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A series of heteroleptic and homoleptic platinum(II) complexes has been 

synthesized and characterized towards their use in thin film devices such as organic 

light-emitting diodes (OLEDs) and organic thin film transistors (OTFTs). 

Pyridylpyrazolate- and pyridyltetrazolate-containing ligands were selected due to their 

structural rigidity and ease of functionalization. Single-crystal x-ray diffraction studies of 

two selected heteroleptic complexes show strong aggregation with preferential stacking 

into vertical columns with a varying degree of overlap of the neighboring square planar 

molecular units. It is shown that the close proximity of the molecules to one another in 

the stack increases semiconducting character, phosphorescence quantum yields, and 

shorter radiative lifetimes. The potential for these materials towards incorporation into 

high-efficiency doping free white OLEDs (DFW-OLEDs) for solid-state lighting and 

display applications has been realized and will be expanded upon by present and future 

embodiments of materials in this thesis. 
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CHAPTER 1 

INTRODUCTION 

Over the last two decades, interest in organic light emitting diodes (OLEDs) has 

increased dramatically due to their attractive properties for use in solid state lighting and 

display applications.1 The ability to achieve near unity efficiency has made the 

development of luminescent materials an important area of research due to the crucial 

role the emissive layer plays in device performance.2,3 Tang et al. first showed that a thin 

film electroluminescent device could be fabricated using purely organic materials as the 

emissive layer.4 This device utilized tris(8-hydroxyquinolinato)aluminum, or Alq3, as the 

emissive material, which has bright green fluorescence (550 nm) at room temperature. 

An efficiency of 1.5 lm/W was demonstrated at brightness over 1000 cd/m2. Baldo and 

co-workers later found that incorporation of a complex containing a heavy atom such as 

iridium or platinum can further increase efficiency.5,6 They found that by using 

2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum(II) (PtOEP) as a triplet 

sensitizer an external quantum efficiency of 4% was possible. Adachi et al. showed that 

near 100% internal quantum efficiency could be realized by doping a phosphor into an 

organic host.7 This device had a peak luminous power efficiency of 60 lm/W, 19% 

external quantum efficiency (EQE), and 87% internal quantum efficiency. More recently, 

a device with over 100 lm/W and EQE of almost 30% has been demonstrated utilizing 

1 
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Ir(ppy)3 as the phosphor.8 The manifestation of such high efficiencies has led to a strong 

interest in developing new phosphorescent materials to further increase device 

performance. 

Emissive materials that contain heavy atoms are typically phosphorescent as 

opposed to fluorescent; that is, they can emit light efficiently from the triplet state as 

opposed to only the singlet state.9 This is best illustrated by a Jablonski diagram such as 

the one in Figure 1.1.  

 

Figure 1.1.The Jablonski diagram. 
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When a molecule absorbs a photon of sufficient energy, an electron is promoted 

to an excited singlet state shown here as S2. It then undergoes vibrational relaxation (1) 

followed by internal conversion (2) to the lowest singlet excited state S1. It can then return 

to the ground state S0 by either fluorescence or non-radiative pathways (4). Alternatively, 

if there is significant spin-orbital coupling, such as that imparted by a heavy atom, 

intersystem crossing (3) from the singlet to the triplet manifold becomes favorable. This 

can lead to emission of light from the lowest triplet state T1 as phosphorescence or other 

non-radiative processes (4).  

 

In an electroluminescent device, there are four possible paths for relaxation, with 

three occurring via the triplet and one from the singlet.10,11 Thus 75% of possible radiative 

relaxation processes occur from the triplet manifold, leaving 25% from the singlet. In 

most materials lacking a heavy atom, emission of light is limited to the singlet while the 

triplet decays via non-radiative processes. Therefore, the ability to harness triplet 

emission allows for up to 100% quantum efficiency as opposed to just 25% for singlet 

emission.  

The most commonly used metal in OLED phosphors is currently iridium. 

Phosphorescence from these species is attributed mainly to metal-to-ligand charge-

transfer (3MLCT) excited states and intraligand -* transitions allowing for a high degree 
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of tunability of emission color by rational ligand design. Emission can be blue shifted or 

red shifted by using ligands with varying electronic functionality; for instance, electron 

withdrawing groups will typically blue shift emission, while electron rich donors will red 

shift emission. Hwang et al. showed that by varying the nitrogen and carbon content and 

extending the pi-electron delocalization in orthometalated quinoxaline ligands they could 

achieve saturated red emissions from 622 nm to 649 nm.12 Another example of tuning 

emission by ligand design is a selectively fluorinated analog of Ir(ppy)3, designated 

Ir(F2ppy)3.13  Ir(ppy)3 has green emission at 550 nm while Ir(F2ppy)3 has blue emission at 

480 nm, thus showing the versatility of iridium based phosphors.  

These phosphors require doping to achieve high device performance by 

minimizing concentration quenching, but a specific ratio must be used in order to have 

optimum energy transfer from the host to the phosphor. It has been found that with 

iridium containing phosphors the optimal concentration of the dopant is between 5% to 

12%.7,14  Concentrations higher than this lead to decreases in performance due to 

quenching processes, while lower concentrations lead to incomplete energy transfer 

from the host to the dopant. Very high efficiencies have also been shown for 

cyclometalated platinum(II) complexes functionalized with the triarylboron group.15 The 

bulky triarylboron group prevents intermolecular stacking and excimeric formation, thus 

allowing for strong intramolecular mixed ligand and MLCT monomer emission. External 
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quantum efficiencies over 20% were reported at 8% doping with a high power efficiency 

of 79.3 lm/W. More recently, by using the triarylboron group along with N-hetercyclic 

carbenes in a platinum(II) complex, very high photoluminescent quantum yields up to 

90% were reported in both solution and thin films doped at 10%.16 These high efficiencies 

show that platinum(II) phosphors can achieve similar  performance in devices compared 

to iridium containing species. 

Although doping often times benefits efficiency, there are cases where 

aggregation is beneficial: pyrene is known to form dimers which have high singlet 

quantum yields upwards of 75%.17 Highly efficient triplet excimeric emitters are harder to 

come by, but there are some examples such as FPt1 (Figure 1.2) as shown by 

D’Andrade and Forrest.18 Because of the square planar nature of platinum(II) species, 

they are highly prone to aggregation and thus are of interest as possible efficient 

excimeric emitting materials. 
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Figure 1.2. Structure of FPt1. 

 

As mentioned previously, Pt(II) complexes are typically square planar and tend to 

aggregate strongly with the Pt(II) centers aligned in vertical columns. This is evident in 

many Pt(II) species such as Magnus’ green salt, which includes alternating [Pt(NH3)4]2+ 

cations and [PtCl4]2- anions that form linear chains (Figure 1.3).19 The inter-atomic 

distance between the platinum atoms is roughly 3.25 Å, which is within the summed Van 

Der Waals radius of two platinum atoms of 1.75 Å.20 This short distance allows for orbital 

overlap and thus the possibility for an associative excited electronic state leading to 

eximeric emission which is red-shifted relative to the monomeric emission.  
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Figure 1.3. Magnus’ green salt showing Pt(II) centers aligning into infinite vertical 

columns. 

 

This vertical stacking motif is found in the class of materials that are discussed in 

this work, which bear bidentate μ2-N,N’-coordinating ligands. A previous dissertation 

from our group investigated the homoleptic pyridyltriazolate complex bis(3,5-dipyridyl-

1,2,4-triazolato)platinum(II), referred to henceforth as Pt(ptp)2 or PTA. 21 Chang and co-

workers showed that certain platinum complexes containing pyridylazolate functionalized 

ligands align vertically and have similar Pt-Pt distances as Magnus’ green salt.22 These 

complexes also exhibited bright phosphorescence and high quantum yields which are 

both crucial for high efficiency in OLED devices. The work by Chang et al. included [3-

trifluoromethyl-5-(2-pyridyl)-1,2-pyrazolato]platinum(II) (PTB), and [3-heptafluoropropyl-

5-(2-pyridyl)-1,2-pyrazolato]platinum(II) (PTC) (the latter is shown in Figure 1.4), among 
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several homoleptic pyridylpyrazolate-based phosphors. Although having relatively bulky 

ligands, PTC exhibits highly efficient stacking: The Pt-Pt separation distance was found 

to be 3.442 Å that extends into infinite vertical columns. 

 

Figure 1.4. Crystal structure of PTC showing Pt-Pt distances of 3.442 Å. 

