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The characterization of 2,3,6,7,10,11-hexabromotriphenylene, Br6TP, is 

presented toward its potential use as an n-type organic semiconductor and metal-free 

room temperature phosphor.  The crystal structure shows both anisotropic 

two-dimensional Br⋅⋅⋅Br interactions and inter-layer π-stacking interactions.  

Photophysical characteristics were evaluated using solid-state photoluminescence 

and diffuse reflectance spectroscopies, revealing significantly red-shifted excitations 

in the visible region for the yellow solid material (compared to ultraviolet absorption 

bands for the colorless dilute solutions). Correlation of spectral, electrochemical, and 

computational data suggest the presence of an n-type semiconducting behavior due 

to the electron-poor aromatic ring.  The material shows excellent thermal stability as 

demonstrated by thermogravimetric analysis and infrared spectra of a thin film 

deposited by thermal evaporation.  The potential for Br6TP and its analogues toward 

use in several types of photonic and electronic devices is discussed. 
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CHAPTER 1 

INTRODUCTION 

 

Over the last decade, the field of luminescent materials exhibiting phos-

phorescence has grown immensely in academia and industry due to their ability to 

have near unity quantum yield and very high power efficiency in organic light emitting 

diodes (OLEDs).1  To achieve these results it has often been necessary to incorpo-

rate a heavy metal atom such as iridium or platinum into the emissive layer in order to 

take advantage of the triplet state.  In electroluminescent devices, 75% of the spin 

states generated via electrical excitation are triplet states while the remaining 25% 

are singlet states for the host material in the emissive layer.  Phosphorescent com-

plexes contain heavy metal atoms that allow for spin-orbit coupling, which allows 

harnessing the triplet host excitons that are otherwise wasted in devices that contain 

fluorescent dopants instead. Furthermore, the presence of such heavy atoms in the 

phosphorescent dopant also results in harnessing the singlet excitons of the host 

because those are transferred to the singlet state of the dopant then are quantitatively 

converted to the emissive triplet states by intersystem crossing, resulting in an overall 

100% internal quantum efficiency for the device.2  There are many examples of de-

vices utilizing these transition metals and achieving high efficiencies.1 The Omary 

group has had extensive success with platinum-based OLED devices, in particular 

bis[3,5-bis(2-pyridyl)-1,2,4-triazolato]platinum(II).3 

While a large variety of phosphorescent species offer favorable photophys-

ical properties for OLEDs and other lighting technologies such as inorganic LEDs and 

fluorescent lamps, unfortunately the rising cost and low abundance of rare-earth and 
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transition metals that are invariably used for lighting and display applications make it 

desirable to move away from them toward metal-free species.  The difficulty in 

achieving phosphorescence in pure organic materials is evident by the limited num-

ber of examples in the literature regarding the subject. Nonetheless, there are exam-

ples including the phosphorescence of benzophenone and seven of its derivatives by 

Tang et al. in 2010,4 and Kim et al. reported in 2011 on the phosphorescence of 

color-tuned aromatic aldehydes.5  In both reports, Kim and Tang sought to sensitize 

phosphorescent emission by incorporating an aromatic system, a carbonyl moiety, 

and halogen atom capable of intermolecular halogen bonding with that carbonyl 

group or via halogen-halogen interactions. 

Purely organic materials that show phosphorescent behavior are extremely 

rare, and are very inefficient at ambient conditions.6  Efficiencies that are detectable 

are normally found under conditions that are impractical for use in an electrolumi-

nescent device (e.g. anhydrous, oxygen free, cryogenic temperatures).7 

Aromatic moieties are often incorporated in the design of fluorescent or 

phosphorescent emitters as well as the charge transport materials used in OLEDs.  

They provide a source of electrons and are good chromophores.  While the effi-

ciencies are close to 0% and the emission is difficult to detect, aromatic carbonyls are 

capable of spin-orbit coupling. In the Kim and Tang phosphors, however, there were 

only one or two aromatic rings, which could limit the light absorption or emission as 

well as charge conduction. 

Kim and Tang both incorporated a strategically placed halogen atom into 

their compounds.  It has long been known that the probability of spin-orbit coupling 

increases dramatically moving down the periodic table.8  Bromine is the largest 
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halogen that can be conveniently substituted onto an aromatic ring.  Both Kim and 

Tang reported enhancement in emission from the brominated or poly-brominated 

compounds.  The heavy-atom effect introduced by the addition of the bromine helps 

to sensitize the phosphorescent emission by increasing the efficiency of intersystem 

crossing.  These transitions in bromine have energies that are in the visible part of 

the spectrum. 

Finally, both Kim and Tang were able to demonstrate luminescent behavior 

only for carefully recrystallized materials, especially large single crystals.  In the 

crystal structures of these compounds, the intermolecular interactions are easily 

visualized.  It is these cooperative interactions that give rise to the unusual photo-

physical properties; however, this effect is lost in more disordered states (e.g. powder, 

solution, thin film). 

