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Abstract 

Phosphorescence, a spin-forbidden emission of light from an excited triplet state, has a wide 

range of applications, but it generally relies on the presence of heavy elements, such as rare 

metals, in the material. Until recently, it was believed that organic materials composed of light 

atoms (C, H, N, O only) were incapable of phosphorescence at room temperature. However, this 

paradigm has shifted in the last decade, opening the quest for room-temperature organic 

phosphors. In this thesis, we study design strategies to achieve crystalline organic 

phosphorescent materials. 

Chapters 2 and 3 focus on carbonyl-containing organic phosphors based on acridone moiety and 

the established relationships between their crystal packing of these molecules and the observed 

phosphorescent properties. In chapter 2, we found that varying the rotational alignment of the 

trioxoazatriangulene (TANGO) molecules within their columnar π-stacks, through varying the 

steric size of substituents, channels the emission pathway from pure fluorescence to pure 

phosphorescence, achieving a record high phosphorescence quantum yield (Phos = 42%). A 

detailed photophysical analysis of N-substituted acridones in chapter 3 revealed the dependence 

of triplet-triplet annihilation (TTA), a critical quenching pathway for phosphorescence, on the π-

stacking distances in the crystal packing. These two chapters highlight the fundamental challenge 

in the design of phosphorescence in crystalline organic materials: i.e., its critical dependence on 

molecular packing, which is not readily amenable to molecular design. In this context, the precise 

molecular engineering of the Covalent Organic Framework (COF) structure via principles of 

reticular chemistry brings new opportunities for organic phosphorescent materials.  

En route to exploring these opportunities, we first addressed a long-standing challenge in 

synthesizing optically-pure boroxine and dioxaborole COFs, developing direct polymerization of 

arylpinacolate esters via transesterification (or metathesis) with methylboronic acid (or its 

esters). We have shown the generality of this approach, synthesizing nine different COFs, and 

demonstrated its advantages in avoiding hydrolytic and oxidative defects in the products. 

In chapter 5, we used the COF platform for designing highly phosphorescent (Phos.  29%) porous 

polyboroxine materials via copolymerization of halogenated (Cl, Br) and unsubstituted 
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benzenediboronic monomers. We showed that the phosphorescent properties of the resulting 

COFs can be tuned by controlling the type of the halogen dopant and the doping ratio. We further 

demonstrate the unique advantages of phosphorescent COFs by realizing a luminescent oxygen 

sensor with an ultra-wide dynamic detection range (8 orders of magnitude) and fast response 

time (<200 ms). 

In chapter 6, we explored π-conjugated (cyanovinylene-linked) COF based on 

trioxaazatriangulene (TANG) building blocks as near-infrared (NIR) emitters. We studied the 

impact of acceptor strength, rotational degree of freedom of the linker, temperature, and 

humidity on the NIR emission of these materials. 
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Résumé 

La phosphorescence, une émission de lumière interdite par le spin à partir d'un état triplet excité, 

a un large éventail d'applications mais elle dépend généralement de la présence d'éléments 

lourds tels que des métaux rares dans le matériau. Jusqu'à récemment, on pensait que les 

matériaux organiques composés d'atomes légers (C, H, N, O uniquement) étaient incapables de 

phosphorescence à température ambiante. Cependant, ce paradigme a changé au cours de la 

dernière décennie, ouvrant la voie à la recherche de phosphores organiques à température 

ambiante. Dans cette thèse, nous étudions les stratégies de conception pour obtenir des 

matériaux phosphorescents organiques cristallins.  

Les chapitres 2 et 3 se concentrent sur les phosphores organiques contenant des carbonyles et 

basés sur la fraction acridone et sur les relations établies entre l'emballage cristallin de ces 

molécules et les propriétés phosphorescentes observées. Dans le chapitre 2, nous avons 

découvert que la variation de l'alignement rotationnel des molécules de trioxoazatriangulène 

(TANGO) dans leurs empilements π-colonnaires, en faisant varier la taille stérique des 

substituants, canalise la voie d'émission de la fluorescence pure à la phosphorescence pure, 

atteignant un rendement quantique de phosphorescence record (Phos = 42 %). Une analyse 

photophysique détaillée des acridones N-substituées dans le chapitre 3 a révélé la dépendance 

de l'annihilation triplet-triplet (TTA), une voie d'extinction critique pour la phosphorescence, sur 

les distances d'empilement cristallin. Ces deux chapitres mettent en évidence le défi fondamental 

de la conception de la phosphorescence dans les matériaux organiques cristallins, à savoir sa 

dépendance critique de l'empilement moléculaire, qui n'est pas facilement accessible à la 

conception moléculaire. Dans ce contexte, l'ingénierie moléculaire précise de la structure du 

cadre organique covalent (COF) via les principes de la chimie réticulaire offre de nouvelles 

possibilités pour les matériaux organiques phosphorescents. 

En route pour explorer ces opportunités, nous avons tout d'abord relevé un défi de longue date 

dans la synthèse de COFs de boroxine et de dioxaborole optiquement purs en développant la 

polymérisation directe d'esters d'arylpinacolate par transestérification (ou métathèse) avec 

l'acide méthylboronique (ou ses esters). Nous avons montré la généralité de cette approche en 



Page 7  

 

synthétisant neuf COFs différents, et démontré son avantage à éviter les défauts hydrolytiques 

et oxydatifs dans les produits. 

Dans le chapitre 5, nous avons utilisé la plateforme COF pour concevoir des matériaux 

polyboroxine poreux hautement phosphorescents (Phos ≤ 29%) via la copolymérisation de 

monomères benzènediboroniques halogénés (Cl, Br) et non substitués. Nous avons montré que 

les propriétés phosphorescentes des COFs résultants peuvent être accordées en contrôlant le 

type de dopant halogène et le ratio de dopage. Nous avons également démontré les avantages 

uniques des COFs phosphorescents en réalisant un capteur d'oxygène luminescent avec une 

gamme de détection dynamique ultra large (8 ordres de grandeur) et un temps de réponse rapide 

(<200 ms). 

Dans le chapitre 6, nous avons exploré les COF π-conjugués (liés au cyanovinylène) basés sur des 

blocs de construction trioxaazatriangulène (TANG) comme émetteurs dans le proche infrarouge 

(NIR). Nous avons étudié l'impact de la force de l'accepteur, du degré de liberté de rotation du 

lieur, de la température et de l'humidité sur l'émission NIR de ces matériaux. 
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1.1. History of phosphorescence 

Light emission phenomena have fascinated mankind since the earliest times. Phosphorus was the 

name given by the ancient Greeks, meaning “light bearer”: Φωσ = light; φόρος = to bear, for any 

phenomenon of glowing in the dark. For example, the light from the morning star (Venus), aurora 

borealis, the milky seas effect, fireflies, luminescent wood, rotten fish and meat, and glowing 

gems and stones were all accounted as phosphorescent phenomena.1 The same name, phosphor, 

was later assigned to the element phosphorus isolated by Hennig Brand in 1669 for its glowing 

vapors upon burning when exposed to the air.2, 3 

In 1888, German physicist and historian of science, Eildhardt Wiedemann, established a 

taxonomy of light-emitting phenomena, which brought a more consolidated definition of 

phosphorescence. He coined the term "Luminescenz" to refer to "all those phenomena of light 

which are not solely conditioned by the rise in temperature (incandescence)", and classified 

luminescence into six kinds according to the method of excitation, which remains the dominant 

classification in photophysics. a  He recognized thermoluminescence, electroluminescence, 

crystaloluminescence, triboluminescence, chemiluminescence, and photoluminescence as the 

result of excitation by warming, electric field, crystallization, crushing/breaking crystals, chemical 

reaction, and light, respectively.1, 4 

Photoluminescence was later subdivided into fluorescence and phosphorescence, based on the 

light emission duration after the excitation source is turned off. Fluorescence was considered an 

emission of light that disappears instantaneously upon cessation of the excitation. In contrast, 

phosphorescence persists (on the time scale of seconds, perceivable by the naked eye) after the 

excitation radiation is ceased.4 Materials that exhibit phosphorescence are often called 

phosphors, one of the most famous examples being calcinated Bolognian stone (impure barium 

sulfide), discovered in 1602 by a cobbler from Bologna, Vincenzo Cascariolo. 1 

In 1929 Francis Perrin defined the distinction between fluorescence and phosphorescence based 

on their mechanism, suggesting that unlike the instantaneous emission of fluorescence, in 

 
a Almost all the newly discovered light-emitting mechanisms such as radioluminescence, mechanoluminescence, 
sonoluminescence, etc. fit into these categories. 
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phosphorescence, the excited species pass through a metastable intermediate state before 

emission.5 The nature of this metastable intermediate was not known until after the quantum 

mechanics revolution in the early 20th century. In 1944, G. N. Lewis and M. Kasha, pioneers of 

modern molecular photophysics, stated for the first time, "We are now in a position to distinguish 

sharply between fluorescence and phosphorescence. Fluorescence is the light emitted in falling 

from an S level to an S level or from a T level to a T level. Phosphorescence is the light emitted 

when the molecule falls from a level of one class to a level of the other class." 6, b One year later, 

G. N. Lewis and M. Calvin further confirmed the triplet state nature (a biradical with spin quantum 

number S=1) of phosphors by illustrating the paramagnetic behavior of phosphorescent 

compounds upon photoexcitation.7  

 

1.2. Basic photophysics of phosphorescence  

In modern molecular photophysics, we use the term fluorescence for the photoluminescence 

phenomena in which the spin multiplicityc  is retained upon excitation-emission. In contrast, 

phosphorescence involves a change in multiplicity, typically from singlet to triplet or vice versa. 

As depicted in the simplified Jablonski diagram (Figure 1.1), upon photoexcitation, a closed-shell 

molecule in the singlet ground state (S0) is promoted to an excited singlet state (Sn, n ≥ 1). 

According to Kasha's rule,8 the singlet excited state molecule will subsequently undergo 

radiationless internal conversion (IC) to the lowest singlet excited state (S1).  

The S1 excited state will then undergo deactivation via one of the following competitive 

processes: (1) radiative decay to S0 (fluorescence); (2) non-radiative decay to S0 through IC or 

energy transfer; or (3) intersystem crossing (ISC; red arrow in Figure 1.1a) to a triplet state (Tn, 

n ≥ 1). d  

 

 
b In their article, S refers to singlet excited state and T refers to the triplet state. 
c (number of probable spin angular momentum corresponding to a given total spin quantum number <s>. 
d IC and ISC are radiationless de-excitation into a lower excited state. In IC the molecular spin multiplicity 
remains the same during, whereas it changes during ISC. 
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ISC is a spin-forbidden process that is accelerated by spin-orbit coupling, which is greater in 

magnitude in large atomic number elements (see section 1.4.1). Following the ISC, the triplet 

exciton will decay to the lowest triplet state (T1) through IC. Eventually, the T1 excitons deactivate 

to S0 via a radiative emission (phosphorescence) or non-radiatively by vibrational relaxation or 

energy transfer to quenchers such as triplet diatomic oxygen molecules (3O2). The long lifetimes 

(due to the spin-forbidden ISC processes) of phosphors, coupled with their sensitivity to the 

molecular environment, have attracted increasing attention to phosphors’ applications in 

sensing,9-11 anti-counterfeiting, and data encryption.12-14 Additionally, the extended 

phosphorescence lifetime is beneficial for bioimaging as it allows the elimination of the 

autofluorescence background of cells and tissues.15, 16 The peculiar electronic configuration of 

the triplet state in the phosphors also enables applications in amplified photon up-conversion,17 

light-emitting18-22 and photovoltaic diodes,23 lasers,24 and 3D displays.25 

  

Figure 1.1. a) The simplified Jablonski diagram showing the different pathways that molecules 
could undergo upon excitation b) Inset showing a schematic representation of electronic levels 
of the ground state (S0), singlet excited state (S1), and triplet state (T1) and their corresponding 
spin state(<s>). The figure is adapted with permission from ref. 26 Copyright (2020) Springer 
Nature limited. 
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1.3. Organic room temperature phosphorescence (ORTP) 

Nearly all the efficient phosphors reported to date contain heavy metals (for example, Pt and Ir 

complexes in phosphorescent organic light-emitting diodes (OLEDs)27, 28). Conversely, purely 

organic luminophores (made from the top three rows of elements) have been widely explored 

for their fluorescence behavior but are generally considered non-phosphorescent at room 

temperature. This is due to the inefficient spin-orbit coupling (SOC) for low atomic number 

elements. SOC accelerates the ISC process, thus the small SOC in organic compounds does not 

allow the rates of ISC to compete with those of IC and the fluorescence deactivation of S1. Even 

in the scenario where T1 is formed in an organic molecules, it is easily deactivated by thermal 

vibrations (or other non-radiative pathways) at room temperature, faster than the spin-

forbidden radiative T1 → S0 transition (phosphorescence) could take place. Therefore, few 

organic molecules are phosphorescent, and until recently, their phosphorescence was only 

observed in glassy matrices such as polymeric matrices and frozen solvents at cryogenic 

temperatures.29-31 

Nonetheless, organic phosphors have many potential advantages over metal-containing 

materials, including reduced toxicity and environmental footprint, longer emission lifetimes, 

lower cost, and wide tunability of photophysical properties, which has attracted scientists to this 

field. The first report of organic phosphors capable of emitting at room temperature (organic 

room temperature phosphorescence, ORTP) dates back to the 1930s when the crystals of 

tetraphenylmethane and its derivatives were shown to emit blue-green phosphorescence 

persisting for seconds after the excitation source was turned off.32 A few other crystalline organic 

phosphors were reported during the next 3-4 decades.33-37 However, the development of 

thorough purification and characterization techniques later suggested that the observed ORTP 

emission might have resulted from impurities33 and the field of ORTP remained dormant until the 

early 2000s. 

The pioneering work of B. Z. Tang and co-workers in 2010 on the ORTP of substituted 

benzophenone crystals38 and J. Kim and co-workers in 2011 on the ORTP in halogen-bonded 

benzaldehyde doped crystals39 rejuvenated the field by illustrating how crystal engineering of 
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inter-molecular interactions in the solid-state can induce ORTP emission. Soon after, other 

organic molecules which exhibit efficient ORTP under ambient conditions were developed, 

drawing rapidly growing attention from materials scientists and photophysicists.26, 40 Over the 

last decade, significant advances have been made in the rational design and formulation of pure 

organic luminophores with high ORTP efficiency, which has brought about the realization of 

various applications (Figure 1.2). 
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Figure 1.1. Applications of ORTP materials. a) Suppressing the autofluorescence background in 
cell imaging with benzothiadiazole-based ORTP nanocrystals. b) Printable anti-counterfeiting ink 
based on phosphorescent sodium pyromellitate. c) An OLED with ORTP emitting layer showing 
afterglow when the voltage is off. d) Phosphorescent difluoroboron dibenzoylmethane-tagged 
poly(lactic acid) used for O2 sensing. e) Lasing from the crystal of S-BF2 complex. f) 3D displays 
based on phosphorescent emission enhancement through local oxygen consumption in the 
solution of phosphorescent Pt porphyrin dyes in DMSO in air. Panel a adapted with permission 
from ref.41, Copyright (2019) American chemical society. Panel b is adapted with permission from 
ref.14 Copyright (2022) Springer Nature limited. Panel c is adapted with permission from ref. 42 
Copyright (2015) John Wiley and Sons. Panel d is adapted with permission from ref.43 Copyright 
(2007) American Chemical Society, Panel e is adapted with permission from ref.24 Copyright 
(2017) American Chemical Society and Panel f is adapted with permission from ref.44 Copyright 
(2020) John Wiley and Sons. 
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1.4. Design of ORTPs 

The phosphorescence quantum efficiency (p) of a material depends on several photophysical 

properties: (1) the yield of ISC (ISC for S1 → Tn) generating the triplet excited state, (2) the rate 

of phosphorescence (kp for T1 → S0), and (3) the competing non-radiative triplet deactivation 

pathways (vibrational relaxation, knr, and energy transfer quenching pathways, kq) as illustrated 

in equation 1.1. To achieve efficient phosphorescence, ISC rate (kISC) should be comparable to, or 

ideally higher than, the S1 radiative (kF 108-1010 s-1) and internal conversions rates ( kIC, ~107–1010 

s−1) of S1 (equation 1.2). Additionally, the kp should surpass the knr and kq of T1. 

 

   Φ𝑝 =  Φ𝐼𝑆𝐶𝑘𝑝𝜏𝑝 =  Φ𝐼𝑆𝐶𝑘𝑝 (
1

𝑘𝑝+𝑘𝑞+𝑘𝑛𝑟
)    (Equation 1.1) 

   Φ𝐼𝑆𝐶 =
𝑘𝐼𝑆𝐶

𝑘𝐹+𝑘𝐼𝐶+𝑘𝐼𝑆𝐶
       (Equation 1.2) 

where τp is the phosphorescence lifetime, and kISC, kF, and kIC are the rate constants for 

intersystem crossing, fluorescence, and internal conversion, respectively. 

kISC is determined by the electronic configuration and energy levels of the molecule (see section 

1.4.1 for discussion) but also depends on intermolecular interactions and molecular 

environments.26, 45 Thus, solvent polarity has been shown to affect the ISC rates, and 

consequently, the p and τp, of aromatic ketones due to the change of T1 orbital transitions from 

(n-π*) to (π,π*) in high polarity media.46, 47 Furthermore, temperature dependence of ISC has been 

demonstrated in anthracene derivatives where the thermally activated S1 → T2 ISC (ES1-T2 ~+0.45 

kcal mol-1) is significantly suppressed by cooling of the solution.48  

Apart from achieving efficient ISC, the other key factor for enhancing p is the acceleration of kP 

or deceleration of knr + kq so phosphorescence can compete with the non-radiative decay of the 

triplet excited state. As will be discussed in the following section 1.4.1., enhancing spin-orbit 

coupling (SOC) through the heavy atom effect and El-Sayed’s rule can accelerate both the kISC and 

kp. Nevertheless, enhancement of one individually (kISC or kp) cannot yield efficient 
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phosphorescence. For instance, naphthalene in solution has a large ISC (~70%) but a small kP 

(~10−1 s−1) and consequently shows a p < 5% at 77 K (<0.01% at room temperature).49, 50 

1.4.1. Strategies to obtain kISC and kp    

The most critical parameter that determines the efficiency of ISC and the kp is SOC.e Two main 

molecular design strategies to enhance the SOC are (1) the heavy atom effect and (2) the coupling 

of molecular orbital transitions with different angular momenta (El Sayed's rule). 

1.4.1.1. Heavy-atom effect 

SOC is directly proportional to Zeff
4, where the Zeff is the effective atomic nuclear charge. 

Conventionally, in the context of SOC, elements from Z = 1 (hydrogen) to Z = 10 (neon) are 

considered to be "light" (very small SOC), and elements with Z > 10 are considered “heavy.”50 For 

example, light atoms present in purely organic materials show SOC energies of <0.1, 0.1, 0.2, 0.4 

kcal mol-1 for hydrogen, carbon, nitrogen, and oxygen, whereas heavier halogens possess 2.0, 

7.0, and 14.0 kcal mol-1 for Cl, Br, I, respectively.50 Thus, incorporating heavier elements with 

larger SOC energies into organic molecules increases the kISC .  

The increasing heavy atom effect in a series of metal-organic complexes of dibenzoylmethane 

with Al3+, Sc3+, Y3+, La3+, Gd3+, and Lu3+ ions reveals that while the fluorescence and 

phosphorescence energies were nearly unaffected by the type of ion, the phosphorescence to 

fluorescence ratio and triplet lifetimes vary markedly, with the heavier ions showing the most 

efficient and faster phosphorescence (Table 1.1).51 

Apart from the incorporation of metals such as Ir and Pt, the heavy atom effect can be introduced 

by other, non-metallic heavy atoms such as chlorine,52, 53 bromine,10, 39, 54 iodine,55-57 sulfur,58-60 

selenium61 and tellurium (Figure 1.3).61, 62 For example, in halogenated benzene and 

naphthalene, the phosphorescence-to-fluorescence ratio increases approximately with the 

square of the SOC energy of substituent atoms.63  

 
e If SOC is small, ISC can proceed via spin-spin coupling (SSC) or hyperfine interaction (HFI) (see ref. 45).  
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Table 1.1. The spectroscopic data of the metal-organic complexes of dibenzoylmethane, 

obtained from ref. 51. 

Metal ion Zeff 
τp 

(seconds) 
Fl./Phos. ratio 

Al 13 0.70 NA. 
Sc 21 0.39 5.2 
Y 39 0.24 0.98 

Lu 71 0.10 0.48 
La 57 0.06 0.36 
Gd 64 0.002 0.00 (no observable fluorescence) 

 

 

Figure 1.3. Examples of ORTP molecules with SOC enhanced by non-metallic heavy atoms. 1.1 
ref.52; 1.2 ref.10; 1.3. ref.56; 1.4. ref58; 1.5. ref.61 and 1.6. ref.62 

 

The heavy atom effect can also be implemented through intermolecular interactions (external 

heavy atom effect) to enhance the SOC of organic molecules. In 1952, Kasha reported that 
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dissolving -chloronaphthalene in ethyl iodide results in a yellow-emissive solution, in which the 

singlet → triplet absorption has significantly increased. He rationalized this observation by a 

model based on “collisional perturbation of spin-orbital coupling in the π-electron orbitals of 

naphthalene”.64 

This external heavy atom effect is explored in organic salts by designing heavy atom-containing 

counterions, for example, in quinolinium salts,65 and molecularly doped ionic polymers.66 In 2018, 

Wang et al. reported a series of emissive 1,2,3,4-tetraphenyloxazolium salts with different 

counterions.56 Only bromide and iodide salts exhibited ORTP emission, while fluoride, chloride, 

and hexafluorophosphate showed only fluorescent emission (Figure 1.4). The internal heavy 

atom effect is described by the participation of heavy atom orbitals in the excitation where the 

spin transition occurs.50 On the other hand, the external heavy-atom effect on SOC of molecules 

has been suggested to occur by mixing of electronic states,45 67, 68 charge transfer interaction69 

and exciplex formations70 between the perturber and the luminophore. 

 

 

Figure 1.4. Chemical structures and luminescent emission spectra and photographs of 1,2,3,4-
tetraphenyloxazolium salts with different counterions. Adapted with permission from ref. 56, 
Copyright (2018) Springer Nature limited. 
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1.4.1.2. El-Sayed’s rule 

Most aromatic compounds have weak SOC (~3x10-4 kcal mol-1) and slow kISC (<108 s−1), which 

would result in low phosphorescent efficiency.71 In 1963, M. El-Sayed theoretically investigated 

the reason behind the unexpected efficient phosphorescence of some heterocycles, such as 

pyrazine, as compared to their hydrocarbon counterparts.72 He concluded that the kISC is 

enhanced when the transition involves a change of orbital angular momentum, which became 

known as El-Sayed’s rule.72-74 According to El-Sayed’s rule, for purely organic molecules, effective 

SOC only occurs in transitions from 1(n,π*) → 3(π,π*) and 1(π,π*) → 3(n,π*), in which the 

molecular transition orbitals px and py overlap, allowing the spin-transitions to occur (Figure 1.5). 

By contrast, the ISC from 1(π,π*) → 3(π,π*) or from 1(n,π*) → 3(n,π*) is not favored because there 

is no change of orbital angular momentum with which the flipping of electron spin can couple 

(inefficient SOC). For example, kISC of naphthalene with a 1(π,π*) → 3(π,π*) transition is ~106 s-1 

whereas that of benzophenone with 1(n,π*) → 3(π,π*) is ~1011 s-1.50  

Similarly, T1 with a 3(n,π*) configuration can relax to S0 with a high kP, owing to the spin-flip-

allowed transition from 1(n,π*) to 1n2, whereas T1 with a 3(π,π*) configuration exhibits an 

extremely slow decay rate owing to the spin-flip-forbidden transition from 3(π,π*) to 1π2. 

 

Figure 1.5. Schematic illustration of the El-Sayed’s rule for ISC. Adapted with permission from ref. 
75. Copyright (2020) Springer Nature limited. 
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El-Sayed’s rule has become the second common strategy to enhance the kISC of organic molecules 

(in addition to the heavy-atom effect discussed above). Incorporation of functional groups 

containing heteroatoms (O,42, 53, 76, 77, N,78, 79 S, 61, 80-82 P78) into the molecular scaffolds enhances 

the phosphorescence efficiency of organic materials (Figure 1.6), as their lone-pair electrons 

endow the (n,π*) characteristic to the S1 state, while a mostly (π,π*) characteristic is retained for 

the triplet states. Other molecular orbital transitions, such as (π,p) of boron in boronic acid and 

esters83-87 and (σ,π*) transitions in twisted hydrocarbons88 have also been suggested to enhance 

the ISC and phosphorescence. 

 

  

Figure 1.6. ORTP molecules with SOC enhanced by heteroatoms with lone pairs. 1.7. ref.53; 1.8. 
ref.78; 1.9. ref.79; 1.10. ref42; 1.11. ref.53 and 1.12. ref. 76 
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1.4.2. Suppression of the non-radiative decay and quenching processes of T1 

Organic materials typically have small kp of ∼100-102 s−1 (for example, 1.9 s-1 for 1-

chloronaphthalene and 150 s-1 for benzophenone in frozen solutions),50 which is comparable to 

knr ~100-104 (depending on the rigidity of the matrix and temperature). Furthermore, 

depopulating and quenching the triplet excitons via 3O2 or triplet-triplet annihilation (TTA) is 

detrimental to the ORTP effciency.36, 89-93 Therefore, suppression of kq and knr is critical for 

phosphorescence.  

1.4.2.1. Embedding phosphors in a rigid matrix 

A common method to suppress the non-radiative deactivations in ORTP emitters is to embed 

them into rigid host matrices, which also minimizes collisional quenching of triplet states with 

3O2. Examples of the most common rigid hosts utilized to increase ORTP are (1) polymers such as 

poly(vinyl alcohol)94-97 and poly(methyl methacrylate) (PMMA),98-101 (2) micelles,102 (3) 

amorphous molecular solids such as steroids103, 104 and cyclodextrins,105, 106 (4) inorganic 

crystals107 and (5) molecular crystals.38, 103-106, 108-111 

Increasing the local motion in a PMMA host matrix by raising the temperature (especially, above 

the glass transition) has been shown to significantly reduce the T1 lifetimes of benzophenone, 

suggesting that the host's molecular motions induce intramolecular vibrations in the guest, 

promoting knr and resulting in low phosphorescent emission.31 Hydrogen and halogen bonds in 

polymers90, 96, 112, 113 have been exploited to reduce the vibrational relaxation of the phosphor.114 

Covalent grafting of phosphors on the side chain,115-118 the main chain,119, 120 or the terminal 

position43, 121 of the polymers has also been explored to enhance the ORTP efficiency over the 

physically mixed guest@polymer systems. 

Strengthening the intermolecular interactions between the host and the guest by cross-linking 13, 

122 has also been shown to dramatically enhance the RTP behavior. Jinsang and co-workers 

demonstrated this effect by doping a dienophile-modified derivative of a bromobenzaldehyde 

phosphor into furan-contained polymer capable of Diels–Alder click chemistry (Figure 1.7). They 

observed an increase in p of thin films made by crosslinked polymers (26%) that were nearly 

two times higher than that of phosphor-doped polymer systems having no such covalent linkage 

(15%).122  
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Molecular crystals have long been studied as (alternatives to polymer) hosts to realize ORTPs.33, 

123-125 In fact, the observed phosphorescence in derivatives of tetraphenylmethane as the first 

discovered crystalline ORTP was suggested to originate from a small amount of triphenylmethane 

dopants, as noted in 1939 by D. B. Clapp.32 The complexity of molecular interactions in crystals 

and the phase separation of most guests when incorporated in organic crystals hampered their 

wide application as ORTP hosts. However, in 2011, Kim and co-workers showed efficient solid-

state phosphorescence (p up to 55%) in a series of aryldibromide halogen-bonded crystals 

doped with structurally similar bromobenzaldehydes,39 sparking the renewed interest in ORTP 

materials. 

 

Figure 1.7. Chemical structures of Diels-Alder cross-linked DA1-doped PFMA polymer and Br6A-
doped PFMA blend and their photophysical characteristics. Adapted with permission from ref.122, 
copyright (2015) Springer Nature limited. 

 

Although embedding more phosphors in the host can be expected to result in higher brightness 

of the ORTP, the increased concentration also enhances the incidence of triplet-triplet 

annihilation (TTA) and lowers the p. 126, 127 As such, organic phosphors are typically highly diluted 
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in rigid matrices to isolate the phosphors and minimize encounters of their triplet excited 

states.128 Alternatively, W. Huang and co-workers achieved the isolation of phosphors using salts 

of aryl carboxylates 14, 129 with a variety of cations. They found that the formation of high-density 

ionic bonds around carboxylic acid groups of the chromophores leads to a segregated molecular 

arrangement with negligible inter-chromophore interactions. This structural confinement 

allowed the realization of record-high blue phosphorescence with p up to 96.5% (Figure 1.2b).14 

1.5. ORTP emission in pure molecular crystals 

Generally, achieving ORTP emission in pure crystals of phosphors poses a particular challenge 

due to the enhanced TTA as well as other aggregation-caused quenching processes.130 The TTA 

mechanism was originally proposed to explain the delayed fluorescence of π-conjugated 

materials, during which two T1 states encounter one another and annihilate, producing S0 and S1 

states.131 TTA is particularly efficient in conjugated phosphors with a planar structure, such as 

anthracene, owing to the high π-overlap of the individual molecules.132, 133 

In their seminal work in 2010, B. Z. Tang and co-workers showed that benzophenone derivatives 

are non-emissive at room temperature in solution and in an amorphous condensed phase 

(absorbed on a TLC plate or doped into a polymer), whereas in the crystalline state, the confined 

intramolecular motions resulted in a decrease of knr and bright RTP under ultraviolet (UV) 

irradiation is observed at room temperature (Figure 1.8).38 The authors concluded that the 

carbonyl group, halogen atom, and nonplanar conformation are the key elements of designing 

the ORTP solids. 
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Figure 1.8. Photograph of dibromo and dichlorobenzophenone crystals at room light and under 

UV excitation. The figure is adapted with permission from ref.38, Copyright (2010) from American 

Chemical Society. 

 

Since then, several pure ORTP solids have been reported (Figures 1.3, 1.4, 1.6)10, 39, 42, 52-62, 76-82 

and with few exceptions, their molecular designs are based on non-planar flexible structures that 

limit π–π interactions in the solid state (reducing the TTA) and show aggregation-induced 

emission.130 The role of molecular interaction and solid-state packing has been widely 

acknowledged in these ORTPs. However, the mechanism behind the behavior is not well-

understood and no unified structure-luminescent property has been suggested for ORTPs. As 

such, despite all the progress in understanding the mechanisms underlying ORTPs, the realization 

of these materials is still an empirical exercise, and precise design of ORTP crystals with desired 

properties (emission wavelength, lifetime, etc.) is not possible.  

The main reason behind this formidable challenge is that when molecules aggregate and 

crystallize, their electronic levels are significantly perturbed, changing their photophysical 

behavior.134, 135 Depending on the specific crystal packing, different intermolecular interactions 

will lead to different electronic couplings between the adjacent molecules. Already by 1958, E. 

G. McRae and M. Kasha had predicted that the way molecules are packed in solids could 
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dramatically change their fluorescence/phosphorescence properties.136 Their calculations 

suggest that parallel stacking of co-aligned molecules will result in higher phosphorescence 

efficiency compared to tilted molecular stacks. 

The seminal work of Huang and co-workers in 2015 showed the effect of strong coupling in H-

aggregated molecules (analogous to parallel stacking described by Kasha136) that results in the 

stabilization of excited triplet states.79 The H-aggregation was manifested as an aggregation-

induced blue shifted in the absorption spectra and validated by the single crystal structure 

analysis (SCXRD). Time-dependent density functional theory (TD-DFT) calculations of individual 

molecules and H-aggregated dimers suggested that ISC is probably enhanced upon aggregation 

due to more transition channels from S1 → Tn (Figure 1.9). The newly formed triplet states were 

also stabilized by H-aggregation, which acted as an energy trap for the locally excited molecules, 

that resulted in a long-lived excited state and ORTP with lifetime of >1 s.  

 

Figure 1.9. a) Proposed mechanism of ultralong ORPT by stabilizing the lowest triplet excited 

state (T1). b) Luminescence of DPhCzT and c) its energy diagram calculated by TD-DFT. Adapted 

with permission from ref. 79. Copyright (2015) Springer Nature limited. 

 

Bryce and co-workers suggested another mechanism for enhancing phosphorescence in 

molecular crystals. Using TD-DFT and the single crystal X-ray crystallography (SC-XRD) of 4-(9H-

carbazol-9-yl)benzophenone(Cz-BP), they showed that close intermolecular contact of moieties 

capable of different excited-state configurations, for example, carbonyl (n-π*) and carbazole (π-

π*) results in significant interactions between their orbitals (Figure 1.10).54 Similar to Huang's 
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report, the multiplication of accessible ISC channels in the aggregated state (dimer cluster 

corresponding to the observed crystal packing) compared to the isolated molecule in the gas 

phase, was suggested to be a contributing factor of the ORTP. 

 

Figure 1.10. a) Intermolecular electronic coupling of the carbonyl and carbazole groups in two 
Cz-BP molecules that are in close proximity in the single crystal. b) Energy level diagram of the 
isolated and coupled Cz-BP molecule(s). Adapted with permission from ref.54 Copyright (2020) 
John Wiley and Sons.  

Furthermore, by studying 7 different derivatives of 10-phenyl-10H-phenothiazine-5,5-dioxide, Z. 

Li and co-workers found that stronger π-π interactions in the crystalline solids with electron-

withdrawing substituents dramatically enhance their phosphorescence lifetime from 88 ms for 

the methoxybenzene-substituted phosphor (π-π of ~4.25 Å ) up to 410 ms in fluorophenyl-

substituted compound (π-π of ~4.25 Å ).9 

Studying polymorphs of the same molecule can be particularly helpful in elucidating the effects 

of crystal packing on the photophysical behavior of ORTP solids.12, 137, 138 Investigating the three 

polymorphs of N-(4-cyanophenyl)phenothiazine, Zhen and co-workers showed different 

phosphorescence lifetimes of 226 ms, 41 ms, and 36 ms and quantum yields of 23%, 18%, and 

7% (Figure 1.11 a).137 Z. Li and co-workers reported two polymorphs (A and B) of ortho-

substituted triphenylamine, one of which showed ORTP emission with a 33 ms lifetime. In 

comparison, polymorph B showed very weak emission with a 1 ms lifetime but upon grinding, 

exhibited mechanoluminescence. 138 Using a combination of SCXRD and solid-state NMR, they 

suggested that the latter polymorph includes inhomogeneous interactions, having regions of 

strong interactions and regions of free volume around molecules in the crystal structure, which 
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enhances the knr and facilitates the crystal fracture resulting in the mechanoluminescent 

property. 

 

 

Figure 1.11. ORTP polymorph crystals of a) N-(4-cyanophenyl)phenothiazine b) trimethyl 2,2',2''-
nitrilotribenzoate and their emission under UV light and upon ceasing the UV excitation. Adapted 
with permission from a) ref. 137 copyright (2017) Royal Society of Chemistry and b) ref. 138 
copyright (2019) John Wiley and Sons. 

 

Grinding the crystals (amorphization) also has shown to significantly alter the emission of several 

other ORTP solids and is attributed to defects introduced in the crystal packing.57, 139 

Cumulatively, recent literature clearly illustrates the importance of intermolecular interactions 

in the solid on the photophysical behavior of ORTP materials.  
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1.6. Conclusion 

To date, several molecular design ideas to enhance the intersystem crossing rate of organic 

materials have been reported, such as a change of transition orbitals according to El Sayed's rule 

and the heavy atom effect. The role of molecular packing in defining the singlet/triplet exciton 

behavior of pure ORTPs has been widely acknowledged but still poorly understood. 

Consequently, developing efficient ORTP materials is still an empirical exercise, and these 

materials remain scarce. The formidable (larger) problem of crystal structure prediction and the 

complexity of emerging properties in molecular solids have hindered the engineering of ORTP 

materials. In this thesis, we sought to explore novel ORTP materials, both expanding the scope 

of phosphorescent molecular motifs and gaining new insights in their design principles by probing 

the relation between their supramolecular structure and photoluminescence.  

 

1.7. Thesis Outline 

In Chapter 2, we report our serendipitous finding of highly emissive trioxoazatriangulene 

derivatives (p ≤ 42%). We demonstrated that all derivatives have identical photophysical 

behavior in solution; however, in crystalline solids, they can show either fluorescent or 

phosphorescent behavior depending on the alignment of transition dipoles in molecular π-stacks.  

In Chapter 3, we report a series of emissive N-aryl/N-alkylacridone derivatives in which different 

crystal packing significantly alters the phosphorescence energy and the triplet-triplet annihilation 

pathways in their solids. We found that TTA appears strongly in N-arylacridones with small 

substituents that pack as antiparallel π-stacks, and measurably weaker in MetAc with coparallel 

π-stacks and nonexistant in derivatives with isolated π-dimers. 

In Chapter 4, we report a novel method to synthesize boroxine and dioxaborole-linked covalent 

organic frameworks (COFs) with high optical purity. This work formed a foundation for our future 

development of phosphorescent COF, as a tunable platform with structure (and properites) 

engineered via reticular chemistry approach.  
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In Chapter 5, we introduce a covalent-doping strategy toward achieving the first highly 

phosphorescent boroxine-linked COF (ΦP ≤ 29%) by copolymerization of halogenated and 

unsubstituted phenyldiboronic acids. This doping approach allows for tuning the 

phosphorescence-to-fluorescence ratio by changing the dopant type and concentration. We also 

demonstrate a highly efficient COF-based oxygen sensor with an ultra-wide dynamic detection 

range (~103-10−5 torr of partial oxygen pressure). 

In Chapter 6, we report the first near-infrared (NIR) emissive COFs based on the 

trioxaazatriangulene (TANG) building block. We show that the donor-acceptor interactions in 

these COFs result in small band gaps (as low as 1.54 eV) which is responsible for NIR emission 

extending up to 1100 nm.  

In Chapter 7, we provide a general discussion of the work and summarize it with conclusions and 

outlook for future studies. 
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Preface 

In this chapter, we show how the molecular packing in the crystal affects the phosphorescent 

behavior of a series of azatriangulenetrione (TANGO). Unsubstituted HTANGO, halogen-

substituted TXTANG (X = Cl, Br, I), and t-butyl-substituted tBuTANGO derivatives were 

synthesized, and their photophysical properties were investigated in solution (at room 

temperature and frozen at 77 K) and crystalline solids. We found that all TANGO derivatives 

showed similar photophysical properties in solution. In the solid state, however, unsubstituted 

HTANGO and the halogenated permutations showed efficient room temperature 

phosphorescence (p up to 42% for HTANGO), whereas the tBuTANGO emits only pure 

fluorescence. X-ray crystallography revealed that all derivatives have crystal packings made of 

1D-columnar π-stacks, with only tBuTANGO molecules exhibiting a rotation of 60° within π-

columns due to the steric bulkiness of the side groups. Using the density functional theory 

calculation, we then rationalized that the alignment of transition dipoles within the π-stacks upon 

rotation could indeed control the efficiencies of the singlet and triplet emission channels.  

This chapter is reprinted with permission from E. Hamzehpoor, and D. F. Perepichka, “Crystal 

Engineering of Room Temperature Phosphorescence in Organic Solids” Angew. Chem. Int. Ed. 

Engl. 2020, 59, 9977-9981. HRMS and NMR spectra of all TANGOs and their corresponding 

precursors (2-5) are reported in Appendix 1 of the thesis. 

 

 

Author contribution 

I have synthesized, purified, and performed structural characterization, photophysical 

characterization (steady-state, lifetime analysis, and quantum yields), and density functional 

theory calculations. The manuscript was written by me and revised and edited by Dmytro F. 

Perepichka. 

  

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.201913393
https://onlinelibrary.wiley.com/doi/full/10.1002/anie.201913393
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2.1. Abstract 

We report a series of highly emissive azatriangulenetrione (TANGO) solids in which the 

luminescent properties are controlled by engineering the molecular packing by adjusting the 

steric size of substituents. The co-alignment of “phosphorogenic” carbonyl groups within the π-

stacks results in an almost pure triplet emission in HTANGO, TCTANGO, TBTANGO and TITANGO, 

while their rotation by ≈60° in the sterically hindered tBuTANGO leads to an almost pure singlet 

emission. Despite strong π-interactions, aggregation-induced quenching and triplet–triplet 

annihilation are avoided in HTANGO and TCTANGO which display efficient phosphorescence in 

the solid state. To our knowledge, HTANGO with the solid-state phosphorescence quantum yield 

of 42% at room temperature is the most efficient phosphor composed of the 1st /2nd row 

elements only. 
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2.2. Introduction: 

There is a rapidly growing interest in organic room temperature phosphorescent (ORTP) dyes as 

alternatives to traditional inorganic/metal-organic phosphors.1, 2 Their potential applications 

include time-gated biological imaging/sensing,3, 4 anticounterfeiting and data encryption,5, 6 high-

efficiency light-emitting diodes,7-10 improving charge generation in photovoltaic devices,11 

phosphorescence lasing12 and amplified upconversion emission.13 ORTP emitters carry several 

potential advantages over their heavy metal containing counterparts such as lower toxicity, and 

environmental footprint, longer lifetimes, low-cost processing, and vast opportunities for tuning 

their photophysical properties.6, 14, 15 

Phosphorescence is a spin-forbidden radiative decay of the lowest-energy triplet state T1 which 

can be formed from a singlet excited state (S1) via intersystem crossing (ISC). However, in most 

organic materials the ISC is very slow and generally cannot compete with fluorescence and non-

radiative decays. A common approach to design phosphorescence in organic compounds is the 

incorporation of heavy atoms such as Br, I, S, Te which enhance the spin orbit coupling (SOC).16-

20 Another strategy to enhance the SOC is coupling n-π* and π-π* transitions with different 

angular momentum, that can be realized in carbonyl (C=O) containing derivatives.4, 6, 15, 17, 21-24 

Apart from efficient ISC, achieving ORTP also requires suppressing the competing nonradiative 

decay, usually realized through embedding phosphorescent molecules in a rigid (polymer24, 25 or 

crystal17) matrix. A dilute concentration of the phosphor in such solid solutions is generally 

required to avoid their deactivation via triplet-triplet annihilation. 

In the last few years, several pure ORTP solids have been reported.15, 16, 21, 23 With very few 

exceptions,26 their molecular design is based on non-planar flexible structures that limit π-π 

interactions in the solid state resulting in ‘aggregation-induced emission’. The pioneering B.Z 

Tang’s work explicitly cites “carbonyl group, halogen atom and nonplanar conformation” as the 

key for the design of ORTP solids.23, 27 Several other groups have found ORTP in the crystals of 

similar nonplanar molecules, although in most cases the overall emission is still dominated by 

fluorescence.6, 15, 21, 28, 29  
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The role of molecular packing in defining the singlet/triplet exciton dynamics in the solids is 

widely acknowledged but still poorly understood. W. Huang, X. Lui and co-workers proposed H-

aggregation as a design principle for stabilization of triplet excitons. The authors have indeed 

achieved an ultralong (>1 s) phosphorescence in various carbazole derivatives, although in all 

cases the fluorescence channel still dominated the emission.28 Bryce et al. proposed that the ISC 

is enhanced by intermolecular electronic coupling of the “π” (carbazole) and “n” (carbonyl or 

sulfonyl) moieties, and demonstrated that pure (fluorescence-free) ORTP (PLQY ~5%) can be 

achieved in such organic solids when substituted with bromine.30 Several groups have further 

studied the effect of solid state structure on phosphorescent properties through permutation of 

substituents in the molecule.3, 15, 29, 31, 32 However, predictability of the induced changes and the 

generality of the deduced structure-properties relationships are limited by the complexity of the 

crystal packing of these low-symmetry molecules. The rational control of the solid-state packing 

and crystal engineering of ORTPs to design efficient organic phosphors is still missing in the field. 

To address this problem, we synthesized a family of planar carbonyl-bridged D3h symmetric 

triphenylamine derivatives (azatriangulenetriones; TANGOs, Scheme 2.1) that display efficient 

luminescence in the solid state. 0F0F

a(a) By adjusting the size of substituents, we can control the 

molecular orientation within the π-stacks and switch from an almost pure fluorescence to pure 

phosphorescence. The parent non-substituted TANGO (HTANGO) shows phosphorescence 

quantum yields of 42 ± 2% (in air) and lifetime of 28.6 ms. To the best of our knowledge, this is 

the highest efficiency of ORTP in organic solids without a heavy atom effect. We investigated the 

effects of the molecular structure and crystal packing on the luminescence of different TANGO 

derivatives and carried out time dependent density functional theory calculations (TD-DFT) to 

shed light on the observed relationships. 

 

 
a) HTANGO was reported previously.37 However, only solution fluorescence in trifluoroacetic acid was reported. 
Supramolecular assemblies of some TANGO derivatives are also known.38, 39 No solid emission or phosphorescent 
properties have been described for any of these derivatives. 
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2.3. Result and Discussion 

The TANGO derivatives were synthesized from triphenylamine derivatives 1-5 (Scheme 2.1.) and 

purified by Soxhlet extraction followed by multiple vacuum sublimations (performed until the 

solid-state emission spectra remain unchanged). TGA analysis of all TANGO derivatives shows a 

remarkable thermal stability (Tdec > 400 °C in air, Figure 2.4 in Supporting Information). 

 

 

Scheme 2.1. Synthesis of TANGO derivatives: a1) NCS, ACN; a2) PyH+Br3
–, EtOH/Benzene; a3) I2, 

Ag2SO4, EtOH; b) FeCl3, t-BuCl; c) KOH, MeOH/H2O; d) SOCl2/DMF, SnCl4, DCM. 

 

With exception of tBuTANGO, TANGO derivatives are scarcely soluble in organic solvents. 

Solutions with M concentrations can be also prepared in chloroform for HTANGO and TCTANGO 

(but not TBTANGO and TITANGO). Solution UV-Vis absorption of HTANGO shows a strong 
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vibronically structured π-π*
 absorption band at abs

max = 408 nm which slightly red-shifts in 

TCTANGO (429 nm) and tBuTANGO (422 nm) (Figure 2.1 a-c). Upon UV excitation all three 

solutions reveal a deep blue emission with relatively low photoluminescence quantum yields 

(PLQY) of 1%, 5% and 13% for HTANGO, TCTANGO and tBuTANGO, respectively. The emission 

maxima (F
max = 422, 445 and 440 nm for HTANGO, TCTANGO and tBuTANGO, respectively) follow 

the same trend as the absorption, with similar Stokes shift of ~0.13 eV. Their emission shows a 

monoexponential decay with the lifetime F = 3.5 ns (HTANGO), 3.9 ns (TCTANGO) and 0.9 ns 

(tBuTANGO) indicating the fluorescence nature of the emission (Figure 2.7). No detectable 

delayed (>0.1 ms) emission was observed in these solutions at room temperature and their 

emission spectra were not affected by the presence of air. 
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Figure 2.1. a-c) Absorption (black) and emission (steady state at room temperature, blue; 0.2 ms 
delayed at 77 K, green) of HTANGO, tBuTANGO and TCTANGO in chloroform solutions. d-h) Solid 
state absorption (blue), steady state (black) and delayed (red) emission of TANGO solids at room 
temperature and i) corresponding phosphorescence lifetime. The arrows in (d-h) show Stokes 
shifts. 
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Nevertheless, the ISC does take place in all three derivatives, as expected in aromatic ketones.33 

In frozen solution at 77 K, the delayed emission can be detected by a naked eye (Figure 2.8) and 

the emission spectra show vibronically structured phosphorescence bands at P
max= 461 nm (P 

= 145 ms), P
max = 487 nm (P = 91 ms) and P

max = 498 nm (P = 464 ms) for HTANGO, TCTANGO 

and tBuTANGO, respectively. A broad shoulder in the HTANGO spectrum at ~550–600 nm (not 

observed for TCTANGO and tBuTANGO) might be due to partial aggregation upon freezing (Figure 

2.1a). 

