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 This dissertation deals with two major topics that involve spectroscopic studies of 

(a) divalent group 10 metals and (b) silver(I)-phosphine complexes. The scope of the 

work involved the delineation of the electronic structure of these complexes in different 

environments and their use in electronic devices.  

 The first topic is a look at the luminescence of tetrahedral silver(I)-phosphine 

complexes. Broad unstructured emissions with large Stokes shifts were found for these 

complexes. Computational analysis of the singlet and triplet state geometries suggests 

that this emission is due to a Jahn-Teller type distortion. 

 The second topic represents the major thrust of this research, which is an 

investigation into the electronic structure of M(diimine)X2 (M= Pt(II), Pd(II), or Ni(II); X = 

dichloro, or dithiolate ligands) complexes and their interactions with an electron 

acceptor or Lewis acid. Chapter 3 assesses the use of some of these complexes in dye 

sensitized solar cells (DSSCs); it is shown that these complexes may lead to a viable 

alternative to the more expensive ruthenium-based dyes that are being implemented 

now.  Chapter 4 is an investigation into donor/acceptor pairs involving this class of 

complexes, which serves as a feasibility test for the use of these complexes in organic 

photo-voltaics (OPVs) and thin-film field-effect transistors (OTFTs). The mixing of a 

donor Pt molecule with an electron deficient nitrofluorenone gives rise to new absorption 

bands in the NIR region. Computational studies of one of the solids suggest that these 



complexes may have metallic behavior. Chapter 5 demonstrates association in solution, 

previously unobserved, for Pt(diimine)Cl2 complexes. This chapter is an investigation 

into the effects of the association mode for this class of complexes on the absorption 

and emission properties. One of the complexes was used as the emitter in organic light 

emitting diodes (OLEDs). The results of this study show that these complexes have 

tunable absorption and emission energies that are concentration dependant. The 

concentration dependence of the absorption and emission energies is utilized in the 

OLED device where association enhances the performance. 
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CHAPTER 1 

 

INTRODUCTION 

1.1. Overview of This Dissertation 

1.1.1. Chapter by Chapter Overview 

 This dissertation represents part of the work performed by the author 

during his graduate study at UNT that is yet to be published.  The candidate has 

co-authored two other manuscripts that have already been published. Work in 

lieu of these manuscripts is not represented in the following dissertation 

chapters. This dissertation is a study of two separate topics.  

 The first topic, discussed in Chapter 2, is an investigation into the nature 

of the emission of tetrahedral silver(I)-phosphine complexes with various ligands. 

The emissions of these complexes vary with the steric bulk of the ligand system.  

Computational as well as experimental data are used together to determine the 

nature of the emissive state and the excited state structure.  

 The second topic, which encompasses Chapters 3-5, an investigation into 

the spectroscopic properties as well as their potential and realized use of 

platinum, palladium and nickel diimine dithiolate and diimine dichloride 

complexes in energy-saving optoelectronic devices. A better understanding of 

the metal vs. ligand role in the absorption, emission, conductivity, and 

oxidation/reduction properties for both the solids and solutions of these 

complexes is essential for the design of these molecular materials to fulfill the 

requirements needed to make electronic devices. Such as the so-called dye 
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sensitized solar cells (DSSCs; aka: Grätzel cells),1 “organic”a light emitting diodes 

(OLEDs),2 “organic” photo voltaics (OPVs)3, and “organic” thin-film field-effect 

transistors (OTFTs).4 The operational mechanisms, efficiencies, and long-term 

lifetimes of such devices are all primarily governed by the active molecular 

materials being utilized.  

 Chapter 3 is a study that utilizes similar Pt and Pd diimine dithiolate 

complexes in a DSSC, representing a backdrop toward the potential use of an 

economically-valuable Ni-based solar cell dye. Chapter 4 is a look at the 

interaction of a Pt(diimine)dithiolate complex with an organic acceptor molecule 

in solution and the solid state. These types of complexes have potential uses in 

OPVs and as OTFTs. Chapter 5 is a look into π-stacking effects in solution and 

the solid state of Pt(diimine)X2 (X2 = dichloride or a dithiolate ligand). The 

remainder of this introduction chapter surveys the background of the various 

scientific topics that this dissertation addresses in terms of what has been 

accomplished thus far as well as the outstanding problems that the dissertation 

attempts to solve. 

 

1.1.2. Silver Phosphine Complexes and their Luminescence 

 The first topic is a look at the luminescence of phosphine complexes of the 

group 11 metal ion silver(I). Literature studies have focused on cases where 

there are significant argentophillic interactions in the solid state that give rise to 

the emissive behavior of Ag(I) complexes.5 Argentophilic and aurophilic 

interactions have been known for nearly two decades and lead to M•••M 
                                                 
a “Organic” is the convention though “molecular” or “metal-organic” should be used. 
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association mostly in the solid state of two coordinate complexes.6 The class of 

complexes studied in Chapter 2 involves four-coordinate tetrahedral complexes 

with phosphine ligands, which exhibit strong emissions at 77 K. Not much is 

known about the photophysics of these complexes in the literature; thus, the 

investigation in this chapter represents an attempt to fill this void. Metal-centered 

emissions from a monomeric d10 system such as an Au(I) or Ag(I) complex are 

not common without association; which, is known to cause 3M-M excimeric 

emission.5,6  Recent studies by our group (in collaboration with the groups of 

Prof. Tom Cundari and Prof. Angela Wilson) have tackled some rare exceptions 

of metal-centered emission in monomeric three-coordinate gold(I)-phosphine 

complexes.7 It was shown that upon photoexcitation trigonal-planar AuL3 and 

AuL2X complexes distort toward and beyond a T-shape. By varying the steric 

bulk of the ligand, extent of the T-shape distortion could be controlled, hence 

tuning the emission across the visible region. This distortion is attributed to a 

Jahn-Teller type orbital distortion, in which the highest occupied molecular orbital 

(HOMO) of the complex becomes unequally occupied upon photoexcitation, 

causing a change in the geometry of the complex from its trigonal ground state.  

 An intriguing situation addressed in this dissertation involves tetrahedral 

d10 systems, which possess a triply-degenerate HOMO. Although such systems, 

in principle, are amenable to Jahn-Teller distortions, this topic has never been 

investigated for tetrahedral d10 complexes prior to this work as such complexes 

have been suggested to exhibit emissions attributed to ligand centered 

phosphorescence (3LC) as opposed to 3MC.8 To investigate whether 3LC or 3MC 
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are responsible for the phosphorescence of AgL4 complexes, a number of four-

coordinate tetrahedral silver(I) complexes were synthesized in which the steric 

bulk was varied. The complexes were then studied by X-ray crystallography, 

electronic absorption, luminescence, and computational methods.  

 

1.1.3. Use of Pt(II), Pd(II), and Ni(II) Complexes as Solar Cell Dyes 

 In the past decade, much interest has been focused on making solar cell 

dyes based on transition metal complexes.9 These dyes are adsorbed to the 

surface of a wide band gap semiconductor, usually TiO2. This strategy extends 

the absorption range of the solar cell from the UV to the visible range and 

possibly the NIR region. However, the cell would be active only if the dye is 

actually able to inject the excited electron into the conduction band of the TiO2 

following photoexcitation. The injected electron travels through the TiO2 to the 

fluorine-doped surface of the SnO2 substrate where the electron flow creates a 

load (electricity). On the other side of the cell, the electron is then introduced to 

an electrolyte system incorporating an iodide triiodide redox couple that then 

regenerates the ground state of the dye. Grätzel made this type of solar cell 

(DSSCs) famous using fractal films and ruthenium polypyridyl dyes.9(a) 

Concurrent with our efforts,11 other groups demonstrated that one can actually 

use Pt(diimine)(dithiolate) complexes as dyes.9(c-f) There have been only four 

other papers incorporating Pt complexes as solar cell dyes to date. 9(c-f) However, 

the use of such an expensive metal as Pt defeats the main goal of being able to 

make an inexpensive solar cell technology using a molecular dye. One wants to 
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make this type of device in hopes of making a less expensive alternative to 

silicon cells and thus avoid the high cost associated with crystalline silicon. This 

chapter explores the possibility of expanding the same type of dyes to the 

cheaper metals, such as palladium or nickel. The scientific premise for replacing 

Pt is the essentially thiolate diimine charge transfer assignment of the major 

absorption bands.10 Is this an accurate assignment so as to warrant replacing 

Pt(II) by Pd(II) or Ni(II), or is there significant metal character in the HOMO that 

would not deem replacing the metal worthwhile? If there is a metal effect would 

Pd(II) or Ni(II) be a better choice? How about the stability of the active dye 

complexes vs. the metal? All are questions whose answers are investigated in 

Chapter 3. These dyes are synthesized using different routes from those 

reported in the literature due to the poor yields, as values of 30% or less are 

commonly reported. 9(c-f) 

  

1.1.4. Interactions of Pt(diimine)(dithiolate) Complexes with Nitrofluorenone 

Electron Acceptors 

 Pt(diimine)(dithiolate) complexes were first synthesized in 1972 and have 

steadily became more popular.10 The most notable property of this class of 

complexes is their wide range of colors as demonstrated by Eisenberg.10 In the 

study by Eisenberg, the authors demonstrated the ability to fine and coarse tune 

the absorption and emission properties through variation of the ligands and their 

substituents. The study demonstrated that if the thiolate ligand is constant, and 

the groups on the bipyridine ligand are changed from electron donating to 
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electron withdrawing groups, a red shift in the charge transfer band occurs. 

However, the opposite trend is seen if the bipyridine is unchanged and similar 

changes are applied to the dithiolate. The charge transfer bands in the visible 

region gives these complexes rich colors and are typically very broad with an 

extinction coefficient of 5,000–10,000 M-1 cm-1. The charge transfer arises from 

the metal d/thiolate HOMO to the LUMO, which is thought to be purely a 

bipyridine based orbital. These samples emit light upon photo excitation in the 

600 to 900 nm region. This emission occurs from the bipyridine ligands. This is 

evident from the structured emission profile for several complexes and the short 

lifetimes that have both μs and ns decay times.  

 This study employs electronic absorption, electrochemical, X-ray 

crystallography, NMR, and IR investigations to characterize the interaction of one 

of these electron-rich materials with various nitrofluorenone acceptors. Similar 

complexes have been shown to interact with TCNQ in a previous publication that 

the author contributed to.11 In Chapter 4, nitrofluorenones with various numbers 

of nitro groups substituted on the aromatic rings of the acceptor molecule are 

used. The variance in the strength of the acceptor will give a clue as to the role of 

the acceptor in forming a donor acceptor charge transfer (DACT) complex with Pt 

molecules. Such complexes have been known to lead to interesting conducting 

or magnetic solids depending on the stacking pattern of the donor (D) and 

acceptor (A) molecule.11 Will the strength of the acceptor play a role in 

determining the stacking patterns for the various D:A stacks? Are these 

interactions strong enough in solution to allow one to observe them using UV-Vis 
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absorption techniques, how about the solid as well? Will charge sharing be 

strong enough as to affect the stretching frequencies associated with the 

nitrofluorenone? These questions are investigated in Chapter 4. 

 

1.1.5. Oligomerization of Pt(diimmine)X2 Complexes 

 Despite extensive studies in the literature of this class of complexes, the 

X-ray crystal structures of complexes such as Pt(dbbpy)mnt (dbbpy = 4,4’-

ditertbutyl-2,2’-bipyridine; mnt = dimercaptomaleonitrile), and Pt(dhepcbpy)Cl2 

(dhepcbpy = 4,4’-dicarboxy-2,2’-bipyridyl heptanoic ester) were unknown prior to 

this investigation. The author has discovered that these structures exhibit 

relatively close planar contacts of 3.5 Å or less. The possible influence of these 

distances on the emission,12 electronic absorption, and NMR spectra is 

thoroughly investigated. Will these close molecular distances in the solid affect 

the electronic spectra of these complexes? Will there be a correlation between 

the interactions in solution and the solid? The complex Pt(dbbpy)mnt and others 

like it are hard to study in solution due to their low solubility, whereas complexes 

such as Pt(dhepcbpy)Cl2 are highly soluble in most solvents with concentrations 

in excess of 0.1 M achievable. This high solubility allows for insight into the 

molecular interactions of these complexes in solution, which has never been 

achieved before, as well as the solid state. Previously only crystals and dilute 

solutions were studied with no correlation between the two.12 The focus in the 

literature has been on polymorphism due to the presence of metal-metal 

interactions and how that affects the luminescence energies of crystals.12 Is the 
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only favorable mode of association M-M, what about M-π and/or π-π? If the latter 

two are present in a system how will they affect the emission and electronic 

absorption? Can one take advantage of these affects in devices such as OLEDs? 

In Chapter 5 these questions are investigated. 
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CHAPTER 2 

 

METAL-CENTERED EMISSION IN FOUR-COORDINATE SILVER(I)-PHOSPHINE 

COMPLEXES 

2.1. Introduction 

 Metal complexes have improved the performance of molecular materials in 

technologies that include organic light-emitting diodes (OLEDs),1 thin-film field-effect 

transistors (OTFTs),2 and information storage devices.3 The nature of the luminescent 

excited state in a metal complex governs its emission energy. Computational4-7 and/or 

experimental5,7-10, work on three-coordinate Au(I) mononuclear and multinuclear 

complexes that exhibit Au-centered phosphorescence with large Stokes’ shifts has 

demonstrated that the emission may be due to a rearrangement of the coordination 

sphere in the excited state. For example, it has been suggested that the distortion in the 

phosphorescent state of mononuclear Au(I)-phosphine trigonal complexes are photo-

induced Jahn-Teller distortions toward5 or beyond4 a T-shape. In an effort to expand the 

aforementioned work to analogous Ag(I) complexes, this work initially pursued cationic 

[Ag(PR3)3]+ complexes with variation of the steric bulk and counterion. However, only 

the thermodynamically favorable four-coordinate species were isolated. Unlike 

analogous Au(I) complexes,12 structure-luminescence relationships in Ag(I) complexes 

are much less defined. In an effort to gain more insights that would contribute to 

changing this situation, reported herein is a synthetic, structural, photophysical, and 

computational study of several Ag(I)-phosphine complexes. Metal-centered emissions in 

silver(I) complexes typically occur when there are close metal–metal contacts due to 
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argentophillic attraction.11 The AgL4
+

 complexes investigated herein, in contrast, do not 

exhibit such interaction. A new mode of photoinduced Jahn-Teller distortion of the triply 

degenerate HOMO leading to Ag-centered emission in four coordinate AgL4
+ complexes 

is investigated. This is in sharp contrast to the situation perceived for analogous AuL4
+ 

complexes, which usually exhibit only ligand-centered phosphorescence induced by a 

gold heavy atom effect.12 

 

2.2. Results and Discussion 

2.2.1. Crystallographic Studies 

 Crystals were grown from solutions containing phosphine:Ag ratios varying from 

2.5-4:1 using non-coordinating perchlorate anions. The crystallographic data in this 

work, summarized in Table 2.1, show that all crystals obtained from these reactions 

entail four-coordinate complexes with four bound phosphine ligands and dissociated 

anions. In the case of silver(I)-phosphine complexes, unlike Au(I) complexes, it seems 

that four-coordinate species are the most thermodynamically-stable form, which is 

consistent with the large number of four-coordinate species reported in the literature13 

compared to the rare three-coordinate species. While lower coordination numbers may 

be achieved, the anion will have very strong interactions with the silver. In the cases 

where the anion interacts with the silver, the coordination geometry is distorted toward 

the next highest coordination geometry up to a coordination number of four.13 

 The crystals of tetrakis-triphenylphosphinesilver(I) perchlorate ([Ag(PPh3)4]ClO4) 

crystallize in the R3  space group and are tetrahedral in character. The previously 

reported room temperature structure14(b) shows Ag–P bond distances of 2.651 Å for one 
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bond and 2.668 Å for the other three bonds. The structure herein has Ag–P bonds of 

2.613, 2.641, 2.642, and 2.643 Å.  The P–Ag–P bond angles range from 109.24o to  

109.74o, consistent with literature values that range from 109.3o to 109.64o.  

 The crystals of tetrakis(1,3,5-triaza-7-phosphaadamantane)silver(I) perchlorate 

([Ag(TPA)4]ClO4) crystallize in the Pna2(1) space group, Figure 2.1. This is a new 

compound with no literature precedent for either the synthesis or structure. The 

structure is not one of high symmetry and is distorted from an idealized tetrahedral 

geometry. Because TPA has much less steric bulk than PPh3 it allows the anion to 

approach to the metal center. An oxygen of the perchlorate anion is 3.39 Å from the Ag 

center with an O–Ag–P(opposite) bond angle of 165.01o and is centered between three 

of the TPA ligands. The P–Ag–P bond angle opposite to the anion is 122.8o, much 

larger than the idealized tetrahedral angle of 109.5o. This distorted geometry is 

predicted by DFT computations for the Ag(TPA)4
+ ion (vide infra). The geometry is 

essentially intermediate between that of tetrahedral and see-saw.  There are several 

structures in the literature for tetrahedral Au complexes with the TPA ligand15, and most 

of these complexes have PF6
- or Cl- anions. These published Au-TPA structures vary 

from that of the [Ag(TPA)4]ClO4 with slightly longer bonds and angles. The main 

differences occur in the rotation angles of the carbons and nitrogen atoms of the ligands 

and the location of the anion and solvent molecules. The bond distances are similar and 

the Ag–P bond opposite to the perchlorate anion shows no significant bond lengthening 

(2.497 Å) compared to the other bonds. The Ag–P bond distances are 2.476, 2.497, 

2.506, and 2.507 Å and the two shortest bond distances give a P–Ag–P angle of 

122.28o. The other angles are 104.06o, 105.51o, 107.58o, 107.61o, 109.36o, and  
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122.28o.This distortion from tetrahedral geometry is toward a see-saw structure.  This is 

quite different from what is seen in the literature for four-coordinate silver 

triphenylphosphine complexes with three and four phosphine ligands, which vary from 

            Table 2.1. Crystal Data, Data Collection, and Structure Refinement for [AgL4]ClO4 

 
Crystal data [Ag(PPh3)4]ClO4 [Ag(TPA)4]ClO4 [Ag(PPh3)2(TPA)2]ClO4 
Formula C72H60AgClO4P4 C24H48AgClN12O4P4 C48H54AgCl6O4P4 
Mr 1256.40 932.07 1046.17 
Crystal size (mm3) 0.32 x 0.25 x 0.12 0.20 x 0.12 x 0.10 0.39 x 0.21 x 0.18 
Crystal system Trigonal Orthorhombic Monoclinic 
Space group R3  Pna2(1) P2(1)/c 
A (Å) 14.1162(3) 20.7920(7) 11.5169(3) 
B (Å) 14.1162(3) 13.4386(5) 19.2236(6) 
C (Å) 51.0102(17) 13.8672(5) 21.4193(6) 
α (°) 90 90 90 
β (°) 90 90 102.496(1) 
γ (°) 120 90 90 
V (Å3) 8802.8(4) 3874.7(2) 4629.8(2) 
Z 6 4 4 
ρcalc (Mg/m3) 1.422 1.598 1.501 
μ(Mo)(mm-1) 0.550 0.814 0.684 
F(000) (e) 3888 1944 2160 
    
Data Collection    
T/K 100(2) 100(2) 100(2) 
    
Refinement    
R1, wR2 [I>2σ(I)] a, b 0.0452, 0.1047 0.0199, 0.0468 0.0197, 0.0515 
R-Factor (%) 
R1, wR2 (all data) 

4.07 1.99 1.97 

ρfin (max/min) (eÅ-3) 1.741, -0.569 0.435, -0.233 0.374, -0.384 
Goodness-of-fit on F2 c 1.034 1.041 1.048 
a ∑ ∑−= ||/||||||1 oFcFoFR .  b ( ) ( ) 2/1}]

22[/]
222[{2 ∑∑ −= oFwcFoFwwR ,  

where ( ) ( )[ ]bPaPFw ++=
222/1 σ  and [ ] 3/)0,2(22 oFMaxcFP += . 

c ( ) 2/1)}/(]
222[{ pncFoFwGOF −∑ −= , where n is the number of reflections and p is the total 

number of parameter refined. 
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tetrahedral with some distorted toward a trigonal pyramidal type geometry in the case of 

three phosphines and coordinating anions.13 

 

 
Figure 2.1. Perspective view for [Ag (TPA)4]ClO4 shown at the 50% probability level. 

Hydrogen atoms have been removed from both for clarity purposes. 

 

 A mixed ligand complex [Ag(TPA)2(PPh3)2]ClO4 has been synthesized and found 

to crystallize in the P21/c space group, Figure 2.2. This complex has been targeted in the 

hopes of obtaining a structure that would give an intermediate steric bulk between that 

of the two pure ligand systems. The Ag–P (TPA) bond distances are 2.483 Å and 2.506 

Å while the Ag–P (PPh3) distances are 2.498 Å and 2.524 Å. The bond angles can be 

found in Table 2.2. This complex is distorted as well from the idealized tetrahedral 

geometry and shows significant distortion in the P–Ag–P angle between the two 

triphenylphosphine ligands to 115.7o. The distortion from tetrahedral P–Ag–P angles is 

due to the difference in cone angle between PPh3 and TPA, which leads to repulsion 

between the PPh3 ligands and a compression of the angle between the TPA ligands to 
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107.51o. The size of the TPA ligand allows for a different geometry because of their 

smaller size. There are no other mixed ligand d10 complexes in the literature that do not 

have a bidentate ligand in the system. It is not reasonable to compare a strained bi-

dentate system to a completely free mono-dentate ligand system. 

