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ABSTRACT 

Organo-transition metal complexes are being widely studied to understand their 

photophysical properties for their wide range of applications as efficient emitters in 

organic light emitting diodes (OLEDs), light emitting electrochemical cells (LEECs), etc. 

Cyclometalated organo-transition metal complexes such as cyclometalated square planar 

platinum(II) complexes are becoming suitable candidates for such applications because 

of their highly efficient luminescence. Understanding the excited properties of such 

complexes is useful in designing highly efficient and color tunable phosphors with desired 

excited state lifetimes. We aim to explore the influence of radical substituents on 

electronic structure, luminescence quantum efficiencies, and excited state lifetimes by 

synthesizing new radical elaborated donor-acceptor molecular frameworks built on 

cyclometalated square planar platinum(II) dithiolate and catecholate complexes. The 

novel radical elaborated molecular frameworks are designed, synthesized, characterized, 

and studied by numerous spectroscopic and computational methods. This study has 

explored the effect of an appended radical substituent on the photophysical properties 

of cyclometalated platinum dithiolate and catecholate complexes with respect to how the 

S = ½ spin doublet radical interacts with the triplet chromophore and affects the excited 

state lifetimes through the addition of a new exchange interaction yielding a three-spin 

excited state manifold. The results of experiments on the cyclometalated platinum(II) 

dithiolate series with two different cyclometalating ligands showed that emissive 
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properties of these radical substituted complexes are not lost. However, their emission 

lifetimes are decreased. The results of cyclometalated platinum(II) catecholate complexes 

demonstrated that their lifetimes are longer than that of the cyclometalated platinum(II) 

dithiolate series. The variation of the donors and acceptors in Donor-Acceptor 

Platinum(II) complexes were studied to explore their excited state properties.  
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Chapter 1 

Introduction, Statement of Research Problem, Research Design and Strategy 

1.1 Introduction  

             A significant research effort has been given in the field of cyclometalated square 

planer Platinum (II) complexes for their wide range of applications as emissive probes for 

photochemical and electrochemical devices as well as photosensitizers, chemosensors 

etc.1,2,3,4 

Cyclometalated Pt(II) complexes are also widely being investigated because of their 

strong emissive behavior and long luminescent lifetimes from low lying triplet states.1,3 

These cyclometalated Pt(II) complexes were first investigated during the discovery of 

many other compound families possessing interesting photophysical properties.2 Von 

Zelewsky et al. investigated the first emissive cyclometalated platinum/palladium 

complexes which were homoleptic in nature2. Transition metal salts of Pt(II) and Pd(II) 

easily undergo ortho-metalation reactions with cyclometalating ligands and form five 

membered metallocycles4. Later, many luminescent heteroleptic cyclometalated metal 

complexes with various ligands were studied in detail.1,3,5-7,10-13 The cyclometalation effect 

and heavy atom effect make them suitable candidates as very efficient phosphorescent 

luminophores.3,5,6,7 In general, due to the strong σ-donor and π-acceptor abilities of 

cyclometalated ligands bound to Pt ions, their electronic spectra have bands usually 

located in the near UV region of the spectrum and their energies are a function of the 

strong ligand field of Pt(II) complexes with Pt-C bonds. Strong Pt spin-orbit coupling (SOC) 
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allows for efficient intersystem crossing (ISC) to low-lying triplet states that display a high 

photoluminescence quantum yield.5 This same SOC can ultimately be used to modulate 

radiative and non-radiative excited state lifetimes. As a result of their excited state 

electronic structure, they are found to be important for many applications such as solar 

cells7, chemical sensors and electroluminescent emitters in organic light emitting diodes 

(OLEDs).1,5 Currently, these organic light emitting diodes (OLEDs) are increasingly a 

leading target in the field of organic displays and lighting technologies, with the aim of 

utilizing all the electrogenerated excitons.1,8,9 The thermally activated delayed 

fluorescence (TADF) mechanism8,9 is recently being explored as an alternative OLED light 

emitting mechanism to harvest all generated triplet and singlet excitons from the lowest 

excited singlet state in transition metal complexes (Figure 1.1). 
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Figure 1.1:  Mechanism based on thermally activated delayed fluorescence (TADF). A 

small energy gap (∆E) between singlet and triplet states facilitates the TADF process 

over phosphorescence (PHOS). 

               The most studied square planar cyclometalated Pt(II) complexes are those with 

the general formula (C^N)Pt(O^O), where C^N represents 2-phenylpyridine or 2-

thienylpyridine, and O^O represents a diketonate ligand.12 These cyclometalated 

platinum complexes with diketonate ligands are primarily investigated because of their 

thermal stability and tunable photophysical properties that depend on the nature of the 

cyclometalating ligand. Many of these heteroleptic cyclometalated square planar 

platinum complexes are strongly emissive in solution at room temperature, with long 

emission decay times (microseconds).5 There are very few examples of anionic 

cyclometalated (C^N) complexes with dithiolates and catecholates as donor ligands.10,12,13 

One major advantage of such cyclometalated complexes is that they have relatively high 

energy metal centered (MC) or ligand field (LF) excited states that conspire to enhance 

their luminous efficiency compared to diimine (N^N) platinum complex 

analogs11(Figure1.2).  
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Figure 1.2: Diimine (N^N) platinum dithiolate complexes (left) and the analogous 

cyclometalated (C^N) platinum dithiolate complexes (right). 

In (N^N)Pt(dichalcogenolene) complexes, the diamine (N^N) moiety (e.g. bipyridine) is 

the acceptor group, and  dichalcogenolene (e.g. dithiolates, catecholates, etc.) are the 

donor ligands.  If the emitting state (either intraligand, interligand, or MLCT) and the MC 

states are close in energy, the emission process will typically be quenched by fast 

radiation-less decay through the MC states due to thermal equilibrium between these 

states. Thus, a small energy gap between the lowest emitting state and a metal centered 

d-d or LF state is not favored for emission efficiency. The cyclometalation effect raises the 

energy of non-emitting MC states and thereby improves the luminescent efficiencies of 

these molecules (Figure1.3).  

 

Figure 1.3: A generic diagram showing the effect of cyclometalation on increasing the 3MC 

- 3CT energy gap on metal complexes. For Pt(II) complexes, the MC states lie above the 

charge transfer (CT) states.5 
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            Another advantage of using cyclometalating ligands with highly conjugated 

pyrimidinic aromatic systems is that they allow for emission tuning through molecular 

aggregation (i.e., π-π interactions, and hydrogen bonding). Sometimes, these anionic 

cyclometalated complexes with their counter-cation help to tune the photophysical 

properties of these molecules and increase their solubility in aqueous media for biological 

applications.13 

          There is also an emerging interest in the spin manipulation of dynamic processes 

that involve photomagnetic materials, and this includes the area of molecular 

spintronic.14,15,16  Radical elaborated molecules can be used to understand electron spin-

polarized states that reflect a non-Boltzmann population of ms levels which may be useful 

for quantum information science (QIS) applications.17,18,24,26 Markedly little research has 

focused on radical elaborated Pt (II) complexes, including the effect of an organic radical 

on excited state properties. Earlier studies in our laboratory have focused on radical 

elaborated donor-acceptor and donor-bridge-acceptor dyads with bipyridine acceptor 

ligands.19,20,21,22,23 Furthermore, in the (bpy)Pt(dioxolene) complexes studied to date, the 

radical was placed on the donor (dioxolene) side of the complexes.24,25,26 The parent 

compound of these systems using catechol donor ligands is observed to be  non-

photoluminescent, as shown by prior detailed studies on their photophysical properties. 

              Earlier studies in our laboratory principally focused on radical-elaborated forms 

of the (bpy)Pt(Cat) system (Figure 1.4). In this Donor-Acceptor dyad, the two lowest 

energy charge transfer bands are of the LL’CT type, and they involve one-electron 

promotions from the catechol HOMO and catechol HOMO-1 to the bipyridine LUMO.23,27 
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In the parent molecules of these systems, these excited state configurations lead to two 

singlet and two triplet excited states. The incorporation of an additional spin center in the 

radical elaborated forms of these complexes results in the singlet-triplet pair being 

converted into two doublets (Dsing (ΙSi, 1/2˃) and Dtrip (ΙTi, 1/2˃)) states and a quartet state 

(ΙTi, 3/2˃) shown in Figure 1.5.  

 

Figure 1.4: Radical elaborated systems previously studied by Kirk and Shultz groups.24,25 
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Figure 1.5: Excited state manifold for the parent molecules (left) and the radical 

elaborated three spin system (right) previously studied by the Kirk and Shultz groups.24,25 

Here, in the Figure, “1/2” and “3/2” indicate the total spins of the states. 

Magnetic circular dichroism (MCD) spectroscopy, coupled with theoretical 

calculations, on the (bpy)Pt(Cat-NN ) system have provided tremendous insight into the 

nature of their ground and excited state electronic structures, including a dramatic 

power-law dependence on their ground state recovery rates from the low-lying trip-

doublet excited state. In marked contrast to the (bpy)Pt(dithiolene) systems, both (bpy) 

Pt(Cat-NN) and the parent (bpy)Pt(Cat) systems are non-emissive in nature as described 

in Figure 1.6. 

 

Figure 1.6: Decay mechanisms in the nonemissive parent and related radical elaborated 

systems, respectively.  

                This work on the (bpy)Pt(Cat) and (bpy)Pt(Cat-NN) systems probed their 

electronic structure and their excited state magnetic exchange couplings5,24,25. In the 

radical elaborated systems, due to large chromophore singlet-triplet splitting (2J), the 
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overall mixing of sing-doublet and trip-doublet states mediated by the nitronylnitroxide-

semiquinone (NN-SQ) excited state exchange interaction was found to be very small24. 

The charge recombination lifetimes of these radical elaborated systems with different 

bridge fragments (e.g., phenylene, thiophene, etc. as shown in Figure 1.7) are found to 

be inversely proportional to mixing between the sing-doublet and trip-doublet states.  
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Figure 1.7: Radical elaborated systems, (bpy)Pt(Cat-B-NN), with different bridge (B) 

fragments previously studied by the Kirk and Shultz research groups.24,25 

            Here, the nitronylnitroxide-semiquinone (NN-SQ) excited state exchange 

interaction (JSQ-NN) for all these radical elaborated complexes (Figure 1.7) was equated 

with the magnetic exchange coupling determined by magnetic susceptibility 

measurements for the ground state Tpcum,MeZn(SQ-NN) analogs.19 The bipyridine-

semiquinone (bpy-SQ) excited state exchange interaction (Jbpy-SQ = ±1400 cm-1) for the 

molecules in figure 1.7A was determined by MCD spectroscopy.24 In this study, a spin 

Hamiltonian for this three-spin system, including two different J (exchange interaction) 

values, is shown in Equation 1.1. In this Equation,  𝑆𝑆𝑄 ,  𝑆𝑏𝑝𝑦,  𝑆𝑁𝑁 represent the three spin 

operators associated with the donor (SQ), the acceptor (bpy) and the nitronylnitroxide 

radical (NN), respectively. 

H = −2𝐽𝑆𝑆𝑄𝑆𝑏𝑝𝑦 − 2𝐽𝑆𝑆𝑄𝑆𝑁𝑁  
                                                                                                     1.1 

The Dsing and the Dtrip wavefunctions can only mix via the exchange interaction because 

there is no direct spin-orbit coupling matrix elements to connect them. Once these two 

pairwise exchange interactions are known, the mixing coefficient (λ) of the Dsing and Dtrip 

functions can be calculated by using a following Equation 1.2. 

𝜆 =
1

2
  𝑡𝑎𝑛−1  

√3  𝐽𝑆𝑄−𝑁𝑁

2  𝐽𝑆𝑄−𝑁𝑁  − 𝐽𝑆𝑄−𝑏𝑝𝑦
                                                                            1.2 
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The wavefunction mixing parameters for the radical elaborated molecules were 

previously determined using Equation 1.1 and are presented again in Table 1.1 below. 

 

Radical-elaborated 

Complex 

JSQ-B-NN (cm-1)    |λ| % (sinλ)2  Dtrip Lifetime (ps) 

1-NN 550 11.5 3.97 250 

1-Th-NN 220 4.25 0.55 410 

1-Ph-NN 100 1.83 0.102 640 

1-m-Ph-NN -32 0.63 0.012 790 

1-Ph-Ph-NN 20 0.36 0.004 1010 

Table 1.1: Wavefunction mixing parameters and Dtrip Lifetimes for nitronylnitroxide 

elaborated (bpy)Pt(Cat) systems.25                                                                                                                                            

             Table 1.1 shows that the excited state exchange interaction between semiquinone 

(SQ) and nitronylnitroxide (NN) are different with different bridge fragments and different 

SQ-NN distances. The longer the distance between the semiquinone and the pendent 

radical, the smaller the exchange and the mixing parameters.  

             The experimentally measured Dtrip lifetimes as a function of (sinλ)2have been fit to 

a phenomenological power law function shown in 1.3.  

 𝑌 = 𝐾𝑥𝑛                                                                                                                                            1.3 
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Figure 1.8: Experimentally measured Dtrip lifetimes are shown fit to a power law function 

with (sinλ)2 for (bpy)Pt(Cat-B-NN) systems.25 

               Figure 1.8 indicates that when there is no bridge between the semiquinone and 

the appended radical, the Dtrip lifetime is short. The Dtrip lifetime increases as a function 

of increasing bridge length, where we observe the smallest exchange couplings between 

the semiquinone and the appended radical in this radical elaborated series. When the 

wavefunction mixing becomes very small or negligible (i.e. no mixing between Dsing and 

Dtrip), then these molecules decay fast from Dsing state as they cannot access to the Dtrip 

state by an exchange interaction mediated internal conversion (enhanced intersystem 

crossing4,25,32,33. In this case, the off-diagonal matrix element that connects the Dsing and 

Dtrip becomes small, and the effect of pendent radical on lifetime becomes negligible. 

               The (bpy)Pt(Cat-B-NN) system (Figure 1.8) shows that an exchange interaction as 

small as 20 cm-1 between the pendent radical and the triplet state of the chromophore 
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can dramatically alter decay rates of the radical elaborated donor-acceptor molecules 

relative to their parent molecules. Thus, the pairwise magnetic exchange interactions in 

radical elaborated complexes can enable magnetic exchange coupling dependent wave 

function mixing, ultimately allowing for a novel mechanism to modulate excited state 

lifetimes. 

In the case of our newly proposed radical-elaborated systems, their parent 

molecules are emissive in nature. We have included 1,2-benzene-dithiol (bdt) and 

catechol (Cat) as donor ligands to the square planar cyclometalated Pt(II) complexes in 

order to probe the effect of a radical on their dominant LL’CT excited states and their 

photoluminescent properties. 
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Figure 1.9: Excited state configurations when an additional spin interacts with the singlet 

and triplet states of a chromophore. The two spin doublets are Dsing and Dtrip. There is 

one quartet state.  

              Another particularly interesting feature of our new multispin system is that the 

pendent radical has been placed on the acceptor (LUMO) portion of the molecule, and 

not on the donor side as in earlier studies.24,25,28 Similarly, cyclometalated ligands have 

not yet been employed as components of radical elaborated LL’CT molecules. Thus, the 

spin dependent photophysical properties of cyclometalated platinum complexes have not 

yet been explored. We aim to understand the effect of a pendent radical on the excited 

state properties of these molecular charge transfer systems that consist of a localized 

radical covalently bound to acceptor ligand side of the cyclometalated complex. Here, we 

wish to explore whether the excited state spin exchange interaction will facilitate and 

enhance intersystem crossing rates and affect their excited state lifetimes. Another key 

objective of our study is to determine whether spin-orbit and spin-vibronic coupling 

effects27 will play a dominant role in controlling the excited state lifetimes of 

cyclometalated Pt(II) dioxolenes, in addition to how an extra spin added to these 

complexes affects their photophysical properties and the magnitude of the excited state 

magnetic exchange coupling. 

We have synthesized these molecules, characterized them, and determined their ground 

and excited state electronic structure by various spectroscopic methods such as 
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electronic absorption, EPR, and photoluminescence spectroscopies that have been 

coupled with, theoretical calculations.  

1.2 Statement of Research Problem 

Probe the excited state electronic structure, dynamics, and photoluminescent lifetimes 

of cyclometalated Pt(II) complexes that contain peripherally elaborated localized spins. 

              Understanding the nature of the lowest triplet excited states of cyclometalated 

square planar Pt(II) complexes is very useful in designing highly luminescent and color 

tunable phosphors with desired excited state lifetimes. We have proposed a study of new 

radical elaborated molecular frameworks for determining the effect of new excited 

exchange interactions that emerge with the presence of a pendent radical, with the added 

benefit of being able to probe these states with paramagnetic spectroscopic techniques.  

               These radical elaborated, cyclometalated, square planar Pt(II) complexes are 

paramagnetic with S = ½ ground states and will therefore be EPR and MCD active. As a 

result, we will be able to obtain detailed insight into the excited state electronic structure 

through spectroscopic band assignments. When these complexes are photoexcited, the 

radical spin will interact with the singlet and triplet excited states of the chromophore to 

create new excited state exchange interactions. In our study, where a pendent 

iminonitroxide radical is attached to a cyclometalating acceptor ligand, the spin 

Hamiltonian for this three-spin system is given by Equation 1.4, 

H = −2𝐽𝑆𝐷𝑆𝐴 − 2𝐽𝑆𝐴𝑆𝐼𝑁                                                                                                                1.4 
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Where there are two different J values that describe the D+•- A-• and A-•- IN• exchange 

interactions. Here, the 𝑆𝐷 , 𝑆𝐴, 𝑆𝐼𝑁 represent the spin operators the donor, acceptor and 

the iminonitroxide moieties. Here, we have ignored the weaker magnetic exchange 

interaction between the donor ligand (dithiolate or catecholate) and the pendent 

iminonitroxide radical because of the large distance between the spin on the donor ligand 

and the spin on the pendent iminonitroxide radical.  

We expect that the addition of the acceptor-radical excited state exchange 

interaction will allow for dramatic control over intersystem crossing rates and allow us to 

modify the photophysical properties of these complexes (e.g. lifetimes and quantum 

yields). Overall, our interest is to manipulate the excited state electronic structure 

through the incorporation of an additional spin center covalently attached to the acceptor 

moiety of these cyclometalated donor-acceptor platinum complexes and determine how 

this affects excited state lifetimes.  

1.3 Research Significance, Design and Strategy 

              A unique strategy to explore the electronic structure and spectroscopy of 

luminescent systems is to elaborate them with pendant radicals. Here, we have 

synthesized new radical elaborated molecular frameworks built on sparsely studied 

cyclometalated square planar Pt(II) complexes. These molecules have been subjected to 

a combined spectroscopic approach utilizing EPR, electronic absorption, and various 

other spectroscopic methods. These combined spectroscopies are used to probe both the 

ground and excited state electronic structures, and are used to calibrate the results of 
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spectroscopic, and bonding calculations using DFT. Slightly different radical elaborated 

molecular frameworks24,25,26,28 have previously been used in our laboratories to address 

the influence of a pendent radical on excited state properties. However, these prior 

systems did not undergo intersystem crossing25,26,27. This limits our understanding of 

excited states of differing spin than the ground state. This study shows that the radical 

elaborated cyclometalated anionic complexes are phosphorescent in nature, providing an 

interesting example of emission from a Kramer’s spin system.29 

Similarly, the study of these new radical-elaborated, cyclometalated Pt(II) 

complexes can also be used to exploit the quantum properties of molecular spin systems 

for molecular quantum information science (QIS) applications.17,18,24,26 These radical-

elaborated chromophores, upon photoexcitation, will allow for the S = ½ radical qubit to 

be exchange coupled with the open-shell spins of the photoexcited chromophores. 