In the solid state HTANGO shows a significantly red-shifted emission with P
max = 538 nm and 

lifetime of P = 28.6 ms (Figure 2.1d, i). Its total emission (td = 0 ms) and delayed emission (td = 0.2 

ms) spectra are nearly superimposable, showing the dominance of the phosphorescence 

pathway (Figure 2.1d). The PLQY was found to be 42 ± 2% for the single crystals of HTANGO (25 

± 3% for vapor deposited films). TCTANGO solid displays a similar photoluminescence behavior: 

a red-shifted emission with P
max = 560 nm and P = 6.7 ms (PLQY of 26%). The shorter 

phosphorescence lifetime of TCTANGO comparing to HTANGO is likely attributed to the heavy 

atom effect. Indeed, the lifetime further decreases for the heavier TBTANGO (P = 2.8 ms; P
max 

= 570 nm) and TITANGO (P = 0.8 ms; P
max = 589 nm), albeit with low PLQY (~1.5% for TBTANGO, 

~1% for TITANGO). 

A completely different behavior, however, was observed in the solid state of tBuTANGO which 

displays a less pronounced red-shift vs solution (F
max = 495 nm) and fast radiative decay (F = 

10.0 ns) revealing an almost pure fluorescence with PLQY = 11% (Figure 2.1e and Figure 2.7d). 

The striking difference between the luminescence lifetimes of the TANGOs was visualized with a 

high-speed camera (supporting information of the manuscript34) which reveals a progressively 

diminishing afterglow in the order HTANGO >> TCTANGO> TBTANGO> TITANGO. Such behavior of TANGO 

derivatives coupled with their remarkable environmental stability could find applications in 

pigments for advanced encrypted codes (which use specific delay time and wavelength for 

decryption).5 The observed differences in the solid-state emission of the TANGO derivatives 

cannot be fully attributed to molecular effects. All three soluble TANGO derivatives showed 

similar photoluminescence properties in solution, with mild red-shifts of F
max due to Cl and tBu 
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substituents and comparable lifetimes (~1-4 ns). We have performed TD-DFT calculations 

(B3LYP/6-31G(d)) for optimized molecules in gas phase in both singlet and triplet states and 

carried out natural transition orbital (NTO) and spin-orbit coupling (SOC) analysis (Figure 2.9, 

2.10). According to El-Sayed’s rules, the ISC is favored for transitions between 1n-π* and 3π-π*.33 

NTO analysis indeed predicts that only HTANGO and TITANGO show n-π* S1 and π-π* T1 transition 

orbitals. In all other TANGOs both S1 and T1 transition states show pure π-π* behavior. The 

resulting high SOCS1→T1 for HTANGO (45 cm-1) and TITANGO (88 cm–1) can indeed contribute to 

efficient ISC of these two compounds but leaves unexplained the observed trend of the 

phosphorescence efficiency: HTANGO > TCTANGO >> TBTANGO > TITNAGO and almost complete 

lack of phosphorescence in tBuTANGO solid state. 

In order to understand the effects of molecular packing on the photoluminescence of TANGOs, 

their single crystals were grown via physical vapor deposition. X-ray crystallographic analysis 

reveals that all TANGO derivatives are nearly planar (out of plane deviation <0.33 Å) and pack in 

one-dimensional slipped π-stacks with interplanar distances of 3.40–3.46 Å (Figure 2.2). 

According to crystal structures of TANGOs, the major difference in their packing relates to the 

alignment of the transition dipoles (NꞏꞏꞏC=O  N+ꞏꞏꞏC–O–) within the stack. These dipoles are co-

parallel in all TANGO derivatives except for tBuTANGO, where the steric hindrance of t-butyl 

group forces the adjacent molecules to rotate 60° versus each other to maintain the π-π 

interactions. Accordingly, the absorption (i.e. S0 → S1 transition) of tBuTANGO in the solid state 

shows a large bathochromic shift (0.27 eV) vs that in solution, while only a small ~0.1 eV shift was 

observed for HTANGO and TCTANGO (Figure 2.5). This difference is reminiscent of J-/H-

aggregation in dipolar fluorescent dyes, where the J-aggregation results in large red-shift of the 

absorption/ emission wavelength (versus those of the individual dye molecules in solution) 

enhancing the oscillator strength of the S0  S1 transition and H-aggregation causes the opposite 

effect resulting in optically inactive “dark” singlet excited state.[19]  
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Figure 2.2. Crystal structure of TANGOs showing molecular orientation within π-stacks, in the top 
(a) and side view (b), and in the adjacent stacks (c). The arrows in (a) show molecular 
displacement in the stacks, along the O=CꞏꞏꞏN axis. The red balls in (b) represent the oxygens 
highlighting the eclipsed (HTANGO, TCTANGO, TBTANGO, TITANGO) and staggered (TBuTANGO) 
packing; the arrows show interplanar distances. The arrows in (c) show BrꞏꞏꞏO and IꞏꞏꞏO halogen 
bonds. 

 

To shed further light on the role of crystal packing on the excited state properties, TD-DFT 

calculations were performed for the π-stacked TANGO dimers with varied dihedral angle  

between their NꞏꞏꞏC=O dipoles representing the different rotation of the molecules within π-

stacks (Figure 2.3). The S1 → S0 oscillator strength is zero for  = 0° (corresponding to HTANGO 

packing) but it increases to 0.063 for  = 60° (corresponding to tBuTANGO packing). As a result, 

the singlet excited state of tBuTANGO undergoes a fast (fluorescence) decay (F = 10 ns), while 

the optically inactive singlet excitons in HTANGO (and TCTANGO/TBTANGO/TITANGO) persist for 

sufficiently long times for ISC.  
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Figure 2.3. TD-DFT calculated oscillator strength of TANGO π-dimers as a function of their 
rotational alignment (α = 0° and 60° correspond to crystal packing of HTANGO and tBuTANGO, 
respectively). 

 

The reason for the lower phosphorescence quantum yield of TBTANGO and TITANGO comparing 

to HTANGO and TCTANGO is less obvious. The larger halogen atoms lead to more slipped π-

stacks: the displacement along the O=CꞏꞏꞏN axis increases from 1.86 Å for HTANGO and 1.89 Å for 

TCTANGO, to 2.02 Å for TBTANGO and 2.46 Å for TITANGO (Figure 2.2a). These changes can affect 

the coupling of triplet excitons in terms of transition from a phosphorescence-promoting H-

aggregation to J-aggregation.[14a] The previous work has attributed solid state phosphorescence 

in bromobenzaldehyde derivatives to halogen bonding between the bromine and carbonyl 

groups.[9e] In our case, the halogen bonding interactions have been observed in TBTANGO (OꞏꞏꞏBr 

= 3.18 Å) and TITANGO (OꞏꞏꞏI = 3.05 Å) (Figure 2.2c) but their phosphorescence is much weaker 

than that of HTANGO and TCTANGO which lack such interactions. The inconsequential role of the 

halogen bonds is probably explained by the weak exciton coupling between the stacks (NꞏꞏꞏN 

distances 9.40-14.20 Å), comparing to that within the stacks (NꞏꞏꞏN distances 3.52-4.15 Å). 

However, we cannot completely exclude the possible role of defects, particularly for TITANGO 

with weak C-I bonds. 
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2.4. Conclusion 

In summary, we introduced a new class of emissive azatriangulenetrione pigments whose crystal 

packing can be designed by tuning the bulkiness of substituent. Using X-ray crystallography we 

showed that all derivatives pack in columnar π-stacks with the relative molecular orientation 

controlled by the size of the substituent: the t-butyl group causes 60° rotation resulting in almost 

pure fluorescence (tBuTANGO, PLQY = 11%) while smaller side groups (H, Cl, Br, I) lead to co-

aligned π-stacks and these derivatives display pure phosphorescence emission at room 

temperature with PLQY of up to 42% (for HTANGO). The latter sets a new record of efficiency of 

room temperature phosphorescence in pure organic solids in the absence of the heavy atom 

effect. Achieving efficient phosphorescence in densely packed solids with strong π-π interactions 

is particularly impressive as triplet-triplet annihilation and extended exciton diffusion is generally 

thought to lead to exciton quenching. These results may open new opportunities for design of 

solid state phosphorescent lasers,12 electroluminescent devices,35 upconverting materials for 

light harvesting and related applications.36  
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2.7. Supplementary Information  

2.7.1. Synthesis 

Methyl 2-aminobenzoate, SnCl4 (98%) and SOCl2 were purchased from Sigma Aldrich. KOH, HCl, 

EtOAC, hexane, MeOH, EtOH, MeCN and CH2Cl2 were purchased from Fisher. Trimethyl 2,2',2''-

nitrilotribenzoate (1) was synthesized according to literature.1 All TANGO derivatives were 

synthesized as described below. HTANGO, TCTANGO, TBTANGO and TITANGO used in 

photoluminescence studies were additionally purified by Soxhlet extraction (i-PrOH, THF and 

CHCl3) and subject to fractional vacuum sublimation (at least twice or until their emission spectra 

and photoluminescence quantum yield remain unchanged). 

4H-Benzo[9,1]quinolizino[3,4,5,6,7-d,e,f,g]acridine-4,8,12-trione (HTANGO):2 1 (1.50 g, 3.60 

mmol) and KOH (2.02 g, 36 mmol) were dissolved in MeOH (40 ml) and H2O (10 ml). After stirring 

at 60 °C for 24 h, the solution was diluted with H2O (100 ml) and acidified (pH⁓3) with aq. HCl 

(1M). The resulting precipitate was filtered off, excessively washed with H2O and dried under 

vacuum to give the triacid as a pale-yellow powder (0.98 g, 73 %) which was used without further 

purification and characterization for the next step. The resulting triacid (0.98 g, 2.6 mmol), SOCl2 

(10 ml), and DMF (0.5 ml) were stirred in dry CH2Cl2 (30 mL) at 40°C for 3 h. SnCl4 (0.30 ml, 2.6 

mmol) was then added and the solution was stirred at 40°C for further 20 h. The yellow 

precipitate was filtered off and stirred in aq. NaOH (1 M, 50 mL) for 30 min. After filtration the 

residue was excessively washed with H2O and acetone and dried to yield HTANGO (499 mg, 59%). 

The residue was then transferred to a sublimation chamber and sublimed under vacuum to give 

pure crystalline powder of HTANGO. APCI-MS calcd. for C21H10NO3 [MH]+ 324.0655, found 

324.0661; extremely low solubility of the product in organic solvents precluded NMR 

characterization. 

Trimethyl 6,6',6''-nitrilotris(3-(tert-butyl)benzoate) (2): To a solution of 1 (1.50 g, 3.60 mmol) in 

100 ml t-butyl chloride anhydrous FeCl3(0.25 g,1.54 mmol) was added and the reaction mixture 

brought up to reflux. After 4 hours the solvent was evaporated, and the crude product was 

dissolved in ethyl acetate, washed with brine and dried under vacuum and the residue was 

purified by column chromatography (SiO2, hexanes/EtOAc 20:1) to provide 2 as a pale-yellow 

solid (0.77 g, 36%). ESI-MS (MeOH) calcd. for C36H45NO6Na+ [M]+ 610.3144, found 610.3162; 1H 
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NMR (500 MHz, CDCl3) δ 7.57 (d, J = 2.5 Hz, 3H), 7.39 (dd, J = 8.6, 2.5 Hz, 3H), 7.01 (d, J = 8.6 Hz, 

3H), 3.36 (s, 9H), 1.32 (s, 27H); 13C NMR (126 MHz, CDCl3) δ 168.33, 146.05, 144.65, 129.25, 

127.33, 126.82, 125.38, 51.55, 34.37, 31.23. 

 

2,6,10-Tri-tert-butyl-4H-benzo[9,1]quinolizino[3,4,5,6,7-defg]acridine-4,8,12-trione 

(tBuTANGO): 2 (0.70 g, 1.2 mmol) and KOH (0.67 g, 12 mmol) were dissolved in MeOH (40 mL) 

and H2O (10 mL). After being stirred at 60 °C for 24 h, the solution was diluted with H2O (100 mL) 

and acidified (pH⁓3) with aq. HCl (1 M). The resulting precipitate was filtered off, excessively 

washed with H2O, and dried under vacuum to give the triacid as a pale-yellow powder (0.62 g, 

95%) which was used without further purification and characterization for the next step. The 

resulting triacid (0.60 g, 1.10 mmol), SOCl2 (10 ml), and DMF (0.1 ml) were stirred in dry CH2Cl2 

(30 mL) at 40 °C for 3 h. SnCl4 (0.14 mL, 1.20 mmol) was then added and the solution was stirred 

at 40 °C for further 20 h. The mixture cooled down in ice bath and aq. NaOH was added dropwise 

(1 M, 50 mL) for 30 min. The yellow precipitate was filtered off and dried under vacuum. The 

residue was purified by column chromatography (SiO2, hexanes/EtOAc 1:7) to provide tBuTANGO 

as a yellow solid (0.39 g, 72%). APCI-MS calcd. for C33H34NO3
 [M]+ 492.2538, found 492.2533; 1H 

NMR (500 MHz, CDCl3) δ 9.08 (s, 6H), 1.57 (s, 27H); 13C NMR (126 MHz, CDCl3) δ 176.57, 148.96, 

135.41, 131.54, 122.97, 35.20, 31.25. 

 

Trimethyl 6,6',6''-nitrilotris(3-chlorobenzoate) (3): 1 (2.00 g, 4.77 mmol) in 75 ml acetonitrile 

was brought to reflux and NCS (2.23 g, 16.70 mmol) was added portionwise in 3 hours. Reaction 

stirred overnight under reflux conditions. The solvent was evaporated, and the crude product 

was washed with brine and dried under vacuum. The residue was purified by column 

chromatography (SiO2, hexanes/EtOAc 9:1) to provide 3 as a pale-yellow solid (1.69 g, 68%). ESI-

MS (toluene) calcd. for C24H18O6NCl3Na [M]+ 544.0097, found 544.0110; 1H NMR (500 MHz, CDCl3) 

δ 7.59 (d, J = 2.5 Hz, 3H), 7.33 (dt, J = 8.7, 2.2 Hz, 3H), 6.98 (d, J = 8.7 Hz, 3H), 3.45 (s, 9H). 13C NMR 

(126 MHz, CDCl3) δ 165.92, 144.88, 132.42, 130.80, 129.35, 128.83, 127.16, 52.16. 
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2,6,10-Trichloro-4H-benzo[9,1]quinolizino[3,4,5,6,7-defg]acridine-4,8,12-trione (TCTANGO): 2 

(1.64 g, 3.15 mmol) and KOH (1.76 g, 31.5 mmol) were dissolved in MeOH (40 mL) and H2O (10 

mL). After stirring at 60°C for 24 h, the solution was diluted with H2O (100 mL) and acidified 

(pH⁓3) with aq. HCl (1 M). The resulting precipitate was filtered off, excessively washed with 

H2O, and dried under vacuum to give the triacid as a pale-yellow powder (1.35 g, 89%) which was 

used without further purification and characterization for the next step. The triacid (1.35 g, 2.81 

mmol), SOCl2 (10ml), and DMF (0.1 ml) were stirred in dry CH2Cl2 (30 mL) at 40 °C for 3h. SnCl4 

(0.33 mL, 2.81 mmol) was then added and the solution was stirred at 40 °C for further 20 h. The 

yellow precipitate was filtered off and stirred in aq. NaOH (1 M, 50 mL) for 30 min. After filtration 

the residue was excessively washed with H2O and acetone and dried to yield a yellow powder 

(0.51 g, 43%). The residue was then transferred to a sublimation chamber and sublimed under 

vacuum to give pure TCTANGO. APCI-MS calcd. for C21H7Cl3NO3 [MH]+ 425.9486, found 425.9478; 

extremely low solubility of the product in organic solvents precluded NMR characterization.  

Trimethyl 6,6',6''-nitrilotris(3-bromobenzoate) (4): To a solution of 1 (1.50g, 3.6 mmol) in 100 

ml EtOH/Benzene (v/v 1:1) was added pyridinium tribromide (17.10 g, 53.6 mmol) and stirred 

under reflux for 6 hours. The solvent was evaporated, and the crude product was dissolved in 

ethyl acetate, washed with brine and dried under vacuum residue was purified by column 

chromatography (SiO2, hexanes/EtOAc 4:1) to provide 4 as a pale-yellow solid (2.10 g, 89%). APCI-

MS calcd. for C24H19Br3NO6 [M]+ 653.8757, found 653.8751; 1H NMR (400 MHz, CDCl3) δ 7.69 (d, 

J = 2.5 Hz, 3H), 7.42 (dd, J = 8.7, 2.5 Hz, 3H), 6.87 (d, J = 8.7 Hz, 3H), 3.40 (s, 9H).; 13C NMR (101 

MHz, CDCl3) δ 165.74, 145.25, 135.34, 133.71, 129.13, 127.48, 116.81, 52.15. 

2,6,10-Tribromo-4H-benzo[9,1]quinolizino[3,4,5,6,7-defg]acridine-4,8,12-trione (TBTANGO): 4 

(1.5g, 2.3 mmol) and KOH (1.29g, 23mmol) were dissolved in MeOH (40 mL) and H2O (10 mL). 

After stirring at 60°C for 24 h, the solution was diluted with H2O (100 mL) and acidified (pH⁓3) 

with aq. HCl (1 M). The resulting precipitate was filtered off, excessively washed with H2O, and 

dried under vacuum to give the triacid as a pale-yellow powder (1.05, 75%) which was used 

without further purification and characterization for the next step. The triacid (1.00 g, 1.63 

mmol), SOCl2 (10ml), and DMF (0.5ml) were stirred in dry CH2Cl2 (30 mL) at 40°C for 3 h. SnCl4 

(497 mg, 0.22 mL, 1.91 mmol) was then added and the solution was stirred at 40 °C for further 
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20 h. The yellow precipitate was filtered off and stirred in aq. NaOH (1 M, 50 mL) for 30 min. After 

filtration the residue was excessively washed with H2O and acetone and dried to yield TBTANGO 

as a yellow powder (148 mg, 16%). The residue was then transferred to a sublimation chamber 

and sublimed under vacuum to give pure TBTANGO. APCI-MS calcd. for C21H7Br3NO3 [MH]+ 

557.7971, found 557.7966; extremely low solubility of the product in organic solvents precluded 

NMR characterization. 

Trimethyl 6,6',6''-nitrilotris(3-iodobenzoate) (5): To a solution of 1 (2.00 g, 4.77 mmol) in 100 ml 

EtOH was added iodine (4.12 g, 16.2 mmol) and silver sulfate (4.45 g, 14.2 mmol) and stirred in 

room temperature for 4 hours. The reaction mixture was washed with sodium thiosulfate (0.1M) 

and the dried under vacuum and the residue was purified by column chromatography (SiO2, 

hexanes/EtOAc 5:1) to provide 5 as a pale-yellow solid (3.10 g, 81%). APCI-MS: calcd. for 

C24H19I3NO6 [MH]+ 797.8341, found 797.8315; 1H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 2.2 Hz, 3H), 

7.66 (dd, J = 8.7, 2.2 Hz, 3H), 6.78 (d, J = 8.6 Hz, 3H), 3.44 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 

165.64, 145.79, 141.22, 139.59, 129.32, 127.66, 87.08, 52.16. 

 

2,6,10-Triiodo-4H-benzo[9,1]quinolizino[3,4,5,6,7-defg]acridine-4,8,12-trione (TITANGO): 5 

(3.00 g, 3.76 mmol) and KOH (2.11 g, 36.7 mmol) were dissolved in MeOH (40 mL) and H2O (10 

mL). After stirring at 60°C for 24 h, the solution was diluted with H2O (100 mL) and acidified 

(pH⁓3) with aq. HCl (1 M). The resulting precipitate was filtered off, excessively washed with 

H2O, and dried under vacuum to give the triacid as a pale-yellow powder (2.32, 82%) which was 

used without further purification and characterization for the next step. The resulting triacid 

(2.32 g, 3.07 mmol), SOCl2 (10 ml), and DMF (0.1 ml) were stirred in dry CH2Cl2 (30 mL) at 40 °C 

for 3 h. SnCl4 (0.36 mL, 1.62 mmol) was then added and the solution was stirred at 40 °C for 

further 20 h. The yellow precipitate was filtered off and stirred in aq. NaOH (1 M, 50 mL) for 30 

min. After filtration the residue was washed with copious amount of H2O and acetone and dried 

to give TITANGO as a yellow powder (1.14 g, 53%). The residue was then transferred to a 

sublimation chamber and sublimed under vacuum to give pure TITANGO. APCI-MS calcd. for 

C21H6I3NO3 [M]+ 701.7555, found 701.7533; extremely low solubility of the product in organic 

solvents precluded NMR characterization. 
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2.7.2. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was conducted on a TA Instruments Q500 Thermogravimetric 

System with a Pt pan under dynamic atmosphere of N2. Samples were heated up to 550 °C at a 

rate of 20 °C/min under N2 and 15 °C/min under air. The balance and purge flow were 10 ml/min 

and 90 ml/min, respectively. 

 

Figure 2.4. TGA analysis of the TANGO derivatives. 

2.7.3. UV-Vis Absorption Spectroscopy and Steady state fluorescence/phosphorescence  

The solution and thin film UV-Vis absorption spectra of TANGOs were collected on a JASCO V-670 

spectrophotometer. Films were made on quartz using vapor deposition under vacuum. Room 

temperature total emission and delayed emission of TANGOs were measured on a Varian Cary 

Eclipse fluorescence spectrophotometer from Agilent, using a solid sample holder also from 

Agilent. Low temperature measurements were conducted on the same instrument using a liquid 

nitrogen dewar assembly from Horiba Scientific. 
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Figure 2.5. UV-Vis spectra of TANGO derivatives in solid state (solid lines) and solution (dashed 
line) of HTANGO (green), TCTANGO (gray) and tBuTANGO (blue).  

2.7.4. Absolute Photoluminescence Quantum Yields (PLQYs) 

Fluorescence quantum yield measurements were conducted in a Quanta-φ integrated sphere 

setup from Horiba Scientific, connected to and operated from a Fluorolog fluorometer also from 

Horiba Scientific. Samples were placed on disposable powder cups (Spectralon material) and 

covered with a quartz lid. Excitation was performed at 400 nm. Using a ‘four spectra method’, 

data acquisition was performed with 3 nm slits for both excitation and emission with integration 

times of 1 s/nm. Reflectance of the excitation wavelength was collected using a ND filter with 

optical density of 2. The data analysis was executed with the software included with the Quanta-

φ integrated sphere.  

2.7.5. Lifetime measurement and time resolved emission spectra 

Phosphorescence lifetimes were measured on a Varian Cary Eclipse spectrophotometer from 

Agilent. The delay time and gate times used to measure lifetimes were chosen according to 

lifetimes, all in millisecond time scale. Low temperature measurements were conducted on the 

same instrument using a liquid nitrogen dewar assembly from Horiba Scientific. The emission 

lifetime of the samples was determined by the Time Correlated Single Photon Counting (TCSPC) 

technique using an Edinburgh Instruments mini-tau lifetime spectrophotometer equipped with 

an EPL 405 pulsed diode laser. The emission was filtered through a bandpass filter of 500 ± 50 

nm. 
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Figure 2.6. Frozen chloroform solution phosphorescence decay at 77 K ex=410 nm for all 

derivatives, em= 460 nm, 490 nm and 480 nm for HTANGO, tBuTANGO and TCTANGO, 
respectively. 

 

 

Figure 2.7. a,b,c) Fluorescence decay of TANGO derivatives in chloroform solutions at room 
temperature; d) tBuTANGO solid fluorescence decay at room temperature. 
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Figure 2.8. Photographs of TANGO derivatives in chloroform solutions. 

Table 2.1. Room temperature biexponential fit of TANGO derivatives in room temperature 
solutions. 

 τ1 , ns a1 τ2, ns a2 τavg, ns 

HTANGO 1.2 33% 4.7 67% 3.5 

TCTANGO 0.8 12% 4.3 88% 3.9 

tBuTANGO 0.8 66% 1.25 33% 0.9 

tBuTANGOsolid 2.9 77% 14.6 23% 9.9 

The average fluorescence lifetime is calculated using the following equation: 𝜏𝑎𝑣 = (∑𝛼𝑖𝜏𝑖
 /∑𝛼𝑖) 

2.7.6. DFT calculations 

Geometry optimization, singlet and triplet excited state energies, transition orbital components 

and natural transition orbitals (NTOs) of all TANGO derivatives were obtained by TD-DFT 

calculations using B3LYP/6-31G(d) (lanl2dz in case of TITANGO) in Gaussian 16 software. TD-DFT 

calculations of TANGO dimers (Figure 2.3) were carried out on non-optimized geometries found 

by X-ray crystallography, using B3LYP/6-31G(d) with the D3 dispersion correction.  

The SOC matrix elements were calculated with SOC-TD-DFT with ZORA Hamiltonian3 using ADF 

package.4, 5 B3LYP hybrid exchange–correlation functional was used with double-zeta + 

polarization (DZP) (TPZ in case of TITANGO). Spin-orbit couplings were calculated as root mean 

squares <S|Hso|T>2 in cm-1
. 

 



Chapter 2| Page 80  

 
 

 

Figure 2.9. The Calculated energy level diagrams of TANGO derivatives, spin orbit coupling values 
(the inset numbers) and possible ISC pathways. 

 

 

Figure 2.10. Natural transition orbitals (NTOs) of TANGO derivatives for S1 and T1 and their n-π*/ 
π -π*characteristic. 
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Table 2.2. HTANGO transition orbital components and corresponding normalized coefficients 

Ex. State 
Multiplicity 

E(eV)  composition  Normalized 
Coefficient 

S1 2.76 HOMO-2 → LUMO 0.03 

    HOMO-1 → LUMO 0.93 

   HOMO-1 → LUMO+4 0.02 

T1 2.22 HOMO-3 → LUMO 0.22 

    HOMO → LUMO 0.70 

 

Table 2.3. HTANGO SOC matrix of S1-Tn. 

<S|Hso|T> T1 T2 T3 T4 T5 T6 T7 

S1 44.91 0 3.05 21.67 2.13 0 1.84 

 

Table 2.4. tBuTANGO transition orbital components and corresponding normalized coefficients 

Ex. State 

Multiplicity 
E(eV)  Composition  

Normalized 

Coefficient 

S1 3.02 HOMO → LUMO 0.97 

T1 2.46 HOMO-8 → LUMO 0.03 

  HOMO-7 → LUMO+1 0.03 

  HOMO → LUMO 0.90 

 

Table 2.5. tBuTANGO SOC matrix for S1-Tn. 

<S|Hso|T> T1 T2 T3 T4 T5 T6 T7 T8 

S1 0 0.04 5.16 8.59 0.04 9.34 0.06 0.1 
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Table 2.6. TCTANGO transition orbital components and corresponding normalized coefficients. 

Ex. State 
Multiplicity 

E(eV) Composition Normalized 
Coefficient 

S1 2.95 HOMO → LUMO 0.97 

T1 2.37 HOMO- → LUMO 0.05 

  
HOMO → LUMO 0.89 

 

Table 2.7. TCTANGO SOC matrix for matrix for S1-Tn. 

<S|Hso|T> T1 T2 T3 T4 T5 T6 T7 T8 

S1 0 0.08 10.27 10.23 0 0.01 0 27.26 

 

Table 2.8. TBTANGO transition orbital components and corresponding normalized coefficients. 

Ex. State Multiplicity E(eV)  composition Normalized Coefficient 

S1 2.91 HOMO → LUMO 0.98 

T1 2.36 HOMO-7 → LUMO 0.04 

   HOMO → LUMO 0.89 

 

Table 2.9. TBTANGO SOC matrix for different S-T and T-T pathways. 

<S|Hso|T> T1 T2 T3 T4 T5 T6 T7 T8 

S1 0 0.07 27.08 29.99 0 0.04 0 0.01 

 

 

Table 2.10. TITANGO transition orbital components and corresponding normalized coefficients. 

Ex. State 
Multiplicity 

E(eV) 
 composition 

  
Normalized 
Coefficient 

S1 2.93 HOMO-5 → LUMO 0.06 

  HOMO-5 → LUMO+1 0.07 

  HOMO-4 → LUMO 0.07 

  HOMO-4 → LUMO+1 0.06 

  HOMO-1 → LUMO 0.38 
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  HOMO-1 → LUMO+1 0.30 

T1 1.88 HOMO-7 → LUMO 0.31 

  HOMO-7 → LUMO+4 0.02 

  HOMO → LUMO 0.62 

 

Table 2.11. TITANGO SOC matrix for different S-T and T-T pathways 

<S|Hso|T> T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

S1 88.4 0.0 16.8 31.8 10.4 49.9 0.1 15.2 68.2 5.4 
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Preface 

In the previous chapter, we showed that the luminescence properties of highly emissive TANGO 

derivatives are controlled by their molecular packing, whereby carbonyl groups co-aligned in 

sterically unencumbered TANGO derivatives lead to room-temperature phosphorescence. In 

contrast, the ~60° rotation induced by bulky tert-butyl groups results in an almost pure 

fluorescence.  

In this chapter, we explore the structure-luminescent properties relationships in acridone 

derivatives, another structurally related class of compounds to TANGOs. Six acridone derivatives 

with N-alkyl and N-aryl substituents of varying electronic (electron-withdrawing and -donating) 

and steric effects, including methyl, phenyl (Ph), 4-CNPh, 4-OMePh, 4-tBuPh, and 4-SF5Ph, were 

synthesized and characterized. Similar to TANGOs, these substituents did not significantly 

perturb the electronic level of the acridone and all derivatives showed similar photophysics in 

solution. In the crystalline state, however, they showed varied room temperature 

phosphorescent behavior and, in some cases, triplet-triplet annihilation (TTA)-induced delayed 

fluorescence. Using X-ray crystallography combined with the solid-state spectroscopy, we found 

that the molecules' orientation has a pronounced effect on the phosphorescence energy and TTA 

efficiency. TTA appears strong in N-aryl acridones with small substituents, i.e., Ph, OMePh, and 

CNPh Acridones with antiparallel π-stacks, measurably weaker in MetAc with co-parallel π-stacks 

(despite shorter π-distances) and non-existent in the other derivatives with isolated π-dimers. 

This work provided further insight into the effect of crystal structure on triplet dynamics and TTA, 

which is one of the most critical quenching mechanisms of triplets in pure ORTP materials, making 

another step toward rational control of triplet excitons and their dynamics in molecular solids. 

 

Author contribution 

Allen Tao and I have synthesized, purified, and performed structural characterization of all 

materials reported in this chapter. Cory Ruchlin and I performed photophysical characterization 

(steady-state, lifetime analysis, and quantum yields) and density functional theory calculations. 

Jorge Ramos-Sanchez and Gonzalo Cosa performed the laser flash photolysis measurements. 

Hatem M. Titi performed the X-ray crystallography and thermogravimetric analysis. The 
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3.1. Abstract 

Organic room temperature phosphorescent (ORTP) compounds have recently emerged as a 

promising class of emissive materials with a multitude of potential applications. However, the 

number of building blocks that give rise to efficient ORTP materials is still limited, and the rules 

for engineering phosphorescent properties in organic solids are not well understood. Here, we 

report ORTP in a series of N-substituted acridone derivatives with electron-donating, electron-

withdrawing, and sterically bulky substituents. X-ray crystallography shows that the solid-state 

packing varies progressively between coparallel and antiparallel π-stacking and separated π-

dimers, depending on the size of the substituent. The detailed photophysical studies supported 

by DFT calculations reveal complex dynamics of singlet and triplet excited states, depending on 

the electronic effects of substituents and solid-state packing. The programmable molecular 

packing provides a lever to control the triplet–triplet annihilation that is manifested as delayed 

fluorescence in acridone derivatives with continuous (both parallel and antiparallel) π-stacking. 
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3.2. Introduction 

Organic room temperature phosphorescent (ORTP) materials are of great interest for various 

applications, such as time-gated biological imaging/sensing,1, 2 anti-counterfeiting, data 

encryption,3, 4 light-emitting,5, 6 and photovoltaic diodes,7 nanowire lasing,8 amplified photon up-

conversion9 and 3D displays.10 ORTP emitters present potential advantages over heavy metal-

containing phosphors11, 12 including reduced toxicity and environmental footprint, longer 

emission lifetimes, lower cost, and greater tunability of photophysical properties. 

Both phosphorescence (transition from T1 to S0) and the generation of T1 from an excited singlet 

state (e.g. S1) via intersystem crossing (ISC) are spin-forbidden processes. These processes are 

generally much slower than the spin allowed radiative relaxation of S1 (fluorescence). Accordingly, 

most organic materials exhibit insignificant phosphorescence as they mostly fail to populate the 

excited triplet state, and, even if T1 is formed, phosphorescence is most frequently outcompeted 

by non-radiative pathways. One strategy to enhance the ISC and phosphorescence is the 

incorporation of heavy atoms which increase spin-orbit coupling (SOC).13 Additionally, the SOC 

(and therefore the ISC) can be promoted by coupling n-π* and π-π* transitions with different 

angular momenta. Such transitions are typically exhibited by carbonyl or triazine derivatives, and 

most ORTP materials incorporate such moieties (Scheme 3.1). 1, 11, 14-17 In turn, to inhibit 

competitive non-radiative deactivation pathways, including vibrational relaxation and oxygen 

quenching, organic phosphors have to be embedded in rigid matrices such as polymers4, 18 and 

molecular solids.16, 19  

Notably, dilute concentrations in such matrices are typically required in preparing ORTP materials 

to reduce aggregation-caused quenching, particularly via triplet-triplet annihilation (TTA).19 The 

TTA mechanism was originally proposed to explain the delayed fluorescence of π-conjugated 

materials,20 and explored extensively as a means to increase the efficiency of organic light-

emitting diodes (OLEDs)21, 22 and to realize photon up-conversion.23, 24 However, there has been 

little discussion of TTA in ORTP solids and its implication in achieving high phosphorescence 

efficiency in crystalline materials is not well understood.25, 26 Nevertheless, several pure ORTP 

solids have also been reported in the last decade (Scheme 3.1). 
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Scheme 3.1. Reported ORTP scaffolds and acridone (this work) with n-π* transitions, represented 
by green (n) and orange (π*). 

 

The pioneering work of Tang and co-workers illustrates the design principles of carbonyl-

containing, halogenated compounds to achieve efficient RTP.16, 27 The non-planar structure of the 

explored molecules prevents strong π-overlap and minimizes the exciton delocalization and 

quenching. In 2015, Huang and co-workers showed that H-aggregation in molecular solids can 

result in ultralong phosphorescence (emission lifetimes >1 s).17 It is noteworthy that although the 

phosphorescence quantum yield (p) and the triplet emission lifetime (3) relate to each other 

(equation 3.1), different strategies are required to enhance the phosphorescence efficiency and 

to achieve the ultra-long phosphorescence. Increasing the radiative transition rate of the triplet 

state (3kr) leads to higher p (equation 3.1), but it also shortens its lifetime (equation 3.2). 

ΦP = 𝑘 
3

𝑟 ∙ 𝜏 
3

       (Equation 3.1) 

 

𝜏 
3

 = 1 (3𝑘𝑟 + 3𝑘𝑛𝑟)⁄      (Equation 3.2) 

Several groups have studied the effect of solid-state structure on phosphorescent properties 

through the permutation of substituents in the molecular scaffolds1, 25, 28-30 or by examining 

different polymorphs of a compound.3, 31, 32 Different interactions such as halogen bonding,19, 33, 

34 intermolecular electronic coupling of “π” and “n” moieties15 and efficient π-π stacking1 have 

been proposed to promote ISC and lead to efficient RTP. However, due to the molecular 
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complexity of the used materials and the large variety of adopted crystal structures, no unified, 

predictive structure-property relationship has yet been developed for the design of ORTP solids. 

Recently, we have reported a series of planar azatriangulenetriones (TANGOs) phosphors and 

showed that TANGO derivatives with small substituents stack with aligned transition dipoles 

leading to efficient ORTP whereas those bulky substituents in tBuTANGO stack with misalignment 

of their dipoles and display only fluorescent emission.14 Acridone, the basic structural fragment 

of TANGO, is an important building block present in a number of naturally occurring compounds 

known for their bioactive properties.35, 36 Different derivatives of acridone have been utilized as 

hosts for OLEDs37-39 and Thermally Activated Delayed Fluorescence (TADF) emitters.37, 40-45 To our 

knowledge, no ORTP derivatives of acridone have been reported. However, their high 

symmetry/structural simplicity is a great asset in uncovering the complex structure-property 

relationships in the excited-state dynamics of organic crystals.  

In this study, we synthesized a series of acridone derivatives with substituents of varied steric size 

and electronic effects, that crystallize in distinctly different packing motifs: co-parallel (i), 

antiparallel (ii), and dimerized (iii) π-stacking and isolated π-dimers (iv). All acridone derivatives 

show ORTP at 500-600 nm and have triplet lifetimes varying between ~5 and ~80 ms in the solid-

state, depending on the structure. Importantly, the TTA-induced delayed fluorescence, one of the 

phosphorescence deactivation pathways, can be controlled by tuning the crystal packing through 

varying the size of substituents.  

A series of acridone derivatives with N-alkyl (MetAc) and N-aryl groups including non-substituted 

(PhenAc), electron-withdrawing (CNAc, Hammet constant σp
CN = 0.66), electron-donating 

(OMeAc, σp
OMe = –0.27), bulky electron-donating (tBuAc, σp

tBu = –0.20), and bulky electron-

withdrawing (SF5Ac, σp
SF5 = 0.68) phenyl substituents were synthesized by the direct alkylation or 

arylation of acridone (Scheme 3.2.). The products were purified using column chromatography 

and characterized using NMR spectroscopy, mass spectrometry, and X-ray crystallography. To 

eliminate the possible role of impurities in the solid-state luminescence,46 the 

chromatographically purified derivatives were subject to additional repeated vacuum sublimation 

and recrystallization.  
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Scheme 3.1. Synthesis of a) MetAc: NaH, DMF, CH3I, and b-f) N-Aryl Acridone: Ar-X (X = Br, I), Cu, 
CuI, phenanthroline, K2CO3, DMF, 130 °C, 48h. 

 

3.3. Solution photophysics 

In solution (~10 μM in chloroform), all the substituted acridones show similar longest-wavelength 

absorption (λabs
max of ~390-400 nm) and emission (λem

max = 403-409 nm) bands (Figure 3.1a, Table 

3.1). The characteristic vibronic splitting of these bands and relatively small Stokes shifts (~15 nm) 

suggest the local π-π* excitation of the acridone as their origin. Time-dependent density 

functional theory calculations (TD-DFT) in gas-phase, on contrary, predict a forbidden n-π* as the 

lowest singlet excited state (S1) for all derivatives (except for CNAc in which the S1 is predicted to 

be a charge transfer (CT) transition, acridone → CNPh) (Figure 3.2 and Figures 3.22, 3.23 in 

Supporting Information). However, the relative stability of the n-π*, π-π* and CT states is sensitive 

to the environment as well as the used functional (see the comparison of B3LYP, cam-B3LYP, and 

wB97xd in Figure 3.27). The same calculations performed in a continuum solvent model (CHCl3) 

correctly predicts π-π* S1 state for most derivatives (Figure 3.22).  
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Table 3.1. Photophysical properties of acridone derivative in CHCl3 solution. 

a Determined using λex = 405 nm, calculated from single-exponential fits. b Determined from laser 
flash photolysis in CH2Cl2, monitoring at 630 nm. c Determined relative to coumarin 153 standard 
in ethanol. d In aqueous solutions; obtained from ref.47 e Monitoring at 500 nm. f Stands for 
shoulder peak.  

 

 

Figure 3.1. a) Absorption (grey) and emission (steady-state at RT, red; 1.0 ms delayed at 77 K, 
green) of MetAc, PhenAc, OMeAc, CNAc, tBuAc, and SF5Ac in CHCl3 solutions. b) Solid-state 
absorption of thin films on quartz (grey), steady-state (red), and delayed (green) emission of 
acridone solids (microcrystalline powders) at RT. HAc absorption/emission in the solution is 
shown in Figure 3.8. 

 
abs λmax 

(nm) 

Fl λmax 

(nm) 

Fl τRT
a  

(ns) 

3τ*RT
b 

(s) 
PLQYc 

Ph λmax  

 (nm) 

Ph τ77K
e 

(ms) 

Fl kR 

(ns-1) 

Fl kNR 

(ns-1) 

HAc 389 401 14.9 d 0.66 0.81d 490 440 0.054 0.013 

MetAc 389 408 4.6 ± 0.3 2.10 0.64 496 1610 0.14 0.078 

PhenAc 396 407 3.8 ± 0.5 5.54 0.63 486 1400 0.17 0.097 

OMeAc 396 409 3.8 ± 1.0 3.81 0.44 463 440 0.12 0.15 

CNAc 390 403 2.3 ± 0.5 3.88 0.38 456shf, 495 860 0.17 0.27 

tBuAc 397 409 5.2 ± 0.3 5.06 0.79 488 1470 0.15 0.040 

SF5Ac 390 403 4.3 ± 0.5 5.99 0.23 453shf, 484 810 0.05 0.18 
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Figure 3.2. a) Energy diagram of low-lying singlet and triplet states of PhenAc, CNAc, and SF5Ac 
in the gas phase. b) π-π*, n-π*, and CT topologies of excited states of acridone derivatives, 
obtained from the natural transition orbitals using TD-DFT of optimized geometry for the lowest 
singlet and triplet states in the gas phase. All derivatives show similar topologies for same 
transitions (Figures 3.22, 3.23). 

 

The photoluminescence quantum yield (PLQY) of less than unity (23-79%) suggests the possibility 

of ISC which is also dominant in related ketones (e.g., xanthone48 and thioxanthone49), yet no 

detectable delayed emission was observed in solutions at room temperature. We also note that 

lower PLQYs and shorter fluorescence lifetimes are observed for the derivatives with electron-

withdrawing (CNAc, SF5Ac) and electron-donating (OMeAc) substituents in comparison to 

PhenAc, tBuAc, and MetAc (Table 3.1). This might be a result of faster ISC in the former 

derivatives, due to mixing with the above-mentioned CT states (Figure 3.2).50 

To explore the dynamics of excited triplet states, laser flash photolysis studies were carried out in 

chloroform solutions (Figures 3.3, 3.19). Following laser excitation, bleaching of the acridone 

ground-state absorption at ~400 nm and the appearance of new transient absorption bands at 

~330 nm and ~630 nm were recorded in the photoinduced absorption spectra for all compounds. 

These bands decay with lifetimes of ~1-6 μs under an inert atmosphere (Table 3.1) but in air the 

lifetimes shorten to ~0.7 μs. Given the resemblance of these transient absorption spectra with 

those of xanthone and the quenching by oxygen, they were attributed to the T-T absorption.51 

The substituents in the N-phenyl ring show little effect on the T-T absorption maxima (621-640 

nm) or the lifetimes (~4-6 μs) indicating localization of T1 exciton on the acridone ring. 
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Figure 3.3. (a) Transient absorption spectra (ex = 405 nm) and (b) temporal evolution of ΔOD 
(monitored at 630 nm) for deoxygenated (red) and oxygenated (black) CNAc solution in CH2Cl2 
(for other transient absorption spectra, see Figure 3.19). 

 

To suppress the non-radiative relaxation of T1 and probe the phosphorescence of the isolated 

molecules, we studied the emission of acridone derivatives in glass matrices prepared from dilute 

solutions rapidly cooled to 77 K. Compared to room temperature, the steady-state luminescence 

of these glasses is slightly redshifted (4–23 nm, Figure 3.11), likely due to increasing of the solvent 

polarity at low temperature.52, 53 For these glass matrices, phosphorescence could be observed 

by the naked eye (Figure 3.21a). Time-gated emission measurements disentangle the 

phosphorescence from the fluorescence, revealing phosphorescent decay lifetimes in the range 

of 0.44 - 1.47 s (Table 3.1). Interestingly, shorter phosphorescence lifetimes and lower 

fluorescence quantum yields were observed for acridone derivatives with electron-withdrawing 

(CNAc, SF5Ac) and electron-donating substituents (OMeAc), possibly suggesting more efficient 

intersystem-crossing. A moderate positive solvatochromism (~20–25 nm red shift from 

cyclohexane to acetonitrile) suggests a π-π* nature of T1 (Figure 3.13), in agreement with TD-DFT 

(Figure 3.2). However, the n-π* triplet (T2) is only slightly higher in energy (in the gas phase) and 

may also contribute to the observed phosphorescence. Indeed, an apparent ‘dual’ 

phosphorescence, with a blue-shifted (~460 nm) shorter-lived and red-shifted (~490 nm) longer-

lived emission bands were observed in frozen CHCl3 glass of OMeAc, CNAc, and SF5Ac (Figure 

3.14). 
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3.4. Solid-state photophysics 

The absorption of crystalline acridone solids is bathochromically shifted compared to that of the 

solution as a result of strong π-stacking in the solid-state (see the discussion of crystal packing 

below), with MetAc having the most pronounced shift (214 meV). As the size of the substituents 

increases (resulting in weaker intermolecular coupling), the crystallization-induced shift 

decreases, with only minute shifts in absorption in tBuAc and SF5Ac (20 meV, Figure 3.9). 

While the parent HAc is non-emissive in the solid-state due to an excited-state proton transfer 54 

(Figure 3.28), all other derivatives display strong fluorescence (red-shifted from their solutions by 

~200–400 meV) as well as pronounced ORTP with lifetimes in the range of ~5–80 ms (Figure 3.1 

b, Table 3.2). The phosphorescence bands are bathochromically shifted compared to those of the 

frozen solutions as a result of intermolecular interactions and exciton delocalization (Figure 3.4). 

Upon cooling to 77 K, all acridone solids show an expected increase of the phosphorescence 

lifetimes (0.13–0.44 s) and, more interestingly, also reveal a pronounced hypsochromic shift (140–

209 meV) with respect to the ORTP spectra. A smaller (44-110 meV) hypsochromic shift upon the 

cooling was also observed in the fluorescence maxima (Figure 3.12). A close inspection of the 

phosphorescence spectra (most apparent for CNAc) suggests a presence of co-existing higher-

energy (~500 nm) and lower-energy (~570 nm) emissive states. Their ratio varies based on 

substituents, which also affects the width of the ORTP band. The emission of the lower-energy 

state in all derivatives at 77 K is suppressed in favor of the higher-energy state, explaining the 

observed blue shift of the delayed emission. Also, the room-temperature phosphorescence 

spectra show a (smaller) redshift upon increasing excitation delay (i.e., for longer-lived triplet 

states, Figure 3.14). While the nature of these two states is not presently clear, their temperature 

behavior and the spectral shift suggest that delocalization and diffusion of triplet excitons play a 

role in the observed photophysical behavior. 
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Table 3.2. Photophysical properties of acridone derivative in solid-state. 

 
Abs λmax 

(nm) 

Fl λmax 

(nm) 

Fl τRT
a 

(ns) 

PhRT λmax 

(nm) 

Ph τRT 

(ms) 

Ph77K λmax 

(nm) 

Ph τ77K 

(ms) 

HAc 420 -- -- -- -- -- -- 

MetAc 416 446 4.4 ± 0.3 582 15.7 530 191 

PhenAc 405 443 2.0 ± 0.7 557 15.1 517 344 

OMeAc 405 447 2.8 ± 0.1 541 48.0 510 262 

CNAc 405 448 1.5 ± 0.4 568 46.1 519 420 

tBuAc 399 430 4.1 ± 0.3 549 81.5 516 442 

SF5Ac 396 428 3.7 ± 0.5 569 5.2 521 135 

a Determined from TCSPC diode laser λex = 405 nm, calculated from the average of double-
exponential fit. 