 

Our group has shown that PTA exhibits the same stacking motifs (Figure 1.5).23 

The Pt-Pt distances were found to be 3.289 angstroms, which are shorter than those for 

PTC. In the solid state, the emission from both PTC and PTA are dominated by excimeric 

emission resulting from the strong intermolecular Pt-Pt interactions. Because the 
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electronic transitions are essentially metal-metal interactions, the emission color can be 

attributed in part to the distances of the neighboring platinum centers. PTC, having a 

longer Pt-Pt distance than PTA at room temperature, has an emission maximum at 540 

nm whereas PTA is at 590 nm. The correlation between distance and emission is further 

substantiated by lower temperature studies: In PTA, as temperature decreases, the 

molecules contract, yielding shorter contacts and leading to red-shifted excitation and 

emission. This excimeric emission has high quantum yields as well as short lifetimes 

which are both necessary properties in OLED devices. High quantum yields maximize 

device efficiency while shorter lifetimes help to reduce triplet-triplet annihilation, triplet-

polaron annihilation, and other quenching processes in devices.24,25  

 

Figure 1.5. PTA crystal structure. 
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Herein we report a family of new homoleptic and heteroleptic N-N’ bonded Pt(II) 

complexes containing functionalized pyridylazolate ligands for use in OLED and 

semiconducting devices. The synthesis, characterization and photophysical properties 

are reported. A contrast is established between all heteroleptic vs. homoleptic 

phosphorescent materials in terms of their relative quantum yields, radiative and non-

radiative decay rates in solution, glass, powder and thin film forms. Devices were 

fabricated using two heteroleptic materials with substantially different photophysical 

properties to observe the effect it has on the electroluminescence properties. These 

results are correlated to crystal structures in terms of how the strength of intermolecular 

Pt-Pt interactions affects the phosphorescence quantum yields and semiconducting 

behavior, which would then determine whether the materials are suitable to function as 

the electron transporting layer (ETL) and/or emissive layer (EML). The photophysical and 

electrical results of the materials synthesized will be discussed as well as future work 

towards other applications. 
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CHAPTER 2   

SYNTHESIS AND CHARACTERIZATION 
2.1 Synthesis of Complexes 

 With the success of our initial Pt(II) containing phosphor, (PTA)18, 25-27 , shown in 

Figure 2.1, analogs containing varying pyridylazolate species were investigated.  

 

Figure 2.1. Structure of PTA. 

 

Our previous work shows that PTA, an electron deficient material, can function 

efficiently as both the emissive layer and electron transporting layer in devices. 

Pyridyltetrazolate containing ligands were therefore chosen due to their strong electron 

withdrawing character generated by the large nitrogen content within the azolate ring in 

order to impart n-type semiconducting character similar to PTA. 28 Homoleptic complexes 
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were synthesized using these ligands while for the heteroleptic complexes, the other 

ligands used were either (5-pyridin-2-yl)-3-(trifluoromethyl)pyrazol-1-ide (ppf3H) or 3-

(perfluoropropyl)-5-(pyridin-2-yl)pyrazol-1-ide (ppf7H).  Correlation between size and 

emission energy were the main criteria for the selection of these ligands.   

The synthetic method employed for the homoleptic complexes utilized a 

microwave assisted synthesis to accelerate the reaction. It was found that by using 

microwave irradiation as opposed to traditional heating that reaction times could be 

reduced from over 24 hours to less than one hour. The reaction scheme in Figure 2.2 

below shows the synthesis for the homoleptic complexes. Pyridine was found to be a 

convenient solvent that also acts as a base to promote depronation of the tetrazole ring.  

Pt

N

NN

N
N

Py/H2O

80oc
12 hours

MW irradiation

`K2[PtCl4] +
N

NHN

N
N

Pt(ttzp)2: R1=H, R2=H
Pt(ttzphp)2: R1=H, R2=Ph
Pt(ttzmp)2: R1=Me, R2=H

ttzpH: R1=H, R2=H
ttzphpH: R1=H, R2=Ph
ttzmpH: R1=Me, R2=H

R1

R2

R1

R2

N

N N

N
N

R1

R2

2

 

Figure 2.2. Reaction scheme of homoleptic complexes. 
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It was found that all synthesized homoleptic complexes were insoluble in both 

aqueous and organic media. This made it very difficult to grow crystals or conduct any 

solution studies for photophysical characterization. Therefore, mixed ligand systems 

were investigated to see if the increased functionalization could increase solubility. For 

these heteroleptic complexes, a two step procedure was used (Figures 2.3 and 2.4). 

Because the final targets have two different ligands, the first step products, Pt(ppf3H)Cl2 

or Pt(ppf7H)Cl2 were synthesized in a 1:1 reaction of the platinum(II) salt, K2[PtCl4], with 

the primary ligand ppf3H for targets [(5-(2-pyridyl)-1,2,3,4-tetrazolato)(3-trifluoromethyl-

5-(2-pyridyl)-1,2-pyrazolato)]platinum(II) = PTD, [(5-(5-phenyl-2-pyridyl)-1,2,3,4-

tetrazolato)(3-trifluoromethyl-5-(2-pyridyl)-1,2-pyrazolato)]platinum(II) = PTE, [(5-(6-

methyl-2-pyridyl)-1,2,3,4-tetrazolato)(3-trifluoromethyl-5-(2-pyridyl)-1,2-

pyrazolato)]platinum(II) =  PTH or ppf7H for targets [(5-(2-pyridyl)-1,2,3,4-tetrazolato)(3-

heptafluoropropyl -5-(2-pyridyl)-1,2-pyrazolato)]platinum(II) = PTF and [(5-(5-phenyl-2-

pyridyl)-1,2,3,4-tetrazolato)(3-heptafluoropropyl-5-(2-pyridyl)-1,2-pyrazolato)]platinum(II) 

= PTG . 
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Figure 2.3. Reaction scheme of the first step producing the intermediates Pt(ppf3H)Cl2 

and Pt(ppf7H)Cl2 when reacting ppf3H or ppf7H respectively with the platinum(II) salt. 

 

This reaction was done in aqueous hydrochloric acid following previous 

procedures.29 The addition of HCl helps to retain the chlorides on the Pt(II) center while 

the excess hydrogen keeps the pyrazole moiety protonated. Along with stoichiometry, 

this favors the formation of the singly substituted versus the doubly substituted product. 

After isolation of the intermediate, it is then reacted with the corresponding 

pyridyltetrazole in a solvent mixture of pyridine and water using microwave irradiation 

(Figure 2.4). Pyridine once again functions as a base by deprotonating the azole moieties 

on both ligands. These reactions were initially done using traditional heating methods 

that would take at least 12 hours to complete. By using microwave irradiation, the 

reactions were completed in moderate to high yields in less than 2 hours which is a 

significant reduction in reaction time. The final products are shown in Figure 2.5. 
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Figure 2.4. Reaction scheme of the second step generating the final heteroleptic 

products. 
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Figure 2.5. All heteroleptic complexes synthesized. 
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2.2 Infrared Spectroscopic Characterization 

Because most complexes exhibited very low solubility, solid-state attenuated total 

reflectance infrared spectroscopy, or ATR-IR, was an essential and efficient method for 

discerning structure. Starting materials, intermediates and products were isolated and 

analyzed to check for structural changes throughout the synthetic process. The most 

important change from the free ligands to the final products is the disappearance of the 

N-H stretch over 3000 cm-1. All free ligands exhibit this peak while the final products, 

which lack the hydrogen on the azole ring due to deprotonation, do not. All final products 

show a sizable decrease in intensity in this area thus indicating that the free ligand was 

deprotonated by pyridine during the reaction and the desired Pt(II) complex was formed, 

as seen in figures 2.6-2.10. With the final products that were heteroleptic, it was also 

important to ensure that the initial ligand was retained throughout the reaction and no 

substitution or disassociation occurred. The C-F stretch occurs at roughly 1000-1100 cm-

1 as strong broad peaks in all of the final products, indicating that the initial ligands were 

retained throughout the second step. The final products have a drastic decrease at 

approximately 3000 cm-1 relative to the free ligands due to deprotonation of the azole 

moeities. The broadness of the N-H stretching peaks in the free ligands can be attributed 

to having both N-H stretches from the azole rings as well as possible hydrogen bonding 

from water in the atmosphere to the nitrogen in the pyridine ring. 
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Figure 2.6. IR spectra collected for the metal complex PTD and the free ligands associated with it (4000-400 cm-1). 
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Figure 2.7. IR spectra collected for the metal complex PTE and the free ligands associated with it (4000-400 cm-1). 
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Figure 2.8. IR spectra collected for the metal complex PTF and the free ligands associated with it (4000-400 cm-1). 
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Figure 2.9. IR spectra collected for the metal complex PTG and the free ligands associated with it (4000-400 cm-1). 
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Figure 2.10. IR spectra collected for the metal complex PTH and the free ligands associated with it (4000-400 cm-1). 
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2.3 Crystal Structure 

 Given the fact that all new homoleptic complexes of the pyridyltetrazolate ligands 

were insoluble in either aqueous or organic media, it was not possible to grow single 

crystals of this material class for x-ray crystallographic analysis. The heteroleptic 

complexes were also quite insoluble, but more soluble than the homoleptic complexes. 

Small yellow needles of PTE were obtained by slow evaporation using a solvent mixture 

of dioxane and acetonitrile while large yellow needles of PTG were grown by slow 

evaporation of THF. The structures of the collected PTE and PTG needles were obtained 

using single crystal x-ray diffraction. All crystallographic data are summarized in Tables 

2.1-2.4. 
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Figure 2.11. Crystal structure of PTE showing the molecular structure of a single unit plotted as 30% thermal ellipsoids and 

atomic numbering scheme. 
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Table 2.1. Crystallographic data for PTE. 
Empirical formula  C77 H67 F9 N24 O7 Pt3  
Formula weight  2196.82  
Temperature  100(2) K  
Wavelength  0.71073 Å  
Crystal system  Triclinic  
Space group  P -1  
Unit cell dimensions a = 10.4188(7) Å =97.4700(10)°. 
 b = 18.6743(13) Å =92.5150(10)°. 
 c = 20.2636(14) Å =103.7980(10)°. 
Volume 3784.8(4) Å3  
Z 2  
Density (calculated) 1.928 Mg/m3  
Absorption coefficient 5.627 mm-1  
F(000) 2136  
Crystal size 0.21 x 0.07 x 0.04 mm3  
Theta range for data collection 1.63 to 27.04°.  

