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ABSTRACT 

 

Phosphorescent organic light-emitting diodes (PhOLED) are promising for many 

applications such as display and solid-state lighting because they can reach 100% theoretical 

internal quantum efficiency. However, most organic materials only exhibit fluorescence because 

long-lived excited electrons are usually consumed as a form of heat by vibration in a shorter time 

regime. Therefore, in order to realize bright purely organic phosphors, efficiently promoting 

intersystem crossing from singlet to triplet and suppressing vibrational dissipation of triplets 

must be achieved. In this dissertation, I systematically investigated the two critical processes, i.e., 

singlet to triplet conversion through spin-orbit coupling and vibration suppression, and devised 

some strategies to achieve bright room temperature purely organic phosphorescence in 

amorphous films and optical ozone sensors based on phosphorescence phenomena.  

Controlling the conjugation length of organic phosphors is a powerful tool to tune the 

emission color and establishing an understanding on the conjugation length effects on the spin-

orbit coupling and consequential phosphorescent emission intensity is important. The effects of 

the conjugation length of the purely organic phosphors on the spin-orbit coupling efficiency for 

singlet to triplet conversion were systematically studied using a combined experimental and 

computational approach. The results showed that phosphorescence intensity decreased with red-

shifted emission as the conjugation length increased, which has more correlation with 

intersystem crossing rate determined by spin-orbit coupling strength rather than singlet-to-triplet 

energy difference. 

High quality doped crystals of purely organic phosphors have shown bright room 

temperature phosphorescence, however, they still have practical limitations such as required high 

quality crystal preparation and possible property alteration under operation conditions. 

Amorphous organic phosphorescence can be an attractive alternative to overcome those 

limitations. Embedding organic phosphors into amorphous glassy polymer was investigated as 

the first strategy to efficiently suppress the triplet vibration by restricting molecular motion of the 
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embedded organic phosphors. The vibration character of local segment of the matrix polymer 

represented by beta transition was identified as an important parameter largely affecting the 

emissive intensity of the embedded phosphors. Bright room temperature phosphorescence 

quantum yield of 7.5% was achieved by this strategy. This system showed temperature 

dependent phosphorescence attributed to changing vibrational characteristics of the matrix 

polymer. An optical temperature sensor integrated in a microfluidic device was devised and 

demonstrated. Incorporating strong hydrogen bonding between a newly devised purely organic 

phosphor and a hydrogen bonding capable matrix polymer, polyvinyl alcohol (PVA), was the 

second strategy, which suppresses vibration much more efficiently resulting in much brighter 

phosphorescence up to 24% quantum yield. Modulation of hydrogen bonding by water 

molecules showed unique reversible phosphorescence-to-fluorescence switching behavior, which 

was utilized to develop a ratiometric water sensor.  

The knowledge and understanding established through fundamental studies have been 

utilized in applications. Based on the finding that the phosphorescence intensity of the purely 

organic phosphors is sensitive to environmental ozone concentration, I systematically 

investigated and revealed that the origin of the ozone sensitivity is due to oxidation of the 

aldehyde moiety of the organic phosphors and devised highly sensitive and convenient optical 

ozone sensors by utilizing the observed inverse linear correlation between the phosphorescence 

emission intensity and the ozone concentration. The obtained knowledge regarding the role of 

intermolecular interactions for vibration suppression was adapted to achieve high thermal 

conductivity in amorphous polymers by rationally designing hydrogen bonding donating and 

accepting polymer pairs, providing uniformly distributed strong interpolymer linkage so that 

thermal energy can find a continuous pathway to propagate. Thermal conductivity of 1.5Wm-1K-1 

was achieved, which is one order of magnitude higher than that of conventional polymers. 
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CHAPTER 1 

Introduction and Background 

 

This chapter will describe the Organic Light Emitting Diodes (OLEDs) industry with a focus 

on OLED displays and solid-state lighting. The concepts of phosphorescence and fluorescence 

will be discussed through a Jablonski diagram. The two critical processes required to achieve 

phosphorescence, spin-orbit coupling and vibration suppression, will be reviewed. The most 

commonly used organometallic phosphors will be introduced in terms of the molecular design 

principle, technical limitations, and alternatives. Aromatic ketone compounds as purely organic 

phosphors will be discussed with a focus on intersystem crossing rate. A brief review on recent 

progress in purely organic, room-temperature phosphorescence in crystals and the Ph.D research 

objectives will be presented.  

 

1.1. OLED Industry 

1.1.1. OLED Displays 

Organic Light Emitting Diodes (OLEDs) have attracted much attention due to their potential 

applications in flat panel displays and solid-state lighting.1-4 Compared to LCD displays, OLEDs 

have many advantages such as high contrast and a large viewing angle. Moreover, they do not 

need a backlight, unlike other displays, which makes them the most energy efficient displays. 

Recently, OLED-based full-HD televisions and smartphones have been released in the market 

and have gained growing interest.5, 6 OLEDs can be transparent7 or flexible8 if they are 
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manufactured with transparent or flexible substrates, which provides a capability to realize smart 

windows9 and paper displays10. 

 

Figure 1.1. OLED-based television and smartphone. (a) LG’s 55-inch Full-HD OLED TV5, (b) 
Samsung’s 5-inch 720p smartphone6, (c) Samsung’s 14-inch see-through display7, and (d) LG’s 
18-inch flexible transparent display8. 

 

1.1.2. OLED Lighting 

OLED lighting is another emerging industry because it is much more efficient and has a 

much smaller form factor than conventional incandescent or fluorescent lamps. An additional 

merit for OLED lighting is the flexibility because very thin flexible solid substrates can be used 

for construction. These characteristics, combined with the performance, make OLED lighting 

competitive with inorganic LED counterparts. Recently, German lighting expert Hella showed a 

new automobile rear light module which uses curved flexible OLEDs.11 The module uses 

flexible OLED lighting panels (made by LG Chem) that were bent so each is shaped differently 
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and so it creates a unique 3D structure. LG Chem has also developed the world’s first OLED-

based room light panel with a high luminous efficacy and long-lasting performance that can 

compete with inorganic LED lights.12, 13 

 

Figure 1.2. OLED-based lighting. (a) Hella’s rear light module equipped in BMW11, (b) LG 
Chem’s flexible lighting prototype12, and (c) Acuity brands flexible lighting using LG Chem’s 
OLED panel13. 

 

1.2. Phosphorescence-based OLED 

1.2.1. Phosphorescence vs. Fluorescence 

Phosphorescent organic light-emitting diodes based on phosphors can, in theory, 

approach a 100% internal quantum efficiency by harvesting both singlet and triplet excitons 

simultaneously through intersystem crossing (ISC), which overcomes the limitation of 25% 

efficiency of conventional fluorescent OLEDs with the nature of emission from pure singlet 

excitons.14-17 In order to produce phosphorescent light, unlike in fluorescence, excited photons 

undergo intersystem crossing from the singlet state to the triplet state, which causes long 
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phosphorescence lifetimes (over hundreds of nanosecond). However, most organic materials 

only exhibit fluorescence because long-lived excited electrons are usually consumed as a form of 

heat by vibration in a shorter time regime (under tens of nanosecond) as shown in Figure 1.3. 

Therefore, in order to realize bright phosphorescence, efficiently promoting intersystem crossing 

from singlet to triplet and suppressing vibrational dissipation of triplets should be achieved.  

         

Figure 1.3. Jablonski diagram (from http://www.olympusmicro.com). 

 

1.2.2. Intersystem Crossing 

To be phosphorescent, first, the triplets must be efficiently generated by intersystem 

crossing from singlet to triplet. However, this is not a common case for organic materials 

because while singlet decay by fluorescence and internal conversion are fast, intersystem 

crossing is very slow due to the fact that conversion from a singlet excited electron to a triplet 



5 
 

excited electron requires a change in spin angular momentum, which is forbidden. The 

intersystem crossing rate is proportional to the magnitude of spin-orbit coupling and inversely 

proportional to the energy gap between the lowest lying singlet and triplet as given by the 

following equation (1). 

                 intersystem crossing ~ Eso
ΔEST

       (1) 

Also, spin-orbit coupling is determined by equation (2), 

                          ESO = 1Ψ│HSO│3Ψ              (2) 

where 1Ψ and 3Ψ are the wavefunctions of singlet and triplet states, respectively, HSO is the spin-

orbit Hamiltonian. This equation indicates that a greater spin-orbit Hamiltonian provides a larger 

spin-orbit coupling and a larger intersystem crossing rate. 

The spin-orbit Hamiltonian can be expressed as in equation (3).  

                         𝐻𝑠𝑠 = − 𝑍4𝑒2

8𝜋𝜀0𝑚𝑒2𝑐2
𝐥 ∙ 𝒔            (3)    

Spin-orbit coupling occurs when the spin of an electron is influenced by the electron’s 

motion around a nucleus. Based on equation (3), spin-orbit coupling is most prevalent in heavy 

atoms whose nuclei are large and as given by the Hamiltonian equation (3) is strongly 

proportional to the size of the atom.18 

 

1.2.3. Vibration Suppression 

In order for the triplet to survive long enough to phosphoresce, the phosphor must not 

suffer vibrational dissipation from triplet states. The simplest way to suppress vibration in 

organic phosphors is for triplet generating compounds to be cooled to 77K or lower. At these 

temperatures nuclear motion is highly restricted and many weakly or non-emissive room-
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temperature phosphors become very bright. However, this is not practically useful for any 

applications at ambient conditions. Alternative ways for room temperature phosphorescence of 

organic phosphors have been reported only if they are confined in inorganic crystals19, micelles20, 

or macromolecules21, which provide a rigid environment to the embedded organic phosphors. 

 

1.3. Phosphorescence in Organics 

1.3.1. Organometallic Phosphor 

Organometallic complexes are the most popular organic phosphors being used currently 

even though they are not purely organic. The heavy metal of organometallic complexes promotes 

spin-orbit coupling of electronic states, resulting in efficient intersystem crossing, short triplet 

lifetimes, and ensuing strong phosphorescent emission at room temperature. As illustrated in 

Figure 1.4, organometallic complexes of Pt, Ir, Ru, and Os have so far been heavily investigated 

as the emitting species in phosphorescent OLEDs.22-24 

 

Figure 1.4. Examples of organometallic complexes.22 
 

By designing ligands with specific excited state energies, the metal-ligand charge 

transfer is altered and the emission color can be tuned. Ligand structure can also be used to 

modulate the solid state properties of the chromophores, such as sublimation condition, charge 
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transport properties, and surface morphology.25, 26 Even though changing the ligands attached to 

the metal center can tune the emissive color, the required vacuum deposition process largely 

raise the manufacturing cost. In order to reduce the fabrication cost, small molecules have been 

doped into polymer matrices to be solution processed as shown in Figure 1.5.27 These solution 

processable systems also have limitations such as aggregation-induced quenching28 and 

inefficient energy transfer though.29 To overcome these problems, phosphors are covalently 

bonded to a conjugated polymer backbone as shown in Figure 1.6.30-32 In this system, researchers 

have focused on optimizing energy transfer by modulating excited energy states of phosphors. 

Schulz et al. firstly reported the effect of modifying the triplet energy of the polymer main chain 

to reduce triplet quenching of phosphorescent complexes.33 

 

Figure 1.5. Example of solution processable phosphorescence. a) host polymer, b) Iridium 
complex, and c) device configuration.27 
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Figure 1.6. Example of covalently bonded polymer-iridium complex.32 

 

Among the organometallic compounds, iridium complexes are most popular due to high 

quantum yield, desirable phosphorescent lifetimes, and relatively easy chemical synthesis. 

However, organometallic phosphors still have practical limitations such as limited metal choice 

and ligand design for color tuning. Also, higher energy emission at blue and near UV regions 

requires very high energy metal-ligand bonds, which have poor stability and short longevity34, 

which is a critical issue all organometallic phosphors suffers from. Therefore, purely organic 

phosphors are very attractive as an alternative in terms of synthesis flexibility, good stability and 

easy color control by modulating the conjugation length. 

 

1.3.2. Aromatic Ketones 

Among purely organic phosphor, aromatic ketones have been well-known 

phosphorescent materials for several decades.35 Excited spin of aromatic ketone is flipped from 

S1 to T2 at nearly one hundred percent efficiency because it has a triplet level (T2) that is close in 

energy to S1 and it satisfies the El-Sayed rule due to the orbital difference between S1 (n-π*) and  

T2 (π−π*).36 Figure 1.7 illustrates this with the rates measured for benzophenone at 77 K.37 The 

reason that these compounds are phosphorescent to some degree is the phenomenon of strong 

spin-orbit coupling at the carbonyl oxygen induced by small singlet-triplet energy difference.38  
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Figure 1.7. State diagram for benzophenone at 77 K.37 

 

However, estimating ΔEST for intersystem crossing is complicated. El-Sayed's selection 

rule states that the rate of intersystem crossing is relatively large when molecule orbital type 

changes during the transition.39 According to the rule, singlet (π,π*) could transfer to triplet (n,π*) 

but not to triplet (π,π*) and vice versa. Figure 1.8 schematically shows that ΔEST in intersystem 

crossing is quite different based on the molecular structures. Therefore, aromatic carbonyl group 

is the important design factor to reduce ΔEST. However, it cannot guarantee efficient intersystem 

crossing. In Chapter 6, intersystem crossing rate will be further discussed through investigating a 

series of aromatic ketones with varying conjugation length.  
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Figure 1.8. Examples of different rates of intersystem crossing for S1(n,π*)  T(π,π*), S1(n,π*) 
 T(n,π*), and S1(π,π*)  T(π,π*) of carbonyl compounds.37 

 

1.3.3. Phosphorescence in Crystals 

Phosphorescence has rarely been observed in purely organic molecules at room 

temperature due to lack of heavy atom effect. Recently, metal-free organic phosphorescence at 

room temperature was reported by Yuan et al.40 They observed crystallization induced 

phosphorescence from benzophenone and its halogenated derivatives whose chemical structures 

are shown in Figure 1.9. High quantum yield up to 40% was achieved by growing crystals in 

common solvents such as ethanol, DCM, and n-hexane. Figure 1.10 shows the color of crystals 

under ambient laboratory light and 365nm UV light at room temperature, respectively. This 

phenomenon was explained due to the restriction of vibrational motion by the rigid crystal 

structures. While their efforts can be a breakthrough in designing metal-free phosphors, it is still 

not practically useful because slow crystal growing process is inevitable and no color tuning 

strategy was devised. 
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Figure 1.9. Phosphorescent chromophores grown to crystals.40 
 

                   

Figure 1.10. Crystals of DCBP, DBBP, BBP, and ABP taken (a-d) under laboratory lighting, and 
(e-h) under 365nm UV light at room temperature.40 

 

More attractive room temperature phosphorescence was reported by Bolton et al.41 They 

presented a directed heavy atom effect by halogen bonding between host matrix and phosphor. 

Aromatic aldehyde chromophores in solution (Figure 1.11a) are solely fluorescent without 

phosphorescent emission. Due to the weak spin-orbit coupling, triplet generation is not efficient 

and vibrational loss of the triplet is dominant. On the contrary, in a crystalline state (Figure 

1.11b), phosphorescence is activated through enhanced spin-orbit coupling and reduced 

vibrational dissipation by intermolecular halogen bonding. Crystals of pure chromophore (Figure 

1.11c) have a moderate emission quantum yield of 2.9% because of excimer-induced self-
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quenching. Mixed crystals with a proper host molecule providing strong halogen bonding show 

much brighter emission by preventing self-quenching (Figure 1.11d). Despite varying quantum 

yields depending on the crystal quality, mixed crystals have a considerably high value (~ 55%). 

       

Figure 1.11. Directed heavy atom organic phosphorescence and its design principle.41 
 

The color of the mixed crystal (Figure 1.12) can be easily tuned by modulating the 

conjugation length and/or electron density of chromophores and host compounds. However, the 

blue and red crystals are dimmer (1% of quantum yield) than the green one. The photophysical 

properties of these metal-free organic phosphors will be further investigated in Chapter 2 

showing quantum yield optimization and fine color tuning via compositional variations in mixed 

crystals. 
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Figure 1.12. Photographs of crystals under 365nm UV light, and emission spectra of color-tuned 
aromatic aldehydes.41 

 

1.4. Objectives 

Though these approaches are very promising for developing metal-free organic 

phosphors, they still have limitations in practical applications because they stringently require 

crystalline materials. Film forming materials, such as polymers and amorphous solids, would be 

more attractive for device fabrication and processing; however, a means must be found in these 

systems to induce vibrational suppression that is on par with that generated by crystals. In 

Chapter 3, amorphous polymer matrix will be used in order to suppress triplet vibration of 

organic phosphors. Due to temperature-dependent rigidity of polymer, this system can be applied 

as a temperature sensor, and such an optical temperature sensor in microfluidic devices is 

demonstrated. In Chapter 4, more efficient vibration suppression will be discussed by 

introducing strong hydrogen bonding between polymer matrix and organic phosphors. By water 

or moisture absorption, phosphorescence turns to fluorescence in this system due to hydrogen 

bond cleavage, providing a potential of humidity sensor or optical recording media. In Chapter 5, 

unique optical ozone sensing property will be discussed compared to conventional conductance-

based inorganic sensors. In Chapter 6, I will discuss conjugation length effect on 
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phosphorescence at low temperature in terms of intersystem crossing rate and electron density 

calculation.     
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CHAPTER 2 

Tuning the Photophysical Properties of Metal-Free Room 

Temperature Organic Phosphors via Compositional Variations in 

Bromobenzaldehyde/Dibromobenzene Mixed Crystals 

 

 This chapter describes photophysical properties of phosphorescent mixed crystals in 

detail in terms of quantum yield optimization and fine color tuning via compositional variations 

of dibromo host material and bromobenzaldehyde emitter. Quantum yield is maximized when 

emitter and host are identically sized and emitter concentration is present at 1-10 wt %. XRD 

data reveals the crystal structure of host material is not ruined much to be responsible for 

quantum yield drop by inclusion of mismatched emitter. In order to fine-tune emission color, 

altering halogen substitution of the emitter provides sequential 5-30 nm changes to emission 

maxima in the green region. These findings elucidate the complex optical and solid state 

behavior these materials exhibit and illustrate the influence that material preparation has on their 

performance.  

 

 

Parts of this chapter appear in: Bolton*, O.; Lee*, D.; Jung, J.; Kim, J. Chem. Mater. 2014, 26, 

6644-6649. 
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2.1. Introduction 

Until recently phosphorescence from metal-free purely organic materials was regarded 

as an intractably inefficient phenomenon, leading these compounds to receive little attention 

from relevant applications,1 such as phosphorescent organic light emitting diode (PhOLED)2-6 

and photovoltaic fields.7-9 More recently, however, reports have begun to awaken interest in 

purely organic phosphorescence for applications in sensing10-13 and potential uses in 

optoelectronic devices.14-19 Several families of purely organic phosphors including 

fluoroborons,20-22 acenes,23-25 thiones,26-27 and classic aromatic ketones28-29 are emerging or re-

emerging with promise for use in optical applications. One such family of purely organic 

phosphors that has emerged from the growing field of crystal engineering30-36 and has received 

recent attention is that of bromobenzaldehyde / dibromobenzene-style crystal phosphors reported 

recently by our group.14 These materials feature robust high room temperature quantum 

efficiency and tunable emission color from simple small molecules. Realizing the attractive 

functional qualities of these materials, however, depends greatly on optimizing crystal and 

chemical structures, a combination that is non-trivial. Here we report phosphorescent quantum 

efficiency and fine color tuning of the first members of this family of organic phosphor by 

varying compositions and chemical structures. These organic materials consist primarily of an 

emitter compound that features an aromatic aldehyde with bromine substitution. These emitters 

are non-phosphorescent when in solution or liquid states, but they produce photoluminescent 

phosphorescence when crystallized. This, we have hypothesized, is because the bromine atoms in 

their structures both promote intersystem crossing via the heavy atom effect and prevent 

carbonyl vibration via a halogen bond.37-39 This hypothesis is built upon the existing 

understanding of the heavy atom effect,40 the spin-orbit coupling activity of aromatic 
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carbonyls,41 and the fact that all phosphorescent crystal structures in this family feature such 

halogen-carbonyl oxygen contact. Also, the phosphorescent efficiency of these materials has 

been observed to correlate with crystal quality, suggesting that the emission mechanism is 

influenced by the solid state condition of this compound.14  

When these aldehyde emitters are condensed into their pure crystals, they suffer greatly 

from self-quenching and produce suboptimal phosphorescence. It is to avoid this consequence 

that a mixing approach is taken: a non-carbonyl, dibromo host crystal provides the desired 

crystal lattice and halogen contact while allowing the emitter to emit in functional isolation. 

