

molecule (NBMO), has the opposite spin as its nearest neighbors. Of course, there are some 

notable exceptions to mono-organic radicals that exhibit ferromagnetic coupling in the solid, 

such as crystals of galvinoxyl and p-nitrophenyl nitronylnitroxide.15–18 These examples arise 

from the orthogonality between adjacent NBMOs in the crystal structure. Figure II-3b shows two 

radical units of a polyradical which is through-bond ferromagnetically coupled and is free from 

intra- and intermolecular through-space interactions. Figure II-3c shows radical repeat units in a 

polymer that have the ground-state spin lowered due to antiferromagnetic through-space intra- 

and intermolecular, horizontal and vertical dashed lines, respectively, which arises from non-

 

Figure II-3. Ferromagnetic (solid) and antiferromagnetic (dashed lines) interactions in materials. A) Most 

organic radicals suffer from net antiferromagnetic interactions in solid phase. B) Ferromagnetic coupling for 

isolated, non-Kekulé, non-disjoint polyradicals. C) Types of antiferromagnetic interactions in polyradicals. D) 

EPR spectra of theoretical polyradicals from B (red) and C (blue).  
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orthogonal overlap of the NBMOs in three-dimensional space. Figure II-3d shows an example 

EPR spectrum of (b) (red) and (c) (blue) assuming equal concentrations of radicals in each 

sample, the signal is stronger for (b) than (c) because the ground state spin is not being lowered 

due to antiferromagnetic interactions and is maximized by the intended ferromagnetic coupling 

and so (b) has more paramagnetic character. This through-bond ferromagnetic vs. through-space 

antiferromagnetic interactions were demonstrated by Winter et al. using radical cation viologen-

containing polymers, where a macrocycle, cucurbituril, was added to a solution of the polymer to 

non-covalently separate the viologen radicals and manifested in an increase in the EPR signal 

intensity.19 Separating the viologen units from each other allowed the ferromagnetic, through-

bond (σ-system, in this case), to govern more of the system and increase the ground-state spin.  

 Much of the early work for designing high-spin polymers was done by implementing 

triarylmethyl radicals into organic networks, Rajca made several such polyradicals (Figure II-4) 

 

Figure II-4. Several polyradicals synthesized by Racja et al. 
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in the 1990s of varying spins: S = 2, 6, 12, 5000.20–24 These polyradicals were synthesized with 

ever increasing numbers of spins all the way to the S = 5000 at 10 K polyradical shown in Figure 

II-4, which is the highest number of spins in an organic-based material. Unfortunately, many of 

these polyradicals lack the ability to be implemented in applications due to thermal instability, 

oxygen sensitivity, and complex synthetic procedures required for preparation.20,24–27 For 

example, the dendritic polyradical with S = 12, shown in Figure II-4 was prepared, like most, 

through a stepwise series of lithium-halogen exchanges, then lithium-metal exchange, followed 

by palladium-mediated cross-coupling reactions. The polyradical was generated from its 

carbanion precursor via oxidation by Na/K alloy conducted at 170 K in an inert atmosphere. 

Annealing this polyradical at room temperature for 30 min resulted in an EPR signal 30% of the 

original value.27 The stability issue of triarylmethyl monomer repeat units has been attempted to 

be circumvented by using triarylaminium radical cations in their place.14,28–30 Triarylaminium 

radicals are structurally similar to triarylmethyl radicals with the exception that their radical 

centers are nitrogen-centered radical cations, the more electronegative nitrogen affords the 

radical more stability and retains the thermodynamic stability from the delocalization into the 

aryl rings.23 Bushby et al. proposed a theoretical high-spin polymer of triarylaminium radical 

 

Figure II-5. Triarylaminium polyradicals (a) theoretical polyradical proposed by Bushby et al.  (b-d) 

polyradicals synthesized by Nishide et al. 

(a)

(c) (d)

(b)
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cations (Figure II-5a), initially thought to be robust, however attempts to make a tetramer of the 

polyradical with all four nitrogen atoms oxidized failed.30 The oxidation potential for the next 

oxidation was too high and only up to the consecutive diradical could be formed. Nishide et al. 

has synthesized polyradicals (Figure II-5b-d) other than finding that (b) and (d) form chiral 

helical polymers in solution, (b-d) indeed have much better stability than the triarylmethyl 

analogs, with half-lives at room temperature in powder form of one month when phosphorous 

hexafluoride (PF6
-) is used as a counter ion and only two weeks when BF4

- is used, and (b-d) also 

had relatively high spin concentrations of 0.98, 0.89, 0.96, respectivly.14,31 A great number of 

polyradicals have been synthesized using a variety of known stable organic radicals: galvinoxyl, 

nitroxides, phenoxyl, TEMPO, and their derivatives, just to name a few (Figure II-6).2,9,32–37 The 

polymers shown in Figure II-6 are representative of the types of organic radical substituents and 

the types of conjugated polymers that are used as backbones. The top row and the first polymer 

 

Figure II-6. Several polyradicals bearing stable-organic radicals as pendant groups that have been synthesized. 
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in Figure II-6 shows that poly(vinylene) is a common conjugated polymer backbone to use when 

designing polyradicals, due to the facility of the polymerization which is to start with the 

monomer unit containing a terminal alkyne followed by the polymerization with a rhodium 

catalyst in an organic base.2,31,33 The poly(p-phenylvinylene) and poly(p-phenylethynylene) 

backbones are also fairly common in literature, the syntheses gain another level of complexity 

because monomer units must be synthesized that are functionalized with both a the alkyne/alkene 

and an aryl halide or other leaving group for either a Heck or Sonogashira 

polymerization.9,32,34,37,38 In terms of device applications, the vinylene versions of these polymers 

are more appealing than the ethynylene due to more efficient charge transport through alkene π-

systems rather than alkyne.39 There are a few examples of the ortho and meta versions of these 

polymer chains in literature.9,32,38,40,41 The meta versions of these polymers are typically 

undesirable when attempting to make high-spin polymers because it is impossible to make a 

meta-phenyl-linked homopolymer with radical pendant groups due to the positioning of the 

radical in the positions left on a phenyl ring after the meta linkages are considered (Figure II-7a). 