Index ranges 
-13<=h<=13, -23<=k<=23, -
25<=l<=25  

Reflections collected 33885  
Independent reflections 16270 [R(int) = 0.0414]  
Completeness to theta = 27.04° 98.0 %   

Absorption correction 
Semi-empirical from 
equivalents  

Max. and min. transmission 0.8062 and 0.3789  
Refinement method Full-matrix least-squares on F2  
Data / restraints / parameters 16270 / 0 / 1076  
Goodness-of-fit on F2 1.010  
Final R indices [I>2sigma(I)] R1 = 0.0418, wR2 = 0.0901  
R indices (all data) R1 = 0.0703, wR2 = 0.1006  
Extinction coefficient 0.00015(4)  
Largest diff. peak and hole 2.500 and -2.291 e.Å-3  
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Table 2.2. Selected bond lengths (Å) and angles (deg) for PTE. 
Pt(1)-N(1)  1.978(6) 
Pt(1)-N(4)  2.003(6) 
Pt(1)-N(3)  2.016(6) 
Pt(1)-N(8)  2.032(6) 
Pt(2)-N(1A)   1.970(6) 
Pt(2)-N(4A)  1.993(6) 
Pt(2)-N(3A)  2.028(6) 
Pt(2)-N(8A)  2.029(5) 
Pt(3)-N(1B)  1.977(6) 
Pt(3)-N(4B)  1.996(5) 
Pt(3)-N(3B)  2.031(5) 
Pt(3)-N(8B)  2.037(6) 

Pt(2)-Pt(3)  3.208 
Pt(1)-Pt(2)   3.985 
Pt(1)-Pt(3A)   3.668 

 
N(1)-Pt(1)-Pt(2)  70.52 
N(1A)-Pt(2)-Pt(1) 114.95 
N(1B)-Pt(3)-Pt(2) 85.15 
N(1A)-Pt(2)-Pt(3) 97.53 
N(1)-Pt(1)-Pt(3) 115.85 
N(1B)-Pt(3)-Pt(1) 66.84 
N(1A)-Pt(2)-Pt(3)-N(1B) 29.47 
N(1A)-Pt(2)-Pt(1)-N(1) 26.49 
N(1)-Pt(1)-Pt(3)-N(1B) 4.48 
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Figure 2.12. Unit cell composition for PTE comprising three molecular units. Note that Pt3 and Pt2 are vertically aligned 

while Pt1 is offset. 
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Figure 2.13. Packing diagram in the structure of PTE showing molecules arranged in a 

zig zag vertical stacking motif forming infinite chains. 

 

 Figure 2.11 confirms the structure of PTE. The ligands are trans to one another 

around the Pt(II) center, which is similar to the situation in PTA and PTC. Interestingly, the 
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unit cell includes three discrete PTE molecules (with Pt1, Pt2, and Pt3 from bottom to top, 

respectively) along with four dioxane molecules (Figure 2.12; dioxane molecules omitted 

for clarity). One major feature that is different between PTE and both PTA and PTC is that 

PTE does not have alternating orientations of the ligands.  PTA and PTC pack in such 

away that the coordinated pyridyl and azolate moieties are stacked on top of each other 

to allow the pendant groups (n-C3F7 in PTC and uncoordinated pyridyl group in PTA) to 

decrease their intermolecular steric hindrance. This stacking motif renders symmetry to 

the vertical columns that PTE does not have. Instead, PTE exhibits a unique stacking 

pattern where the topmost molecule (Pt3 center) is essentially completely planar while 

the middle (Pt2 center) and bottom (Pt1 center) molecules have slight distortions 

disrupting their planarity. The middle molecule is aligned vertically such that its Pt2 center 

is directly below the Pt3 center with a distance of 3.209 Å. The Pt2-and Pt3-centered 

molecules are offset by roughly 30°, as defined by the N1B-Pt3-Pt2-N1A torsion angle. 

Unlike the Pt3 molecule, the Pt2 molecule is not completely planar: The phenyl group in 

the 4-position of the pyridine ring on the pyridyltetrazolate moiety is rotated out of plane 

by 32°. This is presumably due to steric hindrance as the Pt2 molecule is sandwiched 

between the Pt3 and Pt1 molecules. There are also neighboring dioxane solvent 

molecules near the phenyl ring, which increases crowding, and thus help push it out of 

plane. Finally, the Pt1 molecule does not have vertical alignment of its platinum atom with 
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the Pt2 and Pt3 molecules above it. Although the Pt3 and Pt2 molecules have linear 

vertical alignment of their platinum atoms, Pt1 is translated in the xy plane with a 

relatively long distance between Pt1 and Pt2 (3.985 Å). This distance is beyond the van 

der Waals separation, rendering relatively insignificant Pt-Pt interaction. However, the 

offset position of the Pt1 molecule in relation to the Pt2 and Pt3 molecules does allow for 

interactions between the azolate rings that sandwich it. Figure 2.14 shows that t 

tetrazolate ring above is 3.528 Å and the distance bet he distance between Pt1 and the 

ween Pt1 and the pyrazolate ring below is 3.414 Å. In addition, a short distance of 3.390 

Å was found between the tetrazolate moiety in the Pt1 molecule and the platinum atom, 

Pt3 below. This interaction exhibits a semi-tetragonal distortion whereby the nitrogen 

atoms have weak axial coordination to nearby platinum atoms. Calculations are currently 

underway to determine the electronic effects of these interactions. 
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Figure 2.14. The distances between Pt1-N (red lines), Pt3-N (yellow line) of the azolate 

moieties above and below are shown. 
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Figure 2.15. Crystal structure of PTG. 
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Table 2.3. Crystallographic data for PTG. 
Empirical formula  C23 H13 F7 N8 Pt  
Formula weight  729.50  
Temperature  100(2) K  
Wavelength  0.71073 Å  
Crystal system  Monoclinic  
Space group  C 2/c  
Unit cell dimensions a = 39.035(6) Å = 90°. 
 b = 6.9800(11) Å = 92.588(2)°.
 c = 32.978(5) Å  = 90°. 
Volume 8976(2) Å3  
Z 16  
Density (calculated) 2.159 Mg/m3  
Absorption coefficient 6.344 mm-1  
F(000) 5568  
Crystal size 0.22 x 0.06 x 0.04 mm3  
Theta range for data collection 2.09 to 27.08°.  

Index ranges 
-49<=h<=49, -8<=k<=8, -
42<=l<=42  

Reflections collected 51371  
Independent reflections 9846 [R(int) = 0.0503]  
Completeness to theta = 27.08° 99.7 %   
Absorption correction Semi-empirical from equivalents  
Max. and min. transmission 0.8038 and 0.3385  
Refinement method Full-matrix least-squares on F2  
Data / restraints / parameters 9846 / 0 / 704  
Goodness-of-fit on F2 1.078  
Final R indices [I>2sigma(I)] R1 = 0.0423, wR2 = 0.1329  
R indices (all data) R1 = 0.0518, wR2 = 0.1394  
Extinction coefficient 0.00017(2)  
Largest diff. peak and hole 2.865 and -2.460 e.Å-3  
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Table 2.4. Bond lengths (Å) and angles (deg) for  PTG. 
Pt(1)-N(7) 1.987(6) 
Pt(1)-N(1)  2.005(6) 
Pt(1)-N(6)  2.019(5) 
Pt(1)-N(5)  2.037(6) 
N(1A)-Pt(2)  1.999(7) 
Pt(2)-N(7A)  1.990(7) 
Pt(2)-N(6A)  2.030(6) 
Pt(2)-N(5A)  2.035(6) 
Pt(1)-Pt(2)  4.333(2) 
Pt(1)-Pt(2A)  3.376(5) 
Pt(2)-Pt(1A)  3.376(6) 

 
N(1)-Pt(1)-Pt(2)  69.25 
N(1A)-Pt(2)-Pt(1)  84.04 
N(1)-Pt(1)-Pt(2A)  81.32 
N(1A)-Pt(2A)-Pt(1)  87.86 
N(1A)-Pt(2)-Pt(1A)  87.76 
N(1)-Pt(1A)-Pt(2)  81.32 
N(1)-Pt(1)-Pt(2)-N(1A) 38.98 
N(1A)-Pt(2)-Pt(1)-N(1) 45.54 
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Figure 2.16.  Dimers of PTG with Pt-Pt distances of 3.376 Å are shown sitting atop one 

another with large distances of 4.333 Å between each dimer unit. 
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Figure 2.17. Top down view of PTG showing the close alignment of the perfluoropropyl 

moieties with neighboring columns that create channels where the fluorinated species 

are all localized. 

 

Crystals of PTG were grown using slow evaporation of THF to yield large yellow 

needles that exhibited mild yellow luminescence at room temperature and intense green 

at 77K. The structure does not include any solvent molecules. The molecules stack 
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vertically in infinite columns similar to PTE in sets of dimers. Each dimer consists of a 

short Pt-Pt distance of 3.376Å while the neighboring dimers above and below are 

separated at a distance of 4.333Å (shown in Figure 2.16). The large distance of 4.333Å is 

greater than the Van der Waals radius of two platinum atoms thus minimizing any 

significant Pt-Pt interaction. The perfluoropropyl moieties in each vertical column orient 

such that they are on the same side and aligned between neighboring stacks, creating a 

double-layered fluorous surface between stacks, as shown in Figure 2.17. Our group has 

shown that fluorous surfaces bestow many desirable stability and functional properties in 

extended solids.30 Within the dimers, the electronegative tetrazolate moiety of the Pt1 

molecule and the more electropositive pyrazolate moiety of the Pt2 molecule orient to 

maximize overlap, giving strong electrostatic interactions. The unit cell parameters at low 

temperature (90K) and room temperature were rather similar, indicating that there are no 

phase transitions between those temperatures nor any significant intermolecular 

contractions or expansions. It is shown in the photophysical properties and devices that 

the large Pt-Pt breakage results in significant changes in both solid state powders and 

device performance. 
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CHAPTER 3  

PHOTOPHYSICAL CHARACTERIZATION 
3.1 Diffuse Reflectance and UV-Vis Spectroscopy 

Diffuse reflectance spectra of all heteroleptic samples were collected to observe 

the electronic absorption in the solid state. Due to insolubility, solution based UV-Vis 

could not be collected for most samples. All of the samples have vivid physical colors in 

the powder form indicating strong visible absorption. Figure 3.1 shows the combined 

diffuse reflectance spectra converted to absorbance for all heteroleptic samples.  