Compounds 2,5-dihexyloxy-4-bromobenzaldehyde (Br6A) and 2,5-dihexyloxy-1,4-

dibromobenzene (Br6) are such a combination of emitter and host, respectively. These 

compounds (Figure 2.1a) represent one of the simplest and brightest emitter/host combinations in 

this young family of phosphors. Pure Br6A crystals are only weakly emissive but when Br6A is 

doped into crystals of Br6, which are otherwise completely non-emissive, phosphorescent 

emission from Br6A becomes very bright (Figure 2.1b). 

 

Figure 2.1. Bromobenzaldehyde purely organic phosphorescent crystals. (a) Benchmark 
aldehyde emitter and host, Br6A and Br6, respectively. (b) Schematic illustration of dim Br6A 
(emitter) crystals, non-emissive Br6 (host) crystals, and bright phosphorescent Br6A/Br6 (mixed 
crystals). 



21 
 

Our hypothesis that Br6A becomes included into the Br6 crystal lattice by substitution, 

and thus experiences the same order and halogen contact, is supported by the fact that 

phosphorescent emission from Br6A/Br6 mixed crystals is polarized, indicating that Br6A is 

ordered in the Br6 crystal (Figure 2.2). 

 

Figure 2.2. Microscope images of polarized phosphorescent emission from a thin Br6A/Br6 
crystal. Arrows indicate relative polarizer direction. 

 

Unfortunately, the emitter/host relationship that gives these materials their high quantum 

efficiency also complicates optimization. An ideal system features emitter substituted perfectly 

into a high quality host crystal and, unfortunately, though the emitter is very similar to the host, it 

is not identical. It is an impurity in the host crystal and, thus, not thermodynamically favored in 

the host crystal. This renders these mixed crystal phosphors susceptible to a number of emission-

reducing conditions (Figure 2.3). Optimizing quantum efficiency thus requires optimizing 

mixing so that the maximum population of emitters present are isolated and ordered within the 

host crystal. 
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Figure 2.3. Sources of reduced quantum efficiency in mixed crystal pure organic phosphors 
(upper three) and the emissive outcome of a perfectly included and isolated emitter (bottom). 

 

2.2. Experimental Section 

2.2.1. Materials 

Synthesis of 2,5-dihexyloxybenzaldehyde (H6A). 2-Bromo-1,4-dihexyloxybenzene (1 

equiv.) was loaded into a two-neck round bottomed flask and vacuum purged with argon three 

times. Anhydrous tetrahydrofuran was added by syringe (ca. 25 mL solvent / g reagent) and the 

vessel was placed into a bath of dry ice and 2-propanol at -78 °C. A solution of n-Butyllithium in 

hexanes (2.5 M, 1 equiv.) was added dropwise via syringe and the reaction was then stirred at -

78 °C for 1 hour. Anhydrous DMF (4 equiv.) was then added and the reaction was allowed to 

warm to 23 °C for three hours. The reaction was quenched carefully with water and extracted 

with diethyl ether. The organic layer was collected and dried over MgSO4 before being filtered 

and the solvent removed by rotary evaporation. Products were purified by column 

chromatography with ethyl acetate/hexane (1:30) eluent. Viscous oil eventually crystallizing into 

a white solid was collected at a yield of 79%.  1H NMR (500 MHz, CDCl3): δ 10.47 (s, 1H, 

CHO), 7.31 (d, 4J(H-H) = 3.0 Hz, 1H, Ar-H), 7.11 (q, 4J(H-H) = 3.0 Hz, 3J(H-H) = 4.0 Hz, 1H, Ar-H), 
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6.92 (d,  3J(H-H) = 4.0 Hz, 1H, Ar-H), 4.03 (t, 3J(H-H) = 6.5 Hz, 2H, OCH2), 3.94 (t, 3J(H-H) = 6.5 Hz, 

2H, OCH2), 1.81 (m, 2H, CH2), 1.55 (m, 2H, CH2), 1.42 (m, 4H, CH2), 1.32 (m, 8H, CH2), 0.91 

(t, 3J(H-H) = 6.0 Hz, 6H, CH3). 13C NMR (100 MHz, CDCl3): δ 14.0, 22.5, 25.6, 29.2, 31.5, 68.7, 

69.2, 110.8, 114.4, 124.1, 125.1, 153.0, 156.3, 189.8. HRMS (ESI)+ m/z 307.2273 (C19H31O3 

[M+H]+ requires 307.2268). 

Synthesis of 4-chloro-2,5-dihexyloxybenzaldehyde (Cl6A). Cl6A was made by 

formylation of 4-chloro-2,5-dihexyloxy-1-iodobenzene in a method similar to that used to 

produce H6A. White crystals were collected at a yield of 59%. 1H NMR (400 MHz, CDCl3): δ 

10.41 (s, 1H, CHO), 7.36 (s, 1H, Ar-H), 7.04 (s, 1H, Ar-H), 4.02 (t, 3J(H-H) = 6.4 Hz, 2H, OCH2), 

4.01 (t, 3J(H-H) = 6.4 Hz, 2H, OCH2), 1.82 (m, 4H, CH2), 1.48 (m, 4H, CH2), 1.34 (m, 8H, CH2), 

0.91 (t, 3J(H-H) = 6.0 Hz, 6H, CH3). 13C NMR (100 MHz, CDCl3): δ 14.0, 22.5, 25.6, 29.0, 31.4, 

69.4, 69.7, 111.1, 115.4, 123.6, 131.0, 148.9, 155.8, 188.8. HRMS (ESI)+ m/z 341.1884 

(C19H30ClO3 [M+H]+ requires 341.1878). 

Synthesis of 2,5-dihexyloxy-4-iodobenzaldehyde (I6A). I6A was made by lithiation of 

1,4-diiodo-2,5-dihexyloxybenzene in a method similar to that used to produce H6A and Cl6A. 

White crystals were collected at a yield of 31%. 1H NMR (400 MHz, CDCl3): δ 10.42 (s, 1H, 

CHO), 7.46 (s, 1H, Ar-H), 7.19 (s, 1H, Ar-H), 4.02 (t, 3J(H-H) = 6.0 Hz, 2H, OCH2), 4.00 (t, 3J(H-H) 

= 6.0 Hz, 2H, OCH2), 1.82 (m, 4H, CH2), 1.49 (m, 4H, CH2), 1.35 (m, 8H, CH2), 0.91 (t, 3J(H-H) = 

6.8 Hz, 6H, CH3). 13C NMR (100 MHz, CDCl3): δ 14.0, 16.2, 22.5, 22.6, 25.6, 25.7, 29.0, 31.4, 

69.5, 69.9, 108.8, 124.5, 125.1, 152.1, 155.8, 189.3. HRMS (ESI)+ m/z 433.1232 (C19H30IO3 

[M+H]+ requires 433.1234). 
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2.2.2. Measurement and Characterization 

Proton NMR was conducted on a Varian Inova 500 equipped with a Varian indirect 

detection probe using CDCl3 solvent with chemical shifts identified relative to 0.05 v/v% 

tetramethylsilane standard (0.00 ppm). 13C NMR was conducted on a Varian MR400 equipped 

with a Varian 5 mm PFG AutoX Dual Broadband probe using CDCl3 for which the solvent peak 

was used to calibrate. Anhydrous tetrahydrofuran was generated by distilling over sodium metal 

and benzophenone, collected only from deep purple solution. 

UV-Vis electronic absorption measurements were collected using a Varian Cary 50 Bio 

spectrometer with solution samples held in a quartz cuvette. Photoluminescent (PL) emission, 

excitation, and quantum yield data were collected using a Photon Technologies International 

(PTI) Quantamaster system equipped with an integrating sphere. Gated photoluminescence was 

collected with a delay time of 150 µs after 365 nm excitation of each sample at room temperature. 

X-ray diffraction for dropcast mixed crystals was carried by a Rigaku Rotating Anode X-ray 

Diffractometer (X-ray wavelength: 1.54 Å). Microscope images were collected on an Olympus 

BX51 W/DP71 fluorescent microscope equipped with cross-polarizers. 

Quantum yield (QY) was measured using an integrated sphere whose accuracy was 

verified using a 10 mM Rhodamine 6G/ethanol solution.42 Samples for quantum yield 

measurement were prepared by dropping 0.1 g/mL chloroform solutions of the desired 

compounds, mixed in the weight ratios reported, onto an unmodified glass substrate. Crystal 

“film”’ would form as the solvent evaporated. Each sample had a total mass of 2 mg. Absorption 

and emission inside the sphere was determined by comparison to a blank sample (glass only). A 

neutral density filter was used to allow for maximization of the emission signal without 
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saturating the photomultiplier tube detector with excitation light. Each sample type was run in 

quadruplicate (or more) with each quantum yield measurement coming from a freshly dropcast 

sample. Measurements proved highly repeatable, and errors are given as ± 1 standard deviation. 

 

2.3. Results and Discussion 

The limits of inclusion efficiency were probed via a size exclusion experiment. In order 

to perturb mixing, a series of analogous aldehydes and hosts were synthesized with alkoxy chain 

lengths variable from five to eight carbon atoms (Figure 2.4a). These were intermixed in crystals 

grown by dropcasting chloroform solutions containing 1 wt % aldehyde, and their 

photoluminescence quantum efficiencies were measured using an integrating sphere. As 

expected, emission was brightest when aldehyde and host were the same size. Mismatched 

emitter and host combinations were seen to mix surprisingly well, though distinctly worse than 

ideally matched pairs, with quantum efficiency dropping as the size difference grows. This was 

true for both undersized and oversized emitters, though when the emitter was larger than the host 

the quantum efficiency was markedly lower than in the opposite case. This can be seen in Figure 

2.4b, where the lower left corner of the image is qualitatively darker and quantitatively weaker 

than the upper right. 
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Figure 2.4. Emitter inclusion perturbed by size exclusion. (a) Chemical structures of emitters 
Br(5-8)A and hosts Br(5-8). (b) Photograph of dropcast crystals made of mixed aldehyde and 
host compounds illuminated by 365 nm light. Quantum efficiencies measured from samples of 
the same compositions and growth conditions. 
 

The fact that phosphorescence is generated from mismatched emitter-host pairs, some 

dramatically mismatched, indicates that inclusion is kinetically quite favorable, even if not 

thermodynamically so. This is made especially clear when oversized emitters, in some cases six 

methylene carbons and 7.5 Å longer than their hosts, produce appreciable emission even when 

mixed with undersized hosts. This experiment also suggests, for these compounds and this 

growth method, a possible optimum empirical quantum efficiency of ca. 45-55%, as each 

ideally-matched combination is in near agreement. XRD was performed for mixed crystals 

grown from each emitter Br(5-8)A as a guest in Br6 host in order to examine how the size 

mismatch affects the crystal packing of host Br6. XRD data were analyzed based on the XRD 

pattern of Br6 single crystal. As shown in Figure 2.5, they show three characteristic peaks 

appearing at 10.15, 20.5, and 23.7o corresponding to (001) plane from Br-Br contact, (110) plane 

from H-Br contact, and (020) plane from H-Br contact, respectively, which indicates that by the 

inclusion of 1 wt % mismatched guest emitter the crystal structure of Br6 is not significantly 
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altered to be responsible for the reduced quantum efficiency. The emission lifetime of 

bromobenzaldehyde guests also remains in a similar range regardless of the size mismatch as 

shown in Table 2.1. 

       

Figure 2.5. XRD pattern of mixed crystal with different emitters in Br6 prepared by dropcast on 
a glass substrate. Data were analyzed based on the XRD pattern of Br6 single crystal. Doping 
concentration was 1 wt % for all experiments. 
 
 
 
Table 2.1. Photophysical properties of mixed crystals. Phosphorescence lifetime was collected 
from time-resolved measurement of 515 nm emission with single decay curve fitting 
 

 τT (ms) Φp (%) kp (s-1) 
Br5_Br7A 4.45 17.53 3.94 × 103 
Br6_Br7A 7.41 28.65 3.87 × 103 
Br7_Br7A 8.96 44.70 4.99 × 103 
Br8_Br7A 6.82 32.60 4.78 × 103 
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In order to determine an optimal mixing ratio of emitter and host, several samples were 

made with varying concentrations of Br6A in Br6. Both compounds were mixed in a chloroform 

solution to the desired amounts before being dropcast onto unmodified glass slides. Br6A content 

was varied from 0.0001 wt % to 100 wt %, as total solids. No fewer than four samples were 

made from each combination and these were measured for quantum efficiency in an integrating 

sphere. Efficiencies were charted showing a mixing ratio of 1 wt % Br6A to produce the 

brightest samples, though samples of 10 wt % Br6A were in close agreement (Figure 2.6a). A 

rapid reduction in quantum efficiency was observed as Br6A concentration was either increased 

or decreased. Quantum efficiency tapered from a maximum of 55% at 1 wt % Br6A to 0.1% at 

100 wt % Br6A and 0.4% at 0.0001 wt % Br6A. Gated phosphorescence spectra (Figure 2.6b) of 

the samples used for this mixing ratio study confirm that the green emission is phosphorescence 

emission from the embedded Br6A.  

 

Figure 2.6. a) Phosphorescent quantum efficiency versus weight percentage of Br6A in 
Br6A/Br6 mixed crystal sampled from dropcast. Error bars represent ± one standard deviation. b) 
Normalized gated PL emission was collected with a delay time of 150 µs after 365 nm excitation 
of each sample at room temperature. 
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Regardless of the side chain length the same trend was observed in all cases where 

emitter from Br5A to Br8A was intermixed at varying concentration from 0.01 wt % to 30 wt % 

with its matching host from Br5 to Br8 (Figure 2.7). Substituting different solvents for drop 

casting and dropcast solution concentration, and changing substrate temperature and 

hydrophobicity did not make any meaningful change in the maximum phosphorescence quantum 

yield of 55% (Figure 2.8).  

    

Figure 2.7. Phosphorescence quantum yield as a function of weight percentage of emitters Br(5-
8)A in mixed crystal with hosts Br(5-8). Error bars represent ± one standard deviation. 
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Figure 2.8. Phosphorescence quantum yield of Br6A/Br6 mixed crystal dropcast on a glass 
substrate under different conditions. (a) Temperature effect, (b) the glass substrates were treated 
with sulfuric acid and Hexamethyldisilazane (HMDS) to make hydrophilic (contact angle 10o) or 
hydrophobic (contact angle 90o) surface, respectively. (c) Solution concentration was changed 
based on total solids per solvent amount, and (d) different solvent was used. Doping 
concentration was 1 wt % for all experiments. 

 

While it is not unexpected that quantum efficiency would drop as Br6A content increases, 

a drop as Br6A content decreases is surprising. At high concentrations of Br6A self-quenching is 

anticipated as Br6A-Br6A contact becomes more likely and the sample trends toward pure Br6A. 

The same is not true at low concentrations of Br6A where emitter isolation becomes extremely 

likely. Simple statistical analysis eliminates the possibility that this trend is evidence that a dimer 

or multi-aldehyde interaction is facilitating phosphorescence because, for example, at 

concentrations of 1 wt % Br6A the likelihood of Br6A-Br6A contact in the crystal is far below 
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55%, the quantum efficiency measured at that loading of Br6A. We hypothesize that quantum 

efficiency loss at low Br6A concentration is due to poor inclusion of the increasingly sparse 

Br6A into the increasingly pure Br6 crystals. Phosphorescence microscopy reveals that 

Br6A/Br6 crystals are brightest near nucleation sites (Figure 2.9) and often feature sharp drop-

offs in emission brightness. This indicates that the inclusion rate is not constant throughout the 

growth of the host crystals. If Br6A molecules are not leaving solution soon enough to catch Br6 

crystals in early growth in the dropcast films, as would likely be the case when Br6A 

concentrations are low, inclusion will suffer. So, just as recrystallization is done in the wet lab 

successively to purify crystalline materials, at these low levels of Br6A the emitter is less likely 

to become included into the relatively pure Br6 crystal formed from dropcast.  

                     

Figure 2.9. Markedly brighter regions surrounding apparent nucleation sites in Br6A/Br6 mixed 
crystals. 

 

Note that because these samples were made by dropcast, crystal quality is worse than 

that of crystals grown slowly from supersaturated solution. This is why pure Br6A here (dropcast) 

measured a quantum efficiency of 0.1% while Br6A reported in our earlier work, there measured 

as high quality single crystals, exhibited a quantum efficiency of 2.9%. While that trend is true 

for pure crystals, dropcasting is preferable to solution growth for mixed crystals because the 
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likelihood of kinetically entrapped inclusion of the emitter into the host is much better in the 

faster process, dropcasting. Based on this understanding and our observations, it follows that 

inclusion, and thus quantum efficiency, appears to prefer fast crystal growth. Also supporting this 

hypothesis, attempts to thermally anneal Br6A/Br6 mixed crystals led to reduced quantum 

efficiency in all cases.  

Achieving efficient inclusion also becomes an issue in color tuning. In earlier work 

broad changes to emission color were accomplished by altering the electron density of the 

emitter through the addition of electron deficient or rich atoms or extended conjugation.14 As 

these chemical structures strayed from the original models inclusion became more complicated 

and quantum efficiencies suffered. For example, in the case of the blue-emitting alkyl substituted 

compounds, inclusion efficiency was problematically low, in large part because the aldehyde had 

a freezing point below room temperature. A more elegant, and subtler, approach to color tuning 

would be to simply vary the halogen atom of the emitters. Such compounds were synthesized to 

explore the effects halogen variation would have on emission color. Alternative emitters 4-

chloro-2,5-dihexyloxybenzaldehyde (Cl6A) and 2,5-dihexyloxy-4-iodobenzaldehyde (I6A) have 

non-bromine halogens while 2,5-dihexyloxybenzaldehyde (H6A) was designed to be halogen-

free (Figure 2.10a). Even though H6A is a halogen-free molecule it has the same core 

benzaldehyde unit that will form halogen bonding with bromine of matrix Br6, which activates 

the heavy atom effect. We excluded fluoride version because F does not form halogen bonding. 

These compounds alter the electron density of the emitter in ways that have less effect on the size, 

shape, and electronic character of the molecule and are thus less likely to alter pertinent materials 

properties such as the crystal growth mechanism and freezing temperature.  



33 
 

 

Figure 2.10. (a) Halogen-variable emitters for fine color tuning. (b) Emission (each excited at 
365 nm) of crystals grown from solutions containing a 1 wt % ratio of the emitter in Br6. H6A 
(black), Cl6A (red), Br6A (blue), and I6A (green). 

 

Each alternative aldehyde was included into Br6 host crystals and measured spectrally. 

Br6 was chosen as the host when it was observed to produce brighter samples than either 1,4-

dichloro-2,5-dihexyloxybenzne (Cl6) or 1,4-diiodo-2,5-dihexyloxybenzene (I6). Mixed crystals 

of Br6 were grown by dropcasting chloroform solutions of 1 wt % emitter/Br6 onto unmodified 

glass. As shown in Figure 2.10b, varying the halogen from chlorine to bromine to iodine shifts 

the emission spectrum in sequential 5 nm steps (λmax, Cl6A: 510nm, λmax, Br6A: 515nm, λmax, I6A: 

520nm) commensurate with the varying electron density afforded by the halogen. Halogen-free 

emitter, H6A, produces an emission spectrum with a more dramatic 30 nm blue shift (λmax, H6A: 

485nm), which is because of the more dramatically reduced electron density this emitter exhibits 

for having no halogen. 

We measured phosphorescence lifetime of guest emitters (Cl6A, Br6A, and I6A) in their 

analogous hosts (Cl6, Br6, and I6) at room temperature (Table 2.2). The phosphorescence 
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lifetime of guest emitters decreases when the halogen of the host becomes heavier from Cl6 

through Br6 to I6 likely due to enhanced heavy atom effect between halogen atom of the host 

and oxygen of the emitter. This lifetime decrease was maximized at I6/I6A mixed crystals 

because it contains the heaviest atom, iodine, both in host and emitter. When combined with the 

broader color shifts presented in earlier work, these fine tuning steps give this family of organic 

phosphors the capability to fine-tune emission color with both breadth and precision.  