If the radical is meta to the backbone linkages, the radicals will be non-Kekulé and disjoint 

leading to antiferromagnetic coupling between neighboring units. If the radical is ortho/para to 

 

Figure II-7. (a) Radicals positioned meta to the poly(m-phenyleneethynylene) backbone are 

going to be non-Kekulé and disjoint and (b) radicals positioned ortho/para to the backbone are 

going to give rise to a Kekulé molecule. 

X = any radical delocalizing into the phenyl ring

(a) (b)
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the backbone linkages, the molecule will be a Kekulé hydrocarbon (i.e. no NBMOs) as shown in 

Figure II-7b. Although there are examples of poly(m-phenyleneethynylene) radical polymers 

bearing TEMPO and galvinoxyl radicals, but TEMPO and galvinoxyl lack pathways for 

delocalization into the backbone, so the connectivity would be disjoint and lead to 

antiferromagnetic coupling anyway.9,40 Of the radicals used in the conjugated polymers shown in 

Figure II-6, only the phenoxyl and nitroxide polymers will lead to high-spin polyradicals because 

both of these organic radicals can delocalize into the backbone.34,42,43 However, polymers 

bearing nitroxide pendant groups have most of their spin density localized across the N-O bond 

and typically exhibit through-space antiferromagnetic coupling and high-spin polymers of these 

have not yet been synthesized and the nitroxide polyradical shown is unstable and decomposes 

due to the radical reacting with the shown-alkene hydrogen atom.43 As mentioned before, 

TEMPO does not have a path for delocalization into the conjugated polymer due to the having 

the spin localized across the N-O bond and being isolated on either side by sp3 hybridized 

carbons.43 Nitronylnitroxides are localized in the pendant group due to a node at the central 

carbon in the SOMO which has been determined both by Hückel MO Theory and by DFT 

calculations.44  Galvinoxyl and the difluorenyl polyradicals, similar to nitronylnitroxide, are 

more stable analogs of TMM and also bear a node at their central carbons in their SOMOs, 

preventing delocalization into the conjugated backbone, and will be dominated via through-space 

antiferromagnetic interactions between pendant groups.32,35 In recent years, the use of conjugated 

polymer backbones and delocalized polyradicals to lead to ferromagnetic coupling has 

diminished in favor of easily synthesized and high degree of polymerization aliphatic polymer 

backbones with a focus on the redox activity of organic radicals rather than their potential for 

spin alignment.   
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II.2. Applications of Radical Polymers. 

 Originally polyradicals were toted as being a novel class of materials with the sole 

purpose of designing inexpensive, light-weight, flexible replacements for inorganic magnetic 

materials. 3,7,45 While polyradicals can and have found application in a variety of devices and 

materials, they are probably not going to be replacing inorganic materials any time soon. 

Particularly when it is considered that in an inorganic magnet, if for example, is made from a d-

block metal, at best there can be five, spin-aligned electrons per atom contrast that with the 

simplest diradical, TMM, there are two, ferromagnetically coupled electrons per ten atoms (four 

carbon, six hydrogen) and TMM is unstable and requires more atoms in the π-system to provide 

it with thermodynamic stability (i.e. galvinoxyl, 72 atoms). Also, as discussed previously, bulk 

ferromagnetic character in a purely organic material at room temperature is, thus far unheard of 

due to antiferromagnetic through-space interactions between adjacent organic radicals in the 

solid state.3,11,15,16  

Despite this, polyradicals may be able to find application in spintronics.46–49 Calzolari et 

al. designed organic-inorganic hybrid, valence tautomeric molecules that with the incorporation 

of semiquinones as pendant groups undergo reversible 5/2 high-spin to 1/2 low-spin transitions.46 

Tagami et al. have measured the contributions of charge transport as a function of up and down 

spins through poly(4-phenoxyl-1,2-phenylenevinylene) oligomers.48 The phenoxyl radicals are 

ferromagnetically coupled and were examined as bridges between two electrodes and displayed 

spin polarized transport. They found that the down spins carried the current more consistently 

and at higher current than the up spins in region of 0.1 to 0.2 V, and at voltages greater than 0.2 

V, the up spins carried the majority of the current and the up spins current saturated 

approximately 2.6 times higher than that of the down spins. The ability of polyradicals to 

selectively filter spins at varying voltages would be of great interest when designing spintronic 
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devices, such as spin valves or spin filters. Along these lines, organic memory storage devices 

are of increasing interest to make lighter, smaller, and flexible devices to be used as dielectric 

media to replace silicon dioxide along with inorganic semiconductor-based transistors.50–53    

The advancement of OLED technology is limited by spin statistics which indicate that 

75% of electrically generated excited states are going to be triplets, unfortunately OLEDs are 

designed based on the fluorescence emission from singlet states, which means that the upper 

limit to efficiency for such devices is 25%.47,54,55 Which means that either phosphorescent LEDs 

(PhoLEDs) need to be developed or the singlet population needs increased by enhancing the 

intersystem crossing from the triplet to the singlet state. Wasielewski et al. have synthesized 

nitroxide and TEMPO perylene-3,4:9,10-bis(carboximides) (Figure II-8) which are capable of 

inducing electron exchange intersystem crossing mechanisms, which allows manipulations of the 

spin populations.56–58 In these molecules two charge recombination pathways are present, one 

which results in slow recombination affecting 25% and a fast recombination pathway affecting 

the other 75% of the spin populations. The nitroxide version has a greater influence on the 

control over the spin populations due to the delocalization of the radical into the phenyl ring, 

 

Figure II-8. Radical perylene-3,4:9,10-bis(carboximide) synthesized displaying intersystem crossing 

modulation. 
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whereas the nitronylnitroxide spin is localized.57 Therefore, it is conceivable introducing a 

delocalized stable organic radical incorporated into a luminescent conjugated polymer used in an 

OLED device could in facilitate the modulation of the spin populations.  