0

0.1

0.2

0.3

0.4

300 350 400 450 500 550 600 650
Wavelength (nm)

A
bs

or
ba

nc
e

PTD
PTE
PTF
PTG
PTH

 

Figure 3.1. Solid state diffuse reflectance of heteroleptic products. 
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 All samples have unstructured broad band absorbance that carries into the visible 

region attributing to the strong physical colors of the samples. PTH, being the most red 

shifted, has the deepest physical color  (orange) whilst PTG has the most blue shifted 

color (pale green yellow). The sharp decrease in absorbance around 375-400 nm for all 

samples but PTG is attributed to intense emission from the samples during the 

experiment. PTG on the other hand has a higher absorbance value that carries further 

into the higher energy regime (>375 nm), well beyond the point where the others stop. 

This is most likely due to the fact that PTG has a weaker emission and lower quantum 

yield than its counter parts (see section 3.2) and thus the emission is not so overbearing 

that it annuls the absorbance. The continuous absorption in all samples indicates that 

there is strong excited state mixing from aggregation as opposed to discrete electronic 

transitions that are seen in dilute solutions, which is favorable for semiconducting 

behavior. 

 The absorbances of four species were investigated in order to probe the behavior 

of the materials at low concentrations and, therefore, their monomer electronic 

properties. PTE and PTG were selected as heteroleptic samples while PTC and PTB 

were selected as the homoleptic ones. The latter two were chosen because of their much 

better solubility than the previously discussed homoleptic pyridyltetrazolate complexes. 

Figure 3.2 shows the electronic absorbances of all the mentioned species at   1 x 10-5M 
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concentration in THF for PTC, PTB and PTG while PTE was in dioxane. The molar 

absorptivity coefficients for the major peaks are listed in Table 3.1.  

 

Table 3.1. Molar absorptivity coefficients at varying wavelengths. 
Species λmax (nm) ε (M−1 cm−1) 

PTB 311, 330, 375 18910, 12190, 3360 
PTC 310, 330, 375 14290, 9050, 2260 
PTE 292, 324, 365 24330, 23580, 3450 
PTG 296, 324, 365 20730, 22120, 3240 

PTB, PTC, and PTG at 1 x 10-5M in THF. PTE at 1 x 10-5M in dioxane. 
 

 The large amount of aromaticity in all of the species dictates that there should be 

-* transitions (either intra-ligand or inter-ligand); thus, the reported values in Table 3.1 

are in the range for intramolecular MLCT and -* transitions for the lower- and higher-

energy bands, respectively. PTE and PTG have higher molar absorptivity coefficients 

than either PTB or PTC which could be attributed to the lower symmetry in these 

heteroleptic molecules. The lower energy peaks between 360 and 380 nm are most likely 

due to spin-forbidden -* and/or spin-allowed MLCT transitions; computational 

evidence is warranted for a more definitive assignment. Higher symmetry typically results 

in electronic transitions being more forbidden and therefore the molar absorptivity 

coefficients are typically lower. This is the case found between PTE/PTG and PTB/PTC. 
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Additionally, PTE and PTG have an extra phenyl ring adding greater aromaticity and thus 

contribute to the higher values. It is also found that the longer fluoroalkyl chain containing 

complexes had slightly lower molar absorptivity coefficients than their shorter counter 

parts. This could possibly be due to thermal energy losses from the bulkier ligands. 

  

0

0.05

0.1

0.15

0.2

0.25

0.3

250 300 350 400 450 500
Wavelength (nm)

A
bs

or
ba

nc
e PTE

PTB

PTC

PTG

 

Figure 3.2. Uv-vis spectra of select complexes at 1 x 10-5M. PTE is in dioxane; PTB, PTC 

and PTG are in THF.  

 

 A study of concentration versus absorbance was also conducted. Figure 3.3 

shows the 1 x 10-4M and the 1 x 10-5M concentrations of all four samples. As can be 
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seen, increases in concentration result in a red shift in absorbance in all cases. This is 

due to the greater amount of intermolecular interactions occurring at higher 

concentrations which are known to have lower energy electronic transitions than 

intramolecular electronic transitions. Therefore, the absorbance at increasing 

concentrations reflects the absorbance of aggregates rather than monomers.  
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Figure 3.3. Uv-vis spectra of selected complexes at varying concentrations. 

3.2 Photoluminescence 

 With PTA having interesting photophysical and electronic properties, it was 

probable that our new class of materials also exhibited these same features. Under a 
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hand-held 365 nm UV lamp, all samples of our class of materials exhibit bright 

phosphorescence in the solid state at room temperature, which prompted analysis of 

their photophysical properties. These data are summarized in Table 3.2. The radiative 

(Kr) and non-radiative (Knr) rate constants were also calculated and shown in Table 3.3. 

The complexes with higher quantum yields had significantly lower Knr than Kr rate 

constants which is expected due to the higher efficiency. The materials with 50% or lower 

quantum yields have both rate constants on the same order of magnitude indicating that 

non-radiative pathways are competing strongly with the radiative ones. 

 
Table 3.2. Room temperature photophysical properties of Pt(II) complexes.

Species λexcitation max λemission max Φ τ (ns) 
PTR 370 483 0.12 2989 
PTS 345 535 0.27 918 
PTT 509 570 0.23 745 

PTD-ia,b 480a , 343b 580a , 590b 0.78a, 0.98b 916a, 468b 

PTE 485 585 0.74 378 
PTF 373 572 0.81 774 
PTG 475 552 0.18 523 
PTH 485 590 0.51 382 

a Powder form, b = thin film. 
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Table 3.3. Radiative and non-radiative lifetimes of complexes. 

Species Kr (s-1) Knr (s-1) 

PTR 4.02 x 105 2.94 x 105 

PTS 2.94 x 105 7.95 x 105 

PTT 3.09 x 105 1.03 x 106 

PTD-ia,b 8.52 x 105 a, 2.09 x 106 b 2.40 x 105 a, 4.27 x 104 b 

PTE 1.96 x 106 6.88 x 105 

PTF 1.05 x 106 2.45 x 105 

PTG 3.44 x 105 1.57 x 106 

PTH 1.34 x 106 1.28 x 106 

a Powder form, b = thin film. 

 

3.2.1 Homoleptic Complexes 

 Of the three homoleptic complexes synthesized, PTR had the most broad 

emission that covers nearly the entire visible region (Figure 3.4). Peaks exist at 445, 484, 

and 510 nm while a shoulder exists at roughly 620 nm of weaker intensity. The broad 

profile results in green-white emission making it a rare example of a platinum(II) white 

emitting phosphor. A crystal structure was not obtained due to poor solubility making 

peak assignment difficult to determine. Nonetheless, the structure of the higher energy 

peaks resemble that of the monomeric emission seen in PTG (Figure 3.21), while the 

shoulder at 620 nm  appears to be an excimeric peak generated by an aggregate. This 

would indicate that the overall emission spectrum is due to monomer and excimeric 
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emission occurring simultaneously. 
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Figure 3.4. Steady state photoluminescence spectrum of PTR powder at room 

temperature. 

 

 PTS is structurally similar to PTR but contains a phenyl ring on the 5- position of 

the pyridyl group. The emission of this complex shown in Figure 3.5 is also broad 

although not to the extent of the previously discussed material PTR. There is a small 

peak at 460 nm, but the major emission occurs between 505 and 535 nm. There is a 

weak shoulder at roughly 595 nm that extends to 800 nm which is what gives this 
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material an off-white color as well. The peak structure is similar to PTR in that the major 

emission at higher energies seems to resemble monomer emission while the weak 

shoulder at lower energy is more similar to excimeric emission, albeit PTS has a much 

weaker low energy emission. 
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Figure 3.5. Steady state photoluminescence spectrum of PTS powder at room 

temperature. 

 

 The final homoleptic complex synthesized was PTT.  This material exhibits a 

Gaussian emissive spectrum that most closely resembles the emissive properties of the 

heteroleptic complexes. Unlike the previously discussed homoleptic complexes, PTT has 

a single very sharp emission at 570 nm. The unstructured emission indicates that only 
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excimeric emission is present, implying that the intermolecular interactions could be 

different from those found in PTR and PTS. 
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Figure 3.6. Steady state photoluminescence spectrum of PTT powder at room 

temperature. 

 

 Although all three of the complexes described above have interesting excitation 

and emission spectras, their low quantum yields hinder their ability to function adequately 

in thin film devices. Additionally, the thermal properties determined by thermal 

gravimetric analysis (TGA) of all three samples indicate that they will not be suitable for 

thermal evaporation. Abrupt decomposition occurs for all three samples hindering the 

ability to sublime and thus be thermally evaporated into thin films. Lastly, the poor 
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solubility of the materials makes crystal growth very difficult and thus disallows single 

crystal x-ray diffraction studies that could help elucidate the spectral assignments as 

seen above. Mixed ligand systems were sought after in order to help address these 

issues which will be described below.  