 

Table 2.2. Phosphorescence lifetime (ms) of mixed crystals was estimated at room temperature 
by means of time-resolved phosphorescence measurement of 515 nm emission with single decay 
curve fitting 

 Cl6 Br6 I6 
Cl6A 6.62 6.19 4.76 
Br6A 7.95 7.60 3.33 
I6A 0.65 0.56 0.05 

 

2.4. Conclusions 

In summary, we have demonstrated the optimization of the quantum efficiency and fine-

tuning of emission color from emerging metal-free purely organic phosphors. Quantum 

efficiency optimization relies on attaining efficient inclusion of the emitter into the host crystal, 

which is a kinetic equilibrium maximized when both components are similarly sized and the 

emitter is present at 1-10 wt %. Replacing or removing the halogen on the emitter facilitates 

sequential 5-30 nm steps in green emission region, allowing the designer to fine-tune the 

emission spectrum with minimal change to the chemical structure. These findings elucidate the 

complex optical and solid state behavior these materials exhibit and illustrate the extreme 

influence that material preparation has on their performance. 
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CHAPTER 3 

Room Temperature Phosphorescence of Metal-Free Organic 

Materials in Amorphous Polymer Matrices 

 

 This chapter suggests one valid strategy to efficiently suppress triplet vibration of purely 

organic phosphor. Bright room temperature phosphorescence is reported by embedding an 

organic phosphor into an amorphous glassy polymer matrix. Our study implies that the reduced 

beta-relaxation of isotactic PMMA most efficiently suppresses vibrational decay and allows 

achieving 7.5% phosphorescence quantum yield. This novel phosphorescent material shows 

temperature dependent emission property if temperature approaches polymer’s glass transition 

temperature because polymer is not rigid at that temperature. This feature enables to be utilized 

as a temperature sensor in microfluidic devices having a number of advantages such as simple 

structure, reversible response, and no need for additional sensing agent.   

 

 

 

 

 

Parts of this chapter appear in: Lee, D.; Bolton, O.; Kim, B. C.; Youk, J. H.; Takayama, S.; Kim, 

J. J. Am. Chem. Soc. 2013, 135, 6325-6329. 

 



39 
 

3.1. Introduction 

Phosphorescent materials have attracted much attention due to potential applications in 

display, solid state lighting, optical storage and sensors because they can theoretically realize 

threefold higher internal quantum efficiency than fluorescent alternatives by harvesting triplet 

excitons through intersystem crossing.1-4 There are two critical processes in photoluminescent 

(PL) phosphorescence: (i) spin flipping from an excited singlet state to a triplet state and (ii) 

radiative decay from the excited triplet state to the ground state. Many organometallic 

compounds are efficient phosphors since both processes are promoted by spin-orbit coupling 

present in metals.5,6 While these materials exhibit high quantum efficiency, they require rare and 

expensive elements such as platinum and iridium. In contrast, purely organic phosphorescent 

compounds are cheaper but generally weaker and relatively rare because they exhibit long-lived 

triplets that are easily consumed by vibrational effects, preventing emissive decay. Thus, one of 

the challenges that organic compounds must overcome in order to become competitive with 

organometallic phosphors is finding a way to suppress vibration in order to achieve bright 

emission.  

Aromatic ketones such as benzophenone are well-known phosphorescent materials that have 

been studied for several decades.7 Excited state electrons in aromatic ketones cross from S1 to T2 

at very high efficiency because of strong spin−orbit coupling and triplet T2 levels that are often 

close in energy to S1.8 This spin−orbit coupling is localized at the carbonyl oxygen.9 Because of 

this, aromatic ketones are an attractive moiety for designing metal-free organic phosphors. In 

order for the triplet to survive long enough for phosphorescence, vibrational dissipation from T1 

to the ground state must be suppressed as it competes with phosphorescent decay. Adequately 
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suppressing vibration is perhaps the most important and challenging aspect of achieving efficient 

organic phosphorescence at room temperature.  

Yuan et al. observed purely organic phosphorescence from benzophenone and its 

halogenated derivatives by growing crystals in common organic solvents.10 Moreover, Bolton et 

al. developed color-tunable organic phosphorescence materials by implementing a directed 

heavy atom effect with halogen atoms also in crystalline systems.11 In this material design, 

strong halogen bonding between the oxygen atom of an aromatic carbonyl and bromine promotes 

spin−orbit coupling and suppresses vibrational dissipation at the same time by the strict order of 

the crystal states of the materials. Though these approaches are very promising for developing 

metal-free organic phosphors, they still have limitations to practical applications because they 

stringently require crystalline materials.12 Film forming materials, such as polymers and 

amorphous solids, would be more attractive for device fabrication and processing; however, a 

means must be found to induce in these systems vibrational suppression that is on par with that 

generated by crystals.  

Herein we report our systematic investigation to deconvolute the suppression of the 

vibrational dissipation from the spin orbit coupling enhancement by embedding a purely organic 

triplet-generating small molecule into a glassy polymer film and demonstrate bright metal-free 

organic phosphorescence from amorphous materials. The polymer serves as a rigid matrix to 

suppress vibration in the small molecule phosphor, as would a crystal, and thus allows the long-

living triplets of the organic compound to survive long enough to emit. This phenomenon was 

studied using a single phosphorescent compound in various glassy polymer matrixes. We 

systematically investigated the correlation between the emission intensity of the embedded 

organic phosphors and physicochemical properties of the matrix polymers. Our study reveals that 
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solubility parameter matching between the phosphorescent compound and the polymer matrix is 

a critical requirement to achieve a well-mixed embedding of the chromophore into the polymer 

and facilitate emission. Also, phosphorescence efficiency is strongly dependent on polymer 

tacticity because each arrangement exhibits a different degree of β-relaxation, which greatly 

affects the vibrational dissipation of the excited state triplets. This lifts the stringent crystalline 

requirement for metal-free organic phosphorescence materials and provides more process-

friendly medium and a more physically tunable matrix.  

We also demonstrated the use of amorphous purely organic phosphor films as a temperature 

sensor in a microfluidic device. Accurate temperature control is essential in such devices as they 

are often used for biological applications.13 In this application, organic phosphors have many 

advantages over other conjugated polymer-based temperature sensors: (i) simple device 

structures, that is, no need for additional inlet to feed temperature sensing agents, (ii) brighter 

emission from phosphorescence as compared with polydiacetylene (PDA)-based fluorescence, 

(iii) a wholly reversible thermal response, and (iv) tunable temperature sensing ranges by using 

different polymer. This is the first example showing metal-free organic phosphorescence in an 

amorphous material, demonstrating its attractiveness as a temperature sensor in microfluidic 

devices. Moreover, we expect that this system can also be utilized in other biomedical 

applications due to the biocompatibilities of each component. Furthermore, developing 

appropriate conducting polymers as a glassy matrix for the organic phosphorescence materials 

may realize bright, color tunable, and flexible phosphorescent organic light emitting diodes as 

well. 
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3.2. Experimental Section 

3.2.1. Materials 

Isotactic PMMA (iPMMA) (Aldrich, Mw = 120 kg/mol), syndiotactic PMMA (sPMMA) 

(Aldrich, Mw = 996 kg/mol), atactic PMMA (aPMMA) (Aldrich, Mw = 15 kg/mol), 

Polypropylene (PP) (Aldrich, Mw = 174 kg/mol), and poly(hexamethylene adipamide) (Nylon 

6/6, Aldrich) were used as polymer matrix without further purification. 2,2,2-Trifluoroethanol 

(Aldrich) and toluene (Aldrich) were used as solvents for Nylon 6/6 and PP, respectively, 

without further purification. An organic phosphor, Br6A, was synthesized following previously 

reported synthetic routes.11  

3.2.2. Solubility Parameter Calculation 

Solubility parameter of Br6A was calculated by group contribution method.31 The dispersive, 

polar, and hydrogen-bonding parameters from the Hoftyzer and van Krevelen’s table were used 

by simple additive rules. Hildebrand parameter of PP, poly(hexamethylene adipamide) (Nylon 

6/6) and PMMA was used to estimate polymer’s solubility parameter.32  

3.2.3. PL and QY Measurement 

PL emission, excitation and quantum yield (QY) were collected using a Photon 

Technologies International (PTI) Quantamaster system equipped with an integrating sphere. 

Samples for quantum yield measurement were prepared by dropping mixed solution with 

chloroform onto an unmodified glass substrate followed by annealing at 90 °C for 20 min. 

Absorption and emission inside the sphere were determined by comparison to a blank sample 

(glass only). A neutral density filter was used to allow for maximization of the emission signal 

without saturating the photomultiplier tube detector with excitation light. Each sample type was 
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run in quadruplicate with each quantum yield measurement coming from a freshly drop cast 

sample. Measurements proved highly repeatable, and errors are given as ±1 standard deviation. 

3.2.4. Microfluidic Device Preparation 

A “Y” shaped microchannel structure was fabricated using a conventional soft lithography 

technique. A transparent mask (CAD Art Inc.) bearing the channel pattern was transferred to SU-

8 (Microchem Inc.) deposited on a silicon wafer. A 10:1 mixture of PDMS (Sylgard 184, Dow 

corning) and curing agent was poured onto the mold and cured at 60 °C for at least 4 h before use. 

Phosphorescence layer was prepared by homogeneously drop casting 100:1 mixture of iPMMA 

and Br6A on a slide glass followed by annealing at 90 °C for 20 min. Afterward, the PDMS 

layer and the phosphorescence layer were bonded together by plasma treatment (COVANCE-MP, 

Femto-science Inc.). The microchannel device was soaked in a hot water bath, heated up to 

60 °C to reduce the emitted light intensity from the device. Then hot (60 °C) and cold (4 °C) 

water was supplied through two separate inlets into the microchannel to generate laminar flow 

inside the channel with a thermal gradient induced at the boundary. Emitted light intensity from 

the device was measured by a fluorescence microscope (Ti, Nikon). 

3.2.5. Temperature Dependent Emission Measurement 

Emitted light intensity from a film of 100:1 mixture of iPMMA and Br6A was measured 

using a plate reader (BioTeck Synergy Neo plate reader) under controlled temperature conditions. 

Repetitive measurements of the emission were conducted to record the cyclic intensity changes 

between high temperature and low temperature conditions. 
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3.3. Results and Discussion 

The weakly emitting organic phosphor, 2,5-dihexyloxy-4-bromobenzaldehyde (Br6A, 

Figure 3.1a), was embedded into atactic poly(methyl methacrylate) (aPMMA) resulting in a thin 

film with green phosphorescence. Alone, microcrystalline films of Br6A produce very weak 

emission that is largely dominated by the weak blue fluorescence of the compound seen at 425 

nm. In films the phosphorescent quantum yield of Br6A increased from essentially zero to 

detectable level of 0.7% at room temperature. The increase in phosphorescent emission at 520 

nm from the polymer film is evidence that the PMMA is acting to suppress vibration and 

enhance emissive triplet relaxation (Figure 3.1b).  

 

Figure 3.1. (a) Structure of a phosphor (Br6A) and polymer (PMMA). (b) PL emission spectra 
of Br6A and Br6A embedded in iPMMA, aPMMA and sPMMA. (c) Phosphorescence quantum 
yield with various isotactic content. The excitation wavelength was 365 nm. 

 

Assuming that a more well-ordered rigid polymer would restrict vibration even more 

efficiently, we tested polymers with higher degrees of crystallinity such as polypropylene (PP) 

and poly(hexamethylene adipamide) (Nylon 6/6). However, the quantum yield for these films 
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was below our detection limit (<0.1%) for both cases. We believe that this is because the 

solubility parameter of these polymers (16.0 MPa1/2 and 27.8 MPa1/2, respectively) does not 

match with that of the phosphor (18.8 MPa1/2) and, thus, the phosphor does not become 

sufficiently embedded into these polymer films. As a result, the phosphor molecules do not get 

the benefit of the polymer rigidity and are not emissive due to vibrational dissipation. On the 

contrary, PMMA has a solubility parameter of 19.0 MPa1/2 that is similar to that of the phosphor, 

indicating that the phosphor is well mixed into that polymer matrix. 

Notably, we found that the quantum efficiency of Br6A in PMMA strongly depends on 

polymer tacticity. Br6A embedded in isotactic PMMA (iPMMA) shows 10-fold brighter 

phosphorescence at room temperature than the same amount of Br6A in aPMMA or syndiotactic 

PMMA (sPMMA), as shown in Figure 3.1b. Indeed, as the relative amount of iPMMA present in 

the host polymer increases from 0 to 100% an exponential trend is observed as the quantum 

efficiency climbs from 0.7 to 7.5% (Figure 3.1c). This is attributed to the β-relaxation behavior 

of these polymers. β-Relaxation is considered to be the onset of motions that initiate the long-

range segmental motions occurring at Tg.14 In PMMA, this is caused by the onset of rotation of 

the ester side group, appearing around 285−300 K.15 The intensity of the β-relaxation in 

amorphous PMMA increases with increasing syndiotacticity but decreases with increasing 

isotacticity.16 Dominant β-relaxation in aPMMA and sPMMA means there is independent 

motion of the carbonyl dipole in the ester side group. As the isotacticity increases, the β loss 

peak vanishes, indicating that the carbonyl dipole motion is locked. The rotation energy was 

calculated by using Allinger “MM2” force field model, showing that the rotating side group of 

iPMMA must force the two adjacent ester groups to undergo torsional oscillations of ±16° to 

relieve the stress during rotation of the central group leading to more activation energy (110 kJ 
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mol-1) than aPMMA (80 kJ mol−1) and sPMMA (91 kJ mol−1).15 

Figure 3.2 shows the effect of β-relaxation. As sample temperatures decrease, 

phosphorescence intensity increases. The previously reported rigidity spectra show that the most 

significant β-relaxation appears around at 300 K and decreases with decreasing temperature.17  

               

Figure 3.2. Phosphorescence emission of Br6A embedded in (a) aPMMA, (b) sPMMA, and (c) 
iPMMA at different temperatures. (d) Blue fluorescence emission of pure Br6A visible in part 
due to a lack of green phosphorescence also at these temperatures. The excitation wavelength 
was 365 nm. 
 

We can see bright emission at lower temperatures from samples on ice (273 K) or on dry ice 

(195 K). However, even when the temperature is dropped to 195 K, the phosphor itself (not in 

PMMA) does not emit brightly, as shown in Figure 3.2d where only the inherent deep-blue 

fluorescence of Br6A is visible, which is indicative of disordered chromophores.11 From these 

observations, we hypothesize that phosphorescence efficiency is dependent on the degree of β-

relaxation and, thus, can be enhanced by lowering temperature, which restricts β-relaxation.  

An optimum phosphor concentration was found to be 1 wt % versus polymer mass as shown 

in Figure 3.3a. At high concentrations of phosphor, self-quenching is expected and is believed to 

cause the observed low emission. At very low concentrations, there is much less opportunity for 



47 
 

molecules of Br6A to find one another and realize the emission enhancing benefits of halogen 

bonding. So, though the aforementioned solubility parameter matching indicates that a high 

degree of miscibility is required to achieve adequate phosphor/polymer mixing, this result 

suggests that phosphor molecules can also suffer from too much isolation/mixing, indicating that 

some phosphor contact is necessary to achieve phosphorescence.  

 

Figure 3.3. (a) Phosphorescence quantum yield at different phosphor concentrations for Br6A 
embedded in iPMMA. (b) Phosphorescence lifetime at different phosphor concentrations. 
Samples were annealed at 90 °C for 20 min. The excitation wavelength was 365 nm, and lifetime 
was monitored by the emission wavelength at 520 nm. 
 

At lower concentrations, as the concentration increases the chance for the halogen bonding 

increases, resulting in more efficient heavy atom effect and halogen bonding. To prove this 

hypothesis, we measured the phosphorescence lifetime of various concentrations of Br6A mixed 

into PMMA. As the phosphor concentration increases, the phosphorescence quantum yield 

increases, indicating that more halogen bonding facilitates intersystem crossing. Increasing 

halogen bonding up to a 1 wt % mixing ratio made radiative decay more dominant, resulting in 

high quantum yield and relatively short lifetime. But at higher concentrations nonradiative self-

quenching dominates over radiative decay, the overall radiative rate decreases, and quantum 
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yield falls faster than lifetime does.  

In this study, we found solubility parameter matching and suppressing β-relaxation to be key 

components to reduce vibrational loss of phosphor triplets. Also, bright phosphorescence was 

realized by choosing a proper polymer matrix, iPMMA, and optimized mixing ratio between an 

organic phosphor and a polymer matrix. Moreover, we expect that this system can be utilized in 

organic light emitting diodes if a phosphor is embedded in appropriate conducting polymers as a 

glassy matrix. 

This novel amorphous phosphorescence is strongly dependent on ambient temperature so 

that it can be useful as a temperature sensor. Accurate temperature measurements are difficult 

but critical in microfluidic devices performing biological processes such as polymerase chain 

reaction (PCR), temperature gradient focusing (TGF), and enzyme-activated reactions.18−22 PDA-

based conjugated polymers have been recently demonstrated as potential microfluidic 

temperature sensors by reporting fluorescent intensities correlated to the temperature of the PDA 

droplet.13 Composite blends of PDA and a proper polymer matrix enable reversible fluorescence 

by increasing the stability of the PDAs.23,24 However, the PDA must be kept separate from the 

reaction mixture and complicated channel structure must be used to make an additional inlet to 

feed PDA molecules. Polymer-based microfluidic devices feature low manufacturing costs and 

can be made from a wider range of materials that can be tailored for specific applications, as 

opposed to glass or silicon.25 Polymers such as PMMA are popular construction materials for 

such microfluidic devices due to good processability, chemical resistance against acids and oils, 

and low cost.26−28 Coining in situ temperature sensing in devices made from such a material 

would, ideally, not compromise the attractive qualities of the polymer, be easy to incorporate 

without the need of new device structure, and be economically on par with low-cost plastics. 
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While organometallic phosphors exhibit high quantum efficiency they are often, due to the 

short lifetimes of their triplets, relatively unaffected by temperature changes in the biologically 

relevant 30−60 °C range.29,30 Also the vibrational freedoms of crystalline systems are largely 

unaffected by noncryogenic temperature changes below their melting points, making them poor 

near-ambient temperature sensors in their crystalline forms. However, embedding similar organic 

phosphor compounds into more temperature-sensitive matrices, such as polymers, offers the 

possibility of enhancing the effect of temperature on phosphorescent emission intensity in ways 

that can be exploited for temperature sensing. Thus, these PMMA films of purely organic 

phosphors were explored as sensitive, inert, and cheap temperature sensors. As the sample 

temperature approaches the glass transition point of iPMMA, 55 °C, phosphorescence intensity 

decreases nearly linearly. As is shown in Figure 3.4, this creates a dramatic and predictable 

change in emission intensity across the temperature range of approximately 30−60 °C.  

 

Figure 3.4. Normalized emission intensities for Br6A embedded in iPMMA at different 
temperatures excited at 365 nm. 
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The in situ phosphorescence spectra in a heating and cooling cycle in the temperature range 

of 30−60 °C were recorded in order to monitor thermal response reversibility. Faster decrease in 

phosphorescent intensity as temperature increases with relatively slower increases in 

phosphorescent intensity as temperature decreases were observed (Figure 3.5a). Incomplete 

intensity recovery seen in the first cooling cycle is probably ascribed to residual transitional 

motion of the fresh polymer occurring at higher temperatures. Following the first heating, 

reversible phosphorescence was repeated in six consecutive cycles, indicating that temperature 

sensing in microfluidic devices using this system can be reusable (Figure 3.5b).  

 

Figure 3.5. (a) In situ phosphorescence spectra in a heating and cooling cycle in the temperature 
range of 30−60 °C. (b) In situ phosphorescence intensities during six cycles. The excitation 
wavelength was 365 nm. 
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In Figure 3.6 is demonstrated a microfluidic device composed of a polydimethylsiloxane 

(PDMS) channel on a glass slide coated with Br6A embedded in iPMMA. The microchannel 

device was soaked in a hot water bath heated to 60 °C to reduce the phosphorescence emission 

intensity from the device. Next, hot (60 °C) and cold (4 °C) water was supplied through two 

separate inlets into the microchannel to generate laminar flow inside the channel with a thermal 

gradient induced at the boundary. As shown in the fluorescence microscope image and the 

inserted graph, due to the temperature gradient created across the 200 μm wide channel, the 

phosphorescence emission intensity increases linearly from the side of the channel having hot 

water to the cold side of the channel. 

 

Figure 3.6. Schematic fabrication process and operation of a microfluidic device composed of a 
phosphorescence layer (Br6A in iPMMA) and a PDMS channel layer. Phosphorescence emission 
intensity under 365 nm UV light increases linearly from the hot side of the channel to the cold 
side channel. Scale bar = 100 μm. 
 