 

 

Figure 3.4. Delayed (1 ms) emission spectra of acridone derivatives in CHCl3 glass matrices at 77 
K (blue), in microcrystalline powders at room temperature (grey) and solid-state at 77K (red). 



Chapter 3| Page 97  

  

3.5. Delayed fluorescence 

Another important feature of the delayed spectra of MetAc, PhenAc, OMeAc, and CNAc is an 

additional emission peak at ~445 nm, which closely matches the solid-state fluorescence. This 

feature persists and is even more pronounced at low temperatures (Figure 3.20 in Supporting 

Information), and thus cannot be due to thermally-activated delayed fluorescence, observed in 

other acridone derivatives.37, 40-45 Furthermore, intensity-dependent studies of this peak show an 

approximately quadratic relation to the triplet populations of the system, monitored by the peak 

intensity of the phosphorescence (Figure 3.5). We attribute this phenomenon to TTA, where two 

T1 states encounter one another and annihilate, producing S0 and S1 states, and resulting in 

delayed fluorescence.55 MetAc and PhenAc show the highest TTA-induced fluorescence (relative 

to the phosphorescence maxima) which diminishes in OMeAc, is low but detectable in CNAc, and 

is completely absent in tBuAc and SF5Ac. Given similar PLQYs and triplet lifetimes in all acridone 

derivatives, the observed differences in TTA-induced fluorescence are most likely due to different 

diffusion of triplet excitons (see below).56, 57 

 

Figure 3.5. a) Delayed emission spectra of PhenAc microcrystalline powder upon illumination 
attenuated by neutral density filters. b) Corresponding intensity dependence of TTA-induced 
delayed fluorescence, plotted on double-logarithmic scale versus phosphorescence peak 
intensity. 

 

To understand the role of molecular packing in the vastly different photophysics of the acridone 

solids, we performed X-ray crystallographic analysis of single crystals (SCXRD) of the studied 

acridone derivatives and recorded powder X-ray diffraction of the samples used in the above 
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photophysical measurements to prove their high crystallinity and presence of the same 

polymorphs as in SCXRD (Figure 3.26 in Supporting Information). 

All acridone derivatives have a nearly planar acridone core (average out-of-plane deviation of 

~0.035 Å) with nearly perpendicular aryl substituents (dihedral angle of ~78-89°). However, the 

packing varies markedly with substituents (Figure 3.6). MetAc packs in one-dimensional slipped 

π-stacks (3.41 Å) with co-parallel alignment of transition dipoles (NꞏꞏꞏC=O → N+ꞏꞏꞏC–O-). PhenAc, 

OMeAc, and CNAc pack in antiparallel stacks of π-dimers. The degree of dimerization varies with 

the size of substituent, from small for PhenAc (π-π distances 3.58/3.64 Å) to very large for OMeAc 

(3.56/4.83 Å). The lower dimerization and shorter average π-π distance of PhenAc are expected 

to lead to faster migration of triplets, corroborating the higher TTA-induced delayed fluorescence 

of PhenAc comparing to OMeAc and CNAc. tBuAc and SF5Ac with even larger substituents pack 

with isolated dimers (no continuous stacks). The only electronic communication between the 

dimers is through the weak C=OꞏꞏꞏH–C hydrogen bonding (Figure 3.6b).  

These packing arrangements offer insights into a mechanism for controlling the TTA in organic 

crystals. Bulky substituents interrupt the long-range π-stacking, hindering the migration of triplets 

and the phosphorescence-quenching TTA. The triplet migration takes place via the Dexter Energy 

Transfer (DET) mechanism involving a simultaneous hole and electron transfer.58 Thus, we 

calculated triplet energy transfer electronic coupling (VTET), based on diabatic model of CT-

mediated superexchange pathways.59, 60 for the weakly-coupled intermolecular pairs for each of 

the three crystal types (Figure 3.25a). VTET is greatest in the closely packed MetAc, and weaker in 

the greater spaced PhenAc and SF5Ac, with the isolated dimers of SF5Ac being the most weekly 

coupled. These results demonstrate that TTA, or for that matter any charge-mobility mediated 

properties in ORTP materials, are enabled (as in MetAc and PhenAc) or disabled (as in SF5Ac) by 

the electronic coupling of the “weakest links” in the migration path. We also note that no TTA has 

been observed in structurally related N-arylphenothiaziane-S,S-dioxides (Scheme 3.1) ORTP dyes 

which, like tBuAc and SF5Ac, also pack in isolated π-dimers.1 These observations show a 

possibility of controlling the TTA through crystal engineering, by adjusting the size of substituents. 
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Figure 3.6. Crystal structure of acridone derivatives showing molecular packing within π-stacks, 
in the a) top and b) side view for MetAc (CCDC: 1453140) PhenAc (CCDC: 1232243), OMeAc 
(CCDC: 1998381, this work), CNAc (CCDC: 1534549), tBuAc (CCDC: 1998383, this work), SF5Ac 
(CCDC: 199838, this work). 

 

3.6. Conclusion 

In summary, we have developed acridone-based ORTP dyes with substituents of varying 

electronic and steric effects. All derivatives except the parent HAc showed room-temperature 

phosphorescence at ~500-650 nm in the solid-state and, in some cases, TTA-induced delayed 

fluorescence at ~450 nm. Although the substituents in the N-phenyl ring are almost fully 

decoupled from the acridone chromophore due to large inter-ring twist, the CT states (between 

acridone and substituted phenyl) are energetically accessible and appear to affect the dynamics 

of triplet states. The X-ray crystallographic analysis suggests that the orientation of the molecules 

has a great effect on phosphorescence energy and TTA-efficiency. The latter appears strongly in 

PhenAc, OMeAc with antiparallel π-stacks, measurably weaker in MetAc with co-parallel π -stacks 

(despite shorter π-distances) and non-existing in other derivatives that showed isolated π-dimers. 

This work opens an opportunity of controlling the TTA in organic crystals, either suppressing it to 

avoid quenching triplet excitons and to achieve more efficient ORTP; or enhancing it for 

applications in OLED devices21, 22 or photon up-conversion.23, 24 The results shed further light on 

the phosphorescence behavior of molecular crystals, as a complex phenomenon composed of 

both intrinsic (molecular and supramolecular) and extrinsic (temperature, traps46, etc.) factors. 

While several supramolecular concepts (H-aggregation12d, halogen bonding19, and strong π-π 
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stacking1) have been proposed, no universal structure-property relationships exist for the design 

of ORTP crystals. This work makes another step towards rational control of the dynamics of triplet 

excitons in molecular solids and may open further opportunities for the design of bioactive 

phosphorescent nanoparticles,2 optoelectronic devices,6 and upconverting materials.9, 61 
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3.9. Supplementary Information  

3.9.1. Synthesis 

10H-Acridin-9-one, aryl halides, and all the other chemicals were bought from commercial 

sources and used with no further modifications unless otherwise noted. All solvents were of at 

least reagent grade. DMF was dried over activated molecular sieves (4 Å) before use. 1H/13C-NMR 

spectra were recorded on 500 MHz Bruker AVIII NMR spectrometer, referenced vs solvent (CDCl3; 

13C:  = 77.0 ppm; 1H:  = 7.25 ppm) and 19F-NMR was recorded on Varian Mercury 400 MHz NMR 

Spectrometer. MetAc was synthesized according to the literature method1 and all N-

arylacridones were synthesized using modified Ullmann coupling similar to previous reports.2 

10-Methyl-9(10H)-acridone (MetAc). To a solution of 9(10H)-acridone (500 mg, 2.56 mmol) in 

dry DMF (15 mL) was added NaH (0.25 g, 60% oil dispersion, 6.4 mmol) at 0 °C. The reaction 

mixture was slowly brought up to 60 °C for 30 min, then iodomethane (800 l, 12.8 mmol) was 

added, and stirring was continued at 60 °C overnight. Then the reaction mixture was cooled to 

room temperature and quenched with distilled water. The resulting solids were collected by 

filtration and thoroughly washed with cold ethanol and water to yield fluffy crystals with 

quantitative yield (530 mg, 99%). The compound was recrystallized twice (from ethanol) and 

sublimed in vacuum prior to the spectroscopic studies. DSC: Tm = 201.8 °C (onset), 203.9 °C (peak). 

1H NMR (500 MHz, CDCl3) δ 8.60 (dd, J = 8.0, 1.7Hz, 2H), 7.76 (ddd, J = 8.7, 7.0, 1.7 Hz, 2H), 7.56 

(dd, J = 8.7, 0.9 Hz, 2H), 7.32 (ddd, J = 8.0, 7.0, 0.9 Hz, 2H), 3.93 (s, 3H). 13C NMR (126 MHz, CDCl3) 

δ 178.17, 142.63, 133.82, 127.84, 122.58, 121.28, 114.74, 33.65. The obtained spectroscopic data 

were in agreement with the literature data.1 

General procedure for N-Arylacridones: (500 mg, 2.56 mmol), aryl halide (2.82 mmol), Cu 

powder (32.5 mg, 0.5 mmol), phenanthroline (97.6 mg, 0.5 mmol), and K2CO3 (1.77 g, 12.8 mmol) 

were added to a Schlenck tube followed by anhydrous DMF (20 mL). The reaction mixture was 

degassed using the freeze-thaw-pump cycle and refilled with N2. Then the reaction mixture was 

brought to reflux (150-160°C, under argon 1 atm). After 48h the reaction mixture was cooled 

down to room temperature, acidified with HCl (2M), and extracted with chloroform. The organic 

phase was dried over MgSO4 and the solvent was removed under reduced pressure. The crude 
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product was purified on a SiO2 column using gradient (0-25%) ethyl acetate/hexane to afford the 

desired N-arylacridone. 

10-Phenyl-9(10H)-acridone (PhenAc) was synthesized from acridone and iodobenzene according 

to the general procedure, with an isolated yield of 58%. DSC: Tm = 274.8°C (onset) and 276.3°C 

(peak). 1H NMR (500 MHz, CDCl3) δ 8.62 (dd, J = 8.0, 1.7, 2H), 7.78 – 7.71 (m, 2H), 7.74 – 7.64 (m, 

1H), 7.53 (ddd, J = 8.7, 7.0, 1.7 Hz, 2H), 7.43 – 7.37 (m, 2H), 7.31 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H), 

6.78 (d, J = 8.5, 2H). 13C NMR (126 MHz, CDCl3) δ 178.22, 143.17, 139.01, 133.29, 131.12, 130.09, 

129.62, 127.34, 121.84, 121.56, 116.81. The spectroscopic data was in agreement with the 

literature.3 

10-(4-Methoxyphenyl)-9(10H)-acridone (OMeAc) was synthesized from acridone and 4-

bromoanisole according to the general procedure, with an isolated yield of 40%. DSC: Tm= 229.1 

°C (onset) and 231.7 °C (peak). 1H NMR (500 MHz, CDCl3) δ 8.61 (ddd, J = 8.1, 1.7, 0.6 Hz, 2H), 

7.53 (ddd, J = 8.6, 7.0, 1.7 Hz, 2H), 7.34 – 7.27 (m, 4H), 7.18 (m, 2H), 6.85 (d, J = 8.5, 2H), 3.98 (s, 

3H). 13C NMR (126 MHz, CDCl3) δ 178.24, 160.15, 143.53, 133.25, 131.41, 131.03, 127.30, 121.89, 

121.49, 116.90, 116.18, 55.69. The spectroscopic data was in agreement with the literature.2 

4-(9(10H)Acridone-yl)benzonitrile (CNAc) was synthesized from acridone and 4-

bromobenzonitrile according to the general procedure, with an isolated yield of 32%. DSC: Tm= 

309.2 °C (onset) and 312.8 °C (peak). 1H NMR (500 MHz, CDCl3) δ 8.62 (dd, J= 8.0, 1.7 Hz, 2H), 

8.07 (m, 2H), 7.61 – 7.52 (m, 4H), 7.34 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H), 6.66 (d, J= 8.6 Hz, 2H). 13C 

NMR (126 MHz, CDCl3) δ 177.97, 143.20, 142.48, 135.12, 133.66, 131.68, 127.72, 122.14, 121.93, 

117.63, 116.09, 114.04. The spectroscopic data was in agreement with the literature.4 

10-(4-(Tert-butyl)phenyl)9(10H)-acridone (tBuAc). tBuAc was synthesized from acridone and 1-

bromo-4-tert-butylbenzene according to the general procedure, with an isolated yield of 44%. 

DSC: Tm= 299.3 °C (onset) and 301.4 °C (peak) .1H NMR (500 MHz, CDCl3) δ 8.61 (ddd, J = 8.0, 1.4, 

0.4 Hz, 2H), 7.75 – 7.69 (m, 2H), 7.53 (ddd, J = 8.7, 7.0, 1.7 Hz, 2H), 7.34 – 7.27 (m, 4H), 6.82 (d, J 

= 8.6, 2H), 1.49 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 178.24, 152.85, 143.32, 136.16, 133.21, 

129.39, 127.97, 127.26, 121.84, 121.47, 116.96, 35.03, 31.44. The spectroscopic data were in 

agreement with the literature.5 
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10-(4-(Pentafluoro-l6-sulfaneyl)phenyl)acridin-9(10H)-one (SF5Ac) was synthesized from 

acridone and 1-iodo-4-(pentafluorosulfanyl)benzene according to the general procedure, with an 

isolated yield of 30%. HRMS calculated for C19H13F5NOS: 398.0633; observed (APCI, [MH+]) = 

398.0622. 1H NMR (500 MHz, CDCl3) δ 8.62 (ddd, J = 8.0, 3.4, 1.6 Hz, 2H), 8.18 – 8.11 (m, 2H), 7.57 

(ddd, J = 8.6, 6.9, 1.7 Hz, 4H), 7.34 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H). 13C NMR 

(126 MHz, CDCl3) δ 177.98, (154.52, 154.37, 154.22),* 142.59, 141.95, 133.64, 131.02, (129.19, 

129.15, 129.11, 129.08),* 127.65, 122.07, 121.92, 116.21.*split by the fluorine. 19F NMR (376 

MHz, CDCl3) δ 82.77 (qn, J = 150.5 Hz, 1F), 63.09 (d, J = 150.5 Hz, 4F). See Appendix 2 for NMR 

spectra and HRMS of SF5Ac 

3.9.2. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) and differential scanning calorimetry were conducted on TGA 

1 Mettler Toledo. The samples were measured in Al-pans under a dynamic atmosphere of air and 

heated up to 600 C at a rate of 10 C/min. 

  

Figure 3.7. a) TGA and b) DSC analysis of the acridone derivatives. 
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3.9.3. UV-Vis Absorption Spectroscopy and Steady-State Fluorescence/Phosphorescence 

spectroscopy 

The solution and thin film UV-Vis absorption spectra of acridones were collected on the JASCO V-

670 spectrophotometer. Films were vacuum-deposited on quartz. Room temperature total 

emission and delayed emission of acridones were measured on Varian Cary Eclipse fluorescence 

spectrophotometer from Agilent, using a solid sample holder also from Agilent. Low-temperature 

measurements were conducted on the same instrument using a liquid nitrogen Dewar assembly 

from Horiba Scientific. 

 

 

Figure 3.8. The absorption (dotted line) and emission (steady state at room temperature, red; 
steady-state in 77 K, blue) of HAc in chloroform solution. 
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Figure 3.9. Crystallization-induced shift of absorbance in acridone derivatives (blue: CHCl3 
solution, orange: vacuum-deposited films). 
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Figure 3.10. a) Overlaid absorption (left) and photoluminescence spectra (right; steady state, 
dashed; delayed, solid) of acridone derivatives in CHCl3 solution (top), and vacuum-deposited 
films (bottom). b) Delayed spectra for CHCl3 solutions captured with 1.0 ms acquisition delay in 
liquid N2 (77 K). Delayed spectra for crystalline solid samples captured with 0.2 ms acquisition 
delay at room temperature , λex = 370 nm. c) Comparison of delayed emission in the solid-state 
of macroscopic (mm) single crystals before and after grinding.  
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Figure 3.11. Steady-state luminescence spectra CHCl3 solutions of acridone derivatives, at room 
temperature (red) and frozen in liquid N2 (blue). 
 

 

Figure 3.12. Comparison of acridones steady-state emission (fluorescence) spectra in crystalline 
powders at room temperature (red) and 77 K (blue).  
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Figure 3.13. Phosphorescence spectra of OMeAc (left) and PhenAc (right) in frozen glasses (liq. 
N2) of solvents of various polarities. 

 

Figure 3.14. Phosphorescence spectra showing fast decay of the higher energy emission band in 
a) frozen CHCl3 solutions at 77 K and b) solid-state at room temperature.  
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3.9.4. Lifetime Measurement and Time-Resolved Emission Spectra 

Phosphorescence lifetimes were measured on the Varian Cary Eclipse spectrophotometer from 

Agilent. The delay time and gate times used to measure lifetimes were adjusted according to 

lifetimes, all in millisecond time scale. Low-temperature measurements were conducted on the 

same instrument using a liquid nitrogen Dewar assembly from Horiba Scientific. The emission 

lifetime of the samples was determined by the Time-Correlated Single Photon Counting (TCSPC) 

technique using an Edinburgh Instruments mini-tau lifetime spectrophotometer equipped with 

an EPL 405 pulsed diode laser. The emission was filtered through a bandpass filter of 450± 50 nm. 

The solutions and solids were prepared using the same procedure as explained in the UV-Vis and 

spectroscopy section (vide supra). The data were fitted (single exponential for solution lifetimes 

and biexponential for solids’ emission) using OriginPro 8.5 to obtain the fluorescent lifetimes. 

Figure 3.15. Fluorescent decays of dilute chloroform solutions for acridone derivatives at room 
temperature, acquired via TCSPC, λex = 405 nm. 
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Table 3.3. Decay fitting parameters of room temperature fluorescence in CHCl3 solutions λex = 
405 nm. 

 τ1 (ns) a1 τ2 (ns) a2 τavg (ns) σ⟨τ⟩ 

MetAc 4.3 96% 12.8 4% 4.6 0.25 

PhenAc 3.6 97% 9.8 3% 3.8 0.5 

OMeAc 3.6 96% 9.8 4% 3.8 1.1 

CNAc 2.3 ~100% -- -- 2.3 0.45 

tBuAc 4.6 90% 10.2 10% 5.2 0.3 

SF5Ac 3.7 89% 9.2 11% 4.3 0.5 
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Figure 3.16. Fluorescent lifetimes of crystalline powders of acridone derivatives at room 
temperature, acquired via TCSPC, λex = 405 nm. 

 

Table 3.4. Decay fitting parameters of solid-state fluorescence λex = 405 nm. 
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Figure 3.17. Phosphorescent decays of acridone derivatives in 77 K-frozen solutions, with 
exponential fits. λex = 370 nm. 

 

Table 3.5. Decay fitting parameters of 77 K-frozen solutions’ phosphorescence. λex = 370 nm 

 τ1(s) a1 τ2(s) a2 τavg, (ms) 

MetAc 1.610 100% -- -- 1.610 

PhenAc 1.402 100% -- -- 1.402 

OMeAc 0.440 100% -- -- 0.440 

CNAc 0.857 100% -- -- 0.857 

tBuAc 2.120 47% 0.902 53% 1.470 

SF5Ac 0.814 100% -- -- 0.814 



Chapter 3| Page 119  

  

Figure 3.18. Phosphorescent decays of acridone derivatives in a) room temperature solid b) 77 
K-cooled solids of acridones, with bi-exponential fits(red). λex = 370 nm. 
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Table 3.6. Decay fitting parameters of solid-state phosphorescence at room temperature and 77 
K. λex = 370 nm. 

 

 

 

 

 

 

 

 

 

 

 

  

  τ1 (ms) a1 τ2 (ms) a2 
τavg 

(ms) 
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MetAc 9.5 74% 33.5 26% 15.7 

PhenAc 8.00 85% 55.0 15% 15.05 

OMeAc 38.7 86% 105.2 14% 48.0 

CNAc 26.7 50% 65.5 50% 46.1 

tBuAc 45.6 34% 100.0 66% 81.5 

SF5Ac 5.2 100% -- -- 5.2 

       

7
7
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lid
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MetAc 113.5 68% 354.8 32% 190.7 

PhenAc 75.9 32% 470.8 68% 344.4 

OMeAc 101.3 57% 474.7 43% 261.9 

CNAc 76.5 24% 527.8 76% 419.5 

tBuAc 106.8 10% 478.8 90% 441.6 

SF5Ac 45.3 55% 243.9 45% 134.7 
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3.9.5. Laser Flash Photolysis 

Experiments were conducted using a laser flash photolysis setup (Luzchem). An Nd: YAG 

(Continuum Surelite CLII-10, 10 Hz, 450 mJ at 1064 nm) laser was used for excitation at a 

wavelength of 355 nm. 8 mJ laser pulses were used with a pulse width of 6 ns. A 150 W Xe lamp 

was used as the monitoring light source. The detector consisted of a photomultiplier tube (PMT) 

connected to a digital oscilloscope (Tektronix TDS2012). All data were collected via the 

commercially available LFP 7.0 software (Luzchem). All samples were prepared freshly in 10 x 10 

mm quartz cells before and after degassing with argon gas for 10 min. Samples were irradiated 

with at least 10 laser shots to acquire ΔOD temporal evolution traces. The time per division 

recorded by the detector was varied from 500 nm to 5 µs on a sample-to-sample basis to optimize 

signal clarity and resolution. Kinetic traces of ΔOD were fitted using OriginPro 8.5 to obtain 

transient lifetimes. 
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Figure 3.19. The change in transient absorption of the triplet states generated after laser flash 
(left), the ΔOD temporal evolution (at 630 nm) for deoxygenated solutions (middle) and 
oxygenated solutions (right) of a) HAc, b) MetAc, c) PhenAc, d) OMeAc, e) tBuAc, f) CNAc and g) 
SF5Ac at room temperature, in DCM. 
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3.9.6. TTA-Induced Delayed Fluorescence 

 

Figure 3.20. Delayed emission spectra of acridone derivative solids at 77 K, showing persistence 
of delayed fluorescence feature at low temperature. 

3.9.7. Photographs of the Phosphorescence  

The phosphorescence of acridone crystalline solids and dilute solutions in 77 K were observable 

by the naked eye due to their ultralong phosphorescent lifetimes. The images in figure 3.21 were 

captured with a smartphone camera. To capture the fast-phosphorescent decay of solids at room 

temperature (<100 s) we used high-speed camera Imaging (supporting video). Acridone 

crystalline powders were placed on glass and were excited by a UV lamp (360-390 nm) and the 

phosphorescence decay was detectable even after the light was turned off. The emission of the 

samples was captured using a Photron Fastcam NOVA S16 (Photron USA, CA, USA). A 50 mm 

Navitar c-mount lens was used together with a 5 mm lens extender to allow for greater 

magnification and smaller working distance. The emission of the sample was captured at a speed 

of 9000 fps with an exposure time of 100 s and a lens aperture of 2 for all samples. The High 

Dynamic Range (HDR) function of the control software, Photron Fastcam Viewer 4 (PFV4, Photron 

USA, CA, USA), was used to enhance the darker section of the image to allow for better image 

quality. The same level of HDR enhancement was used for all samples to allow for proper visual 

evaluation. 
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Figure 3.21. Photoluminescence photos of the a) frozen solutions b) crystalline powders in liquid 
nitrogen with the UV light on and after the UV light is off.  
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3.9.8. DFT Calculations 

Optimized ground state (S0) geometries of all acridone derivatives were obtained by density 

function theory (DFT) calculations using B3LYP/6-31G(d) in Gaussian 16 software.6 Optimized 

excited state (S1/T1) geometries were obtained using time-dependent self-consistent field (TD-

SCF) calculations, also using B3LYP/6-31G(d) in Gaussian 16.7-13 Natural transition orbitals (NTO)14 

were then extracted and visualized also using Gaussian 16 and Gaussview 6.0.  

For summary of orbital transitions of the studied acridone obtained via TD-DFT see Appendix 3. 

 

Table 3.7. Molecular orbital levels of the acridones, obtained from optimized structures in the 
gas-phase using B3LYP 6-31G(d). All the energies are in eV. 

 HAc MetAc PhenAc OMeAc CNAc tBuAc SF5Ac 

LUMO+2 -0.06 -0.03 -0.71 -0.31 -1.30 -0.56 -1.67 

LUMO+1 -0.45 -0.41 -0.71 -0.67 -1.68 -0.65 -1.67 

LUMO -1.51 -1.51 -1.41 -1.36 -2.00 -1.37 -1.78 

HOMO -5.62 -5.57 -5.52 -5.46 -5.82 -5.47 -5.81 

HOMO-1 -6.40 -6.36 -6.30 -6.00 -6.60 -6.26 -6.56 

HOMO-2 -6.94 -6.87 -6.80 -6.48 -7.05 -6.75 -7.05 
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Figure 3.22. Low-lying singlet and triplet states in acridone derivatives, showing allowed and 
forbidden ISC pathways. TD-DFT, B3LYP/6-31G(d) level of theory in the gas-phase and with CHCl3 
solvation. 
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Figure 3.23. The natural transition orbital representation of acridone derivatives for the 
optimized geometry of the lowest singlet and triplet states. TDDFT, B3LYP/6-31G(d) level of 
theory with CHCl3 solvation. a Low-lying (S1, S2, T1, T2) excited states of π-π* and n-π* character, 
in both gas-phase and with CHCl3 solvation.  
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Figure 3.24. Energetic diagram of tBuAc triplet state of a) monomer, b) side dimers, and c) π-
dimer, calculated using TD-DFT B3LYP(6-31g(d)); geometries were obtained from the crystal 
structure with no further optimizations. The calculations show a significant transition dipole 
interaction and T1 stabilization in the π-dimer but not in the side dimer. 
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Figure 3.25. a) Triplet energy transfer electronic coupling across weakly coupled crystal dimers 
of MetAc, PhenAc, and SF5Ac. b) Logarithmic plot of electronic coupling in PhenAc dimer vs the 
arbitrarily varied intermolecular distance (dN-N). Calculated using B3LYP/TZP in Amsterdam 
Density Functional package.15 

 
 
 

 

 

 

 

Figure 3.26. Energy level diagram of acridone derivative monomers versus those of the dimers 

obtained from crystal structures. All calculations are done with TD-DFT, B3LYP/6-31G(d) level of 

theory.  
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Figure 3.27. Triplet excited states of CNAc, evaluated by TD-DFT using different functionals, all 
with 6-31G(d) basis set. In B3LYP, the 3CT* excited state appears as T4 (3.10 eV), and in cam-B3LYP 
and ωB97XD the CT states appear as T5 (3.27 eV and 3.44 eV, respectively).  

 

3.9.9. X-ray crystallography 

Crystal structures were obtained for OMeAc (CCDC: 1998381), tBuAc(CCDC: 1998383), and SF5Ac 

(CCDC: 199838) using recrystallization from ethanol (OMeAc, SF5Ac) and physical vapour 

deposition (tBuAc). Single crystal X-ray diffraction (SCXRD) data were measured on a Bruker D8 

Venture diffractometer equipped with a Photon 200 CMOS area detector, and IμS microfocus X-

ray source (Bruker AXS, CuKα source). All measurements were carried out at room temperature 

on crystals coated with a thin layer of amorphous oil to decrease crystal deterioration, structural 

disorder, or any related thermal motion effects and to improve the accuracy of the structural 

results. Structure solution was carried out using the SHELXTL package from Bruker.16 The 

parameters were refined for all data by full-matrix-least-squares or F2 using SHELXL.17 All of the 

nonhydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were 

placed in calculated positions and allowed to ride on the carrier atoms. All hydrogen atom 

thermal parameters were constrained to ride on the carrier atom. Powder X-ray diffraction 

(PXRD) patterns were collected on a Bruker D2 Phaser powder diffractometer equipped with a 
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CuKα source and Lynxeye detector. The patterns were collected in the angle region between 3- 

40° (2θ) with a step size of 0.05°. 

 

Figure 3.28. The powder X-ray diffraction patterns (PXRD) of the obtained crystalline powders 
which were used for spectroscopy, versus that of the simulated PXRD patterns for a) MetAc 
(CCDC 1453140) b) PhenAc (Polymorph1 with CCDC:1232243 and Polymorph2 with CCDC: 
1883546) c) OMeAc (Polymorph1-this work- CCDC: 199838 and Polymorph2 with CCDC: 1972073) 
d) CNAc (CCDC: 1534549) e) tBuAc (CCDC: 1998383, this work), SF5Ac (CCDC: 199838, this work). 
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Figure 3.29. ORTEP diagrams of a) tBuAc b) OMeAc and c) SF5Ac crystal structures. 
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Table 3.8. Crystal data and structure refinement for tBuAc 

Identification code 10-(4-(tert-butyl) phenyl)9(10H)-acridone 

Empirical formula C23H21NO 

Formula weight 327.41 

Temperature/K 298(2) 

Crystal system triclinic 

Space group P-1 

a/Å 8.3941(2) 

b/Å 9.5535(2) 

c/Å 11.7695(2) 

α/° 94.7930(10) 

β/° 97.1200(10) 

γ/° 110.7850(10) 

Volume/Å3 867.29(3) 

Z 2 

ρcalcg/cm3 1.254 

μ/mm-1 0.565 

F(000) 348.0 

Crystal size/mm3 0.550 × 0.150 × 0.080 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 7.642 to 144.866 

Index ranges -10 ≤ h ≤ 10, -11 ≤ k ≤ 11, -12 ≤ l ≤ 14 

Reflections collected 24821 

Independent reflections 3386 [Rint = 0.0693, Rsigma = 0.0418] 

Data/restraints/parameters 3386/0/229 

Goodness-of-fit on F2 1.031 

Final R indexes [I>=2σ (I)] R1 = 0.0537, wR2 = 0.1387 

Final R indexes [all data] R1 = 0.0674, wR2 = 0.1592 

Largest diff. peak/hole / e Å-3 0.19/-0.17 

Table 3.9. Crystal data and structure refinement for OMeAc 

Identification code 
10-(4-Methoxyphenyl)-9(10H)-
acridone 

Empirical formula C20H15NO2 

Formula weight 301.33 
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Temperature/K 298(2) 

Crystal system monoclinic 

Space group P21/c 

a/Å 9.23340(10) 

b/Å 18.3930(2) 

c/Å 9.25630(10) 

α/° 90 

β/° 101.0870(10) 

γ/° 90 

Volume/Å3 1542.66(3) 

Z 4 

ρcalcg/cm3 1.297 

μ/mm-1 0.671 

F(000) 632.0 

Crystal size/mm3 0.250 × 0.200 × 0.120 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 9.76 to 144.914 

Index ranges -11 ≤ h ≤ 11, -22 ≤ k ≤ 22, -9 ≤ l ≤ 11 

Reflections collected 28877 

Independent reflections 
3035 [Rint = 0.0538, Rsigma = 
0.0269] 

Data/restraints/parameters 3035/0/209 

Goodness-of-fit on F2 1.051 

Final R indexes [I>=2σ (I)] R1 = 0.0449, wR2 = 0.1120 

Final R indexes [all data] R1 = 0.0591, wR2 = 0.1289 

Largest diff. peak/hole / e Å-3 0.17/-0.12 

Table 3.10. Crystal data and structure refinement for SF5Ac 

Identification code 10-(4-(pentafluoro-l6-sulfaneyl) phenyl)acridin-9(10H)-one 

Empirical formula C19H12F5NOS 
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Formula weight 397.36 

Temperature/K 150(2) 

Crystal system triclinic 

Space group P-1 

a/Å 8.0213(10) 

b/Å 9.1999(11) 

c/Å 11.8714(15) 

α/° 93.525(5) 

β/° 100.287(5) 

γ/° 108.942(5) 

Volume/Å3 808.55(18) 

Z 2 

ρcalcg/cm3 1.632 

μ/mm-1 2.388 

F(000) 404.0 

Crystal size/mm3 0.400 × 0.200 × 0.200 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 7.632 to 145.294 

Index ranges -9 ≤ h ≤ 9, -11 ≤ k ≤ 11, -13 ≤ l ≤ 14 

Reflections collected 28038 

Independent reflections 3168 [Rint = 0.0458, Rsigma = 0.0236] 

Data/restraints/parameters 3168/0/244 

Goodness-of-fit on F2 1.069 

Final R indexes [I>=2σ (I)] R1 = 0.0402, wR2 = 0.1194 

Final R indexes [all data] R1 = 0.0432, wR2 = 0.1239 

Largest diff. peak/hole / e Å-3 0.42/-0.51 
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Figure 3.30. The hydrogen-bonded network of HAc in the solid-state; obtained from CCDC: 
1175940. The green dashed lines show the C=O…H-N contacts. 
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Preface 

In Chapters 2 and 3, we investigated the effect of intermolecular interactions on the luminescent 

properties of two classes of carbonyl-bridged triarylamines (TANGOs and acridones). In the 

course of the work, we realized that the alignment of molecules with respect to each other and 

their interactions with neighboring molecules critically determine the photophysical behavior of 

the ORTP. In the case of highly symmetric D3h TANGO derivatives, the crystal structures had an 

overall resemblance with only slight differences (such as halogen bonds in TBTANGO), which 

allowed us to decipher the effect of packing on the luminescence characteristics. In acridone 

derivatives, however, the intermolecular interactions in the crystal varied significantly between 

substituents, and our six explored molecules showed three classes of crystal packing. The role of 

molecular interaction and solid-state packing has been widely acknowledged in the field of ORTP. 

Nevertheless, the challenge of crystal structure prediction hinders the possibility of crystal 

engineering phosphorescent materials in molecular crystals for desired applications. 

Consequently, optimizing luminescence in ORTP materials is still an empirical exercise. 

A potential solution to this formidable problem of crystal structure prediction is to use the 

covalent organic frameworks (COFs) as a class of porous polymers in which organic building 

blocks are precisely integrated into extended structures. This level of molecularly precise control 

over the topology of assembly of the organic building block could be a convenient tool for 

engineering the structure and photophysical properties of ORTP materials.  

Since the original report of COFs by O. M. Yaghi and co-workers in 2005 (ref 1 of this chapter), 

the field has significantly developed, with a large portion of COF research focused on developing 

methods to incorporate novel linkages and building blocks. Boroxine and dioxaborole are the first 

and most studied linkages for COFs formations, with some record-high crystallinity and porosities 

as compared to the other linkages of COFs, due to the highly reversible nature of their bond. 

However, our initial attempts to make boroxine and dioxaborole linked TANGO-based COFs 

proved challenging due to the insolubility of TANGO-triboronic acid and its protodeborylation in 

the presence of water (the byproduct of the polymerization reaction). Additionally, we noted 

that most reported dioxaborole-linked COFs suffer from optically-active impurities due to the 
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partial oxidation of the catechol linkers, which drastically perturbs the luminescence of the 

resulting COF.  

In this chapter, we address the above-mentioned challenges in synthesis of optically pure 

boroxine and dioxaborole-linked COFs. We developed a transesterification (and metathesis) 

methodology that enabled us to use pinacol arylboronates with methylboronic acid (MBA; or 

corresponding MBA-protected catechols) as highly soluble, easy to purify and bench-stable 

building blocks, unlike the conventional boronic COF synthesis which relies on less stable and 

often poorly soluble arylboronic acids and catechols. This metathesis polymerization does not 

form water as a byproduct, which eliminates the protodeborylation of certain boronic acids 

during polymerization and also opens possibilities to explore hydrolytically unstable precursors. 

The dioxaborole COFs synthesized using a metathesis polymerization benefit from the high 

optical purity and low density of defects vs. those synthesized by standard polycondensation. We 

confirmed the generality of this synthetic strategy by comparing it with seven known COFs, 

earlier prepared by the classical boronic acid/catechol condensation reaction. We then applied 

our metathesis polymerization to obtain two new COFs, Py4THB and B2HHTP, whose synthesis 

was previously precluded by the insolubility/instability of the boronic acid precursors. In addition 

to being a valuable new tool for the design/synthesis of new COFs, our approach also provided 

new opportunities for mechanistic studies of COF formation, as we demonstrated by applying 

liquid NMR for the first time for kinetic measurements of the COF polymerizations.  
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4.1. Abstract 

Boroxine and dioxaborole are the first and some of the most studied synthons of covalent organic 

frameworks (COFs). Despite their wide application in the design of functional COFs over the last 

15 years, their synthesis still relies on the original Yaghi’s condensation of boronic acids (with itself 

or with polyfunctional catechols), some of which are difficult to prepare, poorly soluble, or 

unstable in the presence of water. Here, we propose a new synthetic approach to boroxine COFs 

on the basis of the transesterification of pinacol aryl boronates (aryl-Bpins) with methyl boronic 

acid (MBA) and dioxaborole COFs (through the metathesis of pinacol boronates with MBA-

protected catechols). The aryl-Bpin and MBA-protected catechols are easy to purify, highly 

soluble, and bench-stable. Furthermore, the kinetic analysis of the two model reactions reveals 

high reversibility (Keq ~ 1) and facile control over the equilibrium. Unlike the conventional 

condensation, which forms water as a byproduct, the byproduct of the metathesis (MBA 

pinacolate) allows for easy kinetic measurements of the COF formation by conventional 1H NMR. 

We show the generality of this approach by the synthesis of seven known boroxine/dioxaborole 

COFs whose crystallinity is better or equal to those reported by conventional condensation. We 

also apply metathesis polymerization to obtain two new COFs, Py4THB and B2HHTP, whose 

synthesis was previously precluded by the insolubility and hydrolytic instability, respectively, of 

the boronic acid precursors. 
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4.2. Introduction 

Since the 2005 pioneering work of Yaghi and co-workers, crystalline two- and three-dimensional 

(2D/3D) porous covalent solids – Covalent Organic Frameworks (COFs) –have emerged as a 

unique class of organic materials with many attractive properties and applications, including gas 

storage and separation, catalysis, sensing, optoelectronics, energy storage, etc.1-5 The wide 

design space of molecular building blocks provides an infinite spectrum of possible topologies, 

pore sizes, chemical, and physical properties in the obtained frameworks.5 Achieving order in 

COFs relies on reversible (dynamic) covalent bonding between their constituent building blocks, 

which allows the system to self-assemble into a minimum-energy topology, via error-correction 

mechanisms. Boroxine and dioxaborole are the first explored synthons that endow such 

reversibility by condensation of di/tri-functional boronic acid with itself or with polyfunctional 

catechols, respectively.1 Despite their hydrolytic instability, the highly dynamic nature of the 

boroxine and dioxaborole linkages makes them very attractive synthons in the design of COFs 

with excellent structural order (including COF single crystals6) and many optoelectronically 

functional COFs have been synthesized by condensation of areneboronic acids.7-11 Notably, 

despite 15 years of extensive exploration of such COFs, only a few chemical modifications of the 

original synthetic approach1 have been reported.12, 13 

In both boroxine and dioxaborole synthesis water is produced upon condensation. Thus achieving 

anhydrous conditions during COF formation is impractical. This potentially limits the scope of the 

accessible boronic acids due to their protodeborylation in presence of water.14 Many polycyclic 

aromatic di/tri-boronic acids are rather insoluble, which complicates their purification and limits 

their reactivity in the COF synthesis. On the contrary, most pinacol boronate esters are readily 

soluble, stable, and can be easily purified by chromatography, sublimation, or recrystallization 

(which is essential for producing high-quality COFs).15 The synthetic access to most 

multifunctional arylboronic acids relies on the deprotection of the corresponding pinacol esters 

(Bpin).16 However, the latter can be a surprisingly challenging task, both kinetically (due to steric 

bulkiness) and thermodynamically (due to the difunctional nature of pinacol).17 The standard 

deprotection approaches include strong Lewis acids (BCl3),18 oxidants (NaIO4),19 and reductants 

(LiAlH4)20 which limit the scope of the building blocks that are stable in those conditions. In the 
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case of dioxaborole COFs, a similar problem is presented for catechol building blocks which are 

often sparingly soluble, difficult to purify, and prone to oxidation by air.  

To address this problem, Knochel, Bein, and co-workers used a two-step process where the 

pinacol ester of benzothiadiazolbisbenzeneboronic acid is first deprotected via HCl hydrolysis and 

then reacted in the same pot with 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) to afford a 

dioxaborole COF.13 However, the harsh reaction conditions required for the deprotection (180 

°C, microwave) limit the utility of this method. Dichtel and co-workers have used an acetal 

protecting group to mitigate the challenge of oxidative instability/insolubility of multifunctional 

catechols, which allowed them to introduce large phthalocyanine nodes in the COF.12 Also, other 

protected building blocks (aldehydes and carboxylic acids) have been previously used to 

overcome the reversibility and crystallization challenges of imine- and ester-linked COFs.21, 22 

 

 

Scheme 4.1. Conventional vs. transesterification/metathesis synthesis of a) boroxine b) 
dioxaborole COFs. 
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Here, we propose a new approach for the synthesis of COFs directly from boronic esters, using 

transesterification with methaneboronic acid (MBA) and metathesis with MBA-protected 

catechols (Scheme 4.1.). Using this strategy, we synthesized nine different boroxine and 

dioxaborole COFs from polyfunctional aryl-Bpins and MBA-protected 2,3,6,7,10,11-

hexahydroxytriphenylene (MBA-HHTP) and 1,2,4,5-tetrahydroxybenzene (MBA-THB). This 

method opens access to highly stable boroxine and dioxaborole COFs on the basis of chemically 

sensitive and poorly soluble building blocks. 

 

4.3. Results and discussion 

Recently Hinkes and Klien have reported a convenient deprotection of pinacol boronate esters via 

their transesterification with MBA catalyzed by trifluoroacetic acid (TFA) or by collidine base.23 

We hypothesized that applying this approach to multidentate aryl-Bpins may result in their in-

situ polymerization directly resulting in the formation of COFs, avoiding the cumbersome 

deprotection step. As the reversibility/dynamic nature of the reaction is the key for COF 

crystallinity, we first studied the kinetics of the model pinacol boronate PBpin deprotection with 

MBA in the presence of 5 vol% TFA by NMR (Figure 4.1a). The reaction medium (toluene-

d8/dioxane) was chosen to approximate the conditions of the solvothermal COF synthesis.1 At 90 

°C and 1 M concentration of MBA, the transesterification reaches an equilibrium in <30 minutes. 

Examining the reaction kinetics at different starting concentrations, we show that the equilibrium 

constant is close to unity (Keq = 1.08 ± 0.10), and thus the rate constants of the forward (kf) and 

reverse (kr) reactions are almost identical (kf ~ kr = 5.2 ± 0.5 ×10-3 M-1 s-1 at 90 C and ~0.13 ×10-3 

M-1 s-1 at 25 C, Figures 4.7, 4.9). The deprotection is accompanied by simultaneous condensation 

of the resulting phenylboronic acid into triphenylboroxine, with a comparable rate (Figure 4.1a).  
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Figure 4.1. a) Reaction scheme and 1H NMR spectra (toluene-d8/dioxane 1:1, 90 °C) of PBpin (0.1 
M) and MBA (0.1 M) before and 1 h after addition of TFA (5 vol%); b) Corresponding kinetic plots 
of transesterification at different initial concentrations of MBA (scatter plots, quantified using 

MBpin = 1.04 ppm and PBpin = 1.14 ppm signals) and fitting kinetics curves (solid lines). 
 

Subjecting a mixture of 1,4-di(pinacolboryl)benzene (PDBpin) and MBA to standard solvothermal 

conditions (mesitylene/dioxane, 120 °C) in the presence of TFA results in boroxine-linked COF-1T 

(T for transesterification) as a white powder (Figure 4.2). The yield of polymerization of PDBpin in 

a sealed ampule is controlled by equilibrium and varies from 68% with an equimolar amount of 

MBA to nearly quantitative (99%) with 20 eq. excess of MBA (Table 4.1). The equilibrium can also 

be shifted by performing the reaction in an open flask while distilling off the MBpin by-product, 

which was used to prepare crystalline COF-1T on a larger scale using an equimolar amount of 

MBA. 

The spectroscopic and diffraction data of as-prepared COF-1T are identical to those of COF-1 

prepared from benzene-1,4-diboronic acid.1 The Fourier transform infrared (FTIR) spectroscopy 

shows the absence of the CHpinacol and OH stretch (ca. 2980, 3275 cm-1) and the emergence of a 

new strong peak at 696 cm-1 (B3O3 ring out of plane bending24) indicating the successful 

deprotection of the PDBpin and the complete condensation of the resulting boronic acid into 

boroxine (Figure 4.13).  

The powder X-ray diffraction (PXRD) pattern of the activated (180 °C, 0.1 mbar, 12 h) COF-1T 

displayed the characteristic1 diffraction pattern with peaks at 2θ= 6.8°, 11.7°, 13.7°, 15.0°, 19.2° 
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and 27.1° (Figure 4.2). The Pawley refinement (Table 4.8) of the diffraction pattern of COF-1T 

indicates the same unit cell and very similar crystallinity (FWHM= 0.4°) with the published COF-

1.1 The Brunauer–Emmett–Teller (BET) surface area of the activated COF-1T (794 m2g-1, Figure 

4.16) is close to the higher end of reported surface areas for COF-1 (690-812 m2 g-1).1, 25 

10 203 30

b)

(002)

(201)(101)(200)
(110)

FWHM= 0.40

2/ 

(100)

FWHM= 0.42 
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Figure 4.2. PXRD of activated COF-1T (green) with Pawley refinement (dotted black, residual in 
blue) and of COF-1 synthesized by the conventional method (orange; replotted from ref. 1). 
 

 

 



Chapter 4| Page 147  

 

1.2 1.08.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 0 100 200 800
0.00

0.02

0.04

0.06

0.08

0.10b)a)

MBpin

MBA-CAT

*H(MBpin)

X20

X20

*H

*H(PBpin)
1eq

Chemical Shift/ ppm

Before addition

of TFA-d

*H

After addition

of TFA-d

PBpin

1.00 MMBA

0.50 MMBA

0.50 MMBA

[M
B

p
in

]/
 M

Time/ min

 
Figure 4.3. a) Reaction scheme and 1H NMR spectra (toluene-d8/dioxane 1:1, 90°C) of PBpin (0.1 
M) and MBA-CAT (0.1 M) before and 5 h after addition of TFA (5 vol%); b) Corresponding kinetic 
plots of metathesis at different initial concentrations of MBA-CAT (scatter plots, quantified using 

MBpin = 1.04 ppm and PBpin = 1.14 ppm signals) and fitting kinetics curves (solid lines). 
 

When the in-situ deprotection/polymerization is carried out in the presence of multifunctional 

catechols, the reaction directly produces dioxaborole-linked COFs. Thus, PDBpin in the presence 

of HHTP resulted in COF-5T with diffraction and spectroscopic characteristics consistent with 

those previously reported for COF-5 obtained from benzene-1,4-diboronic acid (Figure 4.20).1 We 

note that oxidative instability and low solubility of HHTP and most other polyfunctional catechols 

are significant problems for the synthesis of high-quality dioxaborole COFs.12 Using catechol 

monomers inevitably leads to oxidized (colored) impurities which are detrimental for 

optoelectronic applications. Even when the reaction is carried out in the strictest anaerobic 

condition, the trace amounts of catechols trapped in the COF pores will lead to noticeable 

colorization upon storage. To solve this problem of catechols instability and poor solubility, we 

decided to explore an exchange reaction (metathesis) of MBA-protected catechols with pinacol 

boronate esters to access dioxaborole COFs. Unlike their catechol precursors, MBA-HHTP and 

MBA-THB are highly stable in ambient conditions (Figure 4.38), soluble in common organic 

solvents, and can be easily sublimed under vacuum. 