Recently, due to increased demand for new materials with photovoltaic properties, a few 

polyradicals have been prepared with this application in mind.10,59,60 There is already a variety of 

research in the field concerning conjugated polymers, but the utilization of radicals for the 

conversion of solar energy to assist in charge mobility in photovoltaic devices is largely 

untouched.59,61–74 Phenalenyl is of interest due to its electronic absorption spectrum that 

resembles the solar spectrum, the corresponding radicals are somewhat stable due to the 

delocalization around the phenalenyl rings, and the radicals are neutral so there are not counter 

ions.75 Two polyradicals incorporating phenalenyl radicals into the pendant groups have been 

synthesized with poly(1,4-phenyleneethynylene) and polythiophene backbones with degrees of 

polymerization of 15 and 12 units, respectively. In solid state the poly(1,4-phenyleneethynylene) 

was found to be quite robust, showing no signs of decomposition in the EPR spectrum after one 

month, however in solution, for the same amount of time, the EPR spectrum of this polymer 

required magnification of 600 times in order to be able to detect the signal. A third phenalenyl 

polyradical incorporates the radical units directly into the backbone which allows the radicals to 

delocalize throughout the main chain of the polymer and exhibit stronger spin coupling with 

neighboring radical units.10 This polymer is a tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

(TFPB) (Figure II-9) which was synthesized using a Sonogashira cross-coupling reaction and the 

resulting polymer was then reduced with cobaltocene to give the polyradical with a degree of 

 

Figure II-9. TFPB polymer prepared by Yan et al.  
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polymerization of eight units which is stable in air at room temperature as a solid for weeks, 

exhibited ferromagnetic coupling between adjacent phenalenyl units giving a ground state spin of 

S = 4, and displayed reversible redox behavior.  

The redox capability of radical repeat units is of vital interest because a radical can 

usually be either reversibly reduced or oxidized to act as a cathode or anode, respectively. 

However, one field where the redox capability of polyradicals is already being implemented is 

fabrication of organic batteries, the first known application of polyradical for energy storage 

systems was published in 2002 with the synthesis of poly(TEMPO methacrylate) (PTMA) and 

from there the field expanded into the search for stable organic radical pendant groups with 

aliphatic polymer backbones.76 Delocalization of the radicals into the backbone and spin 

alignment are unnecessary features of these types of materials because the NBMOs of the 

organic radicals are just acting as sites for electrons or holes, the identity of the spin does not 

 

Figure II-10. Schematic of an organic radical battery with poly(TEMPO methacrylate) (PTMA) as the anode 

and poly(galvinoxyl styrene) (PGSt) as the cathode, separated by polyvinylidene fluoride (PVDF). Layers are 

not drawn to scale. 
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matter. Radicals can either be characterized as p-type or n-type depending on whether they are 

easily oxidized or reduced, respectively. Organic radicals such as TEMPO, nitroxide, and 

PROXYL are p-type because they are more easily oxidized than reduced because their radical 

lacks delocalization to provide stability, and radicals like galvinoxyl, phenoxyl and 

triarylaminium are more easily reduced than oxidized because their radicals are delocalized, 

making them n-type.4 Two common polyradicals that are used to make batteries are PTMA 

which is a n-type polyradical and serves as the cathode and poly(galvinoxyl styrene) (PGSt) 

which is a p-type polyradical and serves as the anode. Figure II-10 shows a schematic of an 

organic radical battery utilizing PTMA and PGSt. The device has the anode, consisting of indium 

tin oxide (ITO) with a layer of PTMA, the p-type material, and the cathode consisting of 

aluminum with a layer of PGSt. The two electrodes are assembled together by insulating them 

with a layer of polyvinylidene fluoride (PVDF) between them.77 Making batteries from organic 

polyradicals have several advantages when compared to current inorganic salts used to make 

batteries that include: solution-based synthesis, relative inexpensive manufacturing, lightweight, 

they are modifiable, and have fast redox activity which leads to fast charging times.5,78–82 Also, 

radicals are more useful than ion for electrodes because the neutral radicals do not require 

counter ions.29 A PTMA/carbon cathode and graphite anode device has been fabricated that is 

approximately the size of a business card, weighing about 20 g and is less than 4.5 mm thick and 

four of these connected in series operates a 200 W desktop computer without an additional 

power source.83,84 A clear indication of the potential energy storage capacity of these materials 

and the possibilities for the limited volume requirements. Stability is always a question when 

dealing with radicals, but these polymers show remarkable stability to time and reversible redox 

reactions. PTMA has been shown to survive more than a year in aprotic solutions of 1.0M 
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lithium hexafluorophosphate (LiPF6), which is the salt that is used in Li-ion batteries.85,86 PGSt 

has also been shown to have stability when undergoing continuous redox cycling, showing only 

5% deterioration after 500 CV cycles.79 Despite the advances that have been made toward 

making purely organic batteries, there is still work to be done because many of these polyradicals 

suffer from incomplete oxidation resulting in about 70-80% of the radicals being formed.76,78  

II.3. Poly(ortho-phenyleneethynylene) (PoPE-SQ). 

Even with decades of work for designing polyradicals for various applications and a 

variety of stable organic radicals being utilized, there is very little work with using semiquinone 

radicals which offer some novel features in comparison with other organic radicals. Such as the 

ability to incorporate metals into the polymer chain using the semiquinones as chelating 

ligands.87–90 Using semiquinones as ligands to bind metal cations allows for the incorporation of 

ancillary ligands on the metal ions to change the electronic or physical structure of the polymer 

 

 

Figure II-11. PoPE and PPV polymers bearing semiquinone radicals that were originally synthesized over 

twenty years ago. Also shows the different oxidation states of the R group. After being deprotected to form the 
catechol (Cat) a one electron oxidation forms the semiquinone (SQ) and another one electron oxidation forms 

the benzoquinone (BQ). 
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and tailor the properties to suit the application, or use semiquinones to crosslink neighboring 

polymer chains. The polymer presented in this work is in continuance of a project that was 

initially started in the group over twenty years ago. The original synthesis, electrochemistry and 

some EPR data have been published on this polymer and includes the poly(1,2-

pheneyleneethynylene) (PoPE) and the poly(1,2-phenylenevinylene) (PoPV) polymers bearing 

semiquinone radical repeat units, both are shown in Figure II-11.38 The synthesis of the PoPE 

gave oligomers with degrees of polymerization of 22-25 units and the PoPV gave oligomers of 

only about 8 units. The work that is being presented, only the PoPE was synthesized due to it 

being believed to be the easier one to synthesize and providing oligomers of higher degrees of 

polymerization.  