3.4. Conclusions 

In summary, we have realized efficient phosphorescence at room temperature by embedding 

a purely organic phosphor, Br6A, into glassy PMMA matrices. The activation of 

phosphorescence is likely due to fairly efficient restriction of vibrational decay due to the rigidity 
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of the polymer matrix. Through systematic investigation we found that the tacticity of PMMA 

strongly affects quantum efficiency of the embedded organic phosphors. Our study implies that 

the reduced β-relaxation of iPMMA most efficiently suppresses the vibrational decay and allows 

the embedded organic phosphors to achieve a bright 7.5% phosphorescence quantum yield. We 

also demonstrated a novel temperature sensor based on metal-free organic phosphorescence 

which is established by embedding a phosphor in a glassy polymer matrix, iPMMA. Organic 

phosphors are useful here because emission from the long-lived triplets they generate is dictated 

by vibrational suppression in the temperature-sensitive polymer matrix. This unique system has 

many advantages over conjugated polymer-based alternatives. This is also the first example 

showing amorphous metal-free organic phosphorescence, which is uniquely practical as a 

temperature sensor in microfluidic devices. We expect that this system can be especially useful 

in biomedical applications due to biocompatibilities of each component. 
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CHAPTER 4 

Tailoring Intermolecular Interactions for Efficient Room-

Temperature Phosphorescence from Purely Organic Materials in 

Amorphous Polymer Matrices 

 

 This chapter describes more efficient strategy to suppress triplet vibration of purely 

organic phosphor. Rather than using Van der Waals interaction between polymer matrix and 

phosphor discussed in Chapter 3, we introduced strong hydrogen bonding by synthesizing a 

functionalized phosphor and choosing a new polymer having hydrogen bonding capability. In 

this work, 24% of high phosphorescence is demonstrated. Interestingly, modulation of hydrogen 

bonding by water molecules showed unique reversible phosphorescence-to-fluorescence 

switching behavior, which can be utilized as a ratiometric water sensor.    

 

 

 

 

 

Parts of this chapter appear in: Kwon*, M. S.; Lee*, D.; Seo, S.; Jung, J.; Kim, J. Angew. Chem. 

Int. Ed. 2014, 53, 11177-11181. 

 



56 
 

4.1. Introduction 

Purely organic materials that show room-temperature phosphorescence (RTP) are attractive 

alternatives to organometallic phosphors. They have a few potential advantages over their 

organometallic counterparts: Organometallic compounds are expensive and conceivably toxic 

owing to the presence of metals, and are also intrinsically unstable in the case of high-energy 

blue emitters.1 However, unfortunately, purely organic RTP has been only observed from 

particular organic molecules2–4 and under stringent conditions5–8 because triplet excitons are not 

commonly generated in light-element organic materials, and those few are mostly consumed 

through radiationless processes, such as vibrational dissipation and oxygen-mediated quenching, 

under ambient conditions.9, 10  

The key factors for the construction of efficient purely organic RTP materials are 1) the 

promotion of both singlet to-triplet and triplet-to-singlet intersystem crossing, and 2) suppression 

of the nonradiative quenching processes from the triplet to the ground state. Within this context, 

several research groups have shown that “crystal”11–14 and/or “engineered crystal”15 can be used 

to induce efficient purely organic RTP. The rigidity and oxygen-barrier properties of crystals 

suppress the nonradiative deactivation pathways of triplet excitons, and, as in our previous study, 

the directed intermolecular halogen bonding promotes the intersystem crossing processes by 

enhancing spin–orbit coupling.12, 19 

Amorphous purely organic RTP systems, for example, phosphors embedded in polymers 

and/or amorphous solids, would be more promising for practical applications, such as organic 

light-emitting diodes (OLEDs), solid-state lightning, and sensors. However, bright organic RTP 

is a challenging goal in the amorphous phase because active vibration/diffusion motions, for 

example, b and a transitions, are generally inevitable in an amorphous matrix under ambient 
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conditions. This unfavorable amorphous environment promotes the vibrational dissipation of 

long-lived triplets of embedded phosphors, thus resulting in the complete quenching of 

phosphorescence.16, 17 Therefore, it remains a demanding and challenging task to devise a way of 

minimizing diffusional motion in an amorphous matrix to obtain highly emissive organic RTP. 

Recently, Adachi and co-workers developed a unique amorphous purely organic RTP system by 

adopting a highly deuterated fluorene derivative as a phosphorescent guest and its steroid 

analogue as a host matrix.18 The considerable rigidity of the steroidal matrix combined with the 

heavy deuteration of phosphors synergistically suppressed the vibrational dissipation of long-

lived triplets. Our research group recently demonstrated RTP in an amorphous organic material 

by embedding 2,5-dihexyloxy-4-bromobenzaldehyde (Br6A), an organic phosphor, in isotactic 

poly(methyl methacrylate) (iPMMA), a rigid polymer matrix, without b relaxation.19 Although 

these strategies demonstrated that the restriction of vibration of both the matrix and phosphors is 

critically important for amorphous purely organic RTP, a more generally applicable and 

practically useful strategy to enable efficient suppression of vibration is highly desired.  

Herein, we describe our rational and systematic approach to the development of an efficient 

amorphous purely organic RTP system. To minimize both the diffusion motion of the matrix and 

the vibration of phosphors, we intentionally included two types of strong intermolecular non-

covalent interactions in the material (Figure 4.1). First, intermolecular halogen bonds between 

phosphors were introduced to facilitate intersystem-crossing processes as well as to suppress the 

vibration of phosphors. Second, strong intermolecular hydrogen bonds (H-bonds) between 

matrix polymers as well as between matrix polymers and phosphors were incorporated to restrict 

the vibration/diffusion motion of the matrix and phosphors more efficiently. Thus, we designed a 

new organic phosphor (G1) with a bromobenzaldehyde core and carboxylic acid side chains as a 
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dopant. The bromobenzaldehyde core was expected to provide the structural basis for strong 

halogen bonding in the assembly as well as for triplet-exciton generation. The carboxylic acid 

periphery was expected to enable the formation of strong H-bonds between the phosphor and the 

selected amorphous matrix, that is, poly(vinyl alcohol) (PVA), which has H-bonding capability.  

As anticipated, we observed strong RTP from G1–PVA blend films with phosphorescence 

quantum yield of up to 24% at ambient conditions, which is three times as high as that of 

previously reported Br6A–iPMMA blend amorphous films (Φph = 7.5%). We also found that 

modulation of the H-bonding strength in the G1–PVA system by water molecules produced 

unique reversible “phosphorescence-to-fluorescence” switching behavior. Unlike traditional 

organometallic phosphors, our purely organic phosphors emit RTP not from an isolated species 

but from molecular assemblies because of the necessary intermolecular halogen bonding to 

enhance spin-orbit coupling. Thus, if external stimuli can break up the molecular assembly, the 

efficiency of spin–orbit coupling drops, thus resulting in fluorescence rather than 

phosphorescence emission. On the basis of this interesting stimuli-responsive change in optical 

properties, we could successfully demonstrate reversible direct writing of a fluorescent 

watermark and moisture sensing. 
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Figure 4.1. a) Chemical structures of Br6A, G1, and PVA. b) Phosphorescence image of G1 
embedded in PVA100 under UV light (λ=365 nm; left) and schematic illustration of 
phosphorescence processes in the G1–PVA composite (right). 

 

4.2. Experimental Section 

4.2.1. Synthetic Procedure 

2,2'-(2-bromo-5-formyl-1,4-phenylene)bis(oxy)diacetic acid (G1). Lithium hydroxide (38 

mg, 0.780 mmol) dissolved in water (2.4 mL) was added to a solution of diethyl 2,2'-(2-bromo-5-

formyl-1,4-phenylene)bis(oxy)diacetate (200 mg, 0.52 mmol) in THF (2.4 mL) and methanol 

(1.2 mL) at 0 °C. The solution was stirred at 0 oC for 4 h, and then poured into 1 M HCl aqueous 

solution. The resulting white precipitates were filtered and washed with water and methanol (158 

mg, 92%). 1H NMR (400 MHz, DMSO-d6): δ 10.34 (s, 1H), 7.58 (s, 1H), 7.16 (s, 1H), 4.90 (s, 

2H), 4.82 (s, 2H). 13C NMR (100 MHz, DMSO-d6): δ 188.4, 169.9, 169.7, 154.7, 149.0, 124.2, 
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120.0, 119.4, 110.0, 66.0, 65.6. MS m/z (EI, relative intensity): 332 (M+, 3), 288 (4), 241 (2), 252 

(69), 229 (14), 215 (87), 192 (52), 178 (32), 165 (99), 149 (67), 137 (69), 121 (25), 107 (44), 93 

(14), 80 (100), 65 (21). HRMS (ESI)+ m/z 331.9533 (C11H9BrO7 [M+] requires 331.9531). 

2,2'-(2,5-dibromo-1,4-phenylene)bis(oxy)diacetic acid (G2). Lithium hydroxide (33 mg, 

1.36 mmol) dissolved in water (1.8 mL) was added to a solution of diethyl 2,2'-(2,5-dibromo-1,4-

phenylene)bis(oxy)diacetate (200 mg, 0.455 mmol) in THF (1.8 mL) and methanol (0.9 mL) at 

0 °C. The solution was stirred at 0 oC for 8 h, and then poured into 1 M HCl aqueous solution. 

The resulting white precipitates were filtered and washed with water and methanol (160 mg, 

86%). 1H NMR (400 MHz, DMSO-d6): δ 13.10 (s, 2H), 7.28 (s, 2H), 4.79 (s, 4H). 13C NMR 

(100 MHz, DMSO-d6): δ 169.8, 148.9, 118.0, 110.0, 65.8. MS m/z (EI, relative intensity): 410 

(M+, 16), 384 (1), 353 (7), 333 (31), 283 (5), 266 (16), 229 (3), 201 (6), 159 (2), 125 (3), 97 (9), 

73 (63), 58 (44). HRMS (ESI)+ m/z 409.8996 (C12H12Br2O6 [M+] requires 409.9001).  

4.2.2. Sample Preparation 

Isotactic PMMA (iPMMA) (Aldrich, Mw = 120,000 g/mol), polyvinyl alcohol 80% 

hydrolyzed (PVA80) (Aldrich, Mw = 9,000 – 10,000 g/mol), polyvinyl alcohol 100% hydrolyzed 

(PVA100) (Aldrich, Mw = 89,000 – 98,000 g/mol), and polyvinyl acetate (PVAc) (Aldrich, Mn = 

167,000 g/mol) were used as polymer matrix without further purification. Br6A was synthesized 

following previously reported synthetic routes.12 Samples for quantum yield measurement were 

prepared by dropcasting chloroform solution on the unmodified glass.  

4.2.3. Measurement and Characterization 

1H-NMR spectrum was recorded on a Varian MR400 (400 MHz) in DMSO-d6 solution 

and 13C-NMR spectrum was recorded on a Varian MR400 (100 MHz) in DMSO-d6 solution. 

Chemical shift values were identified relative to 0.05 v/v% tetramethylsilane as an internal 
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standard (0.00 ppm). Mass spectra were recorded on an Agilent Q-TOF 6520 system using 

electrospray in positive ion detection (ESI)+ mode. Significant fragments are reported in the 

following fashion: m/z (relative intensity). Elemental analysis was carried out using a CE 

instruments, EA1110 elemental analyzer. UV-vis absorption spectra were measured at room 

temperature by using a Varian Cary 50 UV-vis spectrophotometer. Photoluminescence, Absolute 

quantum yield and Time-resolved fluorescence lifetime were obtained using a Photon 

Technologies International (PTI) Quanta master spectrophotometer equipped with an integrating 

sphere and a laser excitation system. The relative fluorescence quantum yield was measured 

using Rhodamine B in Ethanol as a standard reference (1×10-7 M, ΦF = 95%). Absorption and 

emission inside the sphere were determined by comparison to a blank sample (glass only). A 

neutral density filter was used to allow for maximization of the emission signal without 

saturating the photomultiplier tube detector with excitation light. Each sample type was run in 

quadruplicate with each quantum yield measurement coming from a freshly drop cast sample. 

Measurements proved highly repeatable, and errors are given as ±1 standard deviation. 

 

4.3. Results and Discussion 

We first examined the solution-state luminescence properties of G1. An aqueous 

solution of G1 under ambient conditions showed blue fluorescence emission at 460 nm (Figure 

4.2) with a quantum yield of 11.5% and a lifetime of 2.18 ns. We did not observe any 

phosphorescence emission from an aqueous solution of G1 even under oxygen-free conditions. 

However, when the solution was cooled to 77 K, strong green phosphorescence emission at 510 

nm was detected, with a long lifetime of 5.9 ms (Figure 4.3). The solution was diluted to 10-5 M 

to rule out intermolecular interactions between molecules. At this cryogenic temperature, 
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solvents are frozen, which greatly suppresses the vibrational dissipation of triplets and thus 

allows phosphorescence emission. A G1-doped PVA film was prepared by simple drop casting 

from an aqueous solution of G1 with 80% hydrolyzed PVA (denoted PVA80; 1 wt % of G1 in 

PVA80). PVA is a polyhydroxy polymer and can efficiently form intermolecular H-bonds with 

various polymers20 and functionalized small-molecular dopants21, 22 as well as inter and 

intramolecular H-bonds with PVA itself at room temperature.23 These unique characteristics of 

PVA enabled the use of PVA as a host material for the newly synthesized phosphor, G1.  

    

Figure 4.2. UV/Vis absorption (black line), PL (blue line), and gated PL spectra (green squares) 
of an aqueous solution of G1. The inset shows photoluminescence images of an aqueous solution 
of G1 at room temperature and at 77 K. 
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Figure 4.3. Time-resolved measurement of 530 nm emission from G1 solution (H2O, 1 × 10-5 M) 
at 77 K with fit to long-lived component. Lifetime and X2 are indicated. 

 

The resulting thin film showed strong phosphorescence with λmax = 530 nm and only a 

soft shoulder in the fluorescence region at around 430 nm (Figure 4.4a). The gated 

photoluminescence (PL) spectrum (Figure 4.4a) and long lifetime of 4.7 ms clearly confirmed 

that the emission at 530 nm was phosphorescence. Notably, the phosphorescence quantum 

efficiency reached 13%, which is approximately 1.5 times that of the Br6A–iPMMA thin film. 

We believe that this large enhancement in phosphorescence quantum efficiency can be attributed 

to the strong self H bonding of the rigid polymer matrix in combination with the restriction of 

vibrational motion by the intermolecular H-bonds between PVA80 and G1.  



64 
 

        

Figure 4.4. PL and gated PL spectra of a) a PVA80 thin film doped with 1 wt % G1 and b) a 
PVA100 thin film doped with 1 wt % G1. Insets show phosphorescence images of the 
corresponding G1-doped PVA80 and PVA100 thin films. 

 

We further improved the intermolecular H-bonding efficiency by using 100% 

hydrolyzed PVA (denoted PVA100). PVA100 has 25% more H-bonding sites than PVA80, 

which lead to more efficient interpolymer H-bonding and consequentially enhanced rigidity of 

the PVA matrix. Furthermore, the increased number of H-bonding sites also provides more 

opportunities for the formation of H-bonds between PVA100 and G1. Thus, PVA100 was 

expected to suppress rotational and vibrational motion more efficiently than PVA80. Figure 4.4b 

displays PL and gated PL spectra as well as a photograph of the PVA100 thin film with 

embedded G1. As expected, the film produced significantly enhanced phosphorescence emission 

with a quantum yield of up to 24%. This result clearly demonstrates that our intermolecular H-

bonding strategy to suppress vibration dissipation is a very effective method to achieve bright 

organic RTP in the amorphous state. We tested the Br6A–PVA80 system to deconvolute the role 

of the H-bonding interactions of G1–PVA and PVA–PVA on phosphorescence. Br6A molecules 
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cannot form H-bonds with the PVA matrix because of the absence of a carboxylic acid periphery. 

In contrast, PVA–PVA H-bonds are retained in the Br6A–PVA system. Br6A–PVA80 thin films 

(1 wt % Br6A) were fabricated from a solution of PVA80 and Br6A in N,N-dimethylformamide 

(DMF) by means of solution drop casting. The Br6A-doped PVA80 thin films produced green 

phosphorescence at room temperature. However, the phosphorescence quantum efficiency was 

only 2.2%, thus indicating that the H-bonds between G1 and PVA play a critical role in 

restricting the vibration and movement of G1 in the PVA matrix.  

We investigated the effect of the polymer matrix to further prove our hypothesis. We 

prepared poly(vinyl acetate) (PVAc)/PVA80 blend films with various blend ratios. (Since 

PVA100 is soluble only in water, but PVAc is not soluble in water, we used PVA80 instead, and 

dissolved PVA80 with PVAc in DMF.) Each polymer blend was dissolved with G1 and used to 

make thin-layer PVAc/PVA80 films with embedded G1. The phosphorescence quantum yield of 

G1 deceased from 13 to 0.5% as the weight percent of PVAc increased from 0 to 100% (Figure 

4.5). Unlike the hydroxyl functional group of PVA, the acetyl moiety of PVAc is a weak H-

bonding acceptor. Although PVAc can form H-bonds with PVA and G1, the H-bonding strength 

is weaker than that possible with PVA. Moreover, PVAc cannot form H-bonds with itself 

because it does not have a H-bond-donor group. Thus, an increase in PVAc content leads to a 

drop in both the strength and number of H-bonds between matrix polymers as well as between 

polymers and G1, which results in significant activation of vibrational dissipation and 

consequent phosphorescence quenching.  
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Figure 4.5. Phosphorescence quantum yield of G1 in PVAc/PVA80 blend films with various 
blend ratios. The chemical structure of PVAc is also shown. 
 
 

Figure 4.6 shows the effect of the doping concentration of G1. An optimum G1 

concentration was identified to be 1 wt % relative to the polymer mass. At a higher concentration 

than 1 wt %, self-quenching caused the observed low emission yield.12, 19 At a very low 

concentration, the number of G1 molecules is too small to enable the necessary halogen bonding 

between G1 molecules for efficient spin–orbit coupling, thus resulting in the observed minimal 

phosphorescence quantum efficiency. This hypothesis could be proved by additionally doping 

the G1–PVA80 system with G2, a dibromo analogue of G1. (Unlike G1, G2 is not soluble in 

water. Thus, we used PVA80 as the polymer matrix and DMF as the solvent). G2 does not 

produce RTP even in the PVA matrix by itself, because G2 lacks the triplet-generating 

benzaldehyde structure. However, it can readily form strong halogen bonds with G1, which 

significantly enhances spin–orbit coupling and suppresses the vibration of G1. Figure 4.6b 

clearly shows the effect of the co-dopant on the phosphorescence quantum yield. When the 0.01 

and 0.1 wt % G1–PVA80 system was co-doped with an additional 0.1 and 1 wt % of G2, the 
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phosphorescence quantum yield increased from 0.5 and 2% to 2 and 9%, respectively.  

  

Figure 4.6. a) Phosphorescence quantum yield at different phosphor concentrations for G1-
doped PVA80 and PVA100. b) Phosphorescence quantum yield of G1-doped PVA80 and 
G1/G2-doped (1:10, w/w) PVA80. The chemical structure of G2 is also shown. 

 

The intensity of phosphorescence emission of the G1–PVA system was strongly 

dependent on the air humidity (Figure 4.7a). As the humidity increased, the phosphorescence 

intensity decreased linearly (Figure 4.7b), whereas the fluorescence emission peak at 437 nm 

remained unchanged. We can deduce that at higher humidity, more water is absorbed by the G1–

PVA system, and that the absorbed water can efficiently break the H-bonds between PVA 

molecules and between G1 and PVA. Breaking of the H-bonds consequently enhances the 

motion of PVA and vibrational motion of G1, thus resulting in the significant decrease observed 

in the phosphorescence quantum efficiency. In contrast, the fluorescence intensity is not 

dependent on humidity because the radiative decay rate of singlet exciton is much faster than that 

of triplet exciton. Interestingly, the phosphorescence of G1–PVA was readily converted into blue 
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fluorescence when water was dropped onto the G1–PVA film.  

     

Figure 4.7. a) PL spectra of 1 wt% G1–PVA100 thin film at various humidities. b) Correlation 
of the PL intensity at 525 nm versus humidity. The black line is the linear fitting curve. The 
excitation wavelength was 365 nm. 

 

On the basis of this behavior, we successfully demonstrated the use of our material as an 

“optical recording medium”: The characters “UM” were written on the surface of the G1–PVA 

film (10 wt % G1/100% hydrolyzed PVA) with a water-soaked pen (Figure 4.8a). Unlike the 

response to humidity, water not only breaks the PVA–PVA and PVA–G1 H-bonds, but also 

breaks the halogen bonds between phosphors and thus finally dissolves the matrix and phosphors. 

The dissolved phosphors now emit strong fluorescence, not phosphorescence (Figure 4.8b). This 

unique system can be utilized as a ratiometric water sensor. We demonstrated several real 

applications, such as a water indicator for fuel or organic solvents (Figure 4.9) and residual-water 

monitoring in root-canal treatment in dentistry (Figure 4.10).  
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Figure 4.8. a) Reversible direct writing of a fluorescent watermark on a PVA film embedded 
with G1. The characters “UM” were written with a water-soaked pen. b) Schematic illustration 
of phosphorescence processes in the G1–PVA composite. 
 