The kinetic measurements on the model reaction of PBpin with MBA-CAT show a ~20-fold 

decrease of the rate constants (0.26 ± 0.02 ×10-3 M-1 s-1 at 90 C, 5% TFA, Figures 4.3b, 4.9b) 
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comparing to transesterification (Figure 4.1b). The reaction reaches equilibrium within a few 

hours, with Keq = 0.71 ± 0.12. As expected, no boronic acid/boroxine intermediates are detected 

during the metathesis (Figures 4.3a, 4.8b) and, in contrast to all reported boronic COFs, water is 

neither produced during nor required for dynamic polymerization/crystallization of the COF. COF-

5M (M for metathesis) was synthesized from MBA-HHTP and PDBpin in 77% yield only in ~1 h. 

Surprisingly, the reaction occurred even in the absence of the TFA catalyst, over a longer time. 

The FTIR spectrum of COF-5M is almost indistinguishable from that of COF-5 prepared from 

corresponding boronic acid and catechol (Figure 4.19), but unlike the latter, it shows the complete 

absence of OH stretch due to B(OH)2 defects and end-group (ca. 3250 cm-1) in COF-5M, indicative 

of a much lower density of B(OH)2 defects compared to the standard COF-5.1 PXRD of COF-5M 

shows same sharp diffraction peaks at 3.4°, 6.0°, 6.4°, 9.1° as the reported COF-5 (Figure 4.4a). 

Its BET surface area (1610 m2 g-1) and the pore size (26 Å, Figure 4.4b) are essentially identical to 

those reported for COF-5 (1590 m2 g-1; 26 Å).1 However, COF-5M displays a significantly improved 

optical purity comparing to COF-5 (Figure 4.4d). As expected from its large DFT-calculated 

bandgap (3.88 eV, Figure 4.35), COF-5M is colorless, while the dark-grey tint of COF-5 indicates 

the presence of catechol oxidation products (semiquinone radicals and quinones/hydroquinone 

charge-transfer complexes, Figure 4.39) which are also manifested in a strong EPR signal (Figure 

4.4 c). The fluorescence lifetimes of the COF-5M show longer decay times as compared to COF-5 

(Figure 4.4d, 4.34.;  = 5.7 ± 0.13 ns for COF-5M, 2.3 ± 0.19 ns COF-5 prepared under N2 and 3 ns 

for COF-5 reported previously)26 which can be attributed to the elimination of fluorescence-

quenching impurities.  
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Figure 4.4. a) PXRD of activated COF-5M (green) with Pawley refinement (dotted black, residual in 
blue, Table 4.8) and of COF-5 synthesized by the conventional method (orange; data replotted 
from ref. 1). b) N2 adsorption isotherm for COF-5M and corresponding pore size distribution 
(black). c) EPR spectra and photographs of COF-5M (green) and COF-5 (orange). d) Fluorescence 

decay curves, ex= 373 nm and em= 430 nm. 
 

Kinetic analysis of COF formation is important for the understanding of the growth mechanism 

and reaction optimization towards improved COF crystallinity/order.27-32 However, analyzing the 

kinetics of heterogeneous polymerization is a challenge, and only recently the experimental 

measurements of the kinetic of COF formation have been reported using X-ray scattering,32, 33 

turbidity,34, 35, and PXRD/Raman spectroscopy.36 Each of these techniques possesses its unique 

advantages and limitations, but none has the generality/resolution of liquid NMR, as commonly 

employed in measuring the rate of bond formation in molecular chemistry. Since both the 

reactants and the by-product (MBpin) are soluble and thus quantifiable by NMR, our metathesis 

polymerization allows for easy kinetic study of polymerization. Unlike turbidity which is based on 

monitoring the formation of micron-scale COF particles and is limited to the early stages of the 

reaction (<30% completion)34, NMR screening allows the full range kinetic analysis (0-100%).  

The initial rate kinetic measurements on the COF-5M formation (0.1 M PDBpin with 0.066 M MBA-

HHTP) in presence of TFA (5 vol%) at 90 °C showed the rate constant ca. 300 times faster than 

when the same reaction is performed in the absence of TFA as the catalyst (Figure 4.5, determined 

from the initial rate kinetics). It is noteworthy that the rate constant of the COF formation is ~70 

times faster than that of MBA-CAT (the model compound). This is important because the kinetics 

of molecular model reactions has been used in theoretical modeling of COF formation, but the 

differences between them are believed to be the source of discrepancies with the experimental 

observations.31 
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Figure 4.5. Kinetic plot of metathesis for COF-5M formation (0.1 M PDBpin and 0.066 M MBA-
HHTP, toluene-d8/dioxane 1:1, 90°C) in the absence of TFA (light green), and in 5 vol% TFA (NMR: 
dark green, turbidity (ΔOD): orange) vs. metathesis of PBpin (0.1 M) + MBA-CAT (0.1 M) + 5 vol% 
TFA in the same conditions (black). Dashed arrows show the rate constant obtained from the 
initial rate kinetics. 
 

Both the transesterification and the metathesis polymerization approaches are general as 

demonstrated by the successful synthesis of PPyCOF,9 COF-18Å,37 COF-6,8 COF-10,8, 38, and TP-

COF39 that have been previously made from deprotected boronic acid and catechol precursors 

(Scheme 4.2.). All COFs were obtained in high yields (66-79%) with crystallinity and porosities 

identical to the previous reports (see Figures 4.13-4.33 and Tables 4.1-4.7 for the synthetic details 

and characterization). 
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Scheme 4.2. Scope of the COF synthesis via transesterification and metathesis reactions. 
 

Having demonstrated the general applicability of the aryl-Bpin metathesis polymerization in the 

synthesis of the known COFs, we decided to apply this reaction for new COFs which would be 

challenging to obtain by classical condensation of boronic acids (Figure 4.6). The oblique Liebe 

lattice of Py4THB is of potential interest for materials with exotic electronic and magnetic 

properties.40-42 Although 1,3,6,8-pyrenetetraboronic acid is known,43 no COFs have been reported 

with this building block. The extremely low solubility of this compound impedes its chemical 

reactivity and even spectroscopic characterization.43 On the contrary, its pinacol ester, BpinPy4, 

is highly soluble in organic solvents and can be readily purified by chromatography and 

recrystallization. Metathesis of the BpinPy4 with MBA-THB produces Py4THB COF as a yellow 

powder in 87% yield (Figure 4.6a). The FTIR spectroscopy of the Py4THB shows the complete 

disappearance of CH3(Bpin) (ca. 2977cm-1) stretching vibration bands (Figure 4.31). The PXRD 

measurement reveals characteristic diffraction peaks at 2θ = 6.16° (100), 12.35° (200), 26.6° (001) 



Chapter 4| Page 152  

 

as expected for the AA stacked oblique lattice model (Figures 4.6a, 4.36 and Table 4.8). The BET 

porosity measurement of the activated COFs reveal high surface area of 822 m2.g-1 (Figure 4.32; 

theoretical value of 1260 m2.g-1) and average pore size of 11 Å (theoretical pore size 11.4 Å).  

The absence of water in the metathesis polymerization can open access to hydrolytically unstable 

building blocks for the synthesis of COFs. Previous attempts to synthesize the B2HHTP COF 

(Scheme 4.2.) by condensation of tetrahydroxydiboron with HHTP resulted in a low yield (30%) 

and poor crystallinity of the product.44 We speculate that oxidative cleavage of the B-B bond by 

water45 could be the reason for these discouraging results. However, metathesis polymerization 

of B2Pin2 with MBA-HHTP affords highly crystalline B2HHTP COF in 90% yield. The FTIR is in line 

with the expected changes (Figure 4.33) and the PXRD shows diffraction peaks at 2θ = 4.67° (100), 

8.07° (110), 9.22° (200), 12.25° (210), 16.71° (310), 27.0° (001) as predicted by the AA stacked 

hexagonal model (Figure 4.37 and Table 4.8).  

 

 

Figure 4.6. PXRD pattern(green) with Pawley refinement (dotted black, residual in blue, Table 4.8) 
of a) Py4THB and b) B2HHTP. DFT optimized (B3LYP/6-31G(d)) models with calculated unit cells 
shown on the right. 
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4.4. Conclusion 

We reported a one-step synthesis of boroxine and dioxaborole COFs directly from pinacol-

protected multidentate areneboronates using a transesterification with methylboronic acid and 

a new metathesis polymerization with catechol methylboronates. While preparation of such 

COFs from corresponding areneboronic acids is well established, our method presents 

noteworthy advantages for large aromatic or chemically sensitive building blocks, as it allows 

using highly soluble/easily characterizable and stable boronic esters instead of boronic acids and 

avoids the deprotection step. The dioxaborole COFs synthesized using metathesis polymerization 

benefit from high optical purity and low density of defects vs. those synthesized by standard 

polycondensation, due to elimination of unprotected chemically sensitive catechols. Also, water 

is neither formed in the metathesis reaction nor is required to achieve crystalline COFs which 

opens opportunities for precise control of dynamic polymerization and provides access to 

sensitive areneboronic acids (which can undergo protodeborylation in presence of water). We 

have shown the generality of these reactions by synthesizing seven popular COFs and also applied 

the metathesis polymerization to obtain two new COFs (Py4THB and B2HHTP) which could not 

be prepared using a standard polycondensation due to the extreme insolubility and instability of 

the corresponding boronic acid, respectively. 
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4.7. Supplementary information 

4.7.1. Materials and General Methods: 

All boronic acids and pinacolate esters were purchased from CombiBlocks and used without 

further purification. Dried solvents (DCM, CHCl3, THF, acetone) were purified on a MBraun 

solvent purification system and kept under activated 4 Å molecular sieves at least 48 h before 

use. Other solvents were purchased from commercial sources and used without further 

purification. Column chromatography was performed using silica gel on an Isolera One Flash 

instrument from Biotage.  

FTIR spectra of powders were obtained on a Nicolet 6700 FT-IR instrument in the 600–4,000 cm–

1 region using a Diamond ATR (SmartOrbit). 1H and 13C NMR spectra and VT-kinetic measurements 

were recorded on a Varian 500 (1H, 500 MHz; 13C, 126 MHz) and 11B NMRs were recorded on a 

Bruker 400 (11B, 128 MHz). 1H NMR chemical shifts are reported relative to TMS and were 

referenced via residual proton resonances of the corresponding deuterated solvent (e.g. CDCl3: 

7.26 ppm); 13C NMR spectra are reported relative to TMS via the carbon signals of the deuterated 

solvent (e.g. CDCl3: 77.16 ppm). Signals for the carbons attached to boron, C(aryl)-B, are usually 

too broad to observe in the 13C NMR spectra. 11B NMR chemical shifts are quoted relative to 

BF3·Et2O as the external standard. The NMR signals of anhydrides of benzeneboronic acid in 

Figure 4.1 were assigned according to the reported values.1, 2 The NMR spectra of the synthesized 

precursors are reported in Appendix 4. 

Electron paramagnetic resonance (EPR) measurements were obtained with a Bruker Elexsys 

680 X-band EPR spectrometer. 

Powder XRD measurements were performed in the transmission mode of the samples held 

between two thin mylar sheets using a Panalytical Empyrean diffractometer equipped with Mo 

anode (60 kV, 40 mA) and PIXcel3D detector. This gives a strong splitting of the Kα1 and Kα2 such 

that Kα2 stripping was performed effectively. For ease of comparison with the rest of the 

literature, the scattering angles for all XRD patterns in this manuscript have been converted to 

match those obtained with Cu Kα1 radiation. Surface area measurements were conducted on an 

Autosorb iQ (Quantachrome) analyzer by sorption of nitrogen (99.999%) at 77 K with activated 
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COFs (ca. 20 mg) degassed at 180 °C for 12 hours. Surface parameters were determined using 

multi-point BET (pressure range of 0.05-0.3) and Quenched Solid DFT(QSDFT) adsorption models 

included in the instrument software.  

Density functional theory (DFT) calculations of the optimized COF geometries were performed 

on single layer COF (2D model), using B3LYP functional and 6-31G (d) basis set, under periodic 

boundary conditions as implemented in Gaussian 16.3 Then different stacking modes (3D models) 

were assembled and the simulated PXRD was compared with the experimental PXRD.  

PXRD refinements were performed using the Reflex module in Materials Studio. Background of 

the PXRD spectrum was removed, as well as by further refinements, in which the Thompson-Cox-

Hastings pseudo-Voigt profile function was used for the profile fitting where all FWHM 

parameters (U, V, X, Y) were allowed to vary, and in addition, the zero-shift was corrected. Peak 

asymmetry was corrected using the Rietveld correction. Crystallite size and lattice strain 

broadenings were also refined. It should be noted that the instrument broadening is 

approximately 0.10 (FWHM) using a roughly ground silicon single crystal. This instrument FWHM 

is considerably smaller than all peak widths reported here and accounts for at most a 15% 

broadening of the sample peaks given the peaks are near Gaussian in shape and the smallest 

measured FWHM reported here is 0.19. No correction for instrument broadening is therefore 

applied in the calculations of crystallite size. 

The theoretical surface area was simulated using the 3D COF models, by Accessible solvent 

surface(@1.4Å) and volumes in the Material studio with a gridline of 0.15 Å. 

4.7.2. Kinetic measurements. 

Transesterification and metathesis were studied using 1H NMR spectroscopy. To a 1 mL solution 

of 0.1 M (pinacolboryl)benzene (PBpin) in 1:1 toluene-d8:Dioxane was added methaneboronic 

acid (MBA; for transesterification) or MBA-protected 1,2-dihydroxy benzene (MBA-CAT; for 

metathesis). TFA-d was then added to the mixture and the 1H NMR spectra were recorded over 

time. The reaction progress was traced using integration of Hb(PBpin)/H’b(MBpin) (MBpin ~ 1.04 ppm 

and MBpin ~ 1.14 ppm). 
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The rate constants were obtained using the following rate-law approximation. For a reaction of 

a+b ⇌ c+d where Keq = kf/kr = 1 (kf = kr where kf and kr are the rates of forward and backward 

reaction of the Equilibrium), if [c]0 = [d]0 = 0 and 𝑥𝑡 is the extent of the reaction progress in each 

measured time and 𝑥𝑒 is the extent of reaction at the equilibrium, the rate law can be written 

as:4 

−[ln(𝑥𝑒 − 𝑥𝑡) − ln⁡(𝑥𝑒)]/([𝑎]0 + [𝑏]0) = 𝑘𝑡   Equation 4.1 

 

where k (M-1s -1) is the rate constant of the second-order reaction and k = kf = kb. 

The reaction kinetics were fitted using the ReactLab KinSim free software developed by JPlus 

Consulting.5 
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Figure 4.7. The kinetic plot of the transesterification reaction obtained from the 1H NMR spectra 
(toluene-d8/dioxane 1:1, 25°C) of PBpin (0.1 M) and MBA (0.5 M) with the addition of TFA (5 
vol%). The inset is the plot of approximated rate-law according to equation 4.1. Scatter plots were 

quantified using MBpin ~ 1.04 ppm and MBpin ~ 1.14 ppm signals) and fitting kinetics curves (solid 
lines). 
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Figure 4.8. Reaction scheme and time evolution of 1H NMR spectra (toluene-d8/dioxane 1:1) for 
a) transesterification of PBpin (0.1 M) and MBA (0.5 M) after addition of TFA (5 vol%) at 25°C and 
b) transesterification of PBpin (0.1 M) and MBA-CAT (0.1 M) after addition of TFA (5 vol%) at 
90°C. 

 
Figure 4.9. The plot of the reaction kinetics of a) transesterification (Figure 4.1) and b) metathesis 
(Figure 4.3) of 0.1 M PBpin and different initial concentrations of MBA or MBA-CAT (scatter plots) 
at 90 °C and the extracted the rate constants according to equation 4.1. 
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Figure 4.10. 1H NMR of the (a) transesterification and (b) metathesis reaction at room 
temperature and 90 °C showing that no noticeable reaction occurs in the monomers without the 
catalyst. 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 4.11. 1H NMR (Hb(PBpin) / H’b(MBpin) region) of PBpin metathesis with a) MBA-CAT b) MBA-
THB and c) MBA-HHTP before (bottom) and after (top) heating at 90 °C for 12 h without catalyst. 
The comparison shows an acceleration of the non-catalytic reaction for larger/more electron-rich 
catechols. 
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Figure 4.12. The plot of the reaction kinetics of metathesis of PBpin (0.1 M) with MBA-CAT (0.1 
M) at different concentrations of TFA at 90 °C with the linear fitting and the corresponding rate 
constants according to equation 4.1. The results suggest second-order kinetics for the [TFA] in the 
reaction.   
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4.7.3. Synthesis of COFs 

Method A (boroxine COFs from pinacol boronates). A 5 mL glass ampule was charged with 

corresponding pinacol boronate ester, MBA, and solvent mixture (see Tables 4.1-4.7). The 

resulting suspension was purged and sealed under argon and heated. After cooling <100 °C the 

ampule was opened and the resulting white precipitate was immediately filtered off, washed 

with dry chloroform, dried, and activated at 180 °C under vacuum (0.1 torr). It is noteworthy that 

extended storage of the reaction mixture at room temperature results in potential hydrolysis of 

the COF by reaction by-products. 

Method B (dioxaborole COFs from pinacol boronates and catechols). A 5 mL glass ampule was 

charged with corresponding pinacol boronate, MBA, the catechol, and solvent mixture (see the 

Tables). The resulting suspension was purged and sealed under argon and heated. After cooling 

<100 oC the ampule was opened and the resulting white precipitate was immediately filtered off, 

washed with dry chloroform, dried, and activated at 180 °C under vacuum (0.1 torr). 

Method C (dioxaborole-linked COF from pinacol boronates and MBA-protected catechols). A 5 

mL glass ampule was charged with corresponding pinacol boronate ester, MBA-protected 

polyfunctional catechol, and solvent mixture. The resulting suspension was purged and sealed 

under argon and heated. After cooling <100 °C the ampule was opened and the resulting white 

precipitate was immediately filtered off, washed with dry chloroform, dried, and activated at 180 

°C under vacuum (0.1 torr). 
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4.7.3.1. COF-1: 

 
Table 4.1. Optimization of reaction conditions for boroxine COF1T. 

Entry [MBA] Catalyst Condition Yield 
FWHM 
(110) 

Correlation 
length 
(nm)a 

1 -- -- 120 °C, 3 d 0% -- -- 

2 -- 5 v% TFA 120 °C, 3 d 0% -- -- 

3 2eq 5 v% TFA 120 °C, 3 d 68% 0.42° 19 

4 10eq 5 v% TFA 120 °C, 3 d 77% 0.23° 35 

5 20eq 5 v% TFA 120 °C, 3 d 99% 0.48° 17 

6 20eq 5 v% TFA 120 °C, 1 d 55% 0.19° 42 

7 20eq 5 v% TFA 120 °C, 10 d 62% 0.19° 42 

8 20eq 5 v% TFA 160 °C, 3 d 57% 0.33° 24 

9 20eq -- 120 °C, 3 d 15% 0.61° 13 

10 20eq 5 v% Collidine 120 °C, 3 d 74% 0.25° 32 

11 20eq 5 v% Pyridine 120 °C, 3 d 0% -- -- 

12 20eq 5 v% AcOH 120 °C, 3 d 3% -- -- 

13 20eq 5 v% NH3 (1M aq.) 120 °C, 3 d 3% -- -- 

14 20eq 5 v% HCl (1M aq.) 120 °C, 3 d 0% -- -- 

15 20eq 5 v% Pr2EtN 120 °C, 3 d 0% -- -- 

16 20eq 5 v% TMPP 5% 120 °C, 3 d 0% -- -- 

17 20eq 5 v% TEA 120 °C, 3 d 0% -- -- 

18 20eq 5 v% NH3(conc.) 120 °C, 3 d 0% -- -- 
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a. The correlation length was calculated for the 110 peak according to the Scherrer 

equation: 𝜏 =
0.9⁡𝜆(𝐶𝑢⁡𝐾𝛼)

𝛽𝐹𝑊𝐻𝑀.cos⁡(𝜃)
 

 

Using Method A: PDBpin (33 mg, 0.10 mmol), MBA (120 mg, 2.00 mmol) and 1 mL of a 1:10:10 

v:v:v solution of TFA:mesitylene:dioxane were added to a 5 mL glass ampule, purged (5 min) and 

sealed under argon atmosphere (1 atm). The sealed ampule was heated to 120 °C for 3 days (3d) 

to afford 16.0 mg of COF1T (99%) as a white precipitate (the powder forms mainly on the walls 

of the glass ampule). Reaction screening was done using the same method with different 

parameters according to Table 4.1.  

Scale-up synthesis of COF-1T: PDBpin (330 mg, 1.00 mmol), MBA (120 mg, 2.00 mmol) and 10 mL 

1:10:10 v:v:v solution of TFA:mesitylene:dioxane were added to a 25 mL round bottom flask 

equipped with a condenser, and the reaction was refluxed for 48 h during which time a white 

precipitate was formed. The reaction mixture was filtered hot and washed with dry chloroform 

and dry acetone to afford pure COF-1T (115 mg, 89 %). 

 
Figure 4.13. FTIR spectra of PDBpin (green), PDBA (orange) and COF-1 (brown) and COF-1T (black). 
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Figure 4.14. PXRD of the as-synthesized (not activated) COF-1T according to Table 4.1. The as-
synthesized COF-1T is dominated by 11.7° (110) peak in the PXRD pattern corresponding to the 
AB-stacked layers, with mesitylene (solvent) occupying the pores.6 After activation, the COF 
adopts an AA-stacking where the 6.8°(100) peak becomes dominant (main text, Figure 4.2). 
 

 

Figure 4.15. Phase change of COF-1T a) and COF-1 as reported in Ref 
6 (copyright AAAS 2005) and 

b) after activation (180 oC, 0.1 mbar). 
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Figure 4.16. a) Nitrogen gas adsorption-desorption isotherm for COF-1T and its corresponding 
QSDFT-pore size distribution model (black). b) BET plot for COF-1T calculated from nitrogen 
adsorption data.  
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4.7.3.2. PPy-COF: 

 
Using Method A: 2,7-Pyrenediboronic pinacolate ester (PyDBpin, 15 mg, 0.033 mmol), MBA (40 

mg, 0.66 mmol), and 1 mL of a 10:100:100 v:v:v solution of TFA:mesitylene:dioxane was added 

to a 5ml glass ampule, purged 5 min and sealed under an argon atmosphere (1 atm). The sealed 

ampule was heated to 120 °C for 3 d to afford 7.5 mg of PPy-COF (79%) as a white precipitate 

(mainly formed on the walls of the ampule). Reaction screening was done using the same method 

with different parameters according to Table 4.2. 

 

Table 4.2. Optimization of reaction conditions for boroxine PPy-COF using Method A. 

Entry 
[MBA] Catalyst condition Yield 

FWHM 
(100) 

Correlation 
length 
(nm)b 

1 
20eq 5 v% TFA 120 °C, 3 d 79% 1.6° 5 

2 
20eq 5 v% TFA 160 °C, 3 d 74% 1.1° 4 

3 
20eq 5 v% Collidine 120 °C, 3 d 68% 1.8° 7 

4 
20eq 5 v% Collidine 120 °C, 3 d 59% 1.2° 7 

a. Higher concentrations than 33 mM of PyDBpin lead to the formation of an amorphous 

gel. 

b. The correlation length was calculated for the 100 peak according to the Scherrer 

equation: 𝜏 =
0.9⁡𝜆(𝐶𝑢⁡𝐾𝛼)

𝛽𝐹𝑊𝐻𝑀 .cos⁡(𝜃)
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Figure 4.17. FTIR spectra of PyDBpin (green), PyDBA (orange), and PPy-COF (black, Entry 2 in 
Table 4.2). 
 

 
Figure 4.18. a) PXRD of the as-synthesized PPy-COF according to Table 4.2. b) Reported PXRD 
pattern of PPy-COF synthesized by condensation of pyrene-2,7-diboronic acid (graph adapted 
with permission from ref. 7 Copyright Wiley 2009).  
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4.7.3.3. COF-5: 

 
Using Method B (Entries 1-3): PDBpin (33.0 mg, 0.100 mmol), MBA (120 mg, 2.00 mmol), HHTP 

(21.6 mg, 0.066 mmol) and 1 mL of a 10:100:100 v:v:v solution of TFA:mesitylene:dioxane were 

added to a 5 mL glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). The 

sealed ampule was heated to 120 °C for 3 days to afford 10.4 mg of COF5T (67%) as a white 

precipitate. Reaction screening was done similar to the provided example with differed 

parameters according to Table 4.3.  

Using Method C (Entries 4, 5): PDBpin (33.0 mg, 0.100 mmol), and MBA-HHTP (26.5 mg, 0.066 

mmol) and 1 mL of a 10:100:100 v:v:v solution of TFA:mesitylene:dioxane were added to a 5 mL 

glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). The sealed ampule was 

heated to 120 °C for 3 days to afford 28.5 mg of COF5M (94%) as a white precipitate.  

Reaction screening was done similar to the provided example with differed parameters according 

to Table 4.3.  
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Table 4.3. Optimization of reaction conditions for dioxaborole-linked COF-5T and COF-5M. 

Entry 

COF-5T 
MBA Catalyst Conditions Yield 

FWHM 
(100) peak 

Correlation 
length (nm)a 

1 20 eq 5 v% TFA 120 °C, 3 d 67% 0.22° 36 

2 20 eq -- 120 °C, 3 d 60% 0.17° 47 

3 -- 5 v% TFA 120 °C, 3 d 36% 0.27° 30 

Entry 

COF-5M 
MBA-HHTP      

4 0.66 eq 5 v% TFA 120 °C, 1 h 77% 0.32° 25 

5 0.66 eq -- 120 °C, 3 d 94% 0.19° 42 

a. The correlation length was calculated for the 100 peak according to the Scherrer equation: 

𝜏 =
0.9⁡𝜆(𝐶𝑢⁡𝐾𝛼)

𝛽𝐹𝑊𝐻𝑀.cos⁡(𝜃)
 

 

 

 

 
Figure 4.19. FTIR spectra of MBA-HHTP (green), PDBpin(orange), and COF-5 and COF-5M. 
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Figure 4.20. a) PXRD of the as-synthesized COF-5T (Entry 1-3) and COF-5M (Entry 4,5). b) reported 
PXRD pattern of COF-5 synthesized by condensation of PDBA and HHTP (graph inserted from Ref. 
6. Copyright AAAS 2005). 
 

 

 
Figure 4.21. BET plot for COF-5M calculated from nitrogen adsorption data.  
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4.7.3.4. COF-18Å:  

 
 

Using Method B (Entries 1-9): 1,3,5-Phenyltriboronic pinacolate ester (20 mg, 0.044 mmol), MBA 

(78.8 mg, 1.32 mmol), THB (9.4 mg, 0.066 mmol) and 1 ml 5:98:2 v:v:v solution of TFA:THF:MeOH 

were added to a 5 mL glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). 

The sealed ampule was heated to 120 °C for 3 days to afford COF-18ÅT as a white precipitate 

(10.4 mg, 79%). Reaction screening was done similar to the provided examples with differed 

parameters according to Table 4.4. 

Using Method C (Entries 10,11): 1,3,5-Phenyltriboronic pinacolate ester (20 mg, 0.044 mmol), 

MBA-THB (12.5 mg, 0.066 mmol), and 1ml 5:98:2 v:v:v solution of TFA:THF:MeOH were added to 

a 5 mL glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). The sealed 

ampule was heated to 120 °C for 3 days to afford COF-18ÅM as a white precipitate (9.0 mg, 65%). 

The obtained COF-18Å has a superior BET surface area of 1567 m2g-1 as compared to the reported 

BET surface area (ca. 1260 m2.g-1).8 
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Table 4.4. Optimization of reaction conditions for Dioxaborole-linked COF-18ÅT (Entries1-9) and 

COF-18ÅM (Entries 10,11) 

Entry MBA Catalyst Solvent Conditions Yield 
FWHM 

(100) plane 

Correlation 

length(nm)b 

1 30 eq 5 v% TFA 
1:1 

Diox/Mes 
120 °C, 3 d 59% Amorphous -- 

2 30 eq 5 v% TFA 
1:1 

Diox/Mes 
160 °C, 3 d 67% Amorphous -- 

3 30 eq 5 v% Collid. 
1:1 

Diox/Mes 
120 °C, 3d 86% Amorphous -- 

4 30 eq 5 v% Collid. 
1:1 

Diox/Mes 
160 °C, 3 d 70% Amorphous -- 

5 ---- 5 v% TFA 
1:1 

Diox/Mes 
120 °C, 3 d 0% Amorphous -- 

6 30 eq ---- 
1:1 

Diox/Mes 
120 °C, 3 d 5% Amorphous -- 

7a 30 eq 5 v% TFA 
1:49 

MeOH/THF 
120 °C, 3 d 67% 0.39° 20 

8 30 eq 5 v% Collid. 
1:49 

MeOH/THF 
120 °C, 3 d 75% 0.43° 18 

9 30 eq ---- 
1:49 

MeOH/THF 
120 °C, 3 d 14% 0.41° 19 

 MBA-THB Catalyst Solvent Conditions Yield 
FWHM 

(100) plane 

Correlation 

length (nm)b 

10 1.5 eq 5 v% TFA 
1:49 

MeOH/THF 
120 °C, 3 d 65% 0.62 13 

11 1.5 eq ---- 
1:49 

MeOH/THF 
120 °C, 3 d 44% 0.73 11 
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a. The presence of MeOH is necessary to achieve crystalline COF-18Å. In the absence of MeOH 

in the 1:1 Diox/Mes, an amorphous gel is formed, possibly due to the competing formation of 

the boroxine polymers. 

b. The correlation length was calculated for the 100 peak according to the Scherrer 

equation: 𝜏 =
0.9⁡𝜆(𝐶𝑢⁡𝐾𝛼)

𝛽𝐹𝑊𝐻𝑀.cos⁡(𝜃)
 

 

 
Figure 4.22. FTIR spectra of MBA-THB (green), 1,3,5-benzenetriboronic pinacolate ester (orange), 
and COF-18ÅM (black). 
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Figure 4.23. (a) PXRD of the as-synthesized COF-18ÅT (Entry1-9) and COF-18M (Entry 10, 11). (b) 
Reported PXRD pattern of COF-18Å synthesized by condensation of 1,3,5-benzenetriboronic acid 
and THB (graph reprinted with permission from Ref. 8, copyright American Chemical Society 
2006). 
 

 
Figure 4.24. a) Nitrogen gas adsorption-desorption isotherm for COF-18ÅM and its corresponding 
QSDFT-pore size distribution model(black). b) BET plot for COF-18ÅM calculated from nitrogen 
adsorption data.  
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4.7.3.5. COF10: 

 

Using Method C. 1,4-Biphenyldiboronic pinacolate ester (41.0 mg, 0.100 mmol), MBA-HHTP 

(26.7 mg, 0.66 mmol) and 1 mL of a 10:100:100 v:v:v solution of TFA:mesitylene:dioxane were 

added to a 5 ml glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). The 

sealed ampule was then heated to 120 °C for 3 days to afford COF-10M as a white precipitate 

(29.0 mg, 74%). 

Table 4.5. Reaction conditions for Dioxaborole-linked COF-10M. 

Entry 
MBA-

HHTP 
Catalyst Solvent Conditions Yield 

FWHM 

(100) 

plane 

Correlation 

length(nm)a 

10 0.66 eq. 5 v% TFA 1:1 Mes/Diox 120 °C, 3 d 74% 0.79 10.1 

a. The correlation length was calculated for the 100 peak according to the Scherrer 

equation: 𝜏 =
0.9⁡𝜆(𝐶𝑢⁡𝐾𝛼)

𝛽𝐹𝑊𝐻𝑀.cos⁡(𝜃)
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Figure 4.25. FTIR spectra of MBA-HHTP (green), 1,1’-biphenyl diboronic pinacolate ester (orange) 
and COF-10M (black). 

 

 

Figure 4.26. (a) PXRD of the as-synthesized COF-10M, (b) reported PXRD pattern of COF-10 

synthesized by condensation of biphenyl diboronic acid and HHTP (graph inserted from ref. 9). 
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4.7.3.6. TP-COF: 

 

Using Method C: 1,4-Pyrenediboronic pinacol ester (45.4 mg, 0.100 mmol), MBA-HHTP (26.7 mg, 

0.066 mmol) and 1 ml of a 10:100:100 v:v:v solution of TFA:mesitylene:dioxane were added to a 

5 mL glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). The sealed ampule 

was heated to 120 °C for 3 days to afford TP-COFM as a pale-yellow precipitate (29.0 mg, 66%). 

 

Table 4.6. Reaction condition for Dioxaborole-linked TP-COFM . 

Entry 
MBA-

HHTP 
Catalyst Solvent Conditions Yield 

FWHM 

(100) 

plane 

Correlation 

length(nm)b 

10 0.66 eq. 5 v% TFA 
1:1 

Mes/Diox 
120 °C, 3 d 66% 0.79 10.1 
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a. The correlation length was calculated for the 100 peak according to the Scherrer equation: 

𝜏 =
0.9⁡𝜆(𝐶𝑢⁡𝐾𝛼)

𝛽𝐹𝑊𝐻𝑀.cos⁡(𝜃)
 

 
Figure 4.27. FTIR spectra of MBA-HHTP (green), 2,7-pyrenediboronic pinacol ester(orange) and 
TP-COFM (black). 
 

 
Figure 4.28. (a) PXRD of the as-synthesized TP-COFM, (b) reported PXRD pattern of TP-COF 

synthesized by condensation of 2,7-pyrenediboronic acid and HHTP (graph reprinted with 
permission from ref. 10, Copyright Wiley 2008).  
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4.8.3.7. COF-6: 

 

Using Method C: 1,3,5-Benzenetriboronic pinacolate ester (45.4 mg, 0.100 mmol), MBA-HHTP 

(39.4 mg, 0.100 mmol) and 1 mL of a 10:100:100 v:v:v solution of TFA:mesitylene:dioxane were 

added to a 5 mL glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). The 

sealed ampule was heated to 120 °C for 3 days to afford COF-6M as a white precipitate (31mg, 

73%). 

Table 4.7. Optimization of reaction conditions for Dioxaborole-linked COF-6M. 

Entry 
MBA-

HHTP 
Catalyst Solvent Condition Yield 

FWHM 

(100) plane 

Correlation 

length 

(nm)b 

1 1eq 5 v%TFA 1:1Diox/Mes 120 °C, 3 d 70% Amorphous -- 

2 1eq 5 v% TFA 

48:48:4 

Diox/Mes/MeO

H 

120 °C, 3 d 73% 0.82° 10 

The presence of MeOH is necessary to achieve crystalline COF-6M. In the absence of MeOH, an 

amorphous gel is formed, possibly due to the competing formation of the boroxine polymers. 

The correlation length was calculated for the 100 peak according to the Scherrer equation: 𝜏 =

0.9⁡𝜆(𝐶𝑢⁡𝐾𝛼)

𝛽𝐹𝑊𝐻𝑀.cos⁡(𝜃)
 



Chapter 4| Page 183  

 

 

Figure 4.29. FTIR spectra of MBA-HHTP (green), 1,3,5-benzenetriboronic pinacolate 
ester(orange) and COF-6M (black). 

 

Figure 4.30. a) PXRD of the as-synthesized COF-6M, b) PXRD pattern of COF-6 synthesized by 
condensation of 1,3,5-benzenetriboronic acid and HHTP (graph inserted from ref. 9, Copyright 
ACS 2007).  
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4.7.3.8. Py4THB 

Using Method C: 1,3,6,8-pyrenetetraboronic pinacol ester (35.5 mg, 0.050 mmol), MBA-THB 

(19.1 mg, 0.100 mmol) and 1 mL of a 10:100:100 v:v:v solution of collidine:mesitylene:dioxane 

were added to a 5 mL glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). 

The sealed ampule was heated to 120 °C for 3 d to afford Py4THB as a dark yellow precipitate 

(22.5 mg, 87%). 

 

 

Figure 4.31. FTIR spectra of MBA-THB (green), 1,3,6,8-pyrenetetraboronic pinacol ester (orange), 
and Py4THB (black). 
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Figure 4.32. a) Nitrogen gas adsorption-desorption isotherm for Py4THB and its corresponding 
QSDFT-pore size distribution model (black). b) BET plot for Py4THB calculated from nitrogen 
adsorption data. 
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4.7.3.9. B2HHTP 

 

Using Method C: Bis(pinacolato)diboron (25.0 mg, 0.100 mmol), MBA-HHTP (26.0 mg, 0.06 

mmol) and 1 mL of a 10:100:100 v:v:v solution of TFA:mesitylene:dioxane were added to a 5 mL 

glass ampule, purged 5 min and sealed under argon atmosphere (1 atm). The sealed ampule was 

heated to 120 °C for 2 h to afford B2HHTP as a white precipitate (20.5 mg, 90%). 
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Figure 4.33. FTIR spectra of MBA-HHTP (green), bis(pinacolato)diboron (orange) and B2HHTP 
(black).  
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4.7.4. Lifetime Analysis of COF-5M  
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Figure 4.34. Fluorescence lifetimes of COF-5M and COF-5 powders (excitation at 373 nm, 
monitoring at 430 nm) and corresponding biexponential decay fitting parameters. 

 

4.7.5. Computational Modeling 

Table 4.8. The refined unit cell and the obtained Pawley refinement parameters. 

 

 

 τ1 (ns) a1 τ2 (ns) a2 τavg (ns) σ⟨τ⟩ 

COF-5M 2.5 54% 9.4 46% 5.7 0.135 

COF-5 1.2 71% 6.8 21% 2.3 0.19 

COF Unit Cell Pawley refinement 

COF-1T (activated) 
a= 15.0Å b= 15.20 Å c= 3.70Å 

α= 90° β= 90° γ= 60° 
Rwp = 2.75%, Rp = 1.99% 

COF-5M (activated) 
a= b=30.17 Å c= 3.46Å 

α= 90° β= 90° γ= 120° 
Rwp = 3.68%, Rp = 1.95% 

Py4THB 
a= b= 15.4 Å c= 3.42Å 

α= 90° β= 90° γ= 98° 
Rwp = 2.40%, Rp = 1.81% 

B2HHTP 
a= b= 22.8 Å c= 3.42Å 

α= 90° β= 90° γ= 120° 
Rwp =3.0%, Rp = 2.33% 
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Figure 4.35. The HOMO/LUMO orbital topologies and energies of the COFs were obtained from 
optimized (B3LYP/6-31G(d)) monolayer calculations. 

HOMO -5.76 eV

LUMO -1.88 eV

HOMO -5.91 eV

LUMO -1.83 eV

HOMO -5.46 eV

LUMO -2.69 eV

a) COF-5 b) B2HHTP c) Py4THB
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Figure 4.36. Experimental and simulated PXRD pattern of possible models of Py4THB. 

 

Figure 4.37. Experimental and simulated PXRD pattern of possible models of B2HHTP. 
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4.7.6. Oxidation of HHTP (photographs and products) 

HHTP is readily oxidized in the air which leads to several radical and quinone intermediates.11 

These products can further complex with each other to make more stable charge transfer 

complexes also known as quinhydrones (Figure 4.39). The colored impurities and the EPR 

observation arise from the presence of the aforementioned impurities (Figure 4.38).  

 

Figure 4.38. Effect of storage on MBA-HHTP and HHTP solids. The powders were left on the 
bench in the open air for the stability test. 
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Figure 4.39. Semiquinone radicals, quinone intermediates, and the resulting 
quinone/hydroquinone charge-transfer complex (‘quinhydrone’) are expected from oxidation of 
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP). Both the radical intermediates as well as the 
quinhydrone complex are EPR active.11  
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4.7.7. Synthesis of monomers/precursors. 

B-Methylcatecholborane (MBA-Cat): 

 

A mixture of catechol (1.00 g, 9.08 mmol) and MBA (0.598 g, 9.99 mmol) was added to a 5 vol% 

solution of TFA in toluene (50 mL). The reaction mixture was equipped with a Dean-Stark trap 

and refluxed for 2 h until all catechol solid was dissolved and no further accumulation of water 

in the Dean-Stark collector was observed. The produced solution was then concentrated on a 

rotavapor to afford a viscous brown liquid (1.10 g, 90%) which was distilled (under 0.1 torr) prior 

to use. The corresponding NMR spectral data matched that previously reported.12 1H NMR (500 

MHz, CDCl3) δ 7.23 (m, 2H), 7.09 (m, 2H), 0.82 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 148.29, 122.49, 

112.17 (H3C-B was not observed). 11B NMR (128 MHz, CDCl3) δ 35.43.  

Tetrahydroxybenzene (THB): 

 

THB was synthesized according to the literature.13 Granular tin metal (6.36 g, 53.5 mmol) was 

slowly added to a mixture of 2,5-dihydroxybenzoquinone (5.00 g, 35.7 mmol) in 50 mL of 36% aq. 

HCl, while stirring. This mixture was slowly heated to reflux while stirring for 3 h during which 

time a vigorous gas evolution was observed and the reaction mixture changed from an orange 

slurry to a pale yellow solution. The solution was filtered hot through a filter paper and allowed 

to cool slowly to 0 °C. The resulting white crystals of tetrahydroxybenzene were collected by 

filtration, washed with water, and dried in a vacuum (3.35 g. 66%). The compound was 

recrystallized twice from degassed (Ar purged) tetrahydrofuran with 1% acetic acid to afford pure 

THB (2.53 g, 50%) with the NMR spectra matching that reported before.14 1H NMR (500 MHz, 

DMSO-d6) δ 7.94 (s, 2H), 6.21 (s, 1H). 13C NMR (126 MHz, DMSO-d6) δ 137.48, 105.16. 

2,6-Dimethylbenzo[1,2-d:4,5-d']bis([1,3,2]dioxaborole) (MBA-THB): 
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A mixture of THB (0.515 g, 3.62 mmol) and MBA (0.455 g, 7.61 mmol) was added to a 5 vol% 

solution of TFA in toluene (50 ml). The reaction mixture was equipped with a Dean-Stark trap and 

refluxed for 2 h until all solids were dissolved and there was no indication of water trapping in 

the Dean-Stark collector. The produced solution was filtered hot through a filter paper and 

concentrated on a rotavapor to afford MBA-THB (550 mg, 80%) as pure white crystals, which was 

used in COF synthesis without further purification. HRMS calculated for C8H8B2O4 : 190.0603; 

observed (APCI, [M+]) =190.0603 . 1H NMR (500 MHz, CDCl3) δ 7.11 (s, 2H), 0.79 (s, 6H); 13C NMR 

(126 MHz, CDCl3) δ 143.31, 97.58, (H3B-C not observed); 11B NMR (128 MHz, CDCl3) δ 35.62. 

2,3,6,7,10,11-Hexamethoxytriphenylene (HMTP): 

 

HMTP was synthesized according to the literature.15 FeCl3 (19.02 g, 117.3 mmol) was slowly 

added to a mixture of conc. H2SO4 (0.25 mL) and dry DCM (50 mL) and the resulting suspension 

was cooled with an ice bath to <5 °C. A solution of veratrole (5.00 mL, 36.2 mmol) in dry DCM (25 

ml) was then added dropwise over 20 min. The reaction mixture was slowly warmed up to room 

temperature over 3 h while stirring. The resulting slurry was then quenched with 50 mL of 

methanol in small portions (5 ml per portion), during which the reaction mixture changed color 

from dark blue into pale yellow suspension. After stirring at room temperature for another 30 

min, the precipitate was filtered, washed thoroughly with methanol (0.5 L) and water (5  10 mL), 

and dried under vacuum to afford HMTP (4.16 g, 78%) as a pale-yellow crystalline powder which 

was used for the next step without purification. The corresponding 1H NMR spectral data 

matched those reported previously in the literature.15 1H NMR (500 MHz, CDCl3) δ 7.80 (s, 1H), 

4.15 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 148.82, 123.24, 104.34, 56.10. 
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2,3,6,7,10,11-Hexahydroxytriphenylene (HHTP): 

 

HHTP was synthesized according to the literature.15 HMTP (1.00 g, 2.45 mmol) was dissolved in 

dry DCM (15 ml), purged with argon for 10 min, and cooled to -70 °C in an acetone-dry ice bath. 

BBr3 (16 ml of 1M solution in DCM, 16 mmol) was then added dropwise. The reaction mixture 

was stirred under argon for 3 h and brought up to room temperature overnight. The reaction 

mixture was quenched by slow addition of deionized water (the DCM started to boil off). 

Saturated NaCl solution (15 ml) was then added and the mixture was extracted with 1% acetic 

acid solution in ethyl acetate (5  80 ml); this step should be performed quickly because of the 

oxidation of the HHTP observed as dark-purple colorization. The organic layer was dried by 

MgSO4 and the solvent was evaporated under reduced pressure to afford 0.78 g (98%) of light 

green solid. The spectral data was identical to that reported.15 1H NMR (500 MHz, DMSO-d6) δ 

7.62 (s, 1H); 13C NMR (126 MHz, DMSO-d6) δ 145.47, 122.32, 108.19. 

2,7,12-Trimethyltriphenyleno[2,3-d:6,7-d':10,11-d'']tris([1,3,2]dioxaborole) (MBA-HHTP): 

 

A mixture of HHTP (0.500 g, 1.54 mmol) and MBA (0.304 g, 5.09 mmol) was added to a 5 vol% 

TFA/toluene (50 mL). The reaction mixture was equipped with a Dean-Stark trap and was purged 

with Ar for 10 min and refluxed for 2 h until all solids were dissolved and there was no indication 

of water trapping in the Dean-Stark collector. The mixture was cooled to room temperature over 

1 h and then kept in an ice bath for 30 min during which fluffy white crystals were formed. The 
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crystals were filtered and dried under vacuum to afford MBA-HHTP (0.49 g, 80%) which was of 

sufficient purity (< 98% by NMR), and used in COF synthesis as is. HRMS calculated for 

[MH+]C21H16B3O6: 397.1221; observed (APCI, [MH+]) = 397.1240. 1H NMR (500 MHz, CDCl3) δ 8.16 

(s, 1H), 0.93 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 148.24, 125.56, 105.51, (the H3B-C was not 

observed); 11B NMR (128 MHz, CDCl3) δ 36.06 (broad). 

1,3,6,8-Pyrenetetraboronic pinacol ester 

 

Py4Bpin was synthesized according to the literature.16 1,3,6,8-Tetrabromopyrene (0.500 g, 0.96 

mmol) and B2Pin2 (1.47 g, 5.79 mmol) and KOAc (0.948 mg, 9.66 mmol) were dispersed in 1,4-

dioxane (10 ml) in a 25 ml round bottom and degassed by purging with argon for 10 min. 

PdCl2(dppf) (0.035 g, 0.048 mmol, 5 mol%) was added and the reaction mixture was purged for 

another 10 min and then refluxed for 72 h under argon. Then the mixture was cooled to room 

temperature and saturated NaCl solution (20 ml) and ethyl acetate (25 ml) were added. Organic 

phase was decanted and washed with saturated NaCl solution (2  20 ml), dried over MgSO4, and 

concentrated under reduced pressure. The crude product was purified by column 

chromatography using hexane/DCM 2:8 as eluent, to give a light-yellow powder of the desired 

product (450 mg, 66%). The NMR spectral data matched that reported.16 1H NMR (500 MHz, 

CDCl3) δ 9.18 (s, 4H), 9.01 (s, 2H), 1.52 (s, 48H); 13C NMR (126 MHz, CDCl3) δ 141.30, 137.97, 

129.41, 123.97, 83.81, 25.08, (the C-B was not observed); 11B NMR (128 MHz, CDCl3) δ 30.36. 
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Preface 

In Chapters 2 and 3, we explored efficient ORTP emission in two series of organic molecules, 

TANGOs, and acridones. We showed that the type of molecular packing in crystalline solids plays 

a crucial role in their photophysical behaviour. For instance, in Chapter 2, we illustrated that 

efficient phosphorescence occurs in TANGO solids with parallel stacked molecules (bearing small 

permutations). In contrast, tBuTANGO with bulky substituents, ~60° rotation of the molecules in 

their π-stacks, results in only pure fluorescent emission. In Chapter 3, we manifested that triplet-

triplet annihilation(TTA), as one of the key quenching mechanisms of phosphorescent emission, 

is highly dependent on the intermolecular interaction and orientation of neighboring molecules. 