First to mention the structural features of the polymer that make it coincide with the 

previous polyradicals that have been synthesized and then to mention the features that make it 

unique. First of all, the PoPE backbone is directly linked to the π-system of the semiquinone, 

which allows the semiquinone radical density to delocalize through the conjugated polymer 

backbone which provides thermodynamic stability for the semiquinones, which are also afforded 

some kinetic stability by the tert-butyl groups. Figure II-12a shows a trimer of the polyradical 

and has Ovchinnikov’s “star method” applied to determine the ground-state spin of the system to 

show the high-spin ordering in the polyradical.91 Here the semiquinones are and can be treated 

like methylene radicals because the radicals only have one pathway into the conjugated 

backbone to make the molecule non-Kekulé. If the stars are placed starting at one of the 

semiquinone carbons α to the PoPE backbone, and starring every other carbon in the π-system, 

there are fifteen starred atoms and twelve unstarred atoms, which gives a ground-state spin of 3/2 

for the trimer: one up spin radical for each monomer unit.  
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In the original work, the semiquinones were generated from the catechol using bulk 

electrolysis which resulted in the oligomers becoming insoluble before 25% of the coulombs had 

passed, which means no more than 25% of the catechol repeat units had been reduced to the 

semiquinone.38 These semiquinones were also very unstable, given that semiquinones are radical 

anions, they require a counter ion to stabilize them and depending on the counter ion they can be 

very reactive which is the case here where they were stabilized by a tetraalkylammonium cation.    

In this work, a cobalt (II) complex to react with the PoPE-BQ polymer and for the BQ 

and the cobalt to undergo a redox reaction to generate a PoPE-SQ-CoIII polymer as shown in 

Figure II-12b. Cobalt (II) was selected due to it having a stable Mx – e-  Mx+1 state and 

capability to go through this redox reaction with a benzoquinone moiety. The ancillary ligand, 

LA, was selected to be polydentate in order to afford more stability to the CoIILA complex and the 

resulting PoPE-SQ by resisting the discoordination of σ-bonding substituents and having enough 

steric bulk to force the SQ monomer units away from each other to decrease the probability that 

 

Figure II-12. a) A trimer of the PoPE-SQMLA polymer with the “star-method” applied to determine the 

ground-state spin. SQ are treated like methylene radicals appended to the backbone b) redox reaction of CoII and 

PoPE-BQ to form PoPE-SQCoIIILA.  
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the NBMOs will have a through-space antiferromagnetic interactions. It is conceivable, that 

another ligand could be used to tailor the electronic or structural properties of the polymer or use 

an ancillary ligand that will cross-link polymer chains together.  

Finally, there is great utility in using semiquinone repeat units which have the capability 

of chelating a variety of metal ions and are known to participate in several electronic phenomena, 

such as mixed valence states, valence tautomerism, and spin-crossover phenomena.46,87,90,92–96 

These properties allows for introducing new properties and tailoring of resulting polymers’ redox 

activity, three-dimensional structure, conductivity, magnetic interactions, and photophysical 

properties.   

 

II.3.1. Synthesis of poly(o-phenylene ethynylene 4-(3-(tert-butyl)-4,5-bis(methoxymethoxy)-

benzene) (PoPE-MOM). 

The synthesis of PoPE-MOM was designed based on the Shultz group’s protocol for the 

synthesis of MOM2CatBpin from Scheme II-1. This synthesis is integral for the donor-bridge-

acceptor projects in the group and was utilized in the monomer synthesis for the preparation of 

the side-chain semiquinones for the conjugated polymer backbone. The synthesis of 

MOM2CatBpin implements the bromination of the aromatic ring of 2-tert-butylphenol to make 

HOPhBr. Then the phenol is oxidized via an IBX-mediated oxidation to the quinone, which can 

then be reduced to the catechol (Cat-Br) .97 The catechol is then protected with methoxymethyl 

(MOM) protecting groups to make MOM2CatBr, which is both to prevent the oxidation from 

ambient conditions back to the quinone and for the subsequent lithium-halogen exchange with n-

BuLi for the installation of the boron pinacolate to make MOM2CatBpin.  
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As mentioned previously, the original polymer synthesis as presented in Scheme II-2 

presented significant reproducibility problems. The main issue arose in steps involving the 

Wittig olefination of II-11 to II-12 using (bromomethyl)triphenylphosphonium bromide and the 

subsequent dehydrohalogenation to give the alkyne (II-12). This reaction resulted in variable and 

significant (variable 20-50%) impurities of an epoxide (II-13). This presented two problems to 

the monomer synthesis: 1) low yielding reactions due to the loss of starting material to the side 

product, which limited the amount of monomer that could be synthesized, and 2) the products of 

the reaction: II-12 and II-13 are very difficult to separate by column chromatography across a 

variety of solvent mixtures and compositions. Scheme II-3 was proposed as an alternative with 

the intent of the separation of the alkyne (II-14) from the epoxide (II-15) easier than the 

separation of II-12 from II-13. The alkyne (II-14) could then be protected either with a tertiary 

alcohol or trialkylsilyl protecting group, the protected alkyne could then be subjected to the 

Suzuki coupling with MOM2CatBpin followed by deprotection to give the monomer (II-12). 

With column chromatography II-14 could be isolated as a colorless solid; however, yields were 

Scheme II-1. Shultz group synthetic route for pinacolyl(1,2-dimethoxymethoxy-6-tert-butyl-1- phenyl) boronate 

(MOM2CatBpin). 
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still low and sporadic (30-40%, at best) due to the epoxide (II-15) formation. In an attempt to 

combat the formation of the epoxide impurities, the Wittig reaction was performed on 4-

bromobenzaldehyde, as a model compound, to make 4-bromophenylacetylene (II-16) and reduce 

the amount of 2-(4-bromophenyl)oxirane (II-17) impurity. 

Initially, the conditions of the reaction, such as time in between ylide formation and the 

introduction of the second equivalent of base, and whether the aldehyde was present during or 

added after the formation of the ylide. The results of these attempts (Table II-1) are that the 

epoxide formation followed no discernable pattern with these variables. Epoxide formation 

during Wittig olefination reactions where the ylide contains a leaving group alpha to the alkene-

Scheme II-2. Monomer synthesis via the original Wittig reaction with (bromomethyl)triphenylphosphonium 

bromide.  

 



73 
 

forming carbon atom is known and investigated by Arimoto, et al. and their proposed mechanism 

is shown in Scheme II-4.98 This article suggested a method for reducing the formation of the 

epoxide by quenching the cold reaction with BF3•Et2O. In this case, for the conversion of 4-

bromobenzaldehyde to II-16 (Table II-1, entry 7) resulted in ~50% epoxide (II-17) impurity. 