Our proposed research plan will also contribute to an underexplored field that 

involves radical elaborated molecular frameworks of emissive molecular systems. Earlier 

studies from our laboratories involved radical elaborated forms of the (diimine)Pt(L) 

series, where the diimine is a bipyridine acceptor ligand and L is a catechol (Cat) donor 

ligand. Here, the initial photoexcited state is a LL’CT type charge transfer state. When 

using a Cat ligand as the donor, these molecules do not undergo intersystem crossing to 

the states of different multiplicity, and they are not luminescent.27 The prior studies also 

probed the electronic ground and excited state electronic structure.24,25,26,28 However, 

due to the non-emissive nature of the CAT containing systems, photoluminescence 

measurements could not be performed to obtain a more advanced understanding of their 
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excited state properties. In contrast to (bpy)Pt(Cat) systems, which are non-emissive and 

do not undergo intersystem-crossing, cyclometalated acceptor ligands in complexes of 

the type, (C^N)Pt(Cat), are photoluminescent.12,13 The cyclometalation effect5,10,12 also 

provides increased thermal stability and promotes photoluminescence. Additionally, the 

proper choice of ancillary ligands around the metal is important5,34. Thus, the 

cyclometalation effect5,10,12 coupled with the heavy atom effect5,7 is expected to make 

our molecules better candidates for studying the role of excited state exchange 

interactions on the excited processes using techniques such as MCD, magneto-

photoluminescence, and EPR spectroscopies. Similarly, in the radical-elaborated 

complexes of the type, (N^N)Pt(Cat),  the excited state singlet-triplet splitting of the 

parent molecule was large and hence the overall mixing of the sing-doublet and trip-

doublet states due to the presence of the extra spin was small.28 We will address energy 

gap issues by using cyclometalated acceptor ligands to tune the relative energy gap 

between the trip-doublet and quartet states. Additionally, due to the LL’CT and MLCT 

contributions to the lowest lying charge transfer state, our radical elaborated molecular 

frameworks may be able to probe the effects of different pendent radicals on excited 

states properties. Here, we are incorporating the iminonitroxide (IN) radical as the 

pendent organic radical that is covalently to the monoanionic cyclometalating ligand of 

the emissive molecular complex. The presence of iminonitroxide radicals were 

accidentally discovered as byproduct30 during the synthesis of the nitronylnitroxide (NN) 

radical by oxidizing the precursor molecule using sodium bicarbonate or lead oxide 

(PbO2). Some studies show that the iminonitroxide radical has greater thermal stability 
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than the nitronylnitroxide radical.30 Deoxygenation of nitronylnitroxide to iminonitroxide 

occurs easily by simply heating or with any acid derivatives (e.g. acid chlorides and acid 

anhydrides).30 

              Figure 1.10 shows the SOMO (singly occupied molecular orbital) for both 

iminonitroxide and nitronylnitroxide radicals. The SOMO electron density of the 

iminonitroxide radical is primarily delocalized within the NCNO fragment, and for the 

nitronylnitroxide radical delocalization is primarily within the ONCNO fragment. The Lewis 

structure is thus asymmetric in iminonitroxide radical and symmetric for the two 

dominantly contributing resonance structures of the nitronylnitroxide radical. Although 

their SOMO orbitals look somewhat similar, the differences in their delocalized π-system 

illustrate their different electronic structures.31 The computed spin populations (Mulliken 

spin population analysis) on methine carbon atom of the free iminonitroxide radical and 

free nitronylnitroxide radical are -0.141 and -0.089 respectively (Figure 1.10). Since the 

magnitude of spin population on the methine carbon is slightly higher in iminonitroxide 

than for the nitronylnitroxide, it can be expected that there will be a larger magnetic 

exchange interaction between the pendent iminonitroxide radical, and excited 

chromophore compared to that of a covalently attached nitronyl nitroxide.34 However, 

when these pendent radicals are covalently attached to donor or acceptor ligands, their 

position of substitution can also play a role in modifying the effective overlap between 

these radicals and the chromophore.23 with an expected change in them nature of any 

radical-chromophore magnetic exchange interactions. 
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Figure 1.10: DFT computed spin densities (top; negative spin density in green, positive 
spin density in red) and the SOMO orbitals (middle; alpha majority orbitals) for the 
iminonitroxide radical (left) and the nitronylnitroxide radical (right). Bond line drawings 
(bottom) for iminonitroxide and nitronylnitroxide radicals. 
 

              Studies in our laboratories have incorporated a NN radical as a substituent on the 

donor side of non-emissive molecular complexes.24,25,28 Here, we are incorporating a 

pendent IN radical as a substituent on the acceptor side of these emissive cyclometalated 

complexes. Building upon this concept, we are trying to explore the novel and very 
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interesting interactions between a doublet spin and triplet chromophore, by adding a 

stable organic radical on the acceptor side of these donor-acceptor LL’CT complexes. 

                The design criteria for our novel radical elaborated complexes is based on the 

parent molecular framework having thermal stability, reduced non-radiative decay rates, 

and varied emission properties. One of the parent molecules (molecules without a radical 

substituent) is already known to be a triplet emitter with a long emission lifetime (e.g. 

microseconds) in degassed room temperature solutions.15 

 

Figure 1.11: Molecular frameworks prior to radical elaboration. 

We have chosen a class of complexes that have dominant LL’CT character by using strong 

donor ligands (e.g. bdt and Cat) as shown in Figure 1.11. Here, in our donor-acceptor 

complexes, the acceptor ligand is either a 2-phenylpyridine (Ppy) or 2-thienylpyridine 



21 
 

(Tpy) monoanionic cyclometalating ligand. These cyclometalating ligands form strong M-

C covalent bonds with the Pt ion and this raises the energy of higher lying d-d excited 

states relative to their diimine counterparts.35,36,37 Hence, our interest in these donor-

acceptor types of cyclometalated compounds are also motivated in part by their 

improved stability5,10 and increased luminescence efficiency due to the cyclometalation 

effect.  

As mentioned earlier, to create charge separated excited states and study their 

interactions with pendent radicals, we have synthesized a new series of radical-

elaborated, cyclometalated, square planar Pt(II) molecular frameworks with dithiolates 

and catecholates as donor ligands (Figure 1.12). We also included radical-elaborated 

cyclometalated platinum diketonate (acac) complexes in our computational studies 

(CASSCF) for comparison to our novel radical substituted cyclometalated Pt-bdt/Cat 

series.  

Detailed studies of these iminonitroxide-elaborated, NBu4
+ salts of anionic 

cyclometalated Pt(II) complexes with the dithiolate and catecholate ligands are presented 

in Chapters 2 and 3, respectively.  
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Figure 1.12: Radical elaborated target molecules under study. 
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Chapter 2 

Cyclometalated Square Planar Pt(II) Benzene-dithiolate Complexes and their Radical 

Elaboration 

2.1 Background 

             Although cyclometalated square planar platinum complexes have been studied for 

a long time,1,2,3,4 very few studies have been done on cyclometalated platinum(II) 

benzene-dithiolate complexes. Most of the prior studies were focused on 

(diimine)Pt(II)(dithiolate) complexes because of the presence of low-lying charge-transfer 

absorption bands, long-lived excited states and efficient photoluminescence.5,36 These 

Donor-Acceptor type complexes are interesting due to their charge separated excited 

state having open shell biradical character.1,5,27 The d8 transition metal complexes such as 

Pt(II), Pd(II), and Ir(I) with diimine ligands have been extensively investigated due to their 

emissive nature.5,6,7,36 Many of these metal complexes are in the form of 

(diimine)M(dithiolate) with the dithiolate ligands being mnt (maleonitrile dithiolate), tdt 

(toluene-dithiolate) or ecda (1-(ethoxycarbonyl)-1-cyanoethylen-2, 2-dithiolate).7 The 

dithiolate ligands are good metal chelating agents with strong σ and π donating abilities.  

Only a very few cyclometalated dithiolates have been reported so far.8,9,11,12 Among them, 

some neutral and some anionic Iridium cyclometalated dithiolates are known. 8,9,11,12 The 

electronic structure of the cyclometalated gold complex with mnt ligand was explored by 

density functional theory (DFT) computations to investigate the electronic structure.7  
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Anionic cyclometalated iridium(III) dithiolates were studied to investigate the 

effect of sulfur deoxygenation on excited state properties.10 Platinum(II) complexes with 

cyclometalating ligands such as 2-phenylpyridine and 2-thienylpyridine have been studied 

in detail by the Yersin group because of their suitability as phosphors in organic light 

emitting diodes (OLEDs).13 However, cyclometalated Pt(II) complexes with dithiolates are 

rarely touched upon. We can find only one study of cyclometalated dithiolate complexes 

where Pt(II) is involved with Ir(II) as hybrid luminescent complexes.14 The purpose of the 

study was to conjoin two different chromophores for red or near-IR emission from the 

interchromophore charge transfer excited state. Neutral cyclometalated platinum 

complexes with a benzene dithiolate ligand were investigated by Sesolis, et al., but in their 

system, the benzene dithiolate unit was coordinated to a cyclopentadienyl-ruthenium 

(Cp*Ru) fragment.15 To our best knowledge, there is only one study on mononuclear 

anionic cyclometalated Pt(II) dithiolate complexes by Julia, et al., where the 

cyclometalating ligand is phenylpyridine.16 This research group has reported synthesis 

and brief photo-physics of anionic cyclometalated Pt(II) complexes with the benzene 1,2-

dithiolate ligand, and phenylpyridine as cyclometalating ligand. This cyclometalated Pt(II) 

dithiolate complex by Julia, et al. has an intense absorption peak around 474nm assigned 

as π-π* transition with mixed MLCT and LL'CT character.16 

            In our study, we are the first to report the synthesis and detailed study of 

cyclometalated platinum dithiolate complexes with pendent organic radicals. Recently, 

many organic radical groups have been investigated for their application as functional 

magnetic materials, where nitronylnitroxide and iminonitroxide are popular radicals for 
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their stability and suitability to different purposes in molecular magnetism.21,22 During our 

synthetic procedures, we also found that for cyclometalation reactions, iminonitroxide is 

the more stable radical. At the same time, cyclometalated platinum complexes have also 

emerged for their technological applications, which include organic light emitting 

devices.13,16 It is these advances that allowed us to realize the utility of merging these two 

molecular systems to develop a novel radical elaborated molecular system with unique 

excited properties and control of the spin polarization. In this chapter, we are studying 

the iminonitroxide appended cyclometalated platinum dithiolate complexes shown in 

Figure 2.1. 

 

Figure 2.1: Radical elaborated cyclometalated platinum dithiolates with two different 

cyclometalating ligands. 

 

2.2 Synthesis and Characterization  

Cyclometalating ligands can undergo orthometalation reactions2,3,17 with 

transition metal salts to form five membered metallocycles that yield a higher stability for 

these complexes. When these heteroaromatic cyclometalating ligands react with 
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platinum metal salts, they form halo-bridged dinuclear complexes, mononuclear 

complexes, or possibly a mixture of both. To synthesize cyclometalated square planar 

platinum dithiolate complexes, we have chosen two different cyclometalating ligands; 2-

phenylpyridine (Ppy) and 2-thienylpyridine (Tpy). These are paired with benzene’1,2-

dithiolate (bdt) as a dianionic thiolate ligand. 

The Ppy and Tpy ligands are the most commonly used cyclometalating ligands to 

prepare cyclometalated metal complexes.17 First, Pt(II)-dichloro-bridged dimers or 

monomer were prepared by using previously reported literature procedures.16,17,18,19 

These precursors for cyclometalated complexes were synthesized by heating potassium 

tetrachloroplatinate salt (K2PtCl4) with cyclometalating ligands in a 1:3 mixture of water 

and 2-ethoxyethanol overnight.16,17,18,19,20 These precursors (monomer, dimer, or mixture 

of both) can be isolated as a yellow precipitate in water and washed several times with 

diethyl ether and cold chloroform.  We did not characterize these precursors because of 

their complexity as a mixture and directly used them for the next step to synthesize the 

cyclometalated anionic complexes with donor ligands. Figure 2.2 shows the 

cyclometalating acceptor ligands and benzene dithiolate ligands for the synthesis of 

radical-elaborated cyclometalated donor-acceptor complexes. 
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Figure 2.2: Ligands involved in our synthetic procedures. 

For the radical elaborated complexes, we used radical elaborated cyclometalating 

ligands. We first synthesized the nitronylnitroxide elaborated ligands with 2-

phenylpyridine and 2-thienylpyridine, and then these ligands were used for the 

cyclometalation reaction to prepare the dimer/monomer precursors. These precursors 

are used for the next reaction with benzene-dithiolate to obtain the final complexes. 

When the electron paramagnetic resonance (EPR) study of the final complexes was 

performed, we found that the radical species present in these complexes were 

iminonitroxide and not nitronylnitroxide. In all sample reactions, we found that the 

reaction products were the anionic complexes with an iminonitroxide radical. So, we 

followed the same procedures for all radical elaborated complexes to get the Pt(II) 

complexes with iminonitroxide radicals. From the literature, we also found that 

nitronylnitroxide radicals could easily be converted to iminonitroxide radicals in presence 

of heat, water, and acid derivatives.21 So, we directly used cyclometalating ligands with 

nitronylnitroxide radicals to synthesize the iminonitroxide elaborated cyclometalated 
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platinum dithiolate complexes. These radical elaborated platinum complexes were 

purified by column chromatography using alumina, and characterized by mass 

spectrometry, EPR spectroscopy, and elemental analysis. These complexes were found to 

be stable in the solid state. These complexes are unstable in solution for longer times and 

the solutions are observed to become discolored after few days. Detailed synthetic 

procedures and sample characterization can be found in the experimental section 

(Appendix B). 

 

 

Figure 2.3: Synthetic scheme of cyclometalated platinum dithiolate complexes. (Here, R 

represents a radical fragment). 
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2.3 Electronic Absorption Spectra 

Room temperature electronic absorption data for [(PpyIN)Pt(bdt)]1- and 

[(TpyIN)Pt(bdt)]1- have been collected in dichloromethane. The [(PpyIN)Pt(bdt)]1- complex 

has a weaker absorption band at   ̴19,100 cm-1 with a molar extinction coefficient of 2,450 

M-1cm-1 as shown in Figure 2.4. The [(TpyIN)Pt(bdt)]1- derivative has a less intense lowest 

energy absorption peak around 1,880 cm-1 with a molar extinction coefficient of 3,000 M-

1cm-1 as shown in Figure 2.5. 
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Figure 2.4: Room temperature electronic absorption spectrum for [(PpyIN)Pt(bdt)]1-

complex in dichloromethane. 



36 
 

0

4000

8000

12000

16000

20000

24000

12000 16000 20000 24000 28000

M
o
la

r 
E

x
ti
n
c
ti
o
n
 C

o
e
ff
ic

ie
n
t 
(M

-1
c
m

-1
)

Energy (cm
-1

)
 

Figure 2.5: Room temperature electronic absorption spectrum for [(TpyIN)Pt(bdt)]1- 

complex in dichloromethane. 

The room temperature electronic absorption spectra for [(PpyIN)Pt(bdt)]1- and 

[(TpyIN)Pt(bdt)]1- are slightly red shifted when compared to their parent molecules 

[(Ppy)Pt(bdt)]1- and [(Tpy)Pt(bdt)]1- as shown in Figures 2.6A and 2.6B, respectively. The 

lowest energy bands are also less intense when compared to their parent molecules. The 

parent molecules have low energy bands at   4̴75 nm ( ̴21,000 cm-1), but these bands are 

red shifted to   ̴525 nm ( 1̴9,000 cm-1) when the cyclometalating ligand is appended with 

an iminonitroxide radical as seen in the overlays of Figures 2.6 A and 2.6B.  

Thus, the lowest energy absorption bands in both [(PpyIN)Pt(bdt)]1- and 

[(TpyIN)Pt(bdt)]1- were clearly tuned by the presence of a radical substituent. The π-π* 
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transitions from the cyclometalating ligand2 can be seen as an intense absorption band 

around 250 nm - 350 nm. 

For the complexes that contain strongly donating dithiolate ligands, we observe 

that their lowest lying emitting states are dominantly LL’CT (L’= C^N and L = bdt) in 

character with partial MLCT character16. 

 

 

Figure 2.6A: An overlay of the room temperature electronic absorption spectra 

for[(PpyIN)Pt(bdt)]1- (red) and [(Ppy)Pt(bdt)]1- (black) in DCM. 
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Figure 2.6B: An overlay of the room temperature electronic absorption spectra for 

[(TpyIN)Pt(bdt)]1- (red) and [(Tpy)Pt(bdt)]1- (black) in DCM. 

Considering the UV-Vis spectrum in the 400 nm - 540 nm region of the phenyl-

iminonitroxide molecule (PhIN) found in literature,39 it can be predicted that there is π-

conjugation between the cyclometalating ligand moiety and the pendent iminonitroxide 

radical in both the [(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1- complexes.   

Electron density difference maps (EDDM) were computed in order to understand 

the nature of the lowest energy absorption bands. Calculating the EDDMs is a simple way 

to understand electron density changes in an electronic transition occurring between 

donor and acceptor parts of a donor-acceptor molecules. The EDDMS of the lowest 

energy transitions with higher oscillator strengths (electronic transitions 4 and 5 in TD-
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DFT calculations for [(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1-, respectively) are presented 

in Figure 2.7 for the cyclometalated platinum(II) dithiolate complexes. 

 

Figure 2.7: Computed EDDMs of [(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1- for electronic 

transitions 4 and 5 at a contour value of 0.0006, respectively. Here, the red and green 

regions indicate the loss and the gain of electron densities, respectively, in the computed 

transition. 

The calculated electron density difference maps (EDDMs) for [(PpyIN)Pt(bdt)]1- and 

[(TpyIN)Pt(bdt)]1- with higher oscillator strengths at lower energies indicate that electron 

densities are lost from the HOMO (Highest Occupied Molecular Orbital) to the LUMO 

(Lowest Unoccupied Molecular Orbital) as shown in Figure 2.7. 
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Figure 2.8A: DFT computed frontier molecular orbitals for [(PpyIN)Pt(bdt)]1-. 

 

Figure 2.8B: DFT computed frontier molecular orbitals for [(TpyIN)Pt(bdt)]1-. 

A broad but less intense lowest energy absorption band of the radical-elaborated 

dithiolate complexes is found around 19000 cm-1, and can be assigned as a charge transfer 

transition from the dithiolate HOMO to the π* LUMO of Ppy or Tpy. Based on the previous 

studies of similar phenylpyridine dithiolate complexes such as [Pt(Ppy)(S^S)]-, we can 

predict that the HOMO has some Pt metal character as well. Thus, the charge transfer 

bands for these radical elaborated Ppy/Tpy Pt(II) dithiolates can be proposed as a mixed 

MLCT/LL’CT state with a dominant LL’CT character.   
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Figure 2.9: Frontier molecular orbitals of the parent molecules [(Ppy)Pt(bdt)]1- (top) and 

[(Tpy)Pt(bdt)]1- (bottom), respectively. 

The frontier molecular orbitals for the radical-elaborated molecules 

[(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1- show that the iminonitroxide moiety is a 

dominant constituent of LUMO (Figures 2.8A and 2.8B, respectively). Similarly, EDDMs of 

both radical elaborated molecules involve the iminonitroxide moiety as an electron 

accepting group. This also indicates that there is some degree of π-conjugation between 

the iminonitroxide moiety and the cyclometalating ligand moiety, and this conjugation 

can be correlated with the observation of a red shift in the UV-Vis spectra of the radical 

elaborated molecules. 

Figure 2.8A and Figure 2.8B show DFT computed frontier molecular orbitals that 

indicate the SOMO (Singly Occupied Molecular Orbital) is predominantly localized on the 

IN fragment. The nature of the SOMO leads to the paramagnetic doublet ground state 



42 
 

configuration in these radical elaborated molecules. The closed shell diamagnetic parent 

molecules naturally lack this SOMO orbital. 

 

 2.4 EPR Spectra 

Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool to identify 

and study radical species. It is similar to nuclear magnetic resonance spectroscopy but 

only samples that have unpaired electron spins are detected. A single unpaired electron 

can have two degenerate spin states (ms = ±½) in absence of an external field. When an 

external field is applied, these two ms states are no longer degenerate. When the 

microwave energy is equal to the energy separation between the two ms states in an 

applied magnetic field, this energy is absorbed and gives rise to an EPR transition. The 

selection rules for EPR are Δms = ±1. The resulting spectral pattern (number, spacing and 

amplitude of lines) helps to identify the radical species present in the sample. The number 

of hyperfine lines can be predicted with respect to the number of equivalent and non-

equivalent magnetic nuclei present near the spin center. The number of EPR hyperfine 

lines is equal to (2NI) +1, where N is the number of equivalent nuclei, and I is the nuclear 

spin. For iminonitroxide radical (IN), there are two nonequivalent nitrogen nuclei, hence 

seven spectral lines are expected with an intensity pattern of 1:1:2:1:2:1:1. 
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Figure 2.10: Room temperature X-band EPR spectrum for [(PpyIN)Pt(bdt)]1- in DCM and 

corresponding spectral simulation. 