 

3.2.2 Heteroleptic Complexes 

The study of the heteroleptic species met with much more success than their 

homoleptic counterparts due to their better solubility and thermal properties allowing for 

crystal growth, photophysical solution studies, and thin film device fabrication. Even more 

importantly, most of these materials exhibit high quantum yields which are necessary 

when fabricating high efficiency OLEDs. As mentioned in the section above, the lower 

symmetry in the heteroleptic complexes results in certain electronic transitions becoming 

more allowed thereby allowing for higher quantum yields; this is important for the 

monomeric species which can be seen in table 3.4 showing monomer quantum yields for 

PTB, PTC, PTE and PTG in dilute frozen solutions. There are two major trends: 1. The 

heteroleptic complexes have higher quantum yields which we attribute to the lower 

symmetry, and 2. The longer fluoroalkyl groups have lower quantum yields than their 

shorter counterparts. This is due to the larger groups having greater vibrational motion 

and thus increases thermal relaxation resulting in lower quantum yields. 
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Table 3.4. Quantum yields in 1 x 10-5M frozen solutions at 77K. 
Species Φ 

PTB 0.60 
PTC 0.41 
PTE 0.89 

PTG* 0.83 

*PTG done in dioxane solution while remaining samples done in THF. 
 

 

 

Figure 3.7a-f. Top row (a-c) showing physical colors and bottom row (d-f) showing 

emissive colors of PTD. 
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PTD has multiple emissive colors ranging from blue to orange, although in the thin 

film form only yellow is prevalent. Figure 3.7 shows the physical and emission colors of 

the different PTD polymorphs obtained using sublimation. Figure 3.7a is the sublimed 

material (PTD-i) collected from the cold finger of the sublimator. It is a very fine, 

homogenous yellow colored powder that is similar in consistency to sand. Figure 3.7.b, 

the orange solid (PTD-ii), is also collected sample from the cold finger, only hexanes 

were used to help remove it. Interestingly, even after drying under vacuum for 12 hours at 

150oC, elemental analysis confirms that the composition is the same as PTD-i even 

though both physical and emissive colors are quite different. Finally, Figure 3.7c shows 

excess PTD evaporated onto the walls of the sublimator (PTD-iii). This material has a 

lighter, less vivid physical color than both of the other samples PTD-i and PTD-ii. The 

sample started to collect immediately at the edge of the sand bath where the temperature 

difference was most abrupt. As the material sublimated up the walls, the physical color 

did not change drastically, but there was a definite color gradient in the luminescence 

emission (seen in Figure 3.7f). Nearest the sand bath, the emission was turquoise and 

then red shifted toward yellow emission as the material moved farther up the walls away 

from the bath. This gradient effect was most likely due to changes in intermolecular 

contacts arising from the temperature change of the walls. The high thermal energy 

nearest the sand bath imparted a large degree of disorder into the molecules collected 
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thereon. As the temperature of the walls decreased moving away from the sand bath, the 

amount of disorder was diminished, and thus the intermolecular contacts began to 

contract and resemble the more ordered form of the material on the cold finger. 

Assuming that the emission is dependent on the intermolecular interactions, this would 

explain why nearest the sand bath the material had the highest energy emission and then 

decreased with respect to the wall temperature. In stark contrast, the surface of the cold 

finger was at constant temperature (-78oC) and had no variations in physical or emission 

color. This further substantiates the hypothesis that the substrate temperature has an 

effect on the molecules orientation with one another. Lastly, PTD-i was the only form of 

the material found in thin films or devices. This is most likely because the substrate was 

at room temperature during the sublimation process. However, the results of the 

sublimation mentioned above imply that by varying the substrate temperature during 

evaporation, one could possibly obtain different emission colors from this material 

besides yellow. Powder x-ray measurements are warranted for the different forms to 

verify the dependence of the emission and absorption properties on intermolecular 

interactions. This dependence was verified for PTA by single crystal x-ray 

crystallography for two forms and presumed for other forms (based on spectral and thin 

film XRD data) of that material.21 

 PTD-i has bright yellow luminescence with a peak maximum at 580 nm. The 
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emission profile indicates strong aggregation is present, which results in unstructured 

excimeric emission. The excitation profile is broad with peak maximums at 365 nm and 

480 nm with the latter being the major excitation. The relatively unstructured excitation 

indicates that discrete electronic transitions such as MLCT or -* are not present but are 

instead replaced by broad band-like structure. The lack of structure and broad 

featureless, excitation implies that aggregation is present in the solid form due to excited 

state mixing. The Stokes shift is relatively small at only 3592 cm-1; this small energy gap 

suggests little energy is lost between the ground state and the emissive excited state, 

which can translate into smaller energy losses in device performance. 
p p

0

500000

1000000

1500000

2000000

2500000

3000000

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

In
te

ns
ity

 (a
rb

. u
ni

ts
) Excitation @ 475 nm

Emission @ 580 nm

Excitation @ 365 nm

λmax = 480 nm λmax = 580 nm
λmax = 368 nm

 

Figure 3.8. Steady state photoluminescence spectrum of PTD-i powder at room 

temperature. 
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  The lifetime plot of PTD-i is shown in Figure 3.9 below. The lifetime of 916 ns is 

shorter than many phosphors used in OLED devices.3 This gives rise to radiative (kr) and 

non-radiative (knr) rate constants of 8.52 x 105, and 2.40 x 105 s-1, respectively, upon 

combination with the above quantum yield of this material. Because of the high amount of 

aggregation, the molecules are in close proximity to one another which results in large 

orbital overlap. The high concentration of Pt(II) centers in the exciton delocalized across 

infinite chains results in extreme phosphorescence sensitization and radiative lifetime 

reduction. Therefore, spin-orbital coupling is not only increased because of a single Pt(II) 

center, but also further increased by the presence of the Pt(II) centers surrounding it in a 

cooperative manner across the entire infinite chain. This increase in spin-orbit coupling 

results in more efficient inter-system crossing, thereby allowing phosphorescence to 

occur very efficiently. This is manifested in the absolute quantum yield which was 

measured to be 78% in the powder form and 98% in the thin film form. 
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Figure 3.9. Lifetime decay of PTD-i powder at room temperature. 

 

Although form PTD-iii was never achieved in thin films or devices, its 

photophysical properties were investigated nonetheless (Figures 3.10 and 3.11). It has a 

much more blue shifted emission than PTD-i at 505 nm. Interestingly, the emission is still 

unstructured and Gaussian-like profile with a broad band excitation, indicating that there 

is still strong interaction from neighboring molecules to attain a band structure as 

opposed to discrete molecular orbitals to represent the electronic structure. There is also 

a very small Stokes shift of 3353 cm-1 and short lifetime of 1400 ns, albeit longer than the 

PTD-i form. The quantum yield was low compared to PTD-i at only 21%. Nonetheless, 
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this would be a rare example of a turquoise blue neat emitter if it could be fabricated into 

a thin film. Blue OLEDs remain the most sought-after devices in terms of combination of 

stability and high performance vs. other monochromatic EL colors.31 
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Figure 3.10. Steady state photoluminescence spectrum of PTD-iii powder at room temperature. 
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Figure 3.11. Lifetime decay of PTD-iii powder at room temperature. 
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 For PTD-i at 77K, both the physical and emissive colors red shift, which is evident 

in the excitation and emission spectra in Figure 3.12. This thermochromic shift results in 

a distinct physical color change of yellow (475 nm) to yellow-orange (507 nm) upon 

decreasing from room temperature to 77K.  Each excitation maximum correlates to a 

discrete emission: As the excitation energy decreases, the emission follows suit. 

Although a crystal structure has yet to be obtained for PTD-i, the red shift that occurs at 

decreasing temperature suggests that the intermolecular distances also decrease, thus 

resulting in lower energy transitions. These spectral changes are consistent with the 

emission behavior of semiconducting materials, which this material was verified to be 

(Section 4.2). The lower-energy excitation and emission bands below the band gap of 

the material are called “self-trapped excitons” in which columbic interactions occur 

between the hole in the valence band and electron in the conduction band.21,32 
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Figure 3.12.   Steady state photoluminescence spectrum of PTD-i powder at 77K.  

 

 

Figure 3.13. Lifetime decay of PTD-i powder at 77K.  

  

 Similar to PTD-i, PTE has yellow emission in the solid state with a peak maximum 

at 585 nm and exhibits bright phosphorescence (Figure 3.14). The excitation is very 
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broad with a maximum at 485 nm, giving a Stokes shift of 3524 cm-1. The crystal structure 

described in section 2.3 shows that the close proximity of neighboring molecules gives 

PTE its unstructured excimeric emission profile. Furthermore, the strong spin orbital 

coupling induced by the neighboring Pt(II) centers facilitates very fast phosphorescence 

with a lifetime of 378 ns (Figure 3.15) and high quantum yield of 84%. Low temperature 

studies shown in Figure 3.16 exhibit a large red shift in emission from 585 nm to 635 nm 

(1345 cm-1 stokes shift). Unlike PTD-i where a red shift is apparent in the excitation, PTE 

blue shifts a small amount from 485 nm to 477 nm. 
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Figure 3.14. Steady state photoluminescence spectrum of PTE powder at room 

temperature. 
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Figure 3.15. Lifetime decay of PTE powder at room temperature. 
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Figure 3.16. Steady state photoluminescence spectrum of PTE powder at 77K. 