Based on Scheme II-4 there are two points at which the epoxide formation may be able to be 

effected. The base can be changed to hinder the nucleophilic attack of the anion on the 

phosphonium ion in the second structure (on the red route). This anion in Arimoto, et al. is 

methoxide because their reactions where quenched with methanol.98 In our case, this anion could 

latter option is unlikely, given that all Wittig reactions were carried out with anhydrous THF and 

the crude 1H-NMR spectrum of the reaction mixture still shows epoxide formation comparable 

with the worked-up reactions. Therefore, assuming the proposed mechanism is correct, tert-

butoxide is either be tert-butoxide or hydroxide, which could come from water added during 

work-up. This is the probable anion to contribute to the mechanism. To test this, a reaction was 

Scheme II-3. Synthetic route by alkyne formation and protection. 
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carried-out using sodium hydride to act as both the base to form the ylide and to perform the 

dehydrohalogenation (Table II-1, entry 8). The impurity based on the integration of the epoxide 

protons is 11%. Despite efficient conversion of the aldehyde, sodium hydride did not allow for 

efficient dehydrohalogenation, there was trans-alkene as the major product, which normally will 

undergo cis-elimination with tert-butoxide.  

The other step in the mechanism that can be used to manipulate epoxide formation is the 

equilibrium between the oxaphosphetane and the betaine. Implementing a more non-polar 

solvent would, in theory, shift equilibrium toward the uncharged oxaphosphetane by 

Table II-1. Comparison of different Wittig Olefination and subsequent dehydrohalogenation conditions; test 

reactions performed on the conversion of 4-bromobenzaldehyde to 4-bromophenylacetylene (II-16). 

 

Entry Base Solv. Time between 1
st

 

eq. base and 2
nd

 

Aldehyde added 
separately? 

Epoxide
a
 Notes 

1 2 eq. t-BuOK THF 1h Yes ~24%  

2
b
 2 eq. t-BuOK THF 1h No ~50% 38% yield  

3
b
 2 eq. t-BuOK THF 1h Yes <10% 54% yield  

4 2 eq. t-BuOK THF 1.5h No ~30%   

5
c
 2 eq. t-BuOK THF 1.5h Yes ~30%  

6 2 eq. t-BuOK THF Added together Yes ~40%  
7 2 eq. t-BuOK THF 1h Yes 52% Quenched with 

BF
3
•Et

2
O 

8 2 eq. NaH THF 1h Yes 11 % Alkene remaining 
9 2 eq. t-BuOK Et

2
O 1h Yes 14 %  

10
b
 NaH/  t-BuOK Et

2
O 1h Yes 1-2 % 28% yield, poor 

conversion.  

All reactions were carried out at -78 °C and warmed to RT before addition of second 

equivalent of base. 
a Epoxide formation is based on the integration of the epoxide protons in 1H-NMR and 

alkyne and alkene protons. 
b Yields given are after column chromatography. 
c Reactions performed on 8 used these conditions and yields ranged from 32-83%. 
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destabilizing the betaine, allowing the reaction to proceed through olefination rather than 

epoxidation. This hypothesis was tested by performing the reaction in Et2O with two equivalents 

of potassium tert-butoxide as the base. Et2O was selected because it was more non-polar than 

THF, but would still allow for some solubility for the phosphonium salt, which has poor 

solubility in THF and would be poorer in a more non-polar solvent. The result (Table II-1, entry 

9), was a higher impurity of epoxide than was experienced when using sodium hydride as the 

base (14%), but the aldehyde was fully converted to alkyne. Another reaction was carried out in 

Et2O using sodium hydride as the first equivalent of base required to form the ylide and 

potassium tert-butoxide as the second equivalent of base for the dehydrohalogenation reaction. 

This reaction (Table II-1, entry 10) resulted in 1-2% epoxide impurity, the rest being alkyne. 

Scheme II-4. Proposed mechanism for epoxide formation (red route) via Wittig olefination using ylides with 

leaving groups vs. the route for olefination formation (blue route). 
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Unfortunately, this reaction only gave 28% yield due to incomplete conversion of the aldehyde, 

this was probably due to the combined poor solubilities of the phosphonium salt and sodium 

hydride in Et2O. Attempting to modulate the epoxide formation was abandoned after these 

attempts in favor of continuing with the best yielding procedure (Table II-1, entry 5) for the 

synthesis of II-14.  

For the protection of the terminal aryl acetylene, the Favorskii reaction to use a ketone as 

to form a tertiary alcohol protecting group was attempted first (Scheme II-5), given its simplicity 

and can be performed with acetone, acting as a relatively inexpensive protecting reagent.99 In 

order to get the reagents and conditions appropriate for II-14, phenylacetylene was employed as 

a model compound. Protecting terminal acetylenes should be relatively straightforward: 

deprotonate the acetylene, then the acetylide will nucleophilically attack either the carbonyl 

carbon of a ketone or the silicon of a trialkylsilyl halide or equivalent; displacing the halide in an 

SN2 reaction.  

Scheme II-5. Protection of the terminal aryl acetylene with a tertiary alcohol and reaction with phenylacetylene 

used as a model compound. 
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A variety of conditions, bases, solvents, and protecting reagents were implemented to try 

to protect the aryl acetylene (Table II-2). First, the Favorskii reaction was attempted. A problem 

that was encountered using Favorskii reactions was an aldol condensation side reaction. This is 

to be expected to some extent given the literature pKa values for phenylacetylene and a-methyl 

protons to a carbonyl are 28.8 and 19-20, respectively. In these reactions, much of the ketone 

protecting reagent was consumed by this side reaction. Some of the test reactions provided yields 

Table II-2. Attempted reactions for the protection of terminal aryl acetylene for II-14. 

Entry Protecting 
Reagent 

Other 
Reagents 

Solvent(s)/ 
Conditions 

Phenylacetylene 

Test Reactions
a
 

Reaction with II-14
a
 

1 acetone LDA THF Aldol Cond. little product
d
 

10-20% 

2 2-butanone t-BuOK DMSO 72% 15-20% 

3 2-butanone NaH DMSO Aldol Cond.  

4 10 eq. 

2-butanone 

NaH DMSO Aldol Cond.  