We have collected room temperature EPR spectra for the synthesized 

cyclometalated platinum(II) dithiolate complexes. The room temperature EPR spectra of 

these iminonitroxide elaborated cyclometalated complexes show the characteristic 

features of the iminonitroxide radicals, with no evidence of hyperfine coupling to the 195Pt 

I =1/2 nucleus (Figure 2.10 and Figure 2.11). All EPR data represent a seven-line pattern 

with intensities ratios of 1:1:2:1:2:1:1 due to the interaction of a single unpaired electron 

with two nonequivalent nitrogen nuclei.  
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Figure 2.11: Room Temperature X-band EPR spectrum of [(TpyIN)Pt(bdt)]1- in DCM and 

corresponding spectral simulation. 

Spectral simulations of the EPR spectra for these complexes (Figure 2.10 and 

Figure 2.11) yield an isotropic g value very similar to that of the free iminonitroxide 

radical.39,42 The isotropic g-value for [(PpyIN)Pt(bdt)]1- was found to be 2.0045 and the 

isotropic hyperfine interactions with two non-equivalent nitrogen nuclei were 

determined to be 25.8 MHz and 12.6 MHz. Similarly, the isotropic g-value for 

[(TpyIN)Pt(bdt)]1- was found to be 2.0045 and the hyperfine interactions with two non-

equivalent nitrogen nuclei were determined to be 24.9 MHz and 12.9 MHz. The hyperfine 

coupling constants for these radical elaborated complexes also match the hyperfine 

coupling constants of free iminonitroxide radicals.39,42 Thus, these data indicate that the 

spin density on radicals is not dramatically perturbed by their attachment to the 
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chromophore. This is shown in the computed spin densities of the doublet ground states 

for these molecules. Note that there is negative spin density on methine carbon atom as 

can be seen in Figure 2.12. 

 

Figure 2.12: DFT computed spin densities for [(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1- at a 

0.0031 contour values. Positive spin density (red), negative spin density (green). 

The Mulliken spin population analysis for both iminonitroxide and 

nitronylnitroxide radical appended complexes has been completed for comparison 

purposes. The magnitude of the spin densities on the methine carbons for these 

iminonitroxide radical-elaborated bdt containing complexes are comparable with the 

complexes when they are substituted with nitronylnitroxide radicals (NN substituted 

complexes). The Mulliken spin populations on the methine carbons in [(PpyIN)Pt(bdt)]1-  

and [(PpyNN)Pt(bdt)]1- are -0.0996 and -0.0968 respectively. Similarly, Mulliken spin 

populations on the methine carbons of [(TpyIN)Pt(bdt)]1- and [(TpyNN)Pt(bdt)]1- are -

0.0869 and -0.1110 respectively. 
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2.5 Emission Spectra and Lifetimes 

The choice of the ligand plays an important role in tuning the photophysical 

behavior of cyclometalated square planar Pt(II) complexes15. The cyclometalating ligand 

2-phenylpyridine (Ppy) is itself nonemissive at room temperature, and the proper choice 

of a the acceptor ligand helps to induce photoemission in these complexes at room 

temperature.15 In contrast to, 2-thienylpyridine (Tpy) is an emissive ligand and the choice 

of ligands helps to tune the emission  wavelength. We are introducing the iminonitroxide 

radical as a functional group covalently bound to the cyclometalating ligand to study the 

effect of this radical substituent on the electronic structure of these Pt donor-accpetor 

complexes. There are very limited studies about the effects of organic radical substituents 

on emissive metal complexes.23,24,25,26 

           Room temperature steady state emission spectra of the cyclometalated Pt(II) 

complexes were collected in degassed dichloromethane solutions. The sample solutions 

were degassed by purging using a flow of nitrogen gas for fifteen minutes.  
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Figure  2.13: Steady state room temperature emission spectra of [(PpyIN)Pt(bdt)]1-  in 

DCM using 450 nm (red) and 525 nm (black) excitation. 

These  radical substituted anionic complexes are found to be emissive in nature.  For these  

donor-acceptor type complexes, they show a broad band emission band (Figure 2.13 and 

Figure 2.14) that derives from a dominantly LL’CT type emitting state. The emissive 

properties of the parent molecules were not lost upon radical elaboration on the acceptor 

side of these anionic cyclometalated square planar Pt(II) dithiolates. 
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Figure 2.14: Steady state room temperature emission spectra of (TpyIN)Pt(bdt) in DCM 

using 430 nm (black) and 450 nm (red) excitation. 

The emission spectra of [(PpyIN)Pt(bdt)]1- in degassed dichloromethane solution 

(Figure 2.13)  has a broad band with a emission peak maximum at 659 nm (15,175 cm-1) 

when excited at 525 nm. When the same molecule is excited at 450 nm (Figure 2.13), it  

gave a emission maximum at 649 nm (15,400 cm-1). However, the emission spectra of 

[(TpyIN)Pt(bdt)]1- in degassed dichloromethane solution has a structured band with a 

emission maximum at 652 nm (15,340 cm-1) when excited at 450 nm (Figure2.14). This 

molecule gave an emission maximum at 663 nm (15,050 cm-1)  upon excitation at 430 nm. 

The [(TpyIN)Pt(bdt)]1- derivative shows evidence of possible vibronic structure in its 

emission spectrum.   
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Prior studies on (diimine)Pt(bdt) and related complexes show that these 

molecular systems undergo intersystem crossing from their S1 to T1 states.5,27,28,36 

Therefore, we expect that these new radical elaborated complexes discussed here will 

also undergo intersystem crossing. These radical elaborated molecules possess a spin 

allowed LL’CT transitions from their 2S0 doublet ground state to a 2S1  excited state. Due 

to the exchange interaction between the appended radical and the chromophore, there 

is an enhanced intersystem crossing that leads to a rapid relaxation to a lower lying 2T1 

trip-doublet state. The Pt(II) ion ensures a large spin orbit coupling to promote 

intersystem crossing to a 4T1 trip-quartet state. The relaxation process from the 4T1 state 

to the 2S0 ground state doublet is spin forbidden and expected to be slow. Hence, we can 

expect a long-lived emission from these radical elaborated systems.  
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Figure 2.15: Steady state emission spectrum for [(PpyIN)Pt(bdt)]1- in degassed 

butyronitrile at 77K (Cryogen = liquid nitrogen) using 525 nm excitation. 

We have also collected 77K emission spectra for both [(PpyIN)Pt(bdt)]1- and 

[(TpyIN)Pt(bdt)]1- complexes dissolved in optical glasses. The emission spectrum of 

[(PpyIN)Pt(bdt)]1- in butyronitrile at 77K has an emission band with an emission maximum 

at 635 nm (15,750 cm-1) using an excitation wavelength at 525 nm (Figure 2.15). For the 

[(PpyIN)Pt(bdt)]1- complex, the emission spectrum is blue shifted when temperature is 

lowered to 77K . 
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Figure 2.16A: Steady state emission spectra for [(TpyIN)Pt(bdt)]1- in degassed 

butyronitrile at 77K (Cryogen = liquid nitrogen) using 430 nm (black) and 450 nm (red) 

excitation. 
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Figure 2.16B: Steady state emission spectra for [(TpyIN)Pt(bdt)]1- complex in degassed 

butyronitrile at 77K (Cryogen = liquid nitrogen) using 430 nm (black) and 450 nm (red) 

excitation. 

The [(TpyIN)Pt(bdt)]1- complex gives a structured band with an emission maximum 

at 628 nm (15,900 cm-1) using an excitation wavelength at 450 nm (Figure 2.16). In the 

77K emission spectra of [(TpyIN)Pt(bdt)]1-, evidence of possible vibronic structure can  

clearly be seen (Figure 2.16). Similarly, the emission maxima are also slightly blue shifted 

at 77K for [(TpyIN)Pt(bdt)]1-. 

When we measured the emission lifetimes of these two complexes in 

dichloromethane solutions at room temperature, both [(PpyIN)Pt(bdt)]1- (Figure 2.17) 
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and [(TpyIN)Pt(bdt)]1- had lifetimes that are shorter than the instrument response time of 

~600ps (Figure 2.18).  
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Figure 2.17: Room temperature PL decay for [(PpyIN)Pt(bdt)]1- in degassed DCM at 650 

nm emission using a 450 nm diode laser. Here, the lifetime of this complex is shorter than 

the instrument response time of ~600ps. 

𝑅(𝑡) = 𝐴 + 𝐵𝑖 . 𝑒𝑥𝑝(−𝑡/𝑡𝑖)                                                                                                          2.1 
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Figure 2.18: Room Temperature emission decay of [(TpyIN)Pt(bdt)]1- in degassed DCM 

measured at 650 nm using a 450 nm diode laser. Here, the lifetime of this complex is 

shorter than the instrument response time of ~600 ps. 

The PL lifetime of [(PpyIN)Pt(bdt)]1- at 77K was found to be 1.32 ns and that of 

[(TpyIN)Pt(bdt)]1- was 1.31 ns as showm in Figure 2.19 and Figure 2.20, respectively (see 

Eqn. 2.1). We used butyronitrile to dissolve the samples and form an optical glass in order 

to study their decay rates at liquid nitrogen temperature (77K). Samples were degassed 

with a nitrogen flow before the temperature was reduced to 77K.  
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Figure 2.19: Emission decay of [(PpyIN)Pt(bdt)]1- at 77K in degassed butyronitrile, 

measured at 600 nm using a 450 nm diode laser. 

The photoluminescence (PL) lifetimes of the radical elaborated complexs are quite short 

(< 600ps) and had lifetimes of ~1.3 ns when the temperature was reduced to 77K. Their 

decay rates are expected to be many times slower than the rooom temperature decay 

rates.  

At 77K, both complexes display a blue shift in ther emission maxima. Generally, we can 

expect a red shift at lower temperature if thermally activated delayed fluorescence is 

occurring.40 So, this blue shift in emission maxima at lower temperature indicates that 

these complexes are not behaving as TADF materials. 
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Figure 2.20: PL decay for [(TpyIN)Pt(bdt)]1- at 77K in butyronitrile, measured at 630 nm 

emission using a 450 nm diode laser. 

We also measured the variable temperature photoluminescence lifetimes of these radical 

elaborated complexes in a thin polymer film matrix prepared using polystyrene/DCM. 

These lifetimes are presented in Section 2.6 later in this Chapter. 

To compare the emisssion properties of these radical elaborated  anionic 

cyclometalated square planar Pt(II) benzene-dithiolate molecules, the parent molecules 

(molecules without a pendent iminonitroxide radical) were also synthesized and 

spectroscopically studied. Photoluminescence of these parent molecules were examined 

in dichloromethane solution at room temperature. 
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Figure 2.21:  Room temperature emission spectrum for [(Ppy)Pt(bdt)]1- in degassed DCM 

using 470 nm excitation. 

The [(Ppy)Pt(bdt)]1- and [(Tpy)Pt(bdt)]1- parent molecules are both emissive in 

dichloromethane solution. The [(Ppy)Pt(bdt)]1- complex has an emission maximum at 652 

nm (15,300cm-1) using an excitation wavelength at 470 nm in dichloromethane solution 

(Figure 2.21). This is consistent with the [(Ppy)Pt(bdt)]1- parent molecule being reported 

as emissive in literature and the lowest lying emitting state being characterized as triplet 

with dominantly LL’CT and partial MLCT character.16  
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Figure 2.22: Room Temperature emission spectrum for [(Tpy)Pt(bdt)]1- in degassed DCM 

using 470 nm excitation. 

Similarly, [(Tpy)Pt(bdt)]1- has an emission maximum at 616 nm (16234 cm-1) using 

an excitation wavelength at 470 nm in degassed dichloromethane solution as shown in 

Figure 2.22. The [(Tpy)Pt(bdt)]1- complex also gave a broad and featureless emission 

spectrum in degassed dichloromethane solution (Figure 2.22). Based on this observation, 

the lowest lying emitting state can be assigned as a triplet that is dominantly comprised 

of LL’CT and partial MLCT character16. The PL lifetimes of these two parent molecules, 

[(Ppy)Pt(bdt)]1- and [(Tpy)Pt(bdt)]1-, are 548 ns and 718 ns respectively (Figure 2.23 and 

Figure 2.24). 
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Figure 2.23: Room Temperature PL decay for [(Ppy)Pt(bdt)]1- in degassed DCM at 654nm 

using a 450 nm diode laser. 

Spin orbit coupling (SOC) matrix elements for the T1 to S0 process in the parent 

molecules were computed using CASSCF methods to understand how the non-radiative 

decay pathways can be enhanced by SOC. The computed SOC matrix elements for the 

parent molecules [(Ppy)Pt(bdt)]1- and [(Tpy)Pt(bdt)]1- are 47.14 cm-1 and 77.90 cm-1, 

respectively.  

Compared to the  parent molecule emission lifetimes, the  radical elaborated 

molecule emission lifetimes were decreased.  One of the reasons behind these drastically 

shortened lifetimes for radical elaborated molecules could be SOC-mediated enhanced 

non-radiative decay pathways. Symmetry restrictions can affect the out-of-state SOC 
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contributions to nonradiative decay mechanisms via ISC.27,28 The observed shorter 

lifetimes for the radical elaborated molecules in solution compared to that of parent 

molecules could be due to thermal population of the Dtrip state, with a small energy gap 

between Dtrip and quartet but we donot have experimental evidence to support it.37 
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Figure 2.24: Room Temperature PL decay for [(Tpy)Pt(bdt)]1- in degassed DCM at 616 nm 

using a 450 nm diode laser. 

We have also checked the emissive properties of these radical elaborated 

cyclometalated platinum benzene-dithiolate complexes in solid state. Solid  state 
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emissive phosphors are of interest for many optoelectronic applications such as OLEDs 

(organic light emitting diodes) and solid-state lasers.38 Photophysical properties in the 

solid state are affected by different factors, such as molecular aggregation, π-π stacking, 

rigidity, etc.  Development of solid-state organic emitters is becoming an emerging field 

for their potential applications in OLEDS, sensing, lighting etc and, their compatibility in 

soild state.  
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Figure 2.25: Solid state emission spectrum for [(PpyIN)Pt(bdt)]1- using 514 nm excitation.  

We found that these radical elaborated cyclometalated  Pt(II) dithiolate 

complexes are emissive in the solid state. Emission bands in the solid state are slightly red 

shifted compared to those dissolved in dichloromethane solutions. However, the spectral 
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shapes are similar in both the solid state and in dichloromethane solutions. The spectral 

band shapes of the solid state emission bands for [(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1- 

complexes are also broad and featureless, as shown in Figure 2.25 and Figure 2.26, 

respectively. 
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Figure 2.26: Solid state emission spectrum for [(TpyIN)Pt(bdt)]1- using 514 nm excitation. 

We have also collected photoluminescence data for these complexes in 

polystyrene thin films. Details of the thin film studies of these iminonitroxide substituted 

anionic cyclometalated platinum dithiolate complexes are presented in Section 2.6. Film 

thickness, phosphor concentration, experimental parameters, and detection efficiencies 
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of the instrument can give complex emission response with various emission mechanisms 

such as aggregation induced emission.18,45,47 Here, thin film emission spectra for 

[(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1- at room temperature are shown in Figure 2.27 

and Figure 2.28, respectively. The emission band of [(PpyIN)Pt(bdt)]1- is slightly blue 

shifted in the polystyrene thin film when compared with the solid-state emission, while 

the emission band of [(TpyIN)Pt(bdt)]1- has similar λmax in both solid state and the 

polystyrene thin films. 
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Figure 2.27: Room temperature emission spectrum for [(PpyIN)Pt(bdt)]1- collected in a 

polystyrene thin film using 450 nm excitation. 
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All of the room temperature emission spectra these radical-elaborated 

cyclometalated platinum dithiolate complexes (solution, solid and thin film) were usually 

observed as broad, featureless bands.  This indicates that their emitting states could be 

described as predominantly LL’CT character with partially mixed MLCT character.16 
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Figure 2.28: Room temperature emission spectrum for [(TpyIN)Pt(bdt)]1- collected in a 

polystyrene thin film using 430 nm excitation. 

We have determined the relative quantum yields of these complexes by using 

tris(bipyridine)ruthenium(II)chloride [Ru(bpy)3Cl2] as a standard. The relative quantum 

yield method is that two solutions that have the same absorbance at a given excitation 

wavelength can be assumed to be absorbing the same number of photons. The quantum 

yield of [Ru(bpy)3]++ is 0.095 in acetonitrile under degassed conditions at room 

temperature.29 
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The quantum yield formulas are given below:  

𝑄𝑠 = 𝑄𝑟 (
𝐴𝑟

𝐴𝑠
) (

𝐸𝑠

𝐸𝑟
)                                                                                                                      2.2 

𝑄𝑠 = 𝑄𝑟 (
𝐴𝑟

𝐴𝑠
) (

𝐸𝑠

𝐸𝑟
) (

ɳ𝑠

ɳ𝑟
)

2

                                                                                                            2.3 

Here, the subscripts s and r are for sample and reference respectively, Qs = Quantum yield 

of Sample, Qr = Quantum yield of Reference, Ar = Absorbance of reference, As = 

Absorbance of sample, Es = Integrated emission area of sample and Er = Integrated 

emission area of reference, ɳs = refractive index of solvent of sample, ɳs = refractive index 

of solvent of reference. 

By observing quantum yields of radical elaborated molecules compared to the 

parent molecules (molecules without iminonitroxide substituents), we found that 

phosphorescence efficiencies are quenched by a factor of 10 with the radical attachment 

on the acceptor side of these molecules (Table 2.1).  

 

Compound         φ (ACN)        φ (DCM) 

[(Ppy)Pt(bdt)]1- 0.0236 0.0309 

[(Tpy)Pt(bdt)]1- 0.0161 0.0154 

[(PpyIN)Pt(bdt)]1- 0.0026 0.0088 

[(TpyIN)Pt(bdt)]1- 0.0029 0.0018 
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Table 2.1: Quantum yields of compounds with and without iminonitroxide radical 

substituents measured in acetonitrile (ACN) and dichloromethane (DCM).  

The radiative decay rate constants (kr) of these complexes with radical 

substituents and without radical substituents were evaluated from their emission 

quantum yield (φem) and emission decay rates (τem) using the following equations. 

𝑄𝑒𝑚 = 𝑘𝑟/(𝑘𝑟 + 𝑘𝑛𝑟)                                                                                                              2.3 

𝑡𝑒𝑚 = 1/(𝑘𝑟 + 𝑘𝑛𝑟)                                                                                                                 2.4 

𝑘𝑟 = 𝑄𝑒𝑚/𝑡𝑒𝑚                                                                                                                           2.5 

Using the above equations, the calculated radiative rate constants are presented in Table 

2.2.  

Complex Stokes shift 
     (cm-1) 

  τ(ns)    φ  kr (s-1) knr (s-1) 

[(Ppy)Pt(bdt)]1-     5630   548 0.0309 5.66×10 4 176.8×10 4 

[(Tpy)Pt(bdt)]1-     4643 718 0.0154 1.40×10 4 137.6×10 4 

[(PpyIN)Pt(bdt)]1-     3896   0.62 0.0088 1.42×10 7 159.6×10 7 

[(TpyIN)Pt(bdt)]1-     3786 0.68 0.0018 2.6×10 6 146.8×10 7 

 

Table 2.2: Photophysical properties of cyclometalated platinum dithiolate complexes with 

and without iminonitroxide radical substituents. 
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 The quantum yields of cyclometalated Pt(II)dithiolate complexes without radical 

substituents ([(Ppy)Pt(bdt)]1- and [(Tpy)Pt(bdt)]1-) are found to be higher than the Pt(II) 

diimine analogs36, and, the iminonitroxide radical substituted cyclometalated platinum(II) 

complexes have a comparable quantum yield with these Pt(II)(diamin)(dithiolate) 

complexes.36 

We may assume that quenching of the phosphorescence emission and the very 

short lifetimes of radical elaborated complexes is an indication of either small energy gaps 

between Dtrip and quartet states and, reverse intersystem crossing to the Dtrip states is 

happening, or there is a SOC-enhanced nonradiative decay mechanism27,28 via IC. The Dtrip 

to doublet ground state recovery is fast and favored by Dsing to Dtrip mixing via exchange 

coupled interactions and partially spin allowed overall doublet character (see Figure 

2.43).  