 

 

 

 

 

 PTF has a much more blue shifted emission than both PTD-i and PTE. The 

emission color is bright lime-green with a peak maximum of 552 nm (Figure 3.18). The 

lifetime of 774 ns is once again short (Figure 3.20), and the quantum yield high at 74% in 

        Figure 3.17. PTE solid and emissive colors are shown on the left and right, 
respectively. 
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the powder form. The excitation profile exhibits a peak maximum at 373 nm with two 

shoulders at 325 and 425 nm. The higher energy emission is presumably due to the 

larger intermolecular distances caused by the bulkier perfluoroalkyl moiety on the 

pyridylpyrazolate ligand; this also results in less physical color due to reduced absorption 

into the visible region, as seen in Figure 3.18. 
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Figure 3.18. Steady state photoluminescence spectrum of PTF powder at room 

temperature. 
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Figure 3.19. PTF physical and emissive colors. The physical color is a faint green while 

the emission is a bright lime green. 
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Figure 3.20. Lifetime decay of PTF powder at room temperature. 
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 PTG has a similarly blue shifted emission as PTF relative to PTD and PTE with a 

peak maximum at 550 nm. This is consistent with the structural motifs present in this 

class of materials; bulkier groups on the ligands (perfluoropropyl versus trifluoromethyl) 

tend to blue shift emission by increasing intermolecular contacts. PTG being soluble in 

dioxane provided an opportunity to probe the behavior of this material in solution. Figure 

3.22 shows the 1 x 10-3 M concentration solution. As can be seen, there is no emission 

that occurs at 550 nm (the peak maximum for the solid state spectra). Instead, a strong 

structured emission at 466 and 480 nm appears with a weaker shoulder appearing at 525 

nm. This emission is attributed to the monomeric emission as opposed to the excimeric 

emission. In solution there are less intermolecular interactions, and thus the probability of 

achieving excimeric emission is much less than in the solid state. At lower 

concentrations, 1 x 10-4 M, there is not much change in the emission spectra. This is most 

likely because at the concentration of 1 x 10-3M the emission is already almost entirely 

dominated by the monomer; therefore any lower concentrations will only represent the 

same electronic transitions. 
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Figure 3.21. Steady state photoluminescence spectrum of PTG powder at room 

temperature. 
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Figure 3.22. Steady state photoluminescence spectrum of 1x10-3 M solution of PTG in 

THF at room temperature. 
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Figure 3.23. Steady state photoluminescence spectrum of 1x10-4 M solution of PTG in 

THF at room temperature. 

 

 Lastly, PTH exhibits the most red shifted emission of all the materials synthesized. 

It emits bright orange phosphorescence, with a peak maximum at 590 nm with another 

less intense peak at 600 nm. The physical color is also orange, indicating a small Stokes 

shift (evident from the solid state emission/excitation spectra in Figure 3.24). 

Photoluminescence was also conducted at Cryogenic temperatures, at which point it was 

observed that both the physical and emissive color red shift of the same band 

concomitant with appearance of further-red shifted new emission and excitation band 
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(Figure 3.25). Surprisingly, instead of the entire profile of the excitation red shifting while 

maintaining the same features, a very strong peak appears at 534 nm that is only 

observed when scanning the emission at much lower energy (675 nm). The emission 

leading from the excitation at 480 nm (which is the major peak at room temperature) red 

shifts slightly from 590 nm to 615 nm. Although a crystal structure has not been obtained, 

one can hypothesize that this emergence of a new excitation/emission dependent 

spectra indicates a phase change in the material, whereas the red shift within the original 

higher-energy band upon cooling is attributed to thermal contraction. Unfortunately, the 

absence of a crystal structure precludes verification of such hypotheses. Nevertheless, 

powder XRD and further temperature-dependent PL and Raman studies of this solid form 

are warranted to evaluate the possible phase transition.    
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Figure 3.24. Steady state photoluminescence spectrum of PTH powder at room 

temperature. 
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Figure 3.25. Steady state photoluminescence spectrum of PTH powder at 77K. 
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  Temperature dependent experiments were then conducted to see if this 

phenomena continues at very lower temperatures (Figures 3.26 – 3.31). At 4.5 K, there 

are numerous excitation dependent bands that appear at low energy. The major 

excitation and emission peaks are 530 nm and 680 nm respectively. A second major 

peak at 711 nm also appears when excited at 575 nm; both 680 and 711 nm peaks have 

sharp intense emission. These peaks can be attributed to excitonic emission that is only 

possible at lower temperatures due to lower collisions with phonons from the surrounding 

lattice. When excited at higher energies (480 nm and below), the emission spectras have 

much weaker intensities as well as much broader profiles.  For example, excitation at 480 

nm yields an emission that contains two peaks at 577 nm and 600 nm as well as a 

shoulder at 700 nm. The broad emission can most likely be attributed to the fact that all 

emissions have excitations below 500 nm, and thus contributions are seen from about 

550 nm to 750 nm. As temperature increases, the major peaks at 680 and 711 nm 

decrease in intensity and get broader. The higher energy emissions start to lose their 

definition and return to Gaussian curves at 70K.  
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Figure 3.26. Steady state photoluminescence spectrum of PTH powder at 4.5K. 
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Figure 3.27. Steady state photoluminescence spectrum of PTH powder at 5.5K. 
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Figure 3.28. Steady state photoluminescence spectrum of PTH powder at 10K. 
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Figure 3.29. Steady state photoluminescence spectrum of PTH powder at 20K. 
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Figure 3.30. Steady state photoluminescence spectrum of PTH powder at 40K. 
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Figure 3.31. Steady state photoluminescence spectrum of PTH powder at 70K. 
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CHAPTER 4  

DEVICE SCREENING, FABRICATION, AND CHARACTERIZATION 
4.1 Thermal Gravimetric Analysis 

 The excellent luminescent properties of the heteroleptic complexes make them 

ideal candidates as phosphors in OLED devices. It is thus important to have high thermal 

stability for two reasons: (1) Most OLED devices are fabricated using thermal 

evaporation and therefore require high thermal stability, and (2) OLED devices require 

materials that are stable enough to operate at a range of temperatures without 

decomposition. Our materials show excellent thermal stability with decomposition points 

occurring at temperatures over 250oC for all materials. As well as this, the thermal 

decomposition curves have a period of slow weight loss before complete decomposition. 

This is indicative of removal of material, e.g. sublimation, which is a necessity when 

fabricating devices using thermal evaporation. The curves obtained using thermal 

gravimetric analysis (TGA) in Figure 4.1 show these properties for all of our samples. All 

curves have ‘steps’ in their decomposition phases which correlate to their structural 

makeup. For instance, PTD and PTF both contain 2-pyridyltetrazolate (ttzp) as the 

secondary ligand and also have their steps near 46% weight. Likewise, PTE and PTG 

both contain 4-phenyl-2-pyridyltetrazolate as their secondary ligands and their steps 

occur higher between 60% and 75%. PTH has no material with a similar secondary 
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ligand and thus makes comparisons difficult. PTG has the most abrupt decomposition 

curve exhibiting a sharp decrease at about 375oC, which indicates that it will most likely 

have the most poor thermal evaporation properties. Nonetheless, all other samples have 

slower changing slopes and thus make excellent candidates for thermally evaporated 

devices. 

 Besides obtaining the temperature of decomposition, TGA also helps to determine 

purity of sample. When a sample is pure, the curve is essentially linear from the starting 

temperature to the beginning of the decomposition curve. This is best shown for sample 

PTF in Figure 4.1 which has essentially no change in slope until the 

sublimation/decomposition curve. PTD on the other hand shows roughly a 2% decrease 

in weight up to about 70oC before continuing on linearly (shown in Figure 4.2 inset). This 

can be attributed to solvent in the sample (acetone) which was not completely removed 

after workup.  
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Figure 4.1. Thermal decomposition curves of samples prepared. 
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Figure 4.2. Thermal decomposition curve of PTD-i after drying. 

 

4.2 Materials Screening 

 Because of the large amount of electron withdrawing groups and previous studies 

conducted on PTA, we expected our products to exhibit n-type semiconducting behavior. 

Molecular electrostatic potential maps were calculated to determine their electronic 

properties. These are shown in Figure 4.3.  
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 Figure 4.3. MEP images of selected complexes. 
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 The images above show that the molecules are highly electron deficient which is 

represented as the large blue character. These calculations predict that these materials 

could function as n-type semiconductor materials, although they are only representative 

of single molecules and do not take intermolecular interactions into account.  

 

4.3 Device Fabrication and Electrical Characterization 

 Separate devices were fabricated using two of the heteroleptic complexes. PTD 

was chosen first because of the high quantum yield found in a neat thin film (~98%). On 

the other hand, PTG was chosen in contrast to PTD due to its poor quantum yield and 

offset platinum-platinum nature found in the crystal structure. Although a crystal structure 

of PTD was never solved, it most likely has similar motifs as PTE due to its structural 

similarity and similar photophysical properties. A neat device using PTD was fabricated 

according to the schematic shown in Figure 4.4. 
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Figure 4.4. Device schematic of neat PTD device. 
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Figure 4.5. Emission spectrum of neat PTD device. 
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Figure 4.6. EQE curve of neat PTD device. 
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Figure 4.7. Power efficiency curve of neat PTD device. 
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 As can be seen in Figures 4.4 – 4.7 above, this device has an even higher EQEmax 

than our previous PTA based devices.26 Furthermore, the device is doping-free which 

implies that PTD is functioning efficiently as the electron transporting material as well as 

the emissive material. The single carrier device data in Figure 4.8 below further confirms 

that PTD is able to function as a high electron mobility semiconductor with a low 

threshold voltage of 2.2V. The two images in Figure 4.9 are of the PTD neat device 

operating at 5V being powered by an Arduino™ Uno microcontroller. 