5 2-butanone Bu
4
NOH, 

NaOH 

H
2
O/PhF, 48 h No Reaction  

6 2-butanone Bu
4
NOH, 

NaOH 

H
2
O/Et

2
O, 48 h ~20%  

7 2-butanone Bu
4
NOH, 

NaOH 

H
2
O/Toluene, 48 h ~50% little product

d
 

8 2-butanone Bu
4
NOH, 

NaOH 

H
2
O/CH

2
Cl

2
, 72 h little product

d
  

9 2-butanone LDA THF Aldol Cond. 10-20% 

10 2-butanone t-BuOK DMSO ~70% ~10% 

11 2-butanone CuI, TEA, KOH DMSO, 100 KO No Reaction  

12 TMS-Cl Zn(OTf)
2
, Et

3
N DCM 78% No reaction 

13 TMS-Cl NaH/DMSO THF ~20%
a
  

14 TMS-Cl NaH THF ~30%
a
 No reaction 

15 TMS-Cl NaH DMSO No reaction  

16 TMS-Cl t-BuOK DMSO No reaction
c
  

17 TMS-Cl LDA THF ~60% 1
H-NMR aromatic 

region complex
b
 

a Percentages are conversion estimated from 1H-NMR. 
b Side reactions occurred; very little product present.  
c 1H-NMR indicated that it worked once, but could not be replicated 
d “little product” means less than 10% conversion by 1H-NMR 
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between 50-70% and were attempted on II-14 (Table II-2, entries 2, 7, and 10). Unfortunately, 

these reactions performed more poorly giving lower yields (10-20%), which is undesirable for a 

protecting step, especially following the Wittig reaction which typically gave yields < 40%. 

The next method is shown in Scheme II-6 and was to try the protection using 

chlorotrimethylsilane (Table II-2, entries 12-17). These reactions were mostly unsuccessful, even 

those that showed some promise with the model compound such as Table II-2, entries for II-

12100 and II-17, giving 78 and 60% yields, respectively, but did not work when applied to II-14 

or without giving side products. These issues are most likely related to the aryl halides given that 

it is the only difference between II-14 and phenylacetylene. Entry 12 resulted in simply no 

reaction with only starting material present, while entry 17 resulted in many side products. 

Possibly the result of the aryl halides exchanging with the lithium from LDA. After attempts to 

Scheme II-6. Trialkylsilyl protection of the terminal aryl acetylene. Reaction with phenylacetylene used as a 

model compound. 
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protect II-14 were unsuccessful, the next strategy was to change how the alkyne was 

synthesized. Given that the phosphonium salt, (bromomethyl)triphenylphosphonium bromide, 

was the source of the low-yielding Wittig reaction, the synthetic scheme was altered to the 

strategy presented in Scheme II-7. This strategy consists of a Wittig reaction with 

methyltriphenylphosphonium iodide followed by bromination across the double bond with 

subsequent double dehydrohalogenation to give II-12. The formation of this ylide required a 

stronger base than potassium tert-butoxide, so n-BuLi was used, and the olefin product (II-26) 

was then brominated and II-28 was synthesized in good overall yield (84%). The conversion 

from the dibrominated product (II-25) to II-12 required more synthetic method development and 

1-bromo-4-(1, 2-dibromoethyl)benzene (II-27) was used as a model to make II-16, the results of 

these tests are shown in Table II-3. None of the bases that were attempted showed any of the 

desired product in 1H-NMR. 

A literature search revealed that for the model compound provided access to the ethyl 

propiolate via the ethyl 2,3-dibromophenylpropanoate.37,101,102 This strategy seemed to have 

Scheme II-7. Synthetic route to II-12 using Wittig reaction with methyltriphenylphosphonium iodide followed 

by bromination of the double bond and double dehydrohalogenation. 
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some promise for dehydrohalogenation. The ethyl propiolate can be hydrolyzed to give the 

propiolic acid, which in theory, if the conditions are right, an anion could be stabilized by the 

acetylide, which would allow for decarboxylation to give a terminal alkyne. As shown in Scheme 

II-8, the alkyl propiolate could be generated, then Suzuki coupled to MOM2CatBpin, followed by 

saponification and decarboxylation of the alkyl propiolate (II-32). II-31 could be synthesized 

from II-8 in high yield in comparison to the synthesis of the terminal alkyne II-14. The facile 

synthesis of II-28 was performed with another Wittig reaction using (ethyl ester 

methyl)triphenylphosphonium bromide and under very mild conditions for the reaction: K2CO3 

as the base to form the ylide, the reaction was biphasic in CH2Cl2 and water, and under ambient 

conditions and provided a 94% yield after filtering through a pad of silica to give a mixture of 

trans and cis alkenes in a 88:12 ratio. Both alkenes were subject to bromination which gave a 

mixture of two sets of diasteromers each with an enantiomer which arose from the anti 

bromination across the double bond on each alkene isomer to give II-29 as a pure product of 

Table II-3. Conditions for test double dehydrohalogenation reactions to make II-16. 

Entry 2.5 eq. Base Solvent Temperature Results 

1 t-BuOK THF RT No desired product 

2 KOH EtOH RT No desired product 

3 K2CO3 DMSO RT No desired product 

4 t-BuOK THF Reflux No desired product 

5 KOH EtOH Reflux No desired product 

6 K2CO3 DMSO Reflux No desired product 

“No desired product” means that the alkyne proton was not observed in 1H-NMR. All conditions resulted in 

at least the reaction that generated the trans-alkene (II-27). At higher temperatures other signals appeared in 

the NMR spectra. 
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isomers in a 96% yield. For the double dehydrohalogenation to generate the alkyl propionate, 

two equivalents of base were used initially; however, instead of both dehydrohalogenations 

occurring consecutively, one anti-elimination occurred and then the ester was hydrolyzed, which 

generally afforded little if any of the ethyl propiolate. Therefore, an excess of base (3.5 eq.) was 

used to complete the conversion to propiolic acid (II-30), which exhibited carbon-carbon triple 

bond and carbonyl stretches in the IR spectrum at 2206 and1662 cm-1, respectively. Table II-4 

summarizes the bases and conditions to complete the conversion, with entry 4 being the first set 

of conditions that successfully provided the desired product. Given that palladium can catalyze 

decarboxylative cross-coupling reactions, the propiolic acid (II-30) needed to be reprotected, to 

give II-31, before being subjected to Suzuki conditions.103,104 After the successful Suzuki 

Scheme II-8. Access to II-12 via Wittig reaction with (ethyl ester methyl)triphenyl-phosphonium bromide to 

give the ethyl propiolate; serving as the protected alkyne.  
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coupling to give II-32, which was then deprotected with NaOH in methanol to give II-33. To get 

II-12 it was then stirred with Cu2O in MeCN at reflux under anaerobic, anhydrous conditions, 

with the intent of decarboxylation, which worked successfully in 70% yield as a test reaction 

with 3-(4-bromophenyl)propiolic acid.105–107 However, when applied to II-33, the result was not 

II-12, the spectra resembled II-12, but with the 1H-NMR missing the alkyne proton at δ = 3.42 

Table II-4. Conditions for test double dehydrohalogenation and hydrolysis reactions to make II-16. 