 

2.6 Variable Temperature Photoluminescence and Lifetimes 

To further investigate photoluminescence behavior of these cyclometalated 

square planar platinum complexes that incorporate a benzene-dithiolate ligand, we have 

performed variable temperature photoluminescence experiments. We prepared thin film 

samples of these complexes by dissolving the compounds and polystyrene in 

dichloromethane solvent and allowing them to dry. Doped polymer films are reported to 

increase the photoluminescence efficiency of various Pt complexes compared to solution 

phases45 This temperature dependent study also helps to detect if there is any presence 
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of thermally activated delayed fluorescence40 (TADF) in these complexes. It is important 

to study TADF behavior in these molecules because they exhibit very short decay rates at 

room temperature in solution. We have observed a very small energy gap between the 

trip-doub and quartet states from our CASSCF calculations, and our initial hypothesis was 

that this small energy gap might facilitate TADF behavior. Hence, to check the 

photophysical behavior at low temperature, we have examined the emission spectra and 

decay rates from room temperature to 4K using an Oxford cryostat cooled with liquid 

helium. To the best of our knowledge, we are reporting the first emissive properties of 

cyclometalated Pt(II)dithiolate complexes in a polystyrene thin film matrix. The procedure 

for variable temperature photoluminescence and lifetime measurements are detailed in 

Appendix A (A9).  
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Figure 2.29A: Variable-temperature emission spectra of [(PpyIN)Pt(bdt)]1- collected in a 

polystyrene thin film using an excitation wavelength of 450 nm. 

 

When we decrease the temperature from 295K to 10K in these cyclometalated 

Pt(II)dithiolate complexes with two different cyclometalating ligands (Ppy and Tpy), there 

is a regular increase in emission intensities (Figures 2.29A and 2.29B, respectively). Also, 

the emission peak at  גmax is very slightly blue shifted when the temperature is decreased. 

Generally, we can expect a red shift in emission maxima at lower temperature if thermally 

activated delayed fluorescence is happening.40 

For the [(PpyIN)Pt(bdt)]1- complex, we observed a consistent peak shape with a 

slight blue shift of ~5 nm from 600 nm (16,650 cm-1) to 595 nm (16,800 cm-1) upon cooling 
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to 4K as shown in Figure 2.29A. We also observed broad shoulders at 520 nm (19,231 cm-

1), 540 nm (18,519 cm-1) and 565 nm (17,700 cm-1) at very low temperatures (below 20K) 

as shown in Figure 2.29A. Unfortunately, the low resolution of these spectra, even at 4K, 

does not permit a detailed analysis of these spectral features. 
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Figure 2.29B: Variable-temperature emission spectra of [(TpyIN)Pt(bdt)]1- collected in a 

polystyrene thin film using an excitation wavelength of 430 nm. 

For the [(TpyIN)Pt(bdt)]1- complex, we previously observed complex vibronic 

structure in the steady state emission spectrum at 77K (degassed butyronitrile glass). 

Here, we also observe vibronic structure in the variable temperature emission spectra 

where the complex has now been imbedded in a polystyrene polymer matrix. We observe 
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only broad peaks at 640 nm (15,625 cm-1) and 666 nm (15,015 cm-1) in both the room 

temperature and 250K data sets (Figure 2.29B). However, upon lowering the temperature 

further the room temperature peak at 640 nm is blue shifted to 633 nm (15,822 cm-1) 

while the peak at 666 nm is blue shifted to 663 nm (15,083 cm-1). Starting from 200K, 

peaks are also observed at 562 nm (17,800 cm-1), 584 nm (17,178cm-1), 612 nm 

(16,378cm-1), 633 nm (15,822cm-1) and 666 nm (15,015 cm-1). The intensities of these 

bands gradually increase with decreasing temperature. However, the intensity of the 

spectrum at 4K is reduced, and is nearly the same as the intensity recorded at 80K. The 

origin of this intensity reduction is not fully understood at this time but may derive from 

weak intermolecular exchange interactions between some of the chromophores.   

The highest energy peak in Figure 2.29B is observed at ~17,800 cm-1 and has the 

appearance of an inhomogeneously broadened zero-phonon line (ZPL). Evidence for a ZPL 

assignment derives from the fact that the intensity distribution between the ZPL and the 

phonon side band is very temperature dependent. If the chromophores are strongly 

coupled to phonons in the polymer matrix, there are likely to be a large number of 

phonons that are excited at room temperature. This typically has the effect of 

dramatically reducing the intensity of the ZPL such that it is not observed at higher 

temperatures. The two bands at ~16,378 cm-1 and ~15,022 cm-1 may be assigned as 

vibronic transitions associated with the origin at ~17,800 cm-1. Thus, the band displays a 

progression in an apparent vibrational mode with an ~1,390 cm-1 energy spacing. The 

band at 17,178 could either be a second inhomogeneously broadened zero-phonon line, 

deriving from a different subset of chromophores in the polymer matrix, or a 622 cm-1 



71 
 

vibronic origin with an ~1,360 cm-1 progression forming mode that is very similar the 

~1,390 cm-1 vibration responsible for the progression built on the ~17,800 cm-1 origin. The 

two sets of the vibronic progressions support the idea of aggregate formation18 in the 

polymer thin film matrix, which leads to two different chromophoric environments. Since 

these are emission spectra, the vibrational spacings correlate with the ground state 

vibrations of the molecule. DFT frequency computations for [(TpyIN)Pt(bdt)]1- reveal 

three vibrational modes, depicted in Figure 2.30, that could be associated with the 

progressions observed in the low-temperature emission spectra of the [(TpyIN)Pt(bdt)]1- 

complex.  

 

Figure 2.30: Results of a DFT frequency calculation for [(TpyIN)Pt(bdt)]1- showing the most 

probable vibrational modes that could correspond to the experimental progressions 

observed in the low-temperature emission spectra of this complex. Here, we observe 

thiophene carbon-carbon stretching (1), symmetric phenyl ring stretching (2) and inter-

ring thiophene-pyridine carbon-carbon stretching (3) modes, whose energies are close to 

the energy intervals observed in the emission spectrum (Figure 2.29). 



72 
 

0

100000

200000

300000

400000

50000 100000 150000 200000 250000 300000 350000 400000

10K
30K
50K
80K
100K
150K
200K
250K
295K

C
o

u
n
ts

 a
t 
6
2
0
n
m

Time(ns)
 

Figure 2.31A: A variable-temperature (10 – 295K) overlay of emission decay traces at 620 

nm for [(PpyIN)Pt(bdt)]1- in a polystyrene thin film.  

Additionally, these cyclometalated Pt(II)dithiolate complexes show 

multiexponential decay times in polystyrene thin films. The emission lifetimes of the 

[(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1- complexes were best fit by a tri-exponential 

function (Table 2.3A and Table 2.4). Table 2.3B shows the biexponential fitting for 

[(PpyIN)Pt(bdt)]1- complex, however the fitting is better using a tri-exponential function. 

An exponential tail fit analysis was used, and the χ2 values are close to unity, indicative of 

the goodness of fit. 
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Figure 2.31B:  A variable-temperature (10 – 295K) overlay of emission decay traces at 635 

nm for [(TpyIN)Pt(bdt)]1- in a polystyrene thin film.  

These types of cyclometalated platinum complexes are known for aggregation induced 

emission at higher concentrations and in solid state, and exhibit longer and 

multiexponential lifetimes because these molecules can exhibit different aggregation 

modes.18,45 Aggregation induced emission usually results in longer lifetimes, and different 

modes of aggregation can give multiexponential decay rates.18,45 The multiexponential 

emission decays in a thin film matrix can also indicate their complex photophysical 

behavior. 
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Table 2.3A: The variable temperature lifetime parameters for [(PpyIN)Pt(bdt)]1- complex 

at 600 nm emission collected in a polystyrene thin film. These data are fit with tri-

exponential functions. 

T (K) τ1(µs) B1 τ2(µs) B2 Χ
2
 

4 55.1343 155067.5 583.1226 167.9 2.041 

10 39.7777 90546.1 300.3589 296.5 2.665 

30 30.4435 65893.1 336.8729 215.5 2.484 

50 29.1949 80705.0 359.5188 254.8 2.226 

100 26.0604 77792.7 343.1495 278.3 2.245 

150 23.2770 66062.5 345.1750 245.0 2.304 

200 20.1591 54951.0 342.5403 223.9 2.050 

250 15.5413 34090.8 328.7004 189.9 1.942 

295 12.3958 16821.4 309.7409 169.0 1.979 

 

Table 2.3B: The variable temperature lifetime parameters for [(PpyIN)Pt(bdt)]1- complex 

at 600 nm emission collected in a polystyrene thin film. These data are fit with bi-

exponential functions. 
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Table 2.4: The variable temperature lifetime parameters for [(TpyIN)Pt(bdt)]1- complex at 

633 nm emission collected in a polystyrene thin film. These data are fit with tri-

exponential functions. 

There is a regular increase in integrated emission area (calculated using 

Kaleidagraph software) as shown in Figures 2.32A and 2.32B, respectively, and an increase 

in emission intensities (emission peak intensities as shown in Figure E5 and Figure E6 in 

appendix E) on lowering the temperature from 295K to 10K. Both the [(PpyIN)Pt(bdt)]1- 

and [(TpyIN)Pt(bdt)]1- complexes have non-linear integrated intensities as a function of 

temperature as shown in Figure 2.32A and Figure 2.32B, respectively. 
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Figure 2.32A: Integrated area of emission versus temperature for [(PpyIN)Pt(bdt)]1- in a 

polystyrene thin film. 
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Figure 2.32B: Integrated area of emission versus temperature for [(TpyIN)Pt(bdt)]1- in a 

polystyrene thin film. 

The variable temperature photoluminescence of the parent complexes 

[(Ppy)Pt(bdt)]1- and [(Tpy)Pt(bdt)]1- were also collected in polystyrene thin films. Variable 

temperature experiments were performed on the non-radical-elaborated parent 

molecules to obtain better insight into the photophysical behavior of their radical-

elaborated forms. When the temperature is cooled down from 295K to 4K, there is an 

irregular change in emission intensities for both the [(Ppy)Pt(bdt)]1- and [(Tpy)Pt(bdt)]1- 

compounds as shown in Figures 2.33A and 2.34A, respectively. 
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Figure 2.33A: Variable-temperature emission spectra of [(Ppy)Pt(bdt)]1- collected in a 

polystyrene thin film using an excitation wavelength of 470 nm. 

 

0

2 10
5

4 10
5

6 10
5

8 10
5

1 10
6

1.2 10
6

13000 14000 15000 16000 17000 18000 19000 20000

4K
10K
20K
50K
100K
150K
200K
250K
295K

E
m

is
s
io

n
 I
n
te

n
s
it
y

Energy(cm
-1

)
 

Figure 2.33B: Variable-temperature emission spectra of [(Ppy)Pt(bdt)]1- collected in a 

polystyrene thin film using an excitation wavelength of 470 nm. 

 

The emission band of the [(Ppy)Pt(bdt)]1- complex is slightly blue slightly from 588 

nm to 581 nm upon cooling from 295K to 4K, and an irregular change was observed in 

emission intensities with the lowest emission intensity occuring at 4K as seen in Figure 

2.33A.  Similarly, the emission band of the [(Tpy)Pt(bdt)]1- complex is blue shifted from 
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591 nm to 589 nm with a similar irregular change in emission intensities as shown in 

Figure 2.34A. For the [Tpy)Pt(bdt)]1- complex, the lowest integrated emission intensity 

was observed at 50K.   
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Figure 2.34A: Variable-temperature emission spectra of [(Tpy)Pt(bdt)]1- collected in a 

polystyrene thin film using an excitation wavelength of 485 nm. 
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Figure 2.34B: Variable-temperature emission spectra of [(Tpy)Pt(bdt)]1- collected in a 

polystyrene thin film using an excitation wavelength of 485 nm. 

 In terms of photoluminescence lifetimes in polystyrene thin films, the lifetime 

data for both parent molecules, [(Ppy)Pt(bdt)]1- and [(Tpy)Pt(bdt)]1-, were best fit with bi-

exponential decay functions. [(Ppy)Pt(bdt)]1- parent complex had a short component 

lifetime of 13.83 μs at 295K, and upon decreasing the temperature to 4K, the lifetime was 

increased to 81.35 μs (Table 2.5A). The [(Ppy)Pt(bdt)]1- parent complex had a long 

component lifetime of 362.67 μs at 295K, and upon decreasing the temperature to 4K, 

the lifetime was increased to 591.73 μs (Table 2.5A). Similarly, [(Tpy)Pt(bdt)]1- had a short 

component lifetime of 12.29 μs at 295K, and upon decreasing the temperature to 4K, the 

lifetime was increased to 86.98 μs (Table 2.5B). The [(Tpy)Pt(bdt)]1- had a long component 
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lifetime of 240.07 μs at 295K, and upon decreasing the temperature to 4K, the lifetime 

was increased to 1137.24 μs (Table 2.5B). The short and long component lifetimes of both 

parent complexes are increasing with decreasing the temperatures from 295K to 4K. 

Temperature (K) τ1 (µs) B1 τ2 (µs) B2 X
2 

4 81.35 379915 591.73 721 2.958 

10 38.13 352315 441.81 922 2.957 

20 27.55 374639 455.10 860 3.228 

30 25.21 337142 435.24 847 3.133 

50 23.52 306569 432.58 857 3.215 

100 21.78 266025 417.64 874 3.175 

150 20.83 239626 441.67 801 3.142 

200 19.83 318513 422.94 690 2.985 

250 17.45 261412 398.83 706 3.170 

295 13.83 142367 362.67 661 3.494 

 

Table 2.5A: Variable temperature lifetime parameters for the [(Ppy)Pt(bdt)]1- complex in 

a polystyrene thin film monitored at 588 nm. These data are fit with bi-exponential decay 

functions.  

Temperature (K) τ1 (µs) B1 τ2 (µs) B2 X
2 

4 86.98 453786.09 1137.24 546.33 2.319 

10 61.56 360153.56 1088.37 549.92 2.141 
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20 42.71 146607.66 882.37 643.99 3.50 

30 32.92 114291.83 465.91 556.45 2.806 

50 24.31 235123.84 246.86 643.46 3.108 

100 17.74 168088.69 232.99 662.16 2.983 

150 16.03 140062.45 232.11 622.79 2.682 

200 15.09 127839.26 240.42 607.94 2.456 

250 13.78 104587.03 242.10 537.51 2.199 

295 12.29 72140.82 240.07 448.79 2.092 

 

Table 2.5B: Variable temperature lifetime parameters for the [(Tpy)Pt(bdt)]1- complex in 

a polystyrene thin film monitored at 591 nm. These data are fit with bi-exponential decay 

functions. 

 Compared to the lifetime measurements in thin polymer films of the radical-

elaborated cyclometalated dithiolate complexes, the polymer film lifetimes of the 

corresponding parent molecules were slightly longer at lower temperatures (4K). The thin 

film lifetime of [(PpyIN)Pt(bdt)]1- was 55.13 μs at 4K while that of [(Ppy)Pt(bdt)]1- was 

81.35 μs at 4K. Similarly, the thin film lifetime of [(TpyIN)Pt(bdt)]1- was 37.50 μs at 4K 

while that of [(Tpy)Pt(bdt)]1- was 86.98 μs at 4K. These long-lived emission lifetimes in the 

thin film samples showed that the radical-elaborated cyclometalated anionic complexes 

were phosphorescent in nature, supporting the idea that doped film encourages 

predominantly phophorescece.45 However, the room temperature (295K) lifetimes of 
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radical-elaborated complexes and their associated non-radical elaborated parent 

molecules in thin film matrices were similar to those obtained at low-temperature. This 

indicates that concentration dependent thin film studies are now necessary to interpret 

these results due to the potential for aggregate formation in the polymers. From the VT 

photoluminescence data of these cyclometalated Pt(II) complexes, it can be rationalized 

that the photophysics of the cyclometalated Pt(II) systems is markedly more complex in 

polymer thin films than in frozen glasses. 

        

2.7 Time Resolved EPR Spectroscopy 

Time Resolved Electron Paramagnetic Resonance (TREPR) spectroscopy is a useful 

technique to explore different electronic structure-function relationships in the short-

lived excited states of paramagnetic molecules.32,33,48 TREPR methods can also be used to 

detect and characterize triplet-doublet pairs (e.g. higher spin states such as quartets) that 

are created by an excited state magnetic exchange interaction between a persistent 

organic radical and the singlet and triplet charge separated excited states of a donor-

accepter complex32. Another important application of TREPR spectroscopy is that 

photoinduced electron spin polarization (ESP) can be measured in short lived excited 

states of the chromophore as well as in the electronic ground state. This ESP can be 

observed in systems where a stable radical or paramagnetic metal is appended to a 

chromophore.33,34,48,49 The nature of the observed ESP helps us to obtain important 

details about the spin dynamics and photoexcited state properties of a variety of 
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complexes. When an appended radical interacts with a chromophore photoexcited state, 

ESP (resulting from a non-Boltzmann spin population of GS/ES Zeeman split ms levels) can 

be produced under specific conditions and detected by TREPR. With respect to the 

detected ESP in an S=1/2 GS, if the lower ms level (β) is more populated than expected 

from Boltzmann statistics than the upper ms level (α), there is a net absorption that is 

referred to as “A polarization”. For the opposite case, when the population of upper ms 

level α is greater than that of the ms level β, a net emission is observed, and this is referred 

to as “E polarization”. A variety of different mechanisms can be operating for the 

generation of ESP, including reversed quartet (RQM), modified reversed quartet, radical-

triplet pair, radical-quartet pair mechanisms etc.33,34,48,49,50,51 

Prior studies,33,48,49,50 in collaboration with Professor David Shultz (NC State 

University) and Professor Art Van der Est (Brock University, Canada), of radical elaborated 

donor-acceptor complexes showed that spin polarization is observed in the doublet 

ground state of Pt/Pd donor-acceptor complexes. Furthermore, this work showed that 

the nature of the metal ion was controlling the type (i.e., A or E) of photo-induced GS 

ESP.32 This study indicated that small energy gaps between the trip-doub and quartet 

states, in addition to metal-mediated spin orbit coupling, play critical roles in producing 

ESP in the ground and excited states of these systems.33 

As a result of these early studies, we hypothesized whether we could observe GS 

or ES ESP in our two anionic cyclometalated platinum(II) dithiolate complexes that are 

elaborated with a pendent iminonitroxide radical. Initial interpretations of TREPR data 
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indicate that the quartet state is populated at low temperature. Our initial TREPR data 

indicate that emissive spin polarization (E polarization) can be observed in these systems.  

 

Figure 2.35: CW and TREPR spectra of [(PpyIN)Pt(bdt)]1-, DCM, 20K, 5 mJ pulse, 532 nm, 

34 dB (Data collected at Brock University - Canada in the laboratory of Prof. Art van der 

Est). Here, the CW spectrum derives from an S = ½ iminonitroxide center with 14N 

hyperfine coupling.  The TREPR spectrum features characteristics that could arise from an 

excited quartet state with strong g-tensor anisotropy. The sharp peak observed at g ~ 2 

might be from the S=1/2 ground state doublet, but it could also be the part of the excited 

quartet state. 
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Figure 2.36: CW spectrum and TREPR spectrum of [(PpyIN)Pt(bdt)]1-, DCM, 80K, 4.75 mJ 

pulse, 525nm, 25dB (Data was collected at facilities in Padua, Italy). Here, the CW 

spectrum is similar to the CW spectrum at 20K. However, only the sharp gobs ~ 2 and 

weaker sharp gobs ~ 4 features of the TREPR spectrum52,53 are clearly visible at 80K. 

