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Abstract 

The thesis entitled " Novel Functionalized Nido-¬Carborane Derivatives. Synthesis, 

Photophysical Properties, and its Potential Application in Thermally Activated Delayed 

Fluorescence (TADF) Emitters” presents the results obtained from the research work carried 

out on the synthesis, characterization, and exploration of the chemistry of nido-carboranes 

donors and organoboron-Acceptor based thermally activated delayed fluorescence (TADF) 

compounds. The work carried out has been broadly divided into four chapters.  

The first part includes the general introduction of the research work presented in the thesis. The 

first part briefly describes the all-important topic, which is discussing in the following chapters. 

The second part describes the synthesis and photophysical studies of nido-carborane-appended 

triarylboranes and its applications in TADF. In this work, a methyl group was introduced into 

the 4-position of the phenylene ring in the PhBMes2 acceptor moiety, and that the introduction 

of a steric group into the phenylene linker of nido-carborane−triarylborane D−A dyads (nido-

1−4) largely enhances their TADF properties both solution and rigid state. The crystal structure 

of 8-H substituted nido-1 reveals the existence of steric congestion around the cage, resulting 

in a highly twisted connectivity between the cage plane and the Ph ring ( = 85.7). All 

compounds with different 8-R groups (R = H, Me, iPr) exhibit strong TADF with long emission 

lifetimes (d = 4.8−9.7 s in THF) in both THF and PMMA film, which is supported by a very 

small singlet-triplet energy splitting (EST < 0.03 eV). Attaching an additional Me group to the 

ortho position of the BMes2 group further enhances the intensity of delayed fluorescence (nido-

4). Theoretical studies show that although nido-1−4 reach their local energy minima at a 

perpendicular arrangement between the cage plane and the Ph ring, there exist large energy 
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barriers to cage rotation. In contrast, the reference compound lacking a 4-Me group, which 

exhibits very weak delayed fluorescence in solution, has low rotational energy barriers. 

In the third part, a series of p-nido-carborane-triarylborane conjugates with a methyl‐

substituted phenylene linker were prepared to investigate the positional effect on the 

photophysical and electroluminescent properties. The studies reveal the effect of  7,8-Dicarba-

nido-undecaboranes having various 8-R groups (R = H, Me, i-Pr, Ph) in the meta or para 

position of the phenyl ring of a dimesitylphenylborane (PhBMes2) acceptor (nido-m1−m3 and 

nido-p1−p3). 

In the final chapter a series of o-nido-carborane donor and dibenzo oxaborinine acceptor based 

systems were designed and successfully synthesized. All compounds are well characterized 

using multinuclear NMR spectroscopy. The introduction of new dibenzo oxaborinine acceptor 

moiety to the ortho position of the phenylene linker of nido donor system leads formation of 

TADF system. All three nido-o1-o3 compounds shows good TADF activity along with AIE 

property. From the studies we successfully concluded that nido-carborane based donor can act 

as good candidate for TADF activity. 
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Chapter 1. General Introduction  

1.1. Carborane 

Carboranes are a class of boron cluster compounds with one or more polyhedral boron vertices 

replaced by carbon, which have been known since the 1960s. According to the number of 

skeletal electrons, these electron-deficient neutral compounds are classified as closo-, nido-, 

arachno-, and hypho-etc1. Carborane structures are related to each other, as the closo-species 

adopt closed polyhedral structure with all faces triangulated, whereas those of the nido-, 

arachno-, and hypho-compounds can be viewed by sequential removal of one, two, and three 

vertices from the closo-ones respectively. Carboranes are stabilized by electron-delocalized 

covalent bonding in the skeletal framework.2 They are the well-known candidate in the field of 

medicine,3 polymers,4,5  sensor,6,7, and luminescent materials.8  

The icosahedral o-carboranes are the well known and hot candidate in the field of carborane 

research. Because of their unique properties such as steric bulkiness, three-dimensional -

aromaticity, and high thermal and chemical stability, electron-withdrawing property through 

C-substitution, and strong electron-donating property through B-substitution, they are widely 

investigated.9 

 

 

 

 

 

 

Figure 1.1. Structure of carborane.     
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o-carboranes are usually prepared by reacting acetylene with decaborane (B10H14) in the 

presence of a weak Lewis base such as diethyl sulphide or acetonitrile.10 

 

 

 

Figure 1.2. Numbering scheme in closo-carboranes and nido-carboranes.     

 

 

 

 
Figure 1.3. Synthesis of o-carborane. 
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As the classical two-center bond concept is inadequate for electron-deficient situations, the 

bonding structure of such molecules can be written by employing the concept of three-center 

two-electron bonding, in which three atoms are linked by a single pair of electrons.11 In these 

clusters, several types of three-center two-electron bonds may be involved, as shown in  

Figure 1.4.  

 

The C-C bond in o-carborane derivatives have unusual properties, the bond distance vary 

depending on three main factors: (i) steric repulsion between one or two substituents, (ii) an 

electronic effect due to electronegativity differences between the hydrogen atom and the 

substituent group, and (iii) stereoelectronic effects as a result of charge transfer from the 

electron lone-pair or occupied orbital of a substituent to the antibonding orbital of the Ccarb-

Ccarb bond (in the range of 1.62–2.15 Ao).12-14Although  under strongly acidic and oxidizing 

conditions, the carboranes can be susceptible to degradation in a nucleophilic environment due 

to the unusual structure.15 Removal of a boron atom from a closo-carborane(C2B10H12) using a 

strong nucleophile to give a nido-carborane anion C2B9H12
- has been known for more than three 

decades16.  

 

                                        

Figure 1.4. Typical three-center two-electron bonds are involved in borane clusters. 
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1.2. Nido-carboranes 

Nido-carboranes (dicarba-nido-undecaboranes) are the anionic, open-cage analogs of closo-

carboranes, usually obtained by the nucleophilic degradation of closo-carboranes. The 

degradation also can occur under mild conditions such as the influence of fluoride ions.17 Due 

to the electronegativity difference of carbon and boron atoms, they have strong dipole moment 

and hence the borons adjacent to both carbons removable ( B-3 or B-6 of o-carborane) and also 

makes the two carbon vertices in o-carborane bear relatively acidic H atoms, which are readily 

replaced by metals or organic groups.18  

 
 

Figure 1.5. Structure of nido-carborane.    
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In comparison with closo-carboranes nido-carborane derivatives are less investigated, despite 

hydrophilic nido-carborane derivatives being promising candidates for many applications.19 

There has been an explosion of interest in the incorporation of a nido-carborane into π-

conjugated systems for the production of novel three-dimensional (3D) molecules and 

materials with unusual properties and applications. Nido-carboranes bearing a negative charge 

on the cage, hence it considered as a strong electron-donating groups, and thus have been 

employed in intramolecular charge transfer (ICT) systems or in the ligands of organometallic 

luminophores. There are some studies which evident that nido-carboranes can serve as donors 

in luminescent compounds. The unique steric and electronic properties of nido-carboranes may 

 
 

Figure 1.6. Development of nido-carboranes as luminophores. 
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attract increasing attention due to their potential effect on the control of the photophysical 

properties of luminescent species.  

A few of studies are reported the electro luminescent abilities of  Nido-carboranes, and those 

studies gives some excellent insight about potential of   Nido-carboranes as a luminophores. 

Some of those major works are reported in Figure 1.6. The most of the investigations are 

mainly focus on the nido-carborane abilities as axillary ligand. A major portion of reported 

works focused on the photophysical changes accompanied by conversion from closo- to nido-

compounds, and this  allowed the selective OFF–ON fluorescence sensing of fluoride (Figure 

1.6. (a, f)). The other part of the reported works are mainly investigated the influence of the 

nido-carboranyl moiety as ligand for transition metal based complexes, especially Iridium 

based phosphorescent emitters (Figure 1.6. (d)). The work of  Yersin et al demonstrated the 

devolopement of Ag(I)-based materials for thermally activated delayed fluorescence (TADF), 

were nido-carborane served as ligand. From our group, we demonstrated the first evidence that 

nido-carboranes can function as a new class of donors for TADF (Figure 1.6. (e)). In that work 

we showed that nido-Carboranes can act as a new class of donors for thermally activated 

delayed fluorescence. 

1.3. Thermally Activated Delayed Fluorescence (TADF) 

 

Thermally Activated Delayed Fluorescence (TADF) is a new horizon in the field of OLED. 

It’s a mechanism for enhancing the efficiency of Organic Light-Emitting Diodes (OLEDs) by 

harvesting triplet excitons. It provides an alternative way of harvesting  75% of triplet excitons 

in fluorescent emitters under electrical injection (Figure1.8.).28 The emissive part of the TADF 

emitters are two types, one part of the excited singlet excitons first decays via a prompt 

fluorescence and the second part of the singlet excitons undergoes a process called ISC process, 
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where  a singlet (S1) to triplet (T1) transition occur.27 The T1 state generally can populated 

through ISC process or from excitons generated directly in the T1 state. In TADF process, the  

excitons  from T1 to S1 transition occur through endothermic reverse intersystem crossing 

(RISC), and it lead  to a delayed TADF emission. The reverse intersystem crossing (RISC) 

from T1 to S1 is occur due to the influence of  thermal vibronic energy.28 Delayed fluroscence  

can categorized in to two, one is TADF or e-type delayed fluorescence and the second type is 

p-type delayed fluorescence. In p-type delayed fluorescence  RISC can  occur through  triplet-

triplet annihilation (TTA)29, or a higher triplet Tn state to the S1 state transition is possible 

depend on the circumstances of the  molecules.30,31 In p-type delayed fluorescence these 

processes the reverse ISC do not require thermal energy to initiate the process.32,33 Therefore, 

our focus will be solely on endothermic RISC, which we refer to as ‘RISC’ in this dissertation.  
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For the designing of TADF emitters, the most important  criteria’s are  small singlet-triplet 

exchange energy (ΔEST) and high yield of triplet-to-upconverted-singlet formation.34,35 

Molecules with a small singlet–triplet energy splitting are relatively easy to achieve using 

covalently linked electron donor (D) and acceptor (A) units. The life times of  prompt 

fluorescence decay  and delayed fluorescence are considerably different, the prompt 

fluorescence of TADF usually within nanoseconds, whereas as the  delayed fluorescence range 

in the order of 10-6–10-2 s. The importance of smaller ΔEST can understand from  the Boltzmann 

equation, 36,37 

𝑘𝑅𝐼𝑆𝐶 =  �̄�𝑅𝐼𝑆𝐶  (−
∆𝐸𝑆𝑇

𝑅𝑇
 ) 

Where k̄RISC is the rate of temperature independent adiabatic RISC and R is the gas constant. 

Mostly organic fluorescence molecules failed to possess a small  ΔEST, Which would be the 

major criteria for TADF emission. From the Boltzmann equation at 300 K it is clear that  that 

 

 

 

Figure 0.7. Schematic of TADF 
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ΔEST < ~80 meV are required for a rapid enhancement in 𝑘RISC. In short Efficient TADF 

molecules have required  to  satisfy the conditions of a small energy gap between the singlet 

and triplet excited states and minimise non-radiative decay to ensure that the triplet excited 

state lives long enough to maximise the chance of triplet harvesting through the thermally 

activated reverse intersystem crossing mechanism (RISC).38 

Organic light-emitting diodes (OLEDs) are one of the most important devices which we need 

to discuss in correlation with TADF. The TADF materials ultimately can serve as good 

candidates for low cost and high efficient Organic light-emitting diodes (OLEDs) devices. 

Organic light-emitting diodes (OLEDs) are electronic devices made by placing a thin film of 

an electroluminescent organic material between two conductors of different work functions. 

When an electrical voltage is applied, electrons and holes are injected into the 

electroluminescent material. When these recombine, light is emitted. Additional thin film 

layers are usually added for different purposes, such as electron and hole transport. OLEDs can 

be used for large and small area flat panel flexible self-luminous displays in many consumer 

products. In 1987, C.W. Tang and S.A. VanSlyke fabricated the first organic light-emitting 

diodes (OLED) with a double-layer structure.  
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Chaper 2. Enhancing thermally  activated  delayed  fluorescence of  nido 

carborane-appended triarylboranes by steric modification of the phenylene 

linker 

2.1. Introduction 

Carboranes are the the general family of polyhederal cage molecules which composed 

of carbon, boron and hydrogen. This icosahedral boron clusters1-8 are well known and 

wildly investigated in the field of novel luminophores. The unique properties such as 

steric bulkiness, three-dimensional -aromaticity, and high thermal and chemical 

stability, electron-withdrawing property through C-substitution and strong electron-

donating property through B-substitution gives them a special consideration.9-12 Based 

on the cage structures, carboranes can divided in to  closo- or nido-forms, where they 

completely differ in their electronic nature and chemical nature. Closo-carboranes 

(dicarba-closo-dodecaboranes) exert inductive electron-withdrawing effect through C-

substitution, as well as conjugation effect through the *(Ccage−Ccage) orbital,13-18 which 

renders the closo-carboranes as strong electron-accepting auxiliaries of organic19-22 and 

organometallic luminophores.23-28 The closo-carboranes, especially o-carboranes (1,2-

dicarba-closo-dodecaboranes) have been widely explored in optoelectronic applications 

such as chemosensors,29-34 bioimaging,35organic light-emitting diodes (OLEDs).36-37 

But on the other side  nido-carboranes (dicarba-nido-undecaboranes) are anionic, open-

cage derivatives of closo-carboranes and less investigated as a organometallic 

luminophores. The nido carboranes are negatively charged cage structures, hence nido-

carboranes are considered as a strong electron-donating groups. Because of the strong 

electron-donating nature, they  have been employed in intramolecular charge transfer 
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(ICT) systems38-48 or in the ligands of organometallic luminophores.49-51 The area of 

closo-carboranes are widely researched where us the nido-carboranes are still less 

investigated, From our lab, we already report that they can serve as donors in 

luminescent compounds. The design of novel donor−acceptor (D−A) systems is recently 

of great interest in the area of luminescent materials.52-55 Because of the steric and 

electronic properties of nido-carboranes, they open a new potential effect on the control 

of the photophysical properties of luminescent species.  