 

Figure 4.8. Single carrier devices using PTD as the electron and hole transporting 

material. 
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Figure 4.9. PTD neat device operating at 5V. 

 

 Because the dilute solution emission spectrum of PTG showed structured blue 

emission, a doped device was fabricated to determine if similar emission could be found 

through electrical excitation at low concentrations. The solid state behavior of the powder 

form of PTG (~18% quantum yield) was much worse than that of PTD; therefore, neat 

devices were not pursued. The doped device schematic is shown in Figure 4.10.  

 

Figure 4.10. Device schematic using PTG as the emissive material doped into mCP. 
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Figure 4.11. Emission spectra of doped PTG device at increasing voltage. 
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Figure 4.12. External quantum efficiency at increasing current density of PTG device. 
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Figure 4.13. Power efficiency at increasing current density of PTG device. 

 

 Surprisingly this device did not exhibit the expected monomeric structured blue 

emission; instead, the excimeric emission is found even at very low doping (2.5% in the 

above device; Figure 4.10). Experiments are currently underway to determine why this is 

occurring. Nonetheless, at increasing voltage a shoulder appears at roughly 460 nm, 

which is where the major peak is located for the dilute solutions in dioxane. The 

maximum EQE was only 9.3% while the power efficiency was also low at only 27.1 lm/W. 

The poor device performance could be due to a multiple of factors, but most likely it is the 

following: Because this material is still exhibiting excimeric emission it can be looked at 
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as a ‘psuedo-neat’ device due to the doping having no effect on the emission profile. The 

PTG molecules are most likely aggregated into dimers with a distance of 3.376 Å like that 

seen in the crystal structure. Dimer formation, rather than complete separation of PTG 

molecules by the host in the film, is most likely due to two major factors: (1) The strong 

metal-metal interactions between the two molecules stabilizes the dimer, and (2) The 

large dipole within each molecule caused by the electronegative tetrazolate moiety and 

the more electropositive pyrazolate moiety causes strong electrostatic interactions 

between one another to form a very tightly bound dimer. The doped thin films and 

devices utilizing PTG that show excimer emission are therefore more representative of 

dimer units dispersed throughout the host rather than (a) Infinite chains, or (b) Discrete 

monomeric units. New devices and experiments are currently underway to further 

understand these phenomena. 
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CHAPTER 5  

CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 

 It has been shown that a series of homoleptic and heteroleptic square planar 

platinum(II) phosphors emit light highly efficiently through excimeric emission in the solid 

state. Strong aggregation allows for close intermolecular interactions, specifically Pt(II)-

Pt(II) interactions which results in high quantum yields and short lifetimes. It was found 

that species with more closely aligned platinum atoms and thus greater orbital overlap 

within the vertical columns exhibited more efficient photophysical properties in powders 

and thin films as well having higher device performance. The close proximity of the 

molecules and large amount of electron withdrawing groups facilitates efficient charge 

hopping giving the materials n-type semiconductor behavior. This phenomenon can be 

exploited to allow the materials to function dually as the emissive layer and electron 

transport layer in a device as well as eliminating the need for doping, thus decreasing 

device complexity during fabrication. The photophysical properties of the homoleptic 

species were found to be less efficient than those for the heteroleptic systems. The lower 

efficiencies are due in part to the higher degree of symmetry which increases the 

forbidden nature of some electronic transitions. The solubility and thermal properties 

were also found to be problematic for the homoleptic systems making them unsuitable for 
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thin film fabrication. On the other hand, the heteroleptic complexes had excellent thermal 

stability as well as the ability to be sublimed into thin films and devices, specifically 

OLEDs. Neat devices were fabricated using PTD as the emissive material as well as the 

electron transporting layer giving high EQEs and power efficiencies. Conversely, PTG 

devices were also fabricated which had significantly lower efficiencies attributed to the 

large Pt-Pt breakage found in the crystal structure.  

 

5.2 Future Work 

 Future work includes pursuing complexes with different functionality to increase 

solubility while also observing the effect the different functional groups have on the 

electronic properties. The complexes in Figure 5.1 are currently being synthesized for 

photophysical investigation. Each contains pyridyltriazolate- and pyridyltetrazolate- 

moieties. The pyridyltriazolate- moieties are being used instead of pyridylpyrazolate- 

because of the increase electron deficiency imparted by the additional nitrogen in the 

four position of the triazolate ring, which should further improve the n-type behavior of the 

molecules. The varying groups at the 5-position of the triazolate ring have been chosen 

due to their vastly different electronic properties – PT1 and PT3 contain the pyridyl group 

which is an electron poor group. PT2 and PT4 contain the pentafluorophenyl group which 

was chosen as a superior analog to the trifluoromethyl and heptafluoropropyl groups in 
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ppf3 and ppf7, respectively. This moiety is much more rigid than either of these two and 

has additional aromaticity which should further enhance the luminescence properties. 

Additionally, this moiety is also very electron withdrawing thereby enhancing the n-type 

character of the complex. Finally, PT5 and PT6 contain the N-bonded carbazole moiety. 

This was chosen due to the fact that carbazole is a very good fluorophore itself, is 

extremely rigid, and is very electron donating. These complexes will be used to contrast 

the previously mentioned future complexes due to its vastly different electronics imparted 

by the carbazole group. One interesting possibility for PT5 and PT6 is that they could 

become ambipolar due to containing both the strong electron donating carbazole, as well 

as the strong electron withdrawing tetrazolate moieties. The synthesis, characterization 

and photophysical properties of these molecules will be investigated in future work. 
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Figure 5.1. Future complexes to be synthesized and characterized. 
  

 New device architectures are being pursued. Because of the anisotropic charge 

carrier properties of these materials in the direction of the vertical stacks, thin film 

transistors, which require horizontal anisotropic charge carrying, did not operate with 

desirable results. Thus, vertical transistors with completely new device architectures are 

currently being developed in attempts to utilize this class of materials. 
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  Obtaining crystal structures of the varying polymorphs that give different emissive 

colors of the materials, specifically PTD, is a crucial step towards determining why the 

photophysical properties are so different. Based on the sublimation of PTD and varying 

emissions obtained, it may be possible to tune the emission in thin films by varying the 

temperature of the substrate. Device fabrication using these materials is also necessary 

to show that the high quantum yields and short lifetimes result in high device efficiency. 

Crystal structure determination and further photophysical studies will also be conducted 

on PTH to understand the low temperature photoluminescence results. These results will 

further help show that excimeric emission based phosphors have unique properties that 

can be used in next generation OLEDs.  
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CHAPTER 6  

EXPERIMENTAL 
6.1 General Information 

All synthetic procedures were performed under argon atmosphere.  

Tetrahydrofuran was dried using an LC Technology Solutions Inc. SPBT-1 bench top 

solvent purification system.  All other solvents were used as is without further purification.  

Microwave synthesis was performed in a CEM Discover S-class focused microwave 

system.  Infrared spectra (IR) were collected on a ThermoScientific Nicolet 6700 FT-IR 

spectrometer equipped with a SmartOrbit ATR accessory containing a diamond crystal.  

Electronic spectra for both diffuse reflectance and solution were obtained on a Perkin 

Elmer Lambda 900 UV-vis/Near IR spectrophotometer.  

 

6. 2 Synthetic Procedures 

 2-(tetrazol-5-yl)pyridine (ttzpH).33  Into a 35 mL microwave vessel were placed a 

stir bar, 15 mL of deionized water, 2-cyanopyridine (5 mmol, 0.52g), sodium azide (5.5 

mmol, 0.36g) and zinc(II) chloride (5 mmol, 0.68g).  The reaction was stirred under the 

conditions of microwave radiation and the power was adjusted to maintain 95°C for two 

hours.  Upon cooling, concentrated hydrochloric acid was added drop wise to the mixture 
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while stirring to adjust the pH to 1.  After stirring for one hour, the solid material was 

filtered, washed with cold water and dried under vacuum.  Yield 74%.  

 4-phenyl-2-(tetrazol-5-yl)pyridine (ttzphpH). Into a 35 mL microwave vessel were 

placed a stir bar, 15 mL of deionized water, 2-cyano-4-phenylpyridine (5 mmol, 0.90g), 

sodium azide (5.5 mmol, 0.36g) and zinc(II) chloride (5 mmol, 0.68g).  The reaction was 

stirred under the conditions of microwave radiation and the power was adjusted to 

maintain 95°C for six hours.  Upon cooling, concentrated hydrochloric acid was added 

drop wise to the mixture while stirring to adjust the pH to 1.  After stirring for one hour, the 

solid material was filtered, washed with cold water and dried under vacuum.  Yield 72%.  

 3-methyl-2-(tetrazol-5-yl)pyridine (ttzmpH). Into a 35 mL microwave vessel were 

placed a stir bar, 15 mL of deionized water, 2-cyano-3-methylpyridine (5 mmol, 0.59g), 

sodium azide (5.5 mmol, 0.36g) and zinc(II) chloride (5 mmol, 0.68g).  The reaction was 

stirred under the conditions of microwave radiation and the power was adjusted to 

maintain 95°C for two hours.  Upon cooling, concentrated hydrochloric acid was added 

drop wise to the mixture while stirring to adjust the pH to 1.  After stirring for one hour, the 

solid material was filtered, washed with cold water and dried under vacuum.  Yield 70%. 