Entry 3.5 eq. Base Solvent Temperature Results 

1 K2CO3 DMSO Reflux Product mixture 

2 KOH DMSO Reflux Product mixture 

3 NaH EtOH Reflux Product mixture 

4 KOH EtOH Reflux Product mixture 

5 t-BuOK THF Reflux 95% 

“Product mixture” is a mixture of intermediates consisting of trans-alkenes both the cinnamic acid and 

ester.  

 

Scheme II-9. Synthesis of II-12 via the Ohira-Bestmann reaction. 
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and a weak carbon-carbon triple bond stretch in the IR spectrum at, which II-12 does not exhibit. 

These data suggest that the product of the reaction is the diyne II-34. Unfortunately, the 

dimerization of propiolic acids with a copper (I) salt is a known name reaction, known as a Hay 

coupling, and have been used in the synthesis of diynes. 103,104,108 Hay couplings require an 

oxidant, the oxidant under these conditions is unknown. The MeCN was degassed by a stream of 

nitrogen for 24 h and the reaction was assembled in an air-free glovebox. After the unsuccessful 

decarboxylation, a different reagent was proposed for an old reaction.  

For the conversion of II-11 to II-12, the Ohira-Bestmann reaction was considered 

(Scheme II-9), which required the synthesis of dimethyl (1-diazo-2-oxopropyl)phosphonate (the 

Ohira-Bestmann reagent, II-35), which can be done so in a 77% yield and can be stored cool (-

20 °C) without decomposition..109,110 Scheme II-9 also has the pre-Suzuki coupled aldehyde 

protecting group changed from the ethylene glycol acetal (II-9) changed to a dimethyl acetal (II-

36). The reason for this change is that after the Suzuki coupling the deprotection of II-10 always 

resulted in the loss of one of the MOM protecting groups, which needed to be reprotected and 

resulted in lower yields and more complicated separations. Going from II-8 to II-11 with II-9 

and II-10 as intermediates is a 36% overall yield, but going from II-8 to II-11 with II-36 as the 

intermediate followed by deprotection before work-up of the Suzuki coupling gives a 54% 

overall yield.  

When II-35 is used on II-11 using anhydrous K2CO3, and anhydrous, degassed MeOH 

under anaerobic conditions, II-12 is obtained as the only product on TLC above the baseline 

(10% EtOAc/hexanes).109,111 After passing the crude material through a pad of deactivated silica, 

II-12 is obtained in 66% yield as a colorless solid.  
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The Sonogashira polymerization (Scheme II-10) of II-12 was initially conducted with 

literature precedent, with Pd(PPh3)2Cl2, CuI in 1:1 Et3N:pyridine at reflux with conventional 

heating methods.38 When this method was attempted, gel permeation chromatography (GPC) 

indicated a monodisperse oligomer with an average molecular weight (Mn) corresponding to a 

degree of polymerization (DP) of pentamers. This result was confirmed via MALDI-TOF mass 

spectrometry. A decamer would be the lower limit of what would be a suitable DP, 15-20 units 

would be better. Therefore, a series of polymerizations with varying reaction conditions were 

attempted to try to increase the DP; Table II-5 shows the results of these trials. Initially 

conventional heating methods were used to heat the Sonogashira polymerization reactions, 

however none of the trials provided any polymers with a DP above a hexamer. In order to 

Scheme II-10. Polymerization of II-12 followed by deprotection to the catechol (PoPE-Cat) and oxidation to 

the quinone polymer (PoPE-BQ). 

 



85 
 

achieve DP higher than six, a microwave reactor was employed to achieve higher temperatures 

and shorter reaction times. Different amine bases were used, Hunig’s base is has been shown to 

be one of the better bases for microwaved Sonogashira reactions and the catalyst, Pd(PPh3)2Cl2 

was swapped for Pd(PPh3)4 over concerns that the initial reduction of the palladium (II) catalyst 

by the reductive elimination of dimerized starting material was leading to polymers (oligomers) 

that may have head-to-head or tail-to-tail linkages, which in the semiquinone polymer would 

result in antiferromagnetic coupling somewhere in the middle of the polymer chain and lower the 

overall spin quantum number. The best trial in the series was entry 8, using the palladium (0) 

catalyst with Hunig’s base as the solvent in the microwave reactor (T= 140 °C, μwave power = 

140 W) which gave PoPE-MOM with an average molecular weight (Mn) of 6.1 kDa, 

corresponding to a DP of 17-18 with a polydispersity index (PDI) of 1.35. The 1H-NMR 

spectrum of PoPE-MOM was similar to the monomer, II-12, but showed broader signals in the 

aromatic, methyl and methylene MOM, and tert-butyl group regions, characteristic of a 

Table II-5.  Sonogashira polymerization reactions. 