 By exploring the advantage of steric and electronic properties of nido-carboranes, we recently 

demonstrated that, in combination with a strong electron-accepting triarylborane moiety, nido-

7,8-carboranes can function as a new type of donors for thermally activated delayed 

fluorescence (TADF).56 In there we  shown that the steric bulkiness of the 8-R group and the 

meta substitution of the nido-carboranes can induce a twisted structure in the nido-

carborane−triarylborane D−A dyads (Figure 0.1). This resulted in an effective spatial 

separation between HOMO and LUMO, thereby leading to a small energy splitting (EST) 

between the excited singlet (S1) and triplet (T1) states required for efficient reverse intersystem 

crossing (RISC). The positional effect also compared with corresponding para-derivatives, in 

which a substantial D−A electronic conjugation was observed. However, despite their 

relatively strong TADF properties in the rigid state, compounds I−III exhibited weak delayed 

fluorescence in solution state, displaying short delayed lifetimes (d < 1 s) and weak 

intensities of the delayed components of the emission, particularly for 8-H substituted I. These 

findings indicate that the twisted structure is not sufficiently retained in solution owing to free 

rotation of the nido-cage. 
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Figure 0.2. Nido-carborane-appended triarylboranes. 

In this current work we made a very good forward step to overcome this drawback and to 

improve the TADF properties of nido-carborane-appended triarylboranes to a comparable 

extent to those of well-known organic D−A systems, this we achieved by focusing on the 

restricting cage rotation by imposing steric congestion around the nido-carborane. The 

restriction of cage rotation is simply done by introducing an extra steric group in close 

proximity to the cage. To validate this hypothesis, we attached a methyl group to the 4-position 

of the phenylene ring bearing the nido-carborane, i.e., at ortho position to the cage, in the 

PhBMes2 acceptor moiety (nido-1−4 in Figure 0.3). The all 4 compounds were synthesized and 

its photophysical properties were investigated in detail, and it compared with those of the 

previous systems I−III. The cage restrictions give expected results for all   4 compounds, and 

they displayed strong TADF in both solution and rigid state.  
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2.2. Experimental Section 

2.2.1. Chemical and Instrumentation 

All experiments were carried out under an inert nitrogen atmosphere using standard Schlenk 

and glove box techniques. Anhydrous grade solvents (Aldrich) were dried over activated 

molecular sieves (5Å). Spectrophotometric-grade THF (Merck) was used for photophysical 

measurements. Commercial reagents were used without further purification after purchase. 

Deuterated solvents from Cambridge Isotope Laboratories were used. NMR spectra were 

recorded on a Bruker AM 300 (300.13 MHz for 1H, 75.48 MHz for 13C, 96.29 MHz for 11B) or 

a Bruker AVANCE III HD 400 (400.13 MHz for 1H, 100.61 MHz for 13C) spectrometer at 

ambient température. Chemical shifts (in ppm) are referenced against external Me4Si (1H, 13C) 

and BF3·OEt2 (
11B). Elemental analyses were performed on a Flash 2000 elemental analyzer 

(Thermo Scientific) by the Research Facilities Center at University of Ulsan. Melting points 

(mp) were measured by Melting Point Apparatus SMP30 (Stuart Equipment). Cyclic 

voltammetry experiments were carried out using an Autolab/PGSTAT101 system. 

2.2.2. ((5-Bromo-2-methylphenyl)ethynyl)trimethylsilane (1a) 

4-Bromo-2-iodo-1-methylbenzene (3.0 g, 10.1 mmol), CuI (0.09 g, 0.5 mmol), and Pd(PPh3)4 

(0.58 g, 0.5 mmol) were dissolved in anhydrous diisopropylamine (i-Pr2NH) (30 mL). Into the 

solution was added trimethylsilylacetylene (1.42 mL, 10.1 mmol), and the reaction mixture 

was stirred at 60 C for 20 h. The resulting solution was evaporated off under reduced pressure 

and the crude product was extracted with diethyl ether (40 mL  3). After evaporation of 

solvent, the solid residue was purified by column chromatography on silica gel using hexane 

as eluent. Drying in vacuo afforded a white powder of 1a (2.33 g, 86%). 1H NMR (CDCl3): δ 

7.58 (d, J = 2.1 Hz, 1H), 7.34 (dd, J = 9.0, 3.0 Hz, 1H), 7.07 (d, J = 9.0 Hz, 1H), 2.39 (s, 3H), 
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0.28 (s, 9H). 13C NMR (CDCl3): δ 139.6, 134.7, 131.5, 130.9, 125.0, 118.6, 102.5, 100.0, 20.4, 

0.0 

2.2.3. (3-Ethynyl-4-methylphenyl)dimesitylborane (1b) 

To a solution of 1a (0.77 g, 2.89 mmol) in THF (10 mL) was added n-BuLi (2.5 M in hexane, 

1.38 mL, 3.4 mmol) at −78 C, and the mixture was stirred for 1 h at this temperature. A 

solution of dimesitylboron fluoride (FBMes2, 0.852 g, 3.17 mmol) in THF (4 mL) was then 

added. After stirring for 1 h, the reaction mixture was slowly allowed to reach room 

temperature and was stirred overnight. Removal of the solvent under reduced pressure 

produced a sticky residue, which was subjected to column chromatography on silica gel using 

hexane to afford ((5-(dimesitylboryl)-2-methylphenyl)ethynyl)trimethylsilane as a white 

powder (0.71 g, 56%). 1H NMR (CDCl3): δ 7.65 (d, J = 1.1 Hz, 1H), 7.37 (dd, J = 7.6, 1.3 Hz, 

1H), 7.21 (d, J = 7.6 Hz, 1H), 6.84 (s, 4H), 2.51 (s, 3H), 2.34 (s, 6H), 2.01 (s, 12H), 0.27 (s, 

9H). Next, this compound (0.71 g, 1.62 mmol) was dissolved in anhydrous THF (30 mL) and 

tetra-n-butylammonium fluoride (n-Bu4NF, TBAF) solution (1.0 M in THF, 1.9 mL) was added 

under nitrogen atmosphere. After stirring at room temperature for 3 h, the resulting solution 

was evaporated off under reduced pressure. The crude product was extracted with diethyl ether 

(40 mL  3). After evaporation of solvent, the solid residue was purified by column 

chromatography on silica gel using hexane as eluent. Drying in vacuo afforded a white powder 

of 1c (0.54 g, 94%). 1H NMR (CDCl3): δ 7.67 (d, J = 1.2 Hz, 1H), 7.41 (dd, J = 7.6, 1.3 Hz, 

1H), 7.22 (d, J = 7.6 Hz, 1H), 6.84 (s, 4H), 3.25 (s, 1H), 2.53 (s, 3H), 2.33 (s, 6H), 2.02 (s, 

12H).13C NMR (CDCl3): δ 145.1, 143.2, 141.5, 140.9, 140.6, 138.8, 136.9, 129.4, 128.4, 121.9, 

82.8, 81.1, 23.6, 21.4, 21.1. 
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2.2.4. 1-Bromo-3-(2-H-o-carboran-1-yl)-4-methylbenzene (2a) 

A toluene solution (20 mL) of decaborane (B10H14, 1.18 g, 9.65 mmol) and diethyl sulfide (Et2S, 

4.06 mL, 40.3 mmol) was stirred at room temperature for 0.5 h. Into the solution was added a 

toluene solution (10 mL) of 4-bromo-2-ethynyl-1-methylbenzene (1.57 g, 8.06 mmol), which 

was obtained from desilylation of 1a using TBAF in THF. The mixture was refluxed for 4 days 

under nitrogen atmosphere. Work-up and purification of the crude product by column 

chromatography on silica gel using hexane as eluent afforded 2a as a white powder (0.61 g, 

24%). 1H NMR (CDCl3): δ 7.70 (d, J = 1.8 Hz, 1H), 7.39 (dd, J = 8.1, 1.8 Hz, 1H), 7.02 (d, J 

= 8.4 Hz, 1H), 4.55 (s, 1H), 3.4−1.0 (br, 10H, B−H), 2.53 (s, 3H). 13C NMR (CDCl3): δ 135.4, 

134.0, 133.9, 133.7, 132.5, 120.5, 76.8, 59.), 22.9. 11B NMR (CDCl3): δ −1.8 (2B), −8.6 (3B), 

−10.8 (5B). 

2.2.5. 1-Bromo-3-(2-Me-o-carboran-1-yl)-4-methyl benzene (2b) 

Sodium hydride (NaH, 60% dispersion in mineral oil, 0.06 g, 1.43 mmol) was suspended in 

dry DMF (5 mL). After cooling down to 0 C, a solution of 2a (0.30 g, 0.96 mmol) in DMF (5 

mL) was added slowly to the suspension. The mixture was stirred at 0 C for 1 h, and then MeI 

(0.18 mL, 2.08 mmol) was added. After stirring at room temperature overnight, the reaction 

was quenched by addition of saturated aqueous NH4Cl solution, and the mixture was extracted 

with diethyl ether (20 mL  3). The organic layer was washed with water (20 mL  3), separated, 

and dried over MgSO4. The solvent was evaporated under reduced pressure and the residue 

was purified by column chromatography on silica gel using hexane as eluent. Drying in vacuo 

afforded a white powder of 2b (0.23 g, 74%). 1H NMR (CDCl3): δ 8.01 (d, J = 1.8 Hz, 1H), 

7.47 (dd, J = 8.1, 1.8 Hz, 1H), 7.14 (d, J = 8.1 Hz, 1H), 2.68 (s, 3H), 3.4−1.0 (br, 10H, B−H), 
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1.74 (s, 3H). 13C NMR (CDCl3): δ 139.0, 137.4, 135.9, 133.5, 130.6, 120.1, 82.8, 79.5, 23.8, 

23.6. 11B NMR (CDCl3): δ −1.8 (1B), −3.4 (1B), −8.5 (2B), −10.9 (6B). 

2.2.6. 1-Bromo-3-(2-i-Pr-o-carboran-1-yl)-4-methyl benzene (3b) 

This compound was prepared in a manner analogous to the synthesis of 2b using 2a (0.30 g, 

0.96 mmol) and i-PrI (0.26 g, 2,80 mmol) in DMF (5 mL) to give a white powder of 3b (0.29 

g, 56%). 1H NMR (CDCl3): δ 7.99 (d, J = 1.9 Hz, 1H), 7.47 (dd, J = 8.3, 2.0 Hz, 1H), 7.13 (d, 

J = 8.3 Hz, 1H), 2.67 (s, 3H), 3.6−1.4 (br, 10H, B−H), 1.74 (sept, J = 6.9 Hz, 1H), 1.07 (d, J = 

6.9 Hz, 6H). 13C NMR (CDCl3): δ 139.0, 137.5, 135.9, 133.5, 130.5, 120.2, 91.1, 86.2, 32.2, 

24.0, 23.6. 11B NMR (CDCl3): δ −4.0 (1B), −6.1 (1B), −11.4 (8B). 

2.2.7. 1-Iodo-5-(2-H-o-carboran-1-yl)-2,4-dimethylbenzene (4a) 

To a THF solution (5 mL) of o-carborane (0.29 g, 2.0 mmol) in a pressure vessel was slowly 

added i-PrMgCl (2.0 M in THF, 1.2 mL, 2.4 mmol) at 0 C, and the mixture was stirred for 1 

h. After evaporation of THF, toluene (5 mL), 1,5-diiodo-2,4-dimethylbenzene (0.78 g, 2.2 

mmol), and NiCl2 (5.2 mg, 0.04 mmol) were added and the mixture was heated at 140 C for 

36 h. The reaction mixture was then quenched with water (10 mL) and extracted with diethyl 

ether (20 mL  3). The combined ether layers were concentrated to dryness under reduced 

pressure. The crude product was purified by flash column chromatography on silica gel using 

hexane as eluent to give a white powder of 4a (0.38 g, 50%). 1H NMR (CDCl3): δ 7.92 (s, 1H), 

7.00 (s, 1H), 4.50 (s, 1H), 2.50 (s, 3H), 2.37 (s, 3H). 13C NMR (CDCl3): δ 143.3, 140.9, 135.0, 

134.7, 131.1, 98.3, 76.4, 59.8, 27.2, 22.9. 11B NMR (CDCl3): δ −3.0 (3B), −8.3 (7B). 

2.2.8. 1-Iodo-5-(2-Me-o-carboran-1-yl)-2,4-dimethylbenzene (4b) 

This compound was prepared in a manner analogous to the synthesis of 2b using 4a (0.25 g, 

0.66 mmol) in DMF (5 mL) to give a white powder of 4b (0.20 g, 77%). 1H NMR (CDCl3): δ 
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8.23 (s, 1H), 7.11 (s, 1H), 2.63 (s, 3H), 2.40 (s, 3H), 1.73 (s, 3H). 13C NMR (CDCl3): δ 144.6, 

144.4, 139.8, 135.3, 128.0, 98.0, 82.6, 79.4, 27.3, 23.7, 23.5. 11B NMR (CDCl3): δ −3.2 (2B), 

−9.7 (8B). 

2.2.9. 1-(Mes2B)-3-(2-H-o-carboran-1-yl)-4-methylbenzene (closo-1) 

A toluene solution (20 mL) of decaborane (B10H14, 0.22 g, 1.80 mmol) and diethyl sulfide (Et2S, 

0.87 mL, 8.9 mmol) was stirred at room temperature for 0.5 h and then 1b (0.54 g, 1.48 mmol) 

in toluene (10 mL) was slowly added to this solution. The mixture was refluxed for 4 days 

under nitrogen atmosphere. After cooling down to room temperature, the solvent was 

evaporated off under reduced pressure and the residue was purified by column chromatography 

on silica gel using hexane as eluent, giving closo-1 as a white powder (0.16 g, 22%). 1H NMR 

(CDCl3): δ 7.68 (s, 1H), 7.42 (d, J = 7.6 Hz, 1H), 7.15 (d, J = 7.6 Hz, 1H), 6.89 (s, 4H), 4.43 

(s, 1H), 2.67 (s, 3H), 2.36 (s, 6H), 2.03 (s, 12H). 13C NMR (CDCl3): δ 144.0, 141.1, 140.8, 

139.3, 139.2, 139.1, 137.1, 133.8, 131.6, 128.5, 78.2, 59.9, 23.7, 23.6, 21.4. 11B NMR (CDCl3): 

δ 75.9 (br s), 1.1 (1B), −3.3 (2B), −9.0 (7B). mp = 180 C. Anal. Calcd for C27H39B11: C, 67.21; 

H, 8.15%. Found: C, 67.20; H, 8.12%. 