 

Table 2.2. Bond Distances and Angles from the Crystallographic Data 

 [Ag(PPh3)4]ClO4 
C72H60AgClO4P4 

[Ag(TPA)4]ClO4 
C24H48AgClN12O4P4 

[Ag(PPh3)2(TPA)2]ClO4 
C48H54AgCl6O4P4 

Ag–P1 2.613 Å 2.476 Å 2.524 Å 
Ag–P2 2.642 Å 2.507 Å 2.498 Å 
Ag–P3 2.641 Å 2.497 Å 2.483 Å 
Ag–P4 2.643 Å 2.506 Å 2.506 Å 

P1–Ag–P2 109.24o 107.61o 115.70o 
P1–Ag–P3 109.25o 122.28o 107.20o 
P1–Ag–P4 109.25o 107.58o 104.55o 
P2–Ag–P3 109.68o 105.51o 112.54o 
P2–Ag–P4 109.69o 109.36o 108.77o 
P3–Ag–P4 109.72o 104.06o 107.51o 

    

 

Figure 2.2. Perspective view for [Ag(PPh3)2(TPA)2]ClO4 shown at the 50% probability 

level. Hydrogen atoms have been removed from both for clarity purposes. 
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2.2.2. Photophysical Data 

 Figure 2.3, shows the photoluminescence spectra of single crystals of four 

coordinate silver perchlorate salts with triphenylphosphine (PPh3) and 1,3,5-triaza-7-

phosphaadamantane (TPA) ligands at 77 K. The complexes have a blue luminescence 

color, unstructured emission profile, and long phosphorescence lifetimes at 77 K. The 

absorption energies of the complexes change significantly upon ligand variation, Figure 

2.4, and are blue shifted relative to the free ligand absorptions, Figure 2.5.  
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Figure 2.3.  Photoluminescence spectra of [Ag(PR3)4]ClO4 single crystals at 77 K. 

 

 There is a significant red shift in the excitation profile relative to the lowest-

energy absorption band. The peak of the excitation profile lies in regions where there is 

no detectable absorption in solution. The excitation profile is dependant upon the 
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intensity of the emission detected with the variation of the excitation wavelength. Even if 

the transition responsible for the emission has a very low extinction coefficient and 

cannot be seen by absorption techniques, it may be seen in an excitation profile. Thus a  

spin forbidden process that leads to emission may be seen in the excitation scan as is 

the case for the Ag(PR3)4
+ salts studied here. The excitation profile for [Ag(PPh3)4]ClO4, 

for example, has a low-energy excitation at 29,800 cm-1 and a major excitation band at 

34,300 cm-1. The higher energy excitation overlaps with the end of the absorption 

spectrum with a significant ε value corresponding to a lower energy S0 S1. However, 

the much lower energy excitation feature that does not overlap with the absorption 

spectrum at all is assignable to a direct S0 T1 transition. Thus, these transitions cannot 

be seen in the solution absorption spectrum. Excitation with this lower energy band 

gives the same emission profile and energy with a lower intensity. Thus, the energy 

difference between the lowest energy excitation and emission bands represents a bona 

fide Stokes shift because both bands represent a spin forbidden process. The singlet 

triplet splitting for the Ag(PPh3)4ClO4 complex is 4,200 cm-1 which is slightly lower than 

the 5447 cm-1 value for the free Ag(I) ion;16 similar results have been shown for Au(I) 

complexes.17  

 As for the other complexes, both show only slight overlap with the major 

absorption band; therefore, these transitions having ε values below 10 cm-1 M-1 are 

considered to be direct S0 T1 absorptions as well.   
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Figure 2.4.  Absorption spectrum for [Ag(PR3)4]ClO4 complexes in acetonitrile or mixed 

acetonitrile/methanol 1:1 solutions. 
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Figure 2.5. Absorption spectra for PPh3 in acetonitrile vs. TPA in water. 

 

 The Stokes shift for these complexes are 6,000 cm-1 for [Ag(PPh3)4]ClO4, 7,800 

cm-1 for [Ag(PPh3)2(TPA)2]ClO4,  and 16,500 cm-1 for [Ag(TPA)4]ClO4.  This trend is 

commensurate with the relative overall steric bulk of the ligand system. The Stokes shift 

is a measure of excited state distortion. Therefore, the smaller steric encumbrance 

should allow for a larger distortion in the phosphorescent state of the complex. Given 

the data presented herein, there is sufficient evidence to support that there is a 

distortion. The bulky triphenylphosphine ligands create a crowded environment around 

the metal, leaving little room between the phenyl rings. The TPA ligand, however, is 

very small and leaves more space between the ligands around the metal. Thus, the 

mixed ligand system corresponds to an intermediate situation between the other two 



21 

complexes and should give an intermediate Stokes shift. This trend matches those 

predicted for the three-coordinate Au(I) complexes in the literature.4-6 As a comparison, 

the triphenylphosphine18 and the TPA ligand both show highly structured 

phosphorescence in EPA frozen glasses at higher energy and reaches a baseline at 

about 22,200 cm-1. However, the solid-state luminescence and triboluminescence for 

the solid triphenylphosphine ligand, at room temperature were both reported by the Zink 

group,19 and the 77 K data collected herein are in the same region that the complexes 

studied luminesce, Figure 2.6. The lifetimes are 3.5 μs at room temperature and 2.7 ms 

at 77 K for solid triphenylphosphine. The emissions of all the complexes and ligands are 

summarized in Table 2.3. 
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Figure 2.6. Excitation and emission spectra for the triphenylphosphine ligand: a) 

excitation for the solid, b) emission in EPA frozen glass at 77 K, c) emission of solid 

powder at 77 K. 
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Table 2.3.  Excitation, Emission, and Lifetime Data 

All measurements were performed for single crystals except for the free 

ligands which were powder or in EPA/CHCl3 12:1 frozen glass at 

77 K (EPA = diethyl ether-pentane-ethanol 5:5:2).18 
 

Compound Abs. (max) Exc. Em. Lifetime 
[Ag(PPh3)4]ClO4 39,000 cm-1 29,800 cm-1 23,300 cm-1 3.8 ms 
[Ag(TPA)4]ClO4 50,000 cm-1 39,200 cm-1 22,700 cm-1 101 μs 

[Ag(TPA)2(PPh3)2]ClO4 39,500 cm-1 31,700 cm-1 23,900 cm-1 1.7 ms 
294 μs 

PPh3 37,300 cm-1

38,500 cm-1 35,700 cm-1 - ns 

32,300 cm-1 
27,000 cm-1 3.18 s (epa) 

23,100 cm-1 2.7 ms(s) 77K 
3.5 μs(s, rt) 

TPA 39,000 cm-1 38,500 cm-1 27,000 cm-1 3.78 s (epa) 
 
  

 The excitation for Ag(TPA)4ClO4 is red shifted 10,800 cm-1  relative to the lowest-

energy solution absorption peak maximum. The large Stokes shift of 16,500 cm-1 is 

indicative of a large distortion in the excited state from the ground state geometry. The 

crystal structure for [Ag(TPA)4]ClO4 is distorted from a true tetrahedral ground state 

geometry due to interactions with the anion. The emission lifetime for the solid 

compound at 77 K is 101 μs, which is drastically shorter than that of the free ligand. The 

lifetime for [Ag(PPh3)4]ClO4 is different in that there is not a significant change from that 

of the free ligand, as is seen in the case of the TPA complex. The same can be said for 

[Ag(TPA)2(PPh3)2]ClO4 in which the lifetime of 1.7 ms; however, there is a significant 

contribution of a shorter lifetime component of 294 μs. The Ag(TPA)4ClO4 has a broad 

unstructured emission that differs significantly from the free ligand. This combined with 

the lifetime indicates that this is not a ligand centered emission.  
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 The [Ag(PPh3)4]ClO4 emission overlaps with the steady state and 

triboluminescence spectrum of the PPh3 solid at 77 K and room temperature and has 

similar lifetimes. However, the emission FWHM is slightly larger 3,630 (PPh3) vs. 3,693 

cm-1 ([Ag(PPh3)4]ClO4) and the maxima is blue shifted relative to the free ligand 23,100 

(PPh3) vs. 23,300 cm-1([Ag(PPh3)4]ClO4). The large Stokes shift and unstructured 

emission profile along with the computational evidence suggest that there is a molecular 

rearrangement in the excited state. This is further supported by the red shifted excitation 

profile compared to the solution absorption for both the free ligand and the complexes, 

vide infra. The origin of the unusually unstructured emission profile for solid PPh3, 

surprisingly, has not been discussed in the literature as such aromatic molecules 

usually exhibit structured emissions, similar to the frozen solution spectrum vide infra. 

Unstructured emission profiles arise only upon excimer formation, which is unlikely for 

PPh3 solid given the published crystal structures.20 

 

2.2.3. Computational Studies 

 In an effort to understand the nature of the emission from these complexes, 

quantum mechanical computations were performed on the full molecular structure of 

Ag(PMe3)4
+ and Ag(PH3)4

+, while  Ag(PPh3)4
+ and Ag(TPA)4

+ were treated using the 

ONIOM methodology (QM/MM). The computed structures for the singlet ground state 

(S0) and lowest triplet excited state (T1) are shown in Figure 2.7. The computed 

structures for S0 are in reasonable agreement with the collected crystal structures, 

(provided that polarization functions are used for Ag and P atoms)21, as shown in Table 

2.4. The predicted excited state structures show elongation of the Au-P bonds without 
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dissociation and a change in geometry from a tetrahedral toward a see-saw geometry. 

This distortion towards a see-saw geometry explains why there are such large Stokes 

shifts. The computed Stokes shifts, qualitatively reproduces the trend seen 

experimentally for these complexes.  

 

Figure 2.7. QM/MM optimized structure of the T1 state (right) versus the S0 state (Left) 

for Ag(PPh3)4
+ (top) and Ag(TPA)4

+ (bottom). Hydrogen’s omitted for clarity. 

 

 The initial computations for Ag(PR3)+ (R = H, CH3) were carried out using DFT 

with extra-basis to better describe the Ag and P atoms.21 These calculations optimized 

to a true minimum for both singlet and triple states (i.e. no imaginary frequencies). The 

computed singlet state has a tetrahedral geometry for both PH3 and PMe3 complexes. 
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The computed triplet geometry is predicted to be between a see-saw and square planar 

geometry as shown in Figure 2.8. This geometric distortion arises from the loss in 

degeneracy of the HOMO, which in these cases is a triply-degenerate orbital as one 

expects from crystal field theory principles for Td species. The loss of degeneracy upon 

photo-excitation leads to a change in energy for the whole complex in which the orbital 

rearrangement to compensate for the degeneracy loss causes molecular motion. This 

molecular motion must occur to allow for the complex to reach a lower energy state. 

The complexes studied are not rigid and do not have bridging ligands; thus, the motion 

is less hindered. 

 

Figure 2.8. DFT optimized structure of the T1 state (right) versus the S0 state (Left) for 

Ag(PH3)4
+ (top) and Ag(PMe3)4

+ (bottom). 
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 The singlet and triplet structures were optimized starting from various geometries 

as a comparison of the convergence state to ensure a truly optimized geometry, the 

bonds and angles are listed in Table 2.5. The results of the computations for 

Ag(PMe3)4
+ show that there is a large distortion from a ground state S0 (tetrahedral) 

structure to the excited state T1 see-saw structure. This novel structure is intuitive given 

the aforementioned computational data for other Au species in the literature despite the 

drastic difference in the coordination number. This new type of photoinduced Jahn-

Teller distortion that causes a drastic change in geometry is expected upon a 

photoexcitation or oxidation involving a triply degenerate HOMO as shown in Figure 2.9. 

The contour plots for the optimized singlet and triplet geometries are also shown in 

Figure 2.9. The frontier filled orbitals show the ligand field t2 orbitals as HOMO, a 

predominately phosphorus orbital as HOMO-1 and a ligand field e orbital as HOMO-2. 

The contour plots for the optimized triplet geometry manifest the photoinduced Jahn-

Teller distortion from an electronic structure stand point, as shown by the loss of 

degeneracy of the ligand field t2 orbitals. 

 The calculated Franck-Condon emission energy trends match well with the 

emission energy trends for the Ag(PPh3)4
+ and Ag(TPA)4

+ species. It is expected that 

the less sterically hindered ligand will provide less resistance to an excited state 

distortion, thus, allowing for a lower energy excited state to be achieved. The Δ Stokes 

shift from the computations for Ag(PPh3)4
+ vs. Ag(TPA)4

+ is 4100 cm-1, yet the 

experimental Δ Stokes shift is 10,000 cm-1. The computations accurately predict a violet 

to blue emission for both species.  Further studies are currently being pursued to further 

characterize the emitting state. 
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Table 2.4.  Comparison Table for Experimental vs. Computational Values 

Selected bond lengths and angles for Ag(PPh3)4
+ from computations vs. Ag(PPh3)4ClO4. 

A comparison of the experimental and computed Stokes shifts for both complexes are 

shown as well. 

Bond Experimental (Å) S0 T1 
Ag-P1 2.615 2.669 2.821 
Ag-P2 2.643 2.669 2.808 
Ag-P3 2.642 2.669 2.611 
Ag-P4 2.644 2.669 2.613 
Angle Experimental S0 T1 

P1-Ag-P2 109.23o 109.48o 130.43o 
P1-Ag-P3 109.23o 109.47o 90.26o 
P1-Ag-P4 109.23o 109.47o 92.17o 
P2-Ag-P3 109.73o 109.47o 92.33o 
P2-Ag-P4 109.70o 109.47o 90.43o 
P3-Ag-P4 109.71o 109.48o 173.81o 

Complex Experimental 
(cm-1) 

Stokes Shift 
(cm-1) 

 Exc. Em. Exp. Comp.a. 

Ag(PPh3)4ClO4 29,800 23,300 6,500 17,686 
Ag(TPA)4ClO4 39,200 22,700 16,500 21,382 

a. Comparison values from computations are based on the Franck-Condon vertical 

transition and are calculated from the computational energy differences of each state. 
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Figure 2.9. Contour plots of the HOMO and LUMO of the optimized ground state structure for [Ag(PMe3)4]+, showing 

contribution from both the silver metal and phosphine orbitals (left). Contour plots for the optimized triplet geometry, 

SOMO-h (highest Singly Occupied Molecular Orbital) and SOMO-l (lowest) shown on the right. Molecular orbital diagram 

in center as predicted from the computational data for the singlet and triplet optimized geometries (center). 
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Table 2.5. Bond Lengths and Angles from Computational Data

 Singlet Triplet 

 Ag(PH3)4 Ag(PMe3)4 Ag(PPh3)4 Ag(TPA)4 Ag(PH3)4 Ag(PMe3)4 Ag(PPh3)4 Ag(TPA)4

P1-Ag-P2 109.47o 109.47o 109.47o 113.22o 164.25o 124.82o 130.43o 155.03o 
P1-Ag-P3 109.47o 109.47o 109.47o 105.43o 88.77o 94.27o 90.43o 92.68o 
P1-Ag-P4 109.47o 109.47o 109.47o 105.24o 89.18o 93.35o 92.33o 92.68o 
P2-Ag-P3 109.47o 109.47o 109.47o 113.39o 89.19o 91.53o 92.17o 92.68o 
P2-Ag-P4 109.47o 109.47o 109.47o 113.25o 88.80o 95.06o 90.26o 92.68o 
P3-Ag-P4 109.47o 109.47o 109.47o 105.53o 165.10o 164.61o 173.18o 155.03o 

Å         
Ag-P1 2.669 2.616 2.669 2.543 2.625 2.614 2.808 2.508 
Ag-P2 2.669 2.616 2.669 2.506 2.628 2.617 2.821 2.508 
Ag-P3 2.669 2.616 2.669 2.541 2.630 2.630 2.613 2.508 
Ag-P4 2.669 2.616 2.669 2.542 2.632 2.625 2.611 2.508 
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2.3. Experimental Section 

2.3.1. Materials and Instrumentation 

 The compounds examined here are [Ag(PPh3)4]ClO4, [Ag(TPA)4]ClO4, and 

[Ag(TPA)2(PPh3)2]ClO4. The compounds were synthesized by application and 

modification of known literature procedures for analogous complexes.22 The reactions 

were carried out by mixing a molar ratio of 4:1 or a 2:2:1 phosphine ligand to silver salt  

in acetonitrile or an acetonitrile/methanol mixture and stirring for 30 minutes to one hour. 

The solid was collected, re-crystallized and then the characterized by standard 

analytical methods. All silver salts and triphenylphosphine were purchased from Sigma 

Aldrich and were used as received. The reactants were stored in desiccators that were 

lined with foil and purged with argon. The ligand TPA was synthesized as prescribed in 

the literature.23 All solvents were dried and degassed using standard techniques before 

use.  

 The luminescence measurements were carried out for single crystals whose unit 

cells were verified and the structure solved. Steady-state luminescence spectra were 

acquired with a PTI QuantaMaster™ Model QM-4 scanning spectrofluorometer. The 

excitation and emission spectra were corrected for the wavelength-dependent lamp 

intensity and detector response, respectively. Lifetime data were acquired using 

fluorescence and phosphorescence sub-system add-ons to the PTI instrument. For the 

lifetimes of all complexes, the 337.1 nm line of the N2 laser was used to pump freshly 

prepared solutions of organic continuum laser dyes (1×10-2 M) Coumarin-500, (1×10-2 

M) Coumarin-540A, or (5×10-3 M) Rhodamine 590 in ethanol. The outputs of the laser 

dyes were tuned and frequency doubled to attain the 250, 275, or 290 nm excitations 
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used to generate the lifetimes and time dependant data. All samples were measured at 

77 K using a Suprasil quartz cold finger Dewar filled with liquid nitrogen, and samples 

were held in Suprasil quartz sample tubes, all made here by William A. Smith Master 

Glass Blower at the UNT Chemistry Department. Temperature dependant 

measurements were carried out in an Oxford Cryostat Optistat CF™ with liquid nitrogen 

as the coolant; a non-emissive Cu based grease was used to ensure thermal 

conduction to the sample. EPA solutions were made using dry degassed solvents 

diethyl ether, pentane, and ethanol (5:5:2).  Absorption spectra were acquired with a 

Perkin-Elmer Lambda 900™ double-beam UV/Vis/NIR spectrophotometer for solutions 

of crystalline samples prepared in HPLC-grade acetonitrile or deionized water using 

standard 1-cm quartz cuvetts. Solid samples were measured by crushing single crystals 

between two quartz slides with a 0.1 mm path (Wilmad), and using the Lab Sphere 

diffuse reflectance accessory to the Lambda 900, either in transmission or reflection 

modes. For transmission mode measurements, a focusing lens was placed in front of 

the sample and the beam focused to a fine point illuminating an area with a small 

sample density. IR spectra were collected using a Perkin-Elmer Spectrum B (CsI optics) 

in the range of 4000–400 cm-1 for an average of 64 scans per sample, at 4 cm-1 

resolution. Background pellet consists of 0.2000 g of FT-IR grade KBr (Fluka) and 

sample pellet consists of approximately 1-2% sample, ground with KBr to equal 0.2000 

g.   
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2.3.2. Syntheses 

 [Ag(PPh3)4]ClO4 (1): A 100 mg (0.482 mmol) amount of AgClO4 was mixed with 

15 mL of acetonitrile. Next, 506 mg (1.92 mmol) of triphenylphosphine dissolved in 15 

mL of acetonitrile was added to the solution. This mixture was allowed to stir under 

argon and in the dark for 1 hour. After a white precipitate had formed, the solution was 

evaporated under vacuum to dryness and 10 mL of dichloromethane was added to 

dissolve the powder. This was then placed in a 30 mL vial and layered with toluene, 

crystals ensued after 36 hours. The crystals were collected and washed with toluene 

followed by diethyl ether. Collected 580mg, 96% yield. Anal. Calcd for C72H60AgClO4P4,  

C, 68.83; H, 4.81; N, 0.0. Found: C, 68.83; H, 4.89; N, <0.05. IR cm-1: 3075.75, 3055.35 

2935.10, 1479.22, 1434.92, 1309.84, 1090.75, 1026.72, 998.79, 744.13, 696.31, 

623.52, 513.14, 499.67, 437.11. 

 [Ag(TPA)4]ClO4 (3):  50 mg (0.24 mmol) AgClO4 · XH2O was added to a 10 mL 

acetonitrile solution containing 151.6 mg (0.964 mmol) TPA; this mixture was then 

treated in two different methods that both yielded the desired product in good quantities. 

 Method 1: The solution was prepared in a 10 mL reaction vessel that was then 

sealed and placed in a microwave reactor. The solution was heated to 160o C and ~14 

bar of pressure, which was maintained for 1 minute, then the solution was allowed to 

cool over one hour time to room temperature before it was disturbed. The vessel was 

then removed from the reactor and allowed to sit undisturbed, crystals formed over 

several days. These crystals were used for all analysis. 170 mg of crystals were 

collected, 84% yield. 
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 Method 2: The solution was stirred under argon for two hours; the solution was 

evaporated to dryness, and the solid was recrystallized from hot CH3CN/MeOH, 80% 

Yield. Anal. Calcd for C24H48AgClN12O4P4 · 3H2O, C, 32.39; H, 6.12; N, 18.89. Found: 

C, 32.25; H, 5.98; N, 18.45. IR cm-1: (3390 - H2O) , 2935.10, (1640 – H2O), 1446.69, 

1418.99, 1293.77, 1242.54, 1105.51, 1014.00, 973.89, 948.95, 902.57, 804.2, 748.71, 

721.27, 624.73, 595.51, 560.08, 453.50. 