 

Figure 2.37: CW spectrum and TREPR spectrum of [(TpyIN)Pt(bdt)]1-, DCM, 20K, 5 mJ, 532 

nm, 34 dB. (Data collected at Brock University - Canada in the laboratory of Prof. Art van 

der Est). Here, the CW spectrum derives from an S = ½ center with 14N hyperfine coupling. 
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The wide features in the wings probably derive from the resonator. The TREPR spectrum 

shows features characteristics of a quartet state with strong g-anisotropy (e.g. sharp 

features at gobs ~ 2 and gobs ~ 4).52,53 The sharp peak in the middle of the spectrum might 

be from the ground state but could also be part of the quartet state. 

 

 

Figure 2.38: CW spectrum and TREPR spectrum of [(TpyIN)Pt(bdt)]1-, DCM, 80K, 4.7 mJ, 

525 nm, 25 dB (Data was collected at facilities in Padua, Italy). CW spectrum does not 

show as much structure because the signal may be overmodulated. The TREPR spectrum 

is similar to that at 20K but has less background signal. The shape of the broad features 

seems to be different than observed at 20K. Sharp features are observed at gobs ~ 2 and 

gobs ~ 4, indicating they derive from an excited S = 3/2 quartet state.52,53 

Although we have not yet simulated these ground state EPR or the TREPR data, 

based on the initial data we have collected we can suggest that these anionic 

cyclometalated Pt(II) dithiolates with persistent radicals are displaying emissive ESP 

characteristic of a quartet spin state at low temperatures. Unfortunately, we do not have 
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TREPR lifetime data for these systems, and this remains a goal of future studies. Looking 

at these initial data, we observe both g = 2 and g = 4 EPR transitions. The g = 2 signal could 

be from the ground state doublet, the excited state Dtrip, or the ms = ±1/2 levels of the 

excited S = 3/2 quartet state from molecules oriented in the z-direction with respect to 

the applied field. However, the g = 4 signal can only arise from the ms = ±1/2 levels of the 

S = 3/2 quartet state in the perpendicular direction. From our earlier studies, we can 

consider two different quartets being involved in the reversed quartet mechanism, with 

one deriving from the quartet state of the localized radical33 and the other from the 

exchange coupling of three unpaired spins in the excited state manifold.33,48,49,50 Here, we 

assume the quartet involved in generating the observed spin polarization is from the 

three-spin exchange coupled system, where the chromophore triplet has some platinum 

character and a spin orbit coupling contribution that is large enough to have a zero-field 

splitting greater than or equal to the microwave quantum at X-band (~ 0.33 cm-1).52,53 

These initial TREPR data are encouraging for us to explore the reversed quartet, modified 

reversed quartet, and J-modulation35 mechanisms for the generation of ground and 

excited state ESP in these and related systems. 

For the reversed quartet mechanism to be plausible, the quartet state must be 

populated, which requires a small energy gap between the Dtrip (trip-doublet) and quartet 

states.34 Based on the very short fluorescence decay emission lifetimes for these 

molecules in frozen glass matrices, we can assume that these molecules have a small 
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energy gap between the Dtrip and quartet states, with decay to the ground state 

originating from the Dtrip state in a mechanism reminiscent of TADF.40  

 

Figure 2.39: A schematic diagram that spin polarization can happen within the energy 

levels of quartet and doublet spin systems during ground state recovery. 

J-modulation35 may play a role in dynamically changing the magnitude of the Dtrip 

– quartet energy gap. J-modulation involves distortions about a torsional energy barrier, 

where the bond torsions can affect the magnitude of the exchange coupling between the 

spin containing group (e.g. IN) and the chromophoric fragment (e.g. [(Tpy)Pt(bdt)]1-). 

Thus, the bond torsion between Tpy/Ppy and IN can modulate the π-interaction between 

the radical (iminonitroxide) and the Tpy/Ppy ligand fragments to control the intraligand 

chromophore-radical exchange coupling.35   
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Figure 2.40: The four lowest energy vibrational modes of [(PpyIN)Pt(bdt)]1-. Here, the 

vibrational mode at 30.92 cm-1 has the largest IN-Ph bond torsion contribution. These 

vibrational modes were obtained from a DFT frequency calculation. 

 IN-Ph and IN-Tp bond torsions that reduce the radical-chromophore exchange coupling 

function to enhance the mixing between Dtrip and quartet states. These bond torsions 

result in a decrease in the energy gap between Dtrip and quartet. Thus, J-modulation can 

facilitate transitions between these two states to generate ESP by the reversed quartet 

mechanism.33,34,35 
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Figure 2.41:  The four lowest energy vibrational modes of [(TpyIN)Pt(bdt)]1-. Here, the 

vibrational mode at 32.39 cm-1 has the largest IN-Tp bond torsion contribution. These 

vibrational modes were obtained from a DFT frequency calculation.  

 

 

Figure 2.42: Torsional angle between Ppy/Tpy ligand and IN radical vs Energy for 

[(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1-, respectively.55 
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In summary, when the torsional energy barrier becomes low, the J value 

(exchange coupling) decreases and thus the energy gap between Dtrip and quartet 

decreases. And, at a small energy gap, these states can mix, and ESP can occur. From the 

calculation, the overall torsional energy barrier for [(PpyIN)Pt(bdt)]1- is lower than 

torsional energy barrier for [(TpyIN)Pt(bdt)]1- as shown in Figure 2.42. Lower torsional 

energy barrier is favorable for effective mixing between the pendent radical moiety and 

the ligand chromophore. This calculation indicates that [(PpyIN)Pt(bdt)]1- has a more 

favorable molecular structure for mixing between Dtrip and quartet states compared to 

that of [(TpyIN)Pt(bdt)]1- as shown in Figure 2.42. We will explore the possible 

mechanisms for spin polarization generation in detail for these cyclometalated Pt(II) 

complexes in future work.  

 

2.8 Discussions  

 We have synthesized and studied the excited state properties of the benzene 

dithiolate derivatives of cyclometalated square planar platinum complexes with and 

without iminonitroxide radicals. We aimed to study the effect of a localized pendent 

radical on the photophysical properties of cyclometalated platinum dithiolate complexes.   

           The photoexcitation of these radical elaborated platinum dithiolates results in a spin 

allowed doublet ground state to sing-doub excited state transition with a concomitant 

charge transfer from the dithiolate ligand to cyclometalating ligand. This charge transfer 

transition results in a three-spin entangled system (triradical character). As these systems 
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can intersystem cross to the quartet state, the quartet should be involved in the emission 

process. We found that molecules are emissive in the presence of a stable iminonitroxide 

radical substituent. Although the radical elaborated molecules are emissive, their 

emission lifetimes are highly affected by the presence of the radical substituent. Their 

photoluminescence decay rates are drastically shortened in solution in the presence of a 

pendent radical. Similarly, the presence of this organic radical substituent has lowered the 

quantum efficiencies (quantum yield) of these cyclometalated platinum complexes in 

solution.    

 Low temperature time resolved EPR data from our collaborators in Canada and 

Italy show that doublet and quartet states are both are spin polarized. The quartet is 

detected at low temperature, however, emission decay rates of these molecules in 

solution do not support decay from the quartet state.  Short emission lifetimes in solution 

at room temperature suggest the decay pathway can be assumed to be indirect through 

Dtrip, though the quartet is still involved in the decay mechanism. However, the 

microsecond long emission lifetimes in thin film samples supports spin forbidden decay 

from the quartet state. 

           The CASSCF calculations indicate a small energy gap between the Dtrip (trip-doub) 

and Quartet states, which may favor thermally activated decay via the Dtrip state. The 

energy gaps between the Dtrip and quartet states for [(PpyIN)Pt(bdt)]1- and 

[(TpyIN)Pt(bdt)]1- from CASSCF computations are 123cm-1 and 46cm-1 respectively. 
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State Multiplicity Energy (cm
-1

) 

GS(0) 2 0 

1 4 14541.8 

2 2 14664.9 

3 2 17077.5 

Table2.5: CASSCF(3,3) transition energies for [(PpyIN)Pt(bdt)]1- complex. 

 

State Multiplicity Energies (cm
-1

) 

GS(0) 2 0 

1 2 14043.3 

2 4 14098.9 

3 2 17195.3 

Table 2.6: CASSCF(3,3) transition energies for [(TpyIN)Pt(bdt)]1- complex. 

           

There are pairwise exchange interactions in these three spin systems. Here, one 

spin is on the iminonitroxide radical, one spin is on the cyclometalating ligand (LUMO) and 

one spin is localized on the dithiolene donor ligand (HOMO). The exchange interaction 

between iminonitroxide radical and the spin in the LUMO of the acceptor ligand can 

control the mixing between Dsing and Dtrip. Because of small energy gaps between Dtrip 

and the Quartet state, it can be expected that the decay pathways can be from the Dtrip 

(trip-doublet) and quartet states to the doublet ground state.43 The decay pathway from 
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the quartet to doublet ground state represents a slow process because of the spin  

forbiddenness of the processes, while the Dtrip to doublet ground state transition is 

expected to be fast because of the doublet character in both of these states. However, 

due to the very short emission decay rates in solution, the Dtrip to doublet ground state 

transition is the only possible major decay pathway, with quartet emission becoming an 

indirect pathway via the Dtrip state. There is also significant phosphorescence quenching 

in solution due to the presence of the iminonitroxide radical, which also supports Dtrip 

decay. 

Thus, the Dsing character admixed into the Dtrip due to the exchange interaction, 

coupled with the small energy gap between Dtrip and quartet favor fast relaxation from 

Dtrip to ground state doublet in solution. Based on this consideration, we can propose that 

the radical elaborated cyclometalated platinum dithiolates are decaying from the trip-

doub (Dtrip) state in solution. 
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Figure 2.43: Schematic diagram for possible decay pathways of cyclometalated bdt 

complexes with a pendent radical in solution.  

The variable temperature emission lifetimes of these molecules in polystyrene 

thin films shows that the lifetimes of these radical elaborated molecules can be fit by 

multiexponential functions and are in the microsecond range (Table 2.3A and Table 2.4). 

Similarly, the variable temperature photoluminescence lifetimes of the parent molecules 

in polystyrene thin films are also fit by bi-exponential functions and are in in the 

microsecond time range (Table 2.5A and Table 2.5B). The lifetime of the shortest 

component in these radical elaborated molecules slightly increases with decreasing 

temperature, and it may be a result of quartet decay rate because the parent molecules 

emitting from the triplet states are also showing the similar behavior in the thin film 

photoluminescence lifetime studies. Here, multiexponential emission lifetimes in 

polystyrene thin films could be from different aggregation modes because these types of 

complexes are known for aggregate formation.18 Expanding on the temperature 
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dependent photoluminescence behavior, concentration dependent photoluminescence 

studies are necessary to explore the intermolecular aggregation behavior 

(multiexponential lifetime in thin films). 

Compared to the room temperature solution phase emission decay measurements 

of radical elaborated cyclometalated dithiolate complexes in dichloromethane (the 

lifetimes for these [(PpyIN)Pt(bdt)]1- and [(TpyIN)Pt(bdt)]1-complexes are shorter than the 

instrument response time of ~600ps, the emission lifetimes in polystyrene thin films were 

increased to microsecond range for both complexes and, were best fit with 

multiexponential functions.  

 In the solution phase, their lifetimes are very short and close to the instrument 

response time (~600ps) and no long-time phosphorescence was observed, although time 

resolved EPR data showed the quartet state was observed, so it must be at least 

transiently populated. This could be possible because of the exchange-mediated wave 

function mixing between Dsing and Dtrip and, the enhanced nonradiative decay due to the 

small energy gap between the Dtrip and quartet states. In the case of thin film phase 

photoluminescence experiments, the appearance of long-lived lifetimes may be 

interpreted as aggregation behavior and bulk phenomena.18,41,45,47 Thin film samples are 

also known as solid solution samples and the long-lived emission in thin films could be 

favored by high concentration, rigidity and immobilization, and film thickness leading to a 

suppression of all intramolecular processes and minimizing the nonradiative decay in the 

excited state. The longer lifetimes indicate that the thin polystyrene film encourages 

phosphorescence in aggregate forms.45,47  
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Based upon the results presented in thin film and solution phases, the following 

mechanism is proposed for the excited state decay pathways for iminonitroxide 

elaborated cyclometalated platinum benzene dithiolates [(PpyIN)Pt(bdt)]1- and 

[(TpyIN)Pt(bdt)]1-. This project is relatively new and a rarely touched field. Hence, more 

experiments such as concentration dependent emission studies and MCD studies are 

necessary to accurately assign the decay mechanisms. 

 

 

Figure 2.44: A schematic diagram showing the favored decay pathways for thin film and 

solution phases. Based on the results, quartet emission is favored in thin films, while Dtrip 

emission occurs in the solution phase. 

Thus, the introduction of the stable radical substituents to the Donor-Acceptor 

cyclometalated platinum dithiolates is a unique method for the modification of 
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photophysical properties without a large donor or acceptor ligand variation. The low 

energy and long-lived emissions of these anionic cyclometalated Pt(II) complexes in 

polymer thin films, due to predominantly aggregate-induced phenomenon, are also 

promising results for future photo functional applications.45,47 

 

2.9 Conclusions and future directions:  

In this project, an important goal of our proposed research was to create a new 

platform to study the role of iminonitroxide radicals on the excited state electronic 

structure, excited-state dynamics, and photoluminescent lifetimes of cyclometalated Pt 

(II) complexes that contain peripherally elaborated localized spins. 

The attachment of a persistent radical onto the emissive [(Ppy/Tpy)Pt(bdt)]1- 

chromophore does lead to radical elaborated molecules that are still emissive. However, 

the photoluminescence efficiency (quantum yields) of these radical elaborated dithiolate 

complexes is reduced in solution. Similarly, the lifetimes of these radical elaborated 

molecules are orders of magnitude shorter in the solution phase compared to their parent 

chromophores. The origin of this drastic decrease in their lifetimes could be due to the 

magnetic exchange coupling interaction between the pendent radical and chromophore, 

and the enhanced nonradiative decay due to a smaller energy gap between Dtrip and 

quartet states. Due to a radical-chromophore exchange interaction, Dsing mixes with Dtrip 
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and can affect the IC and ISC rates.43,44 Thus, the Dtrip to doublet ground state transition 

is a partially spin favored process due to Dsing character in Dtrip.  

The thin film studies (solid solution) showed that the radical elaborated 

cyclometalated anionic complexes were still phosphorescent in nature even though they 

contain radical substituents, providing a rare example of emission from a Kramer’s spin 

system.54 The origin of this long-lived emission could be predominantly from aggregate 

formation, along with immobilization in solid solution forms while minimizing the 

nonradiative decay processes and encouraging the phosphorescence.18,38,45,46,47 

In future studies, magnetic circular dichroism (MCD) spectroscopy coupled with 

theoretical calculations needs to be performed for detailed analysis of the doublet excited 

state manifold and band assignments as these radical elaborated molecules are expected 

to be accelerated by MCD studies. To better understand how the exchange interaction 

between the pendent radical and cyclometalating moiety can change spin dynamics and 

excited state lifetimes, we can add bridging units such as para-phenyl, meta-phenyl, and 

thiophene groups between the cyclometalating ligand and the radical moieties. Further, 

we can extend this project by synthesizing the iminonitroxide radicals on the donor side 

of these cyclometalated complexes (Figure 2.45) and compare their excited state 

properties with that of the radical elaborations on acceptor side of molecules. 
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Figure 2.45: Proposed cyclometalated platinum dithiolates with pendent radical on donor 

side of the molecules. 
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Chapter 3 

Radical Elaborated Cyclometalated Square Planar Pt(II) Catecholate Complexes  

3.1 Background 

Cyclometalated metal complexes are known to us and have been studied due to 

their superior photoluminescence efficiency and thermal stability compared to non-

cyclometalated analogs such as metal diimine complexes. Cyclometalated complexes 

with different metals such as Ir, Rh, Pt and Pd have been studied for their charge-transfer 

transitions at low energies1. The first emissive cyclometalated platinum/palladium 

complexes were studied by the Von Zelewsky group2. Later, there were many examples 

of emissive cyclometalated metal complexes with a variety of ancillary ligands.  

Cyclometalated complexes containing platinum and iridium are gaining much attention 

due to their applications in advanced technologies such as organic light emitting devices 

(OLEDs and PHOLEDs)3. The Yersin group has explored many cyclometalated 

phosphorescent complexes in detail for the development of efficient triplet emitters for 

electroluminescent devices4,5. However, studies on cyclometalated metal complexes with 

catecholate ligands are limited. Cyclometalated gold catecholates were studied in 2003 

by Cameron Evans, et al. to investigate their biological activity toward leukemia cells6. 

Anionic cyclometalated iridium catecholates were investigated by Mauro Ghedini, et al., 

where their redox phenomena and photophysical properties were specifically explored7. 

Similarly, Thomson, et al. studied the cyclometalated iridium and platinum complexes 

with di-tert-butyl-catechol ligands, where the catechol ligand was in semiquinone form.8 
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Cyclometalated platinum complex with a catecholate ligand π-bonded to organometallic 

moiety such as a cyclopentadienyl-rhodium fragment were reported by Jamal Moussa, et 

al. to tune the excited state properties of the complex9. Recently, the Ghedini group in 

2017 had studied anionic cyclometalated Pt(II) complexes with tetrabromo-catecholate 

as highly luminescent complexes.10 These represent the few photophysical studies on 

cyclometalated platinum complexes with dianionic catecholate.  

To the best of our knowledge, we are the first to report the synthesis and 

photophysical properties of cyclometalated square planar Pt(II) catecholate complexes 

with a radical substituent on cyclometalating ligand (Figure 3.1). 

 

Figure 3.1: Radical elaborated cyclometalated platinum catecholates with two different 

cyclometalating ligands. 

 

3.2 Synthesis and Characterization  

The novel radical elaborated anionic platinum catecholate complexes were 

synthesized using the same precursors as outlined in Chapter 2 for the synthesis of radical 

elaborated anionic platinum dithiolate complexes. Many reported procedures 10,11,12,13 
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have shown that these precursors could be dimers, monomers, or a mixture of both as 

discussed earlier in Chapter 2. Because of the complexity of the molecular structures and 

the possibility of mixtures of monomer and dimer formation, we directly used them for 

the next step of the reaction without characterization. We obtained these precursors as 

yellow/orange solids and found them to be insoluble in water and many less polar 

solvents (ether, chloroform). Using this to our advantage, we washed these precursors 

with water and then with less polar solvents (diethyl ether, cold chloroform, and cold 

dichloromethane) many times to remove any excess soluble cyclometalating ligands used 

in prior reactions. These complexes were purified by alumina chromatography and 

characterized by EPR, mass spectrometry, and elemental analysis. Synthetic procedures 

and characterizations are presented in the experimental section (Appendix B). 
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Figure 3.2: Synthetic scheme for cyclometalated platinum catecholate complexes. (Here, 

R represents a radical fragment). 

3.3 Electronic Absorption Spectra 

Room temperature electronic absorption spectra for [(PpyIN)Pt(Cat)]1- and 

[(TpyIN)Pt(Cat)]1- have been collected in dichloromethane. The charge transfer 

absorption maxima, which are the lowest energy bands, for [(PpyIN)Pt(Cat)]1- and 

[(TpyIN)Pt(Cat)]1-  are at 19,400 cm-1 (520 nm) and 18,700 cm-1 (527 nm), respectively 

(Figure 3.3 and Figure 3.4). 
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Figure 3.3: Room temperature electronic absorption spectrum for [(PpyIN)Pt(Cat)]1- 

complex in DCM. 
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             The lowest energy band maximum for platinum catecholate complexes with 2-

phenypyridine as a cyclometalating ligand is at slightly higher energy than the 

corresponding complexes with 2-thienylpyridine as the cyclometalating ligand. 
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Figure 3.4: Room temperature electronic absorption spectrum for [(TpyIN)Pt(Cat)]1- in 

DCM. 
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Figure 3.5: Computed EDDMs of [(PpyIN)Pt(Cat)]1- and [(TpyIN)Pt(Cat)]1- for electronic 

transition 4 at a contour value of 0.0006. Here, the red and the green regions indicate the 

loss and the gain of electron densities, respectively, in the computed transition.  

The calculated electron density difference maps (EDDMs) for computed transition 4 in 

[(PpyIN)Pt(Cat)]1- and [(TpyIN)Pt(Cat)]1- indicate that these are LL’CT transitions since 

electron density is lost from the HOMO (Highest Occupied Molecular Orbital) and gained 

in the LUMO (Lowest Unoccupied Molecular Orbital) as shown in Figure 3.5. 