2.2.10. 1-(Mes2B)-3-(2-Me-o-carboran-1-yl)-4-methylbenzene (closo-2) 

To a solution of 2b (0.20 g, 0.61 mmol) in THF (10 mL) was added a hexane solution of n-

BuLi (2.5 M, 0.26 mL, 0.67 mmol) at −78 C, and the mixture was stirred for 1 h at this 

temperature. A solution of dimesitylboron fluoride (0.18 g, 0.67 mmol) in THF (4 mL) was 

then added. After stirring for 1 h, the reaction mixture was slowly allowed to warm to room 

temperature and was stirred overnight. Work-up and purification of the crude product by 

column chromatography afforded a white powder of closo-2 (0.18 g, 61%). 1H NMR (CDCl3): 

δ 7.98 (s, 1H), 7.46 (d, J = 7.6 Hz, 1H), 7.24 (d, J = 7.6 Hz, 1H), 6.86 (s, 4H), 2.78 (s, 3H), 



20 

 

2.35 (s, 6H), 2.00 (s, 12H), 1.65 (s, 3H). 13C NMR (CDCl3) δ 144.0, 143.2, 141.9, 141.2, 140.7, 

139.2, 137.8, 134.3, 128.5, 128.4, 84.3, 79.2, 24.5, 23.5, 23.4, 21.4. 11B NMR (CDCl3): δ 77.3 

(br s), 1.5 (2B), −3.4 (2B), −8.9 (6B). mp = 172 C. Anal. Calcd for C28H41B11: C, 67.73; H, 

8.32%. Found: C, 67.69; H, 8.27%. 

2.2.11. 1-(Mes2B)-3-(2-i-Pr-o-carboran-1-yl)-4-methylbenzene (closo-3) 

This compound was prepared in a manner analogous to the synthesis of closo-2 using 3b (0.18 

g, 0.51 mmol) to give a white powder of closo-3 (0.15 g, 55%).1H NMR (CDCl3): δ 7.95 (s, 

1H), 7.45 (d, J = 7.6 Hz, 1H), 7.23 (d, J = 7.6 Hz, 1H), 6.85 (s, 4H), 2.76 (s, 3H), 2.35 (s, 6H), 

1.99 (s, 12H), 1.67 (sept, J = 6.9 Hz, 1H, −CHCH3), 1.00 (d, J = 6.9 Hz, 6H, −CHCH3). 
13C 

NMR (CDCl3): δ 144.6, 143.9, 143.0, 141.2, 140.7, 139.3, 137.6, 134.3, 128.5, 128.2, 90.9, 

88.0, 31.9, 24.3, 23.8, 23.5, 21.4. 11B NMR (CDCl3): δ 77.9 (br s), −3.2 (1B), −4.5 (2B), −10.0 

(7B). mp = 154 C. Anal. Calcd for C30H45B11: C, 68.68; H, 8.65%. Found: C, 68.65; H, 8.63%. 

2.2.12. 1-(Mes2B)-5-(2-Me-o-carboran-1-yl)-2,4-dimethylbenzene (closo-4) 

This compound was prepared in a manner analogous to the synthesis of closo-2 using 4b (0.19 

g, 0.49 mmol) to give a white powder of closo-4 (0.14 g, 56%). 1H NMR (CDCl3): δ 7.65 (s, 

1H), 7.01 (s, 1H), 6.81 (s, 4H), 2.70 (s, 3H), 2.32 (s, 6H), 2.05 (s, 3H), 1.98 (s, 12H), 1.57 (s, 

3H). 13C NMR (CDCl3): δ 146.1, 144.8, 142.6, 142.3, 141.9, 140.2, 139.4, 135.9, 128.6, 125.8, 

84.4, 79.2, 23.9, 23.2, 23.1, 21.5, 21.4. 11B NMR (CDCl3): δ 78.0 (br s), −2.1 (1B), −4.4 (1B), 

−8.9 (3B), −10.9 (4B), −12.6 (1B). mp = 187 C. Anal. Calcd for C29H43B11: C, 68.22; H, 

8.49%. Found: C, 68.42; H, 8.25%. 
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2.2.13. General synthesis of nido-carborane-appended triarylboranes, nido-1−4 

Closo-carborane compounds (0.2 mmol) and n-Bu4NF (TBAF) (1.0 mmol) were dissolved in 

THF (20 mL) and the mixture was refluxed for 4 d (nido-1, 2, 4) or for 5 d (nido-3). After 

cooling down to room temperature, the solvent was evaporated, and the residue was purified 

by column chromatography on alumina using CH2Cl2/hexane (1:1, v/v) followed by acetone as 

eluent to give a white powder of nido-carborane derivatives. The product was further purified 

by recrystallization from CH2Cl2/hexane. 

2.2.14. [Bu4N][1-(Mes2B)-3-(8-H-7,8-nido-C2B9H10)-4-MeC6H3] (nido-1) 

Yield = 64%. 1H NMR (acetone-d6): δ 7.54 (s, 1H), 7.09−7.03 (m, 2H), 6.79 (s, 4H), 3.5−1.5 

(br, 9H, B−H), 3.45 (t, J = 9 Hz, 8H), 2.49 (s, 3H), 2.26 (s, 6H), 1.96 (s, 12H), 1.83 (quin, J = 

9, 8H), 1.67 (s, 1H, CCb−H),1.43 (sext, J = 7.8, Hz, 8H), 0.98 (t, J = 7.5 Hz, 12H), −2.53 (br s, 

1H, B−H−B). 13C NMR (acetone-d6): δ 145.6, 144.2, 142.7, 141.3, 140.2, 139.2, 135.8, 134.0, 

129.0, 127.6, 59.3 (Bu4N), 24.4 (Bu4N), 24.0, 23.6, 21.2, 20.3 (Bu4N), 13.9 (Bu4N) (Cb−C 

signals were not observed). 11B NMR (acetone-d6): δ 78.1 (br s), −7.9 (2B), −11.0 (1B), −15.7 

(1B), −17.8 (3B). −33.1 (1B), −35.6 (1B). mp = 222 C. Anal. Calcd for C43H75B10N: C, 72.32; 

H, 10.59; N, 1.96%. Found: C, 72.16; H, 10.83, N, 2.01%. 

2.2.15. [Bu4N][1-(Mes2B)-3-(8-Me-7,8-nido-C2B9H10)-4-MeC6H3] (nido-2) 

Yield = 83%. 1H NMR (acetone-d6): δ 7.23 (s, 1H), 7.21 (d, J = 1.6 Hz, 1H), 7.10 (d, J = 7.8 

Hz, 1H), 3.5−1.5 (br, 9H, B−H), 3.45 (t, J = 9 Hz, 8H), 2.40 (s, 3H), 2.28 (s, 6H), 1.98 (s, 12H), 

1.84 ((quin, J = 8.1, 8H)), 1.45 (sext, J = 7.5, Hz, 8H), 1.04 (s, 3H, CCb−CH3), 0.99 (t, J = 7.3 

Hz, 12H), −2.46 (br s, 1H, B−H−B). 13C NMR (acetone-d6): δ 146.1, 143.2, 142.8, 141.2, 139.4, 

138.8, 134.6, 129.9, 128.9, 59.4 (Bu4N), 24.4 (Bu4N), 23.7, 23.6, 22.2, 21.2, 20.4 (Bu4N), 13.9 

(Bu4N) (Cb−C signals were not observed). 11B NMR (acetone-d6): δ 78.0 (br s), −8.7 (1B), 
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−12.0 (1B), −16.1 (2B), −18.3 (br, 3B), −33.5 (1B), −36.2 (1B). mp = 221 C. Anal. Calcd for 

C44H77B10N: C, 72.57; H, 10.66; N, 1.92%. Found: C, 72.18; H, 10.85, N, 2.02%. 

2.2.16. [Bu4N][1-(Mes2B)-3-(8-iPr-7,8-nido-C2B9H10)-4-MeC6H3] (nido-3) 

Yield = 59%. 1H NMR (acetone-d6): δ 7.55 (s, 1H), 7.14−7.08 (m, 2H), 6.80 (s, 4H), 3.50−1.50 

(br, 9H, B−H), 3.45 (t, J = 8.6 Hz, 8H), 2.60 (s, 3H), 2.27 (s, 6H, Mes−CH3), 1.98 (s, 12H, 

Mes−CH3), 1.84 (quin, J = 7.2 8H), 1.44 (sext, J = 7.5 Hz, 8H), 1.25 (sept, J = 6.6 Hz, 1H), 

0.99 (t, J = 7.2 Hz, 12H), 0.97 (d, J = 2.1 Hz, 3H), 0.64 (d, J = 6.9 Hz, 3H), −2.60 (br s, 1H, 

B−H−B). 13C NMR (acetone-d6): δ 146.2, 142.8, 142.6, 141.2, 140.5, 138.8, 134.7, 130.1, 

128.9, 59.4 (NBu4), 26.2, 25.3, 24.4 (NBu4), 23.7, 23.6, 21.2, 20.4 (NBu4), 13.8 (NBu4) (Cb−C 

signals were not observed). 11B NMR (acetone-d6): δ 77.7 (br s), −7.7 (1B), −8.7 (1B), −11.6 

(1B), −17.2 (3B), −19.3 (1B), −33.4 (1B), −35.9 (1B). mp = 172 C. Anal. Calcd for 

C46H81B10N: C, 73.06; H, 10.80; N, 1.85%. Found: C, 72.86; H, 10.71; N, 1.87%. 

2.2.17. [Bu4N][1-(Mes2B)-5-(8-Me-7,8-nido-C2B9H10)-2,4-Me2C6H2] (nido-4) 

Yield = 61%. 1H NMR (acetone-d6): δ 7.23 (s, 1H), 6.87 (s, 1H), 6.76 (s, 4H), 3.5−1.5 (br, 9H, 

B−H), 3.44 (t, J = 8.4 Hz, 8H), 2.44 (s, 3H), 2.25 (s, 6H), 1.96 (s, 3H), 1.95 (s, 12H), 1.83 (quin, 

J = 8.4, 8H), 1.44 (sext, J = 7.5, Hz, 8H), 1.04 (s, 3H), 0.98 (t, J = 7.5 Hz, 12H), −2.43 (br s, 

1H, B−H−B).13C NMR (acetone-d6): δ 144.7, 144.1, 144.0, 140.7, 140.4, 140.1, 138.8, 137.6, 

131.8, 128.9, 59.3 (Bu4N), 24.3 (Bu4N), 23.5, 23.2, 21.9, 21.8, 21.2, 20.3 (Bu4N), 13.8 (Bu4N) 

(Cb−C signals were not observed). 11B NMR (acetone-d6): δ 78.0 (br s), −7.9 (2B), −14.2 (1B), 

−16.0 (3B), −18.6 (1B), −32.8 (1B), −35.1 (1B). mp = 227 C. Anal. Calcd for C45H79B10N: C, 

72.82; H, 10.73; N, 1.89%. Found: C, 72.79; H, 10.73; N, 1.91%. 
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2.2.18. [Me4N][1-(Mes2B)-3-(8-H-7,8-nido-C2B9H10)-4-MeC6H3] (Me4N salt of nido-1) 

Closo-1 (70 mg, 0.145 mmol) was added into a solution of KOH (69 mg, 1.16 mmol) in EtOH 

(8 mL). The mixture was stirred for 1 h at room temperature and then refluxed for 48 h. After 

cooling the mixture to room temperature, the solvent was evaporated and the resulting yellow 

residue was dissolved in water. Addition of excess NMe4Cl in water gave a precipitate. The 

solid was filtered, washed with (50 mL  3), and dried in vacuo, which afforded a 

tetramethylammonium salt of nido-1 as a white powder (63 mg, 82%). Single crystals suitable 

for X-ray diffraction study were grown from vapor diffusion of Et2O into a MeCN solution. 1H 

NMR (acetone-d6): δ 7.56 (s, 1H), 7.11−7.05 (m, 2H), 6.81 (s, 4H), 3.46 (s, 12H), 3.5−1.5 (br, 

9H, B−H), 2.50 (s, 3H), 2.28 (s, 6H), 1.97 (s, 12H), 1.69 (s, 1H, CCb−H), −2.55 (br s, 1H, 

B−H−B). 13C NMR (acetone-d6): δ 145.5, 145.4, 141.2, 138.8, 138.4, 134.6, 129.8, 128.9, 56.0 

(NMe4), 23.8, 21.3, 20.9 (Cb−C and B−CAr signals were not observed). 11B NMR (acetone-d6): 

δ 77.9 (br s), −8.3 (1B), −9.7 (1B), −13.0 (1B), −15.5 (1B), −18.1 (2B), −22.9 (1B), −32.4 (1B), 

−35.2 (1B). Anal. Calcd for C31H51B10N: C, 68.21; H, 9.42; N, 2.57%. Found: C, 68.07; H, 

9.41; N, 2.91%. 

 X-ray Crystallography 

Single The crystallographic measurements were performed at 110(2) K using a Bruker APEX-

II CCD area detector diffractometer, with a graphite-monochromated Mo K radiation ( = 

0.71069 Å). A specimen of suitable size and quality was selected and mounted onto a nylon 

loop. The semiempirical method SADABS was applied for absorption correction. The structure 

was solved by direct methods, which successfully located most of the non-hydrogen atoms. 

Subsequent refinement on F2 using the SHELXTL/PC package (version 6.1) allowed location 

of the remaining non-hydrogen atoms. All H atoms were geometrically placed and refined 
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using a standard riding model.41-42 The detailed crystallographic data of Me4N salt of nido-1 

given in Tables 2.1. 

. Photophysical Measurements 

The all photophysical properties were carefully measured. UV/Vis absorption and PL spectra 

were recorded on a Varian Cary 100 and a FS5 spectrophotometer (Edinburgh Instruments), 

respectively. Solution PL spectra were obtained from degassed THF solutions. 