 [Ag(PPh3)2(TPA)2]ClO4: 50mg (0.24 mmol) AgClO4 · ×H2O was added to a 10 mL 

acetonitrile/methanol 1:1 solution containing 75.8 mg (0.48 mmol) TPA and 126.5 mg 

(0.48 mmol) of triphenylphosphine. This was stirred under argon for 30 minutes in the 

dark. The solution volume was reduced and then a flask containing diethyl ether was 

connected via a small tube. The ether vapor was allowed to slowly diffuse into the flask 

for over two weeks. Within one week crystals began to deposit on the sides of the flask. 

These crystals were harvested and studied by X-ray crystallography and were then 

used for luminescence measurements. Analysis Calculated for C48H54AgCl6O4P4, C, 

55.11; H, 5.20; N, 8.03. Found: C, 55.03; H, 5.18; N, 7.99. IR cm-1: 3069, 3050, 2947, 

2898, 1478, 1438, 1412, 1383, 1287, 1242, 1089, 1011, 970, 948, 894, 801, 741, 694, 

644, 620, 583, 558, 517, 501, 490, 455. 

 

2.3.3. X-ray Crystallography 

 Single crystal X-ray diffraction data for [Ag(PPh3)4]ClO4, [Ag(TPA)4]ClO4·3MeOH, 

and [Ag(PPh3)2(TPA)2]ClO4 were collected on a Bruker SMART APEX II CCD-based 

diffractometer and a Mo Kα fine-focus sealed tube (λ = 0.71073 Å) with a graphite 

monochromator operated at 50 kV, 30 mA at 100 K, here at the University of North 
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Texas with the help of Dr. Xiaoping Wang. The data frames for each compound were 

integrated with the available APEX2 software24 using a narrow-frame algorithm. The 

structures were solved and refined using the SHELXTL™ program package25.  

[Ag(PPh3)4]ClO4 crystallized in space group P3- . The ClO4
- ions occupy the 3-  sites 

(0,0,0) and (1/3,-1/3,1/6) of the trigonal unit cell. Disorders were found for the 

tetrahedral ClO4
- ions as required by the site symmetry. [Ag(TPA)4]ClO4·3MeOH 

crystallized in the orthorhombic space group Pna21. One of the methanol molecules was 

disordered in two positions. [Ag(PPh3)2(TPA)2]ClO4 crystallized in the monoclinic space 

group P21/c. Each of the disordered moieties was refined accordingly with distance 

constraints. All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were 

assigned calculated positions and allowed to ride on the attached carbon atoms in final 

structure refinements. The molecular structures for all three compounds were checked 

using PLATON.26 The pertinent X-ray data were summarized in Table 2.1.  

 

2.3.4. Computational 

 Quantum mechanical (QM) calculations for Ag(PH3)4
+ and Ag(PMe3)4

+ models 

were performed using density functional theory (DFT) employing B3PW91 functional. 

The geometries were optimized for the singlet ground state and the triplet excited state 

without any restrictions to obtain global minima. The triplet states were treated with 

spin-unrestricted DFT (UDFT). The absorption and emission energies were computed 

for the vertical transitions based upon the Francke-Condon principle. All of the resultant 

optimized stationary points for all calculations herein were characterized as true minima, 

i.e., with no imaginary frequencies. The LANL2DZ basis set was used augmented with 
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two f-type polarization functions and p-type functions for the 4s2 4p6 4d10 5s1 valence 

electrons of silver, and one d-type polarization function (ξd = 0.55) for phosphorus. The 

carbon, hydrogen and nitrogen atoms were left un-augmented. 

 Hybrid quantum mechanical/molecular mechanical (QM/MM) calculations for the 

Ag(TPA)4
+ and Ag(PPh3)4

+ models where TPA = tris(1,3,5-triaza-7-

phosphaadamantane) and PPh3 = triphenylphosphine were performed using the 

ONIOM methodology.  The QM region contained Ag and four phosphorus atoms. 

Density functional theory using the B3PW91 functional was used for the QM core and 

the basis set was LANL2DZ. The MM region included the rest of the molecule, i.e., any 

bulky groups on the phosphorus atoms. The R groups were modeled with the Universal 

Force Field (UFF).  The ground and excited state geometries were fully optimized, 

without any symmetry constraints.  

 All QM and QM/MM calculations were performed using the Gaussian 03 suite of 

programs. The models for L = PMe3, and TPA were built from scratch using the 

GaussView program.27  For the triphenylphosphine system, the initial guess structure 

was built using the Spartan program, then a conformational search was conducted, 

keeping the QM core (AgP4) fixed, using the Hybrid Monte Carlo conformational search 

(300 K) algorithm in the MOE program. The most stable structure was used for 

subsequent ONIOM (QM/MM) calculations with the Gaussian03 suite of programs.28 All 

[AgL3]+ geometries were fully optimized without any symmetry constraints. The opt= 

NoMicro, CalcFC, Tight and VTight options with Int=Ultrafine commands were used 

when needed. 
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2.4. Conclusions 

 In conclusion, the work here illustrates that excited state structures may vary 

drastically from the ground state structure in tetrahedral d10 complexes due to a photo-

induced Jahn-Teller distortion. This excited state molecular rearrangement has been 

supported by both experimental and computational evidence. The amount of molecular 

rearrangement is clearly dependant upon the size of the ligand as is evident in the large 

Stokes shifts which increases as the overall steric bulk decreases. This type of 

information is helping to develop the fundamental understanding of this class of metals 

and how they respond in different coordination environments. This is driving 

technological advancements in designing bright phosphors for OLED devices and 

sensors in which the nature of the emission must be well understood to better design 

the devices. 
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CHAPTER 3 

 

FROM PLATINUM TO PALLADIUM TO NICKEL: TOWARD DEVELOPMENT OF 

CHEAPER SOLAR CELLS 

3.1. Introduction 

 Dye sensitized solar cells (DSSCs) based on large band gap semiconductors 

have been studied since 1965,1 and were not very efficient light harvesters until 16 

years ago; a major break through was reported in the literature when fractal thin film 

DSSCs (nm size TiO2 crystalline particles deposited as a thin film, creating a larger 

surface area for the dye to adsorb) were introduced.2 Since then many improvements 

have been attempted; some were successful. The efficiency has peaked at 10% for the 

dye, cis-bis(thiocyanato)-N,N-bis(2,2'-bipyridyl-4,4’-dicarboxylate)-ruthenium(II), AKA:  

“N3” as reported by Grätzel.3 This dye has been studied extensively, many 

modifications have been made: different ligands have been used, the electrolyte has 

been modified, yet no one has been able to improve upon the performance. Some of 

the research has led to dyes that absorb further into the red, extending into the NIR. 

However, these systems still attained comparable or inferior performances compared to 

the N3 dye.4 The main focus has always been Ru-based dyes, until the early 2000’s 

when three groups Sugihara, Durrant, and our group in collaboration with the Dunbar 

group showed promising results for Pt(diimine)(dithiolate) complexes.5,8-11 These efforts 

were inspired by  the amazing spectroscopic properties demonstrated by the Eisenberg 

group6 for this class of complexes. Thus, coarse and fine tuning of this class of 

materials can be achieved. The CT absorption and emission bands can be tuned across 
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the visible region by judicious variation of the diimine or dithiolate. The CT assignment 

arises from a thiolate-platinum mixed HOMO going to a diimine based LUMO. For 

example, changing the thiolate ligand from an electron-deficient ligand toward a more 

electron rich ligand, the charge transfer band shifts to the red over 5300 cm-1. Tuning 

can also be achieved by changing the R groups at the 4,4’ positions of the bipyridyl 

ligand and holding the dithiolate ligand the same. Changing the R groups from electron-

donating to electron-withdrawing substituents (i.e., an opposite electronic arrangement 

to that for the dithiolate), the CT band shifts dramatically over a 4070 cm-1 range. This 

ability to mix and match ligands to obtain specific absorption properties is ideal for 

developing a new class of DSSC dyes. The most notable characteristic of this class is 

that the spectroscopic and electrochemical properties between the analogue complexes 

of Pt, Pd, and most importantly Ni are very similar.7 The most similar in terms of redox 

potentials are Pt and Ni complexes. However, a discouraging fact has been discovered 

in the literature in which the Ni diimine dithiolate complexes seem to be very sensitive to 

oxygen. The reactivity of 4,4’-di-tertbutyl-bi-pyridyl-3,4-toluenedithiolate-Ni(II), i.e., 

[Ni(dbbpy)tdt] has been reported to be very high and uncontrollable. However, the 

Pt(dbbpy)tdt reactivity with oxygen is not very high at all and can be easily controlled.7  

 In 2003, we reported results that show new supramolecular stacks, containing 

inorganic donors of the generic formula M(dbbpy)(dmid) (M = Pt, Pd; dbbpy = 4,4’-di-

tert-butyl-2,2’-bipyridine; dmid = 2-oxo-1,3-dithiole-4,5-dithiolate) and the organocyanide 

acceptors TCNQ, TCNQF4, and TCNE, which displayed interesting optoelectronic 

properties in solution and in the solid state.8  Upon closer examination, it was found that 

(in the absence of traditional adsorption moieties such as carboxylates, phosphonates, 
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or sulfonates on the pyridyl ring system) the peripheral cyanide group on the acceptor 

molecules can serve as a suitable anchoring group, in which the attraction in solution 

and the solid state is sufficient enough to hold the Pt moiety at the TiO2 surface.  

Despite this interesting discovery, it was found that these supramolecular systems 

suffered from reduced performance when compared to the Ru(II)-pyridyl systems.  The 

reduced performance of these supramolecular systems is an artifact of the 

organocyanide acceptors being unable to inject an electron from its lowest energy 

states into the conduction band of the semiconductor. Facile electron injection into the 

conduction band of the semiconductor occurs if the first reduction potential of the dye is 

more negative than the substrate.  The first reduction potentials of the organocyanide 

acceptors, (E1/2(red) for TCNQ = +0.19 V, E1/2(red) for TCNQF4 = +0.54 V, and E1/2(red) 

for TCNE = +0.17 V), are not more negative than the first reduction potential of TiO2’s 

conduction band (-0.6 V) (all relative to Ag/AgCl).8 It is thought that when the electron is 

injected from higher energy states, a fast recombination of the charge separated state 

with the acceptor occurs. 

 Pt(dcbpy)mnt, where dcbpy = 4,4’-dicarboxy-2,2’-bipyridyl and mnt = 

dimercaptomaleonitrile, was targeted for its increased stability, and ease of use versus 

those reported by Islam et al.9 Other investigators were also successful in the synthesis 

and characterization of this Pt complex.10 They chose to study the effect of varying the 

location of the acid group, 5,5’ vs. 4,4’ vs. 3,3’ acids.11 We however were working 

toward making the cheaper analogues using only the 4,4’ acid. Herein I present the 

results for Pd(dcbpy)mnt the first Pd solar cell dye to be published to date as well as the 

synthesis for the first Ni dye in the ester form. The Ni complex should have similar 
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spectroscopic properties to the Pt based dyes as the metal has only a small contribution 

to the HOMO of these complexes. This combined with the similar redox properties of 

these complexes means that one should be able to create an extremely cheap dye 

compared to the Pt(II) and Ru(II) dyes in the literature. 

 

3.2. Experimental Section 

3.2.1. Materials 

 4,4’-dimethyl-bipyridyl (Sigma), potassium tetrachloropalladate, potassium 

tetrachloroplatinate , cis-bisbenzonitrile palladium and platinum (Strem), benzonitrile 

(Sigma), 3,4-toluenedithiol (Aldrich), Sephadex™ LH-20 (GE Health Care), as well a 

disodium-dimercaptomaleonitrile (TCI) were all used as received. The iodine, lithium 

iodide, TiO2, and fluorine doped SnO2 and experimental details for collection of IV 

curves can be found in a previous publication by the group of Prof. Nathan S. Lewis.12 

All solvents were dried and degassed prior to use following standard procedures. The 

reactions were carried out using standard Schlenk line techniques unless otherwise 

stated. For reactions in water, de-ionized water was degassed by boiling and then 

bubbling with argon.  

 

3.2.2. Syntheses 

 4,4’-dicarboxy-2,2’-bipryidyl was synthesized following a previously reported 

procedure.13 The solid powder was dried in a vacuum oven over night at 45o C and 

approximately 1x10-3 torr. This solid was then dissolved in minimal boiling pyridine using 

a hot oil bath as the heat source. The flask remained in the hot oil bath until the oil had 
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reached room temperature. The crystals of dcbpy were then filtered and washed with 

acetone and ether then dried in vacuum. Yield 92%. Anal. Calcd for C12H8N2O4,  C, 

59.02; H, 3.30; N, 11.47; O, 26.21. Found: C, 59.32; H, 3.21; N, 11.51;  O, 26.45. 

 Dmecbpy was synthesized by following the literature procedure prescribed for 

esters of this ligand. 2.0 g of dcbpy was refluxed in 50 mL thionyl chloride until a yellow 

solution formed. The excess solvent was removed in vacuum and the solid dried in 

vacuum for two hours. 30 mL of dry toluene was added to the solid, followed by 15 mL 

of methanol. This was brought to reflux for 30 minutes. The solvent was evaporated to 

10mL and then cooled to room temp and filtered. Upon concentration several times all 

solid was collected and washed with cold methanol. 85-90% yield.  

 Ni(dmecbpy)Cl2 was synthesized by dissolving 1.0 g of NiCl2•XH2O in water and 

adding 1.8 g of dmecbpy and refluxing for six hours. Upon cooling, the solution was 

taken to dryness in vacuum and the solid was dissolved in dcm and filtered. The 

solution was evaporated to 10 mL and the solid precipitated with 100 ml cold hexanes. 

This blue/green solid was used for the following reaction.  

 Ni(dmecbpy)tdt; 0.5 g of Ni(dmecbpy)Cl2 was dissolved in 20 mL dcm, and to this  

0.1944 g of 3,4-toluenedithiol was added. The solution was stirred for several hours 

then refluxed for one hour. Upon cooling, the solution was evaporated to a minimal 

volume and cold hexanes were added to precipitate the product. The solid was filtered 

and washed with cold methanol and hexanes. Upon drying in vacuum for one day, the 

solid was collected and characterized. (75% yield) 1H NMR (200 MHz) in CDCl3: 8.82 

(d, j = 6 Hz, 2 H), 8.12 (s, 2 H), 7.71 (dd, j = 6, 1.9 Hz, 2 H), 6.6 (m, 3 H), 4.02 (s, 6 H), 

2.2 (s, 3 H)  
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 M(dcbpy)Cl2 (M = Pt, Pd) were synthesized by previously published 

methods.10,11,14  

 Method 1: K2MCl4 was dissolved in water and was added to an equimolar 

solution of Dcbpy in water at 60o C in which the dcbpy had been reacted with two 

equivalents of potassium bicarbonate to make the potassium salt of the acid. This 

solution was refluxed at 70o C for one day. The pH was lowered to two to three by 

addition of 0.5 M HCl in water. This solution was cooled to 0o C and filtered. The yellow 

solid was washed with water then acetone and ether and left to dry in vacuum at room 

temperature. Yield = 95% (Pt), 92% (Pd).  

 Method 2: M(BN)Cl2 (M = Pt, Pd / BN = benzonitrile) was dissolved in acetone; 

an equimolar amount of dcbpy was added and the slurry stirred for three to four days. 

Upon addition of petroleum ether the yellow precipitate was filtered and washed and 

then dried in vacuum overnight. Yield = 87% (Pt), 88.5% (Pd) 

 M(dcbpy)MNT (M = Pt, Pd) was synthesized by following literature procedure.11 

The M(dcbpy)Cl2 was dissolved by heating it in water with slight excess potassium bi-

carbonate; to this solution di-sodium di-mercaptomaleonitrile in water was added drop-

wise and the solution was refluxed at 70o C for six hours. The resultant purple solution 

was cooled to room temp. To this solution, 0.5 M HCl was added slowly until the pH = 

two to three, and the solution was cooled and filtered. The solid was washed with 

acetone then ether. This was dried in vacuum over night. The solid was re-dissolved in 

water/potassium bicarbonate, and then a small amount of Sephadex™ LH-20™ was 

added; the volume was lowered in vacuum to a minimal amount. This was then added 

to a pre-prepared column of LH-20 and the complex was eluted with water. The 
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purple/orange band was collected and then precipitated with 0.5 M HCl. The solid was 

washed with methanol then dried in vacuum. Analysis Calculated for C16H8N4O4PtS2, C, 

33.16; H, 1.39; N, 9.67. Found: C, 33.19; H, 1.75; N, 9.52. Analysis Calculated for 

C16H8N4O4PdS2 • 1.5 MeOH C, 39.00; H, 2.62; N, 10.40. Found: C, 39.18; H, 2.36; N, 

10.24. 

 

3.2.3. Spectroscopy and Electrochemistry 

 All UV-VIS-NIR solution measurements were carried out using a Perkin Elmer® 

Lambda™ 900 spectrometer and matched quartz cuvettes. Electrochemical properties 

were measured using a BAS EC Epsilon® electrochemical analyzer, incorporating a Pt 

disk electrode and Pt wire counter with a Ag/AgCl reference electrode (all BAS 

products).  

 

3.2.4. Solar Cell Studies 

 The spectral response curves were measured by the author with the assistance 

of Anthony G. Fitch and Jordan E. Katz at the California Institute of Technology in the 

lab of Prof. Nathan S. Lewis. The external quantum yield was measured using working 

solar cells as described above. J-E curves were measured before and after each 

spectral response measurement to check for changes in current over time. A 50 W Xe 

arc lamp illuminated a monochromator with a bandwidth of 10 nm. The divergent output 

beam of the monochromator was collimated and focused using quartz optics. A portion 

of the beam was split off to a reference Si photodiode. The external quantum yield of 

the DSSC was calculated by measuring the short-circuit current at each wavelength and 
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dividing this by the current collected from a Si photodiode with known responsivity 

(NIST-calibration, UDT Sensors, model UV-50), modulated by the reference diode 

current. Photocurrent for the DSSC and diodes were measured using two EG&G Par 

173 potentiostats under short-circuit conditions. Data were collected and processed with 

a LabView program written in-house. 

 

3.3. Results 

3.3.1. UV-Vis 

 Spectra of solutions of Pt(dcbpy)mnt and Pd(dcbpy)mnt were  run for the same 

solutions used for the electrochemical studies in DMF solution. The absorption spectra 

are shown in Figure 3.1. The spectra show the CT band for these complexes in the 

visible region with low ε values. The spectra are blue shifted slightly vs. the literature 

values for Pt(dcbpy)mnt and have lower extinction coefficients due to the excess TBA+ 

in solution, which has been shown to affect the energy and extinction coefficients for 

Pt(dcbpy)tdt (tdt = 3,4-toluenedithiolate).10 The low extinction coefficients of ~2500 (Pd) 

and ~1600 (Pt) M-1 cm-1 are low vs. 14,000 M-1 cm-1 for N3. This information is an 

indicator that the performance of these dyes will be lower than that for N3. The plan is 

not to compete with N3 on performance but to investigate whether Pd and Ni could be 

viable alternatives that should be given attention. An encouraging aspect is the fact that 

the Pd dye has a higher extinction coefficient than the Pt. However, it is significantly 

blue shifted compared to the Pt dye. This blue shift is typical for Pd complexes, as 

demonstrated by the Bachman group7 in which a comparison of Pt, Pd, and Ni 

complexes with the same ligands were shown. The Pt and Ni complexes are both red-
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shifted relative to Pd in the spectra shown in that report with the nickel complex slightly 

blue shifted relative to Pt. 

 Geary et. al. showed that the properties of the ester complex of the Pt solar cell 

dyes match those of the acid form.11 The ester form is easier to handle, prepare, and is 

soluble in a wider range of solvents. These properties make the ester more desirable to 

use for the detailed UV-Vis and electrochemical studies. Thus, we have taken this 

approach to making a Ni dye. The UV-Vis of Ni(dmecbpy)tdt is shown in Figure 3.2. 

This complex is red shifted relative to the mnt analogues of Pt and Pd due to the 

change in the dithiolate to a more electron-donating group. 
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Figure 3.1. Electronic absorption data for M(dcbpy)mnt dyes in 1 M TBABF4 / DMF 

solution. 
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Figure 3.2. Electronic absorption spectra of Ni(dmecbpy)tdt in CH2Cl2, 1-cm cuvette. 

 

3.3.2. Electrochemistry 

 There are some requirements that a complex must meet in order to be functional 

in a DSSC using TiO2 and an I-/I3- electrolyte system. The first requirement is that the 

first reduction potential be more negative than that of the TiO2 which is ~-0.6 V vs. 