Our phosphorescence system can be also used as a water indicator to in fuel or organic 

solvents. It is well known that fuel injector inside the automobile engine is easily damaged by 

presence of water. We investigated the correlation between the ‘phosphorescence to fluorescence’ 

switching time of G1-PVA100 thin films (10 wt % G1) and the water content in commercial 

gasoline. As the amount of water in gasoline increases, the response time decreases linearly as 

shown in Figure 4.9, allowing quantitative analysis. Because the prepared G1-PVA100 thin films 

respond not to other organic solvents but to only water they can be used as a water indicator in 

organic solvents as well. 
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Figure 4.9. Correlation curve of water content in gasoline versus response time for water-in-fuel 
sensing application. 
 

Residual water monitoring is an important procedure during root canal treatment in 

dentistry and thus a simple water sensing kit would provide great convenience. We constructed 

phosphorescence hydrogel prepared by UV-polymerization of an aqueous solution of G1-PVA80 

(10 wt % G1 relative to PVA80), polyethylene glycol diacrylate (PEGDA), and 2-hydroxy-2-

methylpropiophenone (HMPP) (Figure 4.10a). In this formulation, PEGDA was used as a 

monomer and HMPP was employed as a photoinitiator for making hydrogel with PVA80. 

Pristine hydrogel bearing water emitted strong blue fluorescence. However, once the gel was 

dried completely it showed green phosphorescence (Figure 4.0b). The hydrogel was readily 

swollen by small amount of water and subsequently changed the emission color from green 

phosphorescence to blue fluorescence. 
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Figure 4.10. (a) Chemical structures of PEGDA and HMPP (b) Photoluminescence images of 
G1-PVA80 embedded hydrogel. 

 

4.4. Conclusions 

In summary, we successfully developed a highly efficient purely organic RTP system 

with an amorphous polymer matrix by introducing rationally designed strong intermolecular 

interactions. Through systematic investigation, we demonstrated that strong non-covalent 

interactions, that is, hydrogen and halogen bonds, between the newly designed organic phosphor 

(G1) and the PVA matrix efficiently suppress the vibrational dissipation of triplet electrons and 

thus allow a high phosphorescence quantum yield of 24%. We also discovered a unique 

phosphorescence-to-fluorescence switching phenomenon in the G1–PVA system in response to 

water. Because, RTP is emitted from a molecular assembly in the G1–PVA system, when water 

molecules break up the molecular assembly of G1–PVA, the efficiency of spin–orbit coupling 

drops, thus resulting in fluorescence rather than phosphorescence emission. We believe that the 

demonstrated strategy based on intermolecular interaction to enable bright RTP from a purely 
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organic material can be utilized for the development of novel phosphors for ratiometric water 

sensing as well as phosphorescent organic light-emitting diodes for real applications. 
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CHAPTER 5 

A Novel Optical Ozone Sensor Based on Purely Organic Phosphor 

 

This chapter describes an optical ozone sensor based on organic phosphorescence. As an 

environmentally clean oxidant or disinfectant, ozone has been widely used in the sterilization and 

deodorization of drinking water. Unfortunately, ozone is toxic to humans, but is regularly 

generated indoors by office machinery. Conventional inorganic ozone sensors detect ozone by 

monitoring the conductance decrease or resistance increase resulting from inorganic surface 

oxidation. Thus, they must be accompanied by an integrated heating system in order to reduce 

the oxidized surface for reversible usage, which makes this inorganic sensor expensive. Even 

though optical ozone sensors, based on UV or IR absorption and chemiluminescence or 

photoluminescence, have attracted interest, they still have practical limitations such as slow 

response times, low sensitivity, and lack of portability. On the other hand, our novel 

phosphorescence-based ozone sensor has numerous advantages such as high sensitivity (~ 1ppm), 

low cost fabrication, and by integration with polymer film it can be disposable and portable like 

litmus paper sensors.  

 

 

Parts of this chapter appear in: Lee, D.; Jung, J.; Bilby, D.; Kwon, M. S.; Yun, J.; Kim, J. 

submitted. 
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5.1. Introduction 

Ozone sensing has recently attracted great interest because ozone, which is hazardous to 

humans, is produced by many industrial processes such as surface cleaning of semiconductor 

devices and biomaterials.1-3 As an environmentally clean oxidant or disinfectant, ozone is also 

used in the sterilization and deodorization of drinking water.4-6 Furthermore, ozone is generated 

indoors by office machinery such as photocopiers and laser printers. However, long-time 

exposure to ozone at high concentration can cause health problems like pulmonary edema, so it 

is of great importance to detect accurate environmental ozone concentration.7 Ozone has been 

widely sensed by monitoring conductance changes in metal oxide-based inorganic 

semiconductor devices which feature high sensitivity, low cost and simple fabrication.8-10 

Among metal oxides, zinc oxide (ZnO) received more attention as a gas sensor due to its high 

sensitivity, non-toxicity and high chemical stability.11-13 In order to further enhance the 

sensitivity of ZnO-based ozone sensors, nanostructure fabrication has been developed.14-16 

Ozone is by nature a highly unstable and reactive oxidizing species with a much higher 

oxidation power than that of oxygen. It is difficult to reversibly reduce the oxidized surface of 

metal oxides, which limits reversible sensing.17 Therefore, the conventional semiconductor-based 

sensors require high temperature operation, above 200 oC, so as to reduce the oxidized surface 

for reversible sensing.18-20 These conventional metal oxide based sensors are not suitable for low 

cost fabrication due to their integrated heating systems, and are not portable due to their high 

operating temperatures and the high power consumption of the heating system. As an alternative 

to heating, these metal oxides can be reduced by UV light and re-oxidized by ozone exposure, 

which enables reversible sensing at room temperature.21 In this case, the conventional thermal 

reactivation process of the sensing layer is substituted with external UV irradiation. This photo-
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assisted reversible oxidation and reduction mechanism has been further investigated.22,23 Bender 

et al. showed that a ZnO ozone sensor was photo-reduced by UV light exposure in vacuum and 

the conductivity was recovered accordingly.22 Wang et al. used a 400 nm light-emitting diode to 

reduce the oxidized surface of an In2O3 ozone sensor.23 

Optical ozone detection has been garnering interest because optical detection is free from 

electromagnetic noise and compatible with optical fibers for remote sensing.24-26 Several optical 

ozone detection methods have been reported including UV absorption photometry27,28, IR 

absorption photometry29, chemiluminescence30,31, and photoluminescence (fluorescence)32,33. UV 

or IR absorption methods are not suitable for compact and low cost devices, in spite of their 

relatively accurate and reliable operation. Chemiluminescence and photoluminescence are highly 

sensitive, but these methods commonly lack reversibility. Amos reported ozone sensing by 

means of 2-diphenylacetyl-1,3-indandione-1-hydrazone as a fluorophor, but their sensor suffered 

from rather slow response and mediocre sensitivity.32 Guoquan et al. utilized fluorescence 

quenching to detect atmospheric ozone using 2’,7’-dichlorofluorescein, which required precise 

pH control.33 Moreover, fluorescence based photometry must be conducted in solution, which is 

incompatible with a portable and facile sensory platform. Therefore, small-size portable ozone 

sensors, especially those can be integrated with any kind of mobile devices, are of great interest. 

In this contribution, we present our recent development of a rapid, sensitive, cost-

effective, and portable sensory system based on organic phosphorescence to detect ozone gas and 

ozonated water. We synthesized a purely organic phosphor (Br6A) using a previously reported 

method.34 In a doped crystal with its analogous host material (Br6), Br6A shows bright green 

phosphorescence emission with high photoluminescent quantum efficiency. However, it is easily 



77 
 

oxidized by ozone exposure resulting in a decreased phosphorescence quantum yield (QY). This 

phosphorescence drop is induced by oxidation of aldehyde, its triplet generating core moiety. In 

order to obtain a free-standing sensory film, the phosphor (Br6A) was blended with an 

amorphous glassy polymer, isotactic poly(methyl methacrylate) (iPMMA).35 The resulting blend 

film showed a predictable and quantifiable quantum efficiency change with increased ozone 

exposure time in the same fashion as the doped Br6A crystal did. The free-standing film is 

applicable to monitor ozone concentration in the form of gas or solution. To the best of our 

knowledge, this unique ozone sensor is the first solid state sensor with signal transduction via 

organic phosphorescence change. As a free-standing, disposable, and colorimetric sensory film 

like a litmus paper, this would be one of the most convenient platforms as a portable ozone 

sensor, and the cost effectiveness can compensate for the limited reversibility. 

 

5.2. Experimental Section 

5.2.1. Materials 

An organic phosphor (Br6A), 2,5-dihexyloxy-4-bromobenzaldehyde, and matrix 

material (Br6), 2,5-dihextloxy-1,4-dibromobenzene, were synthesized following previously 

reported synthetic routes.34 Isotactic PMMA (iPMMA) (Sigma Aldrich, Mw = 120 kg/mol) was 

used as polymer matrix without further purification. Potassium iodide was purchased from 

Sigma Aldrich and sodium thiosulfate pentahydrate (Na2S2O3·5H2O) was purchased from Acros 

Organics. They were used without further purification. 

5.2.2. Measurement and Characterization 

 Proton NMR was conducted on a Varian Inova 500 equipped with a Varian indirect 

detection probe using CDCl3 solvent with chemical shifts identified relative to 0.05 v/v% 
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tetramethylsilane standard (0.00 ppm). Photoluminescent (PL) emission, excitation, and quantum 

yield (QY) data were collected using a Photon Technologies International (PTI) Quantamaster 

system equipped with an integrating sphere. QY was measured using an integrated sphere whose 

accuracy was verified using a 10 mM Rhodamine 6G/ethanol solution. Samples for QY 

measurement were prepared by dropping 0.1 g/mL chloroform solutions of the desired 

compounds, mixed in the weight ratios reported, onto an unmodified glass substrate. 

5.2.3. Ozone Sensing 

An ozone sensing doped crystal film was prepared by dropcasting 1 wt % of chloroform 

solution consisting of 10 wt % of Br6A versus Br6 onto a glass substrate followed by drying in 

vacuum for 24 h. The pristine phosphorescence of the crystalline film had a 50.4% quantum 

yield before ozone exposure. The film was dipped in an 8 mL of deionized water in a petri dish. 

An ozone sensing film of amorphous polymer was prepared by dropcasting 1 wt % of 

chloroform solution consisting of 5 wt % of Br6A versus iPMMA onto a glass substrate. After 

drying for 15 min at room temperature, it was annealed at 100 oC for 10 min. The resulting 

amorphous film showed a 6.5% quantum yield. Ozone was generated using a UV-Ozone 

Procleaner (BioForce Nanosciences) with varying irradiation time, resulting in ozonated water 

with different ozone concentration. The concentration of ozonated water was determined by 

titration.36 The ozonated water containing KI and a few drops of an aqueous starch solution 

showed a yellow color originating from the formation of I3
- species via the ozone. A 5 × 10-3 M 

Na2S2O3 solution was used for titration. Using a micro pipet, the exact volume of Na2S2O3 

solution was quantified by monitoring the color change from yellow to colorless. From the 

amount ofNa2S2O3 solution, the amount of ozone was determined, and then ozone concentration 

was defined as a mass fraction versus given amount of water. 
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5.3. Results and Discussion 

As a purely organic phosphor, Br6A is weakly emissive under ambient conditions due to 

the dominant vibrational loss pathway even though it contains a good triplet generating moiety, 

the aromatic ketone. However, it emits bright room temperature phosphorescence once it is 

intermixed with an analogous dibromo compound (Br6), which has a good crystalline character 

and forms a well-defined doped crystal.34 In the doped crystal, vibration is efficiently suppressed 

by halogen bonding and intersystem crossing is also facilitated by the heavy atom effect induced 

by halogen bonding. These effects make the doped crystal relatively robust under ambient 

atmosphere, unlike other purely organic alternatives. Br6A is also quite emissive at room 

temperature if it is embedded into a glassy polymer matrix like isotactic PMMA.35 In this 

composite, vibration is suppressed by the rigidity of the matrix polymer, and intersystem 

crossing is enhanced at a certain mixing concentrations through intermolecular halogen 

bonding.35,36 This amorphous phosphorescence system has a number of advantages over crystal-

based phosphorescence, such as easy free-standing film formation and no need for stringent 

crystal growth. Its phosphorescence emission also shows good stability in ambient conditions 

partly due to the rigidity of polymer, limited oxygen permeability through the polymer matrix, 

and suppression of the associated phosphorescence quenching pathways.  

Interestingly, these two phosphorescence systems are quite sensitive to ozone, a highly 

active species, and show a predictable emission efficiency drop by varying ozone concentration. 

First, we prepared doped crystals consisting of 10 wt % of Br6A versus Br6 to detect ozonated 

water with different ozone concentration. This crystalline sample has a 50.4% initial QY at room 

temperature. After submerging the sample in deionized water, ozone was generated and adsorbed 

into the water. The resulting sample was rinsed with deionized water and dried at room 
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temperature, followed by QY measurement. Ozone concentration was determined by a titration 

method with a Na2S2O3 solution using ozonated water containing KI and starch.37 As shown in 

Figure 5.1, QY tends to decrease as a function of ozone concentration. QY decreased more 

rapidly, with a rate of 4.21% per 1 ppm of ozone, at low concentration (below 6 ppm) than at 

high concentration (0.90% QY decrease per 1 ppm of ozone above 6 ppm). We believe that at 

the early stage of ozone exposure, most of the adsorbed ozone can easily react with the crystal 

film surface, leading to fast QY drop. However, at the later stage with higher ozone 

concentration slow penetration of the adsorbed ozone through the crystal structure combined 

with the fact that water is a poor solvent for the crystal result in the slower QY drop. As one can 

clearly see, the QY drop up to the ozone concentration of 6.07 ppm shows a very good linear 

correlation implying possible quantitative detection of ozone concentrations of 0.1 ppm - the 

threshold concentration that damages human tissue and respiratory organs.    

 

Figure 5.1. Phosphorescence QY change of doped crystal as a function of ozone concentration. 
Chemical structures of Br6 and Br6A are shown. The excitation wavelength was 365 nm, and the 
phosphorescence emission was collected in the range of 450 nm to 620 nm.   
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It has been well-known that aldehyde is easily oxidized to carboxylic acid or peroxy acid 

by ozone.38,39 The ozonation mechanism is explained by two competitive pathways. The first one 

is acyl hydrogen abstraction followed by forming a hydrotrioxide as an intermediate, finally 

converted to carboxylic acid.40,41 The other is stepwise cycloaddition leading to a tetroxolane 

intermediate followed by ring opening of the tetroxolane, finally producing carbonyl oxide.42 

Based on the knowledge from those references, we hypothesized that aldehyde, a critical triplet 

producing moiety, was oxidized by ozone, resulting in consequential phosphorescence quenching. 

In order to investigate aldehyde oxidation with ozone, we collected NMR spectra of each sample 

as shown in Figure 5.2.  

 

Figure 5.2. 1H NMR spectra of mixed crystal dropcast from Br6 and Br6A solution after 
exposed in ozonated water for a given time. Each peak was integrated and normalized by 
aldehyde peak appearing around 10.40 ppm. 

 

Aldehyde and aromatic hydrogen peaks appear at 10.40 ppm, 7.29 ppm, and 7.21 ppm, 

respectively. Notably, the aldehyde proton peak area decreased relative to that of the aromatic 
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hydrogen. To analyze quantitatively, each peak was integrated and normalized by the aldehyde 

hydrogen area. The degree of oxidation was defined as  

                         (1 – Iair / Iozone) * 100                 (1) 

where Iair and Iozone represent relative peak area of the aromatic hydrogen to the aldehyde under 

air and ozone atmosphere at a given concentration, respectively. Our data clearly show that the 

degree of oxidation tends to increase with ozone concentration, as shown in Figure 5.3. This 

increase of oxidation with ozone concentration is closely related with the QY decrease as shown 

in Figure 5.1. Compared to the later stage above 6 ppm ozone, the aldehyde is more rapidly 

oxidized at the early stages below 6 ppm, which is likely attributed to the different accessibility 

of adsorbed ozone to the surface and the inside of the crystal.  

 

Figure 5.3. Degree of oxidation of the aldehyde moiety in Br6A as a function of ozone 
concentration based on areal integration of NMR data. Aldehyde and aromatic hydrogen peaks 
appear at 10.40 ppm, 7.29 ppm, and 7.21 ppm respectively.  
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In order to investigate morphological change by ozone exposure, we collected 

fluorescence microscope images as shown in Figure 5.4. The green phosphorescence intensity 

clearly decreased after the doped crystals were submerged in 6.07 ppm ozonated water while 

there was no significant change in morphology. This finding implies that QY drop is solely 

attributed to chemical oxidation of aldehyde, not by physical appearance change. 

 

Figure 5.4. Fluorescence microscope images of (a) pristine doped crystal and (b) ozone treated 
doped crystal in 6.07 ppm ozonated water.  

 

In order to further investigate the oxidation of the aldehyde moiety, we prepared a 

slowly grown pure Br6A crystal having a phosphorescence QY of 2.9%. Interestingly, we found 

that Br6A itself was not oxidized (supported by NMR data in Figure 5.5) even after being treated 

for 30 min in ozonated water and no phosphorescence change was observed. We hypothesized 

that Br6 in the doped crystal plays a key role in the aldehyde oxidation. It is has been reported 

that catalytic oxidation of aldehydes, can be promoted by Lewis acids.43–45 In our system, by 

acting as a Lewis acid Br6 promotes the oxidation of the Lewis basic, the aldehyde functional 

group of Br6A. Thus, we concluded that proximity between Br6 and Br6A by intermolecular 

halogen bonding facilitates Lewis acid catalyzed ozonation of Br6A.  
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Figure 5.5. 1H NMR spectra of (a) slowly grown Br6A crystal and (b) after being exposed in 
ozonated water for 30 min. Each peak was integrated and normalized by aldehyde peak 
appearing around 10.40 ppm. 

 

Even though the crystal-based optical ozone sensor has many advantages, such as rapid 

response time and high sensitivity, it must be fabricated by dropcasting or spin coating onto a 

substrate. As a free-standing sensor without any substrate, an amorphous phase optical sensor 

consisting of a phosphor as a sensory unit embedded in a polymer matrix was developed. Here, 

PMMA not only acts as a rigid matrix to suppress triplet vibration of Br6A, but it also provides 

good processability and the propensity to form free-standing phosphorescence films sensitive to 

ozone. This feature enables the fabrication of a portable and low cost sensor like litmus paper. A 

1 wt % chloroform solution containing 5 wt % Br6A to polymer mass was prepared and dropcast 

on a silicon wafer substrate and dried at room temperature followed by thermal annealing at 100 

oC for 10 min. The resulting film was easily peeled off from the substrate and showed 6.5% 
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green phosphorescence QY under ambient conditions. It was exposed directly to ozone gas 

generated by a UV-Ozone Procleaner. As shown in Figure 5.6, the green phosphorescence 

emission intensity decreases with increasing ozone exposure time and it loses most of its 

phosphorescence after exposure for 5 min. Data clearly shows a linear correlation between QY 

and ozone exposure time from the initial state to 3 min ozone exposure. From the proton NMR 

spectra in Figure 5.7, we found that most of the aldehyde peak disappeared after 5 min ozone 

exposure.  

 

Figure 5.6. (a) Phosphorescence emission intensity change and (b) QY change of amorphous 
ozone sensor as a function of ozone concentration (inset: fluorescence microscope images were 
taken under 365 nm light). The excitation wavelength was 365 nm, and phosphorescence 
emission was collected in the range of 450 nm to 620 nm.   
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Figure 5.7. 1H NMR spectra of amorphous ozone sensor made from iPMMA and Br6A after 
exposed in ozone gas for a given time.  
 

5.4. Conclusions 

In summary, we developed an optical ozone sensor based on a purely organic phosphor 

showing high sensitivity and linear correlation between QY and ozone concentration. The 

observed phosphorescence QY drop is due to oxidation of the aldehyde moiety of the organic 

phosphor that is the main triplet generating functional group of Br6A. It can quantitatively detect 

both ozone gas and ozonated water. The sensitivity of the system can detect ozone 

concentrations of 0.1 ppm that is the threshold concentration harmful to human tissue and 

respiratory organs. This novel sensor has a number of benefits over conventional conductance-

based inorganic sensors including portability, easy fabrication, and low cost. Like a litmus paper, 

this ozone sensor can be fabricated as a free-standing and disposable film. The development of 

this sensor technology should enable facile ozone detection, which will help improve the quality 

of life and safety for workers in ozone producing industries. The low cost of this sensor is 

suitable for broad adaption as a means of identifying malfunctioning of ozone producing 

equipment and indicating overexposure to this harmful chemical. 
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CHAPTER 6 

The Effects of Extended Conjugation Length of Purely Organic 

Phosphors on Their Phosphorescence Emission Properties  

 

 This chapter describes the effects of the extended conjugation length of organic 

phosphor on their phosphorescence properties at 77 K. In this work, we focus on the first 

intersystem crossing, triplet harvesting, which is one of the key processes in realizing 

phosphorescence emission. A series of bromobenzaldehydes are prepared in order to investigate 

photophysical properties and computational methods are utilized to calculate intersystem 

crossing rate and electron density difference between ground states and excited states. Our data 

clearly shows that phosphorescence intensity decreases with red-shifted emission as the 

conjugation length increases. Our computational results imply that this correlation is related to 

intersystem crossing rate determined by spin-orbit coupling strength rather than simple energy 

difference between the lowest lying singlet and triplet states. TD-DFT calculations show that the 

S1T1 transition more dominantly occurs than S1T2 transition for all cases. Moreover, singlet 

excited states are localized on aldehyde functional group regardless of the conjugation length 

while triplet excited states are evenly distributed over the conjugated backbone, and therefore, 

the conjugation length largely affect the intersystem crossing rate.   