Spectrophotometric-grade solvent was degassed for ca. 30 min and kept in a nitrogen-filled 

glove box. Dilute sample solutions (typically 20 µM in THF) were prepared in glove box. A 1-

cm quartz cuvette containing a sample solution was sealed with a top-closed screw cap. Low-

temperature PL measurements were carried out with 5-mm diameter quartz tubes that were 

placed in a liquid-nitrogen-filled Dewar flask (77 K). The PL spectra and absolute PLQYs of 

film samples were obtained with PMMA matrices doped with nido-carborane derivatives (5,10 

and 20 wt%, prepared in THF) on quartz plates. Absolute PLQYs were measured on an absolute 

PL quantum yield measurement system (Quantaurus-QY C11347-11, Hamamatsu Photonics) 

equipped with a 3.3 inch integrating sphere. Emission lifetimes were measured using the 

method of time-correlated single-photon counting (TCSPC) on a FS5 spectrophotometer 

(Edinburgh Instruments) equipped with an EPL-375 picosecond pulsed diode laser at 298 K. 

  Cyclic Voltammetry 

Cyclic voltammetry measurements were carried out in DMF (1 × 10−3 M) with a three-electrode 

cell configuration consisting of platinum working, counter electrodes and an Ag/AgNO3 (0.01 

M in CH3CN) reference electrode at room temperature. Tetra-n-butylammonium 

hexafluorophosphate (0.1 M in DMF) was used as the supporting electrolyte. The redox 

potentials were recorded at a scan rate of 100−200 mV/s and are reported with reference to the 
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ferrocene/ferrocenium (Fc/Fc+) redox couple. 

 

.  Theoretical Calculation 

All calculations were performed using the Gaussian 09 program package. The geometry 

optimization of ground states was computed with density functional theory (DFT) at the 

M062X/6-31g(d) levels, and the energy minima were confirmed by the calculation with zero 

imaginary mode of vibrations. The calculated absorptions were obtained with the time-

dependent density functional theory (TD-DFT) method taking the ground state optimized 

geometry as the starting geometry. The ground state optimized geometry was used for the 

investigation of the vertical excitation and singlet-triplet energy splitting (ΔEST). The overlap 

integral extents were computed using Multiwfn programs.  

2.3. Results and Discussion 

2.3.1. Synthesis and Characterization  

For obtaining a steric restructed nido-carboranes, a methyl group was introduced into the 4-

position of the phenylene ring in the PhBMes2 acceptor moiety. Along with that the 8-R group 

on the nido-carborane was also varied with H, Me, and iPr, groups. Following the synthetic 

procedure depicted in Figure 0.4, the final nido-compounds. The first nido-1−3, compounds 

were prepared by deboronation of the closo-carborane cage of the corresponding closo-1−3 

with tetrabutylammonium fluoride (TBAF) in refluxing THF .45 Because of the presence of the 

ortho-Me group, the reactions took an extended  time, typically 4−5 days, for the sufficient 

sufficient deboronation. Closo-1−3 were newly synthesized using slightly different methods 

depending on the 8-R group; thus, closo-1 was prepared by the introduction of a BMes2 group 

into the phenylene ring followed by cage-forming reaction, whereas closo-2 and -3 were 
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obtained via a reverse way. The  nido-4, which contains an additional Me was  obtained from 

closo-4, which was readily obtained by a Ni(II)-catalyzed cross-coupling reaction57 of o-

carborane with 1,5-diiodo-2,4-dimethylbenzene, followed by sequential substitution with 8-

Me and BMes2 groups 

 

 

                                                                                                                                        

 

Figure 0.2. Synthesis of closo- and nido-1−4:  
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(i) Synthesis of closo- and nido-1−4. i) Pd(PPh3)4, CuI, ethynyltrimethylsilane, iPr2NH, 0 C; ii) n-BuLi, ether, −78 C, then 

FBMes2; iii) TBAF, THF, RT; iv) B10H14, Et2S, toluene, r/x; v) NaH, DMF, 0 C, then RI (R = Me for 2b and 4b, iPr for 3b); 

vi) iPrMgCl, THF, 0 C, then NiCl2, 1,5-diiodo-2,4-dimethylbenzene, toluene, 140 C; vii) TBAF, THF,r/x, 4-5 d. 

All closo- and nido-compounds were sucessfully synthesized and  characterized by 

multinuclear NMR spectroscopy and elemental analyses. All the compounds gives 

corresponding peaks in multinuclear NMR measurenets. For nido-1−4, along with broad 

1H NMR resonances (δ −2.2 to −2.7 ppm) attributable to the B−H−B bridging hydrogen 

of the nido-carborane, the 11B NMR signals that appear at δ ca. 78 ppm and δ −8 to −36 

ppm confirm the presence of both tri-coordinated and nido-carboranyl boron atoms. 

Regarding the single crystals, tetrabutylammonium salts of the nido-compounds are not 

able to obtaion successfully. But we could obtain crystals of the tetramethylammonium 

(Me4N) salt of nido-1 for X-ray diffraction study (Figure 2.12). The corresponding 

structure shows a trigonal boron center (∑(C−B−C) = 360) and the appended nido-

carborane cage. When compared with the structural parameters of previous compound 

I, both the torsion angle ( = CCb−CCb−CPh−CPh; Cb = carborane) and the carboranyl 

CCb−CCb bond distance are larger for nido-1 (nido-1 vs. I: 68.4 vs. 62.2 and 1.569 Å 

vs. 1.533 Å), pointing to the increased steric hindrance between the nido-carborane and 

4-Me group. Accordingly, the cage plane defined by CCb−CCb−B−B−B is nearly 

perpendicular to the phenylene plane, as judged from the dihedral angle of 85.7. In 

particular, the cage plane is facing the 4-Me group, probably to avoid steric hindrance 

between the B−H vertex and the Me group. These findings indicate the increased steric 

congestion around the carborane cage in the present nido-compounds owing to the 

presence of an ortho-Me group, which could be beneficial for attaining effective spatial 
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separation between the nido-carborane-centered HOMO and the PhBMes2-centered 

LUMO.58-59  
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Figure 0.3. 1H (bottom), 13C (middle) and 11B(top) NMR spectra of closo-1 in CDCl3 
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Figure 0.4. 1H (bottom), 13C (middle) and 11B(top) NMR spectra of closo-2 in CDCl3 
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Figure 0.5. 1H (bottom), 13C (middle) and 11B(top) NMR spectra of closo-3 in CDCl3 
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Figure 0.6. 1H (bottom), 13C (middle), and 11B (top) NMR spectra of closo-4. 
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Figure 0.7. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-1 ( from residual 

solvent) 

*

†
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Figure 0.8. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-2 ( from residual 

solvent) 

*†
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Figure 0.9. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-3 ( from residual 

solvent) 

*
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Figure 0.10. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-4 ( from residual 

solvent) 

 

*
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.                                           

Figure 0.11. X-ray crystal structure of nido-4 (40% thermal ellipsoids). H atoms are omitted 

for clarity.  

Table 2.1. Selected bond lengths (Å) and angles (deg) for Me4N salt of nido-1. 

 nido-m1 (Me4N salt) 

Lengths  

B(12)−C(1) 1.570(10) 

B(12)−C(9) 1.590(11) 

B(12)−C(18) 1.570(11) 

C(7)−C(8) 1.569(9) 

    

Angles   

C(1)–B(12)–C(9)  120.3(7) 

C(1)–B(12)–C(18) 119.4(6) 

C(9)–B(12)–C(18) 120.1(7) 

B12

C7

C3

C1

C8

C9

C18

N1

C4
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2.3.2. Photophysical Properties 

To get good insight in the photophysical properties of the nido-compounds were investigated 

by UV/Vis absorption and photoluminescence (PL) spectroscopy (Figure 2.13, 2.14 and Table 

2). All the solution measurements were carried out in THF. As expected in THF, nido-1−4 

exhibit strong absorptions at ca. 313 nm with a weak tailing above 345 nm. The first peak is T 

mainly assignable to the (Ar)→p(B) charge transfer (CT) transition, and the latter can be 

attributed to the ICT transition from the nido-carborane donor to the PhBMes2 acceptor (see 

the TD-DFT results below). The presence of very weak low-energy ICT absorption suggest  a 

small HOMO−LUMO overlap The PL spectra of all the compounds carefully measured in THF, 

and all  of nido-1−4 display a broad emission centered at 517−531 nm in THF (Figure 2.13, 

2.14 and Table 2). The observations suggest a  typical for CT transitions. The emission band 

of nido-1 is more blue-shifted than those of nido-2 and -3, which is ascribable to the deep 

HOMO level of nido-1. In the case of nido-4, the emission band is slightly blue-shifted 

compared with that of nido-2 presumably due to the increased band gap in nido-4. Although 

the strong green emission is dominating in all compounds, weak high-energy bands centered 

at ca. 400 nm are additionally observed for nido-2−4. In compare to the solutioin state the  high-

energy bands are not observed in the rigid state (see the PMMA film discussed below and 

Figure 2.18), and all this bands are able to assigned to local emission from the PhBMes2 

moiety.60-61 To get an openview regarding emission of all compounds, PL quantum yields 

(PLQY, ΦPL) were measured, and all the nido-1−3 compounds gives an average PL quantum 

yields (PLQY, ΦPL)  in oxygen-free THF (ΦPL = 9%−24%), This results are much better than 

the previous system I−III (ΦPL = 3%−16% in THF).56 Among the all 4 compounds nido-1 is 
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the most fluorescent  compounds, as similarly observed for previous I−III. The PLQY of nido-

4 also far better  than that of nido-2.  

 For the better and clear understanding about the excited state properties, we measured 

transient PL decay for the CT emission of the compounds in oxygen-free THF (Figure 2.15 

and Table 2 ). In compare to the previous system (I−III),56 the PL decay curves of all 

compounds exhibit long-lived decay components in the microsecond range, affording long 

emission lifetimes (d) of 4.8−9.7 s at 298 K. Apart from this, the intensities of the long-lived 

components are considerably strong. The lack of long-lived components and the sharp decrease 

in the CT emission intensity in aerated solutions support that the long-lived emission is delayed 

fluorescence originating from the T1 → S1 RISC process, as expected (Figure 2.14, 2.15). To 

ensure the TADF property, we measured the temperature-dependent PL decay for nido-2 and 

nido-3, and that results are supporting the TADF activity. Both compounds shows a gradual 

increase in the emission intensity of the delayed component with an increase in the temperature, 

corroborates the TADF nature of the delayed emission.62 It is noteworthy that 8-H substituted 

nido-1 exhibits a strong delayed fluorescence, and attaching an additional Me group to the 

ortho position of the BMes2 group further increases the intensity of delayed fluorescence (nido-

4 vs. nido-2). These strong TADF properties observed for nido-1−4 are remarkable because the 

delayed fluorescence of I−III was very weak in intensity and relatively short-lived (< 1 s) in 

THF. 
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 Table 0.2. Photophysical Data of nido-1-4  

 

a In oxygen-free THF at 298 K (2.0 × 10−5 M). b Spin-coated PMMA film doped with 10 wt% of compounds. c Absolute photoluminescence quantum yields (PLQYs). d PL 

lifetimes of prompt (p) and delayed (d) decay components. Relative portions (%) of the prompt (ΦPF) and delayed (ΦDF) components are given in parentheses. e From 

electrochemical oxidation (HOMO, Eonset) and reduction (LUMO, E1/2). f EST = ES − ET. Singlet (ES) and triplet (ET) energies from the fluorescence and phosphorescence 

spectra in THF at 77 K. Calculated EST using TD-DFT at M062X/6-31G(d). g From ref 66(pre data). 

Compd 
 abs

a 

(nm) 
PL (nm) PL

c (%) 
p (PF) [ns 

(%)]d 
d (ΦDF) [s 

(%)]d 

HOMO/LUMOe 
(eV) 

EST
f (eV) 

(exp./calc.) 

    THFa filmb 
THFa 

(N2/air) 
filmb THFa filmb THFa filmb     

nido-1 312 517 456 24-Apr 29 
99.4 
(61) 

20.2 
(33) 

9.7 
(39) 

8.7 
(67) 

−5.28/−2.27 0.023/0.071 

nido-2 313 531 482 10-Mar 34 
72.0 
(75) 

20.6 
(39) 

5.6 
(25) 

9.4 
(61) 

−5.23/−2.25 0.008/0.041 

nido-3 313 531 483 09-Mar 29 
70.6 
(82) 

51.7 
(43) 

4.8 
(18) 

7.9 
(57) 

−5.20/−2.23 0.005/0.026 

nido-4 315 527 464 19-Jul 30 
93.8 
(47) 

44.3 
(38) 

6.1 
(53) 

13.6 
(62) 

−5.17/−2.15 0.016/0.061 

Ig 
306, 
356 

524 462 16/- 56 
44.9 
(97) 

68.5 
(84) 

0.33 
(3) 

0.14 
(16) 

−5.19/−2.31 0.13/0.14 
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Figure 0.12. UV/Vis absorption (left) and PL spectra (right) of nido-1−4 in THF (2.0  10−5 

M) at room temperature. exc = 316 nm for nido-1; 312 nm for nido-2 and -3; 318 nm for nido-

4. 
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Figure 0.13. UV/Vis absorption (left) and PL spectra (right) of nido-1−4 in oxygen-free (red 

line) and air-saturated (black line) THF (2.0  10−5 M) at 298 K. 
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Figure 2.15. Temperature dependence of transient PL decays in THF. 

 

0 2 4 6 8 10

10
1

10
2

10
3

10
4 nido-2

 300 K 

 250 K

 200 K

 150 K

 

 

C
o

u
n

ts

 / s
0 5 10 15 20

10
1

10
2

10
3

10
4 nido-3

 290 K 

 250 K

 200 K

 150 K

 
 

C
o

u
n

ts

 / s

 
Figure 0.14. Transient PL decay curves of nido-1−4 in THF at 298 K. exc = 316 nm for nido-1; 

312 nm for nido-2 and -3; 318 nm for nido-4. Inset: (bottom left) temperature-dependent PL 

decays of nido-3 in oxygen-free THF; (bottom right) PL decays of nido-4 in oxygen-free and 

aerated THF. 
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Figure 2.16. Fluorescence and phosphorescence (10 ms delay) spectra of nido-1−4 in THF at 

77 K. 

 

The regid state photophysical properties of nido-1−4 compounds were investigated in  
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attributed to the reduced dipolar interactions between the CT excited states of nido-1−4 

and the surrounding medium in the rigid state (rigidochromic shifts). In particular, the 

emission profiles remain similar with varying the doping concentration of nido-

compounds from 5 wt% to 20 wt%, probably due to the steric bulkiness of the nido-

carborane and BMes2 groups. The steric effects may also lead to suppression of the 

quenching of solid-state emission, resulting in a very similar level of PLQYs at different 

doping concentrations for all compounds (Figure 2.18). In rigid state all the 4 

compounds shows a strong delayed fluorescence with long emission lifetimes (d = 

8.7−13.6 s for 10 wt% doped PMMA), which follows the trends of solution state.   