Ag/AgCl so that electron injection is possible. Both Pt(dcbpy)mnt and Pd(dcbpy)mnt as 

well as the complex Ni(dmecbpy)tdt fulfill this requirement (vide infra). The second is 

that the first oxidation potential must be more positive than that for the I-/I3- electrolyte 

(~+0.2 V vs. Ag/AgCl) to ensure regeneration of the neutral form of the dye. The cyclic 

voltammograms (CV) for the Pt, Pd, and Ni complexes show irreversible oxidations and 

quasi reversible reductions on the time scale used to measure the CV. However, these 

are completely reversible in the DSSC, as evidenced by no measurable differences in 
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the absorption spectrum of the sample on TiO2 before and after runs, and the lack of 

dye bleaching during the experiments. The regeneration of the neutral dye in the solar 

cell is very fast and can occur by both facial inner-sphere and outer-sphere 

mechanisms; which, is an advantage that these dyes have over the Ru(II) systems 

which regeneration can only occur through an outer-sphere mechanism. The 

electrochemical data are summarized in Table 3.1.  

  

Table 3.1. Electrochemical Oxidation and Reduction Potentials for the Pt, Pd, and Ni 

Dyes vs. Ag/AgCla 

DYE Red. Red. Ox. Literature 
Red. Red. Ox. 

Pt(dcbpy)mnt -0.60  -1.41  1.10  -0.82 -1.19 +1.2711 
Pd(dcbpy)mnt -0.59  -1.49  1.11  - - - 

Ni(dmecbpy)tdt -0.69  -1.54  0.62  - - - 

Pt(decbpy)mnt - - - -0.65  -1.20 +1.3911 

Pt(dcbpy)tdt - - - - -1.2 +0.459 
-0.66  -1.09 +0.5510 

Pt(decbpy)tdt - - - -0.762  - 0.6126 
a Potentials are reported in volts. 

 

 The HOMO and LUMO of these M diimine dithiolate complexes were shown by 

Eisenberg to be dependant on the ligands used.6 The LUMO in these complexes are 

bpy based and are more positive than regular bipyridyl ligands due to the electron 

withdrawing carboxyl groups on the rings, which shift them to -0.6 – -0.8 V. The HOMO 

is thought to be a mixed thiolate/platinum orbital and, therefore, the potential is largely 

governed by the thiolate moiety. Thus, the only differences in these complexes are the 

metal in Pt vs. Pd; however, in the case of Ni(dmecbpy)tdt the thiol changes the 
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oxidation potential. The data show that there is very little effect on the potentials when 

the metal is varied from Pt to Pd. The values of the Ni based ester show that the 

oxidation potentials are similar to those of the Pt and Pd dyes. The major difference is in 

the oxidation potential which is shifted to 0.62 V. This is similar to those values reported 

in the literature by Islam et al.9 and Geary et al.10 

 

3.3.3. Performance Under Illumination 

 The Pt and Pd complexes studied here are compared to the N3 dye using the 

same setup and electrolyte on the same thickness TiO2 slides. The performances of all 

the dyes are summarized in Table 3.2. When the dyes are adsorbed on the TiO2 slides, 

the absorption spectra are red shifted relative to the solutions caused by the multiple 

reflections.15 The spectra for the dyes on TiO2 can be seen in Figure 3.3. The light 

harvesting efficiency of the dyes is calculated from the absorption spectra using 

equation 3.1.9  

 

Equation 3.1. LHE(λ) = 100 – 1000(-A) 

 

 Using the LHE value, one can then compare these values at all wavelengths with 

the simulated solar spectrum and calculate the expected short circuit current assuming 

100% internal conversion. This allows the calculation of the internal quantum yield (IQY) 

based on the measured short circuit current, vide infra. The low LHE and IQY contribute 

to the lower performance of the devices compared to N3.  
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 The IV curves, shown in Figure 3.4, give a clear picture of what is happening in 

the cell. These complexes have lower short circuit current (JSC) values compared to N3 

and much lower open circuit voltages (VOC) Figure 3.5. The Pt complex in the literature 

is reported to have a JSC of 2.49 mA/cm2 vs. 2.31 mA/cm2 here, which can be attributed 

to variance in the cells. The 345 mV VOC is much lower than the literature value of 490 

mV which is caused by the difference in the electrolyte used. The literature values are 

reported for the electrolyte that contains tert-butylpyridine (TBP), while the electrolyte 

system used here does not. It was shown that, in the absence of the TBP, VOC are 

decreased while JSC is dramatically increased.11 It was surmised that these dyes 

actually perform better without the TBP additive.11 The Fill Factor for the Pt(dcbpy)mnt 

is 58% versus 51% reported while the efficiency of the cell is 0.43% versus the 0.63%  

reported.11 Thus, variances in the cells used to study the dyes here should be taken into 

account. These dyes should perform much better in a larger system with thicker layers 

of TiO2.11  
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Figure 3.3. UV-VIS absorption spectra for the dyes on TiO2. 

 

Table 3.2. Summary of the Data for Dyes on TiO2 

 LHEa IQYb  EQYc JSC  
(mA/cm2) 

VOC 
(mV) 

ff (%) η (%) 

N3 83.40 0.69 0.64 7.67 597.3 46.9 2.15 

Pt(dcbpy)mnt 58.32 0.31 0.11 2.31 345.08 58 0.47 

Pd(dcbpy)mnt 51.02 0.077d 0.019 0.375 304.94 52.9 0.061 

 

                                                 
a Calculated from the peak maximum for the dye on TiO2. 
b IQY is determined by analyzing the entire abs. spectrum from 385 nm to 900 nm in comparison to the 
solar spectrum. The maximum current is determined at 0 potential and then this value is compare to the 
measured current under total illumination to give the internal electron injection efficiency.  
c EQY reported for maximum value. 
d @ 470 nm 
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Figure 3.4. IV curve for Pt(dcbpy)mnt dye on TiO2, dark current versus illuminated under 

AM 1.5 conditions. 
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Figure 3.5. IV Curve for N3 Dye on TiO2 illuminated curve only (AM 1.5). 

 

 The Pd(dcbpy)mnt dye, IV curve seen in Figure 3.6, has significant current when 

illuminated, although it is less than that for Pt(dcbpy)mnt.  This is attributed to the blue 

shifted absorption and the lower LHE. The IV Curve seen in Figure 3.4 and the data are 

summarized in Table 3.1.  
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Figure 3.6. IV curve for the Pd dye, dark and illuminated (AM 1.5) curves. 

 

 The photocurrent action spectra (spectral response) are shown in Figure 3.7. The 

spectra show the spectral response of the N3 dye, Pt(dcbpy)mnt, and Pd(dcbpy)mnt 

expressed as the External Quantum Yield (EQY). Upon comparison one can see that 

the Pt and Pd complexes are lower than the N3 as expected (vide supra). However, the 

Pt complex is a significantly better performer than the Pd dye. This is attributed to the 

blue shift in the CT band of the Pd dye relative to the Pt and the lower IQY. The Pd 

complex showed very little current in the IV curve, this translates to low values for the 
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spectral response curves. In the IV experiment the sample is illuminated with simulated 

solar light and all wavelengths beyond 380 nm are striking the cell at once, whereas in 

the spectral response measurements the cell is only illuminated with a 10 nm window of 

light at each data point. This translates to a lower current reading at each data point 

than that for the IV curve, the EQY is calculated based on this current value at each 

point. 
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Figure 3.7. Spectral response curves for N3, Pt(dcbpy)mnt, and Pd(dcbpy)mnt. 

 

3.4. Conclusions 

 The DSSC is a viable alternative to the single crystal silicon cells of today; 

however, in order for the DSSC to reach fruition a cheaper alternative source of dye 

must be found. The thrust of this work is to systematically develop a dye that fulfills this 
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need. The first steps, to show that Pt and Pd solar cell dyes can be made and used in a 

device, have been accomplished. We have shown that a Ni dye can be synthesized in 

the ester form. Others have shown in the literature that the ester will be converted to the 

acid by interaction with the surface of the TiO2 and will bind to the surface. Thus, Ni 

which cost ~$7.05 per mol versus Ru at ~$1940 per mol for the raw metal at 99.9% 

purity, (Pricing from Strem, 2006-2008 catalog), and spot market pricing (in US dollars) 

for July 18, 2007 at $1,098.44/mol (Ru), $8,273.81/mol (Pt), $1,262.66/mol (Pd), and 

$1.88/mol (Ni), shows that Ni is a much cheaper alternative. This is an overwhelming 

number when one considers the cost in making a device. Thus, the road to Ni has been 

paved and only needs more exploring to help in developing a viable alternative to silicon 

based solar cells.  

 Other alternatives to using these dyes in a DSSC include using the ester forms in 

OPV applications, in which strong absorbing complexes that can be sublimed are 

needed.16 Most promising for the future is the fact that similar planar Pt complexes have 

strong interactions with electron acceptors in solution and the solid state, which is 

important for organic photo-voltaic (OPV) materials.16,8,17
 For OPV devices there is no 

need for the acid groups on the ligands thus allowing one to the difficulties associated 

with the synthesis of these complexes.  
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CHAPTER 4 

 

SYNTHESIS AND CHARACTERIZATION OF BLACK ABSORBING CHARGE 

TRANSFER COMPLEXES FOR USE IN SOLAR CELL AND CONDUCTIVITY 

APPLICATIONS 

4.1. Introduction 

 An active area of research for over three decades has been the study of charge 

transfer complexes. Thus far, several purely organic complexes have shown interesting 

electronic and charge transfer properties.1 The pursuit of this chapter, consistent with 

the goals of materials chemists, has been to prepare hybrid organic-inorganic materials 

where d-π interactions enhance those properties.  One especially fascinating result has 

been the preparation of metal-containing charge transfer materials incorporating the 

complex [Ni(dmit)2]2- (dmit = 2-thioxo-1,3-dithiole-4,5-dithiolate), which undergoes partial 

oxidation to form superconducting salts with open- and closed-shell organic cations.2 

Intermolecular interactions govern the conducting nature of these materials, whereby 

the most significant contribution to these interactions is that between the diffuse π-

orbital on sulfur and the metal d-orbitals.3  Additionally, depending on the stacking 

pattern of the donors and acceptors, varying degrees of conductivity can be achieved.  

If the donors and acceptors assemble in segregated stacks (where alternating 

donor:acceptor linear arrangement exist in a facial pattern), metallic or superconducting 

states can be achieved.  If the resulting solid-state packing yields integrated stacks 

(where the donor molecules stack alone and the donors stack alone in separate linear 

chains), semi-conducting or insulating states are obtained.  This behavior has been 
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demonstrated by several organic4 and metal-organic5 donor-acceptor extended chain 

species.  Based on their spectroscopic properties, an interesting application of these 

metal-containing charge transfer complexes is their use in solar cells, as 

photosensitizing dyes for wide band gap semiconductors.  This behavior has been 

demonstrated in recent years by several groups using Ru(II) or Pt(II) pyridyl complexes 

as photosensitizing dyes for solar cells based on colloidal TiO2.6 Another promising 

application for these materials is their use in thin film-based organic photovoltaics 

(OPVs), in which the most efficient devices have indeed been based on inary charge 

transfer materials such as copper phthalocyanin (CuPc) as donors and C60 as 

acceptors.8 

 In 2003, we reported in collaboration with the Dunbar group, new supramolecular 

stacks containing inorganic donors of the generic formula M(dbbpy)(dmid) (M = Pt, Pd; 

dbbpy = 4,4’di-tert-butyl-2,2’-bipyridine; dmid = 2-oxo-1,3-dithiole-4,5-dithiolate) and the 

nitrile organocyanide acceptors TCNQ, TCNQF4, and TCNE, which displayed 

interesting optoelectronic properties in solution and in the solid state.7  We found that in 

the absence of traditional adsorption moieties such as carboxylates, phosphonates, or 

sulfonates on the pyridyl ring system, the peripheral cyanide group on the acceptor 

molecules can serve as a suitable anchoring group in which the attraction in solution 

and the solid state is sufficient enough to hold the Pt moiety at the TiO2 surface.  

Despite this interesting discovery, it was found that these supramolecular systems 

suffered from reduced performance when compared to the Ru(II)-pyridyl systems.  The 

reduced performance of these supramolecular systems is an artifact of the 

organocyanide acceptors being unable to inject an electron from its lowest energy 
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states into the conduction band of the semiconductor. Facile electron injection into the 

conduction band of the semiconductor occurs if the first reduction potential of the dye is 

more negative than the substrate.  When looking at the first reduction potentials of the 

organocyanide acceptors (E1/2(red) for TCNQ = +0.19 V, E1/2(red) for TCNQF4 = +0.54 

V, and E1/2(red) for TCNE = +0.17 V), none were more negative than the first reduction 

potential of the conduction band of TiO2 (-0.6 V) (all relative to Ag/AgCl).7 It is thought 

that when the electron is injected from higher energy states, a fast recombination of the 

charge separated state with the acceptor occurs. In an effort to overcome this 

electrochemical consideration, here we describe new supramolecular systems 

containing the inorganic molecule Pt(dbbpy)(tdt) (tdt = 3,4-toluenedithiolate) (Figure 4.1) 

and the organic acceptors 2,7-dinitro-9-flourenone (DNF), 2,4,7-trinitro-9-flourenone 

(TRNF), and 2,4,5,7-tetranitro-9-flourenone (TENF) (Figure 4.2).  These supramolecular 

systems have been characterized by X-ray crystallography, cyclic voltammetry, IR, UV-

Vis-NIR electronic absorption and diffuse reflectance, and NMR spectroscopy. This 

chapter investigates the potential for the supramolecular systems based on 

Pt(diimine)(dithiolate) donors and the nitroflourenone family of acceptors to serve as 

suitable photosensitizing dyes for solar cells based on either colloidal wide bang gap 

semiconductors,7 or OPV’s.8 Solar cells require strong absorbers across the visible and 

into the NIR region, in a device structure that warrants a charge separated state.  
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Figure 4.1. Structural diagram for Pt(dbbpy)tdt. 
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4.2. Experimental Section 

4.2.1. Materials and Syntheses  

 Pt(dbbpy)(tdt) was prepared according to literature procedures.9  2,7-

dinitrofluorenone (DNF) was purchased from TCI and used as received without further 

purification.  The organic acceptors 2,4,7-trinitrofluorenone (TRNF) and 2,4,5,7-

tetranitrofluorenone (TENF) were provided by Prof. Alan Balch and used without 

additional purification.  Benzene was distilled over tetraglyme stabilized 

potassium/benzophenone and dichloromethane was distilled over P2O5 or CaH2.  

Unless otherwise specified, all reactions were carried out under nitrogen or argon 

atmosphere while employing standard Schlenk-line techniques. 

  [Pt(dbbpy)(tdt)]2[DNF]2 (1): Under a nitrogen atmosphere a dark purple 

solution of Pt(dbbpy)(tdt) 15.4 mg (2.4×10-4 mmol) in 5 mL of CH2Cl2 was layered with a 

pale yellow solution of DNF 3.35 mg (1.2×10-4 mmol) in 10 mL of a 1:1 solution of 

CH2Cl2/benzene. The tube was carefully covered in aluminum foil and allowed to stand 

undisturbed for a period of one week. The resulting black solution was subjected to slow 

evaporation under nitrogen which resulted in the formation of dark blue/black needles of 

[Pt(dbbpy)(tdt)]2 [DNF]2•C6H6 (1•C6H6) over the course of one week.  

 [Pt(dbbpy)(tdt)][TRNF] (2): In a manner similar to that used for 1, a dark purple 

solution of Pt(dbbpy)(tdt) 15.4 mg (2.4×10-4 mmol) in 5 mL of CH2Cl2 was layered with a 

pale yellow solution of TRNF 3.9 mg (1.2×10-4 mmol)  in a 1:1 solution of 

CH2Cl2/benzene.  Dark blue/black needles of [Pt(dbbpy)(tdt)][TRNF]•C6H6 (2•C6H6) 

formed over the period of 10 days. 
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 [Pt(dbbpy)(tdt)]2[TENF] (3a): By using a procedure similar to that used to prepare 

1 and 2, 15.4 mg  (2.4×10-4 mmol) in 5 mL of CH2Cl2 was layered with a pale yellow 

solution of TRNF 4.45 mg (1.2×10-4 mmol)  in a 1:1 solution of CH2Cl2/benzene. 

[Pt(dbbpy)(tdt)]2[TENF]•2C6H6 (3•C6H6) formed as dark blue/black needles after a 

period of seven days.   

 [Pt(dbbpy)(tdt)][TENF] (3b): By mixing a 1:1 ratio, same as above, of 

nitrofluorenone with Pt(dbbpy)tdt in 10 mL CH2Cl2 with 5 mL benzene added. This 

solution was allowed to evaporate slowly under argon for several days until the volume 

was equivalent to 5 mL. Black crystals were collected and used for all experiments; 

structures of this form were used for computational studies. 

 

 4.2.2. Single Crystal X-ray Structural Studies 

 X-ray data for the supramolecular stacks [Pt(dbbpy)(tdt)]2[DNF]2 (1), 

[Pt(dbbpy)(tdt)][TRNF] (2),  [Pt(dbbpy)(tdt)]2[TENF] (3a.) were collected on a Bruker D8 

GADDS system at 110±2 K with graphite monochromated Cu-Kα (λ = 1.54178 Å) 

radiation at Texas A&M University Department of Chemistry by Eric Rheinheimer from 

the Dunbar group. The data were corrected for Lorentz and polarization effects. The 

Bruker SAINT24 software package was used to integrate the frames and the data were 

corrected for absorption using the SADABS25 program. The structures were solved by 

direct methods by the use of the SHELXS-97™ 26 program in the Bruker SHELXTL™ 

v5.127 software package. The final refinement was carried out with anisotropic thermal 

parameters for all non-hydrogen atoms except for the atoms of the interstitial solvent 

molecules. Hydrogen atoms were placed in calculated positions. The final thermal 
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ellipsoid plots for all compounds were generated using the XSEED program.28 

Crystallographic parameters are listed in Table 4.1.  

 [Pt(dbbpy)(tdt)][TENF] (3b.) was collected on a Bruker SMART APEX II CCD-

based diffractometer and a Mo Kα fine-focus sealed tube (λ = 0.71073 Å) with a 

graphite monochromator operated at 50 kV, 30 mA at 100 K. The structural data were 

acquired here at the University of North Texas with the help of Dr. Xiaoping Wang. The 

data frames for each compound were integrated with the available APEX2 software10 

using a narrow-frame algorithm. The structures were solved and refined using the 

SHELXTL™ program package.11 The disordered moieties were refined accordingly with 

distance constraints. All nonhydrogen atoms were refined anisotropically. Hydrogen 

atoms were assigned calculated positions and allowed to ride on the attached carbon 

atoms in final structure refinements. The molecular structures for all three compounds 

were checked using PLATON12. The pertinent X-ray data are summarized in Table 4.1 

 

4.2.3. Other Physical Measurements 

 Infrared spectra for (1, 2, and, 3a.) in the 4800-400 cm-1 range were recorded on 

a Nicolet 740 FT-IR spectrophotometer, the far IR range (1600-50 cm-1) were recorded 

on a computer controlled Nicolet 750 FT-IR spectrophotometer equipped with a TGS/PE 

detector and silicon beam splitter at 2.0 or 4.0 cm-1 resolution. The IR spectra for 3b, 

Pt(dbbpy)tdt, and 2,4,5,7-tetranitrofluorenone) were collected on a PerkinElmer® 

Spectrum B (CsI optics) in the range of 4000–400 cm-1 for an average of 16 scans per 

sample, at a resolution of 1 cm-1. Background pellet consists of 0.2000 g of FT-IR grade 
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KBr (Fluka) and the sample pellet consists of approximately 1-2% sample, ground with 

KBr to equal 0.2000 g.   

 Cyclic voltammetry experiments were carried out at a scan rate of 100-200 mV/s 

on a CH Instruments Electrochemical Analyzer in 0.1 M solutions of [n-(Bu)4][PF6] in 

CH2Cl2 at a Pt disk working electrode with a Ag/AgCl reference and a Pt counter 

electrode. The CV measurements were carried out at Texas A&M University by Eric 

Rheinheimer in the Dunbar lab. 

 UV-Vis-NIR electronic absorption and diffuse reflectance measurements were 

carried out using a PerkinElmer® Lambda™ 900 in Suprasil quartz cuvettes with 1-mm, 

10-mm, and 100-mm path lengths. The solid reflectance data were collected using the 

LabSphere® integrating sphere accessory to the Lambda™ 900. The UV-Vis-NIR 

absorption spectra for complexes 1-3 were performed at room temperature using a 

given amount of Pt(dbbpy)tdt and adding, in stoichiometric amounts, the corresponding 

nitrofluorenone from a stock solution, then diluting the mixture to 25 mL. The resulting 

solutions were used immediately to collect the spectral data. For the solid-state spectral 

data (diffuse reflectance) the solutions used for UV-Vis-NIR were mixed together and 

the volume reduced under reduced pressure. The solution was then reconstituted to 25 

mL by the addition of dichloromethane and benzene. The solutions were allowed to 

slowly evaporate under argon. The resultant solid crystalline product was collected and 

placed on a Whatman® filter paper. The filter paper was used as the substrate for 

reflectance measurements for the solids.  

 NMR spectra were collected on a Varian Inc. 500 MHz NMR. The samples were 

prepped by dissolving them in CDCl3 and placing the in a 5 mm NMR tube (Wilmad). 64 
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scans were used to collect the 1H spectra and were referenced to the solvent peaks for 

CDCl3 (7.24 ppm).  