Even though these findings paved the way for our understanding of structure-photophysics 

relationships, their practical applications are hindered by the incapability of crystal structure 

prediction. As such, realizing new ORTPs is still based on empirical exercise rather than rational 

design.In this context, we aim to utilize covalent organic frameworks (COFs) as predictable 

organic solids toward the realization of tunable ORTPs. In Chapter 4, we designed a novel COF 

reaction toward boroxine and dioxaborole-linked COFs from soluble and stable precursors and in 

the absence of water (which is the byproduct of conventional reaction). Exploiting the developed 

reaction we synthesized seven known and two novel COFs. All obtained COFs possess high 

crystallinity and optical purity compared to those achieved from conventional condensation. 

In this chapter, we report a covalent halogen doping strategy toward enhancing the 

phosphoresce efficiency in COFs. Such controlled halogen doping enhances the intersystem 

crossing while minimizing the TTA by diluting the phosphors. We synthesized 12 highly emissive 

covalently doped COFs (phos 29% at room temperature) with varying dopant type (Cl, Br) and 

doping ratio. XRD analysis of the COF powders suggested that all COFs have the same solid-state 

packing and topology; however, their phosphorescence properties significantly vary upon 

changing the doping ratio from almost pure fluorescence to pure phosphorescence emission. We 

found that in these COFs, enhancing the concentration of dopant initially increases the phos; 

however, at higher concentration, the emission quenches via TTA. The rigidity of the COF 

suppresses vibrational relaxation, and the presence of mesitylene solvent inside the pore blocks 
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the oxygen permeation in the COFs, allowing for visible phosphorescence at room temperature 

in air. Furthermore, exploiting the porosity of the COFs and the simultaneous presence of the 

singlet and triplet emitting channels enables a highly efficient COF-based oxygen sensor with an 

ultra-wide dynamic detection range, ~ 103 -10-5 torr of partial oxygen pressure. 
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5.1. Abstract 

Organic room-temperature phosphorescence, a spin-forbidden radiative process, has emerged 

as an interesting but rare phenomenon with multiple potential applications in optoelectronic 

devices, biosensing, and anticounterfeiting. Covalent organic frameworks (COFs) with accessible 

nanoscale porosity and precisely engineered topology can offer unique benefits in the design of 

phosphorescent materials, but these are presently unexplored. Here, we report an approach of 

covalent doping, whereby a COF is synthesized by copolymerization of halogenated and 

unsubstituted phenyldiboronic acids, allowing for random distribution of functionalized units at 

varying ratios, yielding highly phosphorescent COFs. Such controlled halogen doping enhances 

the intersystem crossing while minimizing the triplet-triplet annihilation by diluting the 

phosphors. The rigidity of the COF suppresses vibrational relaxation and allows high 

phosphorescence quantum yield (phos 29%) at room temperature. The permanent porosity of 

the COFs and the combination of the singlet and triplet emitting channels enable a highly efficient 

COF-based oxygen sensor with an ultra-wide dynamic detection range, ~ 103 -10-5 torr of partial 

oxygen pressure. 
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5.2. Introduction 

Since they were first reported in 2005,1 covalent organic frameworks (COF) have seen an 

exponentially growing interest from materials scientists. Their ordered structure, precisely 

controlled via the choice of the building blocks, enables the design of topologies atypical for 

organic solids – from molecularly defined open porosity to layered 2D materials. The strong 

covalent bonds between the units provide remarkable structural and thermal stability and allow 

the electronic coupling between the molecular nodes to be tuned. In addition to many important 

applications already explored with other porous frameworks (for example, metal-organic 

frameworks (MOFs)) such as gas storage and separation, energy storage, water splitting, and 

catalysis,2 the metal-free nature of COFs bears a number of advantages, namely low elemental 

toxicity, stability, and light-weight, while providing a unique platform to develop robust and 

sustainable functional materials. The programmable crystalline order and a plethora of 

configurable building blocks are highly desirable for applications such as light-emitting and 

photovoltaic materials, while the nanoscale porosity also opens access to sensing and other 

energy-transfer systems.3 There has been substantial progress in the design and synthesis of 

fluorescent COFs,3-7 but phosphorescent COFs remain essentially unexplored. The only reported 

example, based on benzil (a common triplet sensitizer) linkers, showed visible phosphorescence 

at 77 K but the phosphorescence efficiency at room temperature (~0.1%) was significantly lower 

than that of benzyl-based amorphous polymers and molecular crystals.8 

Phosphorescence, a radiative relaxation of the triplet excited state (T1; usually formed via a spin-

forbidden intersystem crossing, ISC), is generally much slower than the spin-allowed radiative 

relaxation of S1 (fluorescence). Most organic materials exhibit insignificant phosphorescence 

compared to fluorescence due to inefficient ISC. In recent years, organic room temperature 

phosphorescence (RTP) has become a ‘hot’ research topic, driven by both scientific curiosity 

(controlling spin-forbidden processes such as phosphorescence by molecular design) as well as 

promising practical applications9-15 including biosensing/imaging,13 anticounterfeiting/data 

encryption,16 high-efficiency organic light-emitting diodes (breaking through the unfavorable 1:3 

singlet: triplet spin-statistics),17 and photovoltaics (overcoming Shockley-Queisser limit through 

up-conversion),18, 19 3D displays,20 and light-controlled triplet qubits for quantum computing 
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applications.21 In most cases, the design of organic RTP materials relies on (1) heavy atoms or (2) 

functional groups that enable excitations with different orbital momenta for singlet and triplet 

states (e.g., n-π*→ π-π* for C=O), to increase the spin-orbit coupling and accelerate ISC. 

Recently, RTP has also been discovered in some crystalline organoboron derivatives, although 

the mechanism for its emergence is not yet well understood.22, 23 Immobilization of chromophore 

molecules in the crystalline state24,14, 15 or as a solid solution in rigid matrices11, 25, 26 can suppress 

quenching of triplet state via vibrational relaxation and triplet-triplet annihilation and is generally 

required for efficient RTP. 

One of the key challenges of RTP design in organic solids is its dependence on molecular 

packing,13-15 the control of which (also known as ‘crystal engineering’) remains very difficult, 

despite several decades of efforts.27 In this context, structural control of COFs based on principles 

of reticular chemistry seems to be a promising tool for the engineering of phosphorescent 

materials.  

In this article, we report a strategy for the design of phosphorescent materials by incorporating 

a controlled amount of the functionalized co-monomers during COF synthesis (that is in situ 

doping). Such ‘covalent doping’ allows us to integrate a precise amount of heteroatoms into a 

single-phase framework material. This doping is analogous to doping in inorganic semiconductors 

but fundamentally different from classical doping in organic materials where the dopant 

molecules or ions are incorporated through non-covalent interactions. A similar strategy has 

been used to control the composition and some properties of MOFs.28-30 Also, synthesis of related 

‘solid solution’ COFs by mixing different linkers has recently been reported.31 Nevertheless, 

although molecular doping (by guest acceptors) has been used to improve electrical conductivity 

in COFs,32-34 to the best of our knowledge it has not yet been used to tailor an optical property in 

organic framework materials. 

Our approach combines three key factors necessary for achieving efficient phosphorescence: i) 

the heavy atom effect, ii) dilution of the phosphors to reduce triplet-triplet annihilation, and iii) 

a rigid, low phonon energy matrix to suppress the vibrational deactivation of the excited triplet 

state. We have synthesized halogenated derivatives of the prototypical boroxine-linked COF-1, 
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exploring the effect of different halogens (Cl, Br) and doping concentrations on their 

photophysical properties (Figure 5.1). These COFs show high photoluminescence quantum yields 

(PLQY 40%) and a remarkably efficient RTP (phos. 29%). The permanent porosity of these COFs 

enables the realization of a COF-based oxygen sensor with a wide dynamic range, from 762 Torr 

(pure oxygen at atmospheric pressure) to 10-5 Torr of partial oxygen pressure. Access to highly 

emissive phosphorescent COFs provides the means to rationally design solid-state organic RTPs 

and might unlock previously untapped technologies enabled by these materials. 

 

Figure 5.1. Schematic representation of the formation of doped COFs by copolymerization of PBA 
with ClPBA and BrPBA. The doping level can be tuned by changing the ratio of PBA and 
halogenated PBA. 
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5.3. Results and Discussion 

5.3.1. Photophysical properties of boroxine COF-1 

Boroxine is the first and one of the most studied COF synthons,1 which has been used in the 

design of fluorescent COFs for over 10 years.5, 6, 35 Surprisingly, no photophysical studies have 

been reported for the parent (the first reported1) COF-1. The precursor monomer of COF-1 

(phenyldiboronic acid, PBA) is a highly fluorescent solid (PLQY = 66%, PL = 329 nm) which shows 

a very weak RTP at Phos. = 494 nm with a long lifetime Phos. = 0.92 s.36 We expected that the 

incorporation of PBA moiety in a COF could restrict the vibrational relaxation of the T1 state, and 

the co-facial arrangement of chromophores in an AA-stacked packing would result in H-

aggregation type photophysical behavior, which is known to enhance RTP.12 Following UV 

excitation (ex = 300 nm), as-synthesized (non-activated) COF-1 shows intense deep-blue 

fluorescence (fl = 390 nm, PLQY = 46%) which is red-shifted by ~0.77 eV compared to that of the 

crystalline PBA monomer (Figure 5.7). Delayed emission spectra of COF-1 in air show a delayed 

fluorescence (DF) at 390 nm and a broad phosphorescence band at 515 nm, with lifetimes DF = 

32.8 ± 1.0 ms and Phos = 78.7 ± 1.4 ms, respectively (Figure 5.8). The large singlet-triplet gap (ES-

T) of ~0.75 eV excludes the possibility of the thermally-activated reverse ISC. In addition, the twice 

shorter lifetime of the DF vs. the phosphorescence, along with its approximately quadratic 

relation to the triplet population of the system, suggests triplet-triplet annihilation (TTA) as an 

underlying mechanism for this DF (Figure 5.8 b,c).37 TTA occurs when two T1 states encounter 

one another and annihilate, generating S0 and S1 states responsible for the DF. Observation of 

this phenomenon implies efficient diffusion of T1 excitons through the COF. We additionally note 

that the removal of oxygen (a known triplet quencher) from the COF pores under high vacuum 

results in a major enhancement of the DF intensity (20) and phosphorescence intensity (4; 

Figure 5.9). Furthermore, almost no phosphorescence has been observed in air after activation 

of the COF-1 (180 C, 10-3 torr, 12 h) where removal of the solvent (mesitylene) guest molecules 

increases the pore accessibility. The phosphorescence of the activated COF can be restored by 

either evacuating the sample (Figure 5.9a) or by adding a drop of mesitylene (Figure 5.9 b, c) 

suggesting that the solvent guest molecules suppress the diffusion of oxygen and quenching of 
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the triplet states. Nevertheless, the phosphorescence content of COF-1 is very low and the 

afterglow is not observable to the naked eye at room temperature (Figure 5.3c). 

5.3.2. Synthesis and Structural Characterization of doped-COFs 

To accelerate the ISC and enhance the phosphorescence, we decided to decorate the COF-1 

backbone with halogen atoms (Figure 5.1). The chlorinated and brominated PBA monomers were 

synthesized on a multigram scale using iridium-catalyzed direct borylation of 1,4-dihalobenzenes 

with diboron pinacolate, followed by transesterification-deprotection with methylboronic acid to 

afford the corresponding boronic acids, ClPBA and BrPBA. Their molecular and crystal structure 

were fully characterized (see supporting information) and inductively coupled plasma optical 

emission spectroscopy (ICP-OES) showed no detectable amounts of heavy metals (Ir, Pd), ruling 

out inorganic phosphorescent impurities (<1 ppm, Figure 5.22 and Table 5.7).  

Our initial efforts to polymerize ClPBA and BrPBA resulted in a low yield of boroxine-linked solids 

(Fourier-transform infrared (FTIR) spectroscopy) with very low porosity and no characteristic COF 

peaks in their X-ray diffraction patterns (Figure 5.10). This might be a result of the steric bulkiness 

of the halogens which destabilizes the planar triphenylboroxine node of the network; indeed, the 

ClꞏꞏꞏO (3.11 Å) and BrꞏꞏꞏO (3.06 Å) contacts in the planar COF sheets are shorter than van der 

Waals distances (3.27 and 3.34 Å, respectively) and the condensation reaction is predicted to be 

more endothermic for the halogenated PBA (Figure 5.11). We thus decided to co-polymerize 

halogenated monomers with unsubstituted PBA to incorporate halogen atoms in covalently 

locked 2D sheets. A series of COFs with different halogen doping ratios were synthesized by co-

condensation of PBA with ClPBA or BrPBA under standard solvothermal conditions 

(mesitylene/dioxane, 120 C, 3 days) to afford ClCOF-N and BrCOF-N (where N represents the 

percentage of the doping measured as Cl/B or Br/B ratio by X-ray photoelectron spectroscopy 

(XPS)). The reaction yields gradually decrease from 96% for COF-1 (non-doped) to ~48% and 43% 

for ClCOF-34 and BrCOF-31, respectively, reflecting the steric hindrance of the halogen atoms 

(Figure 5.5). Since ClPBA, BrPBA, and PBA nodes have an identical length, no lattice strain is 

expected upon doping,31 allowing for a homogenous distribution of dopants (no phase 

separation), as supported by high-angle annular dark-field mapping of samples in a scanning 

transmission electron microscope (HAADF-STEM, Figures 5.2 d,g). However, the lower 
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equilibrium constant of boroxine formation for halogenated boronic acids38 compared to non-

substituted phenylboronic acid contributes to the lower yields of doped-COFs and explains why 

the halogen content of the COFs, assessed by XPS (Figures 5.2 a, c, f, and 5.14, 5.15) and 1H NMR 

(Figures 5.2b and 5.16), is lower than the monomers’ initial loading ratio. No appreciable 

amounts of other trace elements were found in the EDX, XPS, and ICP-MS results, further ruling 

out the presence of inorganic phosphorescent impurities. 
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Figure 5.2. a) Doping level, as a percentage of total monomers containing halogen atoms, 
monitored by XPS versus the initial molar ratio of the ClPBA (green triangles) and BrPBA (orange 
squares) monomers, and without any halogenated monomers (blue squares, mean value of n = 3 
sampling regions, error bars represent s.d.), showing incomplete incorporation of halogenated 
monomers. b–e), Characterization of Cl doping.b) Solid-state magic-angle spinning (23 kHz) 1H 
NMR spectra showing the decrease of the mesitylene (Mes.) guest in (non-activated) ClCOF-Ns 
with increments in the doping level. c) High-resolution boron XPS, from which the actual halogen 
content is derived for ClCOF (green). d) Homogeneous elemental distribution of C (yellow), O 
(magenta), B (cyan) and Cl (green), confirmed by HAADF-STEM (200 kV) for ClCOF. Scale bar, 
500 nm. e) Powder XRD spectra of the as-prepared (non-activated) ClCOFs. f-h) Characterization 
of Br doping. f), High-resolution boron XPS, from which the actual halogen content is derived for 
BrCOF (orange). g) Homogeneous elemental distribution of C (yellow), O (magenta), B (cyan) and 
Br (maroon), as confirmed by HAADF-STEM (200 kV) for BrCOF. Scale bar, 1 μm.h), Powder XRD 
of the as-prepared (non-activated) BrCOFs. For both ClCOFs (e) and BrCOFs (h), the PXRD spectra 
show high-angle anisotropic broadening and an increase of the (100)-to-(110) intensity ratio due 
to reduced inclusion of mesitylene guest molecules in doped COFs. 

 

The FTIR spectra of the doped COFs show the disappearance of the OH stretching (ca. 3300 cm-

1) and the emergence of a new strong peak at 703-717 cm-1 for ClCOF-N and 694-707 cm-1 for 

BrCOF-N (B2O3 ring out of plane bending) indicative of complete condensation of the boronic acid 

groups into boroxine (Figures 5.17, 5.18). Also, the presence of distinct C=C aromatic stretches 

for the PBA (1508 cm-1) and ClPBA (1473 cm-1) or BrPBA (1471 cm-1) shows the incorporation of 

both halogenated and non-halogenated monomers, with different ratios.  

The X-ray diffraction (XRD) features of doped COFs are similar to those observed in COF-1 (Figures 

5.2 e, h). The (100) plane diffraction intensity at 2  = 6.8 increases at higher doping levels and 

the peaks reveal an anisotropic broadening toward the higher angles (smaller d-spacing), which 

has been previously observed upon similar ‘filling’ of the pores (with alkyl substituents).39 The 

increasing halogen doping level also results in a progressive and substantial increase in the 

relative intensity of the (100) diffraction peak versus (110). A similar increase in the intensity of 

the (100) versus (110) peaks has been observed1 previously upon activation of the parent 

boroxine COF-1 and was later explained40 by the removal of the mesitylene guest molecules from 

the COF pores (see Supporting Information for further discussion). The Brunauer-Emmett-Teller 

(BET) analysis shows a moderate decrease of the surface area upon doping, from 740 m2/g (COF-

1) to 564 m2/g (ClCOF-18) and 564 m2/g (BrCOF-13) (Figure 5.21). The average pore diameter is 
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not significantly affected by doping but the de Boer t-plot analysis of the pore size distribution 

suggests an increase of the mesoporosity content after doping, from 19% for COF-1 (17% 

reported in Ref. 1) to 41% for ClCOF-18 and 51% for BrCOF-13 (Table 5.6). The transmission 

electron microscopy (TEM, Figures 5.19, 5.20) shows rectangular 20-100 nm crystallites for the 

doped COFs. The overall data indicate that the 2D lattice of the boroxine COF is retained upon 

doping, although a random distribution of the halogen atoms leads to the expected decrease of 

the crystallinity and porosity. Our ‘covalent doping’ approach is general and could also be used 

with other substituents. To demonstrate this, mixed COFs with a similar degree of 

crystallinity/disorder to Cl/Br-doped COFs were prepared by co-polymerization of PBA with 

tetrafluoro-PBA (F4COF-50) and 2,5-dimethyl-PBA (MeCOF-50, Figures 5.36 a,b). 

5.3.3. Photophysical Characterization of Doped COFs 

The crystalline ClPBA and BrPBA monomers are significantly less emissive (PLQY < 0.5%) than the 

unsubstituted PBA, possibly due to deactivation of the S1 exciton by enhanced ISC (heavy atom 

effect). However, they do not display any notable RTP, probably because weak intermolecular 

interactions (Figures 5.37-5.40) allow for a rapid vibrational deactivation of T1.41 This behavior 

changes profoundly once these monomers are covalently locked in the COF and further rigidified 

through strong π-π interactions (see the Hirshfeld analysis in Figures 5.40, 5.41). Although the 

emission of ClCOF-N with low doping level is still dominated by a fluorescence band (fl = 365-

390 nm), a phosphorescence peak is readily observed at ~450 nm in the steady-state spectra, and 

its contribution to overall luminescence increases, becoming the major emission channel at 

higher doping levels (Figure 5.3a). For the BrCOF-Ns, the steady-state emission is dominated by 

the phosphorescence band (480 nm) at 2% doping (Figure 5.3b), as expected due to strong spin-

orbit coupling on the heavier Br atoms. A red-shifted feature at ~550 nm is observed in the 

steady-state emission of BrCOF-2/Br-COF-7 (Figure 5.3b) in vacuum, but it diminishes at higher 

doping levels. This red-shifted emission has an approximately ten times longer decay time 

compared to the main phosphorescence band at 480 nm (Figure 5.25) and might be due to the 

emission from the non-halogenated domains in the doped COFs. A similar blue shift of the 

phosphorescence band due to halogen substitution was observed in the frozen solution of PBA 

monomers (Figure 5.24c). The phosphorescence of both the ClCOFs and BrCOFs is observable to 
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the naked eye as afterglow, and exhibits colors consistent with their delayed spectra (Figure 

5.3c). Notably, neither F4COF-50 nor MeCOF-50 shows appreciable phosphorescence at room 

temperature (Figures 5.36 c,d), indicating that the enhancement observed in the halogenated 

COFs is the result of the heavy atom effect, and not the structural defects introduced by covalent 

doping. 

 

Figure 5.3. a,b) Steady-state photoluminescence spectra of as-prepared (non-activated) ClCOF-
Ns (green traces, a) and BrCOF-Ns (orange traces, b) and COF-1 (blue traces), at room 
temperature (λex = 300 nm) in air (solid lines) and vacuum (dashed lines), and their corresponding 
delayed spectra (black dotted lines); the approximate regions corresponding to fluorescence are 
highlighted in blue, and those of phosphorescence are highlighted in green for ClCOF and orange 
for BrCOF. c) Photographs of COF-1, ClCOF-18 and BrCOF-13 upon UV excitation (254 nm, ‘On’) 
and their afterglow, observed upon ceasing illumination (‘Off’). Scale bar, 1 cm. d) Total PLQY 
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(=ΦFl + ΦPhos) of ClCOF (green) and BrCOF (orange) in vacuum (10−5 torr, crossed circles) and in air 
(filled circles), showing a continuous drop of PLQY upon doping. e) Phosphorescence quantum 
yield of the ClCOF-Ns (green) and BrCOF-Ns (orange) in air (filled circles) and vacuum (10−5 torr, 
crossed circles), showing an initial increase then reduction with increments in halogen doping. f, 
TTA ratio (equation 5.1), monotonously increasing as a function of doping level in both ClCOF 
(green, left vertical axis) and BrCOF (orange, right vertical axis). 

 

The phosphorescence lifetimes of BrCOF-N (τphos = 0.26 - 19.4 ms) are also much shorter than 

those of ClCOF-Ns (τphos = 144 – 259 ms), suggesting faster rates of phosphorescence (Figure 5.25, 

Table 5.8). Upon activation (180 C, 10-3 torr, 12 h), the steady-state spectra of the doped COFs 

exhibit a substantial drop in phosphorescence intensity and its corresponding lifetime (for 

example, activated ClCOF-3 shows almost no detectable phosphorescence in air, Figure 5.31). 

Although the emission energies and fluorescence lifetime remain unchanged, activation mainly 

affects oxygen diffusion in the more accessible empty pores of activated COFs, devoid of the 

protecting mesitylene guest molecules (Figure 5.31). 

The phosphorescence content of the steady-state photoluminescence can be tuned from 13% up 

to more than 65% for ClCOF-Ns (Figure 5.27) and up to 98% for BrCOF-Ns (Figure 5.28) by 

increasing the doping ratio. However, the total PLQY (PLQY = Fl. + Phos.) decreases upon doping 

(Figure 5.3d) because the long-lived triplet states are more prone to quenching (by TTA, O2, 

vibrational relaxation). The Phos. (obtained by the deconvolution of the steady-state spectra, 

Figures 5.27, 5.28) initially increases upon increasing the doping concentration, reaching a 

maximum of 9.3% (ClCOF-3) and 29.1% (BrCOF-7), but then decreases again at a higher doping 

level (Figure 5.3e). This behavior is most likely due to the self-quenching via TTA. Indeed, the 

time-delayed (tdelay = 0.2 ms) photoluminescence spectra (black dotted lines in Figures 3 a,b) 

show both the expected phosphorescence band and an additional DF emission due to TTA (as 

discussed above for non-doped COF-1). The ratio of their intensities (IDF/Iph) varies with the 

doping level. Because the intensity of the DF depends on both the efficiency of TTA process and 

the fluorescence quantum yield, we normalized the IDF/IPhos ratio by Fl (Figures 5.27, 5.28) to 

obtain the dimensionless TTA ratio (RTTA, Equation 1): 
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𝑅𝑇𝑇𝐴 =
(𝐼𝐷𝐹/𝐼𝑃ℎ𝑜𝑠)

Φ𝐹𝑙
      (Equation 5.1) 

RTTA increases monotonically with the increment of halogen doping, which can be expected due 

to smaller separation between the halogenated chromophores at higher doping levels (Figure 

5.3f). This behavior highlights the necessary trade-off in the design of the doped phosphorescent 

materials: a higher doping level increases the population of triplet excitons but also amplifies 

their quenching via TTA. 

5.3.4. Oxygen Sensing 

Quenching of the triplet state by O2 as a result of Dexter energy transfer is well-known in 

solutions of phosphorescent heavy metal complexes.42 Heavy metal-containing porous solids 

such as porous silica43, 44 and metal-organic frameworks45-49 have been used in the design of 

phosphorescent oxygen sensors. However, using metal-free organic materials for O2 sensing 

applications remains a challenge because the interaction with O2 is suppressed by the dense 

crystalline matrix that is necessary for RTP in organic materials. In contrast to molecular solids50, 

51 (and even doped polymer matrices52-55), the microporous nature of COFs enables rapid 

permeation of O2 through the channels of the COF crystal. 

The ambient RTP of ClCOF-Ns and BrCOF-Ns is greatly enhanced under a high vacuum (<10-5 torr), 

whereas their fluorescence remains unchanged (Figures 5.4a, 5.27, 5.28, 5.35). This emission 

profile is retained upon refilling the evacuated sample with helium although a slight drop of 

phosphorescence was observed in other inert gasses (Ar, N2), possibly due to residual O2 

impurities (Figure 5.29a). Exposing a sample of BrCOF-13 to different ranges of O2 partial 

pressures, from 762 torr (pure O2 at ambient pressure) down to high-vacuum (10-5 torr), reveals 

an ultra-wide dynamic range of O2 detection, with a very fast (<100 ms) response time, limited 

by the evacuation and refill rates in our vacuum manifold (Figure 5.4c). Importantly, the 

unchanged fluorescence emission can be used as an internal reference for ratiometric O2 sensing 

to compensate for fluctuations in the emission signal.56 The plot of r = IPhos./IFl. vs. p[O2] deviates 

from the linear Stern-Volmer model based on diffusion-limited interaction (Figure 5.30), but it 

fits very well with the previously developed44 model based on Freundlich adsorption isotherm 

using Equation 2: 
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log (
𝑟0

𝑟
− 1) =

1

𝑛
log 𝑝[𝑂2] +  log 𝐾𝑄

′      (Equation 5.2) 

where r0 and r are the ratio of phosphorescence to fluorescence intensities (I480nm/I380nm) in high 

vacuum (10–5 Torr) and at a different partial pressure of oxygen(p[O2]), respectively, n is an 

empirical constant and KQ is a quenching constant.  

 

Figure 5.4. a) Steady-state photoluminescence spectra (λex = 300 nm) of as-prepared (non-
activated) BrCOF-13 at increasing partial O2 pressures. The phosphorescence band at 490 nm 
diminishes with increasing O2 pressure (grey to black). b) Phosphorescence/fluorescence ratio (r) 
for BrCOF-13 (black squares) and fit with the Freundlich adsorption isotherm (r0/r − 1, grey 
inverted triangles) according to equation 5.2 versus the logarithm of p[O2], showing a very large 
dynamic response range. c) Reversible quenching and restoration of the phosphorescence of 
BrCOF-13 upon sequential exposure to air and vacuum (λem = 490 nm). Inset: high-resolution 
trace of phosphorescence quenching, showing the observed response to be nearly instantaneous 
(complete quenching in <200 ms), with the rate of change limited by the airflow/evacuation rate 
of the apparatus. 

 

This model assumes that the phosphorescence quenching depends on the density of absorbed 

O2 molecules on the surface rather than the O2 concentration in the gas phase. Such logarithmic 

dependence of the phosphorescence on the partial pressure of O2, emanating from the 

equilibrium absorption of the oxygen in the COF pores, allows for an ultra-wide detection range 

of up to 8 orders of magnitude (Figure 5.4b). This wide detection range and rapid response of the 

halogen-doped COFs (see the comparison with reported phosphorescent oxygen sensors in Table 

5.9) highlights several potential applications for oxygen sensing, for example, in vacuum, in inert 
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atmosphere gloveboxes, or encapsulation for an electronic device, although hydrolytic instability 

of boroxine COFs would be a problem for sensing in the presence of moisture.  

5.4. Conclusion 

In summary, we reported a strategy for tuning the optoelectronic properties of COFs via covalent 

doping. Controlled covalent halogen doping of the prototypical boroxine-linked COF-1 has 

allowed the realization of efficient RTP (phosphorescence quantum yields  29%, total 

photoluminescence quantum yields  40%) in such materials. The phosphorescence/ 

fluorescence ratio and the lifetime of the COFs can be engineered through the use of different 

dopants and doping concentrations which control the ISC (creating the triplet excitons) and TTA 

(quenching these triplets). We also note that the solvent (mesitylene) guest molecules partially 

suppress the oxygen permeation through the COF pores, allowing us to achieve RTP in air. The 

permanent porosity endows the COFs with highly dynamic O2 sensing capabilities of more than 

eight orders of magnitude (from 762 to 10-5 Torr). We expect our covalent doping strategy to be 

broadly applicable for tuning a number of other properties and applications of COFs, such as 

charge/exciton mobility, photocatalysis, and so on. 
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5.7. Supplementary information 

5.7.1. Materials and Methods 

1,4‐Dichlorobenzene and 1,4‐dibromobenzene were purchased from Sigma Aldrich; 

phenyldiboronic acid, diboron pinacolate ester, and methylboronic acid were purchased from 

CombiBlocks and used without further purification. Dried solvents (DCM, CHCl3, THF, acetone) 

were purified on a MBraun solvent purification system and kept under activated 4 Å molecular 

sieves at least 48 h before use. Other solvents were purchased from commercial sources and used 

without further purification. Column chromatography was performed using silica gel on an Isolera 

One Flash instrument from Biotage.  

FTIR spectra of powders were obtained on a Nicolet 6700 FT-IR instrument in the 500-4000 cm–

1 region using a Diamond ATR (SmartOrbit). 

NMR spectra (1H and 13C) were recorded on a Varian VNMRS spectrometer (1H, 499.9 MHz; 13C, 

125.7 MHz). 1H NMR chemical shifts are reported relative to TMS and were referenced via 

residual proton resonances of the corresponding deuterated solvent (CDCl3: 7.26 ppm); 13C NMR 

spectra are reported relative to TMS via the carbon signals of the deuterated solvent (CDCl3: 

77.16 ppm). All NMR spectra of precursors are provided as Appendix 5 of the thesis 

SSNMR spectra (1H) were recorded on a Varian VNMRS spectrometer operating at 499.9 MHz 

using a 3.2 mm Varian T3 probe under spinning at 23 kHz in 8 scans using a 3s recycle delay 

(sufficient for full relaxation). Spectra were referenced using powdered adamantane at 1.8 ppm 

relative to TMS. 

Thermogravimetric analysis (TGA) was conducted on a TA Instruments Q500 Thermogravimetric 

system with a Pt pan under a dynamic atmosphere of N2. Samples were heated up to 800°C at a 

rate of 10 °C/min under N2. The balance and purge flows were 10 ml/min and 90 ml/min, 

respectively. 

Differential scanning calorimetry (DSC) was performed on a TA instrument LTD DSC2500 under 

a stream of nitrogen (50 cm3 min−1) gas, at a heating rate of 1 °C min−1. 
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Powder X-ray diffraction (PXRD) patterns were collected on a Bruker D2 Phaser powder 

diffractometer equipped with a CuKα source and Lynxeye detector. The patterns were collected 

in the angle region between 3- 40° (2θ) with a step size of 0.05°. 

X-ray photoelectron spectroscopy (XPS) spectra were obtained with a Thermo Scientific K-alpha 

spectrometer equipped with an Al K α (1486.6 eV) monochromatic source and flood gun for 

charge compensation at base pressures less than 10-8 Torr with a perpendicular take-off angle. 

Peak assignments and integrations were carried out by using the NIST XPS database and Avantage 

XPS software.  

Transmission electron microscopy was conducted on a Talos F200X TEM (200kV). The sample 

was sonicated for 5 minutes in n-hexane before drop-casting onto a lacey carbon grid.  

Surface area measurements were conducted on an Autosorb iQ (Quantachrome) analyzer by 

sorption of nitrogen (99.999%) at 77 K with activated COFs (ca. 20 mg, degassed at 180 °C, 10‐3 

Torr for 12 h). Surface parameters were determined using multi‐point BET (pressure range of 0.05‐

0.3) and Quenched Solid DFT (QSDFT) adsorption models included in the instrument software.  

The Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was done using a 

Thermo Scientific iCAP 6500 spectrometer. COF samples were dissolved in concentrated nitric 

acid (5 ml; 68% wt/wt) at 95 °C. After 2 hours of acid digestion, the solutions (0.25 ml) were 

diluted into 4% nitric acid (25.00 ml) and submitted to ICP‐OES. The operating software ITEVA 

(version 8) was used to control the instrument function and data handling and analysis. 

Density functional theory (DFT) calculations of ClPBA and BrPBA were performed using B3LYP 

functional and 6-31G(d)/3-21G* basis sets, using geometry optimization and frequency options 

as implemented in Gaussian 16. Rev. B.01.1 The vibration vectors and values were then extracted 

using GaussView 6.0 software. The calculated vibrational wavenumbers were scaled by the 

“vibrational scaling factors” suggested by the NIST (0.962 for B3LYP 6-31G*).2 The vibration 

vectors are shown in Appendix 6 of the thesis. 

Solution UV-vis absorption spectra were collected on a JASCO V-670 spectrophotometer in 

quartz cuvettes from Starna Cells Inc. The diffuse reflectance spectroscopy was done on ground 
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samples diluted with KBr, using the Praying Mantis accessory by Agilent on Cary-5000 

spectrometer also from Agilent. 

Steady-state photoluminescence spectra were collected using a Fluorolog 3 fluorometer from 

Horiba Jobin-Yvon. For vacuum measurements, samples were placed in quartz EPR tubes 

attached with an SP Scienceware 4 mm tip-off manifold from Wilmad-LabGlass, hooked up to a 

Varian TPS-Compact high vacuum. Quantum yield measurements were performed with a 

Quanta-φ integrating sphere from Horiba Scientific. The phosphorescence quantum yields are 

calculated from the phosphorescence content obtained by deconvolution of steady-state spectra 

of the HaloCOFs (Figures 5.27, 5.28). The vacuum quantum yields are estimated by the 

enhancement factor obtained from the steady-state spectra in air vs vacuum. The emission 

lifetimes of the samples were determined by the Time-Correlated Single Photon Counting 

(TCSPC) technique using a DeltaDiode 373 nm pulsed laser diode controlled by a DeltaHub 

controller, both from Horiba Scientific. 

Delayed emission spectra were measured on the Varian Cary Eclipse fluorescence 

spectrophotometer, with timing parameters set to accumulate the entire decay profiles and 

provide a sufficient signal-to-noise ratio (tdelay = 0.2 ms, tgate = 10-200 ms, tdecay = 20 – 500 ms). 

For excitation intensity dependence measurements, the excitation power was attenuated using 

neutral density filters from CVI Laser Optics.  

Quantum yield measurements. PLQY measurements were performed with a Quanta-φ 

integrating sphere from Horiba Scientific using Fluorolog-3 spectrometer. The phosphorescence 

quantum yields (ΦPhos.) were obtained from Gaussian deconvolution (Figures 5.27, 5.28) of the 

phosphorescence content in the steady-state spectra. The vacuum quantum yields are estimated 

by the enhancement factor obtained from the steady-state spectra in air vs. vacuum. 

Photoluminescence measurements under vacuum and oxygen sensing. COF powders were 

placed in a quartz EPR tube attached to a multi-port vacuum glass manifold and attached to a 

Varian TPS-Compact high vacuum system. Different pressures were induced by adjusting the leak 

valve on the manifold and were measured by a Pirani pressure gauge at a port nearest to the 

sample.  
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COF photoluminescence photographs were taken by a Canon EOS 90D camera featuring an 18-

135 IS USM lens (also from Canon). The afterglow images were obtained using an exposure time 

of 0.25 sec. For COF-1, the afterglow was not detectable at this camera setting, despite its long 

phosphorescence lifetime. We note that while a long lifetime is certainly crucial for afterglow, 

the apparent brightness of the afterglow also depends on the absorption cross-section and 

quantum yield. The weak spin-orbit coupling due to the absence of heavy atoms in COF-1 extends 

the lifetime of the T1 state but also suppresses its formation (via ISC) and the radiative T1 – S0 

transition. This results in very low phosphorescent quantum yields (ΦP) and thus the afterglow is 

not bright enough to be captured by a conventional camera (or by eye).  

5.7.2. Synthesis of precursors 

2,2′-(2,5-Dichloro-1,4-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (ClPBpin). A 

mixture of (1,5-cyclooctadiene)(methoxy)iridium(I) dimer (0.113 g, 0.170 mmol), 4,4′-di-tert-

butyl-2,2′-dipyridyl (0.365 g, 1.36 mmol), bis(pinacolato)diboron (21.590 g, 85.04 mmol) and 1,4-

dichlorobenzene (5.000 g, 34.01 mmol) was added in 20 ml of dry cyclohexane. The mixture was 

then purged with N2 for 10 min and heated up to 90 C for 4 h in a pressurized Schlenk tube. After 

cooling to room temperature, the deep-red reaction mixture was added to 10 ml of hexane and 

stirred for 10 min. The white precipitate was vacuum filtered and washed with 2  5 ml of cold 

methanol and recrystallized twice from methanol (25 ml) to afford pure ClBpin (11.5 g, 85%). mp: 

281–284 °C (DSC onset and peak, respectively), 1H NMR (500 MHz, CDCl3): δ 7.64 (s, 2H), 1.37 (s, 

24H); 13C NMR (126 MHz, CDCl3): δ 137.16, 136.79, 132.95, 84.52, 24.78. The spectroscopic data 

were in agreement with the literature.3  

2,2′-(2,5-Dibromo-1,4-phenylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (BrPBpin). A 

mixture of (1,5-cyclooctadiene) (methoxy)iridium(I) dimer (84.3 mg, 0.127 mmol), 4,4′-di-tert-

butyl-2,2′-dipyridyl (68.3 mg, 0.254 mmol), bis(pinacolato)diboron (4.04 g, 15.90 mmol) and 1,4-

bromobenzene (1.500 g, 6.36 mmol) was added in 20 mL of dry cyclohexane. The mixture was 

purged with N2 for 10min and heated up to 90 C for 4 h in a pressurized Schlenk tube. After 

cooling to room temperature, the brown residue was added to 10 ml of hexane and stirred for 

10 min. The white precipitate was vacuum filtered and washed with 2  5 ml cold methanol and 
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dried under vacuum. The white solid was further purified by recrystallization in 2  15 ml of 

methanol to afford pure BrPBpin (2.36 g, 76%). mp: 308-310 °C (DSC onset and peak, respectively) 

1H NMR (500 MHz, CDCl3): 7.76 (s, 2H), 1.39 (s, 24H); 13C NMR (126 MHz, CDCl3): 139.99, 136.15 

(broad), 126.21, 84.67, 24.79. The spectroscopic data were in agreement with the literature.4 

(2,5-Dichloro-1,4-phenylene)diboronic acid (ClPBA). ClPBpin1 (1.00 g, 2.51 mmol) and 

methylboronic acid (MBA, 3.00 g, 50.14 mmol) were dissolved in 5 mL of dry chloroform with 

trifluoroacetic acid (5 vol%, 0.25 ml). The mixture was stirred for 2 h at room temperature during 

which a white precipitate formed. The solvent was evaporated and the resulting solids were kept 

under vacuum (~0.3 Torr) at room temperature to remove the excess MBA, affording white solid 

(450 mg, 77%) that was used without further purification. mp: >202 °C (dec.). 1H NMR (500 MHz, 

DMSO-d6 and a drop of D2O) δ 7.33 (s, 2H). 13C NMR (126 MHz DMSO-d6 and a drop of D2O) δ 

139.35, 134.54, 133.83. 

(2,5-dibromo-1,4-phenylene)diboronic acid (BrPBA). BrPBpin2 (1.00 g, 2.05 mmol) and MBA (2.45 

g, 41.00 mmol) were dissolved in 5 mL of dry chloroform with trifluoroacetic acid (5 vol%, 0.25 

ml). The mixture was stirred for 2 h at room temperature during which a white precipitate 

formed. The solvent was evaporated and the resulting solids were kept under vacuum to remove 

the excess MBA. The afforded white solid (425 mg, 88%) was used without further purification. 

mp: >185 °C (dec.) 1H NMR (500 MHz, DMSO-d6 and a drop of D2O) δ 7.39 (s, 2H). 13C NMR (126 

MHz DMSO-d6 and a drop of D2O) δ 142.66, 136.78, 124.26. 
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5.7.3. Synthesis of COF-1: 

To a pyrex sealable ampule (5 ml) was added PBA (33 mg, 0.2 mmol) followed by 1 ml of a 1:1 v:v 

mixture of mesitylene: dioxane. The tube was subjected to freeze-pump-thaw cycles (3 times, 

flash-frozen in a liquid N2 bath and evacuated to an internal pressure of 150 mTorr) and then 

flame-sealed under Ar (760 Torr). The reaction mixture was heated at 120 C for 72 hours, 

yielding a white solid, which was isolated by filtration immediately after cooling and washed with 

dry chloroform (10 ml) and MeCN (10 ml) to afford COF-1 (25 mg, 96%). 

5.7.4. General procedure for the synthesis of covalently-doped COFs.  

Different ratios of PBA and halogenated monomer (ClPBA or BrPBA) were added to a sealable 

Pyrex ampule (5 ml) followed by 1 ml of a 1:1 v:v mixture of mesitylene: dioxane (Tables 5.1 and 

5.2). The tube was subjected to freeze-pump-thaw cycles (3 times, flash-frozen in a liquid N2 bath 

and evacuated to an internal pressure of 150 mTorr) and then flame-sealed under Ar (760 Torr). 

The reaction mixture was heated in a convection oven at 120 C for 72 hours, yielding a white 

solid, which was isolated by filtration immediately after cooling to room temperautre and washed 

on filter with dry chloroform (10 ml) and MeCN (10 ml) and immediately placed under vacuum 

(0.3 mbar) for drying. The yields of the COF formation are reported in Figure 5.1 and Tables 5.1, 

5.2 for ClCOF-N and BrCOF-N, respectively. The washing step (dry solvent and minimal contact 

with humid air during filtration) is critical to obtain spectroscopically pure COFs. A red-shifted 

emission, presumably due to hydrolytic defects in the 2D framework is observed if the protocol 

is not followed or after prolonged storage of COFs in air. 
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Table 5.1. Monomers loading and product yield in the syntheses of ClCOF-N 

 PBA ClPBA COF formation Yield % 

ClCOF-0.1 
32.9 mg 

(198 mol) 

0.5 mg 

(2 mol) 

85 ± 5 % 

(22.1 mg) 

ClCOF-3 
29.9 mg 

(180 mol) 

4.7 mg 

(20 mol) 

75 ± 3 % 

(20.5 mg) 

ClCOF-7 
24.9 mg 

(150 mol) 

11.7 mg 

(50.0 mol) 

71± 2 % 

(20.8 mg) 

ClCOF-18 
16.6 mg 

(100 mol) 

23.5 mg 

(100 mol) 

53 ± 2 % 

(17.4 mg) 

ClCOF-34 
8.3 mg 

(50 mol) 

35.2 mg 

(150 mol) 

48 ± 5 % 

(17.4 mg) 

Cl-100 ---- 
46.9 mg 

(200 mol) 

35 ± 8 % 

(13.9 mg) 

 

 

Table 5.2. Monomers loading and product yield in the syntheses of BrCOF-N. 

 PBA BrPBA COF formation Yield % 

BrCOF-0.1 
32.9 mg 

(198 mol) 

0.6 mg 

(2 mol) 

74 ± 2 % 

(19.5 mg) 

BrCOF-2 
29.9 mg 

(180 mol) 

6.5 mg 

(20 mol) 

68 ± 2 % 

(20.5 mg) 

BrCOF-7 
24.9 mg 

(150 mol) 

16 mg 

(50 mol) 

62 ± 2 % 

(20.8 mg) 

BrCOF-13 
16.6 mg 

(100 mol) 

32.4 mg 

(100.0 mol) 

50 ± 2 % 

(17.4 mg) 

BrCOF-31 
8.3 mg 

(50 mol) 

48.5 mg 

(150 mol) 

43 ± 5 % 

(17.4 mg) 

Br-100 ---- 
64.7 mg 

(200 mol) 

14 ± 7 % 

(8.0 mg) 
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Figure 5.5. Synthesis of doped COFs by co-condensation of PBA with XPBA, showing a progressive 
drop of the isolated yield at higher doping concentrations. The data points are the mean value of 
n= 5 different synthetic batches. Error bars represent the standard deviations. 
 

 

 

5.7.5. Characterization and photophysical properties of non-doped COF-1  

 

Figure 5.6. a) FTIR of non-doped COF-1 showing the absence of the OH stretch (~3250 cm-1) and 
the emergence of the boroxine out-of-plane vibration at (699 cm-1) are indicative of complete 
reaction. b) PXRD of non-activated COF-1 (solid) and activated (dashed) showing the difference 
in PXRD pattern upon pore evacuation. c) Thermogravimetric analysis of COF-1 (freshly 
synthesized, black) and aged 15 min in an open capped vial at ambient pressure, temperature, 
and humidity, showing the introduction of 6% of impurities from exposure to air. 
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Figure 5.7. a) Absorption spectra of non-doped COF-1 powder and PBA as powder and in solution 
(~10-6 M in MeCN), obtained by diffuse reflectance (D.R.) and transmission mode, respectively. 

b) Steady-state emission of COF-1, PBA solution (~10-6 M in MeCN; ex = 270 nm) and powder (ex 

= 290 nm). 

 

  

Figure 5.8. a) Delayed emission spectra of non-doped COF-1 (td = 0.1ms) microcrystalline powder 
with excitation intensity attenuated by neutral density filters. b) Corresponding intensity 
dependence of TTA-induced delayed fluorescence (DF) and phosphorescence, plotted on a 
double-logarithmic scale versus the excitation power, showing non-linear behavior of the DF 
feature c) lifetime analysis of the TTA-induced DF (λem = 390 nm) and phosphorescence (λem = 550 
nm) showing the expected twice shorter lifetime for DF vs. phosphorescence.  
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Figure 5.9. a) Delayed spectra of non-activated (top, solid lines) and activated (bottom, dashed 

lines) COF-1 (ex = 300nm, td = 0.2 ms) in air (blue) vs. vacuum (ca. 10-5
 torr, red), illustrating the 

enhancement of TTA-induced DF compared to phosphorescence under vacuum. (b) 
Phosphorescent life-time analysis of COF-1 samples non-activated (black), activated (red), and 
with mesitylene (blue). c) steady-state (solid) and time-gated (td = 0.2 ms, dashed) spectra of as-
synthesized COF-1 (black), activated COF-1 (red) and activated COF-1 after addition of a drop of 
dried mesitylene (blue, all in air). d) TCSPC fluorescence lifetime analysis of COF-1 (λex = 373 nm; 
λem = 440 nm), with bi-exponential fits (yellow). 

 

5.7.6. Characterization of products of attempted synthesis of Cl-100 and Br-100 

 

Figure 5.10. a) FTIR of ClPBA and BrPBA (black) and their condensation products Cl-100 (green) 
and Br-100 (brown) showing the absence of the OH stretch (~3250 cm-1) and the emergence of 
the boroxine out-of-plane vibration at (716 cm-1

 and 708 cm-1 for ClCOF100 and BrCOF100, 
respectively). b) PXRD of the Cl-100 (green) and Br-100 (brown) vs. that of simulated PXRD 
pattern of their precursors ClPBA and BrPBA (black), respectively. The PXRD patterns of the 
products do not match the expected pattern of a COF and multiple peaks match the monomer. 
This data suggests that the products are mainly composed of an amorphous phase and the 
observed pattern is due to a residual amount of the precursors. The several additional peaks 
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could be due to ClPBA and BrPBA cocrystals with dioxane, as was supported by the NMR of the 
samples (Figures 5.12, 5.13). 