In addition to platinum(II) chelates, our group has had success in developing 

coinage metal chelates.  In the process of developing ligands for such chelates, 

2,3,6,7,10,11-hexabromotriphenylene (Br6TP, Figure 1) was found to have surprising 

phosphorescence and semiconducting properties that have yet to be reported in the 

literature.  This work will outline the characterization and progress to date on the 

possibility of utilizing Br6TP as a metal-free phosphorescent material in an electrolu-

minescent device. 
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Figure 1.  2,3,6,7,10,11-Hexabromotriphenylene (Br6TP). 

Eichhorn et al. have done extensive work with liquid crystalline 

2,3,6,7,10,11-hexasubstituted triphenylenes.9  In an attempt to find a triphenylene 

derivative that shows n-type properties, 2,3,6,7,10,11-hexacyanotriphenylene was 

evaluated.  It was hoped that the significantly electron-withdrawn aromatic core 

would show n-type semiconductor behavior.  However, it was found to not be liquid 

crystalline. 

In our investigation of Br6TP, we found several similar characteristics as the 

compounds investigated by Kim and Tang in terms of solid-state phosphorescence at 

room temperature. In addition, other properties, such as π-acidity due to the electron 

withdrawing effects of the bromines, were found that we believe will make it 

well-suited for applications such as OLEDs, organic thin-film transistors (OTFTs), and 

organic Schottky diodes. 
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BrBr
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CHAPTER 2 

RESULTS AND DISCUSSION

 

Prelude 

While the synthesis of Br6TP was first published in 1982, its unique photo-

physical properties have been overlooked and have not been reported to date. Pre-

viously published literature cites its use as an intermediate in several reported syn-

theses.10,11,12  Breslow reported an absorption λmax of 278 nm with an extinction co-

efficient (ε) of 210,000 for this molecule with no further information on photophysical 

properties. None of the reports found in the literature provide detailed characterization 

of Br6TP, as it was used as a synthetic intermediate and, indeed, this is true even for 

our group’s interest in this molecule as a precursor for metallodendritic targets before 

we discovered its unique photophysical and electronic properties. Breslow was using 

Br6TP as an intermediate to obtain the tris(cyclic diamine), 

2,3,6,7,10,11-tris(N,N’-diethylethylenediamino)triphenylene (HET), in his study of 

ground state π-electron triplet molecules for their use in synthesizing organic ferro-

magnets.10  De Meijere used the same Breslow procedure to synthesize Br6TP as an 

intermediate to obtain the alkenylated compound 

2,3,6,7,10,11-hexakis-[(E)-3’,3’-dimethyl-1’-butenyl]triphenylene via a six-fold Suzuki 

coupling reaction with 2-[(E)-3’,3’-dimethyl-1’-butenyl]-1,3,2-benzodioxaborol in order 

to study six- and eightfold palladium-catalyzed cross-coupling reactions from various 

hexa- and octabromoarenes.11  Haley synthesized Br6TP following Breslow’s pro-

cedure to obtain many derivatives of polyalkynylated triphenylenes in his study of the 

photophysical properties of expanded dehydrobenzoannulenoannulene trefoils.12  
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The data collected thus far are analyzed in detail below by the type of method used. 

NMR 

Only in Breslow’s original paper10 were NMR data reported.  The authors 

collected 1H NMR data for the ligand in a solution of 1,1,2,2-tetrachloroethane-d2 at 

145°C and obtained a singlet at 8.74 ppm.  This is consistent with the chemical 

structure of the Br6TP molecule (Figure 1; vide supra).  Due to the poor solubility in 

common organic solvents at near ambient temperatures, it was decided not to pursue 

the collection of solution NMR data. Rather, solid-state CP/MAS (cross polariza-

tion/magic angle spin) NMR data were collected for 13C (Figure 2).  A single reso-

nance was shown as a broad signal at ca. 132 ppm, which is in the typical region 

expected for aromatic carbon atoms. Unfortunately, the sensitivity and resolution 

were not sufficient to distinguish the signals for the inequivalent carbon atoms.  

Furthermore, the field strength of the available spectrometers was not sufficient to 

collect solid-state 1H data.  Based upon the crystal structure (vide infra), it is believed 

that in the solid state, all six protons would not be equivalent. 