 

Parts of this chapter appear in: Lee*, D.; Ma*, X.; Jeong, E. J.; Hashemi, H.; Kieffer, J.; Kim, J. 

submitted. The computational work in the chapter was carried out by Xiao Ma. 



91 
 

6.1. Introduction 

Organometallic phosphorescence has attracted much interest for organic light emitting 

diodes (OLED) application because it offers theoretically 4 times better efficiency than 

fluorescence counterparts.1-4 However, organometallic phosphors have some challenges such as 

identifying new metallic elements and strict ligand design for color tuning. Also, organometallic 

phosphors for higher energy emission in the blue and near UV regions have poor stability and 

resulting limited lifetime.5-6 Purely organic phosphors offer an attractive alternative in terms of 

synthesis flexibility, good stability, and relatively easier color tuning by controlling band-gap 

and electron density. However, purely organic phosphorescence has been rarely reported because 

spin-orbit coupling is not efficiently activated in the absence of a heavy atom, such as a metal, 

which promotes spin-flipping and phosphorescence emission against dominant vibrational 

losses.7-8  

To achieve bright purely organic phosphorescent materials, there are two critical 

requirements: (i) promoting intersystem crossing (ISC) from excited singlet states to triplet states 

and (ii) radiative decay via the second ISC event from the triplet states to ground states. 

Aromatic ketones exhibit efficient spin-orbit coupling at the carbonyl oxygen due to energy 

proximity between S1 and T2.9 Therefore aromatic ketones are unique moieties in designing 

organic phosphorescent materials. Even though triplets are generated from aromatic ketones 

through ISC, they inevitably experience non-radiative decay during the second ISC. More 

specifically, enhancing spin-orbit coupling is the most important and challenging aspect of 

creating purely organic phosphorescent materials.  

Organic phosphorescence has been mostly observed under cryogenic conditions or for 

well-confined inorganic crystals where vibrational pathways are minimized.10-13 Kabe et al. have 
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shown enhanced phosphorescence in dibenzophosphole chalcogenide mixed crystals at low 

temperature.14 Room temperature phosphorescence (RTP) from crystals was detected in slowly 

grown halogenated benzophenone crystals and Boc and N,N′-dicyclohexylurea capped γ-amino 

acid crystals grown in common organic solvents.15-16 Bolton et al. designed well-defined 

phosphorescent crystals by incorporating a directed intermolecular halogen bonding reaching up 

to 55% efficient quantum yield (QY) in an ambient condition at room temperature.17 However, 

these materials are still impractical because the required crystallinity can only be achieved and 

preserved under limited conditions. Accordingly, achieving phosphorescence in amorphous 

structures would be desirable, especially in view of practical applications such as OLED, solid-

state lighting, and bio imaging. Even though RTP has been observed in amorphous materials in 

which strong hydrogen bonding is incorporated between phosphors and matrix polymers, the 

absolute QY was very low (~ 1%) or not even reported.18-20 More efficient amorphous RTP was 

reported by Lee et al. by embedding a bromobenzaldehyde derivative in a glassy poly(methyl 

methacrylate) (PMMA) matrix.21 They demonstrated that the degree of β-relaxation of PMMA, 

which depends on the tacticity, strongly affects phosphorescence efficiency of the embedded 

organic phosphors. The ensuing temperature dependence of this property provides the basis for 

an optical temperature sensor integrated into microfluidic devices. Recently, more efficient RTP 

with 24% of QY was achieved by introducing rationally designed hydrogen bonding and halogen 

bonding with amorphous polymer matrix.22 Hirata et al. showed that, by acting as an oxygen 

barrier and by providing mechanical rigidity, β-estradiol as a host material minimizes the 

nonradiative decay pathways of highly deuterated fluorene derivatives.23 They realized persistent 

RTP with a long lifetime (> 1 s) and high QY (> 10%) at ambient conditions. However, thus far, 

all efforts have been focused on reducing vibrational decay pathways by imparting 
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intermolecular interactions between an organic phosphor and an amorphous host material. Going 

forward, it is crucial to optimize the structure of phosphors so as to maximize triplet generation.  

In organometallic phosphorescence, a few studies were carried out to elucidate the 

structure-property relationship, mainly for platinum containing phenyl-ethynyl oligomers.24-25 

For example, Rogers et al. investigated the effects of increased conjugation and the influence of 

the platinum atom on the electronic structure by varying ligand length. However, there is no 

systematic study about the effect of extended conjugation in purely organic phosphors. 

In this contribution, we focus on the first ISC event, triplet harvesting, which is one of 

the key processes in order to realize bright phosphorescence emission. To investigate the effect 

of the conjugation length on phosphorescence, a series of bromobenzaldehydes with different 

conjugation lengths were synthesized, as shown in Figure 6.1. We observed that the 

phosphorescence intensity decreases as the conjugation length of the organic phosphor is 

extended, under cryogenic conditions. We concluded that triplet generation via the first ISC is 

somehow diminished with increasing conjugation length because vibrational decay pathways 

should be effectively turned off at the liquid nitrogen temperature of 77 K and thereby the second 

ISC from T1 to S0 should be efficient. 

This conclusion is also evident based on computational explorations. We first calculated 

the excited state energy levels of S1, T1 and T2, as well as the spin orbit coupling of S1T1 and 

S1T2 transitions. From those results, the rate constant of ISC for each molecule is then 

determined. It shows that S1T1 transition is the dominant process of the first ISC and the rate 

constant of S1T1 decreases as the conjugation length increases, which agrees with the 

experimental findings. We also identified the distribution of singlets and triplet state locations 

over each molecule by calculating the total electron density difference between ground state and 
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excited states. The magnitude of ISC rate is strongly correlated to the localization of the singlet 

and delocalization of the triplet. 

 

Figure 6.1. (a) Chemical structure of organic phosphors. (b) Excited energy levels relative to the 
corresponding ground state energy level for OP1 to OP4 in the top-down order; blue: 
experimental data measured by UV absorption; green: experimental data measured by max. PL 
emission; red: calculated data by TD-DFT calculation. 

 

6.2. Experimental Section 

6.2.1. Synthetic Procedure 

  We synthesized the series of bromobenzaldehydes as shown in Figure 6.2 to 

systematically vary the conjugation length of the phosphors and synthetic details are 

described as follows. 

 

Figure 6.2. Synthetic routes for organic phosphors. 
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 4-bromo-2-iodobenzonitrile (1). A solid mixture of 4-bromo-2-iodoaniline (3 g, 10.07 

mmol) and potassium nitrite (0.90 g, 10.57 mmol) was slowly added to a chilled (0 °C) 

solution of 90% HNO3 (10 mL) and water (10 mL). The reaction mixture was stirred for 

60 min and then poured into ice water (100 mL). The resulting mixture was filtered and 

then added slowly to a solution of copper cyanide (1.08 g, 12.08 mmol) and potassium 

cyanide (2.36 g, 36.25 mmol) in water (50 mL) at 70 °C. The reaction mixture was stirred 

at 70 °C for 30 min under basic conditions while adding 12 M aqueous potassium 

hydroxide and then cooled to room temperature. The aqueous layer was extracted with 

ethyl acetate and the organic layer was dried over MgSO4. The product was obtained from 

column chromatography after evaporating solvent under vacuo (1.55 g, 50%). 1H NMR 

(400 MHz, CDCl3): δ 8.11 (s, 1H), 7.60 (d, 1H), 7.43 (d, 1H). 

 4-bromo-2-iodobenzaldehyde (2). DIBAL (1M in hexane, 14 mL) was added to a 

solution of 1 (1.55g, 5.03 mmol) in THF (10 mL) at 0 °C. The solution was stirred for 30 

min at the same temperature and then warmed to room temperature and stirred overnight. 

MeOH (2 mL) was added to the mixture to quench the reaction, and the solution was 

stirred for 30 min. The white precipitate was filtered off and purified by column 

chromatography (0.40 g, 25%). 1H NMR (400 MHz, CDCl3): δ 9.98 (s, 1H), 8.15 (s, 1H), 

7.72 (d, 1H), 7.60 (d, 1H).  

 4-bromo-2-((trimethylsilyl)ethynyl)benzaldehyde (3). 

Bis(triphenylphosphine)palladium(II) dichloride) (25 mg, 0.035 mmol), copper iodide (5 

mg, 0.003 mmol), triethylamine (3 mL) and trimethylsilylacetylene (0.12 mL, 0.846 

mmol) were added to a solution of 2 (0.22 g, 0.705 mmol) in THF (3 mL) at room 

temperature. The solution was stirred for 2 h at the same temperature. The resulting 
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mixture was extracted with ethyl acetate and the organic layer was dried over MgSO4. 

The oily product was obtained from column chromatography after evaporating solvent 

under vacuo (0.17 g, 86%). 1H NMR (400 MHz, CDCl3): δ 10.47 (s, 1H), 7.75 (m, 2H), 

7.57 (d, 1H), 0.30 (s, 9H). 

 4-bromo-2-ethynylbenzaldehyde (OP1). Potassium carbonate (0.128 g, 0.924 mmol) 

was added to a solution of 3 (0.13 g, 0.462 mmol) in THF (2 mL) and MeOH (2 mL) at 

room temperature and stirred for 30 min. The reaction mixture was extracted with ethyl 

acetate and the organic layer was dried over MgSO4. The brown powder was obtained 

from column chromatography after evaporating solvent under vacuo (0.087 g, 90%). 1H 

NMR (400 MHz, CDCl3): δ 10.43 (s, 1H), 7.78 (m, 2H), 7.48 (d, 1H), 3.55 (s, 1H). 

 ((2,5-dibromo-1,4-phenylene)bis(ethyne-2,1-diyl))bis(trimethylsilane) (4). 

Bis(triphenylphosphine)palladium(II) dichloride) (0.14 g, 0.204 mmol), copper iodide 

(0.025 g, 0.131 mmol), diisopropylamine (15 mL) and trimethylsilylacetylene (1.2 mL, 

8.58 mmol) were added to a solution of 1,4-dibromo-2,5-diiodobenzene (2 g, 4.08 mmol) 

in THF (15 mL) at room temperature. The solution was stirred for 2 h at the same 

temperature. The resulting mixture was extracted with ethyl acetate and the organic layer 

was dried over MgSO4. The oily product was obtained from column chromatography after 

evaporating solvent under vacuo (1.48 g, 85%). 1H NMR (400 MHz, CDCl3): δ 7.68 (s, 

2H), 0.30 (s, 18H). 

 4-bromo-2,5-bis((trimethylsilyl)ethynyl)benzaldehyde (5). n-BuLi (2.5 M in 

hexanes, 0.43 mL, 1.08 mmol) was added dropwise to a solution of 4 (0.42 g, 0.98 mmol) 

in THF (5 mL) at - 78 °C under argon purge. After stirring for 30 min at - 78 °C, 

anhydrous DMF (0.11 mL, 1.47 mmol) was added slowly and then reaction mixture was 
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allowed to slowly warm to room temperature and stirred for 1 h. The resulting mixture 

was extracted with ethyl acetate and the organic layer was dried over MgSO4. The oily 

product was obtained from column chromatography after evaporating solvent under 

vacuo (0.16 g, 44%). 1H NMR (400 MHz, CDCl3): δ 10.43 (s, 1H), 7.96 (s, 1H), 7.80 (s, 

1H), 0.30 (s, 18H). 

 4-bromo-2,5-diethynylbenzaldehyde (OP2). Potassium carbonate (0.117 g, 0.848 

mmol) was added to a solution of 5 (0.16 g, 0.424 mmol) in THF (2 mL) and MeOH (2 

mL) at room temperature and stirred for 30 min. The reaction mixture was extracted with 

ethyl acetate and the organic layer was dried over MgSO4. The brown powder was 

obtained from column chromatography after evaporating solvent under vacuo (0.092 g, 

93%).  1H NMR (400 MHz, CDCl3): δ 10.42 (s, 1H), 8.06 (s, 1H), 7.90 (s, 1H), 3.60 (s, 

1H), 3.54 (s, 1H). 

 (Iodoethynyl)benzene (6). Aqueous tert-butyl hydroperoxide (TBHP) (1.21 g, 9.41 

mmol) was added dropwise to a solution of phenylacetylene (0.64 g, 6.27 mmol) and 

potassium iodide (1.14 g, 6.87 mmol) in MeOH (20 mL) at room temperature. The 

solution was stirred for 2 h at the same temperature followed by adding saturated aqueous 

sodium thiosulfate to quench the reaction. The resulting mixture was extracted with ethyl 

acetate and brine, and then the organic layer was dried over Na2SO4. The solid product 

was obtained from column chromatography after evaporating solvent under vacuo (1.01 

g, 71%). 1H NMR (400 MHz, CDCl3): δ 7.52 (d, 2H), 7.42 (m, 3H). 

 4-bromo-2-(phenylbuta-1,3-diyn-1-yl)benzaldehyde (OP3).  

Bis(triphenylphosphine)palladium(II) dichloride) (3 mg, 0.004 mmol), copper iodide (1 

mg, 0.005 mmol), triethylamine (2 mL) and 6 (0.02 g, 0.087 mmol) were added to a 
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solution of OP1 (0.016 g, 0.077 mmol) in THF (2 mL) at room temperature. The solution 

was stirred for 2 h at the same temperature. The resulting mixture was extracted with 

ethyl acetate and the organic layer was dried over MgSO4. The solid product was obtained 

from column chromatography after evaporating solvent under vacuo (5 mg, 21%). 1H 

NMR (400 MHz, CDCl3): δ 10.44 (s, 1H), 7.80 (m, 2H), 7.55 (m, 5H).  

 4-bromo-2,5-bis(phenylethynyl)benzaldehyde (OP4). Bis(triphenylphosphine)palladium(II) 

dichloride) (1.5 mg, 0.002 mmol), copper iodide (0.4 mg, 0.002 mmol), diisopropylamine (3 mL) 

and iodobenzene (0.012 mL, 0.11 mmol) were added to a solution of OP2 (0.01 g, 0.043 mmol) 

in toluene (3 mL) at room temperature. The solution was stirred for 2 h at the same temperature. 

The resulting mixture was extracted with ethyl acetate and the organic layer was dried over 

MgSO4. The solid product was obtained from column chromatography after evaporating solvent 

under vacuo (10.4 mg, 63%). 1H NMR (400 MHz, CDCl3): δ 10.52 (s, 1H), 8.10 (s, 1H), 7.92 (s, 

1H), 7.58 (m, 4H), 7.40 (m, 6H). 

6.2.2. Measurement and Characterization 

NMR spectra were obtained from an Inova 400 MHz FT-NMR spectrometer. UV-visible 

absorption spectra were measured at room temperature by using a Varian Cary 50 Bio UV-Vis 

spectrophotometer. Photoluminescent excitation and emission spectra at 77 K were collected on 

a Photon Technologies International (PTI) QuantaMaster equipped with Dewar flask. Time-

resolved phosphorescence decay curves were collected with a delay time of 150 µs after 

excitation of each molecule at 77 K and the phosphorescence lifetime was calculated assuming a 

single decay mechanism. 
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6.3. Computational Section 

6.3.1. Intersystem Crossing Rate 

 In phosphorescence, triplet states are populated by a non-radiative transition from a 

singlet to a triplet SkTn, i.e. the intersystem crossing. The transition between the 

different spin states is facilitated by spin orbit coupling. Perturbation theory suggests that 

for the transition between spin states to occur efficiently the energy difference between 

the two states must be small.26 Therefore, based on the energy level diagrams of Figure 

6.1, given that injected electrons predominantly create S1 singlet states, the ISC can occur 

from S1 to T1 or from S1 to T2. Several formalisms are given in the literature for 

estimating the ISC rate. The most simplified form is given as27,  

   (1) 

where HSO is the spin-orbit operator for calculating the coupling between kth singlet Sk 

and nth triplet Tn, and ∆E is the energy difference of the two states. It will give an 

estimate of the ISC rate for simple comparison. In order to perform a full ISC rate 

calculation, we will use the Fermi’s golden rule expression for radiationless transitions by 

considering Franck-Condon effect28,  

   (2)
 

where FCWD is the Franck-Condon weighted density of states. There are two main 

computational methodologies for determining Franck-Condon factor, either by applying 

displaced-oscillator model29 or by considering the Duschinsky rotation effect30. In this 

work, we use the displaced-oscillator model to calculate the intersystem crossing rate: 
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       (3)
 

 

where  

                                        (4)

 

nj is the occupation number of jth intramolecular phonon mode with frequency wj, and Sj 

is the Huang-Rhys factor measuring the electron-vibration coupling strength. Note that 

displaced-oscillation model is widely used in transition rate calculation between two 

states, e.g. simulating charge transfer reactions. Nan et al.31 and Wang et al.32 have 

demonstrated a good agreement between experiments and calculations of charge mobility 

in organic crystal (e.g. pentacene, rubrene) by including the displaced-oscillation model. 

6.3.2. Computation Detail 

 The excited energy levels, normal mode and electron density of the molecules were 

calculated using Gaussian09,33 and visualized the results using GaussView 05 or 

Multiwfn.34-35 All calculations were carried out using B3LYP exchange correlation 

function, and 6-311G* contracted Gaussian basis set with polarization functions. The 

molecular geometries for both ground and excited states were optimized in the Cartesian 

coordinate system without any symmetry constraints (maximum degrees of freedom). 

Following that, a dynamic analysis of the optimized structures was performed to confirm 

their stability by ascertaining the absence of imaginary frequency modes. Next, the 

excited energy levels were calculated using a single-point time dependent density 
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functional theory (TD-DFT) calculation based on the ground state geometry. The Huang-

Rhys factors corresponding to different normal mode frequencies were obtained using the 

DUSHIN program developed by Reimers.36 Finally, The electron density distribution of 

the ground and excited states were generated based on the optimized structure in that 

state. 

 The spin orbit coupling strength between two different excited states were calculated 

using the Dalton program.37 The double residue of the quadratic response function was 

applied when the two states were both excited states, while the single residue of the linear 

response was applied when one of the two states was ground state. 

 
6.4. Results and Discussion 

6.4.1. Photophysical Properties 

 In the series of bromobenzaldehydes we prepared as described in Figure 6.2, the 

purpose of incorporating acetylene and benzene moieties is to systematically vary the 

conjugation length of the molecules. In each case, the π-conjugated parts of ground-state 

molecular structures optimized using first-principles calculations adopt a planar 

configuration, which allows us to unequivocally define and compare their conjugation 

lengths. The CHO functional group lies in the same plane as the conjugated backbone, 

with the C=O bond pointing away from the triple bond. This is due to the repulsive 

interaction between the lone pair electrons on oxygen atom and π-electrons in triple 

bonds. In the OP1 molecule, for example, the local optimal state when making them close 

to each other raises the energy by 108 meV over the ground state.  

 Comparing the excited states energy levels obtained from TD-DFT calculations with 

experimental measurements (Figure 6.1), we observe a good match for both S1 and T1 
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energy levels relative to the respective S0 levels. We also note that the energy levels for S1 

and T1 consistently decrease with increasing conjugation length, but for each state keep 

close to each other within a narrow range. From OP1 to OP4, S1 only decreases by 0.53 

eV in experiments and 0.26 eV in calculations, and T1 by 0.42 eV in experiments and 

0.66 eV in calculations. Hence, we can expect that the optoelectronic properties of these 

molecules are dominated by the interplay between their conjugation backbones and CHO 

or Br functional groups, and that the conjugation length plays a subtler role. Conversely, 

the calculated T2 energy level for every molecule is lower than its S1 level and higher than 

T1 level, which would favor the intersystem crossing if this process was solely controlled 

by the singlet-to-triplet energy difference. To complete the assessment, however, we need 

to account for the spin orbit coupling strength, as discussed below. 

 Experimental UV absorption spectra are depicted together with extinction coefficients 

in Figure 6.3. Each solution was diluted to around 10-5 M with chloroform to avoid 

aggregation effects and measured at room temperature. As conjugation length increases, 

the absorption wavelength is red-shifted from 310 nm for OP1 to 360 nm for OP4 and 

extinction coefficient increases in S0-S1 transition region. 
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Figure 6.3. UV absorption spectra were measured in chloroform solution at room 
temperature and plotted with extinction coefficient. 
 