Entry Catalyst Solvent* Temp. Time (h) Method Mn (DP) Mw (DP) PDI 

1 Pd(PPh3)2Cl2 1:1 Et3N: 

Pyr 

Reflux 24 Conventional 1800 

(~5) 

1900 (5-

6) 

1.10 

2 Pd(PPh3)2Cl2 1:1 Et3N: 

Pyr 

Reflux 48 Conventional 1800 

(~5) 

1900 (5-

6) 

1.10 

3 Pd(PPh3)2Cl2 Piperidine 106 °C 24 Conventional 1781 

(~5) 

2013 (5-

6) 

1.13 

4 Pd(PPh3)2Cl2 3:2 Et3N: 

THF 

Reflux 6 Microwave  

(100 W) 

2414 (6-

7) 

3111 (8-

9) 

1.29 

5 Pd(PPh3)2Cl2 Et3N 90 °C 6 Microwave  

(100 W) 

3742 

(10-11) 

4853 

(13-14) 

1.30 

6 Pd(PPh3)4 (i-pr)2NH 85 °C 6 Microwave  

(110 W) 

4111 

(11-12) 

5148 

(14-15) 

1.25 

7 Pd(PPh3)4 (i-pr)2NEt 140 °C 6 Microwave  

(130 W) 

5316 

(~15) 

6530 

(18-19) 

1.23 

8 Pd(PPh3)4 (i-pr)2NEt 140 °C 8 Microwave  

(140 W) 

6147 

(17-18) 

8297 

(23-24) 

1.35 

* In all cases the base for the Sonogashira reaction is the solvent 
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monomer. The terminal alkyne proton signal was obscured by the methyl MOM signals and 

significantly smaller given the oligomer chain length. The FT-IR spectrum showed alkyl and 

aromatic C-H stretches, looking similar to the monomer, but a reduced alkyne C-H stretch.  

After polymerization the PoPE-MOM was deprotected using aqueous 12 M HCl in 

EtOAc to give the catechol polymer (PoPE-Cat) (Scheme II-10). The 1H-NMR showed the loss 

of the MOM groups. The FT-IR spectrum showed a broad O-H stretch from 3500-3100 cm-1 and 

a stronger aromatic C-O stretch at 1594 cm-1 (Figure II-13).  The PoPE-Cat then underwent a 

two electron oxidation with Fetizon’s reagent to give the quinone polymer (PoPE-BQ) which the 

1H-NMR spectrum was not diagnostic given that only the catechol protons changed and did not 

appear in the 1H-NMR spectrum of PoPE-Cat.112 The FT-IR spectrum showed the loss of the O-

H stretch and showed a quinone C=O stretch at 1658 cm-1. PoPE-BQ can undergo a one electron 

reduction (Scheme II-11) to give the semiquinone radical polymer (PoPE-SQ) using either 

electrochemical or chemical means.38 To make PoPE-SQ, a stable metal complex capable of 

 

Figure II-13. FT-IR spectra of the monomer (II-12) and the polymers. 
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undergoing a one electron oxidation was required to reduce the benzoquinones to semiquinones 

and to stabilize the semiquinone.The synthesis of PoPE-SQ from the polymer precursor, PoPE-

BQ using the cobalt (II) complex, CoLA, the synthesis for which will be discussed in Chapter 

II.4, was conducted in a nitrogen atmosphere in 1 mL of anhydrous, degassed CH2Cl2. The 

resulting highly colored solutions were stirred overnight and then transferred directly into EPR 

tubes for spectroscopic data. 

II.3.2. Results. 

Absorption and Emission Studies of the PoPE Polymers  The photophysical properties of 

the PoPE polymers were examined for fluorescence and phosphorescence. Figure II-14a shows 

 

Figure II-14. A) Absorption spectra of II-12 and the polymers. B) Emission spectra of samples before 

degassing. C) Difference between emission spectra before and after degassing. 
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the electronic absorption profiles of the monomer (II-12) and the PoPE polymers. The monomer 

only absorbed in the UV region with a λmax = 34720 cm-1, when polymerized and the conjugation 

length increased the polymers began to absorb at lower wavenumbers giving a max = 33333 cm-1 

for PoPE-MOM. The removal of the MOM protecting groups caused another bathochromic shift 

for PoPE-Cat and PoPE-BQ giving max = 32787 and 32362 cm-1, respectively. The emission 

spectra displayed in Figure II-14b were collected in aerated CH2Cl2 to give max = 26596, 21413, 

21888, 22555 cm-1 for II-12, PoPE-MOM, PoPE-Cat and PoPE-BQ, respectively. Figure II-

14c shows the result when these samples were degassed and emission spectra recollected, and 

the spectra pre-degassing were subtracted from the degassed spectra. The emission spectra only 

shows noise across all four samples, indicating that if there is any phosphorescence at room 

temperature, it is below the instrument’s limit of detection.  

Generation of Random Copolymers: PoPE-SQxBQ1-x.  As discussed previously the SQ 

units on the polymer can be chemically generated by a redox reaction of the BQ polymer with a 

cobalt (II) complex (CoLA) as shown in Scheme II-11. This scheme also shows that by 

controlling the equivalents of CoLA added to PoPE-BQ, the mole fraction of the polymer that is 

SQ can be controlled.  

Scheme II-11. The synthesis of random copolymers of PoPE with SQ and BQ pendant groups with the redox 

reaction of a cobalt (II) complex. 
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Figure II-15 shows the IR spectra for PoPE-BQ (0%) alongside when it is reacted with 

0.25, 0.5, 0.75 and 1.00 eq. of CoLA. As can be seen, as the equivalents of CoLA increase, the 

quinone stretch decreases. Figure II-16a shows the simulated and experimental EPR spectrum of 

3,5-di-tert-butylsemiquinone-cobalt(III) complex as a model compound for the monomer repeat 

units. The spectrum shows an eight-line splitting pattern due to the cobalt nucleus (I = 7/2) of aCo 

= 10.00 Gauss and a proton hyperfine with aH = 3.22. Figure II-16b-d shows the EPR spectra of 

two PoPE-SQ oligomers, b) has a Mn corresponding to five repeat units and has been reacted 

with an excess of CoLA and c) has an Mn corresponding to 17-18 repeat units and has been 

reacted with 0.25 equivalents of CoLA in each case some of the cobalt and proton hyperfine can 

still be identified. As the DP = 17-18 oligomer has more CoLA added to it, the EPR spectra 

become featureless as can be seen in Figure II-16d when 1.0 equivalents of CoLA is added to 

generate the PoPE-SQ. Table II-6 shows the results of determining the spin concentration of the 

PoPE-SQ oligomers by addition of CoLA. The calculated spin concentration in PoPE-SQ was a 

close match with the theoretical 85% of the theoretical for entries 1 and 3, 100% for entry 2, and 

 

 

Figure II-15. IR spectra of PoPE-BQ (0%), PoPE-BQ14-SQ4 (~25%),  PoPE-BQ9-SQ9 (50%),  PoPE-BQ6-

SQ12 (~66%), PoPE-BQ2-SQ16. (~100%) showing the quinone stretch at 1650 cm1-decreasing as the 

concentration of semiquinone increases.  

 




















































































































































































































































































































































































































































































































































































































































































































































































