 

Figure 3.6: DFT computed frontier molecular orbitals for [(PpyIN)Pt(Cat)]1-. 

 

Figure 3.7:  DFT computed frontier molecular orbitals for [(TpyIN)Pt(Cat)]1-. 
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Figure 3.6 and Figure 3.7 show the DFT computed frontier molecular orbitals, including 

the SOMO (Singly Occupied Molecular Orbital). The presence of the SOMO leads to the 

paramagnetic doublet ground state configurations in these radical elaborated molecules. 

 

Figure 3.8: DFT computed frontier molecular orbitals of the parent complexes A: 

[(Ppy)Pt(Cat)]1-, B: [(Tpy)Pt(Cat)]1-. 

SOMO is absent in the parent complexes, and this leads to diamagnetic singlet ground 

state configurations. 

 3.4 EPR Spectra 

Room temperature X-band EPR spectra for the radical-elaborated cyclometalated 

platinum catecholate complexes have been collected in dichloromethane solution. The 

room temperature EPR spectra of these radical elaborated cyclometalated CAT 

complexes show the characteristic features of the iminonitoxide radical, with no evidence 

of hyperfine coupling to the 195Pt I=1/2 nucleus. All EPR data have a characteristic seven-
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line pattern with intensity ratios of 1:1:2:1:2:1:1 due to the interaction of a single 

unpaired electron with two nonequivalent nitrogen nuclei (Figure 3.9 and  Figure 3.10).  
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Figure 3.9: Room temperature X-band EPR spectrum of [(PpyIN)Pt(Cat)]1- in DCM (red) 

and corresponding spectral simulation (black). 

EPR spectral simulations for these complexes (Figure 3.9 and Figure 3.10) yield an 

isotropic g values and hyperfine coupling constants which are similar to that of the free 

iminonitroxide radicals16,17. The g-value for [(PpyIN)Pt(Cat)]1- was found  to be  2.0046 and 

the hyperfine interactions with two non-equivalent nitrogen nuclei were determined to 

be 25.8 MHz and 12.6 MHz. Similarly, the g-value for [(TpyIN)Pt(Cat)]1- was found to be 

2.0046 and the hyperfine interactions with two non-equivalent nitrogen nuclei were 

determined to be 25.9 MHz and 13.1 MHz. Thus, these data indicate that the radicals do 
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not dramatically interact with the chromophore in the ground state configuration due to 

the near free-ion g-values and lack of any observable Pt hyperfine coupling. Spin densities 

were computed from optimized the ground state doublet molecules and show the 

presence of negative spin density on the methine carbon of the iminonitroxide radical 

(Figure 3.11). 
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Figure 3.10: Room temperature X-band EPR spectrum of [(TpyIN)Pt(Cat)]1- in 

dichloromethane (red), and corresponding spectral simulation (black). 
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Figure 3.11: DFT computed spin densities for [(PpyIN)Pt(Cat)]1- and [(TpyIN)Pt(Cat)]1- at 

0.0031 contour values. Positive spin density (red) and negative spin density (green). 

           

3.5 Emission Spectra and Lifetimes 

             Steady state emission spectra have been collected for [(PpyIN)Pt(Cat)]1- and 

[(PpyIN)Pt(Cat)]1- complexes at room temperature in dichloromethane (DCM) solutions. 

The sample solutions  were  degassed by purging using a flow of nitrogen gas for fifteen 

minutes. Both the radical elaborated cyclometalated square planar Pt(II) catecholates are  

found to be emissive in DCM solutions.  
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Figure 3.12: Room temperature steady state emission spectrum of [(PpyIN)Pt(Cat)]1- in 

degassed DCM using 450 nm excitation. 

         The room temperature emission spectrum of the [(PpyIN)Pt(Cat)]1- complex has an 

emission maximum at 602 nm (Figure 3.12; lifetime data in Figure 3.13) while that of the 

[(TpyIN)Pt(Cat)]1- complex has its maximum at 648 nm (Figure 3.14; lifetime data in Figure 

3.15). The emission maximum of platinum catecholate complex with 2-thienylpyridine as 

a cyclometalating ligand is red shifted relative to the analogous catecholate complex with 

2-phenylpyridine as a cyclometalating ligand. The room temperature emission spectrum 

for [(PpyIN)Pt(Cat)]1- has broad structureless features while the room temperature 

emission spectrum of [(TpyIN)Pt(Cat)]1- has some vibronic features. 
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Figure 3.13: Room temperature emission decay for [(PpyIN)Pt(Cat)]1-  in degassed DCM 

using a 450 nm diode laser. 

            When we measured the emission decays of these two complexes in 

dichloromethane solutions at room temperature, the lifetimes of both of these 

catecholate complexes were best fit with a bi-exponential decay expression. EPR spectra 

were collected just before the luminescence decay data collection, ensuring no 

degradation of the radical fragment. The bi-exponential excited-state decay rate could be 

from complex photophysical behavior, dimer formation, or aggregation induced emission.  
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Figure 3.14: Room temperature steady state emission spectrum of [(TpyIN)Pt(Cat)]1- in 

degassed dichloromethane using 450 nm excitation. 

        The Ghedini group has reported photophysical properties of anionic cyclometalated 

Pt(II) square planar catecholate complexes, where they are using tetrabromo catecholate 

as the donor ligand10. They have found that these molecules are weakly emissive in DMSO 

solution with bi-exponential decays. This group has reported that the source of bi-

exponential excited-state decays of their anionic cyclometalated catecholate complexes 

could be a possible result of aggregate formation.10 
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Figure 3.15: Room temperature emission decay for [(TpyIN)Pt(Cat)]1- in degassed 

dichloromethane using a 450nm diode laser. 

       We have also collected 77K emission spectra for both the [(PpyIN)Pt(Cat)]1- and 

[(TpyIN)Pt(Cat)]1- complexes in butyronitrile. The emission spectrum of [(PpyIN)Pt(Cat)]1-   

in butyronitrile at 77K  has vibronic features with maximum at 560 nm upon excitation at 

450 nm (Figure 3.16).  
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Figure 3.16: Emission spectrum of [(PpyIN)Pt(Cat)]1- at 77K in degassed butyronitrile, 

using 450 nm excitation . 

            The emission spectrum of [(TpyIN)Pt(Cat)]1- in butyronitrile at 77K has vibronic 

features with maximum at 625 nm upon excitation at 450 nm. Emission spectra of both 

[(PpyIN)Pt(Cat)]1- and [(TpyIN)Pt(Cat)]1-  complexes are blue shifted when temperature is 

reduced  to 77K (Figures 3.16 and 3.18; lifetime data in Figures 3.17 and 3.19 ). 
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Figure 3.17: Emission decay for [(PpyIN)Pt(Cat)]1- at 77K in degassed butyronitrile, using a 

450 nm diode laser. 

Their emission lifetimes were also measured when the temperature was cooled down to 

77K . The photoluminescence decay rates for both [(PpyIN)Pt(Cat)]1- and [(TpyIN)Pt(Cat)]1- 

were best fit with bi-exponential decay expressions (Figure 3.15 and Figure 3.17). Both 

the short and long  lifetime components of both complexes became longer when the 

temperature was lowered to 77K in a butyronitrile glass.   
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Figure 3.18: Emission spectra of [(TpyIN)Pt(Cat)]1- at 77K in degassed butyronitrile, using 

450 nm (red) and 510 nm (black) excitation. 

We also checked for emission from the free ligands used in the synthesis of these 

complexes in order to rule out the presence of any ligand impurity. These free ligands are 

emit in the near IR region, and we could not measure their lifetimes. Their lifetimes should 

be faster than the instrument response time (~600ps). Their emission spectra are 

presented in Appendix D. Thus, the bi-exponential excited-state decay rate could be from 

impurity, complex photophysical behavior, dimer formation, or aggregation induced 

emission. 
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Figure 3.19: Emission lifetime for [(TpyIN)Pt(Cat)]1- at 77K in degassed butyronitrile using 

a 450nm diode laser. 

           The relative quantum yields of both [(PpyIN)Pt(Cat)]1- and [(TpyIN)Pt(Cat)]1- were 

calculated  where emission intensities of  these complexes and a standard were measured 

using the same set of spectral parameter (e.g., monochromator) settings. The quantum-

yield standard used was tris(bipyridine)ruthenium(II)chloride [Ru(bpy)3Cl2] and it was 

freshly prepared in acetonitrile solvent. In this method, we used the integrated intensities 

of our standard and our complexes to calculate the quantum yields.  We assumed that 

the standard and the complexes with identical absorbances at the same excitation 

wavelengths could absorb a similar number of photons.  
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The quantum yield of [Ru(bpy)3]++ is 0.095 in acetonitrile under degassed conditions at 

room temperature and the counter anion effect is considered to be negligible14. The 

quantum yield expression and details were discussed previously in Chapter 2. The 

integrating sphere method for quantum yield evaluation was not applicable for our radical 

elaborated complexes because of their small quantum yield values. Hence, we measured 

relative quantum yields using [Ru(bpy)3Cl2] as a reference sample, and the results are 

given in a Table 3.1 below. 

 

Compound Quantum yield (ACN) 

[(PpyIN)Pt(Cat)]1- 2.95×10 -4 

[(TpyIN)Pt(Cat)]1- 3.82×10 -4 

 

Table 3.1: Quantum yields of [(PpyIN)Pt(Cat)]1- and [(TpyIN)Pt(Cat)]1- in acetonitrile 

solution  

3.6 Discussions and Future Directions 

           The iminonitroxide elaborated catecholate derivatives of cyclometalated square 

planar Pt(II) complexes with two different cyclometalating ligands Ppy, (2-Phenylpyridine) 

and Tpy (2-Thienylpyridine), were synthesized and characterized. The radicals were 

attached to the acceptor side (cyclometalating ligand) of these donor-acceptor complexes 

to study the effect of a radical substituent on the molecule’s excited state properties, not 

on the donor side as in earlier studies.18,19,20 
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           Similar to radical-elaborated cyclometalated dithiolate derivatives discussed in 

Chapter 2, these radical-elaborated cyclometalated catecholates are found to be emissive 

in solution. Thus, the emissive nature of these radical appended complexes also indicates 

a rare example of emission from a Kramer’s spin system.21 The emission quantum yields 

of these catecholate derivatives are less than the respective dithiolate derivatives 

(presented in Chapter 2). The emission decay rates of these catecholate derivatives were 

best-fit using bi-exponential functions. Both the short and long components of the 

emission decay rates for these catecholates were longer than the emission decays rates 

of similar dithiolate derivatives discussed in Chapter 2. The emission decay rates of the 

longer components for both catecholates are in the microsecond range. The excited state 

manifold will have triradical character with one spin localized on the radical, one spin 

localized on the cyclometalating ligand (LUMO), and one spin localized on the donor 

ligand (HOMO). Thus, there will be pairwise exchange interactions in the excited state 

manifold. The exchange interaction between iminonitroxide and the cyclometalating 

ligand will be the one to control the Dsing and Dtrip mixing through an EISC 

mechanism.18,19,20,22,23 CASSCF calculations showed larger Dtrip (trip-doublet) and quartet 

energy gaps compared to the cyclometalated dithiolate derivatives. These complexes 

should easily be able to access the quartet state because of the large spin orbit coupling 

effect.  

              The CASSCF calculation also shows that quartet lies below Dtrip, which suggests 

that there is ferromagnetic exchange coupling between the chromophore and the radical 

moiety. 
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State Multiplicity Energy (cm
-1

) 

GS 2 0 

1 4                 10051.6 

2 2                 10583.2 

3 2                  11910.1 

 

Table 3.2: CASSCF(3,3) transition energies for [(PpyIN)Pt(Cat)]1- complex.24 

 

State Multiplicity Energy (cm
-1

) 

GS 2 0 

1 4 10026.4 

2 2 10575.8 

3 2 12132.9 

 

Table 3.3: CASSCF(3,3) transition energies for [(TpyIN)Pt(Cat)]1- complex.24 

             The energy gaps between Dtrip and quartet for [(PpyIN)Pt(Cat)]1- and 

[(TpyIN)Pt(Cat)]1- obtained from the CASSCF calculations are 531.6 cm-1 and 549.4 cm-1 

respectively (Table 3.3). Based on these energy gaps and the emission decay times, we 

can assume that these molecules likely decay from both the Dtrip and quartet states, but 
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the dominant decay pathway is from the quartet state. The quartet to ground doublet 

state relaxation process is a spin forbidden process, while relaxation from the Dtrip to the 

doublet ground state is a partially spin allowed process. Based on the above assumption, 

we can propose the following decay mechanism for radical-elaborated cyclometalated 

platinum catecholate complexes. 

 

 

 

Figure 3.20: A schematic diagram for the proposed decay mechanism for radical-

elaborated cyclometalated platinum catecholates. 

            We also performed CASSCF calculations to determine the energy gap between Dtrip 

and quartet for (PpyIN)Pt(acac), where acac is a diketonate ligand. The energy gap 

between D’trip and quartet from the calculation is 1,935 cm-1. This acac complex is also 

found to be emissive and has longer emission lifetime than these catecholate and 

dithiolate complexes. Parent molecules of this acac complex were extensively studied4,15, 
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and their lowest lying emitting state was described having MLCT character. When we have 

donor groups such as dithiolates and catecholates, we found that LL’CT character is 

dominant and MLCT is reduced, and lifetime gets shorter. We measured the shortest 

emission decay rates for our cyclometalated platinum dithiolates compared to the 

catecholates and the diketonate analogs. Thus, LL’CT character, magnetic exchange 

coupling, and the energy gap between Dtrip and quartet are controlling the lifetimes of 

these cyclometalating platinum complexes.  

             Because of the radical elaboration, these cyclometalated Pt(II) catecholate 

complexes are expected to be MCD active, and hence a detailed analysis of the doublet 

excited manifold can be performed using the MCD results coupled with theoretical 

calculations in the future. Due to the paramagnetic nature of these complexes, they can 

be studied by TREPR to obtain insight into spin polarization effects. 
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Chapter 4 

Excited State Properties and Solvatochromism of  Square Planar Platinum (II) Bipyridine-

Napthalene-1,2-diol Complex 

4.1  Background 

            Platinum(II) dimine catecholates have been studied as attractive candidates for 

many light-driven applications such as sensitizers in dye-sensitised solar cells, 

chemosensors, etc.1,2,3,4,5. Many catechol ligands have already been studied with many 

other transition metal ions such as Ru(II), Os(II), etc. for their rich electrochemistry that 

derives from the non-innocent behavior of the ligand which also includes oxidized  

semiquionone and quinone forms. However, diimine platinum catecholate chemistry has 

been given limited attention1,3,6,7. An advantate is that the photophysical and 

elecrochemical properties of diimine Pt(II) complexes can easily be tuned by ligand 

modifications. 

            Mixed-ligand Pt(II) diimine systems are mostly nonemissive in solution at room 

temperature due to the prescence of low lying ligand field “d-d” metal centered states.8 

These low-lying metal centered d-d states increases the efficiency of nonradiative decay 

processes8. To overcome the problem of efficient non-radiative dacay pathways, two 

major strategies have been applied. The first strategy is to raise the energy of the metal 

centered d-d states by introducing strong ligand field ligands such as chelating ligands 

(cyclometalating ligands)9,10. The second technique is to change the charge-transfer 

character of emissive excited states via modification of ligands by tuning to longer  
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lifetime or higher quantum yields.8 Moussa et al. reported that diimine platinum 

catecholate (O,O) is non-luminescent in degassed solutions at room temperature but 

luminescent at 77K in a 1:4 ethanol-methanol mixture8. 

             Earlier studies in our lab involved diimine Pt dioxolenes where simple diimine 

platinum catecholate was observed to be non-luminiscent due to the high effective 

symmetry (C2v) of the complex (Figure 4.1)9. However, when one of the donor atoms was 

changed for O to S or Se, then anisotropic covalency induced the rotation of the metal d 

orbital towards the softer heteroatom and enhanced the spin orbit coupling effect.  

𝐾𝑖𝑠𝑐 ∝ < 𝑆𝑛|𝐿𝑥|𝑇𝑛 >2/∆𝐸𝑠𝑡
2                                                                                                     4.1  

            Thus, the intersystem crossing rate is increased by increasing the spin-orbit matix 

element in the numerator and by decreasing the energy gap between singlet and triplet 

states. 

 

Figure 4.1:  Non-emissive (O, O) complex (left) and emissive (O, S) complex (right). 

        The photophysical behavior of these two molecules can be understood by the 

Jablonski diagram as shown in Figure 4.2. 
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Figure 4.2: Jablonski diagram showing the photophysical properties for (O, O) and (O, S) 

complexes. This system was previously studied by Yang et al. in our research lab.11,12 

         In this case, the LL’CT charge transfer band does not change significantly with 

changing the donor atom but the lifetime of the excited state changes dramatically. The 

(O,O) system does not access the triplet state as there is no spin-orbit matrix element that 

effectively connects the S1 and T1 states. So, for the (O,O) complex there is rapid 

nonradiative deexcitation to ground state, while for (O, S) ISC occurs providing access to 

the triplet excited state.  
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Figure 4.3: A diagram showing metal d-orbital rotation in the (O, S) complex, but no orbital 

rotation in (O,O). 11,12 

               The (O, S) molecule has a rotation of the d(xz) orbital in the HOMO directed 

toward the softer donor atom, while there is no rotation in the LUMO, which is localized 

on the bpy ligand. Hence, based on the heteroatom dependency of singlet-triplet energy 

gaps and anisotropic covalency, the (O, O) molecule is observed to be non-luminescent in 

nature. 

             Here, we are changing the electronic structure of the donor ligand from 1,2-

dihydroxy-benzene to 1,2-dihydroxy-naphthalene in order to tune the photophysical 

properties of the diimine platinum catecholate complex. The addition of one benzene ring 

to the donor ligand gives an extended conjugation to the donor ligand and creates an 

unsymmetrical donor as well. 
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Figure 4.4:  Molecular structure of Pt(II) diimine  with naphthalene-1,2-diol as the donor 

ligand. 

4.2 Synthesis and Characterization 

              First, the dichloro precursor was prepared by heating the mixture of 4,4’-di-tert-

butyl-2,2’-bipyridine with potassium tetrachloroplatinate in 1:1 equivalent in 3M 

hydrochloric acid solution. This is an already established method in our lab for 

synthesizing the dichloro derivative of Pt(II) diimine complexes.11,12 The dichloro 

precursor was then subjected to the next reaction with naphthalene-1,2-diol in the 

presence of a base to obtain the desired product. The complex was purified by column 

chromatography and collected in good yield as a bluish black solid that was soluble in 

most organic solvents. A detailed synthetic procedure and characterization data are given 

in the experimental procedure section (Appendix B). Starting materials are commercially 

available from Sigma-Aldrich and were used in the reaction directly. 

 



143 
 

Figure 4.5: Scheme for the synthesis of (bpy)Pt(ND). 

4.3  Electronic Absorption Spectra 

              The electronic absorption spectrum was collected in dichloromethane solution at 

room temperature and is shown in Figure 4.6 as a function of energy. The room 

temperature absorption spectrum shows a structureless broad band at 16,600 cm-1 (610 

nm) with an extinction coefficient of 12,600 M-1cm-1 in dicloromethane (Figure 4.6). This 

lowest energy band is characterised as the LL’CT band since this band is absent in the 

dichloro precursor. 
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Figure 4.6: Room temperature electronic absorption spectrum of (bpy)Pt(ND) in 

dichloromethane.  

 

 

Figure 4.7: Molecular structures of (bpy)Pt(ND) and (bpy)Pt(Cat). 

          The energy of the lowest energy absorption band for (bpy)Pt(ND) is not significantly 

different from that of (bpy)Pt(Cat), but the this band in (bpy)Pt(ND) is more intense than 

that observed for (bpy)Pt(Cat) (Figure 4.8). Based on DFT and TD-DFT calculations, the 

lowest energy absorption band in the visible region can be assigned as LL’CT in character. 
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Figure 4.8: An overlay of electronic absorption spectra of (bpy)Pt(Cat) (black) and 

(bpy)Pt(ND) (red) in dichloromethane solution at room temperature. 