 Figure 6.4 shows steady state phosphorescence spectra collected at 77 K and ambient 

pressure. Each solution was diluted to around 10-5 M with chloroform and excited at the 

maximum excitation wavelength respectively. The emission intensity was calibrated so as 

to clearly show phosphorescence difference at the same absorbance. The fluorescence 

emission spectra due to the S1-S0 transition were cut off to clearly see phosphorescence 

emission. As the conjugation length increases, emission is red-shifted from blue for OP1 

to pink for OP4. The above trend is consistent with the predictions of electronic states 

based on TD-DFT calculations as shown in Figure 6.1. 
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Figure 6.4. Phosphorescence spectra were measured at 77 K with same absorbance. Each 
molecule was excited at 320, 336, 350, and 360 nm respectively.  
 

 At the same time, the phosphorescence intensity dramatically decreases with increasing 

conjugation length. Since the energetics of the triplet and singlet states for the various 

molecules do not vary in a commensurate fashion, these intensity differences must be 

rather due to the conjugation length dependence of first ISC rates. In these measurements, 

vibrational decay pathways have been effectively eliminated by collecting data at liquid 

nitrogen temperatures of 77 K. To confirm the existence of phosphorescence, the gated 

lifetime was measured at 150 µs after excitation of each molecule. Figure 6.5 shows time-

resolved phosphorescence decay, including data fitting curves, for long-lived 

components. Lifetimes were observed in the range from 7.24 to 13.53 ms.    
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Figure 6.5. Time-resolved phosphorescence decay curve for OP1-OP4 and phosphorescence 
lifetime obtained from curve-fitting. 
 

6.4.2. Spin Orbit Coupling Matrix Elements and ISC Rate 

 TD-DFT based methods were used to calculate the ISC rate constants for comparison 

with experimental findings. In Table 6.1 we show the SOC matrix elements for the 

S1T1 and S1T2 transitions. We use x, y, z to represent different polarizations of the 

spin orbit coupling, which leads to differently polarized light when electrons are 

quenched from triplet to ground states.38 As we can see, S1T1 coupling is more than an 

order of magnitude stronger than S1T2 coupling, yielding mainly the x- and y-polarized 

light for the phosphorescence emission. 
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Table 6.1 SOC matrix elements (10-5*a.u.) for S1T1 and S1T2 transition in different 
polarization directions 
 

   
x y z x y z 

OP1 1.6 -8.8 0 0 0 -0.12 
OP2 3.1 9.7 0 0 0 0.14 
OP3 4.69 -0.665 0 -0.002 0 -0.073 
OP4 0 0 -0.006 0 0 0.013 

 
 

 The ISC rate is then calculated using equation (3). To obtain the total rate constant, we 

add the contributions from all three polarization directions. Figure 6.6a shows the rate 

constants for S1T1 and S1T2 transitions plotted versus the type of molecule in the 

order of increasing conjugation length. We also calculated a dimensionless factor 

contributing to ISC rate constants according to equation (1), as shown in the Figure 6.6b. 

First, we observe that the intersystem crossing rate for S1T1 is much larger than that for 

S1T2 (Note the different scales for the rates of the two processes). The dominant factor 

for this behavior is the large discrepancy in SOC between the two transitions, compared 

to the slight change in the energy difference. This finding strongly suggests that, at least 

at low temperatures, the phosphorescence efficiency is mostly determined by the S1T1 

ISC rate. Secondly, our simulation results perfectly parallel the experimentally observed 

dependence of phosphorescence efficiency on conjugation length, in that the S1T1 ISC 

rate decreases as the conjugation length increases from OP1 to OP4. Hence, the additional 

insight derived from simulations implies that increasing conjugation compromises the 

phosphorescence efficiency by slowing down the dominant S1T1 ISC process. We also 

noticed that the S1T1 rate of OP3 and OP4 has been much lower than the first three 

molecules. This could perfectly explain the much weakened emission spectrum of OP3 
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and OP4, as shown in Figure 6.4. Finally, by comparing the result of the dimensionless 

factor with the actual ISC rate as shown in Figure 6.6b, we found that the Franck Condon 

effect is not so influential as the spin-orbit coupling and energy difference in our study, 

since we obtained the same trend when increasing the conjugation length. 

 

Figure 6.6. (a) The rate constants of intersystem crossing for S1T1 and S1T2 
transitions (Inset) calculated according to equation (3). The value of S1T1 for OP4 is 
1×10-4 ns-1. (b) The dimensionless factor (*10-5) contributing to rate constants according to 
equation (1). 
 

6.4.3. Steric Aspects of ISC 

 To further investigate the mechanism by which conjugation length affects the ISC 

process, we calculated the electron densities surrounding the molecular constituents for 

the ground state and for different excited states of the four molecules under consideration. 

The electron density of the ground state serves as a reference, and by subtracting it from 

that of the excited states, we obtain the electron density difference that pinpoints the 

locations populated by electrons as a direct consequence of the excitation. For this 
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spatially resolved electron density difference to be meaningful, we must ascertain that the 

geometries of the molecules do not change significantly between the ground and excited 

states. Indeed, upon optimizing the atomic positions of the molecules in their excited 

states atoms shift from their ground state positions by less than 0.4Å for all molecules as 

shown in Figure 6.7.  

 

Figure 6.7. The atom displacements of OP1-OP4 between excited states (S1, T1) and ground state 
(S0). The x-axis is divided into four regions, each containing the same atom type. 

 

 Figure 6.8 shows the electron density differences for the S0S1 and S0T1 transitions. 

Two different iso-density surfaces are shown to provide a measure for the definition of 
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the charge distribution. The blue color depicts regions with a net gain in electron density 

upon transition, whereas pink identifies regions that incur an electron density loss. For the 

S0S1 transition at the lower iso-density value, a distinctly large singlet-populated space 

can be identified around the CHO functional group and to a small extent, singlets are 

manifest in other region on the conjugation backbone. 

 

Figure 6.8. Plot of the total electron density difference between ground state and excited 
states, isovalue is in the unit of electrons/Å3 (a) S0S1, left: isovalue = 0.01, right: 
isovalue = 0.002 (b) S0T1, left: isovalue = 0.01, right: isovalue = 0.002. The pink 
represents where loses electrons during the transition, and the blue represents where gains 
the electrons during the transition. 
 

 Conversely, at the higher iso-density value, the singlets appear only on the CHO functional 

group. From this comparison we conclude that the singlet excited states are strongly localized on 

CHO functional group, and this is consistently the case for all the five molecules. Carrying out 

the same analysis for the S0T1 transition, on the other hand, we find excited electrons evenly 

distributed over the conjugated backbone, for both low and high iso-density values, which means 

that the T1 excited state is delocalized. Importantly, the degree of delocalization is stronger the 

higher the conjugation length. Delocalization is most pronounced in OP4, where the triplet 
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population is spread over the entire conjugation backbone. Hence, while the singlet states remain 

localized, independent of conjugation length, triplet states become increasingly delocalized with 

growing conjugation length. Consequently, for large conjugation lengths orbitals that host 

electrons excited into triplet states are spatially further removed from those that host electrons in 

the singlet state, leading to reduced spin orbit coupling strength and thus low ISC rates and low 

phosphorescence emission efficiency. This finding can explain our experimental results, and 

indeed, is consistent with observations for other molecular systems reported in the literature.24  

 This work is more extensively studied using different kinds of functional groups such as 

hexyloxy and acetylene moieties to vary conjugation length of bromobenzaldehyde derivatives 

(Figure 6.9). Our data implies that extended conjugation causes red-shifted phosphorescence 

with decreased intensity (Figure 6.10) and it is also attributed to decreased S1 to T1 ISC rate 

(Figure 6.11) calculated by equation (1) and (3) in a same way with previous molecule set. The 

total electron density difference shows that singlet excited states are localized on aldehyde group 

while triplet states are delocalized along the conjugated backbone (Figure 6.12). This finding 

implies that our hypothesis is generally applied regardless of polarity effect from different 

functional groups such as hexyloxy, acetylene, and benzene ring. 
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Figure 6.9. Synthetic routes for organic phosphors with different functional groups.   

 
Figure 6.10. Phosphorescence spectra were measured at 77 K with same absorbance. Each 
molecule was excited at 320, 350, 362, and 360 nm respectively. 
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Figure 6.11. (a) The rate constants of intersystem crossing for S1T1 and S1T2 transitions 
(Inset) calculated according to equation (3) and (b) the dimensionless factor (*10-5) contributing 
to rate constants according to equation (1). 

 

 

Figure 6.12. Plot of the total electron density difference between ground state and excited states, 
isovalue is in the unit of electrons/Å3 (a) S0S1, left: isovalue = 0.01, right: isovalue = 0.002 (b) 
S0T1, left: isovalue = 0.01, right: isovalue = 0.002. The pink represents where loses electrons 
during the transition, and the blue represents where gains the electrons during the transition. 
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6.5. Conclusions 

 We synthesized a series of purely organic bromobenzaldehydes for which the 

conjugation length is systematically varied. We found that the phosphorescence efficiency 

decreases and the emission color is red-shifted with increasing conjugation length. These 

observations are interpreted based on results from first-principles electronic structure 

calculations. The ISC rates are dominated by the SOC strength and not by the energy 

difference between lowest lying singlet and triplet states. Computations revealed that the 

S1T1 transition rate is the highest for all molecules. Furthermore, while the singlet state 

remains localized for all molecules, the triplet state becomes progressively more 

delocalized with increasing conjugation length in the molecule. The ensuing spatial 

separation between singlet and triplet orbitals in molecules with longer conjugation length 

reduces the SOC strength and consequently the S1T1 ISC rate. In combination, our 

findings also revealed that the ISC rate determines the phosphorescence efficiency in 

these molecules. 
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CHAPTER 7 

High Thermal Conductivity in Amorphous Polymer 

Blends by Engineered Interchain Interactions 

 

This chapter describes one of the important but has been neglected engineering 

properties of polymers, thermal conductivity (k). Polymers are 1-dimensional molecules and the 

major force holding polymers in bulk objects and thin films is weak Van der Waals force. 

Therefore, thermal energy cannot efficiently transport through polymer matrix due to the loosely 

bound intermolecular packing structure. Accordingly thermal conductivity of polymers is rather 

low due to resulting heat dissipation through various vibrational modes. Conventionally in order 

to obtain high thermal conductivity, high k fillers such as ceramic or metal particle have been 

blended into polymer matrix about their percolation threshold. However, this strategy also 

significantly alters other properties such as optical, electrical, and mechanical properties. In this 

chapter, high thermal conductivity in thin (up to 70 nm) amorphous polymer films is investigated 

by incorporating hydrogen bonding and its homogeneous distribution between two polymers. 

Thermal conductivity up to 1.5 Wm-1K-1 has been achieved, which is an order of magnitude 

higher than conventional polymers. 

 

Parts of this chapter appear in: Kim*, G.-H; Lee*, D.; Shanker*, A.; Shao, L.; Kwon, M. S.; 

Gidley, D.; Kim, J.; Pipe, K. P. Nature Materials 2014, in press. 
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7.1. Introduction 

 Thermal conductivity is an important property for polymers, since it often affects product 

reliability (e.g., electronics packaging), functionality (e.g., thermal interface materials), and/or 

manufacturing cost1. However, polymer thermal conductivities primarily fall within a relatively 

narrow range (0.1 – 0.5 Wm-1K-1) and are largely unexplored. Here, we show that a blend of two 

polymers with high miscibility and appropriately chosen linker structure can yield a dense and 

homogeneously distributed thermal network. A sharp increase in cross-plane thermal 

conductivity is observed under these conditions, reaching over 1.5 Wm-1K-1 in typical spin-cast 

polymer blend nanoscale films, which is approximately an order of magnitude larger than that of 

other amorphous polymers. 

 A common method to enhance a polymer’s thermal conductivity (κ) is to blend it with high-

κ fillers such as metal2 or ceramic3 particles, yielding reported values of κ that range from 1 to 

10 Wm-1K-1.2,3 However, the large amount of fillers required to exceed the percolation threshold 

can not only significantly increase the material cost (e.g., nylon6,6: $2/kg vs. alumina particles: 

$100/kg) but may also change other important characteristics such as electrical and optical 

properties. Alignment of polymer chains4-7 has been another route explored to realize high κ in 

polymers, although these high values of κ are limited to the direction of chain orientation and 

require certain fabrication techniques (e.g., electrospinning4, nanoscale templating5, mechanical 

stretching8). For practical applications, high-κ polymers that are more compatible with 

conventional manufacturing processes (e.g., solution casting) are desired, yet no such materials 

with κ >0.6 Wm-1K-1 have been reported without the aid of high-κ fillers. 

 The underlying mechanisms of thermal conductivity in amorphous materials are not 

completely understood, with separate studies indicating important contributions to heat transfer 
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by the diffusion of energy through non-propagating vibrational modes9,10, the anharmonic 

coupling of localized modes11, and the ballistic propagation of delocalized modes12. In polymer 

systems, high κ measured in aligned systems4-7 suggests much more efficient heat transfer along 

a covalently bonded chain, compared with interchain heat transfer via weak van der Waals 

(VDW) bonds. Increasing the strength of a molecular bond has been shown to improve its 

thermal conductance in a nanomolecular monolayer13; improvements in interchain thermal 

conductance may likewise contribute to improvements in bulk polymer thermal conductivity. 

However, interchain bond strength alone does not dictate κ in bulk polymers, as evidenced by 

miniscule improvements in κ for cross-linked polymers14 as well as low values of κ for 

numerous polymers capable of strong hydrogen bonding (e.g., nylon6,6: 0.25 Wm-1K-1)15. Rather, 

maximizing interchain thermal conductance in a bulk polymeric material requires that strong 

intermolecular bonds used to replace weak VDW interactions must connect as closely as possible 

to the polymer backbones through a low-mass and short chemical linker. Furthermore, it is 

critical that a homogeneous distribution of these bonds is achieved at a concentration above the 

percolation threshold in order to form a continuous thermal network (Figure 7.1a). 

 Hydrogen bonding (H-bonding) is approximately 10 to 100 times stronger than the VDW 

interaction.16 There are numerous available H-bonding capable moieties and linker units, 

allowing sufficient design flexibility to investigate thermally conductive interchain connections. 

In order to achieve a large number of interpolymer H-bonds in a bulk film, the H-bond donating 

and accepting polymers should have high number densities of H-bond capable moieties. To 

realize a uniform and homogeneous distribution of H-bonds, the H-bond accepting and donating 

polymers are required to be not only homogeneously dispersed but also miscible at the molecular 

level to allow polymers to intertwine within the radius of gyration17. 
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Figure 7.1. High thermal conductivity in amorphous polymer blends by engineered 
interchain interactions. a) Illustrations of heterogeneous (left) and homogeneous (right) 
distributions of thermally conductive interchain connections at the same concentration of H-
bonding moieties, showing how the homogeneity of the bonding distribution can affect the 
formation of percolating thermal pathways. The relatively short and rigid polymer A penetrates 
within the gyration radius of a longer polymer B31 and holds it in an extended conformation by 
means of strong interchain bonds, improving both intrachain and interchain heat transfer. b) 
Polymer pairs designed to exhibit interchain H-bonding (dashed lines). The –OH group is closely 
connected to the main chain for PAA and PVA, whereas it is attached to the backbone via a 
benzene ring linker for PVPh. The molecular weights (MWs) of PAP, PAA, PVA and PVPh as 
synthesized were 58,000, 450,000, 10,000 and 25,000 gmol-1, respectively. Measured thermal 
conductivities of spin-cast PAP:PAA (c), PAP:PVA (d) and PAP:PVPh (e) films at various 
monomer mole fractions of PAP (φPAP). Error bars were estimated based on uncertainties 
associated with the film thickness, the temperature coefficient of electrical resistance for the 
heater, and the heater width. 
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7.2. Experimental Section 

 1 wt % of PAP, PAA, PVA, and PVPh were separately dissolved in DMF. Solutions of PAA, 

PVA, and PVPh were then separately mixed with the PAP solution. The mixture ratio (i.e., φPAP) 

was calculated as (# PAP monomers) / (# PAP monomers + # H-bond donating monomers). 

DMF was chosen as a solvent to avoid polymer aggregation due to strong H-bonding between 

the two polymers, thereby helping PAP and H-bonding donating polymers to homogeneously 

distribute in the 1 wt % solution. The mixed solutions at various φPAP were spin-cast on a pre-

cleaned silicon substrate at 1500 rpm for 30 s. The spin-cast films were thermally annealed at 

150 ˚C for 15 min, and kept in a vacuum chamber for 30 min. The spin-casting and thermal 

annealing steps were performed in nitrogen gas. Part of the spin-cast film was removed by a steel 

blade; the residual discontinuous film in this area was then further removed by a swab soaked in 

acetone and isopropanol subsequently, resulting in a shiny substrate surface with no polymer 

residuals. Thin metal lines were patterned using photolithography (width: 2–4 µm) or shadow-

masking (50 µm), and deposited by electron-beam deposition (5 nm thick Ti / 300 nm thick Au) 

simultaneously on both sample and reference regions.  

 κ in the spin-cast polymer films was measured using conventional differential 3ω method in 

ambient condition. Three different sample configurations with varied interfaces and heater 

widths were used to ensure reliable differential 3ω measurement and thermal conductivity data. 

The thicknesses of the spin-cast films were measured by three methods: surface profilometry 

(Dektak XT), ellipsometry (Woollam M-2000DI ellipsometer), and AFM (Bruker ICON). FTIR 

was performed by a Nicolet 6700 spectrometer at a grazing angle of 85˚. Glass transitions of 

PAP:PAA at various φPAP were studied based on DSC curves measured under nitrogen gas by a 

TA Instruments Discovery Series DSC. Temperature dependent κ was measured using a Janis 
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VPF-100 cryostat chamber. Grazing-incidence small angle (GISAXS) and wide angle (GIWAXS) 

X-ray scattering measurements for spin-cast PAP:PAA thin films were carried out on a Rigaku 

Rotating Anode X-Ray Diffractometer (X-ray wavelength: 1.54 Å). PALS data for PAP:PAA 

and PAP:PVPh blends were acquired with a focused positron beam using a positron implantation 

energy of 1.2 keV. Tapping-mode AFM (Bruker ICON) was used to simultaneously obtain 

topography and phase shift images using the same tip and measurement settings. 

 

7.3. Results and Discussion 

 We systematically investigated these hypotheses using rationally designed polymer pairs in 

which the H-bond acceptor polymer is fixed (poly(acryloyl piperidine) (PAP)) while the H-

bonding donor polymer is varied (poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA), or 

poly(4-vinyl phenol) (PVPh)) to examine the effects of several different H-bonding strategies on 

κ (Figure 7.1b). PAP has a strong H-bond accepting amide functional group as a side chain on 

every other carbon atom along its backbone, allowing a direct thermal connection to its backbone. 

Its piperidine ring is expected to make its backbone rigid18 and promote extended conformation 

for polymers with which it interacts through strong H-bonds (Figure 7.1a). PAA, PVPh, and 

PVA each have an H-bond donating –OH group associated with every other carbon atom along 

their backbones; however, they differ both in how the –OH group attaches to the polymer 

backbone and in the H-bond donating power of the –OH group. The high acidity of the 

carboxylic acid (–COOH) in PAA and the phenol (–PhOH) in PVPh gives its –OH groups a 

stronger H-bond donating power than the –OH groups in PVA. While the –OH is directly 

connected to the backbone in PAA and PVA, it is linked to the backbone via a benzene ring in 

PVPh. 
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 As discussed in detail below, certain blends of PAP:PAA yielded an exceptionally 

homogeneous distribution of strong H-bonds at a concentration that exceeded the percolation 

threshold. For these blends, κ was measured to be greater than 1.5 Wm-1K-1, which is nearly an 

order of magnitude larger than that of its constituent components, PAP (0.19 ± 0.02 Wm-1K-1) 

and PAA (0.22 ± 0.02 Wm-1K-1) (Figure 7.1c).  

 To fabricate films for measurement, the H-bond accepting PAP was dissolved in N,N-

dimethylformamide (DMF) and mixed with DMF solutions of H-bond donating PAA, PVA, or 

PVPh in such a way that various mole ratios of the donor (–OH) and acceptor (=N–C=O) 

moieties could be formed, allowing control of the H-bonding concentration in the blend films.  