The all observed results shows that the incorporation of steric groups such as the 4-Me 

group into the phenylene linker of nido-carborane-triarylborane D−A systems can 

improve the TADF properties in both solution and solid states. Furthermore, unlike the 

results for I, the strong TADF character with a long emission lifetime observed for 8-H 

substituted nido-1 indicates that the ortho-Me group to the nido-carborane cage plays a 

crucial role in attaining efficient delayed fluorescence. This, in turn, indicates that the 

nature of the 8-R group on the nido-carborane does not affect significantly the TADF 

properties of nido-1−4.  
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Figure 2.17. PL spectra (left) and transient PL decay curves (right) of the PMMA films doped 

with nido-1−4 at different doping concentrations (5−20 wt%). PLQYs (%) and delayed 

lifetimes (d) are provided.
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 2.3.3. Electrochemical Properties 

The electrochemical measurements of nido-1−4 display typical features for the 

triarylborane-centered, reversible reduction (LUMO) and the nido-carborane-centered, 

irreversible oxidation (HOMO) (Figure 2.3.1 and table 1)63,64, this indicating separation of 

HOMO and LUMO within a molecule. This result supports that the lowest-energy electronic 

transition involves an ICT transition from the nido-carborane to the boryl group. Because of 

the presence of the same boryl moiety, nido-1−3 shows a very similar  the LUMO levels. 

whereas a slightly deeper HOMO level is observed for nido-1 owing to the weak electron-

donating effect of the 8-H atom. In case of  nido-4, both the HOMO and LUMO levels are 

elevated in comparison with those of nido-2, with a slightly greater extent in the case of 

LUMO. This could be attributed to the additional electron-donating 2-Me group on the 

phenylene ring of the LUMO-dominating triarylboryl group. Nevertheless, the 2-Me group 

also affects the HOMO level centered on the nido-carborane, leading to a marginal increase 

in the band gap. 
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 Ered (V) Eox (V) Eg (eV) 

nido-1 −2.53 0.48 3.01 

nido-2 −2.55 0.43 2.98 

nido-3 −2.57 0.40 2.97 

nido-4 −2.65 0.37 3.02 

 

Figure 2.18. Cyclic voltammograms of nido-1−4 showing electrochemical reduction (left, 

E1/2) and oxidation (right, Eonset) (1.0 × 10−3 M in DMF, scan rate = 100−200 mV s−1). 

2.4. Theoretical Calculations 

To gain insight into the effect of 4-methyl substitution on the TADF properties, the 

geometries of the ground states (S0) of nido-1−4 and reference compound I were 

optimized with varying the rotation angle of the nido-carborane cage using density 

functional theory (DFT) at the M062X/6-31g(d) level. Similarly, excited state (S1 and 

T1) calculations were performed using time-dependent DFT (TD-DFT) by taking the 

ground state geometries to estimate the ΔEST values. Starting from a torsion angle ( 

= CCb−CCb−CPh−CPh) of 0, relative energies and ΔEST values of the compounds were 
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computed at every fixed rotational angle (10°) of the nido-carborane cage (Figure 6 

and and table 2). It can be seen that nido-1−4 have two local energy minima when 

the cage plane is perpendicularly oriented toward the phenylene ring. In particular, as 

observed in the crystal structure of nido-1, the configuration in which the cage plane 

is facing the 4-Me group is the most stable. However, owing to the relatively large 

rotational energy barrier, which also increases with the size of the 8-R group on the 

cage, the cage in nido-1−4 hardly undergoes free rotation, and thus nido-1−4 are 

likely to exist predominantly at their minimum-energy configuration. Interestingly, 

the patterns of the ΔEST values with respect to the rotation angle of the cage are very 

similar to those of the relative energy for all nido-1−4, indicating that the lowest ΔEST 

values are obtained at a perpendicular arrangement between the cage plane and the 

phenylene ring. Therefore, these findings suggest that nido-1−4 may persistently have 

TADF nature even in solution. In contrast, reference I, which lacks the 4-Me group, 

features considerably low rotational energy barriers. Although ΔEST approaches very 

low values at the perpendicular arrangement owing to the spatial separation between 

HOMO and LUMO, free rotation of the nido-carborane cage could allow 

contributions of large ΔEST values occurring at other rotational angles, resulting in 

inefficient RISC in solution state.  

  
Finally, detailed geometrical and MO analyses were carried out to elucidate the 

photophysical properties of nido-1−4 (Figure 2.4.1). Large torsion angles between 

the nido-carborane and the phenylene ring (68.9−75.9) are similarly obtained for 

the ground states of all nido-1−4. The torsion angle of nido-1 (68.9) is also 

comparable to that observed in the crystal structure (68.4, Figure 2.12), and much 
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greater than that of reference I (49.5).65 This result indicates that the 4-Me group 

plays an important role in increasing and controlling the torsion angle. For this reason, 

the effect of the 8-R group in the cage is relatively insignificant. In fact, only a small 

increase in the torsion angle can be observed on going from nido-1 to nido-3. It is 

worth mentioning that in the related compounds I−III lacking a 4-Me group, the 

torsion angle substantially increased with the size of the 8-group (49.5 for H < 73.7 

for Me < 87.5 for iPr).65 The highly twisted connectivity between the donor (nido-

carborane) and acceptor (PhBMes2) moieties of nido-1−4 leads to the exclusive 

localization of HOMO and LUMO on each moiety. This effective spatial separation 

of HOMO and LUMO results in very small ΔEST values (0.03−0.07 eV) for all 

compounds. Although these values are somewhat larger than the experimental values, 

the trend in the ΔEST values is the same as that obtained experimentally. Because of 

the small ΔEST values, all nido-1−4 can similarly undergo fast equilibration between 

the S1 and T1 states, exhibiting strong TADF. The TD-DFT calculation results further 

indicate that the lowest-energy absorption process involves a HOMO−LUMO ICT 

transition with very low oscillator strength (f < 0.001), supporting the observed weak 

absorption (Table 4).  
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Figure 2.19. Torsion angles ( = CCb−CCb−CPh−CPh) and frontier molecular orbitals, HOMO 

and LUMO, of nido-1−4 (isovalue = 0.02) at their ground state (S0) geometries from DFT 

calculations. Orbital energies, HOMO−LUMO gaps (Eg), ∆EST, and overlap integral extents 

(IH/L) are provided 
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Table 2.3. The contribution (in %) of donor (nido-carborane) and acceptor (PhBMes2) 

moieties to the frontier molecular orbitals and the overlap integral (IH/L, in %) between 

HOMO and LUMO for nido-1−4.  

 MO Energy (eV) 

Donor 

(nido-8-R-CB) 

Acceptor 

(PhBMes2) 

IH/L 

nido-1 LUMO 1.28 0.31 99.68 9.92 

 HOMO −3.43 97.45 2.25  

nido-2 LUMO 1.27 0.37 99.63 9.40 

 HOMO −3.39 97.62 2.38  

nido-3 LUMO 1.26 0.46 99.54 9.10 

 HOMO −3.43 97.75 2.25  

nido-4 LUMO 1.24 0.33 99.66 8.99 

Table 2.3. The contribution (in %) of donor (nido-carborane) and acceptor (PhBMes2) moieties to 

the frontier molecular orbitals and the overlap integral (IH/L, in %) between HOMO and LUMO for 

nido-1-4. 

 MO Energy (eV) 
Donor Acceptor 

IH/L 
(nido-8-R-CB) (PhBMes2) 

nido-1 LUMO 1.28 0.31 99.68 9.92 

 HOMO −3.43 97.45 2.25  

nido-2 LUMO 1.27 0.37 99.63 9.4 

 HOMO −3.39 97.62 2.38  

nido-3 LUMO 1.26 0.46 99.54 9.1 

 HOMO −3.43 97.75 2.25  

nido-4 LUMO 1.24 0.33 99.66 8.99 

 HOMO −3.35 97.74 2.26  
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 HOMO −3.35 97.74 2.26  

 

 

Table 2.4. The calculated lowest-energy absorption wavelength (λabs, in nm) and the 

corresponding oscillator strength (f) for nido-1−4.  

 λabs f major contribution 

nido-1 367.3 0.0008 HOMO→LUMO (95%) 

nido-2 372.6 0.0003 HOMO→LUMO (95%) 

nido-3 370.6 0.0005 HOMO→LUMO (96%) 

nido-4 377.9 0.0007 HOMO→LUMO (95%) 

 

Table 2.5. Calculated HOMO−LUMO gap (Eg), the energies of the lowest singlet and triplet 

excited states (ES1 and ET1), energy splitting between the S1 and T1 states (ΔEST), and torsion 

angle ( = CCb−CCb−CPh−CPh). Energy is in eV and angle is in degree (). 

 Eg ES1 ET1 ΔEST  

nido-1 4.71 3.38 3.30 0.071 68.9 

nido-2 4.66 3.33 3.29 0.041 73.3 

nido-3 4.69 3.35 3.32 0.026 75.9 

nido-4 4.59 3.28 3.22 0.061 75.8 
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2.5. Conclusion  

In this current work,  we are successfully introduce a methyl group was introduced 

into the 4-position of the phenylene ring in the PhBMes2 acceptor moiety, and  that 

the introduction of a steric group into the phenylene linker of nido-

carborane−triarylborane D−A dyads (nido-1−4) largely enhances their TADF 

properties. The crystal structure of 8-H substituted nido-1 showed highly twisted 

connectivity between the cage plane and the Ph ring. Irrespective of the kind of 8-R 

group (R = H, Me, iPr) on the nido-carborane, all compounds exhibited very small 

EST values and thereby strong TADF in both solution and rigid state. Computational 

studies further demonstrated that nido-1−4 form a stable twisted structure with large 

energy barriers to cage rotation, whereas reference I lacking a 4-Me group has low 

rotational energy barriers. This suggests that the TADF properties of nido-1−4 can be 

persistently retained even in solution. The findings of this study demonstrate that 

nido-carboranes may constitute a versatile donor for delayed fluorescent D−A 

systems whose TADF properties can be enhanced by restricting cage rotation.  
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Chapter 3. Synthesis and Photophysical Properties of p-Nido-Carborane-

Triarylborane Conjugates with a Methyl‐Substituted Phenylene Linker 

3.1. Introduction 

In recent years, carborane chemistry become one of the highly investigated fields in 

boron cluster chemistry.1-6 The unique properties of carboranes; such as three 

dimensional -aromaticity, steric bulkiness, electron-withdrawing property through 

C-substitution, high thermal and chemical stability make them one of the promising 

candidates for the development of novel luminophores.7-8 Based on the cage structure, 

closo- and nido- are the most common forms of carboranes, however, both are 

extensively different in properties.9 Their strong inductive electron-withdrawing 

effect and conjugation effect makes carboranes perform as an excellent electron-

accepting auxiliary of organic and organometallic luminophores.10-22 Nido-carboranes 

are anionic in nature, and due to this intense negative charge, they act as a robust 

electron-donating moiety. Hence, they are used as a donor in intramolecular charge 

transfer (ICT) systems.22-24 However, in contrast with closo-carboranes, nido-

carboranes are less exploited as luminescent materials, especially the aspects of steric 

and electronic factors. The photophysical  properties of nido-carboranes donor-based 

systems are still under investigation, and nowadays its gaining greater interest also.25-

26 Designing nido-carboranes based donor−acceptor (D−A) systems are very much 

challenging and, well at the same time, interesting also. In this scenario, we focused 

our research on the development of nido-carboranes based donor−acceptor (D−A) 

systems, which are suitable for thermally activated delayed fluorescence (TADF) 
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emitters. Thermally activated delayed fluorescence (TADF) OLED emitter materials 

can promise efficient and long-lifetime performance without any heavy metals. 

Compared to the traditional fluorescence and phosphorescence emitters, TADF 

emitters can harvest nearly 100 % excitons, and that opens up a new horizon in 

OLEDs.  

 Recently we reported a donor−acceptor system which is based on triaryl borane 

moiety as the electron-acceptor and the nido-7,8-carboranes as a new type of 

donor.27The system showed strong TADF properties in the rigid state and weak or 

almost no TADF in the solution phase. To overcome the non-TADF nature of the 

solution state, and to enhance the TADF property, we alter the steric bulkiness of the 

phenylene ring bearing the nido-carborane. To achieve this, we introduced a methyl 

group to the ortho-position of the phenylene ring bearing the nido-carborane. Based 

on this, we formulated two systems: 7,8-Dicarba-nido-undecaboranes having various 

8-R groups (R = H, Me, i-Pr, Ph) in the meta or para position of the phenyl ring of a 

dimesitylphenylborane (PhBMes2) acceptor (nido-m1−m3 and nido-p1−p3). In this 

current work (nido-1−3 in Figure 3.1), we discuss our findings of ortho methyl group 

substitution on the para system. The photophysical properties of all three para 

compounds were studied in detail, and it was compared with its meta analogues. The 

results show that compared to meta-system, para-systems have less TADf properties 

in both film andsolution state. 
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Figure 0.1. p-Nido-carborane-substituted triarylboranes. 

3.2. Experimental Section 

3.2.1. Chemical and Instrumentation 

All operations were performed under an inert nitrogen atmosphere using standard Schlenk 

and glove box techniques. Anhydrous grade solvents (Aldrich) were dried over activated 

molecular sieves (5Å). Spectrophotometric-grade THF (Merck) was used for photophysical 

measurements. Commercial reagents were used without further purification after purchase. 

Deuterated solvents from Eurisotop were used. NMR spectra were recorded on a Bruker AM 

300 (300.13 MHz for 1H, 75.48 MHz for 13C, 96.29 MHz for 11B) or a Bruker AVANCE III 

HD 400 (400.13 MHz for 1H, 100.61 MHz for 13C) spectrometer at ambient temperature. 