 

Figure 4.9: Frontier molecular orbitals of  A. (bpy)Pt(Cat) and B. (bpy)Pt(ND) at the same 

contour values (0.0031). 
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4.4 Emission Spectra and Lifetime Measurements 

              A room temperature steady state emission spectrum has been collected in 

methanol solution. The sample solution was degassed by purging with a flow of nitrogen 

gas for fifteen minutes. The (bpy)Pt(ND) complex was found to be emissive in degassed 

methanol solution when it is excited at 450 nm  (Figure 4.10). 

The (bpy)Pt(Cat) complex with the catecholate ligand is non-emissive at room 

temperature, but when this catecholate ligand is replaced by napthalene-1,2-diol, the 

(bpy)Pt(ND) complex becomes emissive. The emissive properties of this complex likely 

derive from breaking the high effective C2V symmetry present in (bpy)Pt(Cat) coupled with 

the extended delocalization within the HOMO of the donor ligand. 
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Figure 4.10: Steady state room temperature emission spectrum for (bpy)Pt(ND) in 

degassed methanol using 450 nm excitation.  

We also measured the emission decay rate of this molecule and emission decay rate was 

best fit by a bi-exponential expression with a short component of 1.31 ns and long 

component of 5.72 ns as seen in Figure 4.11. 
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Figure 4.11: Room temperature emission decay rate of (bpy)Pt(ND) in degassed methanol 

at 610 nm using a 450 nm diode laser. 
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4.5 Solvatochromism 

          Solvatochromism is the character of a molecule (e.g., organic dye) where a color 

change is observed when it interacts with solvents of different polarities. Positive 

solvatochromism is a red shift (bathochromic shift) with increasing solvent polarity while 

negative solvatochromism is characterized by a blue shift with increasing solvent polarity 

and vice versa. Solvatochromism of a compound is observed in its absorption and 

emission spectra as changes in the band energies, band intensities, and band shapes. The 

changes in the color of the solution and the energy of the charge transfer absorption 

bands in different solvents of different polarities are the indications of solvatochromic 

behavior in molecules. In these systems, the ground state and excited state dipole 

moments of a molecule are different, and hence they interact differently with solvents of 

different polarities in order to stabilize the molecules. Thus, solvatochromism can give 

ground and excited state dipole moment estimations.14 Pt(II) catecholates are known to 

show negative solvatochromism, i.e. the energy band shifts to lower energy (higher 

wavelength) with less polar solvents2,13,14. The electronic absorption spectra of this 

molecule was collected in different solvents of different polarities (Table 4.1). 

Solvents ʎmax (nm) 

Toluene 705 

THF 655 

CH2Cl2 610 

Acetone 600 
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DMSO 570 

CH3CN 560 

MeOH 525 

 

Table 4.1: Wavelength maxima of the LL’CT charge transfer bands for (bpy)Pt(ND) in 

different solvents. 

         The positions of the lowest energy absorption bands in seven different solvents show 

that this molecule is displaying negative solvatochromism (red shift with less polar 

solvent). The lowest energy absorption maximum is blue shifted with increasing polarity, 

from toluene at 705 nm to 525 nm in methanol (Figure 4.12).  The blue shift of the band 

maxima with increasing polarity indicates that this complex has a polar ground state and 

less polar excited state. 
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Figure 4.12: An overlay of electronic absorption spectra for (bpy)Pt(ND) in different 

solvents. 

          A linear correlation is found between the energy of the charge-transfer band and 

the solvent polarity parameter. The slope of the plot of the energy of the lowest 

absorption band versus solvent parameter is the value of the solvatochromic shift (4,311 

cm-1) as shown in Figure 4.13. The solvent parameter data were obtained from reference 

6. Only the lowest energy absorption band (charge transfer band) of this complex is highly 

solvatochromic, while other absorption bands are observed to shift less. 
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Figure 4.13: A linear correlation plot of the energy of LL’CT charge transfer maxima versus 

solvent parameter for (bpy)Pt(ND). 

4.6  Discussion and Future Directions 

              The (bpy)Pt(ND) complex has been synthesized and characterized by mass 

spectrometry, NMR, and elemental analysis. The lowest energy band at 610 nm can be 

assigned as an LL’CT transition based on the our computations and the results of similar 

molecules studied previously in our lab. Here, changing the donor ligand from 1,2-

dihydroxybenzene to 1,2-dihydroxynaphthalene does not significantly change the energy 

of the charge transfer band, but does increse the exctinction coefficient of this band with 

a molar absoptivity of ~12,500 M-1cm-1. This change of the donor ligand from 1,2-

dihydroxy benzene to 1,2-dihydroxynaphthalene also changes the excited state 
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properties and molecule in that it becomes emissive in nature. TDDFT calculations on  

(bpy)Pt(ND) suggests that the lowest singlet/triplet (S1/T1) transition is a HOMO to LUMO 

and the next lowest singlet/triplet (S2/T2) transition is dominated by a HOMO to LUMO+1 

one-electron promotion. The T3 and T4 transitions can be assigned as HOMO-1 → LUMO. 

In these (bpy)Pt(Cat) and (bpy)Pt(ND) systems, the LUMOs are predominantly localized 

on the diimine ligands and these orbitals possess the C2v character of the free ligand. 

However, the HOMO and HOMO-1 of (bpy)Pt(ND) are not symmetric, and hence the 

mixing of d-orbital character increases the nonradiative ground state recovery rate. The 

CASSCF method was used to calculate the SOC matrix element between lowest triplet 

states (T1) and the electronic ground state (S0) for (bpy)Pt(Nd) along with (bpy)Pt(O,O), 

(bpy)Pt(O,S) for comparision purposes. We have applied an intensity-weighted average 

lifetime for (bpy)Pt(ND) in the table below 15.  

 

Compounds SOC-Matrix 

Element 

LL’CT Energy Lifetime 

(bpy)Pt(O,O)           0 cm-1 16,880 cm-1 (592 nm) 0.6 ns 

(bpy)Pt(ND)           9.83 cm-1 16,600 cm-1 (610 nm) 4.0 ns 

(bpy)Pt(O,S)           67.01 cm-1 17,750 cm-1 (564 nm) 46 ns 

 

Table 4.2: Calculated SOC matrix elements that connect the lowest triplet states (T1) and 

the electronic ground states (S0), using CASSCF(4,3) method.16  
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           Here, the CASSCF calculated matrix element for (bpy)Pt(ND) is nonzero but is very 

small. The (bpy)Pt(ND) complex has a very small SOC matrix element that connects the 

lowest triplet state (T1) and the electronic ground state (S0) and, shorter lifetime 

compared to (bpy)Pt(O,S), but a longer lifetime when compared to that of (bpy)Pt(Cat). 

This CASSCF calculation is showing a increasing trend of lifetimes with increasing SOC 

matrix elements. Finally, future work will focus on the effects of a radical substituent on 

photophysical properties of this molecule (Figure 4.14). 

 

Figure 4.14: A proposed radical appended complex. 
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Appendices    

Appendix A: 

 Experiments and Methods 

A.1 Reagents : All the starting materials were purchaged from the commercial sources 

and used them directly without further purification. Potassium Tetrachloroplatinate(II) , 

1,2-Benzenedithiol, 2-Ethoxyethanol, Tetrabutylammonium chloride, Lead(IV) oxide, 2-

Phenylpyridine, 2-(2-thienyl)pyridine, GR ACS Anhydrous Methanol were purchased from 

Sigma-Aldrich. 

A.2 Elemental Analysis: Elemental analysis were done by Robertson Microlit 

Laboratories. 

A.3 High Resolution Mass Spectra : Most of the mass spectra  were collected at  

University of New Mexico Mass Spectrometry Facility , Department of Chemistry and 

Chemical Biology.  The mass spectra at UNM Mass Specrometry Facility were collected on 

Xevo G2 XS Quadrupole Time-of-Flight spectrometer coupled with Acquity UPLC H-Class 

plus Ultra Performance LC System . We also collected  mass spectra from The University 

of Texas at Austin Mass Spectrometry Facility. 

A.4 Electronic Absorption Spectra: Elecronic absorption spectra were collected on Hitachi 

U-4100 UV-Vis-NIR double beam spectrophotometer with 1 cm pathlength quartz 

cuvette. This spectrophotometer capable of scanning 250 and 3300nm wavelength region 

was calibrated with reference to the 656.10 nm line of deuterium. All absorption data 
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were collected using a 2.0 nm slit width. All absorption data were collected in 1 cm 

pathlength quartz cells  and  solution samples were prepared by dissolving the sample in 

respective solvents. 

A.5 Electron Paramagnetic Resonanace (EPR): EPR spectra were collected on a Bruker 

EMX  X-band EPR spectrometer with associated Bruker magnet control electronics and 

microwave bridges. Fluid solution X-band EPR data were collected using a microwave 

power of 20 dB or 30 dB. Sample solutions were prepared by dissolving the sample in 

dichloromethane at room temperature. The room temperature EPR data for ligands and 

complexes were simulated in MATLAB in the EasySpin program. 

A.6 Nuclear Magnetic Resonance (NMR) Spectra:  NMR were collected on Avance II 300 

MHz NMR spectrophotometer. Chemical shift is referenced to Tetramethyl silane at 0.0 

delta. 

A.7 Time Resolved Electron Paramagnetic Resonance(TR-EPR) Spectra:  TR-EPR spectra 

in dichloromethane were collected on Bruker EPR 200D-SRC X-band Spectrophotometer. 

These experiments were performed in collaboration with Prof. Art Van der Est, 

Department of Chemistry, Brock University, Canada. 

A.8 Photoluminescence and Emission Lifetime measurements:  photoluminescence and 

life time measurements were performed on an Edinburgh Instruments FLS980 

Fluorimeter. The instrument response time for the FLS980 Fluorimeter is 0.6 ns. For 

lifetime measurements of solution samples, EPL-450 Picosecond pulsed diode laser with 

pulse width 92.8 ps was used. For 77K photoemission and lifetime measurements in liquid 
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nitrogen, samples were dissolved in butyro-nitrile and degassed for 15 minutes by purging 

a flow of nitrogen gass. The degassed samples were kept in a liquid nitrogen dewar 

throughout the measurements.  

A.9 Variable Temperature Emission and Photoluminescence Lifetimes: Variable 

temperature emission and photoluminescence lifetimes of  cyclometalated platinum 

dithiolates  in polystyrene thin films (solid-solution form)  were performed on Edinburgh 

Instruments FLS 980 Fluorimeter and Oxford cryostat.  

Polystyrene thin film samples were prepared by dissolving the samples and the 

polystyrene beads in dichloromethane solvent. This mixture was then cast slowly over the 

glass slide. These films were allowed to dry for one day before being removed from the 

glass slide and then stored in the glove box for a few days. The thin films were mounted 

into the sample holder insert for an Oxford cryostat. The cryostat was placed inside an 

Edinburg FLS 980 fluorimeter and a transferline for liquid helium was connected to it.  

After the sample was properly secured to the end of the sample rod, it is inserted into the 

cryostat perpendicular to the beam path. The sample chamber was pumped and purged 

with helium before a helium tank was connected to the cryostat. The variable 

temperature photoemission measurements were performed using an Oxford 

temperature controller after the thin film samples were thermally equilibrated for a few 

minutes at the target temperature. A flash lamp was used for the emission lifetime 

measurements. 
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Appendix B 

Synthetic Procedures and Characterization 

B.1  Bu4N[(Ppy)Pt(bdt)] 

 

Synthetic procedure for this compound is based on the procedure described by Julia et. 

al. First, the precursor for this compound was synthesized. Potassium 

tetracholroplatinate(II) (0.5mmol, 207.5mg) and 2-phenylpyridine (1.2mmol, 186mg) 

were taken in a long neck flask and purged with nitrogen three times. Then, through a 

needle, the degassed 3:1 mixture of ethoxyethanol and water was added to the reaction 

mixture and heated at 800C for two days. After 2 days, water was added and 

yellow/orange precipitate was filtered. It was dried in air, and followed by in vacuum. This 

solid was washed several times with diethyl ether, cold DCM, and this precursor was 

directly used for the next step without further purification. This procedure was followed 

for the synthesis of precursors  for all other cyclometalated complexes. 

The precursor (108mg, 0.20mmole considering as  monomer structure) was taken in a 

100ml round bottom flask and degassed dichloromethane(20ml) was added to  it. 1,2-

Benzenedithiol (32mg , 0.22mmole) , Tetrabutylammonium chloride (61mg , 0.22mmol) 

and potassium hydroxide (25mg, 0.44mmol)  in a 50ml round bottom flask and degassed 

6 ml methanol was added to it . This solution was added to the flask containing the 
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precursor solution . The reaction mixture slowly turned to reddish orange in color over 

two hours at room temperature under nitrogen. Solvent was evaporated,  the remaining 

solid was dissolved in DCM and filtered. The filtrate was evaporated to half and hexane 

was added to initiate  precipitation of product. This precipitate was washed with diethyl 

ether and crystallized in diethylether/ DCM solution. Yield was 65% . High-resolution MS 

(ESI),  [M]- : 489.0060;   1H NMR (300 MHz, CDCl3, TMS, 250C): δ = 9.25 (d, 1H), 7.96 (d, 

1H), 7.70 (t,1H), 7.62 (d, 1H),7.48 (d, 1H), 7.43,(m, 1H), 7.34(m, 1H), 7.02(m, 2H), 6.91 (m, 

1H), 6.58 (m, 2H), 2.93 (m, 8H), 1.04 (m, 8H), 0.97(m, 8H), 0.67 (m, 12H)  . Proton NMR 

was consistent with the  literature reported data. 

 

Figure B1: MS isotope pattern for [(Tpy)Pt(bdt)]1- complex 

B.2 Bu4N[(Tpy)Pt(bdt)] 
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First, precursor was prepared by heating potassium tetrachloro platinate with 2-2.2 

equivalents of 2-(2-thienyl)pyridine in  a 1:3 mixture of water and 2-ethoxyethanol at 800C 

for two days, and a resulting yellow-orange solid was filtered, and dried in air. It was an 

insoluble  solid and washed with diethyl ether, folllowed by cold dichloromethane and 

used for the next step without further purification. 

This precursor (220mg, 0.40)  in dichloromethane and  a mixture of 1,2-Benzenedithiol 

(62mg , 0.44mmole) , Tetrabutylammonium chloride (122mg , 0.44mmol) and potassium 

hydroxide (49mg, 0.88mmol) in anhydrous methanol were mixed, and the reaction 

mixture color  changed gradually to reddish orange color. The reaction was run for two 

hours, and solvent was then evaporated. The  solid was then dissolved in 

dichloromethane and filtered. The filtrate was evaporated to one half, and hexane was 

added to initiate precipitation of product. This solid was washed several times with cold 

diethyl ether and chloroform. It was then crystallized in diethyl ether/dicholomethane 

solution and dried. Yield was 60%. High-resolution MS (ESI),  [M]- : 494.9614; 1H NMR 

(300 MHz, CDCl3, TMS, 250C): δ =9.03( d,1H), 7.58 (t, 1H), 7.49-7.46 (m, 2H), 7.35-7.32 

(m, 2H), 6.73 (t, 1H), 6.60-6.57 (m, 3H), 2.70 (m, 8H), 1.095( m, 8H), 0.95 (m,8H), 0.68(m, 

12H). 
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Figure B2: MS isotope pattern for [(Ppy)Pt(bdt)]1- complex. 

 

Figure B3: Crystal structure for [(Tpy)Pt(bdt)]1- complex (Crystallography at UNM facility). 

B.3 Bu4N[(PpyIN)Pt(bdt)] 
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First, radical elaborated ligand (PpyNN) was synthesized. 4-(2-pyridyl) Benzaldehyde 

(PpyCHO) was mixed with 1.2 equivalents of BHA [(2,3-dimethyl-2,3-

bis(hydroxyamino)butane] in anyhyrous methanol in a 50 ml round bottom flask and 

stirred for 4 days at room temperature . The volume of the solution was reduced and solid 

was filtered and washed several times with DCM  to get a white solid. This solid was 

directly used for next reaction. This white solid was reacted with excess Pb(IV) oxide 

overnight to get a blue solution. It was filtered and a blue solution was evaporated off.The 

product was purified by column chromatography with 1:1 ethylacetate /hexane  solvent 

mixture and collected as blue crystalline solid. The product was characterized by Mass 

and EPR specroscopy. 

The precursor was synthesized as mentioned above by heating the mixture of potassium 

tetrachloroplatinate and cyclometalating ligand in a 3:1 ratio of 2-ethoxyethanol and 

water for 2 days and collected as yellowish orange solid. The precursor ( 60mg , 

0.057mmole calculated as dimer formation) in dichloromethane and  a mixture of 1,2-

Benzenedithiol (16mg), tetrabutylammonium chloride (32mg ) and potassium hydroxide 

(8mg) in anhydrous methanol were mixed and reaction mixture color was changed 

gradually to reddish orange color. The reaction was run for two hours and solvent was 
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evaporated. The solid was dissolved in dichloromethane, and filtered. The filtrate was 

evaporated to one half and hexane was added to get the precipitate. This solid was 

washed several times with cold diethyl ether and chloroform. It was then subjected to 

alumina column with  2% methanol and dichloromethane mixture.Yield was 33%. ESI MS 

: [M]- 628.093;  EPR (X-Band, DCM, 298K): g= 2.0045, aN= 25.8 MHz and 12.6MHz. 

Elemental analysis : calculated for C40H59N4OPtS2.CH2Cl2: C 51.51, H 6.43, N 5.86 found: C 

51.38, H 5.94, N 5.63 

 

Figure B4: Mass spectra for [(PpyIN)Pt(bdt)]1- complex. Isotope pattern (computed above 

and experimental below) 

 

B.4 Bu4N[(PpyIN)Pt(Cat)] 
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The precursor was synthesized by heating the mixture of Potassium tetracholroplatinate 

and cyclometalating ligand (PpyNN) in a 3:1 ratio of 2-ethoxyethanol and water for 2 days 

and collected as yellowish orange solid. The precursor ( 60mg , 0.057mmole calculated as 

dimer formation) in dichloromethane and  a mixture of catechol (13mg), 

Tetrabutylammonium chloride (32mg ) and potassium hydroxide (8mg) in anhydrous 

methanol were mixed and reaction mixture color was changed gradually to reddish 

orange color. The reaction was run for two hours and solvent was evaporated. Then, solid 

was disolved in dichloromethane and filtered. The filtrate was evaporated to one half and 

hexane was added to get the precipitate. This solid was washed several times with cold 

diethyl ether and chloroform. It was then subjected to alumina column with  2% methanol 

and dichloromethane mixture. Yield was 30%. ESI MS: [M]- 596.139; EPR (X-Band, DCM, 

298K): g= 2.0046, aN= 25.8 MHz and 12.6MHz. Elemental analysis: calculated for 

C40H59N4O3Pt.CH2Cl2: C 53.30, H 6.65, N 6.06 found: C 53.54, H 6.92, N 6.20 
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Figure B5: Mass spectra for [(PpyIN)Pt(Cat)]1- complex. Isotope pattern (computed above 

and experimental below) 

B.5 Bu4N[(TpyIN)Pt(bdt)] 

 

First, radical elaborated ligand (TpyNN) was synthesized. 5-(Pyridin-2-yl)thiophen-2-

carboxyaldehyde (TpyCHO) was mixed with 1.2 equivalents of BHA [(2,3-dimethyl-2,3-

bis(hydroxyamino)butane] in anyhyrous methanol in a 50 ml round bottom flask and 

stirred for 4 days at room temperature . The volume of the solution was reduced and solid 



168 
 

was filtered and washed several times with DCM  to get a white solid. This solid was 

directly used for the next reaction. This white solid was reacted with excess Pb(IV) oxide 

overnight to get a green blue solution. It was filtered and the remaining solution was 

evaporated.The product was purified by column chromatography with 1:1 ethylacetate 

/hexane  solvent mixture and collected as blue-green crystalline solid. The product was 

characterized by Mass and EPR spectroscopy. 