 

Figure 2.  Solid state 13C CP/MAS spectrum for Br6TP.  Spinning rate was 7kHz.  
Spinning sidebands are denoted with an asterisk (*). 
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Crystal Structure 

Crude Br6TP, synthesized based on the literature procedure,10 was recrystallized 

from boiling 1,2-dichlorobenzene. The structure of the collected (Figure 13, vide infra) 

crystals was analyzed by single crystal (Figure 3) and powder X-ray diffraction 

(Figure 4).  The crystallographic data is summarized in Table 1. ,  

Table 2.  B and Table 3.  A powder simulation was performed using the single 

crystal XRD data and compared with the experimental powder diffraction pattern 

(Figure 5). This analysis shows that the general similarity between the powder and 

crystal form, based on the overall reasonable coincidence of the peaks in the two dif-

fraction patterns, even though some peaks are shifted and a few are distinct. Ele-

mental analysis (Chapter 3) does not suggest the presence of significant amounts of 

impurities and the differences between the simulated and powder patterns are not 

significant enough to suggest a different polymorph in the powder form from the sin-

gle crystals form. Multiple crystals were examined from different single crystal 

batches and all of them revealed nearly identical unit cell dimensions. 

 

Figure 3.  Crystal structure of Br6TP. 
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Figure 4.  Powder XRD diffractogram for Br6TP. 



 

  9 

 

Figure 5.  Experimental vs. powder simulation for Br6TP.  
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Table 1.  Crystallographic data for Br6TP. 

Empirical Formula  C18H6Br6 
Formula Weight   701.69 
Temperature   100(2)K 
Wavelength   0.71073Å 
Crystal system   Monoclinic 
Space group   C2/c 
Unit cell dimensions  a = 20.6939(14)Å  α = 90.00° 
    b = 12.2206(8)Å  β = 109.651(1)° 
    c = 7.2937(5)Å  ϒ = 90.00° 
Volume    1737.1(2)Å3 
Z    4 
Density (calculated)  2.683mg/m3 
Absorption coefficient  13.865 
F(000)    1296 
Crystal size   0.37 x 0.10 x 0.06 mm3 
Theta range    3.00° to 27.18° 
Index ranges   -26<=h<=26, -15<=k<=15, -9<=l<=9 
Reflections collected  6775 
Independent reflections  1938 
Completeness to theta = 27.18° 0.995 
Absorption correction  Numerical 
Max and min transmission  0.4707 and 0.0787 
Refinement method  Full-matrix least-squares on F2 
Data/restraints/parameters  1938/0/109 
Goodness-of-fit on F2  1.017 
Final R indices [I>2σ(I)]  R1 = 0.0172, wR2 = 0.0453 
R indicies (all data)  R1 = 0.0191, wR2 = 0.0462 
Largest diff. peak and hole  0.555 and -0.466 e.Å-3 

 

While the crystal structure provided the needed structural data to confirm that the 

correct compound had been successfully synthesized, it also showed some interest-

ing properties.  Many aromatic hydrocarbons, including triphenylene (the starting 

material used to produce Br6TP), have packing structures that are not layered, but 

rather the molecules filling the lattice sites will often be normal to each other such that 

the hydrogen atoms of one ring will interact with the π-electrons of another (Figure 

6)12.  Truhlar reported a DFT (density functional theory) study of π⋅⋅⋅π interaction in 

various benzene dimers and found that the T-shaped dimer was lowest in energy.13  
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In the crystal structure of the pyrene dimer, two molecules form a closely stacked 

parallel pair and this pair is arranged normal to a second pair.14 

Table 2.  Bond lengths for Br6TP. 

Br1 C1 1.892(2)Å 
Br2 C2 1.891(2)Å 
Br3 C9 1.886(2)Å 
C1  C6  1.376(3)Å 
C1  C2  1.392(3)Å 
C2  C3  1.375(3)Å 
C3  C4  1.409(3)Å 
C3  H3A  0.9500Å 
C4  C5  1.410(3)Å 
C4  C4  1.471(4)Å 
C5  C6  1.410(3)Å 
C5  C7  1.468(3)Å 
C6  H6A  0.9500Å 
C7  C8  1.409(3)Å 
C7  C7  1.414(4)Å 
C8  C9  1.381(3)Å 
C8  H8A  0.9500Å 
C9  C9  1.395(4)Å 

 

 

Figure 6.  Packing structure of triphenylene.12 
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Table 3.  Bond angles in Br6TP. 

C6  C1  C2  120.2(2) 
C6  C1  Br1  118.51(16) 
C2  C1  Br1  121.29(16) 
C3  C2  C1  119.94(19) 
C3  C2  Br2  118.89(16) 
C1  C2  Br2  121.16(16) 
C2  C3  C4  121.02(19) 
C2  C3  H3A  119.5 
C4  C3  H3A  119.5 
C3  C4  C5  119.02(19) 
C3  C4  C4  121.08(12) 
C5  C4  C4  119.90(12) 
C6  C5  C4  118.67(19) 
C6  C5  C7  121.26(19) 
C4  C5  C7  120.1(2) 
C1  C6  C5  121.02(19) 
C1  C6  H6A  119.5 
C5  C6  H6A  119.5 
C8  C7  C7  118.97(13) 
C8  C7  C5  121.1(2) 
C7  C7  C5  119.94(12) 
C9  C8  C7  121.0(2) 
C9  C8  H8A  119.5 
C7  C8  H8A  119.5 
C8  C9  C9  120.05(12) 
C8  C9  Br3  118.45(16) 
C9  C9  Br3  121.49(7) 
 

In Br6TP, the packing structure can be explained by the electrostatic inter-

actions between molecules.  The molecule’s electrostatic potential diagram (Figure 

7) showed that the electron density could be found mainly on the bromine atoms, 

leaving the aromatic core partially positively charged in terms of the quadrupolar de-

scription of the molecule.  Furthermore, the structure showed several interactions 

that play a key role in explaining the observed photophysical properties of Br6TP. 