 

4.2.4. Computational Methods 

 The solid-state calculations described in this work were performed within the 

framework of the extended Hückel tight binding (EHTB) method13 for which standard 

parameters are used within the YAeHMOP14 software package. The off-diagonal 

elements of the Hamiltonian were evaluated with the Wolfsberg-Helmholtz formula.12,15 

Numerical integrations over the symmetry-unique section of the Brillouin zone of the 

three-dimensional structure of [Pt(dbbpy)(TDT)] [TENF] were performed using a set of 

40 k-points.10,11 These computations were performed by Prof. Rabaâ Hassan from the 

Department of Chemistry, E. S. C. T. M., Ibn Tofail University located in Kenitra 

Morocco. The computations were carried out using Center for Advanced Scientific 

Computing and Modeling (CASCaM) resources here at the University of North Texas 

during his visit to our labs. 

 

4.3. Results 

4.3.1. Syntheses and Treatment 

 All of the crystallized supramolecular systems were obtained using a 2:1 ratio of 

donor:acceptor (D:A) molecules. While 3b was grown under similar conditions from a 

solution containing 1:1 D:A ratio. Adducts 1-3b were analyzed by x-ray crystallography, 

cyclic voltammetry (excluding 3b), as well as IR, UV-Vis-NIR, and NMR and appear to 

be air and moisture-stable as the resulting solid product maintains its dark blue/black 
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color in light and ambient atmosphere. Crystalline quality for the samples diminishes 

over a period of a few days presumably due to the loss of benzene from the crystalline 

matrix. 

 

4.3.2. Crystallography 

 The four supramolecular systems all show strong donor-acceptor interactions in 

the solid-state. A characteristic used to determine the possibility of charge transfers is 

the inter-planar distances between the molecules. Closer inspection of the solid-state 

structures reveals inter-planar distances < 3.7 Å, which are well within the range for π-

interactions to occur.1 These distances are similar to those intermolecular distances 

seen for partially oxidized tetrathiafulvalene (TTF) where intermolecular distances 

between neighboring donor molecules of less than 3.7 Å were indicative of partial 

charge transfer. The same is true for the [Pt(dbbpy)dmid][TCNQ] stacks that we 

previously published, which show close interplanar distances with strong evidence for 

partial charge transfer inferred from νc-n IR as well as magnetic data.7 Despite the solid-

state clues which indicate apparent partial charge transfer between the donor and 

acceptor molecules, no significant differences in bond distances of the constituent 

molecules were noted.7  

The molecular units in 1 crystallize in the space group P-1 whereby the donor 

and acceptor molecules form supramolecular stacks with a 2:2 donor:acceptor pattern 

in each column. The DNF acceptor molecule is situated directly above the donor to 

allow for more orbital overlap between the acceptor and the M-tdt donor unit whose 

combined orbital contribution comprises the HOMO for the M(diimine)(dithiolate) donor 
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molecules. The unique stacking consists of dimeric interactions between two acceptors 

and two donors. This structure is rare in the fact that 2:1 or 1:1 donor: acceptor patterns 

are common but not 2:2. The X-ray crystal structure for 1 is shown in Figure 4.3. 

 

Figure 4.3. Crystallographic structure for complex 1, showing the linear chain structure. 

Hydrogen atoms are removed for clarity. 

 

 The solid state structures for 2 and 3 crystallize in the space groups Fdd2 and 

P2(1)/n, respectively. Both systems are dominated by maximum orbital overlap allowing 

for orbital interaction between the HOMO of the donor molecule and the π-orbitals of the 

acceptor molecules, but show a difference in their ratio of donor and acceptor 

molecules. The X-ray structure for 2 reveals a 1:1 stacking pattern of the donor and 

acceptor molecules, while the structure for 3a shows a 2:1 D:A pattern where the TRNF 

molecule is sandwiched between dimeric donor molecules. In the absence of the TRNF 

acceptor, the donor molecules are stacked head-to-tail in an eclipsed manner. The 

structure of 3b is similar to that for 2 in which there is a 1:1 stacking pattern. The X-ray 

crystal structures for 2, 3a, and 3b can be seen in Figures 4.4, 4.5, and 4.6. 
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Figure 4.4. Crystallographic structure for 2, showing the linear chain structure. 

Hydrogen atoms are removed for clarity. 

 

 

Figure 4.5.  Crystallographic structure for 3a, showing the linear chain structure. 

Hydrogen atoms are removed for clarity. 
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a R1 = ∑||Fo| - |Fc||/∑|Fo|. ; b wR2 = [∑ [w(Fo2-Fc2)2]/ ∑ [w(Fo2)2]1/2   

c Goodness-of-fit = [∑w(|Fo|-|Fc|)2/(Nobs-Nparameter)]1/2 

 

Table 4.1.  X-ray Crystallographic and Refinement Data for 1, 2, 3a, and 3b 

Compound 
[Pt(dbbpy)(tdt)][DNF]•0.5C6H6  

(1) 
[Pt(dbbpy)(tdt)][TRNF]•C6H6  

(2) 
[Pt(dbbpy)(tdt)]2[TENF]•2C6H6 

(3a) 
[Pt(dbbpy)(tdt)][TENF]•C6H6 

(3b) 
Formula C41H39N4O5PtS2 C44H41N5O7PtS2 C75H76N8O9Pt2S4 C41H37N6O9PtS2 

f. wt. 926.97 1011.03 1751.86 1016.98 
Space group P-1 Fdd2 P2(1)/n P 2(1)/n 

a, Å 11.298(2) 52.430(6) 11.257(2) 23.128(2) 
b, Å 13.599(3) 48.844(6) 26.004(5) 7.1640(6) 
c, Å 13.964(3) 6.7985(8) 24.165(5) 25.474(2) 
α, deg 75.51(3) 90 90 90 
β, deg 86.77(3) 90 92.19(3) 109.1900(10) 
γ, deg 69.05(3) 90 90 90 
V, Å3 1938.6(7) 17410(4) 7069(2) 7069(2) 

Z 2 16 4 4 
m, mm-1 3.776 7.381 8.918 3.690 

     
Collection     

Reflections Collected        8499 5787 10095 41047 
Reflections I>2s                7282 4708 3004 7294 

     
Refinement     

R1a 0.0347 0.0545 0.0971 0.0480 
wR2b 0.0653 0.1324 0.1831 0.1076 

quality-of-fitc 0.997 1.003 0.913 1.041 
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Figure 4.6. Crystallographic structure for 3b, showing the thermal ellipsoid plot (50% 

probability) as the top figure. The bottom shows the linear chain structure. Hydrogen 

atoms are removed for clarity. 
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 The intermolecular distances for 1-3 are shown in Table 4.2. Structure 3b 

exhibits close D:A contacts of 3.45-3.53 Å. These distance are similar to those found 

by the Balch group for Au(I) trimeric species with DNF, TRNF, and TENF (3.45-3.48 

Å).16 Our previous studies for Pt(diimine)(dithiolate) complexes with the electron 

acceptors TCNE, TCNQ, and TCNQF4 gave D:A distances ranging from 3.21 Å for 

TCNE to 3.49 Å for TCNQ.7 Another study by the Fackler group showed that adducts 

between Au(I) cyclic trinuclear donor complexes with TCNQ acceptor exhibited D:A 

distances of 3.96 Å.17 These D:A complexes all exhibit similar distances indicative of 

significant molecular interactions in the solid state. 

 

Table 4.2. Intermolecular Distances Representing D:A Interactions for 1-3 

 dD:A Å dA:A Å dD:D Å 

[Pt(dbbpy)(tdt)]2[DNF]2 (1) 3.32 2.98 3.569 

[Pt(dbbpy)(tdt)][TRNF] (2) 3.35 - - 

[Pt(dbbpy)(tdt)]2[TENF] (3a) 3.34 - 3.45 

[Pt(dbbpy)(tdt)][TENF] (3b) 3.49a - - 

[Pt(dbbpy)dmid]2[TCNQ]7 3.497 - 3.527 
a Average of close contacts. 

 

4.3.3. Electrochemistry 

 Cyclic voltammetric studies (vs. Ag/AgCl), of 1-3a reveal two irreversible 

oxidations at +0.49 V and +0.90 V which can be attributed to the oxidation of the M-tdt 

unit. Stack 1 shows two reversible reductions at -0.68 V and -0.90 V which can be 

attributed to the two reductions of the DNF acceptor. A third reduction at -1.30 V, 

which appears irreversible in nature, has been assigned to reduction of the dbbpy 
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ligand. Compound 2, possesses the same irreversible oxidations as 1. Reversible 

reductions, presumably acceptor-based, occur at -0.42 V and -0.68 V. The 

experimental cutoff for the electrochemical analysis of 2 was stopped at -1.0 V, thus 

preventing the observation of the third reversible acceptor-based reductions and the 

dbbpy ligand reduction. Compound 3 illustrates similar anodic behavior to the previous 

systems and begins to show a cathodic behavior similar to that of the pure TENF 

acceptor with the first and second reversible oxidations in 3 occurring at -0.20 and -

0.65 V, respectively. In a fashion similar to 2 the electrochemical range of the 

experiment for 3 was halted at -1.0 V, which prevented the observation of the other 

acceptor-based reduction waves and the dbbpy ligand reduction. It is important to note 

that, for all of the adduct systems, when the electrochemical experiments are carried 

out in dichloromethane solution, the systems display electrochemical behavior similar 

to that of the individual starting materials, Pt(dbbpy)tdt and the corresponding 

acceptor; literature values for the donor, Pt(dbbpy)tdt,9 E1/2 ox. = 0.589 V E1/2 red. = -

1.198 V; and acceptors,18 DNF, E1/2 red. = -1.30 V, -1.78 V; TRNF, E1/2 red. = -0.68 V, 

-0.84V; TENF, -0.42 V, -0.67 V (vs. Ag/AgCl).  Since the electrochemical 

measurements for 1-3 were carried out in solution, the packing arrangement seen in 

the crystal structures no longer exists. The electronic spectra, discussed below, in 10-

cm cuvettes show weak NIR absorption bands indicating that the adduct equilibrium 

constant is relatively small. Thus the equilibrium for the adduct formation in solution 

indicates the concentration of the binary D:A adduct in solution is very small relative to 

the separate components thus it cannot be seen electrochemically in solution. A table 
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summarizing the electrochemical potentials observed from the three compounds is 

summarized in Table 4.3.  

Table 4.3.  Summary of electrochemical potentials for 1-3a,b 

compound E1/2(ox), donor E1/2(red), acceptor
[Pt(dbbpy)(tdt)][DNF] (1) 0.49 -0.70

0.90 -0.90

[Pt(dbbpy)(tdt)][TRNF] (2) 0.49 -0.42
0.90 -0.68

[Pt(dbbpy)(tdt)]2[TENF] (3) 0.49 -0.20
0.90 -0.40

 
a Values are volts vs. Ag/AgCl, Pt disk electrode in 0.1 M TBAPF6/CH2Cl2 at a 

scan rate of 100 mV/s.  
b Experimental runs were stopped at a lower limit of -1.0 V.  This prevented the 

observation of the dbbpy ligand-based reduction and the observation of an 

additional cathodic response from the TRNF and TENF acceptors.  

 

4.3.4. Infrared Spectral Studies 

 The infrared spectra for the stacks vs. the free components can be seen in 

Figures 4.7-4.10. The interesting and most notable changes are the shifting of the νC-O, 

and νN-O, and νC-N. The solid state stacking is such that charge sharing is possible as 

previously demonstrated by Smucker et al.7 The most significant changes occur in the 

C=O stretching frequency in the TENF stack 3b. Figure 4.8 shows a zoomed plot of 

the C=O region for the TENF stack versus the free components. As one would expect 

there are no absorptions in this region for the Pt moiety. However the free TENF has 

two very strong absorption bands at 1749 cm-1 and 1741 cm-1. The stack no longer 

shows two bands for the free TENF as only one band is seen at 1737 cm-1, which 
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represents a lower frequency than both bands for the free TENF. The C=C bands for 

the free TENF appear at 1614, 1623, and 1603 cm-1. The 1614 and 1623 cm-1 bands 

interfere with the Pt complex band at 1617 cm-1 in the stack, but the 1603 cm-1 band 

shows a red shift to 1598 cm-1, Figure 4.9. The most significant changes are seen in 

the NO2 bands at 1549-1534 cm-1 (broad peak, Figure 4.10) and 1349 cm-1. The broad 

peak around 1544 cm-1 is sharper in the stack and the peak shows a maximum at 

1539 and a shoulder at 1530 cm-1. The peak at 1349 is shifted and more resolved in 

the stack with the maximum shifting to 1337 cm-1. These IR data suggest that there is 

charge sharing in this system, as evident by the red shifts in the spectra. This is similar 

to what is seen for mono-reduced TCNQ and TCNQδ-, where a red shift of the CN 

stretch is observed.7,19   
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Figure 4.7. Infrared spectrum for Pt(dbbpy)(tdt) top, Stack 3b middle, and TENF 

bottom. 
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Figure 4.8. Infrared spectrum for Pt(dbbpy)(tdt) (---), Stack 3b (•••), and TENF (solid 

line) zoomed in the region for the C=O stretch, which shows the red shift in the stack 

versus the free components. 
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Figure 4.9. Infrared spectrum for Pt(dbbpy)(tdt) (---), Stack 3b (•••), and TENF (solid 

line) zoomed in the region for the C=C stretch and the NO2 band which shows the red 

shift in the stack versus the free components. 
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Figure 4.10. Infrared spectrum for Pt(dbbpy)(tdt) (---), Stack 3b (•••), and TENF (solid 

line) zoomed in the region for the NO2 band which shows the red shift in the stack 

versus the free components. 

 

4.3.5. UV-Vis-NIR Electronic Absorption and Diffuse Reflectance Spectral Studies 

 The UV-Vis-NIR data for 1 show very little change in the low energy region 

beyond the CT band of the Pt(dbbpy)tdt, Figures 4.11 and 4.12. The 1-cm cuvette 

measurements reveal very little change in the extinction coefficients of the 

Pt(dbbpy)tdt, which would be expected if there were significant interactions in solution. 

In the solid state, there is no real evidence of D:A interaction between DNF and 

Pt(dbbpy)tdt. The solid state reflectance data for the powder show no growth of a new 
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band in the low energy region below the CT of the Pt(dbbpy)tdt. This is attributed to 

the weak interactions between the DNF and the Pt(dbbpy)(tdt).  
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Figure 4.11. Absorption spectrum for Pt(dbbpy)(tdt) in CH2Cl2 at room temperature in a 

1-cm cuvette showing the CT band and no NIR bands. (5×10-4 M). 
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Figure 4.12. Absorption spectra for Pt(dbbpy)(tdt) titrated with DNF, showing almost no 

change in the visible or NIR range. 

 

 The absorption spectra for the titration of Pt(dbbpy)(tdt) with TRNF are shown in 

Figure 4.13. The spectra show that there is a much stronger interaction between the 

TRNF and Pt(dbbpy)tdt. This is evident by the growth of a new absorption band in the 

825 nm region. This band grows in intensity with increasing concentration of TRNF. 

The band is very strong in the reflectance spectrum of the solids. The solution data at 

825 nm was fit using the method of Benesi and Hildebrand,20  Figure 4.14. The 

equilibrium constant is 553 M-1 for D+A DA and the extinction coefficient is 102 M-1 

cm-1. The trinitrofluorenone is a slightly stronger acceptor compared to the DNF but 

weaker than the TENF. The new band at 825 nm is attributed to the donor acceptor 

charge transfer (DACT) of the complex [Pt(dbbpy)(tdt)][TRNF] in solution. The TRNF, 

being a weaker acceptor than the TENF, should have less affinity to the electron-rich 

Pt(dbbpy)(tdt). The extinction coefficient is higher than that found for the TENF adduct, 
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which contributes to the intensity of the DACT even though there is less complex in 

solution. The diffuse reflectance data, Figure 4.17, show that the DACT bands are very 

storong in the solid state. The DACT band, is readily seen in the spectra as a 

dominant absorption. This extends the absorption range far into the NIR region 

compared to the Pt(dbbpy)(tdt) alone, and the free nitrofluorenones (which have no 

absorptions beyond 450 nm). 

 These DA complexes have potential uses in OPV devices, afforded by their 

strong black absorption behavior shown in Fig. 4.17. Such systems utilizing 

inexpensive acceptors like TRNF, TENF, and TCNX are cheaper alternatives to the 

expensive C60 derivatives used in the current devices.8 The current price for Fulleren 

C60 is $5960.90/g ($596.90/100mg) from Fisher. 
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Figure 4.13. Absorption spectra showing the new DACT band growth during the 

titration experiment for [Pt(dbbpy)(tdt)] [TRNF] in CH2Cl2 in a 10-cm cuvette at room 

temperature. 
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Figure 4.14. Benesi Hildebrand plot for titrations of Pt(dbbpy)(tdt) with TRNF in CH2Cl2 

at room temperature in a 10-cm cuvette for the absorption at 825 nm. 

 

 The TENF adduct 3 shows a very strong band at 950 nm that grows 

progressively larger with incremental addition of the TENF, Figure 4.15. The titration 

data were fit using the same method as complex 2, Figure 4.16. The equilibrium 

constant 6,080 M-1 is much higher than that found for 2 which is indicative of the strong 

attraction of TENF to the electron-rich Pt(dbbpy)(tdt). The adduct has an extinction 

coefficient of 32.89 M-1 cm-1 that is most evident in the solid spectra in which this lower 

energy band is a dominant feature Figure 4.17. The evidence of such strong 

interactions between Pt diimine dithiolate complexes and strong electron acceptors 

has been previously reported.7  
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Figure 4.15. Absorption spectra showing the new DACT band growth during the 

titration experiment for [Pt(dbbpy)(tdt)][TENF] in CH2Cl2 in a 10-cm cuvette at room 

temperature. 
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Figure 4.16. Benesi Hildebrand plot for titrations of Pt(dbbpy)(tdt) with TENF in CH2Cl2 

at room temperature in a 10-cm cuvette for the absorption at 950 nm. 

 

 The absorption data bear out DACT bands that become more red-shifted and 

more intense with increased acceptor strength. The DACT complex exists in 

equilibrium with the free components in solution; the concentration of the binary adduct 

in solution is dependant upon the concentration of the acceptor. Due to solubility 

limitations for both components and relatively low ε values of the DACT band, it is 

difficult to see the band in a 1-cm cuvette. The data for the solid state should be 

somewhat dependant upon the stacking mode as well. Therefore, the data shown are 

for samples whose structure was determined prior to collecting the data. In the 

solutions however, it is hard to determine the stoichiometry of the binary adduct with 

certainty, as it may deviate from the ratios found in the crystals.  
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Figure 4.17. Solid state diffuse reflectance data for 3b (top), 2 (middle), and 

Pt(dbbpy)(tdt) (bottom) showing the strong DACT absorptions in the NIR region. 

 

4.3.6. NMR Studies 

 5×10-4 M solutions of Pt(dbbpy)(tdt) were prepared in 1 mL of CDCl3, and an 

equimolar amount of TRNF was placed in 1 mL of  CDCl3 making a saturated solution. 

These solutions were used for NMR spectroscopy. A mixed solution was prepared by 

weighing out the same amounts as the original two NMR samples, then mixing the 

solids in 1 mL of CDCl3. These samples were placed in a sonic bath for five minutes to 

aid in dissolution. The 1H NMR for the aromatic region of each sample is compared in 

Figure 4.18. The aromatic protons should be the most sensitive to small changes in 

the electronic environment due to intermolecular charge transfer in solution. The 
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spectra show that there is a significant change in the electronic environment as all the 

aromatic peaks are shifted up-field relative to the free components. As well, there 

seems to be significant peak broadening indicating partial paramagnetic behavior in 

the sample, which also supports the DACT process occurring in the solution. These 

data represent rare structural evidence of D:A intermolecular interactions involving 

closed shell metal complexes in solution. A unique precedent has been reported by 

Burini et al. for trinuclear d10 complexes.21 

 
Figure 4.18. 1H NMR spectra for TRNF (acceptor, bottom), Pt(dbbpy)(tdt) (donor, 

middle), and the mixture of the two in CDCl3 (top). 

 

4.3.7. Computational Modeling 

 The solid-state computations carried out, by our visiting collaborator Rabaâ 

Hassan are described here to show the bearing of the structural and spectral 

properties on another potential application for the materials in this chapter, namely 
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electrical conductivity. The computational projections for crystalline 3b, show a 

completely occupied valence band centered at approximately -10 eV Figure 4.19. The 

Fermi level is represented by the dashed line showing that this material should have 

metallic behavior in the solid state. The projections show the various contributions to 

the band structure. All the projections show significant contributions to the band at the 

Fermi level. The large Pt-S and S contributions from the donor part of Pt(dbbpy)(tdt) 

which correspond to the HOMO level for this binary material, were expected.  

 An unexpected finding is the equally strong contributions to the band at the 

Fermi level from the N and O atoms located on the acceptor moiety. A large portion of 

the acceptor contribution lies just above the Fermi level indicating that they have a 

larger contribution to the LUMO than to the HOMO. This manifests a small band gap 

and explains the intense DACT band seen in the solid state diffuse reflectance 

spectra. The computations agree with the electrochemical data, which show that, the 

first reduction of the binary adduct is localized on the nitrofluorenone acceptor. This, in 

combination with the IR data presented above, demonstrates that this model is valid 

and that charge sharing is occurring in this system. The charge sharing between the 

donor and acceptor molecules will affect the nitro and carbonyl groups the most in the 

acceptor molecule, as shown in the computational data, supported by the IR spectra.  