The precursor was synthesized as mentioned above by heating the mixture of potassium 

tetrachloroplatinate and cyclometalating ligand in a 3:1 ratio of 2-ethoxyethanol and 

water for 2 days and collected as yellowish orange solid. The precursor ( 65mg , 

0.06mmole calculated as dimer formation) in dichloromethane and  a mixture of 1,2-

Benzenedithiol (17.5mg), Tetrabutylammonium chloride (34mg ) and potassium 

hydroxide (14mg) in anhydrous methanol were mixed and reaction mixture color changed 

gradually to red-orange color. The reaction was run for two hours and solvent was 

evaporated. Then, solid was disolved in dichloromethane and filtered. The filtrate was 

evaporated to one half and hexane was added to get the precipitate. This solid was 

washed several times with cold diethyl ether and chloroform. It was then subjected to 

alumina column with  2% methanol and dichloromethane mixture.Yield was 36%.  ESI MS: 

[M]- 635.0574 ; EPR (X-Band, DCM, 298K): g= 2.0045, aN= 25 MHz and 13 MHz, and 

elemental analysis : calculated (%) for C38H57N4OPtS3.CH2Cl2 : C 48.69, H 6.18, N 5.82; 

found:  C 49.12, H 6.21, N 5.56. 
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Figure B6: Mass spectra of [(TpyIN)Pt(bdt)]1-: Isotope pattern (Computed above and 

experimental below) 

 

B.6 Bu4N[(TpyIN)Pt(Cat)] 

 

The precursor was synthesized as mentioned above by heating the mixture of potassium 

tetrachloroplatinate and cyclometalating ligand (TpyNN) in a 3:1 ratio of 2-ethoxyethanol 

and water for 2 days and collected as yellowish orange solid. The precursor ( 65mg , 

0.06mmole calculated as dimer formation) in dichloromethane and  a mixture of catechol 
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(13.2mg), Tetrabutylammonium chloride (34mg ) and potassium hydroxide (14mg) in 

anhydrous methanol were mixed and reaction mixture color  changed gradually to orange 

color. The reaction was run for two hours and solvent was evaporated. Then, solid was 

disolved in dichloromethane and filtered. The filtrate was evaporated to one half and 

hexane was added to get the precipitate. This solid was washed several times with cold 

diethyl ether and chloroform. It was then subjected to alumina column with  2% methanol 

and Dichloromethane mixture. Yield was 29%.  ESI MS: [M]- 603.103 ,  EPR (X-Band, DCM, 

298K): g= 2.0046, aN= 26 MHz and 13 MHz, and Elemental analysis : calculated (%) for 

C38H57N4O3PtS.CH2Cl2 :  C 50.37, H 6.40, N 6.02 found: C 49.99, H 6.12, N 5.57. 

 

Figure B7: Mass spectra of [(TpyIN)Pt(Cat)]1-: Isotope pattern (Computed above and 

experimental below) 
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B.7 (bpy)Pt(ND) 

 

First, (t-Bu2bpy) Pt(Cl2),  was prepared according to literature procedures. 4,4’-di-tert-

butyl-2,2’-bipyridine (0.2 mmol) and potassium tetrachloroplatinate (0.2mmol) were 

mixed in a RB flask with 20ml (3MHCl) and refluxed overnight. A bright yellow precipitate 

was collected, filtered, and dried. It was then washed with water, ethanol, diethyl ether 

and hexane. It was used for the next reaction without further purification.  

A mixture of 1,2-Naphthalenediol (0.5 mmol, 80mg) and potassium hydroxide (1.2 mmol, 

67mg) were mixed in a flask with 1:1 mixture of degassed methanol and dichloromethane 

and stirred for 30 mins. This mixture was mixed with one equivalent of (t-Bu2bpy) Pt(Cl2) 

in dry methanol and refluxed for one day. Reaction mixture was cooled to room 

temperature and hexane was added to get the precipitate. This crude solid was subjected 

to column chromatography and eluted with 2% methanol in dichloromethane. Product 

was collected as blue-black solid. Yield was 60%. ESI-MS(m/z): calculated forC28H30N2O2Pt:  

621.20  found: 621.19 [M]+. 1H NMR (300 MHz, CDCl3, TMS, 250C): δ = 9.15 (d, 1H), 

9.05(d,1H), 9.62 (d, 1H) , 7.52(S, IH), 7.42 (d,2H), 7.31 (m , 2H), 7.28 (m, 2H), 7.02 (m, 2H), 
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1.44 (s, 9H), 1.35 (s, 9H); Elemental analysis: calculated (%) for C28H30N2O2Pt: C 54.10, H 

4.86,N 4.51 found C 54.07, H 4.71, N 4.21.  

 

Figure B8: Mass spectra of (bpy)Pt(ND): Isotope pattern (Computed above and 

experimental below) 

 

B.8 BHA [(2,3-dimethyl-2,3-bis(hydroxyamino)butane] 

 

BHA was synthesized following a reported procedure (J. Org. Chem. 2014,69,475). A 

mixture of aluminium foil (4.25mmol, 115mg) and 3% aqueous mercuric chloride (2.5ml , 

0.28mmol) was stirred for 5 mins at room temperature. Then, liquid was removed and 
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solid portion was washed with water and THF three times. This aluminium amalgam was 

covered with 10ml THF and 1ml water and cooled to 00C. 2,3-dimethyl-2,3-dinitrobutane 

(0.149g, 0.85mmol) in 12 ml THF was added to it and stirred for 2 hours. It was filtered on 

celite and the filtrate was evaporated to get white solid. It was washed with cold 

methanol to get the product (61%). This is used as precursor for the synthesis of radical 

ligand. 

 

Appendix C   

Computational  

DFT and TDDFTcalculations were done using a hybrid functional, B3LYP, and TZVP basis 

set for the all atoms in the complexes. For CASSCF calculations the Zeroth Order 

Relativistic Approximations (ZORA) was used  for the transition metals for all complexes. 

For all radical-elaborated complexes, the spin unrestricted B3LYP hybrid functional was 

employed using the ORCA 4.0.0.2 program package. The molecule builder function in the 

Gaussview 03 software package was used in generation of input files for all calculations. 

XYZ-coordinates: 

[(PpyIN)Pt(bdt)]1- 

* xyz -1 2 (charge and Multiplicity) 

  C       0.980033      3.154186      0.018450 

  C       3.323982      2.927038      0.063443 

  C       3.507613      4.299868      0.060446 

  C       2.380895      5.136836      0.034173 
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  C       1.123369      4.551877      0.013521 

  H       4.170397      2.238797      0.083764 

  H       4.520667      4.702584      0.078697 

  H       2.488923      6.223023      0.031049 

  H       0.225983      5.171111     -0.005684 

  C       3.942164     -2.070989     -0.019020 

  C       5.126009     -2.836434     -0.050020 

  C       2.693784     -2.744655     -0.010672 

  C       5.084987     -4.227455     -0.070919 

  H       6.084737     -2.311496     -0.057347 

  C       2.667998     -4.153046     -0.031505 

  C       3.847022     -4.891723     -0.061587 

  H       6.016358     -4.798550     -0.094913 

  H       1.698396     -4.658164     -0.024179 

  H       3.805841     -5.983357     -0.078158 

  N       2.101060      2.345152      0.041664 

  Pt      1.752122      0.329110      0.035618 

  C      -0.145665      1.000030      0.032196 

  C      -1.342872      0.263940      0.042882 

  C      -0.271085      2.425277      0.007685 

  C      -2.606151      0.878972      0.005948 

  H      -1.312155     -0.827255      0.076335 

  C      -1.536267      3.044170     -0.026863 

  C      -2.697969      2.290192     -0.038468 

  H      -1.617716      4.134419     -0.050022 

  H      -3.671989      2.772388     -0.087176 

  C      -3.794610      0.018236      0.052482 

  C      -6.077249     -0.611393     -0.041676 

  C      -5.117985     -1.814931      0.257810 

  N      -5.053703      0.417959     -0.442875 

  N      -3.808824     -1.191982      0.544286 

  O      -5.386081      1.517412     -0.993110 

  C      -7.092368     -0.794233     -1.163366 

  H      -7.848907     -1.536269     -0.869196 

  H      -7.596739      0.162575     -1.358454 

  H      -6.621532     -1.124925     -2.097198 

  C      -6.778416     -0.048431      1.204977 

  H      -7.225852      0.922679      0.947528 

  H      -7.576467     -0.721329      1.549421 

  H      -6.068311      0.105206      2.028776 

  C      -4.904958     -2.723355     -0.968867 

  H      -4.101437     -3.435763     -0.738881 

  H      -5.815791     -3.287468     -1.221732 

  H      -4.591269     -2.140826     -1.846287 

  C      -5.537892     -2.681241      1.447469 

  H      -6.512528     -3.162958      1.270814 

  H      -4.785428     -3.468316      1.595682 
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  H      -5.594533     -2.099738      2.375939 

  S       1.187998     -1.848200      0.021982 

  S       4.003633     -0.325530      0.006000 

* 

 

 

[(TpyIN)Pt(bdt)]1- 

* xyz -1 2 

  Pt     -1.791092      0.330667     -0.005692 

  C       0.203426      0.543316     -0.000578 

  N      -1.655503      2.393473      0.030616 

  S      -4.121465      0.220756      0.000542 

  S      -1.732176     -1.914610     -0.041049 

  C      -0.365004      2.907220      0.050252 

  C      -2.692805      3.258470      0.037729 

  C      -2.531852      4.635967      0.064713 

  C      -1.231586      5.169404      0.086207 

  C      -0.153223      4.299493      0.078871 

  C       0.625243      1.884461      0.034450 

  S       2.353970      2.082172      0.050659 

  C       2.553728      0.346263      0.008810 

  C       1.332820     -0.319172     -0.017225 

  C       3.904496     -0.161996      0.012197 

  N       4.975432      0.586131      0.138106 

  C       6.168246     -0.261805     -0.072192 

  C       5.663509     -1.728460      0.166177 

  N       4.197912     -1.530182     -0.121136 

  C       6.221076     -2.816470     -0.743702 

  C       5.751696     -2.181082      1.632416 

  C       6.624522     -0.022233     -1.524873 

  C       7.286900      0.181734      0.873717 

  O       3.394013     -2.506770     -0.251163 

  C      -4.463078     -1.491856     -0.020622 

  C      -3.404742     -2.436939     -0.038214 

  C      -3.707229     -3.813303     -0.053161 

  C      -5.025580     -4.257433     -0.050820 

  C      -6.075860     -3.323656     -0.033800 

  C      -5.792835     -1.961449     -0.019235 

  H      -2.881392     -4.529529     -0.066421 

  H      -5.239284     -5.328787     -0.062067 

  H      -7.114493     -3.663167     -0.031726 
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  H      -6.603906     -1.228880     -0.005667 

  H      -3.683177      2.800427      0.020695 

  H      -3.413471      5.277067      0.068604 

  H      -1.071717      6.249123      0.107677 

  H       0.872345      4.672197      0.093826 

  H       1.277973     -1.405777     -0.050338 

  H       6.118553     -2.562101     -1.805549 

  H       5.671920     -3.752038     -0.567354 

  H       7.284757     -2.987631     -0.522734 

  H       5.155690     -3.096490      1.755084 

  H       5.352052     -1.414561      2.310113 

  H       6.791446     -2.396781      1.917009 

  H       8.191626     -0.431884      0.738360 

  H       6.978322      0.128203      1.925028 

  H       7.543366      1.228036      0.655583 

  H       7.554550     -0.563303     -1.758243 

  H       5.847841     -0.325388     -2.240703 

  H       6.801440      1.053523     -1.661795 

* 

[(PpyIN)Pt(Cat)]1- 

* xyz -1 2 

  C       1.368187     -2.953127     -0.026789 

  C       3.684280     -2.457510     -0.035123 

  C       4.014656     -3.803107     -0.032710 

  C       2.986694     -4.759908     -0.026939 

  C       1.667631     -4.322900     -0.023664 

  H       4.430597     -1.661348     -0.037859 

  H       5.065263     -4.094720     -0.034995 

  H       3.216797     -5.826827     -0.025000 

  H       0.845682     -5.039852     -0.018815 

  C       3.755622      2.023636      0.018982 

  C       4.887435      2.860926      0.050325 

  C       2.451701      2.622429      0.010260 

  C       4.740937      4.250706      0.069374 

  H       5.876332      2.394973      0.058261 

  C       2.323611      4.020305      0.028851 

  C       3.463067      4.830169      0.058827 

  H       5.628741      4.888012      0.093159 

  H       1.319170      4.450544      0.020661 

  H       3.354789      5.917403      0.073993 

  N       2.399461     -2.026973     -0.032608 

  Pt      1.899844     -0.118323     -0.029275 

  C       0.097870     -0.903197     -0.041291 

  C      -1.130825     -0.225191     -0.054373 
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  C       0.060806     -2.333952     -0.027760 

  C      -2.355490     -0.916028     -0.030809 

  H      -1.144600      0.865760     -0.077079 

  C      -1.164135     -3.025013     -0.010087 

  C      -2.365347     -2.331552     -0.001271 

  H      -1.183791     -4.118747      0.002528 

  H      -3.313057     -2.864393      0.037337 

  C      -3.594793     -0.126310     -0.071769 

  C      -5.903635      0.371505      0.028293 

  C      -5.013600      1.633132     -0.245955 

  N      -4.825413     -0.606646      0.409823 

  N      -3.671768      1.091077     -0.545368 

  O      -5.101878     -1.740335      0.931025 

  C      -6.927655      0.476131      1.152259 

  H      -7.725164      1.180800      0.873946 

  H      -7.377086     -0.511330      1.328119 

  H      -6.475305      0.812418      2.093239 

  C      -6.573658     -0.202656     -1.230465 

  H      -6.968941     -1.201087     -0.992842 

  H      -7.405725      0.433784     -1.564108 

  H      -5.854885     -0.302937     -2.055181 

  C      -4.850771      2.523931      1.001504 

  H      -4.096638      3.292633      0.785103 

  H      -5.793725      3.021856      1.275783 

  H      -4.493277      1.940399      1.861300 

  C      -5.487478      2.501939     -1.413516 

  H      -6.491255      2.914502     -1.224416 

  H      -4.786642      3.338968     -1.539897 

  H      -5.507476      1.942154     -2.356850 

  O       3.828636      0.698780     -0.002225 

  O       1.385945      1.811522     -0.012696 

* 

 

[(TpyIN)Pt(Cat)]1- 

* xyz -1 2 

  Pt     -1.959047      0.152545     -0.012740 

  C      -0.025328      0.475233     -0.028592 

  N      -1.972570      2.139840     -0.029137 

  C      -0.735891      2.784498     -0.037137 

  C      -3.100602      2.886517     -0.031032 

  C      -3.077212      4.273388     -0.040461 

  C      -1.839060      4.940524     -0.048329 

  C      -0.672736      4.187738     -0.046425 

  C       0.330460      1.840653     -0.035467 
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  S       2.042553      2.123427     -0.041347 

  C       2.329467      0.393948     -0.037470 

  C       1.142764     -0.332929     -0.033626 

  C       3.701068     -0.048764     -0.026656 

  N       4.742717      0.736416      0.096809 

  C       5.971283     -0.061217     -0.100814 

  C       5.528606     -1.545897      0.146165 

  N       4.058205     -1.411153     -0.149839 

  C       6.135050     -2.615507     -0.754096 

  C       5.630029     -1.983752      1.615986 

  C       6.426794      0.187316     -1.552044 

  C       7.062310      0.437586      0.849910 

  O       3.296612     -2.416024     -0.280031 

  C      -4.287846     -1.437480      0.027775 

  C      -3.186561     -2.349460      0.026657 

  C      -3.423621     -3.731263      0.045989 

  C      -4.735487     -4.220940      0.066822 

  C      -5.817994     -3.332029      0.068249 

  C      -5.596791     -1.949807      0.048839 

  H      -2.564344     -4.406753      0.044460 

  H      -4.910899     -5.299556      0.081951 

  H      -6.841342     -3.716175      0.084686 

  H      -6.431102     -1.243054      0.049892 

  H      -4.026800      2.308964     -0.024076 

  H      -4.019491      4.821719     -0.041607 

  H      -1.793472      6.030995     -0.055833 

  H       0.307588      4.667678     -0.052303 

  H       1.131254     -1.420583     -0.037304 

  H       6.025320     -2.373644     -1.818152 

  H       5.627480     -3.573151     -0.572257 

  H       7.204300     -2.738857     -0.528615 

  H       5.080178     -2.927083      1.743200 

  H       5.190178     -1.233788      2.287147 

  H       6.677659     -2.146247      1.906749 

  H       7.991519     -0.141565      0.730607 

  H       6.745408      0.383789      1.898642 

  H       7.279277      1.490581      0.622042 

  H       7.381841     -0.313499     -1.773029 

  H       5.670263     -0.155491     -2.271524 

  H       6.556942      1.268683     -1.696565 

  O      -4.012234     -0.132554      0.009680 

  O      -1.942441     -1.838715      0.007378 

* 
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(bpy)Pt(ND) 

* xyz 0 1 

  C      -5.395649      0.879486     -0.181242 

  C      -4.010104      1.025441     -0.224937 

  C      -3.454633      2.289616     -0.234982 

  C      -4.298855      3.402355     -0.200908 

  C      -5.662405      3.212041     -0.158204 

  C      -6.115942     -0.380013     -0.165797 

  C      -5.539348     -1.648804     -0.192332 

  C      -6.347068     -2.768652     -0.173371 

  C      -7.733798     -2.604665     -0.127719 

  C      -8.260649     -1.332207     -0.102757 

  H      -3.378433      0.149348     -0.250675 

  H      -2.380897      2.413845     -0.268752 

  H      -3.902939      4.407844     -0.207407 

  H      -6.374175      4.025751     -0.130238 

  H      -4.464250     -1.749459     -0.227627 

  H      -5.909869     -3.757548     -0.193690 

  H      -8.399671     -3.455628     -0.111658 

  H      -9.322570     -1.131422     -0.067314 

  N      -7.474128     -0.240986     -0.121166 

  N      -6.203766      1.980379     -0.148447 

  Pt     -8.159300      1.626463     -0.087468 

  C     -10.821555      2.348288      0.002911 

  C     -12.237981      2.327877      0.048788 

  C     -10.129033      3.556876     -0.012642 

  C     -12.978603      1.124000      0.065983 

  C     -12.934040      3.577217      0.078531 

  C     -10.825440      4.780370      0.016912 

  C     -14.350000      1.145947      0.110659 

  H     -12.439687      0.186512      0.043129 

  C     -14.346475      3.557027      0.124288 

  C     -12.196684      4.788150      0.061475 

  H     -10.255474      5.701109      0.003630 

  C     -15.042663      2.374032      0.140158 

  H     -14.876508      4.502457      0.146887 

  H     -12.735746      5.727353      0.084316 

  O     -10.095197      1.219665     -0.027054 

  O      -8.786128      3.502547     -0.056660 

  H     -16.124943      2.380686      0.175348 

  H     -14.906397      0.216702      0.123429 

* 
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Appendix D  
Cyclometalating ligands 
(PpyNN and TpyNN ligands) 
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Figure D1: Room temperature X-band EPR spectra of PpyNN in DCM  
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Figure D2: Room Temperature X-band EPR spectra of TpyNN in DCM 
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Figure D3: Room temperature absorption and emission overlay of PpyNN in DCM 
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Figure D4: Room temperature absorption and emission overlay of TpyNN in DCM 
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Appendix E 

UV-Vis and Emission data of platinum complexes. 
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Figure E1: Overlay of RT absorption spectra of [(Tpy)Pt(bdt)]1- (black) and parent 

[(Ppy)Pt(bdt)]1- (red) . 
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Figure E2: Overlay of RT absorption spectra for parent molecule [(Tpy)Pt(bdt)]1-(black) and 

radical elaborated molecule [(TpyIN)Pt(bdt)]1- (red). 
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Figure E3: Overlay of RT absorption spectra for parent molecule [(Ppy)Pt(bdt)]1- (black) 

and radical elaborated molecule [(PpyIN)Pt(bdt)]1- (red). 
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Figure E4: Room temperature absorption spectrum of Parent [(Tpy)Pt(bdt)]1- 
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Figure E5: Emission intensity vs Temperature plot for [(PpyIN)Pt(bdt)]1- in a polystyrene 

thin film. 
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Figure E6: Emission intensity vs Temperature plot for [(TpyIN)Pt(bdt)]1- in a polystyrene 

thin film. 
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