 

  13 

 

Figure 7.  Molecular electrostatic potential diagrams for Br6TP. (Image courtesy of Dr. 
Bhaskar Chilukuri (UNT/CASCaM).) 

First, the 2-D interlayer packing was of significant interest because it shows 

strong Br⋅⋅⋅Br intermolecular interactions (Figure 8), which are responsible for the 

unusual photophysical properties as will be shown below. 

Each of the six bromine atoms on a single molecule of Br6TP interacts with 

the two closest bromine atoms on adjacent molecules in the same plane.  This cre-

ates an acute-angled triangle with side lengths of 3.482Å, 3.504Å and 3.531Å at 
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59.35°, 59.94°, and 60.71° internal angles  (Figure 9).  These distances demon-

strate that there was overlap based on the summed van der Waals radii of two adja-

cent Br atoms (3.70Å).15 

 

 

Figure 8.  2-D interactions in Br6TP in the ab-plane as viewed along the c-axis. 
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Figure 9.  Lengths of 2-D Br-Br interactions in the crystal structure of Br6TP. 

 The structure also shows 1-D Br⋅⋅⋅Br and π⋅⋅⋅π interactions (Figure 10).  

These interactions are demonstrated by the 1-D intermolecular distances.  The 

carbon-carbon distances between the 1-D layers are 3.282Å and 3.300Å.  This is 

well within the van der Waals separation between carbon atoms, 3.40Å.  For com-

parison, the interlayer distance in graphene is 3.354Å.16 

The 1-D interlayer distance between bromine atoms was a consistent 

3.913Å, significantly longer than the intra-layer separation and also beyond the 

summed van der Waals radii (3.70Å) of adjacent Br atoms. Overall the molecular 

packing deems the Br⋅⋅⋅Br interactions as the main forces responsible for the 2-D ar-

rangement of the molecules while the π-stacking interactions dictate the 1-D direction 

arrangement. 
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Figure 10.  1-D Br-Br and π-π interactions in Br6TP as viewed along the b-axis. 

UV/Vis and Diffuse Reflectance 

Upon recrystallization, bright yellow needles (Figure 11, left) were collected 

and analyzed by diffuse reflectance (Figure 12).  The solid sample shows continu-

ous absorption beginning at 504nm and extends down to 295nm.  This absorption 

profile is echoed in the PL (photoluminescence) data to be discussed later (Figure 

15). 

 

Figure 11.  Yellow crystalline powder (left) vs. colorless concentrated solution of 
Br6TP in 1,2-dichlorobenzene (right). 
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To determine if the absorption was due to the intermolecular Br⋅⋅⋅Br 2-D and 

π-stacking 1-D interactions, Br6TP was examined in solution.  While rather sparingly 

soluble, even saturated solutions of Br6TP in 1,2-dichlorobenzene appear colorless 

(Figure 11, right).  Nominal concentrations from 1x10-7M to 1x10-4M were investi-

gated for their UV/Vis absorption studies.  Figure 12 shows the spectrum collected 

for the 1x10-5M solution in comparison with the solid-state diffuse reflectance.  The 

spectrum shows that, unlike the solid material, there is no absorption below 350nm; 

the measured cutoff for the solvent was 295nm.  In contrast, the diffuse reflectance 

spectrum reveals a nearly continuous absorption profile for the solid material with 

multiple broadened absorption bands at significantly red-shifted wavelengths com-

pared to the solution spectra in the near-UV and visible region (λmax ~ 336, 357, 397, 

430 and 456nm).  This demonstrates that without the cooperative 1-D Br⋅⋅⋅Br and 

2-D π-stacking interactions, there was no broad-ranged absorption as the solution 

absorption bands at 308, 324, and 350nm with 25643, 7889, and 721 extinction co-

efficients are tentatively assigned to the molecular transitions S0→S2, S0→S1, and 

S0→T1, respectively, in a single Br6TP molecule.  The absorption of the solid material 

was significantly red-shifted to attain a band gap of 1.1eV as compared to the solution 

S0→T1 transition.  The observed absorption is most likely due to the aromatic core. 
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Figure 12.  UV/Vis and diffuse reflectance spectra for Br6TP. 
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Photoluminescence 

After reviewing the crystal structure and the underlying intermolecular in-

teractions, the discussion now shifts to the role of these interactions on the lumines-

cence behavior of Br6TP.  The crude product collected from the reaction was 

washed with several aliquots of diethyl ether to obtain a white powder.  After drying 

in an oven at 200°C for several days, the powder exhibits a light yellow color under 

ambient lighting (Figure 13, top left).  After careful recrystallization, the crystals were 

a more intense yellow color (Figure 11, left; vide supra).  Under UV light irradiation 

(365nm), both the crystals and powder display an orange luminescence (Figure 13, 

top and bottom right). 