 The computations suggest also, that the close D-A distances are sufficient 

enough to allow for orbital overlap with charge sharing along the linear chains of 

molecules. This cooperative nature is highly desirable for molecular electronics. The 

use of close contact in systems that have significant π interactions has been well 

known and utilized for many years now in systems like TTF:TCNQ.22 The 
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computations suggest that by modifying both the donor and acceptor we can tune the 

conductivity of our materials by altering the R groups on the ligands for the donor or 

the number of electron withdrawing groups on the acceptor.  

 

 

Figure 4.19. Plot of the density of states for the solid-state crystallographic 

arrangement of complex 3b based on tight binding extended Hückel band structure 

calculations. The horizontal dashed line corresponds to the Fermi level. Figures show 

the contributions of the Pt-S and S of the donor, as well as the N and O of the 

acceptor. 

 

4.4. Conclusions 

 Binary donor:acceptor adducts based on Pt(diimine)(dithiolate) complexes have 

been described in this chapter. Such materials have excellent potential to be utilized in 

electronics including OPVs8 and OTFTs23. These materials are easily processed and 

have unique properties such as close linear packing to maximize π overlap, which 

enhances the charge carrier ability. The overwhelming evidence for charge sharing 

indicates that the donor:acceptor pairs have a high affinity to one another such that  
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they stabilize each other by cooperative sharing of electron density which contributes 

their unique ability to form extended linear chains. The structural, spectral, and 

computational data suggest that complex 3b is an ideal candidate for molecule-based 

conductors. The conductive nature of the species is highly promising due to the fact 

that this system can be deposited from solution or the solid state by co-sublimation 

and is easily made. Other systems used for conductivity applications such as OTFTs, 

like pentacene,23 are less desirable due to the need for large expensive evaporation 

chambers due to its complete lack of solubility. The ability to process from solution is 

much cheaper and easier than evaporation.  

 In the realm of solar energy systems, low band gap dyes are ideal. For a DSSC, 

it is unknown if the nitrofluorenone will bind to SnO2 or TiO2 and whether or not the 

interaction with the Pt donor is strong enough to hold it at the surface as well. Other 

concerns are the speed of charge recombination and the stability of these systems. 

The ability to bind to a surface is circumvented when the species is used in an OPV8 

system in which the complex is deposited as a thin film or the components can be 

deposited as separate layers. The latter would aid in charge separation, which is 

needed to allow for efficient harvesting of the electron. The whole class of complexes 

should be great starting points for a new breed of molecule-based solar cells and 

conductors. 
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CHAPTER 5  

 

SOLUBLE SELF-ASSOCIATING MOLECULES FOR USE IN DEVICES 

5.1. Introduction 

 For the past 20+ years, people have known of association for closed shell 

systems through M•••M, π•••π, and M•••π interactions, and its effect on luminescence 

and absorption spectra.1 In typical luminescence spectra for organic fluorophores, the 

luminescence originates from a monomeric species in low concentration solutions. 

Upon increasing the concentration of the fluorophores in solution, quenching of 

emission usually occurs. Either the quenching results in a complete loss of emission for 

the solution across the spectral range, or the development of a new emission band from 

an excimeric species, pyrene is a common example for this.1(d,e,f,k) The excimer 

emission is associated with an overall reduction of the luminescence quantum yield, 

which is high only for monomeric emissions in common fluorophores. The excimeric 

species may originate from a static dimer, trimer, tetramer, etc… where the molecules 

are held close together in solution by van der Waals interactions. However, excimer 

emissions in solutions of organic fluorophores such as pyrene are mostly caused by a 

dynamic process; by which, an excited monomer collides with a ground-state monomer 

to form the dynamic excimer.1(d,e,f,k)  Inorganic excimers, in contrast, are usually static 

due to the significant strength of M•••M interactions caused by correlation effects that 

are enhanced by relativistic effects. Rare examples of such inorganic excimers has 

been reported for Ag(I) and Au(I) complexes in references 1l and 1m. The M•••M bond 

order for these n-mers is formally zero and, upon excitation, the new excited state 
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species has a bond order greater than zero. The excimeric species may also originate 

via a dynamic interaction in which an excited species and a ground state species come 

into contact with one another to form the excimer. Both static and dynamic excimers 

typically lead to quenching of the original monomeric emission band via non-radiative 

decay processes to either the ground state or the excimeric state. Thus, in the design of 

organic light emitting diodes (OLEDs) the emitting species is kept at very low 

concentrations of 2 to 10% by weight to minimize the effects of self-quenching, which 

commonly occurs in the solid state of most emissive species.  

 For many years researchers have shown that some Pt(II) diimine complexes self-

associate in solution and the solid state. The review by Houlding and Miskowsky covers 

this topic very well.2 Pt(diimine)Cl2 complexes are yellow to orange in the powder form 

and yellow or red in the crystalline state, depending upon the inter-molecular 

distances.2,3 The self-association of these complexes leads to drastic luminescence 

changes, mostly manifested by red shifting of the emission bands. There have been 

reports of Pt(diimine)Cl2 complexes that crystallize in both yellow (no association) and 

red (association present) polymorphic forms. The red forms in the literature have M•••M 

distances <3.34 Å for the orange to red forms. This area of research has been driven 

thus far by the extensive work on K2Pt(CN)4, in which the M•••M interaction was shown 

to cause a red emission for the colorless crystals.4 The association mode however 

varies in this class, from metal–metal interactions to ligand–metal or ligand–ligand 

interactions in which the latter two are the dominant modes for the systems shown here. 

Intermolecular distances in these complexes are typically on the order of 3.1–4.0 Å 

which allows for significant π overlap. This overlap lowers the HOMO–LUMO energy 
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gap causing a red-shift in both the absorption and emission spectra. The problem with 

most of the Pt(diimine)X2 complexes are their low solubilities, typically the solution 

concentration cannot exceed 5×10-3 M, so it has not been easy to delineate the effect of 

association in solution on the emission spectra.  

 The complexes studied in this chapter are Pt(dhepcbpy)Cl2 (dhepcbpy = 

[2,2']bipyridinyl-4,4'-dicarboxylic acid diheptyl ester) and Pt(dbbpy)mnt (dbbpy = 4,4'-di-

tert-butyl-[2,2']bipyridinyl), Figure 5.1. The long chain ester groups provide outstanding 

solubility for the heptanoic ester complex versus the short chain esters (1-2 carbons) 

used frequently. The overall solubility of the Pt(dhepcbpy)Cl2 is high and it has a low 

melting point. Many others have sought the elusive red form of Pt(diimine)X2 complexes 

(X = Cl-, CN-, various dithiolate ligands, and acetylides) to study their interesting 

emission properties.3 The dependence of the emission on the association mode for the 

Pt(diimine)X2 complexes is of great interest due to its potential use as pressure3e or 

solvent sensors,5 which affect the emission. Our interest in these complexes is not for 

use as sensors but as guest or dopant materials for OLED devices in polymeric host 

materials. The potential conductivity due to M-π, π-π, and/or M-M association may also 

warrant use as conductors in other electronic devices such as diodes or OTFTS. 

 The thought to test these complexes as OTFTs and diodes arises from literature 

studies where others have shown that the extent of π overlap albeit by d or p orbitals6 

gives rise to conductivity in systems like Magnus’ salt.7 The conductivity exists because 

of the ability for the electron to travel through the extended π system via the overlapping 

dz
2 and pz of both the cation and anion. The approach in Chapter 4 was the design of 

highly planar molecules with ligands that have low steric bulk that will not hinder facial 
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packing, allowing for extended π overlap in the whole molecule. This relaxes the need 

for M-M interactions, as this is rare and difficult to control. Magnus salts are some of the 

earliest known conducting complexes,6,7 in which the Pt atoms stack in a linear fashion 

for the length of the crystal with close distances of 3.1-3.5 Å. This extended overlap of 

pz and dz orbitals allows for conductivity in these complexes. The color of Magnus’ 

green salt is the result of the perturbation of the dxz and dyz orbitals on the [Pt(Cl)4]2- 

dianionic complex by the same orbitals on the [Pt(NH3)4]2+ dicationic complex.6(f,g) The 

energy of the ion pair charge transfer (IPCT) bands for Magnus’ green salts are located 

in the UV region.7(h) This indicates that there is very little charge sharing between the 

two molecules in contrast to the DACT complexes in Chapter 4 in which the DACT 

absorption band is in the NIR region. Thus, the energy required to push the electron 

through the Magnus’ salt systems is inherently higher, due to the extended repeating 

p/n type junctions that the two platinum molecules form. However, for the neutral 

systems this energy is much lower, especially for the CT complexes. The complexes 

studied here have close intermolecular packing, which perturbs the energy and 

electronic environment of the aromatic ligand, thus the change in the luminescence 

spectra and possible conductive properties should provide interesting results when 

these complexes are tested in devices.  

 The possibility for conductivity in these complexes my play an important role in 

the OLED devices, as this may enhance the charge transport properties of these 

complexes. This will hopefully enhance the efficiency of the system by increasing the 

ability for the charge recombination to occur in the emissive layer.  
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Figure 5.1. Structure diagram for Pt(dhepcbpy)Cl2 (A), and Pt(dbbpy)mnt (B). 

  

5.2. Experimental Section 

5.2.1. Materials and Syntheses 

 The solvents were all dried and/or degassed prior to use, and standard Schlenk 

line techniques were employed for all reactions. The materials K2PtCl4 (Strem), 4,4’-

dimethyl-2,2’-bipyridine (dmbpy, Aldrich), 4,4’-ditertbutyl-2,2’-bipyridine (dbbpy, Aldrich), 

potassium dichromate (Aldrich), disodium dimercaptomaleonitrile (mnt, TCI America), 

and thionyl chloride (Aldrich) were used as received without further purification. All 
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syntheses of the ligands dcbpy and dhepcbpy were carried out following literature 

procedures with slight modifications when necessary.8  

 4,4’-dicarboxy-2,2’-bipyridyl acid (dcbpy) was synthesized by dissolving 1.5 g of 

the 4,4’-dimethyl-2,2’-bipyridyl in concentrated sulfuric acid (50 mL). 9.51 g of the 

potassium dichromate was then added slowly over one hour to keep the temperature 

below 70o C, to aid in this an ice/salt bath was used to cool the vessel. This reaction 

was then removed from the ice and the temperature monitored, with stirring, until the 

temperature had dropped below 40o C. The solution was then poured into an 800mL 

beaker full of ice. The slurry was allowed to stand for 10 minutes then it was filtered and 

washed with 0.1 M HCl solution until the filtrate was yellow. The solid was collected, 

then added to a 200 mL round bottom flask containing 100 mL of nitric acid. This 

solution was refluxed for three hours. Upon cooling, the solution was poured over ice 

and filtered. The solid was washed with acetone, then ether, and dried in vacuum. The 

solid was recrystallized from hot pyridine in which colorless needles were obtained, 1.5 

g yield. This crystalline solid was used for all reactions thereafter. 

 2,2'-Bipyridinyl-4,4'-dicarboxylic acid diheptyl ester (dhepcbpy) (1) was 

synthesized by adding 1.0 g of dcbpy into 50 mL of thionyl chloride. This suspension 

was refluxed until a yellow solution had formed. The solvent was removed under 

vacuum. The solid was then dissolved in dry toluene. 3.0 mL of 1-heptanol was added 

to the flask and this was refluxed for 30 minutes. The solution was filtered and the 

solvent evaporated in vacuum, then the solid was collected. This solid was eluted on an 

alumina column with hexanes followed by CH2Cl2, its progress was monitored by its 

blue emission using a hand-held UV lamp operating at 365 nm. The recovered solid 
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was recrystallized from CH2Cl2/hexane by slow evaporation. This resultant solid was 

used, as is, for all following reactions. Yield 90%: mp = 56-56.5o Analysis Calculated for 

C26H36N2O4C, C, 70.88; H, 8.24, N, 6.36. Found: C, 69.25; H, 8.24; N, 5.97. NMR 1H 

(500 MHz) CDCl3: 8.93 (dd; j = 1.5, 0.99 Hz; 2 H), 8.85 (dd; j = 4.99, 0.99 Hz; 2 H), 7.88 

(dd; j = 4.99, 1.99 Hz; 2 H), 4.37 (t; j = 6.99 Hz;  4 H), 1.74 (q; 4 H), 1.31(m; 16 H), 0.87 

(t; 6 H ), 0.05 (s; 2 H). 

 Pt(dhepcbpy)Cl2 (2) was synthesized by dissolving 100 mg of K2PtCl4 in a 

water/acetone mixture. To this, a one molar equivalent of the dhepcbpy was added and 

the solution refluxed for one day. The reaction was then evaporated to half volume and  

20 mL CH2Cl2 was added to dissolve the complex. Upon several extractions with CH2Cl2 

the complex was collected by evaporation of the CH2Cl2 in vacuum. The solid was 

purified on an alumina column using hexanes as the eluent, 500 mL. This was followed 

by 500 mL of CH2Cl2. The solvent was removed in vacuum to <5 mL. The solid was 

precipitated with cold hexanes. The solid was filtered and dried in vacuum. The complex 

has a very low melting temperature ~60o C and a waxy texture, almost that of a liquid 

crystal at temperatures above ~30o C. This complex has two color forms that are 

dependant upon the solution that it’s precipitated from; solvents such as CH2Cl2, 

chloroform, benzene, and toluene give a red solid; solvents such as hexane and 

pentane give a yellow powder. The red solid is highly luminescent at room temperature. 

The yellow solids luminescence is weak compared to the red. Yield 85%. Analysis 

Calculated for C26H36Cl2N2O4Pt, C, C, 44.20; H, 5.14; N, 3.96. Found: C, 43.74; H, 5.08; 

N, 3.84. NMR see section 5.4.3.  
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 Pt(dbbpy)Cl2 was made by refluxing 200 mg of K2PtCl4 in water/acetone 1:1 at 

70o C with a molar equivalent of dbbpy. After four hours, the solution was evaporated to 

half volume, then it was filtered. The yellow solid was washed with ether and dried in 

vacuum overnight. Yield 96%. 

 Pt(dbbpy)mnt (3) was synthesized by mixing 100 mg of Pt(dbbpy)Cl2 in 

CH2Cl2/acetone with a molar equivalent of mnt. This solution was refluxed for 15 hours 

and then allowed to cool to room temp. The red solution was filtered, and the filtrate 

evaporated to near dryness. 20 mL of methanol was added, and the volume reduced to 

10 mL in vacuum. The suspension was filtered and the solid was washed with 10 mL 

portions of methanol until the filtrate coming from the filter was pale red in color. The 

solid was dried in vacuum; Yield 75%. NMR DMSO/CDCl3, 1H (200 MHz): 8.72 d (j = 6 

Hz), 8.65 d (j = 1.9 Hz), 7.70 dd (j = 6, 1.9 Hz), 1.43 s (referenced to DMSO peak at 

2.49ppm); 13C (50 MHz): 170.9, 165.0, 155.5, 148.5, 125.5, 122.4, 117.0, 36.2, 30.1. 

 

5.2.2. Spectroscopic Details 

 The electronic absorption spectra were collected on a PerkinElmer® Lambda™ 

900 double beam UV-Vis-NIR spectrometer. One-centimeter quartz cuvettes were used 

for the measurements, with dry degassed CH2Cl2 as the solvent of choice. The 

luminescence measurements were performed for solid crystalline samples of the 

materials at room temperature by attaching the crystals to a small glass capillary using 

small amounts of super glue and placing the samples in the beam. The steady-state 

luminescence spectra were acquired with a PTI QuantaMaster™ Model QM-4 scanning 

spectrofluorometer. The excitation and emission spectra were corrected for the 
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wavelength-dependent lamp intensity and detector response, respectively. Lifetimes 

were measured either by a pulsed nitrogen laser operating at 337 nm, exciting a laser 

dye of appropriate wavelength, or a Xenon flash lamp, both from PTI. The 77 K 

measurements were collected by placing the samples in Suprasil quartz tubes (Heraus), 

made here at UNT by Bill Smith Master Glass Blower, and placed in a Suprasil quartz 

cold finger dewar, also made here at UNT, that was filled with liquid nitrogen 

 

5.2.3. X-ray Crystallography 

 Single crystal X-ray diffraction data for dhepcbpy and Pt(dhepcbpy)Cl2 were 

collected on a Bruker SMART APEX II CCD-based diffractometer and a Mo Kα fine-

focus sealed tube (λ = 0.71073 Å) with a graphite monochromator operated at 50 kV, 30 

mA at 100 K by Dr. Xiaoping Wang. The data frames for each compound were 

integrated with the available APEX2 software9 using a narrow-frame algorithm. The 

structures were solved and refined using the SHELXTL™ program package10. All 

nonhydrogen atoms were refined anisotropically for dhepcbpy, and for Pt(dhepcbpy)Cl2 

the heptanoic group’s disorder did not allow for anisotropical refinement. Hydrogen 

atoms were assigned calculated positions and allowed to ride on the attached carbon 

atoms in final structure refinements. The molecular structures for all three compounds 

were checked using PLATON.11 The pertinent X-ray data is summarized in Table 5.1. X-

ray crystallography for Pt(dbbpy)mnt was performed at Bruker AXS Inc. by Dr. Charles 

Campana. The X-ray intensity data were measured at 100(2) K on a Bruker SMART 

APEX CCD area detector system equipped with a graphite monochromator and a Mo 

Kα fine-focus sealed tube (λ = 0.71073 Å) operated at 1.5 kW power (50 kV, 30 mA). 
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The detector was placed at a distance of 4.989 cm. from the crystal. The structure was 

solved and refined using the Bruker SHELXTL™ (Version 6.1) Software Package, using 

the space group P-1, with Z = 4 for the formula unit, C22H24N4PtS2. 

 

5.2.4. NMR Spectroscopy 

 The NMR spectra were collected on a Varian 500 or 200 MHz (1H) NMR for 

freshly prepared samples in CDCl3 or d6DMSO. The samples were prepared by 

weighing out Pt(dhepcbpy)Cl2 and dissolving it in approximately one ml of CDCl3. The 

original sample weights were 12 mg, 32 mg, and 64 mg. These samples provided 

yellow, orange, and red solutions respectively, in 1 mL of solvent. The data were 

collected and the 12 mg solution was diluted to 2 mL, then 1 mL was used to collect 

data. 20 mg were added to the 32 mg sample, and 30 mg were added to the 64 mg 

sample. The new solutions were then studied. The frequencies were referenced to the 

solvent peaks set to 7.24 ppm (1H) and 77.0 ppm (13C) for CDCl3 solutions and 2.49 

ppm (1H) and 39.5 ppm (13C) for DMSO. All Fourier transformations were carried out in 

the Vnmr-j™ software packages from Varian Inc., and the resultant plots were 

manipulated with the same software. 

 

5.2.5. OLED Device Preparation and Characterization 

 The emissive pixels were prepared by spin coating the emissive layer onto a 

glass substrate with a 100 nm layer of ITO (indium tin oxide), a 35 nm layer of 

PEDOT:PSS (Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)) deposited from 

toluene at a spin rate of 3000 rpm. The emissive layer consisting of PVK:t-PBD 
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(poly(vinylcarbazole):[2-(4-biphenylyl)-5-(4-tert-butyl-phenyl)-1,3,4-oxadiazole]) 3:2 ratio 

was prepared in chloroform at 2 wt% to the chloroform, and the Pt(dhepcbpy)Cl2 was 

added at 2-50 wt% of the total (Pt + PVK + t-PBD) blend weight and was spun at 2000 

rpm to give thicknesses of 90 nm. The emissive layer was capped by evaporation of Ca 

followed by Al with an electron beam at <2x10-7 torr to give thicknesses of 100 nm and 

200 nm respectively. The brightness (luminance) was measured on a PR650 

photometer and the IV curves were measured using a Keithley 2400 power source. All 

OLED devices, based on Pt complexes synthesized by the author, were made and 

characterized at the UT-Dallas campus by Dr. Huiping Jia in the lab of Prof. Bruce 

Gnade.  

 

5.3. Crystal Structures 

 The X-ray crystal structures were determined both here at the University of North 

Texas (by Dr. Xiaoping Wang) and Bruker AXS (by Dr. Charles Campana). The ligand 

dhepcbpy crystallizes in the P-1 space group, and packs with alternating planar 

distances of 3.516 and 3.915 Å. The bipyridyl units of the ligands are offset by 153.81o 

with the rings surrounded above and below their faces by the heptanoic group of the 

adjacent ligands in the tilted linear stack, Figure 5.2. The crystal structure for the 

complex Pt(dhepcbpy)Cl2 was determined using a thin plate grown from slow 

evaporation of a CH2Cl2 solution, Figure 5.3. The crystal was red in color and pliable at 

room temperature. It crystallizes in the C2/c space group, and it was not possible to 

refine the structure anisotropically due to the low quality diffraction data for this crystal. 

The low quality of this data is due to the extreme disorder of the long alkyl chains, as 
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can be seen in the thermal ellipsoid plots, where a large sphere of probability envelops 

portions of the chains. Planes were generated using the Pt and the two nitrogen atoms 

of the bipyridyl unit. The distances between the planes are 3.24 Å, similar to those 

found for the red forms of Pt(diimine)Cl2 complexes in the literature.2,3 There is no direct 

Pt-Pt stacking but there is Pt-diimine and diimine-diimine stacking in this crystal. The 

rotation center for this linear stack is located near the linking C-C bond of the diimine 

unit. The Pt-Pt-Pt angle is 71.57o with Pt-Pt distances of 5.36 and 5.77 Å, compared to 

3.37 to 3.44 Å and an angle of 161.03o for Pt(bpy)Cl2.3d This linear stack is not of the 

same type as that described in the literature for both the yellow and red forms of 

Pt(diimine)Cl2 complexes. These literature structures have a perpendicular C2 rotation 

axis between any two molecules in the chain. The structure here in contrast has a 

perpendicular C2 axis that contains four molecules, which is due to the offset of the Pt-

Cl bonds between adjacent molecules of the linear chain.  