 To characterize H-bonding and species miscibility, Fourier transform infrared (FTIR) 

spectroscopy and differential scanning calorimetry (DSC) were employed, both of which are 

standard analytical tools commonly used for these purposes16,17. As can be seen in Figure 7.2a, 

the shift of the carbonyl (C=O) stretching band in PAP due to H-bond formation is the largest in 

PAP:PAA (45 cm-1), modest in PAP:PVPh (33 cm-1), and small in PAP:PVA (2 cm-1), consistent 

with their reported H-bond strengths16. These relative H-bond strengths are further confirmed by 

the peak shift due to –OH single bond stretching, which is the largest in PAP:PAA (500–1000 

cm-1) and similar in PAP:PVPh (200–350 cm-1) and PAP:PVA (210 cm-1). Notably, the glass 

transition temperature (Tg) of PAP:PAA was observed to greatly increase for blends near a PAP 

monomer mole ratio (φPAP = number of PAP monomers / number of PAP monomers and H-bond 

donating monomers) of 0.3 (Figure 7.2b), indicating exceptionally strong H-bonding between 

PAP and PAA at that ratio. In fact, the observed 48 ˚C increase for φPAP = 0.3 (where Tg = 158 ˚C) 

relative to the theoretical value of 110 ˚C predicted by the Flory-Fox equation is extraordinary 

among polymer blends in the literature19,20.  
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 Cross-plane thermal conductivities (perpendicular to the centrifugal force during spin-casting) 

of the polymer films were measured by the differential 3ω method, which extracts an induced 

temperature rise across a layer of interest that can have a thickness as small as several 

nanometers21-24. Figures 1c-e summarizes the measured thermal conductivities of PAP blend 

films with PAA, PVA, or PVPh at various φPAP. While PAP:PVA shows a trend of increased 

similar to PAP:PAA, its thermal conductivity gain is much smaller (κmax = 0.38±0.04 Wm-1K-1), 

consistent with its weaker H-bond strength.  

 In contrast, the thermal conductivity of PAP:PVPh, which forms stronger H-bonds than 

PAP:PVA, shows no enhancement relative to values for the pure PAP and PVPh constituents. As 

discussed in more detail below, we attribute this in part to the fact that the H-bond donating 

hydroxyl group does not attach directly to the PVPh backbone but rather via a benzene ring as a 

linker, similar to cross-linked polystyrene25.  

 The maximum measured κ of PAP:PAA is much larger than that of conventional cross-

linked14 or H-bond forming polymers (e.g., nylon6,6: κ = 0.25 Wm-1K-1)15. In our derivation of κ, 

we assumed that interfacial thermal resistances were negligible compared to the film thermal 

resistance; the derived κ therefore represents a lower bound for the film thermal conductivity26. 

For pure PAP and pure PAA, the underestimation of κ is estimated to be 5% using interfacial 

thermal resistances previously measured for similar interfaces13,26,27. Comparisons between the 

film thicknesses used and the polymers’ radii of gyration do not indicate a contribution of 

reduced thermal boundary resistance28 to the measured thermal conductivity enhancements. 
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Figure 7.2. Comparison of H-bond strengths in PAP:PAA, PAP:PVA and PAP:PVPh. a) 
FTIR spectroscopy data for PAP:PAA, PAP:PVPh and PAP:PVA at φPAP = 0.3. The peak at 
1,645 cm-1 (solid line) corresponds to PAP carbonyl stretching in the absence of H-bonding, 
whereas the dashed lines indicate peak locations for carbonyl stretching in H-bonded PAP (1,604 
cm-1 for PAP:PAA, 1,612 cm-1 for PAP:PVPh, and 1,643 cm-1 for PAP:PVA). The relatively 
large peak shift for carbonyl stretching in PAP:PAA implies that its H-bond strength is the 
largest among the three pairs. b) Glass transition temperatures (Tg) measured for PAP:PAA at 
various φPAP, indicating extraordinarily strong H-bonding for φPAP ≈ 0.3. The solid line indicates 
Tg as predicted by the Flory–Fox equation, with the dashed line drawn to illustrate the data trend. 
c) Fraction of H-bonded monomer unit (φH) in PAP:PAA and PAP:PVPh as calculated by areal 
integrations of the deconvoluted H-bonded and pristine carbonyl stretching bands shown in a. 
Also shown is the bonding percolation threshold for a simple cubic lattice (solid line)29. 
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 As shown in Figure 7.3a, κ in PAP:PAA at φPAP = 0.3 increases with T, which is consistent 

with amorphous character (Figure 7.3b). Note that the crystalline PE fiber data shown in Figure 

7.3a exhibits a strong negative temperature dependence, indicating that the anharmonic 

scattering of acoustic modes dominates.6 The small dκ/dT for φPAP = 0.3 relative to that for φPAP = 

0.7 may indicate a lesser contribution of localized vibrational modes11 as weak VDW bonds are 

replaced by a homogeneous network of strong H-bonds with less acoustic contrast relative to the 

backbone covalent bonds. As discussed below, this network has a concentration greater than the 

percolation threshold as evidenced by FTIR (Figure 7.2c) and a homogeneous distribution as 

evidenced by glass transition data (Figures 7.3e, 7.3f) and exceptionally smooth atomic force 

microscopy (AFM) phase data (Figure 7.4). Positronium annihilation lifetime spectroscopy 

(PALS) data shown in Figure 7.3c indicates a smooth change in mass density between pure PAA 

and pure PAP, with no anomalies present that would suggest a density-related contribution to the 

sharply-peaked increase in κ near φPAP = 0.3.  

 The fraction of intermolecular bonds that are H-bonds (φH) in PAP:PAA was estimated 

from the areal ratio of H-bond bands to pristine carbonyl stretching bands in FTIR data 

(Figure 7.4). We note that a certain number of H-bonds in PAP:PAA are self-associated 

within PAA (Figure 7.4c). Accounting for the fact that PAP cannot form H-bonds with 

these self-associated PAA units, the largest number of H-bonds between PAP and PAA is 

expected to occur at φPAP = 0.33, which is close to the observed maximum shown in 

Figure 7.2c at φPAP = 0.3. For this blend, φH reaches 0.34, which is greater than the 

bonding percolation threshold for a simple cubic lattice (0.25)29. 
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Figure 7.3. Thermal and structural properties of PAP:PAA. a) κ(T) in PAP:PAA at φPAP = 
0.3 and 0.7 (closed symbols), compared with κ(T) in other crystalline (polyethylene6 (PE)) and 
amorphous (polythiophene5 (PT), polystyrene34 (PS)) polymers (open symbols). Dashed lines 
represent Tx. b) Grazing-incidence small- and wide-angle X-ray scattering (GISAXS, GIWAXS) 
data for a PAP:PAA spin-cast film at φPAP = 0.3, suggesting the absence of short- and long-range 
order, respectively. We note that the broad peak observed in GIWAXS, known as an amorphous 
halo, is characteristic of amorphous materials. c) Positronium annihilation lifetime spectroscopy 
data for PAP:PAA and PAP:PVPh blends at various φPAP. The product of positronium (Ps) 
intensity and lifetime increases monotonically with φPAP for both blends, indicating a smooth 
change in density. Dashed lines are linear fits. d) Differential scanning calorimetry (DSC) data 
for PAP:PAA at various φPAP. Tg was set to the middle point of the solid line that connects two 
asymptotic dashed lines. Glass transition width (∆Tg) (e) and change in specific heat capacity 
during glass transition (∆cp) (f) for PAP:PAA at various φPAP. Polymer blends with ∆Tg less than 
10 oC are fully miscible, whereas those with ∆Tg greater than 32 oC approach immiscibility17. 
Blends with larger ∆cp experience greater changes in their molecular degrees of freedom (DOF), 
indicating a transition from an unextended to an extended conformation. Dashed lines were 
drawn to illustrate the data trend. g) Illustration of glass transitions in polymer blends with 
different degrees of miscibility and entanglement. 
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Figure 7.4. Representative FTIR spectra with deconvoluted peaks. a) FTIR spectrum of 
PAP(0.3):PAA. C=O stretching peaks occur in H-bonded PAP (Peak 1, 1602 cm-1), non H-
bonded PAP (Peak 2, 1642 cm-1), self-associated H-bonded PAA (Peak 3, 1702 cm-1), pristine 
PAA (Peak 4, 1720 cm-1), and PAA H-bonded with PAP (Peak 5, 1742 cm-1). b) FTIR spectrum 
of PAP(0.3):PVPh. C=C stretching peaks corresponding to the PVPh benzene ring occur at 1513 
cm-1 (Peak 1), 1596 cm-1 (Peak 2), and 1612 cm-1 (Peak 3). Peak 3 at 1612 cm-1 overlaps with the 
H-bonded PAP C=O stretching peak. Peak 4 (1640 cm-1) corresponds to non H-bonded PAP. c) 
Fraction of self-associated H-bonded units within PAA in PAP:PAA blends, obtained from the 
areal ratio of Peak 3 to Peak 4 in a). 
 

 The glass transition of a polymer blend provides information regarding the miscibility 

of its constituent polymers17. For all PAP:PAA mixture ratios, the glass transition was 

found to occur at a single temperature (Tg), indicating uniform physical dispersion of PAP 

and PAA. Furthermore, the temperature range over which the glass transition occurs (∆Tg) 

was found to be narrow for φPAP ≤ 0.4 (Figure 7.3e), indicating that PAP strongly interacts 

and intermixes with PAA within the PAA radius of gyration for this range of blends17. 

The change in specific heat capacity during the glass transition (∆cp) was found to 

considerably decrease as φPAP approaches 0.3 (Figure 7.3f). A primary contributor to a 

change in specific heat during a polymer’s glass transition is a change in the degrees of 

freedom that occurs when a polymer transitions from a highly self-entangled state (Figure 

7.3g) to a state in which the backbone is extended, as observed in polystyrene30. The 

minimum ∆cp at φPAP = 0.3 therefore suggests that the backbones of both PAP and PAA 
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are mostly extended for this blend prior to the glass transition at 158 ˚C. In fact, ∆cp for 

PAP:PAA at φPAP = 0.3 is similar to that of pure PAP but far lower than that of pure PAA, 

implying that the relatively rigid and short PAP chains penetrate within the PAA gyration 

radius and hold the flexible PAA chains in an extended state by means of strong H-

bonds31. This extension of the PAA backbones is expected to improve intrachain heat 

transport similar to previous work in aligned polymers4-7, in contrast with studies of 

polymers at high hydrostatic pressures in which the diffusion of energy through non-

propagating vibrational modes was shown to dominate heat transfer10. 

 The homogeneity of the H-bond distribution was assessed by studying phase shifts in 

AFM tapping mode data, which can characterize spatial variations in surface stiffness32 

and thereby distinguish regions of stiff H-bonds from regions of weaker VDW bonds33. 

Because the AFM tip interacts with soft materials longer, a negative phase shift 

(appearing as a dark color in the phase images of Figure 7.5a) represents a VDW-rich 

region, while a positive phase shift (appearing as a bright color) corresponds to an H-bond 

rich region. The phase images of PAP:PAA are observed to get smoother (i.e., exhibiting 

a smaller standard deviation (σSDEV) in phase) as φPAP approaches 0.3, the fraction at which 

both the maximum φH and the maximum φPAP are observed. Also, the mean phase shift 

(θmean) becomes significantly positive at φPAP = 0.3, which together with low σSDEV 

indicates a homogeneously distributed dense network of H-bonds. As shown in Figure 

7.5d, κ strongly depends on the homogeneity of the H-bond distribution (i.e., σSDEV) when 

φH exceeds the percolation threshold.  
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 While Tg exceeds the Flory-Fox prediction for φPAP ≤ 0.4 (Figure 7.2b), indicating 

strong H-bonding, the fact that it is smaller than the Flory-Fox prediction for φPAP > 0.4 

suggests phase inversion from a PAA matrix to a PAP matrix for this high range of PAP 

concentrations. Reduction in Tg due to phase inversion has previously been observed20. 

Likewise, ∆Tg, ∆cp, and σSDEV become large for φPAP > 0.4, suggesting heterogeneous 

rather than homogeneous blends of PAP and PAA; as a consequence of phase inversion, 

the relatively flexible PAA chains, which have a large molecular weight and large radius 

of gyration, do not penetrate efficiently into the matrix of smaller PAP chains, leading to 

heterogeneous blends. Consequently, κ in PAP:PAA did not exhibit a meaningful increase 

for φPAP > 0.4. 

 Although PAP:PVPh was observed to form stronger H-bonds than PAP:PVA (Figure 

7.2a), several observed features likely explain why it did not show enhanced κ. First, it 

has significant phase roughness, indicating a lack of homogeneity, and a large negative 

phase shift, indicating film softness (likely due to interference between the piperidine and 

benzene rings which disrupts PAP and PVPh chain conformations). Second, it has an H-

bond threshold below the percolation threshold (Figure 7.2c), indicating that a continuous 

network of strong bonds which would contribute to thermal conductivity or film stiffness 

is not present. Finally, the heavy benzene ring presents a large impedance contrast to 

vibrational modes which transfer energy between PAP and PVPh. PALS measurements 

(Figure 7.3c) indicate a smooth reduction in density from pure PVPh to pure PAP, 

consistent with the measured decline in κ. To provide supporting evidence for the thermal 

properties of linker structures containing benzene, PAP mixed with poly(vinylbenzoic 
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acid) (PVBA), which contains a benzene ring like PVPh and a strong H-bond donating 

carboxyl group like PAA, likewise showed only a minuscule increase in κ. 

 

 

Figure 7.5. Tapping-mode AFM data for PAP:PAA blends. a) Topography (left) and phase 
(right) images having a scanning area of 500 nm × 500 nm; images were flattened (i.e., shifted to 
give zero mean value) for illustration purposes. The color bar ranges from -5 nm to 5 nm for 
topography, and from -10˚ to +10˚ for phase images. b) Histograms of AFM phase shifts for 
PAP:PAA blends (before flattening), normalized to have the same peak area. c) Inverse of 
standard deviation (1/σSDEV) of AFM phase data, indicating bonding homogeneity. Inset plots the 
mean phase shift (θmean), before image flattening, versus φPAP. PAP:PAA at φPAP = 0.3 has the 
smallest σSDEV and largest θmean, indicating a dense and homogeneously distributed network of 
strong H-bonds. Dashed lines were drawn for guidance. d) (color scale) of PAP:PAA (squares) as 
a function of σSDEV and φH (obtained from Figure 7.2c), showing its strong dependence on 
bonding homogeneity (i.e., 1/σSDEV) above the percolation threshold, including unmixed PAP 
and PAA (circles).  
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7.4. Conclusions 

 In summary, large increase in κ was observed in amorphous polymers when a continuous 

network of thermally conductive interchain connections forms. Both the strong interchain bond 

and the appropriate linker structure are required to prompt thermally conductive interchain 

connection, while a large concentration of these thermal connections and their homogeneous 

distribution are essential to form a percolating network. We note that the large κ was realized in 

films up to 70nm thick; further optimization of materials synthesis and processing are required to 

scale network formation to bulk films of large thickness. 
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CHAPTER 8 

Conclusions and Outlook 

 

8.1. Research Summary 

  The main theme of my dissertation is to realize room temperature phosphorescence 

(RTP) in amorphous materials based on understanding of two critical processes: intersystem 

crossing and vibration suppression. Compared to the widely used organometallic phosphors and 

the recently discovered crystalline purely organic phosphors, amorphous alternatives are more 

promising due to the fact that they are easy to design and synthesize and are also stable under 

ambient operating conditions. However, realizing RTP is challenging in amorphous organic 

materials because they suffer from weak intersystem crossing without the aid of heavy metals 

and competing non-radiative decay of long-lived triplets. Therefore, it is very important to 

choose an efficient triplet generating phosphor to facilitate intersystem crossing as well as devise 

a possible way to suppress the vibrational dissipation routes. As an extended study of crystal-

based phosphorescence1, doped crystal of dibromobenzene and bromobenzaldehyde derivatives 

were further investigated with focus on optimizing quantum efficiency and fine-tuning emission 

color realized by efficient inclusion of purely organic phosphorescent emitters into host materials 

and replacement of halogen of the emitters, respectively, as discussed in Chapter 2.2 

In Chapter 3, amorphous phosphorescence was first realized using glassy polymer 

matrix as a triplet vibration locker.3 By embedding a purely organic phosphor, Br6A, in rigid 

polymer matrix like PMMA, bright RTP was achieved. Especially, isotactic PMMA provides 
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most efficient suppression of triplet vibration due to the absence of its beta-relaxation at room 

temperature and allows the highest quantum yield of 7.5%. The novel amorphous 

phosphorescent thin films showed temperature-dependent emission property if temperature 

approaches to the polymer’s glass transition temperature because above its Tg polymer becomes 

more mobile and therefore cannot provide rigid environment required for efficient vibration 

suppression. This feature enables it to be utilized as an optical temperature sensor integrated into 

microfluidic devices, which have a number of advantages such as simple structure, reversible 

response, and easy and economic fabrication.  

A more efficient strategy to suppress triplet vibration of purely organic phosphor was 

demonstrated in Chapter 4.4 Rather than using weak Van der Waals interactions between 

polymer matrix and purely organic phosphors as described in Chapter 3, we introduced strong 

hydrogen bonding by synthesizing a functionalized phosphor and choosing a new polymer 

having hydrogen bonding capability. In this work, phosphorescence with quantum yield as high 

as 24% was realized. Interestingly, modulation of hydrogen bonding by water molecules 

provides unique reversible phosphorescence-to-fluorescence switching behavior, which can be 

utilized as a ratiometric water sensor. 

While most phosphors are overly sensitive to oxygen, our purely organic phosphors are 

stable in ambient conditions even though the origin of the stability has not been explored 

thoroughly. Interestingly, we found that our purely organic phosphors are sensitive to ozone, a 

strong oxidizing species, and revealed the origin of the ozone sensitivity and utilized the finding 

to develop optical ozone sensory films as described in Chapter 5.5 Compared to conventional 

inorganic ozone sensors, our novel phosphorescence-based ozone sensor has numerous 
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advantages such as high sensitivity (~ 1ppm), low cost fabrication, and by integration with 

polymer film it can be fabricated as a disposable and portable strip like a litmus paper.  

As discussed in Chapter 1, as a triplet generating moiety, aromatic ketone cannot 

guarantee efficient intersystem crossing because ΔEST can be quite different depending on the 

molecular structures and hence unpredictable. Therefore, it is of much importance that one finds 

a design parameter to enhance intrinsic intersystem crossing character besides the efforts to 

suppress triplet vibration discussed in Chapters 3 and 4. Chapter 6 describes the effect of the 

extended conjugation length of organic phosphors on their phosphorescence properties at 77 K.6 

Since manipulating conjugation length of organic phosphors is a powerful tool to tune the 

emission color establishing an understanding on the conjugation length effects on the 

phosphorescent emission intensity is very meaningful. We focused on the first intersystem 

crossing, i.e. triplet harvesting, which is one of the key processes in phosphorescent emission. A 

series of bromobenzaldehydes were prepared and in order to investigate the conjugation length 

effects on the photophysical properties computational methods were utilized to calculate 

intersystem crossing rates and electron density difference between the ground states and the 

excited states. We revealed that phosphorescence intensity decreased with red-shifted emission 

as the conjugation length increased, which has more correlation with intersystem crossing rate 

determined by spin-orbit coupling strength rather than singlet-to-triplet energy difference. 

We applied our established knowledge of intermolecular interactions like hydrogen and 

halogen bonding from the purely organic phosphor development to the enhancement of thermal 

conductivity in amorphous polymers by rationally designing hydrogen donating and accepting 

polymer pairs in Chapter 7.7 High k filler such as ceramic or metal particle has been widely used 

in order to enhance polymer’s thermal conductivity. However, this traditional strategy inevitably 
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largely alters the mechanical, optical, and electrical properties of polymers in the application 

where these properties are crucially important. Another conventional strategy is to align 

polymers in order to utilize fairly good thermal conductivity along the covalently bonded 

polymer’s main chain. However this strategy requires stringent fabrication processes and cannot 

provide isotropic thermal conductivity. In this work, through effective hydrogen bonding 

between two polymers and its homogeneous distribution high thermal conductivity up to 1.5 

Wm-1K-1 in thin (up to 70 nm) amorphous polymers was achieved. The achieved high thermal 

conductivity is an order of magnitude higher than that of conventional polymers. 

  

8.2. Future Considerations 

  Some of the topics discussed in my dissertation are worthy of further investigations. 

First, in amorphous organic phosphorescence, stronger intermolecular interactions than hydrogen 

bonding such as covalent bonding or ionic bonding can be devised in molecular design to 

suppress triplet vibration even more efficiently. Through further investigation of radiative and 

non-radiative decay kinetics with aid of computation and calculation, we may be able to establish 

a new molecular design principle of organic phosphors that have very efficient singlet-to-triple 

and triplet-to-singlet intersystem conversion and resulting vibration-insensitive property. Design 

of purely organic phosphors together with proper hosting molecules for electroluminescence (EL) 

device application would be a promising direction as an extension of my dissertation work. For 

that purpose, precise control of HOMO and LUMO level, providing a good conducting property, 

and establishing a proper thermal stability would be critically important. 
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