 

Figure 13.  Powder and crystals of Br6TP under ambient and UV light (365nm). 
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Steady state PL data were collected for the microcrystalline powder at am-

bient temperature (Figure 15) as well as excitation (Figure 16) and emission spectra 

(Figure 20) at various cryogenic temperatures.  The Br6TP solid displayed structured 

emission bands with a different extent of vibronic resolution.  The most resolution 

was attained in the emission spectra collected at 4K (Figure 21).  At the lower tem-

peratures, the excitation spectra did not change significantly while the emission 

spectra shifted toward the blue.  A sample kept in an open dewar of liquid nitrogen 

(77K theoretically but ~90K is a more realistic temperature as estimated previously in 

the Omary group given the thermal conductivity of the quartz capillary tube material) 

observed with a hand-held long-wavelength UV lamp showed yellow emission, while 

in the cryostat at 4K, the emission was green.  However, there was no observed 

change in the physical color of the sample under ambient lighting conditions at any 

temperature. 

 Overall, the emission spectra consist of high-energy (HE) well-resolved vi-

bronic bands across the blue-green-yellow region (~450-580nm), which dominate the 

spectra at the lower temperatures, whereas lower-energy (LE) less-resolved bands 

are seen in the yellow-orange-red region (~620-800nm).  Overall, an assignment 

can be made that the more structured HE emissions are due to molecular transitions 

whereas the less structured LE emissions are due to the aggregation of the solid 

material. 
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Figure 14.  Energy transfer from the monomer to oligomer. 

This is substantiated by the LE excitations that are needed to generate the 

yellow-orange-red LE emission bands, as those excitations correspond to the ab-

sorption bands exhibited only by the solid material (see diffuse reflectance spectrum 

in Figure 12, vide supra).  The excitation spectrum that monitored the LE emission 

showed three peaks at ~360nm, 400nm and 450nm.  As can be seen in Figure 15, 

the main emission λmax at 645nm is a result of excitation at ~360nm, which is a 

wavelength that also produces the HE emission (e.g., when monitored at 514nm as 

shown in Figure 17).  The less intense excitation shoulders at ~400 and 450nm, on 

the other hand, uniquely resolve the LE emissions at longer wavelengths in the yel-

low-orange-red region.  Therefore, these LE emissions can be produced whether 

one excites the monomeric or aggregated molecules whereas the HE emissions are 

produced only upon monomer excitation.  Figure 14 shows the qualitative model. 
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Figure 15.  Steady state photoluminescence spectrum for crystals of Br6TP at room temperature. 
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Figure 16.  Steady state excitation spectra for Br6TP crystals at various temperatures for 474nm emission. 
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Figure 17.  Steady state excitation spectra for Br6TP crystals at various temperatures for 514nm emission. 
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Figure 18.  Steady state excitation spectra for Br6TP crystals at various temperatures for 555nm emission. 
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Figure 19.  Steady state excitation spectra for Br6TP crystals at various temperatures for 630nm emission. 
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Figure 20.  Steady state emission spectra for crystals of Br6TP at various temperatures. 
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Figure 21.  Steady state emission spectra for Br6TP crystals at 4K. 
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The lifetime data demonstrate most clearly that the observed emission 

bands exhibited by this metal-free system are phosphorescent in nature even at am-

bient temperature.  Data were collected using various excitation and emission 

wavelengths as a function of temperature.  The lifetime decay was observed at 4K, 

8K, 12K, 20K, 40K, 70K and 298K.  The decay for two specific examples, room 

temperature and 4K, can be found below in Figure 22 and Figure 24.  The remaining 

data are summarized in Table 4.  The sample showed a dual exponential lifetime.  

The absolute quantum yield for the bulk crystalline powder was 11.24% at ambient 

temperature, as measured in an integrating sphere for the crystalline solid in a quartz 

tube; see the experimental chapter for further details. 