 

 

Figure 5.11. a) The energy scan (DFT B3LYP/6-31G(d)) of the dihedral angle between boronic acid 
and phenyl ring for PBA (black), ClPBA (green), and BrPBA (orange). The vertical dashed lines are 
the experimental dihedral angle obtained from the SC-XRD. The non-planar minimum energy 
conformation and lower rotation barriers for ClPBA and BrPBA are a result of the steric hindrance 
(Cl…O and Br…O). The steric origin of the lower rotational barrier is confirmed by the fact that in 
the planar configuration, the attractive HArꞏꞏꞏO interaction is replaced with repulsive X…O 
interactions (3.06 Å and 3.11 Å for Br…O and Cl…O, in planar configuration vs. the vdW radius of 
Br…O =3.34 Å and Cl…O =3.27 Å, respectively). b) Calculated condensation enthalpies (DFT 
B3LYP/3-21G*) for PBA into COF-1 and ClPBA into ClCOF-100, showing greater endothermicity of 
the halogenated boronic acid’s condensation. 
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Figure 5.12. Solid-state CP/MAS 13C-NMR spectra of a) COF-1 and b) product of ClPBA self-
condensation Cl-100 showing mesitylene guests in COF-1 and dioxane guests in Cl-100.  
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Figure 5.13. 1H-NMR spectra of product of ClPBA self-condensation Cl-100 digested in DMSO-d6 
and a drop of D2O, showing the inclusion of 2 molecules of dioxane per ClPBA building block in 
Cl-100. The small (~7%) signal at 7.36 ppm is most likely an oligomer of the ClPBA, due to 
spontaneous condensation of boronic acids into boroxine anhydrides.   
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5.7.7. X-ray Photoelectron Spectroscopy (XPS) and NMR of digested samples 

 

 

Figure 5.14. XPS survey spectra of ClCOF-N show the presence of O, C, Cl, and B and the absence 
of other elemental impurities. See the survey atomic ratios in Table 5.3. 
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Table 5.3. The atomic ratios of ClCOF-N was obtained from survey spectra (Figure 5.14) and the 
theoretically expected ratios for their corresponding doping percentage 
. 

 
Theo. 
C%** 

C% σ* Theo. 
O%** 

O % σ* 
Theo. 
B%** 

B % σ* 
Theo 
Cl%** 

Cl % σ* 

ClCOF-0.1 60.0 61.4 ± 2.6 20.0 19.3 ± 1.2 20.0 
19.
2 

± 2.3 0.0 0.02 --- 

ClCOF-3 59.6 59.5 ± 1.1 19.9 19.6 ± 1.2 19.9 
20.
3 

± 0.2 0.6 0.5 ± 0.1 

ClCOF-7 59.2 60.1 ± 4.6 19.7 21.0 ± 1.3 19.7 
17.
7 

± 3.4 1.4 1.2 ± 0.2 

ClCOF-18 57.9 56.6 ± 4.3 19.3 22.2 ± 1.7 19.3 
18.
3 

± 4.2 3.5 3.0 ± 0.5 

ClCOF-34 56.2 49.1 ± 1.1 18.7 25.3 ± 1.4 18.7 
19.
6 

± 2.2 6.4 6.1 ± 0.4 

Cl-100 50.0 52.2 ± 0.9 16.7 21.4 ± 1.5 16.7 
13.
8 

± 0.4 16.7 12.6 ± 0.7 

* Standard deviation obtained from three measurements. 

** The theoretical atomic% is calculated based on the ClPBA:PBA ratio (obtained from the experimental Cl/B). 

 

 



Chapter 5| Page 237  

 

 

 

Figure 5.15. XPS survey spectra of BrCOF-N show the presence of O, C, Br, and B and the absence 
of other elemental impurities. See the survey atomic ratios in Table 5.4. 
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Table 5.4. The atomic ratio of BrCOF-N was obtained from survey spectra (Figure 5.15) and the 
theoretically expected ratios for their corresponding doping percentage. 
 

 
Theo. 
C%** C% σ* Theo. 

O%** 
O % σ* 

Theo. 
B%** 

B % σ* 
Theo 

Br%** 
Br % σ* 

BrCOF-0.1 60.0 58.9 ± 1.6 20.0 23.0 ± 3.1 20.0 
18.
1 

± 1.6 0.0 0.0 --- 

BrCOF-2 59.8 60.5 ± 5.3 19.9 21.9 ± 2.8 19.9 
17.
2 

± 2.6 0.4 0.3 ± 0.2 

BrCOF-7 59.2 58.1 ± 0.4 19.7 21.8 ± 1.4 19.7 
19.
1 

± 1.7 1.4 1.0 ± 0.1 

BrCOF-13 58.5 53.6 ± 3.1 19.5 26.0 ± 5.8 19.5 
18.
6 

± 2.5 2.5 1.8 ± 0.2 

BrCOF-31 56.5 53.6 ± 2.1 18.8 25.1 ± 0.7 18.8 
17.
3 

± 2.3 5.8 4.0 ± 0.2 

Br-100 50.0 62.8 ± 4.0 16.7 19.4 ± 1.7 16.7 
10.
0 

± 2.0 16.7 7.9 ± 0.2 

* Standard deviation obtained from three measurements. 

** The theoretical atomic% is calculated based on the BrPBA: PBA ratio (obtained from the experimental Br/B). 
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Figure 5.16. 1H-NMR spectra of activated (180 °C, 10-3 torr, 12 h) a) ClCOF-Ns and b) BrCOF-Ns, 
digested in DMSO-d6 and D2O (1:1 vol%) and the corresponding integration of 4HPBA= 7.68 ppm 
and the 2HClPBA=7.33 or 2HBrPBA= 7.39 ppm. See the obtained monomer ratios in Table 5.5. 
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Table 5.5. The PBA/XPBA ratio of ClCOF-Ns and BrCOF-Ns obtained from integration of 4HPBA= 
7.68 ppm and the 2HClPBA=7.33 or 2HBrPBA= 7.39 ppm in the NMR (Figure 5.16) spectra of digested 
ClCOF-Ns and BrCOF-Ns, as well as the theoretically expected ratios for their corresponding 
doping percentage. σ(%XPS-%NMR) represents the difference between the percentages obtained via 
XPS vs. NMR. 

 
Theo. 

HPBA, % 
Theo. 

HXPBA, % 
NMR 

HPBA, % 
HXPBA, % σXPS-NMR, % 

ClCOF-0.1 99.9% 0.1% 99.4 0.6 1.1 

ClCOF-3 98.5% 1.5% 98.5 1.5 0 

ClCOF-7 96.4% 3.6% 96.2 3.8 0.3 

ClCOF-18 90.1% 9.9% 90.9 9.1 1.3 

ClCOF-34 79.5% 20.5% 82.1 17.8 3.7 

BrCOF-0.1 99.9% 0.1% 99.5 0.5 -0.9 

BrCOF-2 99.0% 1.0% 98.7 1.3 -0.6 

BrCOF-7 96.4% 3.6% 95.1 4.9 -2.3 

BrCOF-13 93.0% 7.0% 92.8 7.2 -0.4 

BrCOF-31 81.7% 18.3% 81.7 18.3 0.1 
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5.7.8. FTIR spectroscopy 

 

Figure 5.17. a) FTIR of ClCOF-Ns (green) and their parent boronic acids (ClPBA, black, and PBA, 
blue). The absence of the OH stretch (~3250 cm-1) and the emergence of the boroxine out of 
plane vibration at (703-717 cm-1) are indicative of complete reaction. The coexistence of the 

characteristic peaks of PBA at 1508 cm-1 (noted as α) and ClPBA at 1473 cm-1 (noted as  ) along 

with progressive enhancement of the  peaks corresponding to the ClPBA, shows the 
incorporation of both halogenated and non-halogenated monomers, with different ratios. b) 
Zoomed-in FTIR of ClCOF-N and their parent boronic acids (ClPBA and PBA) shows that the 
boroxine band is blue-shifted to higher energies with the increasing Cl doping level, due to the 
electron-withdrawing halogen substituents.  
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Figure 5.18. a) FTIR of BrCOF-Ns (orange) and their parent boronic acids (BrPBA, black, and PBA, 
blue). The absence of the OH stretch (~3250 cm-1) and the emergence of the boroxine out of 
plane vibration at (694-707 cm-1) are indicative of complete reaction. The coexistence of the 

characteristic peaks of PBA at 1508 cm-1 (noted as α, see) and BrPBA at 1471 cm-1 (noted as  ) 

along with progressive enhancement of the -peak corresponding to the BrPBA vibrational 
features, shows the incorporation of both halogenated and non-halogenated monomers, with 
different ratios. b) Zoomed-in FTIR of BrCOF-N and their parent boronic acids (BrPBA and PBA) 
shows that the boroxine IR band is blue-shifted to higher energies with the increasing Br doping 
level, due to the electron-withdrawing halogen substituents.  
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5.7.9. Transmission Electron microscopy (TEM) 

 

 

Figure 5.19. High-resolution transmission electron micrographs of the ClCOF-18 powder. No 
atomic resolution could be obtained due to rapid decomposition in the electron beam. 

 

 

Figure 5.20. High-resolution transmission electron micrographs of the BrCOF-13 powder. No 
atomic resolution could be obtained due to rapid decomposition in the electron beam. 
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5.7.10. BET 

 

Figure 5.21. a) The N2 adsorption isotherm at 77 K for COF-1 (black), ClCOF18 (green), and BrCOF-
13 (orange). b) The QSDFT analysis of pore size distribution. c) De Boer statistical t-plots and d, e, 
f) multipoint BET plots and linear fitting calculated from nitrogen adsorption data. 
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Table 5.6. Summary of COF-1, ClCOF-18, and BrCOF-13 surface area and the porosity ratio 
obtained from de Boer t-plot analysis (Figure 5.21b). 

Sample BET surface area Micropore surface area Mesopore surface area (External SA) 

Reported COF-1 711 m2g-1 83% (587 m2g-1) 17% (124 m2g-1) 

COF-1 740 m2g-1 81% (600 m2g-1) 19% (140 m2g-1) 

ClCOF-18 562 m2g-1 59% (331 m2g-1) 41% (231 m2g-1) 

BrCOF-13 564 m2g-1 49% (279 m2g-1) 51% (285 m2g-1) 

 

5.7.11. ICP-OES 

 

Figure 5.22. The ICP-OES calibration curve for a) iridium and b) palladium. All samples of ClPBA, 
ClCOF-18, and Cl-100, BrPBA, BrCOF-13, and Br-100 show Ir and Pd contents below the method 
detection limit. 
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Table 5.7. The ICP-OES determination of metal content in diboronic acid precursors and their 
condensation products. 

Sample 
Signal (Ir 224) 

Calculated Conc. 

ppm 
Signal (Pd 340) 

Calculated Conc. 

ppm 

Blank -8.990 -0.035 2.270 -0.037 

Standard_0.1 ppm 37.880 0.072 14.400 0.099 

Standard _1 ppm 476.500 1.072 98.730 1.043 

Standard _10 ppm 4392.000 9.999 898.100 9.994 

ClPBA (1mg/ml) 0.002 -0.015 0.085 -0.062 

ClCOF-18 (1mg/ml) -0.013 -0.015 0.018 -0.063 

Cl-100 (1mg/ml) 0.001 -0.015 -0.017 -0.063 

BrPBA (1mg/ml) -0.016 -0.015 -0.006 -0.063 

BrCOF-13 (1mg/ml) -0.004 -0.015 -0.016 -0.063 

Br-100 (1mg/ml) -0.012 -0.015 0.002 -0.063 

 

5.7.12. PXRD and thermogravimetric analysis (TGA) of HaloCOFs 

 

Figure 5.23. PXRD of the activated (180 C, 10-3 torr, 12 h) a) ClCOF-N b) BrCOF-N series, showing 
that the <100> diffraction peak becomes dominant upon the evacuation of the solvent guest 
molecules. c) π-π interplanar distance calculated from the <001> diffraction of the PXRD for both 
non-activated and activated COFs. d) The thermogravimetric analysis (TGA) of activated COF-1 in 
comparison to ClCOF-18 and BrCOF-13 and BrCOF-34 showed high thermal stability of up to ca. 
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500°C. Enlarged PXRD of the non-activated ClCOF-N (e) BrCOF-N (f) series, showing the <001> 
diffraction peak slightly shift upon increasing doping level; g) The PXRD of the ClCOF-18 and 
BrCOF-13 from 3-60° showing the absence of any phase impurities in the resulting COFs. 

 

 

A similar increase in the intensity of the <100> vs. <110> peaks upon activation of the parent 

boroxine COF-1 has been observed in the original work by Yaghi et al 2005, and was initially 

attributed to the transition from the AB to AA stacking modes. A more recent study, however, 

showed that this change of the PXRD pattern upon activation could be fully explained by the 

removal of the mesitylene guest molecules for the same AA stacking motif.5 This latter hypothesis 

is in line with our observations, where the accommodation of halogen atoms inside the pores 

perturbs the inclusion of the mesitylene guests. Upon removal of the guest molecules by 

activation of the COFs (180 °C, 10-3 torr, 12 h), the <100> peak becomes dominant in their PXRD 

and all activated COFs show similar PXRD patterns (Figure 5.23). Analysis of the position of the 

<001> peak at ~27° (corresponding to π-π stacking) shows a slight increase of the interlayer 

distance at higher halogen concentration, from 0.329 nm for COF-1 to 0.335 nm and 0.336 nm 

for ClCOF-34 and BrCOF-31, respectively (Figure 5.23 c,e,f). The broadening of this peak at high 

doping levels can be due to a local variation of the π-π stacking distance in the vicinity of halogen 

atoms. 
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5.7.13. HaloCOFs Photophysics 

 

Figure 5.24. a) Absorption of Cl-100 (black), ClCOF-34 (blue solid line), Br-100 (black) and BrCOF-
31 (red) and their corresponding ClPBA (red) and BrPBA (blue) monomer as powders (in diffuse 
reflectance mode, D.R.) and in solution (~10-6 M in MeCN). b) Steady-state emission of Cl-100, 

Br-100, ClPBA and BrPBA as powders and in solution (~10-6 M in MeCN; non-emissive) (ex = 286 

nm), c) Delayed spectra (td = 0.2ms, ex = 286 nm) of the PBA, ClPBA and BrPBA monomers in 
glassy ethanolic solutions (~10-6 M). Cl-100 and Br-100 are the products of self-condensation of 
CPBA and BrPBA, respectively. 
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Figure 5.25. The TCSPC lifetime analysis of the ClCOF-N (green) and BrCOF-N (orange) in air with 
their corresponding biexponential fitting (red). The ClCOF-Ns show a noticeable biexponential 
phosphorescent decay with a short-lived (<20 ms) and a persistent phosphorescence (>250 ms) 
component. We attribute this behavior to partial blockage of the pores with mesitylene guest 
molecules. The TCSPC lifetime analysis of non-activated BrCOF-13 in air at two different emission 
wavelengths is shown in the figure, indicating a 10-fold enhancement of the stabilized (red-
shifted) excitons. 
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Table 5.8. Decay fitting parameters of non-activated ClCOF-Ns’ and BrCOF-Ns’ phosphorescence 
in air. (λex = 286 nm) 

 τ1 (ms) a1 τ2,(ms) a2 τavg, (ms) σ⟨τ⟩ 

ClCOF-0.1 94.8 30% 329.3 70% 258.9 2.1 

ClCOF-3 25.9 40% 292.5 60% 185.9 3.5 

ClCOF-7 39.7 50% 320.4 50% 180.0 5.0 

ClCOF-18 68.2 52% 268.7 48% 164.4 3.5 

ClCOF-34 48.5 51% 243.4 49% 144.0 1.9 

BrCOF-0.1 2.96 91% 180.00 9% 19.36 1.2 

BrCOF-2 0.36 77% 2.29 23% 0.80 0.05 

BrCOF-7 0.20 63% 0.93 37% 0.47 0.05 

BrCOF-13 0.19 79% 1.17 21% 0.40 0.03 

BrCOF-31 0.16 82% 0.72 18% 0.26 0.01 

 

 

Figure 5.26. Intensity dependence of TTA-induced DF (red circles) and phosphorescence (black 
squares) of ClCOF-3, with linear fits (corresponding solid lines) vs excitation power in double-log 
plot, showing non-linear behavior of DF feature. 
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Figure 5.27. Deconvolution of the fluorescence (blue region) and phosphorescence (green 
region) components of the ClCOF-N steady-state emission. The spectra were fitted with four 
Gaussian functions (two Gaussian functions each for fluorescence and phosphorescence regime). 
The functions were fitted to produce the least residual value as the difference between the 
experimental data (black) and the cumulative fit graph (red dashed).  
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Figure 5.28. Deconvolution of the fluorescence (blue region) and phosphorescence (orange 
region) of the BrCOF-N steady-state emission. The spectra were fitted with four or five Gaussian 
functions (two Gaussian functions for fluorescence and two or three functions for 
phosphorescence regime). The functions were fitted to produce the least residual value as the 
difference between the experimental data (black) and the cumulative fit graph (red dashed).  
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Figure 5.29. a) Effect of different gasses on the phosphorescent emission of as-prepared (non-
activated) ClCOF-18 in vacuum (10-5 torr, green), He (black), Ar (purple), N2 (gold), Air (red), and 
O2 (blue); the slight decrease of phosphorescence vs. vacuum might be due to the residual O2 
impurities in commercial gases. b) Steady-state photoluminescence spectra (λex = 300nm) of 
ClCOF-18 at different partial O2 pressures. The phosphorescence band at 490 nm diminishes with 
increasing O2 pressure (green-to-blue). e) The phosphorescence/fluorescence ratio (blue circles) 
for BrCOF-13, shows a very large dynamic range of response (red dashed line).  

 

 

Figure 5.30. (a) Phosphorescence/fluorescence ratio (I480nm/I380nm) for as-prepared (non-
activated) BrCOF-13, showing a large deviation from the Stern-Volmer linear fit (black). The inset 

is the zoomed area of the plot (0-0.2 torr). (b) The efficiency of the oxygen quenching (ET = 1 – 

air/vac.) of as-prepared (non-activated) COFs reaches a maximum at ~10% halogen doping for 

both ClCOF (green) and BrCOF (orange). The slight decrease of ET at higher doping concentration 
may be due to a competition between TTA and O2 quenching.  
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Table 5.9. Comparison of oxygen sensitivity by our COF with those reported for other organic 
(and some inorganic) phosphorescent materials reported in the literature 

Phosphorescent material 
Detection range 

 
(as reported) 

Detection range 
(converted to partial 

O2 pressure/ Torr) 
Ref. 

Organic    

Thianthrene derivatives doped in 

Zeonex® 
0.02% - 2% 0.152 – 15.2 

Leitonas et al., Sensors Actuators 
B: Chem. 2021, 345, 130369. (SI 

Ref. 6) 

4-Bpin(triphenylamine) doped 

polymer 
0.2% – 20% 1.52 – 152 

Zhou et al., Angew. Chem. Int. Ed. 
2019, 58, 12102. (SI Ref. 7) 

Carbazole-based hydrogen-bonded 

organic frameworks 
10% – 100% 76 – 760 

Cai et al., Angew. Chem. Int. Ed. 
2018, 57, 4005. (MS Ref. 48) 

BF2 and Al complexes 2 – 6 ppm 
20 – 100 ppm 

1.5210-3 – 4.5610-3 

0.0152 – 0.076 

Lehner et al., Nat. Commun. 2014, 
5, 1. (MS Ref. 50) 

Core-shell polymer nanoparticles 0.005 – 20 kPa 0.0375 – 150 
Yu et al., Angew. Chem. Int. Ed. 
2017, 56, 16207. (MS Ref. 52) 

BF2 complex doped polymer 0.055 – 1 torr 0.055 – 1 
Zhang et al.,J. Am. Chem. Soc. 
2007, 129, 8942. (MS Ref. 53) 

C70 in organo-silica and ethyl 

cellulose 
50 – 300 ppm 0.038 – 0.228 

Nagl et. al, Angew. Chem. Int. Ed. 
2007, 46, 2317. (SI Ref. 8) 

Halogen Doped COF-1 10-5– 760 torr 10-5 – 760 Our work 

Inorganic    

Ag-based MOF 10-3 – 2.4 Pa 7.510-6 – 0.018 
Dong et al., Nat. Commun. 2020, 

11, 1. (SI Ref. 9) 

Pt/Pd/Ru complexes doped SiO2 0.06 – 100 torr 0.06 – 100 
Han et al., Chem. Mater, 2005, 17, 

3160 (MS Ref. 41) 

Ru complexes doped SiO2 2 – 20 cm Hg 20 – 200 
Carraway et al., Langmuir 1991, 7, 

2991 (MS Ref. 42) 

MOF doped with Ir/Ru-complexes 0.05 – 0.80 atm 38 – 608 
Barrett et al., J. Mater. Chem. 
2012, 22, 10329. (MS Ref. 43) 

Cu-based MOF 0.1 – 5 ppm 7.610-5 – 3.810-3 
Liu et al., Angew. Chem. Int. Ed. 
2016, 55, 16021. (MS Ref. 44) 

Tb/Eu doped microporous 

polymers 
0.1 – 1 bar 76 – 760 

Ye et al., lnorg. Chem. 2017, 56, 
4238. (MS Ref. 45) 

Ru doped microporous polymers 0.001 – 1 bar 7.6 – 760 
Qi et al., Chem. Commun. 2013, 49, 

6864. (MS Ref. 46) 

Ir doped microporous polymers 0.05 – 1 atm 38 – 760 
Xie, et al., J. Am. Chem. Soc. 2010, 

132, 922. (MS Ref. 47) 
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Figure 5.31. Steady-state (top) and delayed (bottom, td = 0.2 ms , tgate = 20 ms) 
photoluminescence of a, b) ClCOF-3, e, f) BrCOF-2 and g) BrCOF-13 before (green, orange, brown, 
respectively) and after activation (blue, red, respectively) measured in air (black) and under 
vacuum. The TCSPC lifetime analysis of fluorescence and phosphorescence for c, d) ClCOF-3 and 
h) BrCOF-13 shows a significant decrease of phosphorescence after activation while the 
fluorescence signal only slightly changes. The phosphorescence of the activated BrCOF-3 is 
expectedly decreased after activation; however, fluorescent impurities (possibly from thermal 
decomposition) skewed the steady-state spectra which is also more prominent in steady-state 
spectra of g) BrCOF-13. 
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Figure 5.32. Steady-state (solid lines) and time-gated spectra (dotted lines, td = 0.2ms) a) COF-1, 
b) ClCOF-18, and c) BrCOF-13, at room temperature (red) and 77 K (blue), showing enhancement 
of phosphorescence emission upon cooling down the COFs to 77 K (all in the air). The TCSPC 
lifetime analysis of phosphorescence d) and fluorescence e) of BrCOF-13, shows a 9-fold 
enhancement of phosphorescence lifetime upon cooling, while fluorescence slightly decreased 
at 77 K. 
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Figure 5.33. TCSPC lifetime analysis of fluorescence of activated a) ClCOF-Ns (green) and b) 
BrCOF-Ns (orange) in air (λex = 373 nm, λem = 410-440 nm). Comparison of the fluorescence 
lifetime of COF-1 vs. the doped COFs shows a slight decrease of lifetime upon doping with the 
XPBA due to inactivation of S1 excited state; however, no trend was observed upon increasing 
the doping ratio. 

Table 5.10. Decay fitting parameters of TSCPC lifetime analysis (Figure 5.33) for activated ClCOF-
Ns’ and BrCOF-Ns’ fluorescence in air. (λex = 373 nm; λem = 410-440 nm) 

 τ1 (ns) a1 τ2,(ns) a2 τavg, (ms) 

ClCOF-0.1 2.3 76% 13.8 24% 5.1 

ClCOF-3 2.6 70% 14.5 30% 6.1 

ClCOF-7 2.3 77% 14.7 23% 3.9 

ClCOF-18 2.3 74% 16.8 26% 6.2 

ClCOF-34 2.2 77% 11.2 23% 4.3 

BrCOF-0.1 2.6 81% 13.4 19% 4.6 

BrCOF-2 4.1 70% 10.6 30% 6.0 

BrCOF-7 3.6 80% 13.3 20% 5.5 

BrCOF-13 2.8 73% 11.5 23% 5.1 

BrCOF-31 2.6 74% 14.6 26% 5.7 
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Figure 5.34. Photographs of non-activated COFs under continuous UV illumination (UV ON) and 
immediately after turning the UV lamp off, i.e. afterglow (UV OFF). Scale bar shows approximately 
1 cm. 



Chapter 5| Page 259  

 

 

 

Figure 5.35. Steady-state photoluminescence spectra of a) as-prepared (non-activated) ClCOF-Ns 
(green) and b) BrCOF-Ns (orange) in air (dashed) and vacuum (solid lines) at room temperature 
(λex = 300 nm) normalized by their fluorescence intensity illustrating the effect of O2 quenching 
as well as higher doping level on the phosphorescence intensity. 
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Figure 5.36. a) PXRD and b) QSDFT pore size distribution obtained from the N2 isotherm, for COF-
1 (black) as compared to doped COFs: ClCOF-18 (green), BrCOF-13 (orange), F4COF-50 (blue), and 
MeCOF-50 (red) showing a similar increase of disorder in all doped samples vs. the COF-1 (F4COF-
50 prepared by copolymerization of PBA and tetrafluoro-PBA in 1:1 ratio; MeCOF-50 prepared by 
co-polymerization of PBA and 2,6-dimethyl-PBA in 1:1 ratio). c) Steady-state emission spectra 
showing the emergence of the phosphorescence at ~500 nm for the Cl- and Br-doped COFs but 
no detectable phosphorescence in F4COF-50 and MeCOF. d) Delayed (td = 0.2 ms) emission 
spectra of all five COFs. The phosphorescence emission for F4COF-50 and MeCOF-50 is extremely 
weak (thus low signal-to-noise ratio). These results suggest that the observed phosphorescence 
enhancement in halogen-doped COFs is due to heavy-atom effect of Cl/Br not due to doping-
induced disorder/defects.   
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5.7.13. Crystal structure 

The single-crystal X-ray diffraction (SCXRD) data for ClPBA (CCDC: 2119959) were collected from 

a shock-cooled single crystal at 150 K on a Bruker Venture Metaljet -geometry diffractometer 

with a Metal Jet using Helios MX Mirror Optics as monochromator and a Bruker CMOS Photon III 

detector. The diffractometer was equipped with an Oxford Cryostream 700 low-temperature 

device and used Ga Kα radiation (λ = 1.34139 Å). All data were integrated with SAINT and a multi-

scan absorption correction using SADABS was applied.10, 11 The structure was solved by dual 

methods using XT and refined by full-matrix least-squares methods against F2 by XL.12, 13 Structure 

solution and refinement cycles were performed within the graphical user interface of OLEX2.14 

All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen 

atoms were located from the Fourier difference map and fully refined isotropically. This report 

and the CIF file were generated using FinalCif.15  

 

Table 5.11. Crystal data and structure refinement for ClPBA 

Empirical formula C6H6B2Cl2O4 
Formula weight 234.63 
Temperature [K] 150 
Crystal system triclinic 
Space group 
(number) 

𝑃1 (2) 

a [Å] 4.9381(1) 
b [Å] 5.1689(2) 
c [Å] 9.4693(2) 
α [°] 81.335(1) 
β [°] 89.280(1) 
γ [°] 85.941(1) 
Volume [Å3] 238.341(12) 
Z 1 
ρcalc [gcm−3] 1.635 
μ [mm−1] 3.985 
F(000) 118 
Crystal size [mm3] 0.09×0.07×0.04 
Crystal color clear light colorless 
Crystal shape Block 
Radiation Ga Kα (λ=1.34139 Å) 
2ϴ range [°] 8.22 to 121.22 

(0.77 Å) 
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Index ranges -6 ≤ h ≤ 6 
-6 ≤ k ≤ 6 
-12 ≤ l ≤ 11 

Reflections collected 6468 
Independent 
reflections 

1079 
Rint = 0.0415 
Rsigma = 0.0336 

Completeness to  
ϴ = 53.594° 

98.2 % 

Data / Restraints / 
Parameters 

1079/0/76 

Goodness-of-fit on F2 1.172 
Final R indexes  
[I≥2σ(I)] 

R1 = 0.0318 
wR2 = 0.0886 

Final R indexes  
[all data] 

R1 = 0.0322 
wR2 = 0.0889 

Largest peak/hole 
[eÅ−3] 

0.43/-0.30 
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Figure 5.37. Thermal atomic displacement ellipsoid plot for ClPBA with the atomic numbering 
scheme (ellipsoids are drawn at the 50% probability level and hydrogen atoms are shown as the 
sphere of arbitrary size) and crystal packing showing projections along three crystallographic 
axes. 
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For BrPBA SCXRD data (CCDC: 2119960) were measured on a Bruker D8 Venture diffractometer 

equipped with a Photon 200 area detector, and IμS microfocus X-ray source (Bruker AXS, CuKα 

source). The measurement was carried out at room temperature in which the crystal was coated 

with a thin layer of amorphous oil to decrease crystal deterioration, structural disorder, or any 

related thermal motion effects and to improve the accuracy of the structural results. Structure 

solution was carried out using the SHELXTL package from Bruker.12 The parameters were refined 

for all data by full-matrix-least-squares or F2 using SHELXL.16 All of the nonhydrogen atoms were 

refined with anisotropic thermal parameters. All hydrogen atom thermal parameters were 

constrained to ride on the carrier atom.  

 

Table 5.12. Crystal data and structure refinement for BrPBA 

 

Identification code BrPBA 

Empirical formula C6H6B2Br2O4 

Formula weight 323.55 

Temperature/K 253(2) 

Crystal system triclinic 

Space group P-1 

a/Å 4.9366(3) 

b/Å 5.5791(3) 

c/Å 9.5636(5) 

α/° 78.819(4) 

β/° 89.385(4) 

γ/° 87.185(4) 

Volume/Å3 258.09(3) 

Z 1 

ρcalcg/cm3 2.082 

μ/mm-1 9.858 

F(000) 154.0 

2 range for data collection/° 9.426 to 144.998 

Index ranges -6 ≤ h ≤ 6, -6 ≤ k ≤ 6, -11 ≤ l ≤ 11 

Reflections collected 6358 

Independent reflections 984 [Rint = 0.0474, Rsigma = 0.0298] 

Data/restraints/parameters 984/0/67 
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Goodness-of-fit on F2 1.048 

Final R indexes [I>=2σ (I)] R1 = 0.0289, wR2 = 0.0763 

Final R indexes [all data] R1 = 0.0295, wR2 = 0.0769 

Largest diff. peak /hole / e Å-3 0.48/-0.52 

 
Figure 5.38. Thermal atomic displacement ellipsoid plot for BrPBA with the atomic numbering 
scheme (ellipsoids are drawn at the 50% probability level and hydrogen atoms are shown as the 
sphere of arbitrary size) and crystal packing showing projections along three crystallographic 
axes. 
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5.7.14. Hirshfeld Surface Analysis 

The Hirshfeld surface (HFS) is a useful tool that uses a three-dimensional electron density 

illustration of a molecule in a crystal structure packing.17-20 The molecule of interest is mapped 

through CrystalExplorer21 (version 17.5, package5) to visualize the contribution of intermolecular 

interactions.  

The PBA, ClPBA, and BrPBA intermolecular interactions in their crystal structure were analyzed 

by 2D fingerprint plots (Figure 5.39). In this illustration, the red spots on the HFSs indicate the 

presence of short intermolecular contacts, such as π-π stacking, hydrogen, and halogen bonding, 

while geometries without close interactions are depicted in blue. In the three cases, the double 

spikes in the fingerprint plot correspond to the H···O hydrogen interactions having approximate 

de + di values of 1.80, 1.80, and 1.90 Å, respectively, with significant contributions ( > 25%) in the 

total supramolecular interactions. In addition, ClPBA and BrPBA compounds exhibit short X(Cl, 

Br)···H contacts, with intermolecular distances of 2.9 and 3.1 Å, respectively. The intermolecular 

attribution of these X···H interactions is 20.0% and 21.3%, respectively, out of the total cohesive 

interaction. The radar chart exhibits similar supramolecular attributions for ClPBA and BrPBA 

based on X···Donor (no X···X contacts were observed in these crystals) and H···O contacts, while 

PBA interactions are mainly dominated by van der Waals (vdW) and H···O bonds as shown in 

Figure 5.40. All linkers exhibit very low π···π stacking contributions, lower than < 2% for ClPBA 

and BrPBA and 9% for PBA. 
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Figure 5.39. Calculated Hirshfeld surfaces and 2D fingerprint plots of all the intermolecular 
contacts are given for (from left to right) PBA, ClPBA, and BrPBA. The quantitative analysis of 
interactions in the crystals is summarized in Figure 5.40. 
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Figure 5.40. The radar chart of HFS analysis of PBA (blue), ClPBA (green), and BrPBA (brown) 
compounds showing the percentage of different intermolecular interactions. 
 
The HFS analysis was also performed on the simulated and refined COF-1 structure based on the 

DFT and PXRD, respectively (Figure 5.41). We have placed mesitylene molecules in the cavity as 

dummy molecules to fill the pores (otherwise, the calculation of the HFS won't recognize the 

space in pores). Note that the HFS does not distinguish between intermolecular interactions and 

covalent bonds. Therefore, the strong sharp spikes in the 2D fingerprints are related to the B-O 



Chapter 5| Page 268  

 

 

covalent bonds in the boroxine rings, as shown in Figure 5.11. The π···π contacts in COF-AA 

represent a contribution of 16.3% (depicted as the red area in the 2D fingerprint plots) from the 

total supramolecular interactions involved in this structure, and mainly from the COF layer above 

and below the Hirshfeld isosurface. On the other hand, COF-AB exhibits two different 

environments for the phenylboroxine building blocks. In one case the phenylboroxines in the 

backbones interact with another phenylboroxine from different layers, while in the other case 

phenylboroxine groups interact directly with mesitylene solvents occupying the cavities in the 

COFs. The π···π interactions caused by these two different environments are approximately 

similar, 14.6% and 13.4%, respectively. The radar chart of the COFs versus PBA exhibits that COF 

structures have dominated interactions of π-π stacking while PBA crystal mainly consists of 

hydrogen bonding (Figure 5.42). Higher vdW contribution is observed in the case of COF-AA in 

comparison to COF-AB due to directional weak interaction between the methyl groups of the 

mesitylene and the COF-layers. Despite the nature of the dominant vdW interactions, they mainly 

originate from the solvent interactions with the framework.  
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Figure 5.41. Calculated Hirshfeld surfaces and 2D fingerprint plots of COF-AA (a), COF-AB_1 (b), 
and COF-AB_2 (c). The quantitative analysis of interactions in the crystals is summarized in Figure 
5.42. 
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Figure 5.42. The radar chart of HSF analysis of COF-AA (black), COF-AB_1 (orange), COF-AB_2 
(green), and PBA (blue) showing the percentage of different intermolecular interactions. 
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Preface 

In the previous chapters, we focused on ORTP materials and concluded that COFs are a promising 

platform for understanding the structure-photophysical properties relationships and the future 

crystal engineering of luminescent solids. TANGO (reported in Chapter2) and its oxygen-bridged 

trioxaazatriangulene counterpart (TANG) have attracted a great deal of attention as a building 

block for π-conjugated 2D-polymers and COFs (refs. 77-80 in this chapter). Replacing the 

electron-withdrawing carbonyl bridges (C=O) in TANGO with electron-donating ether bridges (–

O–) in TANG makes the latter an attractive electron-rich candidate to explore donor-acceptor 

interactions in 2D materials. In collaboration with the surface physics group, we used brominated 

TANG and TANGO monomers to synthesize the first mesoscale-ordered monolayer of 2D π-

conjugated polymers via surface-confined polymerization (ref. 79). Soon after, in collaboration 

with Dr. Lakshmi Vellanki, we reported the first crystalline TANG-based 2D-COF with small band-

gap (1 eV) and electrical conductivity using a Schiff-base condensation (ref. 76). These results 

motivated us to investigate TANG COFs (particularly π-conjugated C=C linked ones) as 

optoelectronic materials. However, the extreme air sensitivity of the previously used triamino-

TANG results in many defects (even when working in the glove-box) that trap the excitons, 

rendering the resulting COFs non-emissive. Also, the lengthy synthetic procedure for TANG with 

widely varied yields was a major hurdle for the further development of TANG materials in our 

group. 

In this chapter, we report an improved synthetic route affording TANG with a 40% yield in 3 steps 

(compared to <20% over 6 steps in the previous works). We functionalized TANG with an 

aldehyde group preparing the bench-stable monomer TATANG for 2D polymerization. We used 

TATANG for the synthesis of cyanovinylene-linked COFs via Knovenagel condensation of TATANG 

with arenediacetonitriles. The C=C covalent links between the monomers provide π-conjugation 

and bring high chemical stability to the framework. Donor-acceptor interaction between the 

TANG nodes and the linker leads to band gaps of ca. 1.5 eV and corresponding NIR emission 

extending up to 1100 nm with ~1.0% PLQY (which is still high for organic solids in this spectral 

range). We explored the role of thermal vibrations and environmental quenching (by water) on 
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the luminescent properties of the COF. We also found that the macroscopic morphology of the 

COFs can be tuned by the shape of the precursor crystals. 

NMR spectra of all synthesized compounds are reported in Appendix 7 of the thesis. 
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Rustam Z. Khaliullin) performed the density functional theory calculations. I analyzed all the 

reported experiments and wrote the chapter, and Dmytro F. Perepichka edited and revised it. 
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6.1. Abstract  

We explored -conjugated (cyanovinylene-linked) covalent organic frameworks based on 

trioxaazatriangulene (TANG) building blocks as the first example of near-infrared (NIR) emissive 

covalent organic frameworks (COFs). An improved synthetic route was developed for TANG 

which doubled the yield and halved the number of steps compared to the previous report. We 

have synthesized a new bench-stable triformyl-TANG derivative and performed its Knoevenagel 

condensation with arenediacetonitriles to prepare 2D π-conjugated COFs. The strong electron-

rich character of TANG leads to intramolecular charge transfer (from TANG to the cyanated 

linker), resulting in small band gaps (as low as ~1.54 eV) and NIR emission (max = 789 nm) with 

luminescence quantum yield 1.0% in the solid-state. We studied the impact of acceptor strength, 

rotational degree of freedom of the linker, temperature, and humidity on their NIR emission. 

Furthermore, we found that the morphology of the precursor crystals can readily determine the 

macroscopic morphology of the COFs.  
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6.2. Introduction  

Covalent organic frameworks (COFs) are an emerging class of crystalline solids in which the 

organic building blocks are assembled via covalent bonds into two-dimensional (2D) or three-

dimensional (3D) porous structures. The precise control over composition, topology, and porosity 

through the choice of the building blocks in COFs, have gained substantial attention for 

applications such as sensing, gas separation, gas storage, and catalysis.1-3 In 2D COFs, the 

functional aromatic building blocks can be predictably assembled into cofacial π-stacking 

topology, facilitating transporting excitons or charge carriers in various optoelectronic 

applications. 3-5 In 2008, Jiang and co-workers reported strong blue luminescence (max = 472 nm) 

and photoconductivity in a dioxaborole COF prepared by condensation of pyrene-2,7-boronic 

acid with 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP). 6 During the next 10 years, different 

luminescent COFs with more stable linkages, such as β-ketoenamine-7 and olefin-linked COFs,8 

have been reported9, 10 for various applications, e.g. white-light emitting materials, 11-13 

bioimaging/sensing, 7, 14, 15 and luminescent thermometry. 16 However, the design space of 

luminescent COFs is still very limited, especially compared to that of other explored aspects, such 

as porosity design for gas storage/separation. 17 This is because similar to most organic solids, 

COFs are typically non-emissive due to aggregation-caused quenching (ACQ) phenomena, in 

which the strong π-π interactions enable exciton delocalization/trapping and bimolecular exciton 

annihilations (such as singlet fission). 18-20  

Several strategies have been explored to improve the luminescence of COFs, such as 

incorporating aggregation-induced emission (AIE) chromophores in the framework, 23-2521-23 

deuteration of the framework, 24 restrictions of intramolecular bond-rotation via interlayer H-

bonding, 12 and dilution of emissive phosphorescent linkers in COF framework via covalent-

doping. 25 Fluorescent (and recently, phosphorescent25) COFs with emission in the visible range 

(400-650 nm) and photoluminescent quantum yields (PLQYs) as high as 52% (at max = 508 nm) 8 

have been reported in the last decade. 9, 26, 27  

Nonetheless, the realization of near-infrared (>700 nm) emissive COFs remains a challenge 

because of the energy gap law, which predicts a dramatic increase in the internal conversion as 
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the exciton energy decreases. 28 Dilute solutions of NIR-emissive organic small molecules and 1D 

-conjugated polymers have been explored in biological imaging/sensing, 29-37 photodynamic 

therapy, 38, 39 NIR-emissive transistors, 40-42 diodes, 43-48 and telecommunication. 49 However, most 

of these dyes and polymers are non-emissive in the solid state, which hampers their application 

in optoelectronic devices. 50-53  

Two molecular design strategies are commonly employed to narrow the optical band gap and 

achieve NIR emission. The first strategy to obtain red-shifted chromophores is by extending the 

π-conjugation. 54 However, achieving NIR emission using this strategy alone is challenging due to 

limited air stability of the corresponding π-extended structures (e.g., long acenes and oligoenes) 

and complex synthesis. 55-57 Alternatively, the donor-acceptor (D-A) strategy can reduce the 

optical bandgap and, in fact, is used in most NIR emissive organic dyes (Scheme 6.1). 58 Using both 

of these strategies, efficient NIR emissive organic molecules and 1D conjugated polymers54, 59-61 

have been reported, 37, 58, 61-72 some of which show AIE with quantum yields up to ~20% (max = 

725 nm in aggregated particles in water). 68  

 

Scheme 6.1. Examples of NIR emissive a) molecule dyes and b) 1D- conjugated polymers 
reported in ref. 70 (6.1), ref. 52 (6.2), ref. 71 (6.3), ref. 72 (6.4), ref. 59 (6.5), ref. 66 (6.6), ref. 60 (6.7.), 
ref. 61 (6.8.), ref. 54 (6.9). 
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D-A character is present in many, if not most, COFs to some extent due to different HOMO/LUMO 

energies of the constituent monomers and polar linkages (imine, cyno-vinylene). Most reported 

designs of D-A COFs have been utilized in low-bandgap NIR-absorptive materials for applications 

such as photodetection and photocatalysis.73 Jiang and co-workers reported a series of 

hydrazone-linked COFs in which tuning the electronics of the linker dramatically perturbed the 

luminescent properties, mainly due to better conjugation and, in some substituents, 

tautomerization effects.74 However, D-A strategy has not yet been explored to alter COFs’ 

emission, nor have any COFs with NIR luminescence been reported to date (Table 6.1). 

Trioxaazatriangulene (TANG) is a stable heteroanalogue of the triangulene biradical (Clar's 

hydrocarbon75). It is highly electron-rich (HOMO = -4.87 eV)76 with a planar geometry, recently 

studied as a building block for π-electron functional oligomers77 and polymers.78-81 Our group has 

previously shown the use of tribromo-TANG for on-surface synthesis of a mesoscale ordered 2D 

polymer (P2TANG)81 and triamino-TANG for solvothermal condensation with 2,5-

dihydroxyterephthaldehyde preparing imine-linked COF with paramagnetic and semiconducting 

properties. 78  

Here, we report π-conjugated cyanovinylnene-linked trioxaazatriangulene-based NIR-emissive 

COFs using D-A strategy (TANG as the donor) with ~1% quantum yield and max = 789 nm 

extending up to 1100 nm. We show the effect of the linker, temperature, and humidity on the 

photophysical behavior of these COFs opening possibilities for future exploration of other NIR 

emissive COFs.  

6.3. Synthesis and structural characterization 

The lengthy synthesis and low yield of TANG have been a major hurdle toward the exploitation 

of this building block for 2D-polymers and COFs. In 2005, Okada reported the first synthetic 

methodology for TANG as a 6-step synthesis starting from 2,6-difluoronitrobenzene, reaching a 

final yield of 19%.82 In 2019, we reported another methodology for the synthesis of TANG, using 

sequential Ullmann coupling of 1,6-dimethoxyaniline, with a similar (but widely varied) yield of 

up to ~20% over six steps. Here we developed a new synthetic route and improved the synthesis 

of TANG to achieve a 40% yield in 3 steps (Scheme 6.2) compared to previous reports of ~20% 
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over six steps.78, 83 Bromination of TANG followed by lithiation-formylation afforded triformyl-

TANG (TATANG). TATANG, as a poorly soluble solid (only slightly soluble in C2H2Cl4) was then 

subjected to acetal protection to enhance the solubility and, after purification and deprotection, 

resulted in light orange compound. The electron-withdrawing aldehyde groups of TATANG 

increase its oxidation potential and significantly stabilize this monomer compared to TANG 

(Figure 6.5) and particularly to the previously used triamino-TANG. 78 

The donor-acceptor behavior in TATANG results in red-shifted fluorescence emission (FL
TANG = 

431 nm vs. FL
TATANG = 585 nm) (Figure 6.6a, b). We envisaged that embedding TANG in a π-

conjugated framework linked via electron-withdrawing groups would shift its emission further in 

the NIR range of the spectrum. Accordingly, 2D COFs were synthesized using cyano-vinylene 

linkages through base-catalyzed Knoevenagel condensation of TATANG with 1,4-

phenylenediacetonitrile or 2,2'-biphenyl-4,4’-diacetonitrile resulting in cyanovinylene-linked 

pTANG1 and pTANG2, respectively (Scheme 6.1). The reactions were performed under 

solvothermal conditions catalyzed by aq. KOH at 90 °C. The precipitated black powders were 

purified by extensive washing with organic solvents (DMF, acetone), giving the COFs with ~ 85-

88% yield. The model compound (CNTANG) was synthesized by a Knoevenagel condensation of 

TATANG with phenylacetonitrile. 
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Scheme 6.2. Synthesis of TATANG, CNTANG, and pTANG1 and pTANG2 COFs: (i) Cu, CuI, K2CO3, 

Neat, 230 °C; (ii) BBr3, DCM, -70°C → RT, 12 h; Aqueous work-up; (iii) K2CO3, DMF, overnight, 
160°C; (iv) PyH+Br3

−, EtOH/benzene, 3 h, reflux; (v) n-BuLi, THF, -70°C followed by addition of 
DMF; (vi, vii, viii) corresponding phenylacetonitrile derivative, KOH (4M, aq.), dioxane, 90°C, 18h. 
 

The FTIR of the obtained powders shows the disappearance of the TATANG carbonyl stretch at 

1685 cm-1 and the emergence of C≡N stretch at 2212 cm-1, indicative of the successful 

transformation of the aldehyde group into cyanovinylene linkers (Figure 6.1a). 13C cross-

polarization magic angle spinning (CP-MAS) NMR spectroscopy of the COF solids shows the 

disappearance of carbonyl groups (i.e., TATANG aldehyde signal at 191.9 ppm) and the 

emergence of new, compared to TATANG, peaks from ~110-140 ppm arising from the 

cyanovinylene and phenyl/biphenyl moieties (Figure 6.1b).  
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Powder X-ray diffraction (PXRD, Figure 6.1c, d) and small angle X-ray scattering (SAXS, Figure 6.8 

in Supporting Information) measurements reveal the crystalline nature of both COFs, with 

characteristic diffraction peaks at 2θ = 3.35°(100), 5.7°(110), and 8.7°(210) for pTANG1 and 2.75° 

(100) and 4.75°(110) for pTANG2. Scherrer analysis of the (100) peak width (FWHM= 0.8° and 

0.3° for pTANG1 and pTANG2, respectively) suggests an average crystallite size of at least ~10 nm 

for pTANG1 and ~30 nm for pTANG2. The (001) peak at 2 ∼26° in both COFs corresponds to an 

interlayer stacking of ∼3.5 Å, and its broad appearance is an expected result of the turbostratic 

disorder in 2D COFs. 84 The experimental pattern is in agreement with the simulated XRD patterns 

of the eclipsed (AA) stacking arrangement of the COFs, but we cannot exclude significant (up to 

10 Å) interlayer slippage (Figures 6.9, 6.10 in Supporting Information). Full-profile Pawley 

refinement (Figure 6.1 c,d) confirmed that the diffraction patterns are in agreement with the 

DFT-calculated (HSE06) unit cell for AA stacking arrangement of COFs (a = b = 32.9 Å, c = 3.7 Å, α 

= β = 90°, γ = 120° for pTANG1 and a = b = 39.8 Å, c = 3.7 Å, α = β = 90°, γ = 120° for pTANG2; ≤ 

0.1 Å difference for DFT-calculated and Pawley refined unit cells). 