Chemical shifts (in ppm) are referenced against external Me4Si (1H, 13C) and BF3·OEt2 (
11B). 

Elemental analyses were performed on a Flash 2000 elemental analyzer (Thermo Scientific) 

by the Research Facilities Center at University of Ulsan. Melting points (mp) were measured 

by Melting Point Apparatus SMP30 (Stuart Equipment). Cyclic voltammetry experiments 

were carried out using an Autolab/PGSTAT101 system. 

3.2.2. ((4-Bromo-2-methylphenyl)ethynyl)trimethylsilane (1a) 

4-Bromo-1-iodo-2-methylbenzene (4.0 g, 13.47 mmol), CuI (0.13 g, 0.67 mmol), and 

Pd(PPh3)4 (0.77 g, 0.67 mmol) were dissolved in anhydrous diisopropylamine (i-Pr2NH) (30 
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mL). Into the solution was added trimethylsilylacetylene (1.9 mL, 13.47 mmol), and the 

reaction mixture was stirred at 60 C for 20 h. The resulting solution was evaporated off 

under reduced pressure and the crude product was extracted with diethyl ether (40 mL  3). 

After evaporation of solvent, the solid residue was purified by column chromatography on 

silica gel using hexane as eluent. Drying in vacuo afforded a white powder of 1a (3.25 g, 

90%). 1H NMR (CDCl3): δ 7.36 (t, J = 3.9 Hz, 1H), 7.34-7.23 (m, 2H), 2.44 (s, 3H), 0.30 (s, 

9H). 13C NMR (CDCl3): δ 144.8, 135.9, 133.3, 130.2, 128.1, 121.9, 119.8, 108.0, 101.0, 

20.9, 0.01. 

3.2.3. (4-Ethynyl-3-methylphenyl)dimesitylborane (1b) 

To a solution of 1a (0.70 g, 2.61 mmol) in THF (10 mL) was added n-BuLi (2.5 M in hexane, 

1.14 mL, 2.8 mmol) at −78 C, and the mixture was stirred for 1 h at this temperature. A 

solution of dimesitylboron fluoride (FBMes2, 0.769 g, 2.87 mmol) in THF (4 mL) was then 

added. After stirring for 1 h, the reaction mixture was slowly allowed to reach room 

temperature and was stirred overnight. Removal of the solvent under reduced pressure 

produced a sticky residue, which was subjected to column chromatography on silica gel 

using hexane to afford ((4-(dimesitylboryl)-2-methylphenyl)ethynyl)trimethylsilane as a 

white powder (0.68 g, 59%). 1H NMR (CDCl3): δ 7.43 (d, J = 7.6 Hz, 1H), 7.37 (s, 1H), 

7.34-7.25 (m, 1H), 6.84 (s, 4H), 2.42 (s, 3H), 2.33 (s, 6H), 2.00 (s, 12H), 0.29 (s, 9H). Next, 

this compound (0.66 g, 1.5 mmol) was dissolved in anhydrous THF (30 mL) and tetra-n-

butylammonium fluoride (n-Bu4NF, TBAF) solution (1.0 M in THF, 1.6 mL) was added. 

After stirring at room temperature for 3 h, the resulting solution was evaporated off under 

reduced pressure. The crude product was extracted with diethyl ether (40 mL  3). After 

evaporation of solvent, the solid residue was purified by column chromatography on silica 
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gel using hexane as eluent. Drying in vacuo afforded a white powder of 1b (0.51 g, 92%). 

1H NMR (CDCl3): δ 7.46 (d, J = 7.6 Hz, 1H), 7.38 (s, 1H), 7.30 (d, J = 7.1 Hz, 1H), 6.84 (s, 

4H), 3.40 (s, 1H), 2.43 (s, 3H), 2.33 (s, 6H), 2.01 (s, 12H).13C NMR (CDCl3): δ 144.1, 143.9, 

140.6, 140.4, 140.2, 138.1, 136.0, 127.9, 127.2, 123.9, 82.4, 81.3, 22.9, 21.8, 20.4. 

3.2.4. 1-Bromo-4-(2-H-o-carboran-1-yl)-5-methylbenzene (2a) 

A toluene solution (20 mL) of decaborane (B10H14, 1.25 g, 10.2 mmol) and diethyl sulfide 

(Et2S, 5.16 mL, 51 mmol) was stirred at room temperature for 0.5 h. Into the solution was 

added a toluene solution (10 mL) of 4-bromo-1-ethynyl-2-methylbenzene (2 g, 10.25 mmol), 

which was obtained from desilylation of 1a using TBAF in THF. The mixture was refluxed 

for 4 days under nitrogen atmosphere. Work-up and purification of the crude product by 

column chromatography on silica gel using hexane as eluent afforded 2a as a white powder 

(1 g, 29.9%). 1H NMR (CDCl3): δ 7.45 (d, J = 8.7 Hz, 1H), 7.36 (d, J = 2.1 Hz, 1H), 7.33 

(dd, J = 7.1, 2.1 Hz, 1H), 4.54 (s, 1H), 3.4−1.0 (br, 10H, B−H), 2.56 (s, 3H). 13C NMR 

(CDCl3): δ 135.4, 134.0, 133.9, 133.7, 132.5, 120.5, 76.8, 59.), 22.9. 11B NMR (CDCl3): δ 

−1.8 (2B), −8.6 (3B), −10.8 (5B). 

3.2.5. 1-Bromo-4-(2-Me-o-carboran-1-yl)-4-methyl benzene (2b) 

Sodium hydride (NaH, 60% dispersion in mineral oil, 0.09 g, 2.25 mmol) was suspended in 

dry DMF (5 mL). After cooling down to 0 C, a solution of 2a (0.50 g, 1.59 mmol) in DMF 

(5 mL) was added slowly to the suspension. The mixture was stirred at 0 C for 1 h, and then 

MeI (0.28 mL, 4.62 mmol) was added. After stirring at room temperature overnight, the 

reaction was quenched by addition of saturated aqueous NH4Cl solution, and the mixture 

was extracted with diethyl ether (20 mL  3). The organic layer was washed with water (20 

mL  3), separated, and dried over MgSO4. The solvent was evaporated under reduced 



67 

 

pressure and the residue was purified by column chromatography on silica gel using hexane 

as eluent. Drying in vacuo afforded a white powder of 2b (0.41 g, 79%). 1H NMR (CDCl3): 

δ 7.74 (d, J = 8.7 Hz, 1H), 7.43 (d, J = 2.1 Hz, 1H), 7.39 (dd, J = 8.8, 2.1 Hz, 1H), 2.71 (s, 

3H), 3.4−1.0 (br, 10H, B−H), 1.72 (s, 3H). 13C NMR (CDCl3): δ 139.0, 137.4, 135.9, 133.5, 

130.6, 120.1, 82.8, 79.5, 23.8, 23.6. 11B NMR (CDCl3): δ −1.8 (1B), −3.4 (1B), −8.5 (2B), 

−10.9 (6B). 

3.2.6. 1-Bromo-4-(2-i-Pr-o-carboran-1-yl)-4-methyl benzene (3b) 

This compound was prepared in a manner analogous to the synthesis of 2b using 2a (0.31 g, 

0.1 mmol) and i-PrI (0.25 g, 2.89 mmol) in DMF (5 mL) to give a white powder of 3b (0.21 

g, 56%). 1H NMR (CDCl3): δ 7.91 (d, J = 1.8 Hz, 1H), 7.45 (dd, J = 8.1, 1.9 Hz, 1H), 7.18 

(d, J = 8.31 Hz, 1H), 2.69 (s, 3H), 3.6−1.4 (br, 10H, B−H), 1.75 (sept, J = 7.1 Hz, 1H), 1.17 

(d, J = 7.2  Hz, 6H). 13C NMR (CDCl3): δ 139.2, 136.5, 135.7, 132.5, 130.1, 120.8, 91.9, 

87.5, 31.7, 26.0, 22.6. 11B NMR (CDCl3): δ −4.0 (1B), −6.1 (1B), −11.4 (8B). 

3.2.7. 1-(Mes2B)-4-(2-H-o-carboran-1-yl)-5-methylbenzene (closo-1) 

A toluene solution (20 mL) of decaborane (B10H14, 0.18 g, 1.50 mmol) and diethyl sulfide 

(Et2S, 0.69 mL, 6.85 mmol) was stirred at room temperature for 0.5 h and then 1b (0.50 g, 

1.37 mmol) in toluene (10 mL) was slowly added to this solution. The mixture was refluxed 

for 4 days under nitrogen atmosphere. After cooling down to room temperature, the solvent 

was evaporated off under reduced pressure and the residue was purified by column 

chromatography on silica gel using hexane as eluent, giving closo-1 as a white powder (0.20 

g, 30%). 1H NMR (CDCl3): δ 7.52 (d, J = 8.1 Hz, 1H), 7.31 (s,  1H), 7.29 (d, J = 2.6 Hz, 

1H), 6.84 (s, 4H), 4.63 (s, 1H), 2.54 (s, 3H), 2.33 (s, 6H), 1.99 (s, 12H). 13C NMR (CDCl3): 

δ 144.0, 141.1, 140.8, 139.3, 139.2, 139.1, 137.1, 133.8, 131.6, 128.5, 78.2, 77.4, 23.7, 23.6, 



68 

 

21.4. 11B NMR (CDCl3): δ 75.9 (br s), 1.1 (1B), −3.3 (2B), −9.0 (7B). mp = 184 C. Anal. 

Calcd for C27H39B11: C, 67.21; H, 8.15%. Found: C, 67.23; H, 8.18%. 

3.2.8. 1-(Mes2B)-4-(2-Me-o-carboran-1-yl)-5-methylbenzene (closo-2) 

To a solution of 2b (0.21 g, 0.64 mmol) in THF (10 mL) was added a hexane solution of n-

BuLi (2.5 M, 0.26 mL, 0.67 mmol) at −78 C, and the mixture was stirred for 1 h at this 

temperature. A solution of dimesitylboron fluoride (0.2 g, 0.70 mmol) in THF (4 mL) was 

then added. After stirring for 1 h, the reaction mixture was slowly allowed to warm to room 

temperature and was stirred overnight. Work-up and purification of the crude product by 

column chromatography afforded a white powder of closo-2 (0.22 g, 61%). 1H NMR 

(CDCl3): δ 7.83 (s, 1H), 7.46 (d, J = 7.6 Hz, 1H), 7.24 (d, J = 7.6 H, 6.86 (s, 4H), 2.69 (s, 

3H), 2.42 (s, 6H), 2.00 (s, 12H), 1.68 (s, 3H). 13C NMR (CDCl3) δ 144.0, 143.2, 141.9, 141.2, 

140.7, 139.2, 137.8, 134.3, 128.5, 128.4, 84.3, 79.2, 24.5, 23.5, 23.4, 21.4. 11B NMR 

(CDCl3): δ 77.3 (br s), 1.5 (2B), −3.4 (2B), −8.9 (6B). mp = 176 C. Anal. Calcd for 

C28H41B11: C, 67.73; H, 8.32%. Found: C, 67.70; H, 8.29%.  

3.2.9. 1-(Mes2B)-4-(2-i-Pr-o-carboran-1-yl)-4-methylbenzene (closo-3) 

This compound was prepared in a manner analogous to the synthesis of closo-2 using 3b 

(0.18 g, 0.51 mmol) to give a white powder of closo-3 (0.15 g, 55%).1H NMR (CDCl3): δ 

7.81 (d, J = 8.2 Hz, 1H), 7.34 (d, J = 6.3 Hz, 1H), 7.30 (d, J = 1.1 Hz, 1H), 6.84 (s, 4H), 

2.66 (s, 3H), 2.34 (s, 6H), 1.98 (s, 12H), 1.70 (sept, J = 6.9 Hz, 1H, −CHCH3), 1.02 (d, J = 

6.9 Hz, 6H, −CHCH3). 
13C NMR (CDCl3): δ 144.6, 143.9, 143.0, 141.2, 140.7, 139.3, 137.6, 

134.3, 128.5, 128.2, 90.9, 88.0, 31.9, 24.3, 23.8, 23.5, 21.4. 11B NMR (CDCl3): δ 75.1 (br 

s), −3.2 (1B), −4.5 (2B), −10.0 (7B). mp = 159 C. Anal. Calcd for C30H45B11: C, 68.68; H, 

8.65%. Found: C, 68.64; H, 8.61%.  
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3.2.10. General synthesis of p-nido-carborane-substituted triarylboranes, nido-1−3 

Closo-carborane compounds (0.2 mmol) and n-Bu4NF (TBAF) (1.0 mmol) were dissolved 

in THF (20 mL) and the mixture was refluxed for 4 d. After cooling down to room 

temperature, the solvent was evaporated, and the residue was purified by column 

chromatography on alumina using CH2Cl2/hexane (1:1, v/v) followed by acetone as eluent 

to give a white powder of nido-carborane derivatives (nido-1 to 3). The product was further 

purified by recrystallization from CH2Cl2/hexane. 

3.2.11. [Bu4N][1-(Mes2B)-4-(8-H-7,8-nido-C2B9H10)-5-MeC6H3] (nido-1) 

Yield = 65%. 1H NMR (acetone-d6): δ 7.25 (d, J = 7.8 Hz, 1H), 7.18 (s, 1H), 7.08 (d, J = 7.7 

Hz, 1H), 6.82 (s, 4H), 3.5−1.5 (br, 9H, B−H), 3.47 (t, J = 9 Hz, 8H), 2.40 (s, 3H), 2.28 (s, 

6H), 1.98 (s, 12H), 1.84 (quin, J = 9, 8H), 1.68 (s, 1H, CCb−H),1.44 (sext, J = 7.8, Hz, 8H), 

0.99 (t, J = 7.5 Hz, 12H), −2.53 (br s, 1H, B−H−B). 13C NMR (acetone-d6): δ 149.9, 140.3, 

138.7, 138.1, 137.4, 133.1, 128.1, 128.0, 58.4 (Bu4N), 23.5 (Bu4N), 22.8, 20.3, 19.6, 19.5 

(Bu4N), 13.0 (Bu4N) (Cb−C signals were not observed). 11B NMR (acetone-d6): δ 79.1 (br 

s), −8.2 (1B), −9.7 (1B), −13.0 (1B), −15.4 (1B), −18.1 (2B), −22.9 (1B), −32.4 (1B), −35.2 

(1B). mp = 228 C. Anal. Calcd for C43H75B10N: C, 72.32; H, 10.59; N, 1.96%. Found: C, 

72.16; H, 10.83, N, 2.01%. 