 2-(3-(trifluoromethyl)pyrazol-5-yl)pyridine (ppf3H).34,35 A dry, two-necked round-

bottomed flask was equipped with a stir bar and water condenser.  Into the flask was 

placed sodium ethoxide (50 mmol, 3.40g) and 100 mL of dry THF.  Into two separate 
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Schlenk flasks were placed 50 mL of dry THF, and 2-acetylpyridine (50 mmol, 6.06 g, 5.7 

mL) and ethyl 2,2,2-trifluoroacetate (50 mmol, 7.10 g, 6.0 mL), respectively.  The 

ketone/THF solution was added to the NaOEt/THF solution with stirring, followed by the 

ester/THF solution.  After refluxing for six hours, the mixture was cooled to room 

temperature and the solvent was removed under vacuum.  Any remaining NaOEt was 

quenched, and inorganic impurities were dissolved by the addition of 25-30 mL of 1M 

sulfuric acid followed by extraction with diethyl ether (2 x 50 mL).  The organic extract 

was dried with magnesium sulfate, vacuum filtered and the solvent was removed to leave 

a thick oil.  A 250 mL two-necked flask was equipped with a stir bar and water condenser.  

Into the flask, this crude product was dissolved in ethanol (100 mL) followed by the drop 

wise addition of hydrazine (52.5 mmol, 1.68 g, 1.6 mL) or hydrazine monohydrate (52.5 

mmol, 2.63 g, 2.6 mL).  After refluxing for five hours, the solvent was removed under 

vacuum to leave a light yellow powder, which was further purified by sublimation.  Yield 

49%. 

 2-(3-(perfluoropropyl)pyrazol-5-yl)pyridine (ppf7H).34,35 A dry, two-necked round-

bottomed flask was equipped with a stir bar and water condenser.  Into the flask was 

placed sodium ethoxide (50 mmol, 3.40g) and 100 mL of dry THF.  Into two separate 

Schlenk flasks were placed 50 mL of dry THF, and 2-acetylpyridine (50 mmol, 6.06 g, 5.7 

mL) and ethyl perfluorobutanoate (50 mmol, 12.10 g, 8.7 mL), respectively.  The 
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ketone/THF solution was added to the NaOEt/THF solution with stirring, followed by the 

ester/THF solution.  After refluxing for six hours, the mixture was cooled to room 

temperature and the solvent was removed under vacuum.  Any remaining NaOEt was 

quenched, and inorganic impurities were dissolved by the addition of 25-30 mL of 1M 

sulfuric acid followed by extraction with diethyl ether (2 x 50 mL).  The organic extract 

was dried with magnesium sulfate, vacuum filtered and the solvent was removed to leave 

a thick oil.  A 250 mL two-necked flask was equipped with a stir bar and water condenser.  

Into the flask, this crude product was dissolved in ethanol (100 mL) followed by the drop 

wise addition of hydrazine (52.5 mmol, 1.68 g, 1.6 mL) or hydrazine monohydrate (52.5 

mmol, 2.63 g, 2.6 mL).  After refluxing for five hours, the solvent was removed under 

vacuum to leave a light yellow powder, which was further purified by sublimation.  Yield 

36%. 

 General synthesis for PTR – PTT. Into a 35 mL microwave vessel were placed a 

stir bar, 15 mL of pyridine, 5 mL of deionized water, 1.2 mmol of K2[PtCl4] and 2.5 mmol 

of the respective pyridyltetrazolate ligand. The reaction was stirred under the conditions 

of microwave radiation and the power was adjusted to maintain 95°C for one to two 

hours.  Upon cooling, the solid material was filtered, washed with water, acetone and 

diethyl ether, and dried under vacuum.  Yields were between 64-78%. PTR: Found: C, 

29.43; H, 1.26; N, 28.56.  Calc. for  C, 29.57; H, 1.65; N, 28.74; PTS: Found: C, 36.12; H, 
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1.94; N, 24.89. Calc. for C, 36.57; H, 2.21; N, 25.59; Pt, 35.64; PTT: Found: C, 28.95; H, 

1.99; N, 28.44; Calc. for C, 29.57; H, 1.65; N, 28.74. 

General synthesis for PTD – PTH. To a 50 mL round bottom flask 1.2 mmol of 

K2[PtCl4] and 1.2 mmol of the respective pyridylpyrazolate ligand were added followed by 

30 mL of a 3M solution of HCl in water. This solution was heated and stirred for 12 hours. 

The solid yellow precipitate was collected, washed with water and acetone, and dried 

under vacuum. 1.2 mmol of this product and 1.2 mmol the respective pyridyltetrazolate 

ligand were added to a 35 mL microwave vessel followed by addition of 15 mL of pyridine 

and 5 mL of deionized water. This solution was then stirred under the conditions of 

microwave radiation at 80°C for one hour. The solid precipitate was then collected, 

washed with water, acetone, and diethyl ether and then dried under vacuum. The 

products were then sublimed between 350-400°C as needed. Yields were between 66-

80%. PTD: Found: C, 32.16; H, 1.38; F, 9.70; N, 19.54; Calc. for C, 32.56; H, 1.64; F, 

10.30; N, 20.25. PTE: Found: C, 39.90; H, 1.77; N, 17.48; Calc. for C, 40.07; H, 2.08; N, 

17.80. PTF: Found C, 31.43; H, 1.24; N, 16.72; Calc. for 31.25; H, 1.39; N, 17.15. PTG: 

Found C, 38.07; H, 1.69; N, 14.85; Calc. for C, 37.87; H, 1.80; N, 15.36. PTH: Found: C, 

33.92, H, 1.32; N, 19.37; Calc. for C, 33.87; H, 1.95; F, 10.05; N, 19.75. 
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6.3 Instrumental Procedures 

 X-ray crystallography.  Crystal determination was carried out using a Bruker 

SMART APEX2 CCD-based X-ray diffractometer equipped with a low temperature 

device and Mo-target X-ray tube (wavelength = 0.71073 Å).  Measurements were taken 

at 100(2)K.  Data collection, indexing and initial cell refinements were carried out using 

APEX2,36 frame integration and final cell refinements were performed using SAINT.37  An 

absorption correction was applied using the software SADABS.38  All non-hydrogen 

atoms were refined anisotropically.  The hydrogen atoms in the compound were placed 

in idealized positions and were refined as riding atoms.  The structure was examined 

using the Addsy subroutine of PLATON39 to ensure that no additional symmetry could be 

applied to the model.  Structure solution, refinement, graphic and generation of 

publication materials were performed by using SHELXTL software.40  Refinement details, 

structural parameters and selected bond lengths and angles are given in tables vide 

supra. 

 Thermogravimetric analysis (TGA).  Analysis was conducted on a TA Instruments 

DC-50.  The sample was loaded onto a platinum pan and then held at room temperature 

for five minutes, then increased at 5°C per minute to a final temperature of 600°C. 

Photoluminescence Characterization: Steady-state photoluminescence spectra 

were acquired with a PTI Quanta-Master model QM-4 scanning spectrofluorometer. The 
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emission spectra were corrected for the wavelength-dependent xenon lamp intensity and 

detector response. Time-resolved photoluminescence measurements were acquired 

using fluorescence subsystem add-ons to the PTI QM-4 instrument. The pulsed 

excitation source was generated using the 337 nm line of the N2 laser with 1.0 ns pulse 

width. The output energy density of the N2 laser is ~ 4 μJ cm-2. The absorption spectrum 

of neat PTD and doped PTG was obtained using a Perkin Elmer Lambda 900 UV-Vis-

NIR system. The quantum yield measurement followed the method proposed by 

Kawamura et al. 41  Before this test, the quantum yield of a 100 nm tris (8-

hydroxyquinoline) aluminum film was examined as a reference. The obtained result (~ 

20 %) is in good agreement with the literature value,8 showing the reliability of the 

experimental results. The thin films tested were deposited on quartz glass. To avoid 

contamination by the ambient atmosphere, the samples in time-resolved and steady-

state photoluminescence measurements were protected under flowing Ar atmosphere. 

Low temperature (4~70K) were collected by using a cryostat. 

 

6.4 Device Fabrication and Characterization 

Glass/ITO substrates were cleaned by sonication in a sequential series of solvents, 

including acetone, 2-propanol and de-ionized water. The substrates were dried with 

flowing nitrogen after cleaning, and then were treated with oxygen plasma 
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(PLASMALINE 415) for 10 min. The ITO substrate was purchased from Lumtec Ltd., 

Taiwan. The preparation of PTA, PTB and PTC followed procedures previously 

reported.22, 23 The purity of the sample was determined by TGA and elemental analysis. 

The organic materials were thermally evaporated from Knudsen cells in a high vacuum 

chamber with a base pressure below 8 × 10-7 Torr (1 Torr = 133.322 Pa). The chamber 

was vented to load and align the shadow masks for cathode deposition. Quartz crystal 

oscillators were used to monitor the film thicknesses, which were calibrated ex situ using 

a prolifometer (VEECO DEKTAK VIII). The active area of all devices is 10 mm2. A 

calibrated spectrophotometer, PR-650 (PhotoResearch, Inc.), was used to measure the 

electroluminescence spectrum. A Keithley 2400 source-meter unit linked to a calibrated 

silicon photodiode, controlled by a LabView interface was used for the measurement of 

current-voltage-brightness characteristics. All the electroluminescence measurements 

were carried out in air at room temperature. 
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