On the other hand, the Brunauer-Emmett-Teller (BET) analysis of the N2 isotherm at 77 K shows 

a rather low surface area of 132 m2/g for pTANG1 (Figures 6.1, 6.11), possibly a result of the pore 

blockade due to the large interlayer slippage suggested above. Nevertheless, the average pore 

diameter of pTANG1 extracted for the absorption isotherms is 23 Å (Figure 6.1e), in line with the 

simulated pore diameter of 24 Å (the shortest distance between the opposite CN groups). High-

resolution transmission electron microscopy (HR-TEM) of dispersed COFs in N-methylpyrrolidone 

shows that the individual COF particles are made of smaller (≤ 1 m) needles (Figures 6.1g, 6.12). 

The observed lattice in the HR-TEM images illustrates the -stacked layers with an inter-planar 

distance of ∼3.6-3.7 Å of (Figures 6.12, 6.13). 

The selected-area electron diffraction (SAED, Figure 6.1h) pattern of pTANG1 shows the highly 

ordered nature of the particles, and the diffraction pattern is in good agreement with that 

simulated from the Pawley-refined lattice (Figure 6.14, in supporting information). Both COFs 

show high thermal stability up to 400 °C (Figure 6.15). 
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Figure 6.1. a) FTIR, b) CP-MAS 13C-NMR spectroscopy of the pTANG1 (red) and pTANG2 (orange), 
and solution 13C-NMR of CNTANG (yellow), and TATANG (black; the * at 40 ppm corresponds to 
omitted DMSO-d6). c, d) PXRD with full-profile Pawley refinement (Rp = 1.78%, Rwp = 2.55% for 
pTANG1, and Rp = 1.85%, Rwp  = 2.65%) for pTANG2 (dashed; magenta is the residual of 
experimental and refined data) e) N2 adsorption isotherm at 77 K and the corresponding non-
linear density functional theory (NLDFT) pore size analysis. f, g) HR-TEM images of the dispersed 
pTANG2 sample in N-methylpyrrolidone and h) the SAED pattern of the pTANG1. The insets in 
figures c, and d are the zoomed-in graphs of the PXRD pattern. The data in figure c are from SAXS 
for 1-6° and PXRD for 6-60° as indicated by the green line.  
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Scanning electron microscopy (SEM) images of both COFs depict particles consisting of 

aggregated petal-like crystallites of COF (~1 m) (Figure 6.2b, 6.16, 6.17, 6.18). XRD of a single 

needle-like COF particle shows their highly crystalline nature (Figure 6.19, in supporting 

information). The resemblance of the COF particles to the crystals of the TATANG monomer 

(Figure 6.2a, c) and the occassional observation of the hollow tube-shaped COF morphology 

(Figure 6.18, in supporting information) led us to the hypothesis that the COF is growing directly 

on the surface of (poorly soluble) crystals of the monomer. We tested this hypothesis by 

comparing the morphology of the pTANG1 COF synthesized from large TATANG crystals 

(prepared by recrystallization) and from TATANG powder (prepared by grinding the same 

crystals). The SEM shows that the size/morphology of TATANG precursor is maintained in the 

resulting COF (Figure 6.2). We note that the morphology modulation of COFs has drawn 

significant attention in the recent years, in the context of understanding the effect of morphology 

on physical properties (e.g., charge transport, guest absorption rates, etc.) of COFs towards their 

future applications. 62, 85 

 

Figure 6.2. SEM images of TATANG crystals prepared by recrystallization (top left) and fine 
TATANG powder prepared by subsequent grinding (top right). The images on the bottom show 
the different morphologies of pTANG1 COF prepared from the above monomer samples 
(dioxane/EtOH, KOH (4M, aq.), 90 ˚C, 18 h). 
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6.4. Spectroscopic characterization 

Both pTANG1 and pTANG2 are black solids with a broad absorption across the UV-Vis-NIR range, 

and the red edge at 788 nm (1.53 eV) for pTANG1 and 748 nm (1.64 eV) for pTANG2 (Figures 6.3c, 

6.7). This absorption is significantly red-shifted compared to the model compound CNTANG 

(Figure 6.6) due to the extended π-conjugation and the π-π stacking interactions in the COFs. 

DFT calculation (HSE06) of free-standing layers of COFs suggests a direct bandgap energy (Eg) of 

1.60 eV and 1.71 eV for pTANG1 and pTANG2, respectively, at the  point (Figure 6.20, in 

supporting information), very similar to the optical gaps measured from their diffuse-reflectance 

spectra. The band structure of the COFs is characteristic of the hexagonal/Kagome lattice which 

has been previously predicted in other triangulene-based 2D polymers.78, 81 The partial density of 

states (DOS) analysis shows that both HOMO and LUMO are delocalized, but as expected, the 

HOMO has the highest density on the TANG building block, whereas the LUMO has the highest 

density on the arene(dicyanovinylene) linker (Figure 6.20, in supporting information). 

Interestingly, the LUMO band of pTANG1 (-2.85 eV) is significantly lower than that of pTANG2 (-

2.52 eV), despite the smaller size of its linker. This behavior is attributed to the stronger electron-

withdrawing effect of phenylene(dicyanovinylene) compared to biphenylene(dicyanovinylene) 

linkers. Natural transition orbital analysis (NTO) for the first excited state of the CNTANG, as a 

small representative molecule for the pTANG COFs, shows a similar D-A characteristic upon 

photoexcitation with a change of electron density from TANG to phenyldicyanovinylene for the 

S1 excited state (charge transfer of 0.43 electrons for S1; Figure 6.21).  

Photoexcitation of the COF powders anywhere in the UV or Vis part of the spectrum (Figure 

6.23b) results in a strong NIR emission: max = 789 nm, PLQY 1.0 ± 0.2% for pTANG1; max = 730 

nm, PLQY, 1.0 ± 0.2% for pTANG2 (Figure 6.3a). Fluorescence microscopy shows a homogeneous 

emission from all COF particles revealing the same morphology as observed in SEM (Figure 

6.3c,d). The radiative lifetimes of 4.2 ns (for pTANG1) and 2.4 ns (for pTANG2) confirm the 

fluorescence nature of the emission (Figure 6.3b).  
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Figure 6.3. a) Diffuse reflectance (dashed lines) and steady-state fluorescence spectroscopy (solid 
lines) of the pTANG1 (red) and pTANG2 (orange). b) Fluorescence enhancement of the pTANG1 
(top-left) and pTANG2 (bottom-left) and their corresponding lifetimes (top-right for pTANG1 and 
bottom-right for pTANG2, respectively) upon cooling the solid to liquid N2 temperatures; c,d) 
Fluorescence microscopy imaging of pTANG1 c) and pTANG2 d) (inset: enlargement of individual 
needles). Panels c, d have been post-modified from their greyscale images for better visibility. 

 

 

The fluorescence emission intensity of pTANG1 slightly increases (50%) with almost no change in 

the lifetime upon cooling to 77 K (Figure 6.3b). This lack of temperature effect suggests that inter-
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system crossing or exciton quenching (e.g., charge separation and bimolecular annihilation86), 

not the vibrational relaxation is the primary pathway for the non-radiative deactivation in 

pTANG1. In contrast, cooling pTANG2 to 77 K results in a >2-fold increase of fluorescence 

intensity and ~50% longer emission lifetime (Figure 6.3d), suggesting a more significant role of 

vibrational relaxation in this COF. We attribute this behavior difference to higher flexibility of the 

biphenylene linker in pTANG2 compared to phenylene linker in pTANG1.  

To investigate the rigidity of the COFs, we used variable temperature 1H ss-NMR relaxometry and 

studied the spin-lattice relaxation times T1 for both COFs in a 9.4 T (400 MHz) magnet. 87, 88 T1 is 

dominated by molecular motions in the MHz regime and a longer decay time indicates less 

motion as compared to the Larmor frequency (minimum T1 value). 87, 89 Both COFs show a 

monoexponential decay of the integrated 1H-NMR intensity at all studied temperatures (Figure 

6.24), indicative of uniform environment throughout the COF powder. The monotonous decrease 

of T1 up to 100 °C points to the rigid matrix of both COFs with motions slower than 400 MHz. 

Furthermore, the shorter relaxation times in pTANG2 than pTANG1 at all temperatures and its 

more significant temperature dependency (Figure 6.25c) indicate more motions in pTANG2, in 

line with our observed trend of luminescence at different temperatures. DFT calculations further 

confirm that the phenyl in pTANG1 has an approximately two-fold higher rotation barrier as 

compared to the rotation of pTANG2 (7.0 kcal mol-1 versus 3.7 kcal mol-1, Figure 6.22). 

6.5. Effect of humidity on the luminescence of pTANG1 

We found that when the vacuum-dried COF is exposed to humid air, it absorbs a noticeable 

amount of H2O (Figure 6.4a). Deconvolution of 1H solid-state NMR spectra of the dry pTANG1 

exposed to air suggests an average of ~9.2 H2O molecules per unit cell (Figures 6.4a, 6.26, in 

supporting information). Dynamic vapor sorption isotherm (DVS) measurements with H2O 

showed a reversible adsorption/desorption (Figure 6.4b), with water uptake up to 19.5 wt% at 

100% relative humidity, which corresponds to approximately 12 H2O molecules per unit cell. The 

Brunauer–Emmett–Teller (BET) analysis of the DVS data reveals a surface area of 137 m2.g-1, 

which is consistent with the results of N2 isotherm at 77 K (Figure 6.11, in supporting 

information).  



Chapter 6| Page 288  

 

 
 

Unlike oxygen, the absorbed water significantly affects the emission properties of the COFs 

(Figures 6.4c, 6.26, in supporting information). Exposing a vacuum-dried COF sample to high 

humidity (saturated vapor of H2O at room temperature, estimated partial vapor pressure of ~24 

torr) quenches the NIR emission to nearly half the original intensity (Figure 6.4c). Several imine-

linked COFs have been reported to undergo quenching in the presence of water and used in 

water-sensing applications. 90-94 However, none of them can operate in the NIR part of the 

spectrum (which may be important for distant sensing applications due to better penetration of 

NIR light). 

The maximum luminescent quenching happens in about ~20 min after exposure of pTANG1 to 

water vapor (~24 torr of partial water pressure in vacuum), consistent with the timescale of the 

DVS equilibration; Figure 6.3d inset) and shows reversibility over several cycles (Figure 6.3d). 

Luminescence lifetime analysis of the water-absorbed COF shows a decrease in the proportion 

of shorter-lived components compared to dry COF, while longer lifetimes remain almost intact 

(Figure 6.27). This observation suggests the presence of two different emissive sites: (i) the 

shorter-lived species exposed to interaction with the guest molecules and (ii) the longer-lived 

species, presumably in the blocked pores, inaccessible to the guest molecules, preserve the 

exciton from quenching. We have observed a similar phenomenon in halogen-doped 

phosphorescent COFs, in which the presence of mesitylene guest inside the pores substantially 

perturbs the access of oxygen quenchers, allowing for 14-fold increase in lifetime compared to 

the activated COF. 25 



Chapter 6| Page 289  

 

 
 

 

Figure 6.4. a) MAS-1H NMR of the vacuum-dried pTANG1 (green) exposed to air for 30 min (black) 
and dried in the NMR instrument under nitrogen at 100 ˚C for 24 h (red). b) Dynamic vapor 
sorption analysis of pTANG1 showing water uptakes up to 20 w% in 100% humidity. c) 
Luminescent spectra of dry pTANG1 and its quenching in the presence of pure water vapor (RT, 
24 torr). d) Reversible quenching and restoration of the luminescent of pTANG1 upon sequential 
exposure to humidity and vacuum (λem = 780 nm). Inset: luminescence quenching (black) vs. the 
DVS equilibration steps showing that the observed response over 20 min is in line with the water 
absorption kinetics of the COF. 
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6.6. Conclusion 

Here, we report a new synthetic route to highly electron-rich heterotriangulene TANG in 3 steps 

with a 40% yield, almost 2-fold higher than the previously reported six-step procedure. 78, 82, 83 

This compound was used to synthesize the triformyl-TANG (TATANG), a versatile monomer 

capable of forming conjugated COFs via Schiff-base condensation, 95, a  Michael addition-

elimination, 7 aldol condensation, 96 and Knoevenagel condensation. 5 Exploiting Knoevenagel 

condensation of TATANG with 1,4-phenylenediacetonitrile or 2,2'-biphenyl-4,4’-diyldiacetonitrile 

resulted in obtaining the first examples of crystalline COFs with permanent open porosity.  

The resulting crystalline COFs have low band-gap (~1.5 eV) and show bright NIR emission at 700-

1000 nm range with moderate (for this spectral range) quantum yield of ~1% and characteristic 

fluorescence decay time of 2-4 ns. We explored the role of thermal vibrations and environmental 

quenching (by water) on the luminescent properties of the COFs.  

Scanning electron microscopy results suggested that the macroscopic morphology of the COFs is 

determined by that of monomer, leading to the hypothesis that the COF is growing directly on 

the surface of (poorly soluble) crystals of the monomer. This observation may shed light on the 

previously reported COFs with multiple distinct morphologies that were obtained in a single 

reaction for precursors with limited solubility. 97  

Further in-depth analysis of the effect of morphology on the physical and photophysical 

properties of the COFs (e.g., interlayer stacking, porosity, crystallinity, photoluminescence) is 

required to understand the role of morphology in their function. For instance, the stacking 

difference of the two distinct morphologies reported in Figure 6.2 is currently under investigation 

using polarized vibrational microscopy in Prof. Pellerin's group at the University of Montreal.  

Future studies may involve the electrochemical characterization of the COFs, and exploration of 

their electrical conductivity and photoconductivity. The calculated HOMO of -4.4 eV implies that 

 
a We have also synthesized and characterized a series of Sciff-based linked TANG-based COFs, with varying linkage 
sizes, and the study of their luminescence, conductivity and paramagnetism upon I2 doping is underway. 
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p-doping using F4TCNQ or I2 can generate polarons (radical-cations) in the framework, which may 

enhance the electrical conductivity of the COF for device application. 78, 95  

The current data showed that experimental surface area of pTANG1 (130 m2g-1) is ca. 10% of the 

theoretical surface area for AA-stacked arrangement pTANG1. Thus, the porosity of the COF 

requires future optimization. Respectively, methods such as Soxhlet extraction might be 

employed to remove the oligomers and unwanted guests from the pore. 78 CO2 drying can be also 

used to prevent the pore-collapse upon activation and provide high porosity. 98 The optimization 

with the goal of higher porosity is likely to result in better accessibility of the pores and, thus, 

more pronounced environment quenching of luminescence (e.g., by humidity).  

As the first example of NIR-emissive COFs, we envision this work to pave the way toward emissive 

low-bandgap COFs for further applications in two-photon absorption-emission materials15, 

bioimaging/sensing, 99 and NIR light emitting diodes. 100  
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6.9. Supplementary Information 

6.9.1. Synthesis 

 

Scheme 6.2. The synthesis scheme of TANG, TATANG, and CNTANG. 
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Tris(2-fluoro-6-methoxyphenyl)amine (1). A mixture of 2-fluoro-6-methoxyaniline (2.00 g, 14.2 

mmol), 3-fluoro-2-iodoanisole (10.71 g, 42.51 mmol), copper powder (1.80 g, 28.3 mmol) and 

K2CO3 (5.87 g, 42.5 mmol) was added into a 15 ml Pyrex high-pressure tube from ChemGlass. The 

mixture was further degassed and purged with N2 for 5 min. The reaction mixture was then 

stirred up to 220 °C for 72 h. The resulting crude mixture (solid at room temperature) was slowly 

dissolved in 100 ml of aqueous HCl (1 M) and 100 ml CH2Cl2. The obtained crude mixture was 

extracted with CH2Cl2 (3 x 100 ml), washed with brine, dried over anhydrous Mg2SO4, and 

concentrated under vacuum. The residue was purified by column chromatography (SiO2, 

hexanes/CH2Cl2 6:4) to afford the desired 1 (2.98 g, 54%) as a white solid. 1H NMR (500 MHz, 

CDCl3) δ 6.98 (td, J = 8.3, 6.0 Hz, 3H), 6.69-6.62 (m, 6H), 3.59 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 

159.82, 157.86, 156.39, 125.81 (d, J = 10.8 Hz), 123.95 (d, J = 10.8 Hz), 108.78 (d, J = 21.6 Hz), 

56.84. 19F NMR (376 MHz, CDCl3) δ -122.91. 

 

Tris(2-fluoro-6-hydroxyphenyl)amine (2) To a solution of 1 (1.00 g, 2.57 mmol) dissolved in dry 

CH2Cl2 (30 mL) was added dropwise of BBr3 (3.20 g, 12.8 mmol) at -78 °C and stirred for 1h. The 

reaction mixture was then left to slowly warm up to room temperature and stirred for 12 h. After 

the reaction completion (checked by TLC), the reaction was quenched with H2O. The crude 

mixture was extracted with chloroform, washed with brine, and dried under vacuum to give the 

compound 2 as a white solid (0.85 g, 95%), used without further purification for the next step. 1H 

NMR (500 MHz, CDCl3) δ 7.08 (td, J = 8.3, 5.8 Hz, 1H), 6.72 (t, J = 9.0 Hz, 2H), 6.40 (s, 1H). 13C NMR 

(126 MHz, CDCl3) δ 161.71, 159.76, 154.86, 127.68 (d, J = 10.8 Hz), 121.20 (d, J = 13.9 Hz), 108.44 

(d, J = 21.0 Hz). 19F NMR (376 MHz, CDCl3) δ -120.79. 

2,2':6',2'':6'',6-trioxytriphenylamine (TANG): 2 (0.80 g , 2.30 mmol) was dissolved in dry DMF (30 

mL) and added to a 50ml round bottom flask along with K2CO3 (1.60 g, 11.5 mmol). The reaction 

mixture was slowly brought up to 150 °C for 24 h. The solvent was then evaporated by vacuum 

distillation. The obtained crude was purified on a silica gel column using a gradient (0-15%) ethyl 

acetate/hexane to afford the desired compound TANG (0.50 g, 75%) as a pale-yellow solid. 1H 
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NMR (500 MHz, C6D6) δ 6.25 (m, 9H). 13C NMR (126 MHz, C6D6) δ 142.36, 127.89, 116.81, 111.13. 

The 1H and 13C NMR spectra matched those reported previously. 1 

 

4,4',4'''-Tribromo-2,2':6',2'':6'',6-trioxytriphenylamine (TBTANG) (3). TANG (0.500 g, 1.74 

mmol) and pyridinium tribromide (8.35 g, 26.1 mmol) were dissolved in 100 mL 3:2 (v:v) solution 

of Benzene: EtOH. The mixture was then refluxed at 90 °C overnight, during which a yellow 

precipitate was formed. After cooling to room temperature, the crude mixture was filtered out 

and washed with EtOH, affording TBTANG as a yellow solid (0.87 g, 95%) which was used without 

further purification for the next step. The extremely low solubility of the product in organic 

solvents precluded NMR characterization. 

 

4,4',4'''-Triformyl-2,2':6',2'':6'',6-trioxytriphenylamine (TATANG). To a solution of TBTANG (0.10 

g, 0.19 mmol) dispersed in dry THF (2 mL) was added n-butyllithium (0.25 mL, 2.5 M in hexanes, 

0.63 mmol) at -78 °C (acetone/dry ice bath). After two hours, dry DMF (85.0 mg, 1.16 mmol) was 

added into the reaction mixture and the reaction was brought up to room temperature over 1 h 

and continued stirring at room temperature for an extra 1 h. The reaction mixture was then 

quenched with water and the resulting orange crude was filtrated out and washed with excess 

water, acetone, successively, to give TATANG as a red solid (65 mg, crude yield of 92%). The crude 

was then redispersed in toluene in which excess ethylene glycol (0.3 mL, 5.43 mmol), followed 

by a catalytic amount of 4-toluenesulfonic acid monohydrate (6 mg, 0.035 mmol) was added. 

Then the reaction was brought to reflux and stirred until all the crude solids disappeared (ca. 4 

h). The reaction mixture was cooled down to room temperature, quenched with 10 ml of with 

5% w/w aq. sodium hydroxide, and extracted with toluene. The organic phase was dried over 

anhydrous potassium carbonate and the solvent was evaporated under vacuum. The residue was 

then purified using flash column chromatography using 1% triethylamine in 15% EtOAc/toluene. 

The acetal (60 mg, 69%) was unstable and partially converted back to insoluble TATANG after 

column chromatography. Then solvent of this acetal fraction was evaporated under vacuum and 

to the acetal/TATANG mixture was then added concentrated hydrochloric acid (1 mL), acetone 
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(15 mL), and water (1 mL). The reaction mixture was brought to reflux for 1 h, during which light 

orange crystals of TATANG percipitated out of the solution. The reaction mixture was then cooled 

down to room temperature and was filtered out to afford a final yield with (43 mg, 97%). The 

final yield of TATANG was 61%. 1H NMR (500 MHz, DMSO-d6, 100°C) δ 9.71 (s, 1H), 7.06 (s, 2H). 

13C NMR (101 MHz, DMSO-d6,100°C) δ 190.03, 141.88, 133.97, 119.29, 113.22. 

4,4',4'''-Tris(cyanomethyl)-2,2':6',2'':6'',6-trioxytriphenylamine (CNTANG): TATANG (50 mg, 

0.13 mmol) and aryl cyanide (0.42 mmol) were dissolved in dioxane (2 mL), followed by adding 

KOH (0.1 mL) and EtOH (0.25 mL). The reaction mixture was brought up to 90 °C (under Ar, 1 atm) 

overnight. The reaction was then cooled down to room temperature and quenched with 10 ml 

of EtOH:water 1:1. The resulting burgundy precipitates were then filtered and recrystallized in 

DMSO (twice) to afford CNTANG (71 mg, 81%). 1H NMR (400 MHz, DMSO-d6) δ 7.64 – 7.55 (m, 

9H), 7.49 – 7.32 (m, 9H), 7.17 (s, 6H).13C NMR (101 MHz, DMSO-d6) δ 141.59, 140.65, 134.28, 

130.85, 129.50, 129.44, 126.15, 118.07, 115.94, 113.13, 109.92. 

General procedure for model compounds and COFs. TATANG (10 mg, 0.03 mmol) and aryl 

cyanide (0.045 mmol) were dispersed in dioxane (2 mL), followed by addition of EtOH (0.2 mL) 

and KOH (aq. 4M, 0.2 mL). The reaction mixture was brought up to 90 °C (under argon 1 atm) and 

stirred overnight. The resulting solids were collected by Teflon filtration and washed extensively 

with boiling DMF, water, and acetone, until no luminescence color was observed upon washing. 
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6.9.2. Survey of the reported red and far-red emissive COFs 

Table 6.1. A survey of far-red emissive covalent organic frameworks 

 max (nm) Lifetime (ns) PLQY edge (nm) Ref. 

COF-JLU3 601 1.5 10% 700 Z. Li et al., Chem. Commun. 2016, 52, 6613-6616. 2 

Sp2c-COF 622 1.9 14% 750 E. Jin, et al., Nat. Commun. 2018, 9, 4143. 3 

Sp2c-COF-2 606 2.9 10% 720 E. Jin, et al., Nat. Commun. 2018, 9, 4143. 3 

Sp2c-COF-3 609 3.4 6% 700 E. Jin, et al., Nat. Commun. 2018, 9, 4143. 3 

DPP2-HHTP-COF 620,680 0.19 N.A. 870 S. Rager, et al., Chem. Mater. 2019, 31, 2707-2712. 4 

SCU-COF-9d 645 1.39 8% 890 
M. Yuan, et al., Angew. Chem. Int. Ed. 2021, 60, 21250-

21255. 5 

MHzcB-DHTA-COF 635 0.21 3.1% 690 Z. Li, Angew. Chem. Int. Ed. 2021, 60, 19419. 6 

pTANG1 789 4.2 ±0.2 1% 1050 This Work 

pTANG2 730 2.5 ±0.2 1% 980 This Work 
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6.9.3. Air stability test of TANG vs. TATANG 

 

Figure 6.5. Photographs of TANG and TATANG in room light (top) and under UV (ex = 360 nm, 
bottom) for freshly prepared solutions (left) as compared with the solution stored in air overnight 
(right). 
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6.9.4. Photophysical comparison of TANG, TATANG, CNTANG solutions vs. pTANG1 and pTANG2 

COFs 

 

Figure 6.6. Comparison of a) UV-Vis absorption and diffuse reflectance and b) 
photoluminescence of the TANG, TATANG, CNTANG, pTANG1 and pTANG2 COFs. c) the 
solvatochromism of CNTANG, suggesting the CT character of its excited state. 
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Figure 6.7. Tauc plot of diffuse reflectance data of a) pTANG1 and b) pTANG2. 
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6.9.5. Comparison of small angle X-ray diffraction and powder X-ray diffraction for pTANG2. 

 

Figure 6.8. Small-angle X-ray scattering (SAXS) and powder X-ray diffraction (PXRD) data of 
pTANG2, superimposed on each other. The data in Figure 6.1d is a combination of SAXS (2-6°) 

and PXRD (6-60°), in which the SAXS data is normalized to the PXRD data at 2=6°. 
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6.9.6. Structural modeling of pTANG1 COF for AA, slipped stacks and AB 

 

Figure 6.9. XRD simulation of the pTANG1 bilayer unit-cell upon shifting of the layers from pure 
AA to a zigzag AB form. 
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Figure 6.10. The relative intensity of the different stacking modes of the pTANG1 upon slipping 
the layer from AA to AB was obtained from Figure 6.9. 
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6.9.7. BET analysis of pTANG1 

 

Figure 6.11. BET analysis of pTANG1 N2 isotherm at 77 K. R2=0.998. 
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6.9.8. Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) 

 

 

Figure 6.12. HR-TEM images of the dispersed pTANG2 sample in N-methylpyrrolidone. 

 

 

Figure 6.13. HR-TEM images of the dispersed pTANG2 sample in N-methylpyrrolidone. FFT-
enhanced TEM images and the intensity profile showing a repeatable pattern of 0.36 nm in line 

with the expected value for the - stacked layers of COFs. 
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Figure 6.14. a) SAED of pTANG1 petal-like crystals and its simulated pattern based on the Pawley-
refined unit cell (the green SAED), b) the unit cell direction of simulated SAED and c) its 
corresponding stereograph. Simulations were performed using Single Crystal 4.1. software. 
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6.9.9.Thermogravimetric analysis (TGA) of pTANG1 and pTANG2 

 

Figure 6.15. Thermal gravimetric analysis of pTANG1 (solid red line) and pTANG2 (solid orange 
line) and their corresponding first derivate curves (dashed lines) showing high thermal stabilities 
up to 400 ˚C under nitrogen. 
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6.9.10. Scanning electron microscopy (SEM) of pTANG1 and pTANG2 

 

Figure 6.16. Scanning electron microscopy images of a) pTANG1 and b) pTANG2 synthesized 
from recrystallized TATANG precursors. Both COFs show similar morphology to that TATANG 
precursor (Figure 6.2a). 

 

 

  



Chapter 6| Page 317  

 

 
 

 

Figure 6.17. SEM images of pTANG1 with the subsequent zooming show that the large needle-

like COF particles comprise ~1 m COF plates. 

 

 

 

Figure 6.18. SEM images of pTANG1 particles showing hollow tube-shaped structures, 
corroborating formation of the COF on the surface of the TATANG monomer crystals and the 
dissolution of the monomer from the interior throughout the reaction. 
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6.9.11. X-ray diffraction (XRD) of the pTANG1 COF needles 

 

Figure 6.19. XRD of the needle-shaped particles of COFs, showing the polycrystalline nature of 
the particles. 
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6.9.12. Density functional theory calculations 

 

Figure 6.20. The orbital density of HOMO and LUMO of the pTANG1 (top left) and pTANG2 (top 
right) with HSE06 functional, showing that HOMO is mainly focused on TANG whereas the linker 
cyanovinylene groups dominate LUMO. The bottom graphs are the band structure and density 
of states (on the right Y-axis) for pTANG1 and pTANG2. 
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Figure 6.21. Natural transition orbitals (NTOs) for the first singlet excited state (S1) of CNTANG, 
obtained using TD-DFT B3LYP 6-31G(d). 

 

 

Figure 6.22. The energy of pTANG1 and pTANG2 unit-cell upon rotation of phenyl linkers (only 1 
phenyl rotating while the dihedral of the other phenyl was fixed) using relaxed, periodic 
boundary condition DFT calculation (PBC-B3LYP 6-31g(d) using Gaussian 16 software). 
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6.9.13. Effect of dilution on photoluminescence of pTANG1 

 

Figure 6.23. a) The effect of pTANG1 dilution, grounded in KBr, on the luminescence maxima of 
the emission. b) Diffuse reflectance spectra (black) vs. the excitation spectrum of the pTANG1 
(monitored at 780 nm) showing a more efficient excitation at the band-edge energies ~730 nm 
despite its lower absorption cross-section. 

 

6.9.14. NMR relaxometry 

 

Figure 6.24. a,b) T1 relaxation time measurement at different temperatures and their 
corresponding exponential fitting for pTANG1 (a) and pTANG2 (b). c) the T1 values of COFs vs. 
temperature show that atomic motions in pTANG1 are closer to the Larmor frequency with a 
faster decay over time, compared to pTANG2. 
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6.9.15. Characterizations of water absorption effects 

 

Figure 6.25. Effect of dry air, vacuum, and water vapor on the emission intensity of pTANG1. 
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Figure 6.26. The deconvolution of the MAS-1H NMR spectra of as-synthesized COF. Number of 
water per symmetric COF unit cell was then calculated according to 30HAr:2n Hwater. 
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Figure 6.27. TCSPC lifetime analysis of the dry pTANG1 powders and the COF after humidity 
absorption (left is the linear intensity and right is logarithmic intensity) showing that only the 
short-lifetime species are affected by the water absorption. 
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7.1. Discussion and outlook for future studies 

7.1.1. On the room-temperature phosphorescence in molecular solids 

Room temperature phosphorescence (RTP) has attracted increasing attention due to its peculiar 

photophysical process and potential applications, such as time-gated biological 

imaging/sensing,1, 2 anti-counterfeiting, and data encryption,3, 4 light-emitting,5-9 and 

photovoltaic diodes,10 nanowire lasing,11 amplified photon up-conversion12 and 3D displays.13 

Nearly all efficient phosphors are inorganic and organometallic complexes, and pure organic 

molecules capable of emitting efficient RTP (ORTP) are scarce. The quest to design ORTPs is for 

the promising advantages over their metal-containing counterparts, including reduced toxicity 

and environmental footprint, longer emission lifetimes, lower cost, and inexhaustible tunability 

of photophysical properties. 

The scarcity of ORTPs arises from organic compounds' weak spin-orbit coupling to allow the spin-

forbidden processes for both the generation of T1 from an excited singlet state (usually S1) and 

its radiative emission (transition from T1 to S0). Thus, most organics fail to populate the excited 

triplet state, and even if T1 is formed, phosphorescence is most frequently outcompeted by non-

radiative pathways, such as vibrational deactivation or quenching. Nevertheless, over the past 

several years, pure organic luminophores have been gradually developed to reach long-lived, 

efficient RTP through meticulous molecular and supramolecular designs.14, 15 Intra-molecular 

designs such as incorporating heavy atoms (e.g., Br, I, Te, etc.)16-21 and moieties capable of n-π* 

and π-π* transitions (for example, carbonyl, carboxyl, or triazine derivatives; El Sayed's rule)3, 22-

25 have been the prime design choices for ORTP scaffolds. 

 In turn, to inhibit competitive non-radiative deactivation pathways, ORTPs typically have to be 

embedded in rigid matrices such as polymers26-28 and molecular crystalline23, 29-31 solids. Triplet-

triplet annihilation, where two T1 states encounter one another and annihilate, has also been 

shown to play a prominent role in quenching the phosphorescence emission in pure crystals. As 

such, dilution of the precursors in rigid matrices, e.g., doping host crystals4, 32-36 or isolation of 

the phosphorescent centers in the crystal structure,28 have been used for efficient ORTPs. To this 

end, despite all the advances in molecular design and strategies to enhance the efficiency of 
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ORTPs, the field is still in its early stages, and the optimization of luminescent properties in ORTPs 

is still an empirical exercise. 

Our acquaintance with the ORTPs was based on a serendipitous discovery of highly 

phosphorescence trioxoazatrangulenes (TANGOs). Initially, we designed and synthesized 

TANGOs and exploited them to achieve highly ordered 2D polymers showcasing semiconducting 

behavior with Dirac cones and high charge mobility.37 Meanwhile, the unexpected solid-state 

luminescence of HTANGO and TBTANGO caught our attention since planar organic molecules 

tend to undergo aggregation-caused quenching, especially in the presence of halogen and 

carbonyl groups.32, 38 Thus, we sought to determine the nature of TANGO's emission properties 

and found that it is indeed phosphorescent. By exploring other derivatives of TANGO, we 

discovered that the phosphorescence/fluorescence emission could be easily tuned in these 

molecular crystals through the rotational alignment of their molecules in the π-stacked crystals 

as a result of the steric bulkiness of the substituents.39 

Since ORTPs are scarce, extending the scope of organic molecules capable of RTP is the key to 

uncovering practical design principles for these materials. In this thesis, we have addressed 

aspects concerning this challenge. In Chapters 2 and 3, we developed materials without heavy 

atoms and achieved highly efficient phosphorescence in these solids, starring HTANGO with a 

42% phosphorescent quantum yield.  

It is noteworthy to mention the role of impurities in the photophysics of these crystalline 

materials. The first discovered pure crystalline ORTPs probably originated from a small amount 

of impurities, as noted in the 1930s.40 These impurities, mainly introduced during the synthesis, 

are not typically emissive in the pure form; however, when doped in a host, they dramatically 

affect the luminescence of organic crystals.34 Several works in recent years have used doping as 

a deliberate introduction of impurities to achieve highly phosphorescent solids,30, 41, 42. In this 

context, the fundamental question of "what is a spectroscopically pure crystalline material?" is 

still open to debate. 

For example, carbazole moieties have been one of the most common components of ORTPs, and 

several derivatives of it have been studied in the hope of extracting structure-property 
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relationships behind ORTP solids.43-50 However, a recent work by Bin Liu and coworkers showed 

that <0.5 mol% carbazole isomeric impurities present in commercial sources are responsible for 

the majority of the observed ultra-long phosphorescence in these materials, whereas a highly 

pure lab-synthesized carbazole failed to show any observable phosphorescence.34 

During our investigations, we also found that ultra-low levels of impurities, undetectable by NMR, 

which are structurally similar compounds introduced during synthesis, profoundly influence the 

luminescent properties of organic crystals. For example, TANGO solids washed with organic 

solvents (excessive washing with CHCl3, acetone, and ethanol) after the reaction showed a dual 

fluorescence/phosphorescence emission with only 8% photoluminescence quantum yield 

(PLQY). Sequential purifications reduced the fluorescence portion of the spectra, and the 

quantum yield of the crystals surged to 42% with only pure phosphorescence emission (Figure 

7.1).  

For future explorations of pure organic crystals, we recommend a rigorous examination of 

impurities and acquiring photophysical characteristics (for example, spectra, lifetimes) at each 

level of successive purification until these properties converge and remain unchanged upon 

further subsequent purifications. 

  

Figure 7.1. Steady-state spectra of the subsequently purified HTANGO after synthesis, showing 
the emergence of luminescent properties after five times sublimations, upon which the 
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fluorescence emission arising from impurities (~475 nm) is removed and the quantum yield 
dramatically enhanced.  

 

Following the finding of Chapters 2 and 3, our group began exploring other possible structural 

designs based on acridone to expand the scope of organic phosphors and push the boundaries 

of ORTPs into other photophysical domains (e.g., near-Infrared NIR emission, thermally activated 

delayed fluorescence TADF, semiconductivity, etc.) in the hope of understanding principles 

underlying these materials. 

Quinacridones (QAc) have received significant attention for their stability and promising optical 

and semiconducting properties, featuring some commercial pigments used to date.51-53 The 

extended π-conjugation of QAcs significantly reduces the band-gap and potentially allows for 

synthesizing NIR-emissive ORTPs and/or those with semiconductive behavior.  

N,N’-Dimethylquinacridone (compound 7.1) was synthesized as a potential semiconducting 

phosphor (Figure 7.2). The proposed compound 7.1 showed phosphorescence at room 

temperature. However, studying the photophysics of QAc derivatives proved difficult due to their 

low solubility and polymorphic nature, which requires additional scrutiny to establish the 

photophysics-structure relations. 52, 53 

 

Figure 7.2. Acridone-based ORTP molecules currently under investigation in the Perepichka 
group.  
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We further designed non-symmetrical Ar1N-NAr2 carbazole-coupled acridones (compound 7.2). 

The N-N bond provides almost 90˚ alignment of the coupled moieties. Using this scaffold, twisted 

donor-acceptor structures could also be designed to study the effect of electronics and crystal 

packing on the ORTP of these compounds. The highly twisted structure also allows for the 

potential emergence of TADF. TADF, by which the singlet and triplet states can easily interconvert 

(through intersystem crossing  reversed-intersystem crossing) due to small singlet-triplet 

energy gaps (ΔEST), has become a hot research topic in recent years.54 A particular interest for 

these materials is their ability to utilize the non-emissive triplet states produced upon 75% of 

charge recombination events in light-emitting diodes and partially convert them into an emissive 

singlet state. This strategy allows for theoretical electroluminescent internal quantum yields of 

100% compared to the 25% limit of fluorescent LEDs. A common strategy to achieve TADF is the 

design of twisted donor-acceptor moieties which separate the HOMO and LUMO orbitals, 

resulting in very small ΔEST. We synthesized compound 7.2, showing highly phosphorescent 

crystalline solids, and we are currently investigating its photoluminescent behavior as well as 

different permutations on the carbazole (donor) and acridone (acceptor). 

 

Figure 7.3. Energy level diagram depicting the a) phosphorescence emission and b) TADF 

emission depending on the energy gap between singlet and triplet excited states EST. 

 

Another relevant strategy toward TADF materials is the separation of HOMO-LUMO by the multi-

resonance effect (MRE).55 Having multiple influences on the resonance structure from different 

functional groups or heteroatoms present in the molecule induces the localization of the HOMO 
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and LUMO on different atoms. This minimizes the exchange energy between the electrons 

separated by excitation, resulting in very small ΔEST.56 We have designed TANGO mimics, with 

open bridges or direct C-C bridges (carbazolyl moiety) instead of carbonyls of TANGO (7.3 and 

7.4), and their photophysics is currently under investigation in the Perepichka group.  

There still exist several knots to be untangled in the field of ORTPs. Efficient NIR-emissive RTP 

solids are also very rare,57 mainly because ultralong triplet lifetimes of organic materials (s-s) 

make vibrational decays (ca. ps) highly effective non-radiative relaxation pathways for the triplet 

exciton. A possible solution to this challenge can be using low-bandgap π-conjugated polymers 

with enhanced ISC to result in NIR-RTP. The narrow band gap might also result in charge transport 

and semiconducting possibilities for further use as phosphorescence LEDs.5 

Up to here, we mainly discussed the intrinsic nature of the triplet and singlet excitons in a solid; 

nonetheless, their dynamics play a significant role in determining the luminescent outcomes of 

the materials as well as the performance of optoelectronic devices.58 Although the effect of 

triplet dynamics in molecular solids has been acknowledged, the nature of exciton dynamics is 

not well understood. Exciton dynamics is naturally a highly complex phenomenon, and its 

detection methods typically require complex characterization techniques,59 thus making the 

engineering of delocalized excitons in organic solids a far-reaching goal. 

In 2015, Hildner and coworkers reported that singlet excitons in carbonyl-bridged triphenylamine 

derivatives (having TANGO, termed CBT in the article, as the core) could propagate on several 

micron distances at room temperature, limited by the size of their aggregated fibers. Their 

designed dye molecules form an H-aggregate system (cofacial alignment of monomers).60 Two 

years later, Aspuru-Guzik et al. provided a detailed theoretical analysis of exciton transport in 1D 

chains of TANGO-based dyes and suggested that the singlet exciton transport should be about 5-

10 times shorter than the reported experiments by Hildner et al. unless other processes such as 

triplet exciton transport are involved.61 Our discovery of the bright phosphorescence emission of 

TANGOs with co-facial alignment (described in Chapter 2) further strengthened the possibility of 

triplet exciton transport in Hildner's report. 
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We further discovered that when the tip of a large crystal of HTANGO is excited via a focused UV 

spot, the whole crystal will glow, with the emission exhibiting a monotonic redshift as one moves 

away from the excitation source (Figure 7.4.). Conversely, the crystals of tBuTANGO, which did 

not exhibit RTP in the solid state, did not show such behavior and only emitted at or near the 

excited spot. This observation also eliminates the waveguide effect as an explanation for 

HTANGO's spatially resolved emission based on the similar size and morphology of tBuTANGO 

and HTANGO crystals. This observation led us to believe that the triplet states in HTANGO 

undergo the migrations over ultra-long ranges responsible for these observations. In this context, 

V. Padzorov and coworkers have shown that triplet exciton diffusion in rubrene (a bench-mark 

organic semiconductor) occurs over micrometer distances (2-8 μm), whereas singlet excitons can 

only diffuse over nanometer distances (10-50 nm).59  

Such long exciton diffusion could be revolutionary to organic photophysics and optoelectronics,62 

since exciton transport in organic materials is one of the key parameters in photovoltaics and 

quantum entanglement devices.63 To investigate our described observation of the TANGO 

crystals in detail, we have established a collaboration with the molecular photophysical research 

group of Prof. A. Monkman at Durham University.  

 

Figure 7.4. The gray scale intensity of the captured photographs (bottom) graphed vs. length of 
the a) HTANGO single crystal b) tBuTANGO single crystal. 

 



Chapter 7| Page 333  

 

7.1.2. On exploiting Covalent Organic Framework as predictable RTP solids 

A general challenge we faced while exploring organic solids to establish structure-

photoluminescent relationships was the ever-lasting formidable problem of crystal structure 

predictability (CSP).64, 65 Although significant research has been done on CSP, the complexity of 

molecular interactions has kept the field nearly at a similar pace, as it was in the 1980s when 

John Maddox, editor of the journal “Nature” – a chemist and physicist by training – stated that 

"One of the continuing scandals in the physical sciences is that it remains in general impossible to 

predict the structure of even the simplest crystalline solids from a knowledge of their chemical 

composition."66 

A possible solution to this problem is to instead exploit self-assembled materials, such as covalent 

organic frameworks (COFs), as structurally predictable solids for our purposes.67, 68 Since Yaghi's 

pioneering work, COFs have attracted a great deal of interest in materials chemistry.69 Their 

ordered 2D/3D structures enable the design of new topologies previously unexplored in 

molecular solids, and the final topology of the COF can be readily predicted using an 

understanding of the rules of reticular chemistry (knowledge of the symmetry of the precursor 

and linkers).65 At the same time, strong covalent bonding between the units provides remarkable 

stability and potentially strong electron coupling. Nevertheless, in this thesis, our interest in 2D-

covalent organic frameworks is mainly due to the reticular aspect of COF design.  

There has been significant progress and interest in the design and synthesis of fluorescent COFs. 

70-74 However, RTP COFs remained unexplored until our recent work on covalently doped 

phosphorescent COFs (in Chapter 5). We showed that in-situ doping of the COF backbone with 

heavy atom-containing isostructural building blocks does not significantly perturb the COF 

topology but substantially increases the intersystem crossing. The COF's rigidity minimizes the 

triplet states' vibrational relaxation, while the separation of excitons suppresses triplet-triplet 

annihilation. Using this approach, we successfully synthesized and characterized 12 highly 

emissive COFs with different dopants and doping concentrations. The well-defined porous nature 

of the doped COFs provides a unique opportunity for rapid access/utilization of the triplet 

excitons and results in ratiometric oxygen sensing with an ultra-wide dynamic detection range 

and fast response time.  
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In the future, one might expand the covalent-doping strategy into other more stable and robust 

COFs, such as the Schiff-base75 and olefin-linked COFs,71, 76 that will also lead to narrower band 

gaps and potential electrical conductivity. In Chapter 5, we show that phosphorescent COFs show 

a strong TTA-induced delayed fluorescence that can be tuned via dilution of the phosphor. 

Further investigations are required to understand the nature of the triplet exciton transport and 

their inter/intra-layer energy transport contributions. Furthermore, one might utilize the open 

porosity of the COFs to externally dope and achieve phosphorescence emission of the guests 

embedded in the porous and rigid COF matrix. 

7.1.3. On advances in the synthesis of functional COFs 

Our interest in COFs started even before the discovery of phosphorescence in TANGOs. As a 

symmetric and planar building block, TANGO is deemed an ideal precursor for 2D-polymer 

formation. In collaboration with the surface scientists and physicists in the Rosei group, we made 

the first mesoscale monolayer 2D- conjugated polymers on Au surface.37 We explored their exotic 

electronic behaviour, including high charge mobility and Dirac cone, which has remained state-

of-the-art in the field. In 2019, we reported highly emissive (up to 52% PLQY) vinylene-linked 

COFs using aldol condensation of 1,3,5-trimethyltriazine and later discovered their 2D/3D inter-

layer [2+2] reversible cycloaddition.77, 78 Concurrently, we reported crystalline 2D- 

trioxaazatriangulene (TANG)-linked COFs using Schiff-base condensation of triamino TANG with 

2,5-dihydroxyterephthaldehyde, resulting in semiconducting and paramagnetic property.79  

Boroxine and dioxaborole linkages are two of the most widely used synthons in COF formation 

and have been exploited in the design of fluorescent COFs for over a decade.72, 80, 81 Our attempts 

to realize boroxine- and dioxaborole-linked TANGO COFs (Figure 7.5), however, proved 

challenging due to the insolubility of the multifunctional tri-boronic acid TANGO (TBOTANGO) 

and its subsequent protodeborylation in the presence of water, the byproduct of condensation.82 

Additionally, most formed COFs suffer from optical impurity due to the partial oxidation of the 

catechol linkers, which drastically perturbs the luminescence of the resulting COF.83 Thus, we 

called for a novel reaction route to make the TANGO-based COFs from more stable and soluble 

precursors, for example, tris(pinacolyl boronate ester)TANGO (TBpinTANGO) instead of 

TBOTANGO as in conventional synthesis. 
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Figure 7.5. Proposed reaction routes toward boroxine (TANGO-BCOF1) and dioxaborole (TANGO-
DCOF1) -based COFs from TANGO. The conventional route (top route) is challenging for the 
insolubility of the TBOTANGO and its proto-deborylation in reaction conditions. The bottom 
route using our reported metathesis (right) and transesterification (left), however, overcomes 
those challenges by using the highly soluble TBpinTANGO without the production of water. 