 Pt(dbbpy)mnt crystallizes in the P-1 space group with a linear stacking pattern, 

and alternating planar distances of 3.51 and 3.57 Å, Figure 5.4. The solid state stacking 

pattern seems to be governed by diimine-sulfur/Pt interactions. This is one of very few 

reported crystal structures for Pt(diimine)(dithiolate) complexes despite the extensive 

spectral investigations for this class of materials.12 Combining the structures here with 

the few available literature structures for this family of complexes, it seems that the 

packing of all Pt(diimine)(dithiolate) complexes are primarily governed by the Pt/S-

diimine interactions. This arrangement likely allows for a strong mixing of the HOMO of 

one molecule (with Pt/S character) with the LUMO of the adjacent molecule (with bpy 

character). The overlap of the HOMO and LUMO areas of the molecules should provide 
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a low energy path for the charge to travel when a bias is applied. All pertinent 

crystallographic data are summarized in Table 5.1. 

 

 

 

 

Figure 5.2. Thermal ellipsoid plot for dhepcbpy showing the tilted stacking, plotted at the 

50% probability level with the hydrogen’s removed for clarity (top). Plot of a single 

molecule (bottom).  
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Figure 5.3. Thermal ellipsoid plots (35% probability) for Pt(dhepcbpy)Cl2 (bottom), 

packing structure (top) shows only one carbon atom of the heptanoic group while all the 

H atoms are removed for clarity.  
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Figure 5.4a. Crystal structure of Pt(dbbpy)mnt, showing the interplanar distances.  

 

Figure 5.4b. A view of the molecular packing from the crystal structure (projection down 

the (a) axis). 
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Figure 5.4c. Anisotropic atomic displacement ellipsoids for the non-hydrogen atoms 
shown at the 50% probability level. Hydrogen atoms are displayed with an arbitrarily 

small radius. 
 

Table 5.1. Crystallographic Information for Compounds 1-3 

a R1 = ∑||Fo| - |Fc||/∑|Fo|. ; b wR2 = [∑ [w(Fo2-Fc2)2]/ ∑ [w(Fo2)2]1/2  
c Goodness-of-fit = [∑w(|Fo|-|Fc|)2/(Nobs-Nparameter)]1/2 

Compound Dhepcbpy (1) Pt(dhepcbpy)Cl2 (2) Pt(dbbpy)mnt (3) 
Formula C26H36N2O4 C26H36Cl2N2O4Pt C22H24N4PtS2 

Formula weight 440.57 706.56 603.66 
Space group P-1 C 2/c P-1 

a, Å 8.414(5) 48.43(2) 7.2647(3) 
b, Å 10.990(6) 22.499(10) 15.3558(7) 
c, Å 13.948(7) 13.045(6) 21.2186(10) 
α, deg 82.640 90 92.8900(10) 
β, deg 82.305 96.752(7) 91.4010(10) 
γ, deg 69.538(6) 90 99.8640(10) 
V, Å3 1192.9(11) 14116(10) 2327.77(18) 

Z 2 16 4 
Abs. Coeff. Mm-1 0.082 4.154 6.222 

    
Data Collection    

Reflections collected 9525 57974 29394 
Reflections I>2s 3207 9312 10669 

    
Refinement    

R1a 0.0863 0.3891 0.0578 
wR2b 0.1410 0.5877 0.1237 

Goodness-of-fitc 1.109 2.783 1.293 
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5.4. Results 

5.4.1. Electronic Absorption Spectra 

 The spectra were collected for the Pt(dhepcbpy)Cl2 in 1-mm cuvettes as seen in 

Figure 5.5 and 1-cm cuvettes Figure 5.6. Direct evidence for association is illustrated in 

the spectra, similar to observations for cyano complexes of Pt(II), Ag(I) and Au(I).13,14 

This evidence is seen in the dramatic red shift in the absorption spectrum as the 

concentration increases. This shift is visible to the naked eye, unlike those for the 

aforementioned complexes, where the absorption occurs in the UV region. While the 

low concentration solutions are yellow in color, the high concentration solutions become 

orange then red. This striking color change was the major stimulus to the detailed 

studies herein that focus on this complex. 

 At very high concentrations, the spectra clearly show association via the 

development of a new band to the red of 500 nm. Attempted quantative analysis of this 

band at 500 nm to characterize it to a single oligomer such as a dimer or trimer (by 

plotting C0A-1/2, where C0 is the total concentration of the solution and A is the 

absorbance value at 500 nm, versus A1/2 or C0A-1/3 versus A2/3, respectively)13 was 

inconclusive. One cannot distinguish what this band is due to, as both plots are linear in 

the low concentration range but deviate in the higher concentration solutions. This is 

due to the formation of not only dimers, trimers, or tetramers but many combinations of 

oligimers in the high concentration solutions so as to complicate the quantative analysis.  

 The physical evidence is such that this compound remains a liquid even when its 

volume is in excess of the solvent, and can remain this way for days before crystals are 

seen forming. The overall solubility of the Pt(dhepcbpy)Cl2 is well above one molar and 
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actually has properties similar to that of an organogel at very high concentrations where 

the volume of the complex exceeds that of the solvent. This complex has two color 

forms that are dependant upon the solution it is precipitated from; solvents such as 

CH2Cl2, chloroform, benzene, and toluene give a red solid; solvents such as hexane 

and pentane give a yellow powder. The solid state diffuse reflectance data in Figure 5.7 

show the differences between the yellow and orange forms of Pt(dhepcbpy)Cl2. The 

yellow powder is a solid collected from the reaction that was precipitated from a small 

amount of CH2Cl2 by cold hexanes. This solid is thought to have no close packing in the 

solid state. This is assumed by its color in relation to the other forms of Pt(diimine)Cl2 

complexes that are known not to have intermolecular interactions in the solid.3 

However, the orange solid was deposited on the filter paper from a highly concentrated 

red solution of the complex. This orange solid formed as the CH2Cl2 evaporated, and it 

is non-crystalline. It is different from the red crystal due to the multiple combinations of 

monomer, dimer, trimers, tetramers, etc. in the solid orange form. The difference is that 

the crystal contains linear chains extending the length of the crystal, as opposed to  

localized dimers, trimers, etc. In this case, the deep red color arises from the 

interactions of all the different oligimers in the film that is formed on the paper.  

 The absorption spectra for Pt(dbbpy)mnt, Figure 5.8, do not show any evidence 

of association. This is thought to be mainly caused by the extremely low solubility of the 

complex in which a maximum of approximately 3×10-3 M in CH2Cl2 can be reached. The 

spectrum shows the Pt/S mixed HOMO diimine based LUMO charge transfer in the 

visible region with a peak maximum at 498 nm. The solid state spectra do not support 

any solid state association effects besides the slight baseline extension. The CT band of 
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the solid state data has a very long tail well beyond 600 nm, which is the baseline for 

saturated solutions, Figure 5.9. This extended baseline does not necessarily indicate 

that there is association as it could be due to the multiple reflections in the crystal of the 

solid form, as has been suggested even for Ru(II) octahedral complexes (See Chapter 

3).15 The association in the solid state is not seen because these complexes have very 

weak interactions with long planar distances that are too long (>3.6 Å) for significant 

interactions to be observed. 
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Figure 5.5. Absorption spectra for Pt(dhepcbpy)Cl2 in a 1-mm cuvette showing the 

growth of a new band beyond 500 nm upon reaching concentrations in the milli-molar 

range. 
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Figure 5.6. Absorption spectrum for Pt(dhepcbpy)Cl2 in 1-cm cuvette showing a red shift 

with increasing concentration (same solutions as 1-mm above).  
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Figure 5.7. Solid state diffuse reflectance data for Pt(dhepcbpy)Cl2 red and yellow 

forms, showing the effects of association on the color. 
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Figure 5.8. UV-VIS spectra for Pt(dbbpy)mnt in 1-cm cuvette, at different 

concentrations. 
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Figure 5.9. Solid state reflectance data, showing extended baseline possibly due to 

association in the solid state. 
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5.4.2. Luminescence Spectra 

 The luminescence spectra for both Pt(dhepcbpy)Cl2 and Pt(dbbpy)mnt solids can 

be seen in Figures 5.10-5.12. These spectra were collected for single crystals whose 

crystal structures have been determined prior to measurement. The emission color is 

brilliant red at room temperature for both complexes. The Pt(dhepcbpy)Cl2 crystals have 

a broad unstructured emission profile with a peak maximum of 682 nm that does not 

reach a baseline until well beyond 800 nm. The excitation spectrum is telling of the 

effect of association when compared to the absorption spectrum for a high 

concentration solution. The excitation is broad and shows that there is significant 

contribution from the association bands in the excitation route of the observed emission.  

300 400 500 600 700 800 900

A
rb

. U
ni

ts

Wavelength (nm)

  

Figure 5.10. Excitation and emission spectra (thick solid lines) for a single crystal 

compared to the absorption spectrum for a solution in a 1-cm cuvette (- - -), for the 

yellow solid (small solid line), and the red solid (•-••-•) at room temperature. 
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Figure 5.11. Low temperature (77 K) luminescence of 10-4 M yellow frozen solution in  

CDCl3 (- - -), 0.13 M red frozen solution at in CDCl3 (•••), and the red crystal (at room 

temperature) of Pt(dhepcbpy)Cl2 (solid line), showing the effect of association on the 

emission spectrum.  

 

 This underscores the extremely important role played by the association of the 

molecules in the solid state leading to the red-NIR emission of this compound. When 

comparing the excitation profile to the solid state diffuse reflectance, one can see that 

the profiles overlap well with one another indicating that the low energy excitation band 

for the solid is due to the association in the red form as it extends beyond the absorption 

of the yellow form. This evidence indicates that the emission is caused by the 

association mode in the solid state.16 Similar studies in the literature show that the 
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emission of the yellow form is blue shifted relative to the red form; due to the 

association of molecules in the latter.2 The emission profile and crystal structure for the 

red form of Pt(dhepcbpy)Cl2 differ from those in the literature for similar complexes with 

octyl groups instead of heptyl. The literature explains their emission as being influenced 

by M-M interaction, on the assumption that they have Pt-Pt stacking in the solid state.17 

 Studies were performed for two solutions of Pt(dhepcbpy)Cl2 at 77 K to compare 

the orange and yellow colors. A solution with a concentration of 4×10-4 M gives a yellow 

solution in CDCl3, while a solution that is 0.13 M gives a dark red solution. These 

samples were placed in a Suprasil quartz tubes, and were held in a Suprasil quartz cold 

finger dewar that was filled with liquid nitrogen. The cracked glasses were excited with 

450 nm light and the emission spectra collected, Figure 5.11. As one can see upon 

increasing the concentration the emission is red-shifted relative to the yellow solution. 

The crystalline solid is the most red shifted, as would be expected as it contains linear 

chains of molecules, whereas the solutions contain monomer (yellow) and n-mers (red). 

This is direct evidence for the association of these molecules even in solution. 

The luminescence spectrum for solid Pt(dbbpy)mnt at room temperature can be 

seen in Figure 5.12. It is similar in structure to that reported by Eisenberg for solutions 

(607 nm in frozen butyronitrile at 77 K and 620 nm in CH2Cl2 at room temperature), but 

is red shifted by 550 cm-1 and 205 cm-1 vs. the solution data to 628 nm.18 The excitation 

profile is similar to the solid state diffuse reflectance data, with no significant shift in the 

spectra, with the exception of the peak edge and baseline. There seems to be very little 

difference between the absorption spectrum, the solid state reflectance spectrum, and 

the excitation spectrum. This indicates that even though the complexes are relatively 
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close in distance, association does not affect the absorption or excitation spectra for the 

sample. Thus, the intermolecular distances must be less than 3.5 Å (closer to 3.1 Å) 

before significant spectral changes occur for the ground state. However, the red shift in 

the solid versus the solution and extension of the emission profile further into the red 

(Eisenberg shows a baseline at 800 nm) indicates possible excimer formation for this 

complex. Eisenberg reports a lifetime of 3 ns,18 whereas the crystals give a lifetime of 

6.7 μs Figure 5.13. This points toward excimer formation because the lifetime should 

decrease due to an increase in the knr in the solid state, see Equation 5.1. If 

phosphorescent excimers form in the solid state then the lifetime should be in the μs 

time scale. 

Equation 5.1. )(
1

nrkrk +=τ  
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Figure 5.12. Luminescence spectrum of Pt(dbbpy)mnt crystalline solid at room 

temperature; Excitation (•••), emission (solid line), and solid state reflectance (- - -) vs. 

Pt(dbbpy)mnt in CH2Cl2 at room temperature.   
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Figure 5.13. Lifetime decay for the emission band for crystals of Pt(dbbpy)mnt at room 

temperature excitation at 500 nm, emission at 676 nm. 

  

5.4.3. NMR Spectroscopic Studies 

 NMR spectra were collected on a Varian 500 MHz NMR operating at 499.82 MHz 

for 1H. Figure 5.14 shows the structure of Pt(dhepcbpy)Cl2 with superscript labels on the 

atoms that correspond to the assigned peaks in the NMR spectra for 1H and 13C. Figure 

5.15 shows the corresponding proton NMR spectra overlaid. One can see that the 

spectra change slightly with concentration. Upon close inspection of the 7–10 ppm 

range, one notices that the peaks shift upfield upon increasing the concentration. The 

peak at 10.1 ppm (10-4 M) shifts to 9.41 ppm at the highest concentration studied (0.13 

M); this 345 Hz shift is apparent when the spectra are compared, Figure 5.16. The color 

change for the solutions are apparent, as attributed to the association of the molecules 
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in the solution vide supra. All the aromatic peaks and their shifts with concentration are 

shown in Table 5.2 for 1H and Table 5.3 for 13C. In addition, there are significant shifts in 

the 13C NMR spectra, with a large shift of 591 Hz for carbon “c”, Figure 5.17. The 

evidence for association is further confirmed by the UV-Vis of the NMR solutions in a 1-

mm cuvette, Figure 5.18.  

 The change in color, shown earlier in the absorption spectra and crystal 

structure, arises from intermolecular interactions. The overall interaction mode is π 

stacking. The literature suggests3 that the main modes of interactions that lead to the 

red crystals are mainly Pt-Pt interactions in the solid state. However, here we have 

demonstrated that these are the main interactions that lead to association of 

Pt(dhepcbpy)Cl2. The NMR evidence here suggests that, consistent with the structural 

data in the solid state, the red solutions exhibit red color not because of Pt-Pt 

interactions but instead because of the π stacking of the bpy based ligand. This is 

evident in the shifting of the aromatic proton and carbon peaks. The mixing of the π 

orbitals albeit a dimer, trimer, tetramer, etc. changes the electronic environment of the 

bpy system such that there is an upfield shift in all the proton resonances, while there 

are up and down-field shifts in the 13C spectrum. These shifts are evidence of the 

change in the electron density of the π system from intermolecular interactions. At low 

concentrations, the proton spectra have very small shifts, but at high concentrations 

oligimers of different sizes form in solution causing dramatic shifts in the spectra. 
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Figure 5.14. Structure with labeled peaks for following NMR plots (Figures and Tables) 

assigned as superscripts next to the atom for 1H and 13C NMR spectra. 

 

 

 

Figure 5.15. Concentration dependant 1H NMR spectral comparison (bottom to top: 6, 

12, 32, 52, 64, 94 mg/mL) in CDCl3.   
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Figure 5.16. Zoomed region of the 1H NMR, showing the aromatic hydrogen region and 

their corresponding shifts with concentration, photos are of actual NMR tubes containing 

solutions of varying concentrations (Zoomed region from Figure 5.11 same 

concentrations for spectra and images). 
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Figure 5.17. 13C NMR spectra of a 6 mg/mL (bottom) and 94 mg/mL (top) solutions in 

CDCl3. 
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Figure 5.18. Photographs and absorption spectra (1-mm path) of Pt(dhepcbpy)Cl2 

solutions with concentrations of 6, 27, and 94 mg/mL in CDCl3 representing the same 

NMR samples in Figures 5.15-5.16.
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Table 5.2. NMR Spectral Information For The Aromatic Protons of Pt(dhepcbpy)Cl2  

 

 

 

 

 

 

 

mg/mL 0.3 3 6 12 32 52 64 94 
[M] 4.25E-04 4.25E-03 8.49E-03 1.70E-02 4.53E-02 7.36E-02 9.06E-02 1.33E-01 

Isotope Chemical Shift (ppm) (j = Hz) 500 MHz NMR 
1Ha 10.10 

(dd, j = 6, 0.5) 
10.00 

(dd, j = 6, 0.5) 
9.95 

(dd, j = 6, 0.5) 
9.87 

(dd, j = 6, 0.5) 
9.76 

(d, j = 6) 
9.60 

(d, j = 6) 
9.51 

(d, j = 6) 
9.41 

(d, j = 6 ) 
1Hb 8.57 

(d, j = 1.9) 
8.57 

(d, j = 1.9) 
8.57 

(d, j = 1.9) 
8.57 

(d, j = 1.9) 
8.57 

(d, j = 1.9) 
8.54 

(d, j = 1.9) 
8.51 

(d, j = 1.9) 
8.48 

(d, j = 1.9) 

1Hc 8.12 
(dd, j = 6, 1.9) 

8.10 
(dd, j = 6, 1.9) 

8.09 
(dd, j = 6, 1.9) 

8.07 
(dd, j = 6, 1.9) 

8.04 
(dd, j = 6, 1.9) 

7.99 
(dd, j = 6, 1.9) 

7.95 
(dd, j = 6, 1.9) 

7.91 
(dd, j = 6, 1.9) 

 Chemical Shift (Hz) 
1Ha 5,048 4,998 4,973 4,933 4,878 4,797 4,753 4,703 
1Hb 4,283 4,283 4,288 4,283 4,283 4,268 4,258 4,238 
1Hc 4,058 4,048 4,044 4,034 4,019 3,994 3,974 3,954 
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Table 5.3. NMR Spectral Data for the Aromatic Carbons of Pt(dhepcbpy)Cl2 

 

 

 

 

 

 

 

 

 

 

5.4.4. OLEDs Based on Pt(dhepcbpy)Cl2 

 The complex Pt(dhepcbpy)Cl2 was chosen to be tested in organic light emitting 

diodes (OLEDs) due to its bright red luminescence to the naked eye, its high solubility 

in most polar organic solvents, and the good overlap between its excitation profile with 

the emission of the PVK:t-PBD polymer host matrix. The PVK:t-PBD is a well known 

matrix in the literature for solution-processed OLEDs. For efficient energy transfer to 

dopant complexes or molecules to take place, the host emission must overlap with the 

dopation excitation as illustrated in the literature for many dopants in the PVK:t-PBD 

matrices.19 Figure 5.19 illustrates that excellent spectral overlap exist between the 

PVK:t-PBD  host emission and the excitation of Pt(dhepcbpy)Cl2. Upon increasing the 

applied voltage the emission of the PVK:t-PBD exhibits a red-shift, Figure 5.19. 

Interestingly, the extended excitation profile of Pt(dhepcbpy)Cl2 still overlaps with this 

mg/mL 6 94 
[M] 8.49E-03 1.33E-01 

Isotope Chemical Shift (ppm) 125 MHz 
13Ca 162.96 162.96 
13Cb 157.19 157.45 
13Cc 150.68 149.49 
13Cd 140.45 140.26 
13Ce 126.99 126.57 
13Cf 122.78 123.39 

 Chemical Shift (Hz) 
13Ca 81,451 81,455 
13Cb 78,567 78,698 
13Cc 75,314 74,723 
13Cd 70,197 70,106 
13Ce 63,474 63,267 
13Cf 61,366 61,674 
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red-shifted host emission. These data suggest that we may be able to drive a device to 

higher voltages and still have efficient energy transfer and emission.  

  

200 250 300 350 400 450 500 550 600 650 700 750 800

In
te

ns
ity

Wavelength (nm)

             V
 11.5
 12
 12.5
 13
 13.5
 14
 14.5
 15
 Pt(dhepcbpy)Cl2

              excitation

 

Figure 5.19. Overlap of the excitation of Pt(dhepcbpy)Cl2 with the emission of PVK:t-

PBD at various voltage bias. Spectra show the red shift of the PVK:t-PBD host with 

increasing applied voltage bias. 

  

 Encouraged by the excellent spectral overlap data above, we decided to carry 

out a study for the electroluminescence of Pt(dhepcbpy)Cl2 in the PVK:t-PBD matrix. 

Figure 5.20. shows the device structure used for these devices. 
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Figure 5.20. Structure for the device used in our studies, glass/ITO (110 nm), 

PEDOT:PSS (35 nm), PVK:t-PBD:dopants “EML” (50 nm), Ca (100 nm), Al (200 nm). 