3.2.12. [Bu4N][1-(Mes2B)-4-(8-Me-7,8-nido-C2B9H10)-5-MeC6H3] (nido-2) 

Yield = 83%. 1H NMR (acetone-d6): δ 7.25 – 7.19 (m, 2H), 7.10 (d, J = 7.8 Hz, 1H), 6.82 

(s, 1H) 3.5−1.5 (br, 9H, B−H), 3.45 (t, J = 8.9 Hz, 8H), 2.40 (s, 3H), 2.28 (s, 6H), 1.98 (s, 

12H), 1.81 ((quin, J = 8.3, 8H)), 1.45 (sext, J = 7.5, Hz, 8H), 1.01 (s, 3H, CCb−CH3), 0.98 (t, 

J = 7.3 Hz, 12H), −2.45 (br s, 1H, B−H−B). 13C NMR (acetone-d6): δ 147.6, 140.4, 139.5, 

138.0, 137.1, 132.9, 129.5, 128.1, 58.5 (Bu4N), 23.5 (Bu4N), 22.7, 22.5, 21.0, 20.4, 19.5 
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(Bu4N), 13.0 (Bu4N) (Cb−C signals were not observed). 11B NMR (acetone-d6): δ 78.3 (br 

s), −6.5 (1B), −9.9 (2B), −13.6 (1B), −15.3 (1B), −19.7 (2B), −33.2 (1B), −35.6 (1B). mp = 

228 C. Anal. Calcd for C44H77B10N: C, 72.57; H, 10.66; N, 1.92%. Found: C, 72.21; H, 

10.81, N, 1.98%.  

3.2.13. [Bu4N][1-(Mes2B)-4-(8-iPr-7,8-nido-C2B9H10)-5-MeC6H3] (nido-3) 

Yield = 59%. 1H NMR (acetone-d6): δ 7.26 (d, J = 7.8 Hz, 1H), 7.21 (s, 1H), 7.11 – 7.04 (m, 

1H), 6.82 (s, 4H), 3.50−1.50 (br, 9H, B−H), 3.40 (t, J = 8.6 Hz, 8H), 2.49 (s, 3H), 2.28 (s, 

6H, Mes−CH3), 1.98 (s, 12H, Mes−CH3), 1.81 (quin, J = 7.2 8H), 1.43 (sext, J = 7.5 Hz, 

8H), 1.21 (sept, J = 6.6 Hz, 1H), 0.99 (t, J = 7.2 Hz, 12H), 0.95 (d, J = 2.1 Hz, 3H), ), 0.58 

(t, J = 8.3 Hz, 3H), −2.60 (br s, 1H, B−H−B). 13C NMR (acetone-d6): δ 146.2, 142.6, 141.2, 

140.5, 138.8, 134.7, 130.1, 128.9, 59.4 (NBu4), 26.2, 25.3, 24.4 (NBu4), 23.7, 23.6, 21.2, 

20.4 (NBu4), 13.8 (NBu4) (Cb−C signals were not observed). 11B NMR (acetone-d6): δ 78.3 

(br s), −7.9 (2B), −14.2 (1B), −15.9 (2B), −18.6 (2B), −32.8 (1B), −35.1 (1B). mp = 181 C. 

Anal. Calcd for C46H81B10N: C, 73.06; H, 10.80; N, 1.85%. Found: C, 73.12; H, 10.69; N, 

1.88%. 

3.2.14. Photophysical Measurements 

UV/Vis absorption and photoluminescence (PL) spectra were recorded on a Varian Cary 

100 and FS5 spectrophotometer, respectively. Solution PL spectra were obtained from 

oxygen-free and air-saturated tetrahydrofuran (THF) solutions. The thin film samples were 

prepared by spin-coating of the THF solutions of PMMA matrices doped with compounds 

on quartz plates. Photoluminescence quantum yields (PLQYs, ΦPL) of all samples were 

measured on an absolute PL quantum yield spectrophotometer (Quantaurus-QY C11347-11, 

Hamamatsu Photonics) equipped with a 3.3 inch integrating sphere. Transient PL decay 
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curves were recorded on a FS5 spectrophotometer (Edinburgh Instruments) using a time-

correlated single-photon counting (TCSPC) mode (EPL-375 picosecond pulsed diode laser 

as a light source) or a multi-channel scaling (MCS) mode (microsecond Xenon flashlamp as 

a light source). Temperature-dependent PL decays were obtained with an OptistatDNTM 

cryostat (Oxford Instruments). 

3.2.15. Cyclic Voltammetry  

Cyclic voltammetry measurements were carried out in DMF (1 × 10−3 M) with a three-

electrode cell configuration comprising platinum working and counter electrodes and an 

Ag/AgNO3 (0.01 M in CH3CN) reference electrode at room temperature. Tetra-n-

butylammonium hexafluorophosphate (0.1 M) was used as the supporting electrolyte. The 

redox potentials were recorded at a scan rate of 100−200 mV s−1 and are reported against 

the ferrocene/ferrocenium (Fc/Fc+) redox couple. The electrochemical oxidation (Eonset) and 

reduction (E1/2) were used for the determination of the HOMO and LUMO energy levels, 

respectively 

3.3. Results and Discussion 

3.3.1. Synthesis and Characterization 

Using our insigts from the previous works, we desided to alter the steric congestion 

of the phenylene ring in the PhBMes2 acceptor moiety to obtain better nido carborane 

based TADF candidate. In order to achive the steric  crowding we introduce a methyl 

group in the  5th position. Along with this  the 8-R group on the nido-carborane also 

changed to H, Me, and iPr, groups. The complete synthetic  procedure which were 

adopted is disscribed in the Figure-3.2. The targeted nido-compounds, nido-1−3 were 
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prepared by deboronation of the closo-carborane cage of the corresponding closo-1−3 

with tetrabutylammonium fluoride (TBAF) in refluxing THF . Depending onthe 8-R 

group a slightly different synthetic methods were slected for the synthesis of Closo-

1−3 compounds. Closo-1 was prepared by the reaction between (4-

ethynylphenyl)dimesitylborane and decaborane (B10H14 in the presence of excess 

Et2S in refluxing toluene, gives a better yield of  2-H-o-carboranesubstituted 

triarylboran.  of a BMes2. whereas closo-2 and -3 were obtained via a reaction of 2a 

with n-BuLi, followed by reaction with respective alkyl iodide.   
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Figure 0.2. Synthesis of closo- and nido-1−3.  

Conditions: (i) Pd(PPh3)4, CuI, ethynyltrimethylsilane, iPr2NH, 0 C; ii) n-BuLi, ether, −78 C, then FBMes2; iii) TBAF, 

THF, RT; iv) B10H14, Et2S, toluene, r/x; v) NaH, DMF, 0 C, then RI (R = Me for 2b and iPr for 3b); vi) TBAF, THF, r/x, 

4d.  

 

All of the closo- and nido-compounds were characterized by multinuclear NMR 

spectroscopy and elemental analyses (see ESI). For nido-1−3, gives respective 13C 

and 1H peaks along with broad 1H NMR resonances (δ −2.3 to −2.8 ppm) attributable 

to the B−H−B bridging hydrogen of the nido-carborane. The 11B NMR signals which 



74 

 

appear at δ ca. 78 ppm and δ −8 to −36 ppm confirms the presence of both nido-

carboranyl and tri-coordinated boron atoms .  

 

  

 

Figure 0.3. 1H (bottom), 13C (middle), and 11B (top) NMR spectra of closo-1 in CDCl3. 
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Figure 0.4. 1H (bottom), 13C (middle), and 11B (top) NMR spectra of closo-2 in CDCl3.  
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Figure 0.5. 1H (bottom), 13C (middle), and 11B (top) NMR spectra of closo-3 in CDCl3. 
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Figure 0.6. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-1. 



78 

 

 

Figure 3.7. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-2. 
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Figure 0.7. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-3. 
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3.3.2. Photophysical Properties 

To investigate the influence of the 4-Methyl group on the nido systems, UV/Vis 

absorption and photoluminescence (PL) spectroscopy (Figure 3.9 and Table 5) 

studies were carried out. All the photophysical solution studies are performed in THF, 

nido-1−3 exhibit strong absorptions at ca. 319 nm, which is assignble to PhBMes2-

centered (Mes)→p(B) CT transition. Along with that a weak absorption is observed 

at 345 nm which can be attributed to intermolecular charge transfer(ICT) transition 

from nido carborane donor to the PhBMes2 aceptor. The very weak low-energy ICT 

absorption suggest the existence of  a small HOMO−LUMO overlap. 

The PL spectra of nido-1−3 display a broad emission centered at 520−541 nm in THF 

(Figure 3.9, 3.10 and Table 5). All the three compounds shows a typicl CT 

transitions. Among the all three compounds the emission band of nido-1 is more blue-

shifted which is because the deep HOMO level of nido-1. All the three compounds 

shows a good  PL quantum yields (PLQY, ΦPL) are obtained for nido-1−3 in oxygen-

free THF (ΦPL = 24%−78%). The 8-H substituted compound (nido-1) is the most 

fluorescent among the compounds, and -iPr substituted nido-2 and -3 are almost 

comparable in terms of absorption and emission wavelength, as well as PLQY. 

 

To investigate the excited state properties, we next measured transient PL decay for 

the CT emission of the compounds in oxygen-free THF (Figure 3.10 and Table 5). 

The all compounds exhibit a decent  decay components which comparable in  

microsecond range, affording long emission lifetimes (d) of 1 s at 298 K. In 

compare with meta analog()ref) system the intensities of the long-lived components 
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are considerably weak, And it all 3 compounds are more prone to fluorescence. The 

lack of long-lived components and the sharp decrease in the CT emission intensity in 

aerated solutions support that the long-lived emission is delayed fluorescence 

originating from the T1 → S1 RISC process, as expected (Figure 3.10, 3.11). 

For investigating  the photophysical properties of nido-1−4 in the rigid state, 

poly(methyl methacrylate) (PMMA) films doped with the compounds were prepared. 

AS expected all the PMMA film exhibit CT emission with increased PLQYs (ΦPL = 

80%−44% for 10 wt% doped PMMA) (Figure 3.12 and table-5). As comapare to 

THF solution,  the emission undergoes blue shifts by ca. 50−60 nm. All the three 

compounds follow same peak position as THF solution.  The emission properties 

where carried out by varying the doping concentration of nido-1 compounds from 5 

wt% to 20 wt%, which followed a similar patten with 10 wt% doped PMMA. This  

probably due to the steric bulkiness of the nido-carborane and BMes2 groups. The 

steric effects may also lead to suppression of the quenching of solid-state emission, 

resulting in a very similar level of PLQYs at different doping concentrations for all 

compounds (Figure 3.12). All the thre nido compounds shows vary weak delayed 

fluorescence with emission lifetimes (d = 0.6−4.8 s for 10 wt% doped PMMA) 

which considebly less compare to the meta analogue. 
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Table 3.1. Photophysical data of nido-1−3. 

 

a In oxygen-free THF at 298 K (2.0 × 10−5 M). b Spin-coated PMMA film doped with 10 wt% of compounds. 
c Absolute photoluminescence quantum yields (PLQYs). d PL lifetimes of prompt (p) and delayed (d) decay 

components. Relative portions (%) of the prompt (ΦPF) and delayed (ΦDF) components are given in parentheses. 
e From electrochemical oxidation (HOMO, Eonset) and reduction (LUMO, E1/2). f EST = ES − ET. Singlet (ES) 

and triplet (ET) energies from the fluorescence and phosphorescence spectra  in THF at 77  k. 

 

 

 

 

 

 

 

 

 

 

Figure 0.9.UV/Vis absorption (left) and PL spectra (right) of nido-1−3 in THF (2.0  10−5 

M) 
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Figure 0.10.UV/Vis absorption (left) and PL spectra (right) of nido-1−3 in oxygen-free 

(red line) and air-saturated (black line) THF (2.0  10−5 M) at 298 K. 
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Fig. 3.11 Transient PL decay curves of nido-1−3 in oxygen-free and aerated  THF at 298 K. 

exc = 320 nm for nido-1-2; 325 nm for nido-3. exc (laser) = 375 nm. 
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Figure 3.12. PL spectra (left) and transient PL decay curves (right) of the PMMA films 

doped with nido-1−3 at doping concentrations 10 wt%. PLQYs (%) and delayed lifetimes 

(d) are provided. 
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Figure 0.8. Fluorescence and phosphorescence (1 ms delay) spectra of nido-1−3 in THF at 

77 K. 

3.3.3. Electrochemical Properties 

To examine the nature of HOMO and LUMO, the redox properties werecarried out 

by an electrochemical study (Figure 3.14 and Table 6). The all Nido-1−3 compounds 

shows the traditional features of a boron-centered, reversible reduction (LUMO)76,77 

and a nido-carborane-centered, irreversible oxidation (HOMO)46,66,78, suggesting a 

separation of HOMO and LUMO within a molecule. From the electrochemical 

studies it is eviden that the lowest-energy electronic transition involves an ICT 
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transition from the nido-carborane to the boryl group. Because of the presence of the 

same same boryl moiet, nido-1−3 LUMO levels remain very similar. 

 

     

Figure 3.14 Cyclic voltammograms of nido-1−3 showing reduction (left) and oxidation 

(right) (1.0 × 10−3 M in DMF, scan rate = 100−200 mV s−1).  

Table 3.2. Electrochemical data of nido-1−3. 

 Ered (V) Eox (V)a Eg (eV) 

nido-1 −2.42 b 0.56 2.99 

nido-2 −2.43b 0.47 2.91 

nido-3 −2.45a 0.49 2.95 

aOnset potential (Eonset) . 
bHalf-wave potential (E1/2).  
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3.4. Conclusion 

In this study we synthesized a series of  p-nido-carborane-triarylborane conjugates (nido-

1−3) in which a methyl group is introduced at the ortho-position to the cage in the phenylene 

linker, and it well and characterized. Different from the almost non TADF behavior of 

previous unsubstituted para-conjugates, nido-1−3 exhibited TADF properties in both 

solution and solid state irrespective of 8-R groups. All compounds showed very small EST 

values as a consequence of a perpendicular arrangement between the cage plane and the Ph 

ring induced by the steric hindrance between the two moieties. The results in this study 

demonstrate that TADF properties of nido-carborane-triarylborane D−A conjugates can be 

improved by employing a steric group between the donor (cage) and acceptor (PhBMes2) 

groups. The findings from the study shows a new approach to the design of nido-carborane-

based luminescent materials including TADF emitters. 