 

In chapter 4, we have provided a solution to boroxine and dioxaborole synthesis challenges. We 

were able to solve the solubility and stability issue of the multifunctional arylboronic acids and 

catechols, using Bpin-protected arylboronic acids and methylboronic acid-protected catechols 

instead, with superior stability and solubilities compared to the free counterparts. The altered 

equilibrium conditions (reaching Keq~1) allowed for a more efficient error-correction mechanism, 

in some cases leading to highly crystalline COFs. Furthermore, in the metathesis reaction, the 

byproduct is methylboronic pinacolate ester, which allows the use of hydrolytically unstable 

precursors (as showcased in the synthesis of B2HHTP). Using our developed metathesis and 

transesterification reactions, we have synthesized TANGO-DCOF1 and TANGO-BCOF1 (Figure 

7.5). Their photophysics and structural characterizations are currently under investigation in 

Perepichka group. 

This work has opened endless possibilities to explore functional building blocks of the COFs, for 

example, the exploration of large π-conjugated structures of multivalent boronic acids with more 

than four substitutions such as hexakisBpin hexabenzocoronene (Figure 7.4).  
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Figure 7.6. Synthesis of hexakisBpin hexabenzocoronene and its proposed boroxine-linked COF 
using transesterification. The reported reaction conditions are I) PhOPh, 250 °C, 24 h; II) FeCl3 (in 
MeNO2), DCM, RT. III) HBpin, [Ir(OMe)cod]2, cyclopentyl methyl ether, 80 °C, 48 h.84 

 

Furthermore, the faster equilibrium conditions in transesterification inspired us to use 

mechanochemical force to drive the reaction. Mechanochemistry provides green synthesis 

aspects to COF synthesis and opens future possibilities for large-scale production and 

exploitation of new materials that cannot be synthesized in conventional solvothermal 

synthesis.85 To date, only Schiff-base linked covalent organic frameworks have been prepared by 

mechanochemistry, mainly due to the spontaneous imine condensation reaction at room 

temperature and its subsequent favor of equilibrium toward the products (COF).86-88 In this 

context, boroxine and dioxaborole-based COF formation, as highly reversible reactions, have not 

been realized using mechanochemistry. 

In collaboration with the Friščić group, we used trimethylboroxine, a condensed form of 

methylboronic acid, as the mediator of the COF formation reaction to synthesize crystalline 3D 

and 2D COFs at room temperature in 30 min. Our mechanochemically synthesized COFs require 

only 50 μL of solvent/100 mg of COF using ball-milling or resonance acoustic mixing techniques, 

incomparably more efficient and greener than the conventional reaction, which requires 72 h of 

reaction time at 120 °C, and >6 mL/100 mg of COF.73, 83  

Chapter 6 reports the first NIR-emissive covalent organic framework as a similarly scarce class of 

emissive solid-state materials to ORTPs. Aggregation-caused quenching and effective vibrational 

relaxation at room temperature has made synthesizing organic NIR-emissive solids a formidable 
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challenge.89 In this chapter, we show the effects of linker electronics, temperature, structural 

flexibility, and humidity on the NIR emission of the COFs, hoping to pave the way toward the 

rational design of these materials for optoelectronic applications. In the future, exploring other 

donor-acceptor emissive building blocks could be the initial step toward expanding the scope of 

NIR emissive solids. Furthermore, photocleavable and bioactive molecules could be implemented 

in these COFs for targeted drug release and imaging.  
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7.2 Contributions to original knowledge  

In Chapter 2, we explored the relationship between crystal structure and luminescent properties 

in azatriangulenetrione (TANGO) derivatives. Following our serendipitous discovery of highly-

efficient ORTP in HTANGO crystal (PLQY up to 42%), we synthesized and investigated a series of 

new TANGO derivatives with different halogen and t-Bu substituents (TCTANGO, TBTANGO, 

TITANGO, and tBuTANGO). Despite similar photophysical properties in solution, these derivatives 

show either pure fluorescence or almost pure phosphorescence in the solid state, depending on 

their packing. Using X-ray crystallography and DFT calculations, we showed that the rotation of 

the molecules within the columnar π-stacks, controlled by the steric bulkiness of the substituent, 

is responsible for the different luminescent properties. The findings of this chapter are published 

as an article: E. Hamzehpoor, D. F. Perepichka, "Crystal Engineering of Room Temperature 

Phosphorescence in Organic Solids." Angew. Chem. Int. Ed. 2020, 59, 9977-9981. 

 

In Chapter 3, we have synthesized a series of six N-substituted acridone dyes, a structurally 

similar class of molecules to TANGOs, to further understand the effect of crystal structure on 

their luminescent behaviour. We designed a group of substituents with varying electronic and 

steric effects: N-methyl, N-phenyl(Ph), 4-CNPh, 4-OMePh, 4-tBuPh, and 4-SF5Ph. According to 

solution photophysics and DFT-analysis, we showed that the N-substitution has not perturbed 

the electronic level of the acridone core. However, varying RTP emission and, in some cases, 

triplet-triplet annihilation (TTA)-induced delayed fluorescence was observed in the derivatives 

crystalline solids. This data led us to find a strong correlation between the acridone crystal 

packing and their TTA efficiency; TTA appeared strong in N-aryl acridones with small substituents, 

i.e., Ph, OMePh, and CNPh with antiparallel π-stacks; however, it was measurably weaker in 

MetAc with co-parallel π-stacks (despite shorter π-distances) and non-existent in the other 

derivatives with isolated π-dimers. 

The findings of this chapter are published as an article: E. Hamzehpoor, C. Ruchlin, Y. Tao, J. E. 

Ramos-Sanchez; H. M.Titi, G. Cosa, D. F. Perepichka, "Room Temperature Phosphorescence vs. 

Triplet–Triplet Annihilation in N-Substituted Acridone Solids." J. Phys. Chem. Lett. 2021, 12, 6431-

6438. 
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In Chapter 4, we addressed the insolubility and instability of the arylboronic acids and 

polyfunctional catechols challenges in the synthesis of boroxine and dioxaborole-linked covalent 

organic framework (COF). We designed a versatile synthetic approach using transesterification 

(or metathesis) of pinacol arylboronates with methylboronic acid-protected catechols (MBA; or 

corresponding MBA-protected catechols) which are highly soluble, easy to purify, and bench-

stable compared to free arylboronic acids and catechols used in conventional COF synthesis. 

Furthermore, the designed metathesis reaction does not form water as a byproduct, nor does it 

rely on it for the reversibility and error-correction mechanism (critical for achieving crystallinity). 

This opens the possibility of exploiting hydrolytically unstable building blocks. We confirmed the 

generality of this synthetic strategy by comparing it with seven known COFs, earlier prepared by 

the classical boronic acid/catechol condensation. To further showcase the applicability of this 

synthetic method, we obtained two novel COFs, Py4THB and B2HHTP, which synthesis was 

previously precluded by the insolubility/instability of the boronic acid precursors. The 

dioxaborole COFs synthesized using a metathesis polymerization have higher optical purity and 

low density of defects vs. those synthesized by conventional polycondensation due to the 

elimination of unprotected, chemically sensitive catechols. In addition to being a valuable new 

tool for the design/synthesis of new COFs, our approach introduced the use of liquid NMR to 

study the mechanistic studies of COF formation, for the first time. The findings of this chapter are 

published as: E. Hamzehpoor; A. Jonderian; E. McCalla; D. F. Perepichka; "Synthesis of Boroxine 

and Dioxaborole Covalent Organic Frameworks via Transesterification and Metathesis of Pinacol 

Boronates." J. Am. Chem. Soc. 2021, 143, 13274-13280.  

 

In Chapter 5, we reported a novel strategy for the design of phosphorescent COFs via in-situ 

doping of halogen-containing precursor molecules in the non-substituted COF building block for 

the first time. Such covalent doping allowed the optimization of RTP efficiency (phosphorescence 

quantum yields ≤ 29%, total photoluminescence quantum yields ≤ 40%) in COFs and the control 

of the phosphorescence/fluorescence ratio using different dopants and doping concentrations. 

We found that the solvent (mesitylene) guest molecules partially suppress oxygen permeation 

through the COF pores, allowing us to achieve RTP in air. The permanent porosity endows the 
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COFs with highly dynamic O2-sensing capabilities of more than eight orders of magnitude (from 

762 to 10−5 torr). Cumulatively, in this work, we established the principles for the rational design 

of phosphorescent COFs. The findings of this chapter are published as: E. Hamzehpoor, C. Ruchlin, 

Y. Tao, C.-H. Liu, H. M. Titi, D. F. Perepichka, Efficient room temperature phosphorescence of 

covalent organic frameworks through covalent halogen doping. Nat. Chem. 2023, 18, 83-90. 

In Chapter 6, we explored p-conjugated (cyanovinylene-linked) covalent organic frameworks 

based on trioxaazatriangulene (TANG) building blocks as the first example of near-infrared (NIR) 

emissive covalent organic frameworks (COFs). Previous challenges regarding the TANG molecule 

synthesis (<20% in 6 steps) were overcome in this work by developing a new synthetic strategy 

to improve the yield to 40% in 3 steps. Knovenagel condensation of aryldiacetonitriles resulted 

in crystalline and porous (cyano-vinylene-linked)-COFs with robust C=C covalent links between 

the monomers that bring outstanding stability to the framework and enhance the π-conjugation. 

We found that the partial charge transfer between the TANG nodes and the linker allows for 

small band gaps as low as 1.54 eV and results in NIR emission with max = 789 nm extending up 

to 1100 nm with ~1.0% efficiency in the solid-state. The NIR emission could be easily tuned via 

the strength of electron-withdrawing cyano-vinylene linkers, as well as the flexibility of the linker 

in the solid framework. Furthermore, we found that COFs absorb ~20 wt.% water despite the lack 

of strong H-bonding motifs in the pores, resulting in quenching their emission (almost half of the 

intensity of dried samples). We further discovered that the macroscopic morphology of the COF 

matches the initial morphology of the reactants which could be used as a means to synthesize 

needle-shaped or small dispersed particles. 

7.3. Conclusion 

Overall, in this thesis, we present three new families of phosphorescent materials: substituted 

trioxoazatriangulenes (in Chapter 2), N-alkyl and N-arylacridones (in Chapter 3), and covalently 

doped Halogen-containing boroxine-linked COFs (in Chapter 5), furthering our understanding of 

the effect of molecular interactions on the ORTP of organic solids.  

While exploring RTP solids, we developed a new reaction route toward optically pure boroxine- 

and dioxaborole-linked COFs (in Chapter 4) and synthesized the first NIR-emissive COF using 
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trioxaazatriangulene (Chapter 6). Thus far, our achievements in this thesis to understand the 

luminescent nature of organic solids can be accounted as pebbles and shells on the shore "whilst 

the great ocean of truth with myriads of charms and intrigues lay all undiscovered before [us]" 

(referring to the quote by I. Newton).90 
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Appendix 1. NMR  and HRMS data from Chapter 2 

HRMS of HTANGO 

 

 

HRMS of TCTANGO 
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HRMS of TBTANGO 

 

 

HRMS of TITANGO 
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1H NMR (500 MHz, CDCl3) of trimethyl 6,6',6''-nitrilotris(3-(tert-butyl)benzoate). 

 

13C NMR (126 MHz, CDCl3) of trimethyl 6,6',6''-nitrilotris(3-(tert-butyl)benzoate).
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1H NMR (500 MHz, CDCl3) of tBuTANGO 

 

13C NMR (126 MHz, CDCl3) tBuTANGO 
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1H NMR (500 MHz, CDCl3) of trimethyl 6,6',6''-nitrilotris(3-chlorobenzoate)  

 

13C NMR (126 MHz, CDCl3) of trimethyl 6,6',6''-nitrilotris(3-chlorobenzoate)  
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1H NMR (500 MHz, CDCl3) of trimethyl 6,6',6''-nitrilotris(3-bromobenzoate) 

 

13C NMR (126 MHz, CDCl3) of trimethyl 6,6',6''-nitrilotris(3-bromobenzoate) 
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1H NMR (500 MHz, CDCl3) of trimethyl 6,6',6''-nitrilotris(3-iodobenzoate)

 

13C NMR (126 MHz, CDCl3) of trimethyl 6,6',6''-nitrilotris(3-iodobenzoate) 
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Appendix 2. NMR Spectra and HRMS data from Chapter 3 

HRMS of SF5Ac 
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1H NMR (500 MHz, CDCl3) of SF5Ac 

 

1H NMR (500 MHz, CDCl3) of SF5Ac zoomed in the aromatic region. 
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13C NMR (126 MHz, CDCl3) of SF5Ac 

 

13C NMR (126 MHz, CDCl3) of SF5Ac zoomed in the aromatic region. 
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19F NMR (376 MHz, CDCl3) of SF5Ac 
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Appendix 3. TD-DFT data from Chapter 3 

1.MetAC: 

1.1. Gas-phase: 

Orbital Topology: 
60*(L+4): π* (Ac) 
59*(L+3): σπ* (MetAc) 
58*(L+2): π* (Ac) 
57* (L+1): π* (Ac) 
56* (L): π* (Ac) 
55 (H): π (Ac) 
54 (H-1): n (C=O) 
53 (H-2): π (Ac) 
52 (H-3): π (Ac) 
51 (H-4): π (Ac) 
 
- Singlet: 
Excitation energies and oscillator strengths: 
  Excited State   1:      Singlet-A      2.8651 eV  432.73 nm  f=0.0001  <S**2>=0.000 
      54 -> 56         0.70092 
 Excited State   2:      Singlet-A      3.4223 eV  362.28 nm  f=0.0863  <S**2>=0.000 
      53 -> 56        -0.14121 
      55 -> 56         0.67996 
  
- Triplet: 
Excitation energies and oscillator strengths: 
  Excited State   1:      Triplet-A      2.2501 eV  551.02 nm  f=0.0000  <S**2>=2.000 
      53 -> 56         0.22840 
      55 -> 56         0.66002 
  Excited State   2:      Triplet-A      2.5465 eV  486.89 nm  f=0.0000  <S**2>=2.000 
      54 -> 56         0.69425 
      54 -> 60        -0.11950 
Excited State   3:      Triplet-A      3.1182 eV  397.62 nm  f=0.0000  <S**2>=2.000 
      51 -> 58         0.18022 
      52 -> 57        -0.12517 
      53 -> 56         0.60753 
      55 -> 56        -0.23717 
      55 -> 59        -0.10702 
  Excited State   4:      Triplet-A      3.2650 eV  379.74 nm  f=0.0000  <S**2>=2.000 
      51 -> 56         0.15847 
      51 -> 59         0.14301 
      52 -> 56         0.46000 
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      53 -> 58         0.21234 
      55 -> 57        -0.40984 
      55 -> 58        -0.11316 
Excited State   5:      Triplet-A      3.7774 eV  328.23 nm  f=0.0000  <S**2>=2.000 
      51 -> 56         0.46478 
      53 -> 58         0.15524 
      55 -> 57         0.43535 
      55 -> 58        -0.23386 
 
 

1.2. CHCl3 solvated: 

Orbital Topology: 
60*(L+4): π* (Ac) 
59*(L+3): σπ* (MetAc) 
58*(L+2): π* (Ac) 
57* (L+1): π* (Ac) 
56* (L): π* (Ac) 
55 (H): π (Ac) 
54 (H-1): n (C=O) 
53 (H-2): π (Ac) 
52 (H-3): π (Ac) 
51  
 
- Singlet: 
Excitation energies and oscillator strengths: 
 Excited State   1:      Singlet-?Sym    3.0128 eV  411.52 nm  f=0.0002  <S**2>=0.000 
      54 -> 56         0.70116 
Excited State   2:      Singlet-?Sym    3.2891 eV  376.95 nm  f=0.1527  <S**2>=0.000 
      53 -> 56        -0.10171 
      55 -> 56         0.69212 
  
- Triplet: 
Excitation energies and oscillator strengths: 
 Excited State   1:      Triplet-?Sym    2.3688 eV  523.40 nm  f=0.0000  <S**2>=2.000 
      53 -> 56         0.14023 
      55 -> 56         0.68715 
Excited State   2:      Triplet-?Sym    2.9037 eV  426.98 nm  f=0.0000  <S**2>=2.000 
      54 -> 56         0.69417 
      54 -> 60         0.11913 
 Excited State   3:      Triplet-?Sym    3.1863 eV  389.11 nm  f=0.0000  <S**2>=2.000 
      51 -> 58        -0.19434 
      52 -> 57        -0.14659 
      52 -> 58        -0.10195 
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      53 -> 56         0.61888 
      55 -> 56        -0.13785 
      55 -> 59        -0.14757 
Excited State   4:      Triplet-?Sym    3.2974 eV  376.01 nm  f=0.0000  <S**2>=2.000 
      51 -> 56         0.22982 
      51 -> 59         0.15014 
      52 -> 56         0.42374 
      53 -> 58        -0.21189 
      55 -> 57        -0.39397 
      55 -> 58         0.16976 
Excited State   5:      Triplet-?Sym    3.7527 eV  330.39 nm  f=0.0000  <S**2>=2.000 
      51 -> 56        -0.47953 
      53 -> 58         0.11508 
      55 -> 57        -0.40091 
      55 -> 58        -0.29391 
 
 

2. PhenAC: 
2.1. Gas Phase: 

Orbital Topology:  
78* (L+6): π* (Ac) 
77* (L+5): π* (Ac) 
76* (L+4): π* (PhenAc) 
75* (L+3): π* (PhenAc) 
73* (L+1): π* (PhenAc) 
72* (L): π* (Ac) 
71 (H): π (Ac) 
70 (H-1): n (C=O) 
69 (H-2): π (Ac) 
68 (H-3): π (Ac) 
67 (H-4): π (PhenAc) 
65 (H-6): π (PhenAc) 
 
- Singlet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Singlet-A      2.8963 eV  428.08 nm  f=0.0000  <S**2>=0.000 
      70 -> 72         0.70087 
Excited State   2:      Singlet-A      3.4658 eV  357.74 nm  f=0.1034  <S**2>=0.000 
      69 -> 72        -0.14150 
      71 -> 72         0.67926 
- Triplet: 
Excitation energies and oscillator strengths: 
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  Excited State   1:      Triplet-A      2.3250 eV  533.27 nm  f=0.0000  <S**2>=2.000 
      69 -> 72         0.22250 
      71 -> 72         0.66183 
 Excited State   2:      Triplet-A      2.6091 eV  475.20 nm  f=0.0000  <S**2>=2.000 
      70 -> 72         0.69367 
      70 -> 78         0.12130 
 Excited State   3:      Triplet-A      3.1127 eV  398.31 nm  f=0.0000  <S**2>=2.000 
      67 -> 76        -0.15103 
      68 -> 76        -0.11798 
      69 -> 72         0.60571 
      71 -> 72        -0.22839 
      71 -> 77        -0.12272 
  Excited State   4:      Triplet-A      3.2797 eV  378.03 nm  f=0.0000  <S**2>=2.000 
      67 -> 72         0.13014 
      67 -> 77         0.14144 
      68 -> 72         0.43547 
      69 -> 76        -0.20566 
      71 -> 73        -0.21551 
      71 -> 75        -0.38861 
  Excited State   5:      Triplet-A      3.7273 eV  332.64 nm  f=0.0000  <S**2>=2.000 
      65 -> 72         0.10558 
      67 -> 72        -0.37150 
      68 -> 72        -0.14889 
      69 -> 76         0.13507 
      71 -> 73        -0.45672 
      71 -> 75        -0.20250 
      71 -> 76        -0.22567 
 

2.2. CHCl3 solvated: 
 
Orbital Topology: 
78* (L+6): π* (Ac) 
77* (L+5): π* (Ac) 
76* (L+4): π* (PhenAc) 
75* (L+3): π* (PhenAc) 
73* (L+1): π* (PhenAc) 
72* (L): π* (Ac) 
71 (H): π (Ac) 
70 (H-1): n (C=O) 
69 (H-2): π (Ac) 
68 (H-3): π (PhenAc) 
67 (H-4): π (PhenAc) 
65 (H-6): π (PhenAc) 
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- Singlet: 
Excitation energies and oscillator strengths: 
  Excited State   1:      Singlet-?Sym    3.2979 eV  375.94 nm  f=0.1601  <S**2>=0.000 
      71 -> 72         0.69814 
 Excited State   2:      Singlet-?Sym    3.5250 eV  351.73 nm  f=0.0000  <S**2>=0.000 
      70 -> 72         0.69967 
 - Triplet: 
Excitation energies and oscillator strengths: 
  Excited State   1:      Triplet-?Sym    2.4296 eV  510.30 nm  f=0.0000  <S**2>=2.000 
      69 -> 72         0.12396 
      71 -> 72         0.69008 
Excited State   2:      Triplet-?Sym    2.9616 eV  418.64 nm  f=0.0000  <S**2>=2.000 
      70 -> 72         0.69360 
      70 -> 78         0.11864 
 Excited State   3:      Triplet-?Sym    3.1942 eV  388.15 nm  f=0.0000  <S**2>=2.000 
      67 -> 76        -0.11945 
      68 -> 73         0.14397 
      68 -> 76         0.12367 
      69 -> 72         0.61795 
      71 -> 72        -0.11594 
      71 -> 77        -0.16382 
 Excited State   4:      Triplet-?Sym    3.3039 eV  375.26 nm  f=0.0000  <S**2>=2.000 
      65 -> 72        -0.12012 
      67 -> 72         0.17018 
      67 -> 77         0.12928 
      68 -> 72        -0.40878 
      69 -> 73        -0.11259 
      69 -> 76        -0.18862 
      71 -> 73        -0.26090 
      71 -> 75         0.34655 
      71 -> 76         0.12926 
Excited State   5:      Triplet-?Sym    3.7270 eV  332.66 nm  f=0.0000  <S**2>=2.000 
      65 -> 72        -0.21807 
      67 -> 72         0.36757 
      71 -> 73         0.48534 

71 -> 76         0.24451 
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3. OMeAc: 
3.1. Gas Phase: 

Orbital Topology:  
86* (L+6): π* (Ac) 
85* (L+5) π* (Ac) 
84* (L+4): π* (PhAc) 
83* (L+3): π* (OMePhAc) 
82* (L+2): π* (OMePhAc) 
81* (L+1): π* (PhAc) 
80* (L): π* (Ac) 
79 (H): π (Ac) 
78 (H-1): n (C=O) <- inversion w.r.t. CHCl3  

77 (H-2): π (OMePh) <- 
76 (H-3): π (Ac) 
75 (H-4): π (Ac) 
74 (H-5): π (PhAc) 
73 (H-6): π (PhAc) 
- Singlet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Singlet-?Sym    2.8982 eV  427.80 nm  f=0.0000  <S**2>=0.000 
      78 -> 80         0.70088 
Excited State   2:      Singlet-?Sym    3.4612 eV  358.21 nm  f=0.1106  <S**2>=0.000 
      77 -> 80        -0.14021 
      79 -> 80         0.67957 
- Triplet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-?Sym    2.3352 eV  530.94 nm  f=0.0000  <S**2>=2.000 
      76 -> 80         0.21589 
      79 -> 80         0.66420 
Excited State   2:      Triplet-?Sym    2.6293 eV  471.56 nm  f=0.0000  <S**2>=2.000 
      78 -> 80         0.69357 
      78 -> 86         0.12137 
Excited State   3:      Triplet-?Sym    3.1178 eV  397.66 nm  f=0.0000  <S**2>=2.000 
      74 -> 84        -0.15487 
      75 -> 84         0.11807 
      76 -> 80         0.60680 
      79 -> 80        -0.22118 
      79 -> 85        -0.12555 
Excited State   4:      Triplet-?Sym    3.2826 eV  377.70 nm  f=0.0000  <S**2>=2.000 
      74 -> 80         0.13661 
      74 -> 85         0.14341 
      75 -> 80        -0.43193 
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      76 -> 84        -0.20572 
      79 -> 81         0.20376 
      79 -> 82        -0.34249 
      79 -> 83        -0.19820 
      79 -> 84         0.10191 
Excited State   5:      Triplet-?Sym    3.6906 eV  335.94 nm  f=0.0000  <S**2>=2.000 
      73 -> 81         0.32927 
      73 -> 83         0.10052 
      74 -> 81        -0.14277 
      77 -> 81        -0.20361  
      77 -> 82        -0.33257 
      77 -> 83         0.42437 
 

3.2. CHCl3 solvated: 

Orbital Topology: 
86* (L+6): π* (PhAc) 
80* (L): π* (Ac) 
85* (L+5): π* (PhAc) 
84* (L+4): π* (PhAc) 
83* (L+3): π* (OMePh) 
82* (L+2): π* (PhAc) 
81* (L+1): π* (PhAc) 
80* (L): π* (Ac) 
79 (H): π (Ac) 
78 (H-1): π (OMePh) <- inversion w.r.t. GP 

77 (H-2): n (C=O) <- 
76 (H-3): π (Ac) 
75 (H-4): π (Ac) 
74 (H-5): π (PhAc) 
73 (H-6): π (PhAc) 
 
- Singlet: 
Excitation energies and oscillator strengths: 
  Excited State   1:      Singlet-?Sym    3.1394 eV  394.92 nm  f=0.1668  <S**2>=0.000 
      79 -> 80         0.69963 
Excited State   2:      Singlet-?Sym    3.5148 eV  352.75 nm  f=0.0012  <S**2>=0.000 
      77 -> 80         0.69594 
- Triplet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-?Sym    2.4259 eV  511.08 nm  f=0.0000  <S**2>=2.000 
      76 -> 80         0.12043 
      79 -> 80         0.69076 



Appendix | Page 369  
 

 

 

Excited State   2:      Triplet-?Sym    2.9670 eV  417.88 nm  f=0.0000  <S**2>=2.000 
      77 -> 80         0.69070 
      77 -> 86         0.11826 
Excited State   3:      Triplet-?Sym    3.1949 eV  388.06 nm  f=0.0000  <S**2>=2.000 
      74 -> 84        -0.12797 
      75 -> 81         0.14023 
      75 -> 84        -0.12209 
      76 -> 80         0.61836 
      79 -> 80        -0.11184 
      79 -> 85        -0.16472 
Excited State   4:      Triplet-?Sym    3.3047 eV  375.18 nm  f=0.0000  <S**2>=2.000 
      73 -> 80         0.10861 
      74 -> 80         0.18609 
      74 -> 85         0.13566 
      75 -> 80         0.40492 
      76 -> 81         0.11251 
      76 -> 84        -0.18889 
      79 -> 81         0.24216 
      79 -> 82        -0.35542 
      79 -> 84         0.13403 
Excited State   5:      Triplet-?Sym    3.6909 eV  335.91 nm  f=0.0000  <S**2>=2.000 
      73 -> 81        -0.22686 
      73 -> 82        -0.17528 
      73 -> 84        -0.12174 
      74 -> 81         0.18033 
      74 -> 82         0.13235 
      78 -> 81         0.15445 
      78 -> 82         0.15333 

78 -> 83        -0.53464 

 
 

4. CNAc: 
4.1. Gas Phase: 

Orbital Topology:  
86* (L+8): σ* (CNPh) 
83* (L+5): π* (CNPhAc) 
82* (L+4): π* (PhAc) 
81* (L+3): π* (PhAc) 
80* (L+2): π* (PhAc) 
79* (L+1): π* (Ac) 
78* (L): π* (CNPh) 
77 (H): π (Ac) 
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76 (H-1): n (C=O) 
75 (H-2): π (Ac) 
74 (H-3): π (Ac) 
73 (H-4): π (PhAc) 
 
- Singlet: 
Excitation energies and oscillator strengths: 
 Excited State   1:      Singlet-A      2.7073 eV  457.97 nm  f=0.0000  <S**2>=0.000 
      77 -> 78         0.70505 
Excited State   2:      Singlet-A      3.6042 eV  344.00 nm  f=0.0000  <S**2>=0.000 
      76 -> 79         0.69864 
Excited State   3:      Singlet-A      3.6539 eV  339.32 nm  f=0.1101  <S**2>=0.000 
      75 -> 81        -0.10535 
      77 -> 79         0.68892 
- Triplet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-A      2.2853 eV  542.53 nm  f=0.0000  <S**2>=2.000 
      75 -> 79         0.25217 
      77 -> 79         0.65009 
Excited State   2:      Triplet-A      2.5237 eV  491.28 nm  f=0.0000  <S**2>=2.000 
      76 -> 79         0.69395 
      76 -> 86         0.12013 
Excited State   3:      Triplet-A      3.0966 eV  400.38 nm  f=0.0000  <S**2>=2.000 
      73 -> 82        -0.16109 
      74 -> 82         0.11368 
      75 -> 79         0.59902 
      77 -> 79        -0.26059 
      77 -> 83        -0.10949 
Excited State   4:      Triplet-A      3.1066 eV  399.09 nm  f=0.0000  <S**2>=2.000 
      77 -> 78         0.70363 
Excited State   5:      Triplet-A      3.2692 eV  379.25 nm  f=0.0000  <S**2>=2.000 
      73 -> 79         0.12014 
      73 -> 83         0.14230 
      74 -> 79        -0.45085 
      75 -> 82        -0.21076 
      77 -> 80        -0.17008 
      77 -> 81        -0.40173 
 

4.2. CHCl3 solvated: 

Orbital Topology: 
86* (L+8): π* (Ac) 
83* (L+5): π* (CNPhAc) 
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82* (L+4): π* (PhAc) 
81* (L+3): π* (PhAc) 
80* (L+2): π* (PhAc) 
79* (L+1): π* (Ac) 
78* (L): π* (CNPh) 
77 (H): π (Ac) 
76 (H-1): n (C=O) 
75 (H-2): π (Ac) 
74 (H-3): π (Ac) 
73 (H-4): π (PhAc) 
 
- Singlet: 
Excitation energies and oscillator strengths: 
  Excited state symmetry could not be determined. 
 Excited State   1:      Singlet-?Sym    2.8768 eV  430.98 nm  f=0.0000  <S**2>=0.000 
      77 -> 78         0.70498 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-DFT) =  -953.992213129     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  Excited state symmetry could not be determined. 
 Excited State   2:      Singlet-?Sym    3.5217 eV  352.06 nm  f=0.1916  <S**2>=0.000 
      77 -> 79         0.69575 
- Triplet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-?Sym    2.4525 eV  505.55 nm  f=0.0000  <S**2>=2.000 
      75 -> 78         0.14485 
      77 -> 78         0.68559 
Excited State   2:      Triplet-?Sym    2.9272 eV  423.56 nm  f=0.0000  <S**2>=2.000 
      76 -> 78         0.69370 
      76 -> 86         0.11856 
Excited State   3:      Triplet-?Sym    3.1854 eV  389.22 nm  f=0.0000  <S**2>=2.000 
      73 -> 82         0.16487 
      74 -> 81         0.10731 
      74 -> 82         0.12598 
      75 -> 78         0.61529 
      77 -> 78        -0.13979 
      77 -> 83        -0.15687 
 Excited State   4:      Triplet-?Sym    3.2666 eV  379.55 nm  f=0.0000  <S**2>=2.000 
      77 -> 79         0.70428 
 Excited State   5:      Triplet-?Sym    3.3055 eV  375.08 nm  f=0.0000  <S**2>=2.000 
      73 -> 78         0.19212 
      73 -> 83         0.15201 
      74 -> 78         0.42225 
      75 -> 82         0.20563 
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      77 -> 80        -0.13022 
      77 -> 81         0.40013 

77 -> 82        -0.14426 

 
 

5. tBuAc: 
5.1. Gas Phase: 

Orbital Topology:  
95* (L+7): π* (Ac) 
93* (L+5): π* (Ac) 
92* (L+4): π* (PhAc) 
91* (L+3): π* (PhAc) 
90* (L+2): π* (tBuPhAc) 
89* (L+1): π* (PhAc) 
88* (L): π* (Ac) 
87 (H): π (Ac) 
86 (H-1): n (C=O) 
85 (H-2): π (Ac) 
84 (H-3): π (Ac) 
83 (H-4): π (PhAc) 
82 (H-5): π (tBuPhAc)  
81 (H-6): π (PhAc) 
- Singlet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Singlet-A      2.8973 eV  427.93 nm  f=0.0000  <S**2>=0.000 
      86 -> 88         0.70088 
Excited State   2:      Singlet-A      3.4588 eV  358.46 nm  f=0.1141  <S**2>=0.000 
      85 -> 88        -0.14008 
      87 -> 88         0.67967 
- Triplet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-A      2.3310 eV  531.89 nm  f=0.0000  <S**2>=2.000 
      85 -> 88         0.21645 
      87 -> 88         0.66403 
Excited State   2:      Triplet-A      2.6249 eV  472.34 nm  f=0.0000  <S**2>=2.000 
      86 -> 88         0.69360 
      86 -> 95         0.12153 
Excited State   3:      Triplet-A      3.1164 eV  397.84 nm  f=0.0000  <S**2>=2.000 
      83 -> 92         0.13759 
      84 -> 92        -0.11846 
      85 -> 88         0.60690 
      87 -> 88        -0.22178 
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      87 -> 93        -0.12507 
Excited State   4:      Triplet-A      3.2814 eV  377.84 nm  f=0.0000  <S**2>=2.000 
      83 -> 88        -0.12118 
      83 -> 93        -0.13054 
      84 -> 88         0.43199 
      85 -> 92        -0.20405 
      87 -> 89         0.20807 
      87 -> 90         0.10870 
      87 -> 91         0.37987 
Excited State   5:      Triplet-A      3.7151 eV  333.73 nm  f=0.0000  <S**2>=2.000 
      81 -> 89        -0.31193 
      81 -> 90        -0.12501 
      81 -> 91         0.17284 
      81 -> 92        -0.10277 
      82 -> 89         0.18531 
      82 -> 90        -0.47101 

83 -> 89        -0.26343 

 

5.2. CHCl3 solvated: 
Orbital Topology: 
95* (L+7): σ* (tBuPh) 
93* (L+5): π* (Ac) 
92* (L+4): π* (PhAc) 
91* (L+3): π* (PhAc) 
90* (L+2): π* (tBuPhAc) 
89* (L+1): π* (PhAc) 
88* (L): π* (Ac) 
87 (H): π (Ac)  
86 (H-1): n (C=O) 
85 (H-2): π (Ac) 
84 (H-3): π (tBuPh) 
83 (H-4): π (Ac) 
82 (H-5): π (PhAc) 
81 (H-6): π (PhAc) 
- Singlet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Singlet-?Sym    3.2911 eV  376.73 nm  f=0.1696  <S**2>=0.000 
      87 -> 88         0.69817 
Excited State   2:      Singlet-?Sym    3.5286 eV  351.37 nm  f=0.0000  <S**2>=0.000 
      86 -> 88         0.69820 
- Triplet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-?Sym    2.4249 eV  511.29 nm  f=0.0000  <S**2>=2.000 
      85 -> 88         0.12088 
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      87 -> 88         0.69066 
Excited State   2:      Triplet-?Sym    2.9656 eV  418.08 nm  f=0.0000  <S**2>=2.000 
      86 -> 88         0.69345 
      86 -> 94         0.11861 
Excited State   3:      Triplet-?Sym    3.1949 eV  388.07 nm  f=0.0000  <S**2>=2.000 
      81 -> 92        -0.10165 
      82 -> 92        -0.10029 
      83 -> 89         0.14614 
      83 -> 92        -0.12336 
      85 -> 88         0.61795 
      87 -> 88        -0.11250 
      87 -> 93        -0.16441 
Excited State   4:      Triplet-?Sym    3.3035 eV  375.31 nm  f=0.0000  <S**2>=2.000 
      81 -> 88         0.14203 
      81 -> 93         0.10805 
      82 -> 88         0.14521 
      82 -> 93         0.11658 
      83 -> 88         0.40930 
      85 -> 89         0.11078 
      85 -> 92        -0.18386 
      87 -> 89         0.27392 
      87 -> 90         0.14385 
      87 -> 91         0.30665 
      87 -> 92         0.12585 
Excited State   5:      Triplet-?Sym    3.7194 eV  333.35 nm  f=0.0000  <S**2>=2.000 
      81 -> 89         0.18799 
      81 -> 91        -0.18303 
      81 -> 92         0.12905 
      82 -> 89        -0.20466 
      82 -> 91         0.22686 
      82 -> 92        -0.14390 
      84 -> 89        -0.15918 

84 -> 90         0.51047 

 

6. SF5Ac: 
 

6.1. Gas Phase: 

Orbital Topology: 
109* (L+7): π* (SF5-Ac) 
106* (L+4): π* (PhAc) 
105* (L+3): π* (PhAc) 
104* (L+2): π* (SF5Ac) 
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103* (L+1): σ* (SF5Ac) 
102* (L): π* (Ac) 
101 (H): π (Ac) 
100 (H-1): n (C=O) 
99 (H-2): π (Ac) 
98 (H-3): π (Ac) 
97 (H-4): π (PhAc) 
96 (H-5): π (SF5Ph) 
95 (H-6): π (Ph) 
 
- Singlet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Singlet-A      2.8903 eV  428.97 nm  f=0.0000  <S**2>=0.000 
     100 ->102         0.70081 
 Excited State   2:      Singlet-A      3.3929 eV  365.43 nm  f=0.0000  <S**2>=0.000 
     101 ->104         0.70350 
Excited State   3:      Singlet-A      3.4956 eV  354.68 nm  f=0.1098  <S**2>=0.000 
      98 ->106        -0.10044 
      99 ->102        -0.14989 
     101 ->102         0.67696 
- Triplet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-A      2.2858 eV  542.40 nm  f=0.0000  <S**2>=2.000 
      99 ->102         0.25291 
     101 ->102         0.64977 
Excited State   2:      Triplet-A      2.5234 eV  491.34 nm  f=0.0000  <S**2>=2.000 
     100 ->102         0.69396 
     100 ->109         0.11958 
Excited State   3:      Triplet-A      3.0964 eV  400.42 nm  f=0.0000  <S**2>=2.000 
      97 ->107         0.16113 
      98 ->107         0.11382 
      99 ->102         0.59879 
     101 ->102        -0.26137 
     101 ->108        -0.11044 
Excited State   4:      Triplet-A      3.2691 eV  379.26 nm  f=0.0000  <S**2>=2.000 
      97 ->102         0.11959 
      97 ->108         0.14442 
      98 ->102         0.45196 
      99 ->107         0.21105 
     101 ->105         0.16853 
     101 ->106         0.40113 
Excited State   5:      Triplet-A      3.3828 eV  366.51 nm  f=0.0000  <S**2>=2.000 
     101 ->104         0.70353 
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6.2. CHCl3 solvated: 

Orbital Topology: 
109* (L+7): π* (Ac) 
106* (L+4): π* (PhAc) 
105* (L+3): π* (PhAc) 
104* (L+2): π* (SF5Ph) 
103* (L+1): σ* (SF5Ph) 
102* (L): π* (Ac) 
101 (H): π (Ac) 
100 (H-1): n (C=O) 
99 (H-2): π (Ac) 
98 (H-3): π (Ac) 
97 (H-4): π (PhAc) 
96 (H-5): π (PhAc) 
95 (H-6): π (SF5Ph) 
 
- Singlet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Singlet-?Sym    3.0343 eV  408.61 nm  f=0.0000  <S**2>=0.000 
     100 ->102         0.70117 
Excited State   2:      Singlet-?Sym    3.3722 eV  367.66 nm  f=0.1862  <S**2>=0.000 
      99 ->102        -0.10867 
     101 ->102         0.68996 
Excited State   3:      Singlet-?Sym    3.6004 eV  344.36 nm  f=0.0000  <S**2>=0.000 
     101 ->104         0.70392 
- Triplet: 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-?Sym    2.4528 eV  505.48 nm  f=0.0000  <S**2>=2.000 
      99 ->102         0.14702 
     101 ->102         0.68509 
Excited State   2:      Triplet-?Sym    2.9225 eV  424.24 nm  f=0.0000  <S**2>=2.000 
     100 ->102         0.69373 
     100 ->109         0.11810 
Excited State   3:      Triplet-?Sym    3.1830 eV  389.52 nm  f=0.0000  <S**2>=2.000 
      97 ->107         0.16635 
      98 ->106         0.11067 
      98 ->107         0.12593 
      99 ->102         0.61526 
     101 ->102        -0.14222 
     101 ->108        -0.15802 
Excited State   4:      Triplet-?Sym    3.3054 eV  375.10 nm  f=0.0000  <S**2>=2.000 
      97 ->102         0.19117 
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      97 ->108         0.15463 
      98 ->102         0.42439 
      99 ->107         0.20656 
     101 ->105        -0.12297 
     101 ->106         0.40041 
     101 ->107        -0.14544 
Excited State   5:      Triplet-?Sym    3.5620 eV  348.08 nm  f=0.0000  <S**2>=2.000 
     101 ->104         0.70431  
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Appendix 4. NMR spectroscopy and HRMS data from Chapter 4 

a) 1H NMR (500 MHz, CDCl3), b) 13C NMR (126 MHz, CDCl3) c) 11B NMR (128 MHz, CDCl3) of the 

MBA-CAT. 
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a) 1H NMR (500 MHz, DMSO-d6), b) 13C NMR (126 MHz, DMSO-d6) of THB. 
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a) 1H NMR (500 MHz, CDCl3), b) 13C NMR (126 MHz, CDCl3) c) 11B NMR (128 MHz, CDCl3) and d) 

HRMS of MBA-THB. 
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a) 1H NMR (500 MHz, CDCl3), b) 13C NMR (126 MHz, CDCl3) HMTP. 
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a) 1H NMR (500 MHz, DMSO-d6), b) 13C NMR (126 MHz, DMSO-d6) of HHTP (the peaks labeled in 

the gray area due to residual acetic acid). 
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a) 1H NMR (500 MHz, CDCl3), b) 13C NMR (126 MHz, CDCl3) c) 11B NMR (128 MHz, CDCl3) and d) 

HRMS of MBA-HHTP. The small peak in 11B NMR at ~-2 ppm is due to the B-impurities of the 

NMR tube glass. 

 

b)

a)

c)

d)
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a) 1H NMR (500 MHz, CDCl3), b) 13C NMR (126 MHz, CDCl3) c) 11B NMR (128 MHz, CDCl3) of 

Py4Bpin. 
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Appendix 5. NMR Spectra of precursors in Chapter 5 

a) 1H NMR (500 MHz, CDCl3), b,c) 13C NMR (126 MHz, CDCl3) of ClBpin; the broad 13C signal is for 

the C-B carbon. 

 

a)

b)

c)
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a) 1H NMR (500 MHz, DMSO-d6 / D2O), b,c) 13C NMR (126 MHz, DMSO-d6 / D2O) of ClPBA; 

the broad 13C signal is for the C-B carbon.
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a) 1H NMR (500 MHz, CDCl3), b,c) 13C NMR (126 MHz, CDCl3) of BrBpin in CDCl3; the broad 

13C signal is for the C-B carbon. 

 

a)

b)

c)
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a) 1H NMR (500 MHz, DMSO-d6 / D2O), b,c) 13C NMR (126 MHz, DMSO-d6 / D2O)of BrPBA; the 

broad 13C signal is for the C-B carbon.

 

a)

b)

c)
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1H NMR (500 MHz, CDCl3) of mesitylene 
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Appendix 6: The experimental and DFT-calculated vibrational modes of 
ClPBA and BrPBA from Chapter 5 

 

Peak assignments for IR spectrum of ClPBA. 

Exp. 
(cm-1) 

Calc. 
(cm-1) 

Vibration 
(Displacement vector scale in 

5) 
Notes 

3301 (B) 3640 

 

O-H stretch from -B(OH)2 groups 

1473(S) 1453 

 

C-H vibration (overtone band) of substituted benzene 
and overlapped with phenyl ring C=C vibration 

1388 
(M) 

1381 

 

B-O stretch from -B(OH)2 groups 

1366 
(M) 

1321 

 

B-O stretch from -B(OH)2 groups 

1282 (S) 1260 

 

C-B stretch and overlapped with C-C and C-H stretch 

1155 
(M) 

1245 

 

C-H in-plane deformation band for substituted 
benzene 

1126 
(M) 

1118 

 

C-H in-plane deformation band for substituted 
benzene 
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1080 
(M) 

1039 

 

B-C stretch and overlapped with C-H vibration 

1017 (S) 969 

 

B-C stretch and overlapped with C-H vibration 

907 (S) 902 

 

C-H out of plane deformation band for substituted 
benzene 

806 (B) 903 

 

O-H bend vibration from -B(OH)2 groups 

683 (M) 632 

 

Out-of-plane deformation for -B(OH)2 and overlapped 
with C-H vibration 

592 
(S) 

561 

 

The vibration of -B(OH)2 groups 

519 
(S) 

544 

 

C-Cl stretch (characteristic band for ClPBA) 
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Peak assignments for IR spectrum of BrPBA 

Exp.  
(cm-1) 

Calc.  
(cm-1) 

Vibration 
(Displacement vector scale 

in 5) 
Notes 

3299 (B) 3674 

 

O-H stretch from -B(OH)2 groups 

1471(S) 1453 

 

C-H vibration (overtone band) of substituted benzene and 

overlapped with phenyl ring C=C vibration 

1384 (M) 1373 

 

B-O stretch (compressing) from -B(OH)2 groups 

1361 (M) 1359 

 

B-O stretch (stretching) from -B(OH)2 groups 

1276 (S) 1323 

 

C-B stretch and overlapped with C-C and C-H stretch 

1159 (M) 1260 

 

C-H in-plane deformation band for substituted benzene 

1124 (M) 1239 

 

C-H in-plane deformation band for substituted benzene 
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1065 (M) 1119 

 

B-C stretch and overlapped with C-H vibration 

1008 (S) 1021 

 

B-C stretch and overlapped with C-H vibration 

903 (S) 966 

 

C-H out of plane deformation band for substituted benzene 

805 (B) 906 

 

O-H bend vibration from -B(OH)2 groups 

676 (M) 589 

 

Out-of-plane deformation for 

-B(OH)2 and overlapped with C-H vibration 

557 (S) 536 

 

The vibration of -B(OH)2 groups 

476 (S) 467 

 

C-Br stretch (characteristic band for BrPBA) 
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Appendix 7. NMR Spectra of precursors in Chapter 6 

1H NMR (500 MHz, CDCl3) Tris(2-fluoro-6-methoxyphenyl)amine (1). 
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13C NMR (126 MHz, CDCl3) of Tris(2-fluoro-6-methoxyphenyl)amine (1)
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19F NMR(376 MHz, CDCl3) of Tris(2-fluoro-6-methoxyphenyl)amine (1). 
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1H NMR (500 MHz, CDCl3) of Tris(2-fluoro-6-hydroxyphenyl)amine (2). 
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13C NMR (126 MHz, CDCl3) spectra Tris(2-fluoro-6-hydroxyphenyl)amine (2).
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19F NMR(376 MHz, CDCl3) Tris(2-fluoro-6-hydroxyphenyl)amine (2).
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1H NMR (500 MHz, C6D6) of 2,2':6',2'':6'',6-trioxytriphenylamine (TANG). 
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113C NMR (126 MHz, C6D6) NMR spectra 2,2':6',2'':6'',6-trioxytriphenylamine (TANG).
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1H NMR (500 MHz, DMSO-d6 ) of 4,4',4'''-Triformyl-2,2':6',2'':6'',6-trioxytriphenylamine 

(TATANG) at 90 °C 
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13C NMR (126 MHz, DMSO-d6) of 4,4',4'''-Triformyl-2,2':6',2'':6'',6-trioxytriphenylamine 

(TATANG) at 90 °C. 
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1H NMR (500 MHz, DMSO-d6) of 4,4',4'''-Tris(cyanomethyl)-2,2':6',2'':6'',6-trioxytriphenylamine 

(CNTANG) at 90 °C 
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13C NMR (126 MHz, DMSO-d6) of 4,4',4'''-Tris(cyanomethyl)-2,2':6',2'':6'',6-trioxytriphenylamine 

(CNTANG) at 90 °C. 
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Appendix 8: Copyright authorizations from publishers 

Copyright clearance from John Wiley and Sons (Chapter 2)  
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