 The dual emission decay is consistent with the combination of a feeding 

mechanism from one HE-emitting site (e.g., monomer) or state (e.g., T2) with direct 

excitation of the same LE-emitting site (e.g., oligomer) or state (e.g., T1). Analysis of 

the differential equations for a simple kinetic model for this situation, corresponding to 

the LE emission, for example, gives rise to dual lifetime decay based on similar situ-

ations encountered in the literature.17 However, it is surprising that this behavior is 

attained even for the highest-energy emission in Table 4 at 4K where one would ex-

pect relaxation processes such as energy transfer or internal conversion to vanish. A 

close inspection of Figure 21 shows that all wavelengths monitored in Table 4 (in-

cluding the highest-energy emission monitored at 514nm) are resolvable only at ex-

citations longer than 370nm while that and shorter excitation wavelengths uniquely 

excite the highest-emission state in the blue region at ~ 474nm. Therefore, only that 

state should exhibit a single exponential decay that “feeds” all the lower-energy states 

whose temperature-dependent lifetimes were monitored and shown in Table 4. Nev-
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ertheless, as Figure 24 shows, a dual exponential decay is obtained even for that 

474nm emission. Pending further steady-state and time-resolved measurements to 

understand the fast kinetics of the excited state processes, the tentative hypothesis is 

that both S0àS1 and S0àT1 excitations contribute significantly to populating the ex-

cited state responsible for the 474nm emission band so as for it to exhibit a dual life-

time decay. Other hypotheses to be examined by additional photophysical meas-

urements include possible population of a “dark” (i.e., non-luminescent) higher-lying 

triplet state and an alternative assignment to delayed fluorescence instead of phos-

phorescent.  Consistent with these possibilities for an alternate higher-energy feed-

ing state than the one responsible for the 474nm emission band is the non-zero in-

tensity at t = 0 in the decay curve, as a close inspection of Figure 24 suggests. 

 Given the absence of a lifetime component that increases in intensity upon 

cooling toward 0K, it was not possible to extrapolate the radiative rate constant for 

this sample from the temperature-dependent lifetime measurements (Table 4, Figure 

25 and Figure 26). The overall behavior of lifetime vs. temperature in Figure 25 shows 

that the longer lifetime component actually decreases upon cooling to 4K, which is 

consistent with the aforementioned kinetic model that involves a higher-energy feed-

ing state, while the shorter component remains essentially constant instead of un-

dergoing significant increase as encountered in typical situations that involve a sim-

pler kinetic mode. Therefore, overall only qualitative but not quantitative analysis is 

possible to describe the excited state kinetics in this system, unlike simpler situations 

allowing quantitative analyses such as our group’s previous work on heavy-atom ef-

fects for the sensitization of the phosphorescence of 1-halonapthalenes.18 
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Figure 22.  Room temperature lifetime decay for Br6TP crystals. 
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Figure 23.  Lifetime decay for Br6TP crystals at 4K. 
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Figure 24.  Lifetime decay for Br6TP crystals at 4K. 
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Table 4.  Summary of temperature dependent lifetime data for Br6TP. 

Excitation 
(nm) 

Emission 
(nm) 

Temperature 
(K) 

τ1 (μs) τ2 (μs) %τ1 %τ2 

360 514 4 11530 2888 47.69 52.31 
360 514 8 13120 2929 47.91 52.09 
360 514 12 17680 4269 41.84 58.16 
360 514 20 19450 1787 55.74 44.26 
360 514 40 19720 1667 70.22 29.78 
360 514 70 18540 3088 82.68 17.32 
360 555 4 10490 2009 40.04 59.96 
360 555 8 11620 1671 31.13 68.87 
360 555 12 19620 2294 17.51 82.49 
360 555 20 21800 2092 21.35 78.65 
360 555 40 16570 1887 31.00 69.00 
360 555 70 17340 1921 34.95 65.05 
360 555 298 961.6 119.2 17.13 82.87 
360 640 4 6119 1096 18.24 81.76 
360 640 8 13720 1826 7.895 92.11 
360 640 12 9986 1495 8.988 91.01 
360 640 20 9753 1573 7.755 92.24 
360 640 40 10930 1413 6.85 93.15 
360 640 70 10140 1363 11.11 88.89 
360 640 298 5896 1440 10.08 89.92 
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Figure 25.  Lifetime vs. temperature data collected for 514, 555 and 640nm.  
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Figure 26.  Average (τavg) and weighted average (τwavg) lifetimes vs. temperature data collected for 514, 555 and 640nm. 
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Analysis of Thermal Stability 

Attempts at determining the melting point of the solid were conducted using 

a standard Mel-Temp apparatus; however, it was found that the solid melted beyond 

the limits of the instrument (400°C).  Therefore, the thermal stability was measured 

via thermogravimetric analysis (TGA), Figure 27.  As can be seen, the mass starts to 

decrease at approximately 418°C, and has completely sublimed by 460°C.  The 

curve is indicative of sublimation, as decomposed or burned sample was not found on 

the pan after the analysis. Overall, Figure 27 suggests rather superior thermal stabil-

ity for this material vs. typical organic materials and the sublimation is also favorable 

for material processing in organic electronic devices. 

 

Figure 27.  Thermogravimetric analysis of Br6TP. 