 

 Other studies show that the doping is critical; if it is too low, the device will be 

purely host emission, whereas if too much dopant is used, usually the device will not be 

efficient due to self-quenching.20 For example in studies using tris[9,9-dihexyl-2-(phenyl-

4’-(pyridine-2yl))fluorene]iridium(III) (Ir(dppf)3), it was shown that 8% gives the best 

performance.20 Thus, emissive pixels were made at 2%, 10%, 20%, 30% and 50% 

Pt(dhepcbpy)Cl2 to determine if the association will enhance the electroluminescence of 

these materials. No one has studied Pt(diimine)Cl2 materials and the effect of their 

association in an OLED device before. Previous studies that utilized Pt complexes were 

based on different classes of complexes with other ligands (mostly porphyrins), and 

they employed small molecule host materials (hence expensive device processing by 

thermal sublimation of thin films as opposed to solution processing).21  

 The electroluminescence (EL) spectrum for the 2% solution is shown in Figure 

5.21. This emission maximum is at 636 nm for the device vs. 680 nm for the 

photoluminescence (PL) of the crystalline solid. The device shows emission up to a bias 
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of ~28.5 V, Figure 5.22. The blue shift relative to the crystalline solid initiated the study 

of the concentration dependence of the EL. Thus, devices containing 10%, 20%, 30%, 

and 50% Pt dopant were made. The EL spectra are shown in Figure 5.23, which shows 

that upon increasing the concentration of the sample, the emission profile red shifts in 

energy and gains intensity. This is evidence that association can be used to control the 

emission color and enhance the electrolumiescnece intensity. Combined with results 

from the previous sections in this dissertation, this result clearly suggests that 

increasing the dopant concentration leads to self sensitization in our devices while 

common OLEDs exhibit self-quenching. To our knowledge, this is the first proof of 

concept result ever to be reported regarding this novel concept of self-sensitization in 

OLEDs. 
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Figure 5.21. EL spectrum for Pt(dhepcbpy)Cl2 at 2% doping. 
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Figure 5.22. Plot showing the turn on voltage bias vs. current density and luminance. 
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Figure 5.23. EL spectra for concentration dependant doping study, showing a red shift 

and increase in intensity with increasing concentration of Pt(dhepcbpy)Cl2, approaching 

the PL wavelength for the neat solid form of the complex. 
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 The overall EL data here show that increasing the Pt doping level leads to 

devices with brighter emissions, higher current densities and lower turn on voltages. 

The data are shown in Figures 5.24-5.26. The data clearly show that, upon increasing 

the concentration of Pt(dhepcbpy)Cl2 a significant increase in the current density takes 

place. Thus, the emitting film becomes more conducting due to formation of more 

excitions. The luminance (brightness) increases on going from 10 20 30% but a 

further increase to 50% doping level decreases the brightness. This is believed to be 

due to the effect of an increase in non-radiative decay and a decrease in the efficiency 

of energy transfer, as the host material may no longer be in large excess of the Pt 

emissive material. Figure 5.26 shows that increasing the concentration leads to a 

positive gain in the luminance efficiency (a common figure of merit for OLEDs) up to a 

30% doping level. All these data provide further demonstration that, for the first time in 

OLEDs, very high doping levels leads to improved performance. This increased 

performance can be directly attributed to the association, which leads to extended 

intermolecular π overlap. This leads to an increase in conductivity, luminance, and 

efficiency for the system, and thus demonstrates that self-sensitization can be achieved 

in OLEDs. It is noteworthy to say that these data are meant merely to provide a “proof of 

concept” demonstration of the self-sensitization phenomenon. For practical applications, 

better device efficiencies are required; therefore complexes with higher quantum 

efficiency than that for Pt(dhepcbpy)Cl2 will be needed while maintaining the high 

solubility. 
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Figure 5.24. Current density vs. bias voltage for different levels of doping.  
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Figure 5.25. Luminance vs.Bias for different doping levels. 
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Figure 5.26. Efficiency versus current density for different doping levels. 

 

5.5. Conclusions 

 The different modes of association of Pt(diimine)Cl2 systems have dramatic 

effects on the emission and absorption spectra. The most well known mode is through 

platinophilic interactions in which the metal-metal distances are less than 3.5 Å. In this 

chapter; however, we have shown that this is not the only mode of interaction that 

affects the emission and absorption spectrum, as Pt-π and π-π interactions play a 

significant role in the stacking of such complexes. These stacking modes have been 

characterized in the solid state by X-ray crystallography, diffuse reflectance, 

luminescence, solution absorption and emission, and NMR. NMR has never been 

utilized to characterize the self-association of Pt(II) or other closed shell transition metal 

complexes in solution while here we clearly demonstrate this for Pt(dhepcbpy)Cl2 by 



136 

monitoring the 1H  and 13C chemical shifts versus concentration. The evidence from the 

combined methods has led us to prove that Pt(dhepcbpy)Cl2 can be a “self-sensitizer” in 

OLED devices. Thus, the self-association of Pt(dhepcbpy)Cl2 molecules in the solid-

state has led to enhanced electroluminescence properties that include brighter 

emissions, lower drive voltages, and higher current densities at higher doping levels of 

the complex in PVK:t-PBD polymer matricies. The complexes presented here are easily 

modified, to tune the emission color and increase the quantum efficiencies;12,18 which, is 

promising for the fabrication of better OLED devices in the future, based on this new 

novel concept of self-sensitization. 
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CHAPTER 6 
 
 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 Two major topics have been studied in this dissertation. In the first topic, the 

photophysical and photochemical properties of some tetrahedral silver(I)-phosphine 

complexes have been investigated and shown to possibly undergo an excited state 

rearrangement in the AgP4 coordination sphere owing to a photoinduced Jahn-Teller 

distortion. The second topic involved studying several types of Pt(II)-iimine complexes, 

their spectroscopic properties, reactivity with electron acceptors, and their potential uses 

in optoelectronic devices. The following is a summary of the major results and 

conclusions of this dissertation (Sections 6.1-6.4) as well as suggestions about future 

directions for this research (Section 6.5). 

 

6.1. Metal-Centered Emission in Four-Coordinate Silver(I)-Phosphine Complexes 

 A systematic study was undertaken to determine if tetrahedral d10 complexes, 

such as the silver(I)-phosphine complexes studied in Chapter 2, would experience a 

geometric distortion in the excited state. This work was inspired by previous work in the 

Omary and Cundari groups on the excited state distortions of three coordinate Au(I)- 

phosphine complexes.1 These complexes have a doubly degenerate HOMO that 

undergoes a Jahn-Teller type distortion from trigonal to a T-shape due to a loss in 

degeneracy upon photoexcitation. The tetrahedral Ag(I)-phosphine complexes have a 

triply-degenerate HOMO; thus, their photoexcitation photoexcitation renders them Jahn-

Teller unstable. Indeed, the findings in Chapter 2 show that the complexes exhibit broad 
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unstructured emissions with large Stokes shifts, consistent with highly-distorted 

phosphorescent excited state relative to the ground-state structure. This observation of 

Ag-centered emission is in contrast to a popular belief that d10 ML4 complexes only 

exhibit ligand-centered emissions. These experimental findings are substantiated by 

computational evidence in which DFT methods predict that the lowest-energy geometry 

for the triplet state is between a square planar and see-saw type geometry, representing 

a drastic distortion in departure from the ground-state tetrahedral geometry. The 

generated image of the singly occupied LUMO shows that it is largely centered on the 

metal with very small phosphine contributions, consistent with excitation to a 

predominately SP orbital of Ag(I). 

 To investigate whether the extent of excited-state distortion can be tuned, three 

complexes were made; one containing triphenylphosphine as the ligand, one containing 

1,3,5-triaza-7-phosphaadamantane (TPA), and one containing a 1:1 mixture of the two. 

The PPh3 and TPA ligands have drastically different cone angles and overall sizes. This 

should allow for different degrees of distortion to occur if there is one. Upon varying the 

ligand, there is a red shift in the emission profile and an increase in the Stokes shift in 

the direction [Ag(PPh3)4]+  [Ag(PPh3)2(TPA)2]+  [Ag(TPA)4]+. This trend bears out the 

computational evidence, and substantiates the model proposed for the excited state 

molecular and electronic structures. 

 

6.2. From Platinum to Palladium to Nickel: Toward Development of Cheaper Solar Cells 

 In Chapter 3 advances in solar energy research were achieved through the 

synthesis of two new solar cell dyes. For the past several decades great interest in the 
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field of dye sensitized solar cells (DSSCs) has developed as many thought it may be 

the answer to the world’s increasing energy needs.2 However the cells made to date are 

relatively expensive and have a maximum efficiency of 10%. The main push in this 

research field has not been cheaper alternatives but improving the performance of only 

one system. This has led us to investigate alternatives such as divalent group 10 

complexes. While other groups have studied Pt dyes,3 our work in Chapter 3 provides 

the first investigation for utilizing cheaper metals like Pd and Ni. Thus, data for the first 

Pd based solar cell dye were generated, and precursors to Ni dyes were synthesized 

and characterized in relation to future utilization of Ni-based dyes.  

 The performance of the Pd dye was not as good as we had hoped for but the 

information and experience gained has given us direction to improve the design of our 

Ni dye. Both the Pt and Pd dyes show significant current and reasonable fill factors, but 

their internal and external quantum yields were low compared to standard Ru-based 

dyes. Nevertheless, our goal to provide a proof of concept demonstration to utilize 

cheaper metals than Ru or Pt to make solar cell devices, in hopes of sparking new 

interest in the field and possibly aid in the development of a cheaper design, was 

successful. 

 

6.3. Synthesis and Characterization of Black Absorbing Charge Transfer Complexes for 

use in Solar Cell and Conductivity Applications 

 Previously, we showed that Pt(II)diimine-dithiolate complexes have strong 

interactions with organic nitrile acceptors.4 These strong interactions lead to interesting 

spectroscopic and magnetic properties for the material. These materials have strong 
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absorptions across the UV-Vis region and into the NIR, which is ideal for a solar cell 

dye. However, the performance was poor for this system due to the non-ideal matching 

between the reduction potential of the acceptor and the TiO2.4 This work sparked our 

interest in other acceptors such as nitrofluorenones.  

 Chapter 4, shows that upon mixing the Pt(dbbpy)tdt donor and the 

nitrofluorenone acceptor molecules in solution, a new band appears in the NIR region. 

This band is from the equilibrium product of the donor and acceptor in solution. Benesi-

Hildebrand plots show that the equilibrium is shifted to the left and that the product has 

a very low extinction coefficient. The strength of the acceptor governs the equilibrium 

constant. Upon crystallization, several different packing motifs for these complexes 

exist. The ones of most interest are those with 2,4,7-trinitro-9-flourenone (TRNF) and 

2,4,5,7-tetranitro-9-flourenone (TENF). The Pt:TRNF has a 1:1 D:A stacking pattern 

while the Pt:TENF has both a 2:1 D:A ratio and a 1:1 D:A ratio depending on the 

method of crystal growth. These materials give evidence of donor acceptor charge 

transfer (DACT) in the solid state and solution as evidenced by the extension of the 

absorption spectrum into the NIR region. The strongest DACT in the solid state seems 

is for the Pt:TENF adduct.  

 Infrared spectra for the TENF 1:1 adduct were collected and compared with the 

free components. The spectra show that there is significant red shifting of the IR bands 

that are most affected by electron density changes in the sample. This evidence along 

with the NMR spectra proves that there is significant DACT in solid and solution. The 

proton NMR spectra for the mixture in CDCl3 shows that, upon mixing, the aromatic 
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protons are shifted upfield and are broadened, suggesting partial paramagnetism is 

present even in solution.4  

 Computations were performed by a collaborator for the crystal structure of the 

1:1 adduct of TENF. The results predict that this material will have a metallic behavior 

as the HOMO and LUMO both contribute to the Fermi level of the solid. This implies that 

this complex may have uses as a molecular conducting material. These materials are 

black absorbers and should have strong photoconductivity that makes them ideal 

candidates for Organic Photovoltaic OPV applications as well.  

 

6.4. Soluble Self Associating Molecules for use in Devices 

 In Chapter 5, two different molecules, Pt(dhepcbpy)Cl2 and Pt(dbbpy)mnt, were 

studied by electronic absorption, luminescence, NMR, and X-ray crystallography. The 

intermolecular distances of these complexes differed, one having inter-planar distances 

of 3.2 Å (Pt(dhepcbpy)Cl2) and the other having 3.5 Å (Pt(dbbpy)mnt). The longer 

distance is similar to those seen for both the yellow form of Pt(diimine)Cl2 complexes5 

and the pink forms of Magnus’ salt analogues.6 This is due to the lack of interaction of 

the π orbitals that are aligned along the packing axis. While in the case of 

Pt(dhepcbpy)Cl2 the distances are 3.2 Å, which are similar to those seen for the red 

forms of Pt(diimine)Cl25 and Magnus’ green salt.6 The color changes are due to the 

perturbation of the orbitals along the packing axis which interact with one another 

causing a red shift in the absorption energies. These pre-associated chain structures 

form excimers upon photo-excitation which causes a red shift in the emission energies 

relative to the monomeric forms. 
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 The absorption for Pt(dhepcbpy)Cl2 study showed a dramatic red shift in the 

absorption edge similar to studies for cyano complexes of d8 and d10 transition metal 

complexes.7 The change was such that analysis of the new bands causing the red shift 

suggests a mixture of multiple oligomers were forming in solution. The study of this 

highly soluble complex allowed for the observation of association in solution to be 

made. The yellow and red powders as well as the red crystal have similar emission 

spectra, mostly due to the effect of the packing. The yellow form is dominated by 

monomeric species while the red-orange solid has associated species. Solid state 

diffuse reflectance spectra show that the orange solid exhibits a red-shifted absorption 

edge relative to the yellow.  

 The most unique study in Chapter 5 was the NMR study of Pt(dhepcbpy)Cl2 

where concentrations ranging from 4×10-4 to 0.1 M were used. In this study the 1H and 

13C NMR spectra were collected. For the 1H NMR, all the solutions were used and a 

comparison of the aromatic regions showed a large upfield shift ranging from 45-345 

MHz (difference of maximum and minimum concentrations) for all the aromatic peaks, 

reflecting the physical color change of the solutions from yellow to red due to self-

association. The 13C spectra show significant shifts in the region of the aromatic 

carbons. This proves that NMR can be used as a probe to observe the self-association 

effects and mode of association in solution.  

 This Pt(dhepcbpy)Cl2 has a broad excitation spectrum that overlaps with the 

emission of a well known organic light emitting diode (OLED) polymer host material, 

PVK:t-PBD. This material is an efficient energy transfer material that has been 

optimized in the literature.8 Therefore it was decided to test the Pt(dhepcbpy)Cl2 as the 
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emitter in an OLED device. The overall EL data in Chapter 6 show that increasing the Pt 

doping level leads to devices with brighter emissions, higher current densities and lower 

turn on voltages. The data clearly show that, upon increasing the concentration of 

Pt(dhepcbpy)Cl2 a significant increase in the current density takes place. Thus, the 

emitting film becomes more conducting due to formation of more excitions. The 

luminance (brightness) increases on going from 10 20 30% but a further increase to 

50% doping level decreases the brightness. This is believed to be due to the effect of an 

increase in non-radiative decay and a decrease in the efficiency of energy transfer, as 

the host material may no longer be in large excess of the Pt emissive material. 

Increasing the concentration leads to a positive gain in the luminance efficiency (a 

common figure of merit for OLEDs) up to a 30% doping level. All these data provide 

further demonstration that, for the first time in OLEDs, very high doping levels leads to 

improved performance. This increased performance can be directly attributed to the 

association which leads to extended intermolecular π overlap. This leads to an increase 

in conductivity, luminance, and efficiency for the system, and thus demonstrates that 

self-sensitization can be achieved in OLEDs. 

 

6.5. Future Directions for this Research 

 This section will address some of the unsolved problems related to the subjects 

treated in this dissertation and present ideas for future expansion of these projects. 
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6.5.1. Silver (I) Studies Continued… 

 The studies of the luminescence of tetrahedral silver(I) complexes have left many 

unanswered questions. How good are the excited state models for these complexes? 

The model predicted a large distortion to a see-saw/sq planar geometry. However, the 

only way to probe this predicted structure experimentally is through excited state 

crystallographic methods which are only currently available at synchrotron sources. 

Several publications have been seen in the literature recently which answered several 

questions about bond formation in the excited state of molecules.9 This study is 

suggested for all the silver complexes described in Chapter 2 because they provide a 

range of excited-state structural variation according to the interpretation of the spectral 

and computational data. 

 

6.5.2. Design of a Ni-Based Solar Cell Dye 

 In Chapter 3 we showed that Pt and Pd solar cell dyes can be used however 

inefficient they may be. The chapter demonstrated that a Ni solar cell dye can be made 

very easily with absorption and electrochemical properties that are similar or better than 

those for the Pt or Pd complexes for solar cell applications. These Ni(II) complexs 

should be studied in a DSSC device, which could be a viable and cheaper alternative to 

ruthenium based dyes. The Ni(diimine)(dithiolate) complexes proposed may be ideal for 

use in OPV devices in which dark strong absorbing materials are desired. This complex 

fits the criteria for an OPV device, as one needs an electron rich strong absorbing 

material that will interact with an electron acceptor material and is stable. Design and 
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synthesis of other analogous Ni complexes are critical in order to create the best and 

cheapest device possible.  

 

6.5.3. Donor:Acceptor Combinations for use in Devices 

 Research in the area of OPV devices is becoming more popular. The design of 

stable materials that are strong absorbers across the UV-Vis and NIR regions, with 

good long-lived charge separated states, and are stable over extended periods of time 

are critical for making these devices. We have shown that Pt(dbbpy)tdt has strong 

interactions with several different nitrofluorenone based acceptors. These complexes 

absorbed strongly across the UV-Vis-NIR region. The future of this project should lean 

toward Pt(II) and analogous Ni(II) complexes that have stronger interactions with the 

acceptors in solution and the solid state. This can be done through variations in the 

acceptor or by changing the ligands on the donor. The latter may be the better option 

because small changes in the ligands have proven to be effective in tuning the 

absorption, emission, and electrochemical properties of the complexes.10  

Photoconductivity studies of these donor acceptor materials should be performed as 

required for OPV materials. Also more combinations of D:A molecules should be 

studied where the Pt or Ni moiety is varied while holding the acceptor constant and the 

opposite should be done for all the Pt complexes where the donor is varied. This study 

may provide the best combination for this class of D:A pairs. 

 The electrochemical requirements must be better understood for these devices 

using techniques like UPS and electrochemistry to accurately determine the HOMO 

LUMO levels so as to warrant efficient charge transport through the organic/metal-
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organic layers between the cathode and anode. This will allow for a better approach in 

the design of a device as these properties govern the efficiencies. Other measurements 

such as conductivity of the solid and magnetic studies such as EPR and magnetic 

measurements using a S.Q.U.I.D. will provide more information about these DACT 

complexes. This will aid in understanding whether charge sharing exist in such 

complexes, or whether they have undergone complete charge separation, which are 

issues that need to be addressed for the potential utilization of the materials in organic 

thin-film field-effect transistors (OTFTs) if high electrical conductivity is obtained. 

 

6.5.4. Soluble Self-Associating Molecules for Design of OLED Devices 

 This class of d8 complexes with ligands similar to dhepcbpy which render very 

high solubility has a promising future in OLED devices. The position and substituents on 

the ring systems can be varied to give various properties such that may enhance the 

attraction between molecules. Gray and others have performed pressure dependant 

studies on similar red Pt(diimine)Cl2 complexes in which the red form was converted to 

the yellow form at high pressures.5f This implies that these materials may have potential 

uses as pressure sensors.  

 Other studies should include the interaction of these complexes with acceptor 

molecules to make highly soluble conductive device materials. This will allow for 

solution processing which is cheaper than high vacuum evaporation techniques 

currently employed for efficient electronic devices. Other materials proposed are mixed 

systems where Pt(dhepcbpy)Cl2 is mixed with another Pt(diimine)Cl2 that has been 

modified for high solubility but instead of having electron withdrawing groups such as an 
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ester, it has electron donating groups such as tertiary or secondary amines. This could 

possibly create an interesting mixed crystal with conductive properties. These types of 

materials are desired due to their increased solubility in organic solvents, and because 

they are hydrophobic materials making them water proof.11 This property is highly 

desirable because most devices are highly sensitive to water, wiring in computers and 

devices are currently made with Cu and other materials which require a barrier of some 

sort to prevent rusting. This barrier is provided by the hydrophobic barrier that the 

proposed ligand system creates.  

 Highly colored Pt(dhepcbpy)dithiolate complexes should be synthesized to take 

advantage of the strong absorption properties of this class of materials in OPV devices. 

The high solubility would allow for solution based processing of the device lowering the 

overall cost. This would also afford high concentration studies of these complexes, 

which would allow for characterization of the molecular interactions in the solution, 

whereas low solubility has hindered this so far.  

 In the design of an emitting material for OLED manufacturing, the quantum yield 

of the material should be higher than those reported for the Pt(diimine)Cl2 class in the 

literature. Other complexes which accomplish this goal can be synthesized by replacing 

the Cl- ligands with groups such a CN- and aryl acetylides. These complexes are 

predicted to increase the intensity and quantum yield of the emissive species as 

demonstrated in the literature.5(a),12 The emission of the Pt(dhepcbpy)Cl2 is actually 

shifted too far to the red (680 nm) for use in OLED devices as the ideal wavelength of a 

red emitter is closer to 600 nm. The color of the emission can be tuned by adding CN- or 

changing the substituents on the acetylide ligand.12 
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