Thin-Film Analysis 

Based on the TGA analysis, the excellent thermal stability of Br6TP 

prompted us to assess the possibility of thermally evaporating a sample in a thin-film 
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form.  First, the sample of microcrystalline powder was analyzed by IR spectroscopy 

using the attenuated total reflectance (ATR) mode in the far-IR (Figure 28) and mid-IR 

(Figure 29) regions.  Far- and mid-IR Raman spectra are in Figure 30 and Figure 31, 

respectively.  The microcrystalline powder was then successfully thermally evapo-

rated onto quartz by heating under low pressure (1x10-7 Torr).  A 100nm thin film 

was produced and analyzed.  A comparison of IR spectra collected for the micro-

crystalline powder on KBr versus the thin film is in Figure 32. 

With fewer molecules able to interact in the thin film form, the UV-Vis diffuse 

reflectance absorption profile (Figure 33) began to change.  The material does not 

show absorption above 344nm.  This amounts to 9229cm-1 blue shift as compared 

with the bulk crystalline powder (absorption cutoff ~ 504 nm). 

Photoluminescence spectra were also examined as compared to the bulk 

crystalline powder at room temperature.  Figure 15 (vide supra) shows the emission 

λmax for the bulk material was 640nm, while Figure 34 showed it to be 610 nm for the 

thin film.  This shows that there was a 768cm-1 blue shift in the PL emission as 

compared with the bulk material due in part to fewer intermolecular interactions.  The 

excitation spectra also show a blue shift that nearly mirrors the blue shift seen in the 

diffuse reflectance-based absorption shift. 

Lifetime values were significantly shortened from the millisecond range for 

the bulk material at room temperature to 221ns for the thin film, Figure 35. The emis-

sion, however, is extremely weak and is undetectable by the naked eye. Therefore, 

this short lifetime for the thin film is due to a large non-radiative rate constant. The 

utilization of the material in OLEDs, therefore, is not favorable, unfortunately. The 

same can also be said regarding Schottky diodes and OTFTs where the conduction 

due to intermolecular interactions is also hindered in the thin films. 
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Figure 28.  Far-IR spectrum of Br6TP. 
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Figure 29.  Mid-IR spectrum of Br6TP. 



 

  41 

100 150 200 250 300 350 400 450 500

0

500

1000

1500

2000

2500

3000

3500

In
te

ns
ity

,a
rb

.u
ni

ts

Wavenumbers, cm-1

TpBr6- Raman spectrum-06/03/11 excited with 514

181.6

129.7 363

 

Figure 30.  Far-IR Raman spectrum of Br6TP. 
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Figure 31.  Mid-IR Raman spectrum of Br6TP. 
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Figure 32.  Comparison of Br6TP on KBr vs. thin-film using IR. 
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Figure 33. UV-vis diffuse reflectance spectrum of 100nm thin-film of Br6TP. 
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Figure 34. PL spectra for a 100nm thin-film of Br6TP on quartz. 

300 350 400 450 500 550 600 650 700 750

0

1x105

2x105

3x105

4x105

5x105

6x105

7x105

8x105

9x105

P L 	  and 	  E xc itation 	  of	  100	  nm	  TP B r6	  on 	  quartz 	  at	  R T 	  done	  by	  R avi

E mis s ion	  at	  650	  nm

Emis s ion	  at	  610	  nm

E xc itation	  at	  335	  nm
In
te
n
si
ty
	  (
a.
u
.)

Waveleng th 	  (nm)

	  

E xc itation	  at	  325	  nm



 

  46 

 

Figure 35. PL lifetime decay for a 100nm thin-film of Br6TP on quartz. 
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CHAPTER 3 

EXPERIMENTAL

 

General Information 

All synthetic procedures were performed under argon atmosphere.  Nitrobenzene 

was purchased from Sigma-Aldrich and was freshly distilled from calcium hydride 

before use.  Bromine, iron powder and 1,2-dichlorobenzene were obtained from 

Sigma-Aldrich and used without further purification.  Triphenylene was purchased 

from Alfa Aesar and used as is.  All other solvents were used as is without further 

purification.  Infrared spectra (IR) were obtained on a ThermoScientific Nicolet 6700 

FT-IR spectrometer equipped with a Smart Orbit ATR accessory containing a dia-

mond crystal.  Electronic spectra for both diffuse reflectance and solution were ob-

tained on a Perkin Elmer Lambda 900 UV-vis/Near IR Spectrophotometer.  Solid 

state CP/MAS NMR spectroscopy was performed on a Varian 500MHz (13C: 

125MHz) VNMR System spectrometer with a 3.2mm-bore probe. 

Synthetic Procedures 

2,3,6,7,10,11-Hexabromotriphenylene (1)9.  Bromine (2mL) was slowly 

added over fifteen minutes to a stirred solution of triphenylene (1.0g) and iron powder 

(0.09g) in nitrobenzene (40mL).  The solution was stirred for 10 hr at room temper-

ature and then refluxed for 2 hr at 205°C.  After cooling, ether (100mL) was added 

and the solid filtered and washed with ether to obtain the crude product, a white 

powder.  It was then recrystallized two to three times by dissolving in a minimum 

volume of boiling 1,2-dichlorobenzene to yield 2.21g (72% avg) of pure yellow crys-

tals or crystalline powder.  (Found: C, 31.02; H, 0.70; Br, 68.42.  Calc. for C, 30.81; 
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H, 0.86; Br, 68.33%.)  13C NMR (solid, neat): δ 131.9ppm. 

 

Instrumental Procedures 

X-ray crystallography.  Crystal structure determination for 

2,3,6,7,10,11-hexabromotriphenylene (Br6TP) was carried out using a Bruker SMATR 

APEX2 CCD-based X-ray diffractomater equipped with a low temperature device and 

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

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

APEX2,19 frame integration and final cell refinements were done using SAINT.20  An 

absorption correction was applied using the program SADABS.21  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 Addsym subroutine of PLATON22 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.23  

Refinement details and structural parameters for Br6TP are summarized in Table 1. , 

while selected bond lengths and angles are given in Table 2 and Table 3. 

Thermogravimetric analysis (TGA).  Analysis was performed on a TA In-

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

room temperature for five minutes.  The temperature was then increased at 5°C per 

minute to a final temperature of 600°C. 

Photoluminescence.  Luminescence measurements were carried out on a 

recrystallized microcrystalline powder and verified to represent the luminescence of 

the single crystals.  Steady state luminescence spectra were acquired with a PTI 
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Quanta Master QM-4 scanning spectrofluorometer equipped with an integrating 

sphere, 75-watt xenon lamp, emission and excitation monochromators, excitation 

correction unit, and a PMT detector.  The emission spectra were corrected for de-

tector wavelength-dependent response.  Filters were used as needed.  Lifetime 

data were acquired using a xenon flash lamp sub-system add-on to the PTI instru-

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

CONCLUSIONS AND FUTURE WORK

 

 Conclusions 

Br6TP is a purely organic molecule that exhibits phosphorescence due to 

intermolecular 1-D π⋅⋅⋅π and Br⋅⋅⋅Br interactions as well as 2-D Br⋅⋅⋅Br interactions.  

The observed photophysical properties in the solid state are entirely dependent on 

these interactions as demonstrated by comparison of dilute solution vs. diffuse re-

flectance UV-vis spectroscopic data.  Most significantly, the crystalline solid material 

possesses phosphorescence at room temperature, which is an extremely rare situa-

tion for a metal-free organic molecule. This is attributed to the 2-D Br-Br interactions 

that occur cooperatively in the crystalline forms, which bestows a strong heavy-atom 

effect that sensitizes the spin-orbit effect (hence the phosphorescence) vs. that ex-

pected of a simple Br-substituted organic molecule. These properties are observed in 

both powder and crystalline forms.  The extremely long room temperature lifetimes 

make Br6TP a candidate for OLEDs.  However, screening the material for that ap-

plication attained an unfavorable result because thin films exhibited dramatic reduc-

tion in the phosphorescence intensity and lifetime vs. the crystalline material, which is 

attributed to compromising the intermolecular interactions in the thin films. The cal-

culated molecular electrostatic potential diagram is consistent with an extremely 

electron-deficient (π-acidic) behavior of the molecule, which is conducive to an n-type 

semiconducting behavior for electronic devices such as OTFTs and Schottky diodes. 

However, the same limitation discussed above for OLEDs in the thin films prevents 

such applications that require high conductivity. 
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Future Work 

 Br6TP was an easily accessible polyhalogenated derivative of triphenylene, 

which made further functionalization of the aromatic core possible.  Synthesis of the 

fluorinated and iodinated derivatives has not been reported.  The fluorinated deriva-

tive might be possible by conversion of Br6TP by the use of electrophilic N-F reagents 

such as Selectfluor or N-fluoropyridinium salts.24   The reported synthesis of the 

chlorinated derivate is a lengthy process with a low yield.  A path to the iodinated 

derivative would be particularly valuable toward further phosphorescence sensitiza-

tion while the chlorinated and fluorinated derivatives are expected to endow greater 

π-acidic behavior.  All alternative haloginated derivatives need to be examined for 

halogen-halogen and π⋅⋅⋅π interactions, along with their consequences on the optical 

properties and electronic structure, upon successful synthesis.  

 Further characterization of Br6TP and the other halogenated analogues for 

use as active phosphorescent or n-type semiconducting material in OLEDs and OT-

FTs, respectively, will require more extensive understanding of the polarization of the 

active property. For example, thin films with a vertically-polarized conductivity are 

conducive for diodes while horizontal polarization is favorable for transistors. Evalua-

tion of the conductivity and photophysical properties vs. thickness and, if possible, for 

single needles or plates of the material will shed light into the best design of future 

OLEDs and OTFTs based on such materials.
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