3.5. References  

1. Liu Y, Li C, Ren Z, Yan S, Bryce MR. All-organic thermally activated delayed 

fluorescence materials for organic light-emitting diodes. Nat Rev Mater 2018, 3, 18020. 

2. Cai X, Su S-J. Marching Toward Highly Efficient, Pure-Blue, and Stable Thermally 

Activated Delayed Fluorescent Organic Light-Emitting Diodes. Adv Funct Mater 2018, 28, 

43, 1802558. 

3. Wong MY, Zysman-Colman E. Purely Organic Thermally Activated Delayed 

Fluorescence Materials for Organic Light-Emitting Diodes. Adv Mater. 2017, 29, 1605444. 

4. Im Y, Kim M, Cho YJ, Seo J-A, Yook KS, Lee JY. Molecular Design Strategy of 

Organic Thermally Activated Delayed Fluorescence Emitters. Chem Mater. 2017, 29, 1946-

63. 

5. Yang Z, Mao Z, Xie Z, Zhang Y, Liu S, Zhao J, et al. Recent advances in organic 

thermally activated delayed fluorescence materials. Chem Soc Rev 2017, 46, 915-1016. 



89 

 

6. Tao Y, Yuan K, Chen T, Xu P, Li H, Chen R, et al. Thermally activated delayed 

fluorescence materials towards the breakthrough of organoelectronics. Adv Mater 2014, 26, 

7931-58. 

7. Adachi C. Third-generation organic electroluminescence materials. Jpn J Appl Phys 

2014, 53, 060101. 

8. Zhang Q, Li J, Shizu K, Huang S, Hirata S, Miyazaki H, et al. Design of efficient 

thermally activated delayed fluorescence materials for pure blue organic light emitting 

diodes. J Am Chem Soc 2012, 134, 14706-9. 

9. Goushi K, Yoshida K, Sato K, Adachi C. Organic light-emitting diodes employing 

efficient reverse intersystem crossing for triplet-to-singlet state conversion. Nat Photonics 

2012, 6, 253-8. 

10. Uoyama H, Goushi K, Shizu K, Nomura H, Adachi C. Highly efficient organic light-

emitting diodes from delayed fluorescence. Nature 2012, 492, 234-8. 

11. Kaji H, Suzuki H, Fukushima T, Shizu K, Suzuki K, Kubo S, et al. Purely organic 

electroluminescent material realizing 100% conversion from electricity to light. Nat 

Commun 2015, 6, 8476. 

12. Hirata S, Sakai Y, Masui K, Tanaka H, Lee SY, Nomura H, et al. Highly efficient blue 

electroluminescence based on thermally activated delayed fluorescence. Nat Mater 2015, 14, 

330-6. 

13. Zhang Q, Kuwabara H, Potscavage WJ, Jr., Huang S, Hatae Y, Shibata T, et al. 

Anthraquinone-based intramolecular charge-transfer compounds: computational molecular 

design, thermally activated delayed fluorescence, and highly efficient red 

electroluminescence. J Am Chem Soc 2014, 136, 18070-81. 

14. Sun JW, Lee JH, Moon CK, Kim KH, Shin H, Kim J-J. A fluorescent organic light-

emitting diode with 30% external quantum efficiency. Adv Mater 2014, 26, 5684-8. 



90 

 

15. Zhang Q, Li B, Huang S, Nomura H, Tanaka H, Adachi C. Efficient blue organic light-

emitting diodes employing thermally activated delayed fluorescence. Nat Photonics 2014, 

8, 326-32. 

16. Dias FB, Bourdakos KN, Jankus V, Moss KC, Kamtekar KT, Bhalla V, et al. Triplet 

harvesting with 100% efficiency by way of thermally activated delayed fluorescence in 

charge transfer OLED emitters. Adv Mater 2013, 25, 3707-14. 

17. Li J, Nakagawa T, MacDonald J, Zhang Q, Nomura H, Miyazaki H, et al. Highly 

efficient organic light-emitting diode based on a hidden thermally activated delayed 

fluorescence channel in a heptazine derivative. Adv Mater 2013, 25, 3319-23. 

18. Matsui K, Oda S, Yoshiura K, Nakajima K, Yasuda N, Hatakeyama T. One-Shot 

Multiple Borylation toward BN-Doped Nanographenes. J Am Chem Soc 2018, 140, 1195-8. 

19. Hatakeyama T, Shiren K, Nakajima K, Nomura S, Nakatsuka S, Kinoshita K, et al. 

Ultrapure Blue Thermally Activated Delayed Fluorescence Molecules: Efficient HOMO-

LUMO Separation by the Multiple Resonance Effect. Adv Mater 2016, 28, 2777-81. 

20. Hirai H, Nakajima K, Nakatsuka S, Shiren K, Ni J, Nomura S, et al. One-Step 

Borylation of 1,3-Diaryloxybenzenes Towards Efficient Materials for Organic Light-

Emitting Diodes. Angew Chem Int Ed 2015, 54, 13581-5. 

21. Wu T-L, Huang M-J, Lin C-C, Huang P-Y, Chou T-Y, Chen-Cheng R-W, et al. 

Diboron compound-based organic light-emitting diodes with high efficiency and reduced 

efficiency roll-off. Nat Photonics 2018, 12, 235-40. 

22. Chen D-G, Lin T-C, Chen C-L, Chen Y-T, Chen Y-A, Lee G-H, et al. Optically 

Triggered Planarization of Boryl-Substituted Phenoxazine: Another Horizon of TADF 

Molecules and High-Performance OLEDs. ACS Appl Mater Interfaces 2018, 10, 12886-96. 

23. Liang X, Yan Z-P, Han H-B, Wu Z-G, Zheng Y-X, Meng H, et al. Peripheral 

Amplification of Multi-Resonance Induced Thermally Activated Delayed Fluorescence for 

Highly Efficient OLEDs. Angew Chem Int Ed 2018, 57, 11316-20. 



91 

 

24. Tsai C-C, Huang W-C, Chih H-Y, Hsh Y-C, Liao C-W, Lin C-H, et al. Efficient donor-

acceptor-donor borylated compounds with extremely small ΔEST for thermally activated 

delayed fluorescence OLEDs. Org Electron 2018, 63, 166-74. 

25. Chen Y, Li S, Hu T, Wei X, Li Z, Liu Y, et al. Highly efficient white light-emitting 

diodes with a bi-component emitting layer based on blue and yellow thermally activated 

delayed fluorescence emitters. J Mater Chem C 2018, 6, 2951-6. 

26. Lien Y-J, Lin T-C, Yang C-C, Chiang Y-C, Chang C-H, Liu S-H, et al. First N-

Borylated Emitters Displaying Highly Efficient Thermally Activated Delayed Fluorescence 

and High-Performance OLEDs. ACS Appl Mater Interfaces 2017, 9, 27090-101. 

27. Liu Y, Xie G, Wu K, Luo Z, Zhou T, Zeng X, et al. Boosting reverse intersystem 

crossing by increasing donors in triarylboron/phenoxazine hybrids: TADF emitters for high-

performance solution-processed OLEDs. J Mater Chem C 2016, 4, 4402-7. 

28. Kitamoto Y, Namikawa T, Suzuki T, Miyata Y, Kita H, Sato T, et al. 

Dimesitylarylborane-based luminescent emitters exhibiting highly-efficient thermally 

activated delayed fluorescence for organic light-emitting diodes. Org Electron 2016, 34, 

208-17. 

 

 

 

 

 

 

 

 

 



92 

 

Chaper 4.  Synthesis and Thermally  Activated  Delayed  Fluorescence of  

o-Nido Carborane-Appended Dibenzo Oxaborinine     

 

4.1. Introduction 

The carborane chemistry  has become a limelight in the field of research because of 

their unique properties, such as steric bulkiness, three dimensional -aromaticity, and 

electron-withdrawing property through C-substitution on the carborane.1, 2 Owing to 

these properties, closo-carboranes have attracted considerable attention recently as a 

new class of electronic and steric auxiliaries to organic and organometallic 

luminophores.1, 3, 4, 5-7 In contrast, nido-carboranes (dicarba-nido-undecaboranes), 

which are the anionic, open-cage analogs of closo-carboranes, have less investigated 

as a luminescent materials although they are important members of the carborane 

family. Nido-carboranes are usually obtained by the nucleophilic degradation of 

closo-carboranes using strong nucleophiles such as alkoxide, hydroxide, and 

fluoride.8, 9 In contrast with closo-carboranes, nido-carboranes are negatively charged 

cages. Because of this strong negative charge, they are considered as strong electron-

donating groups, hence they are well utilized as donors in intramolecular charge 

transfer (ICT) systems10 or as facilitators of donor ligands in organometallic 

luminophores.11The intrinsic donor property and steric bulkiness of nido-carborane 

open up ana excellent pathway for the designing of a novel donor−acceptor (D−A) 

system, in particularly thermally activated delayed fluorescence (TADF) emitters in 

OLEDs.12 In this contest we focused our attention to the development of nido-

carboranes based donor−acceptor (D−A) systems, which are suitable for thermally 
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activated delayed fluorescence (TADF) emitters. TADF emitters can harvest nearly 

100% of excitons through the upconversion of triplet excitons to emissive singlet 

excitons by means of thermally activated reverse intersystem crossing (RISC).13,14,15 

Recently we reported a donor−acceptor system which is based on triaryl borane 

moiety as the electron-acceptor and the nido-7,8-carboranes as a new type of 

donor.16The system showed strong TADF properties in the rigid state and weak or 

almost no TADF in the solution phase. To overcome the non-TADF nature of the 

solution state, and to enhance the TADF property, we alter the steric bulkiness of the 

phenylene ring bearing the nido-carborane. To achieve this, we introduced a methyl 

group to the ortho-position of the phenylene ring bearing the nido-carborane. Based 

on this, we reported two systems: 7,8-Dicarba-nido-undecaboranes having various 8-

R groups (R = H, Me, i-Pr, Ph) in the meta or para position of the phenyl ring of a 

dimesitylphenylborane (PhBMes2) acceptor (nido-m1−m3 and nido-p1−p3).17,18 

 In this  work (nido-o1−o3 in Figure 4.1), we investigated the the influence of aceptor 

position as well as the influence of different acceptor from the previous analogus. For 

validating this, 7,8-Dicarba-nido-undecaboranes having various 8-R groups (R = H, 

Me, i-Pr) were introduced to the ortho  position of the phenyl ring of a Dibenzo 

Oxaborinine acceptor (nido-o1−o3 in Chart 1). The photophysical properties of all 

three ortho compounds were studied in detail, and it was compared with its meta and 

para analogues.  
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Figure 4.9. o-Nido-carborane-substituted Oxaboranes. 

4.2. Experimental Section 

4.2.1. Chemical and Instrumentation 

All operations were performed under an inert nitrogen atmosphere using standard Schlenk 

and glove box techniques. Anhydrous grade solvents (Aldrich) were dried over activated 

molecular sieves (5Å). Spectrophotometric-grade THF (Merck) was used for photophysical 

measurements. Commercial reagents were used without further purification after purchase. 

Deuterated solvents from Eurisotop were used. NMR spectra were recorded on a Bruker AM 

300 (300.13 MHz for 1H, 75.48 MHz for 13C, 96.29 MHz for 11B) or a Bruker AVANCE III 

HD 400 (400.13 MHz for 1H, 100.61 MHz for 13C) spectrometer at ambient temperature. 

Chemical shifts (in ppm) are referenced against external Me4Si (1H, 13C) and BF3·OEt2 (
11B). 

Elemental analyses were performed on a Flash 2000 elemental analyzer (Thermo Scientific) 

by the Research Facilities Center at University of Ulsan. Melting points (mp) were measured 

by Melting Point Apparatus SMP30 (Stuart Equipment). Cyclic voltammetry experiments 

were carried out using an Autolab/PGSTAT101 system. 

4.2.2. ((2-Bromo-3-methylphenyl)ethynyl)trimethylsilane (1) 

2-bromo-1-iodo-3-methylbenzene (4.0 g, 13.47 mmol), CuI (0.13 g, 0.67 mmol), and 

Pd(PPh3)4 (0.77 g, 0.67 mmol) were dissolved in anhydrous diisopropylamine (i-Pr2NH) (30 

mL). Into the solution was added trimethylsilylacetylene (1.9 mL, 13.47 mmol), and the 
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reaction mixture was stirred at 60 C for 20 h. The resulting solution was evaporated off 

under reduced pressure and the crude product was extracted with diethyl ether (40 mL  3). 

After evaporation of solvent, the solid residue was purified by column chromatography on 

silica gel using hexane as eluent. Drying in vacuo afforded a white powder of 1a (3.4 g, 

91%). 1H NMR (CDCl3): δ 7.25 (t, J = 3.9 Hz, 1H), 7.28-7.21 (m, 2H), 2.34 (s, 3H), 0.20 (s, 

9H). 13C NMR (CDCl3): δ 137.5, 131.1, 130.4, 127.2, 125.1, 121.6, 119.8, 108, 21.9, 0.03. 

4.2.3.((2-(10H-dibenzo[1,4]oxaborinin-10-yl)-3-methylphenyl)ethynyl)trimethylsilane 

 (1a) 

To a solution of 1 (0.70 g, 2.61 mmol) in THF (10 mL) was added n-BuLi (2.5 M in hexane, 

1.14 mL, 2.8 mmol) at −20 C, and the mixture was stirred for 1 h at this temperature. A 

solution 10-bromo-10H-dibenzo[b,e][1,4]oxaborinine ( 0.769 g, 2.87 mmol) in THF (4 mL) 

was then added at −30 C . After stirring for 1 h, the reaction mixture was slowly allowed 

to reach room temperature and was stirred overnight. Removal of the solvent under reduced 

pressure produced a sticky residue, which was subjected to column chromatography on silica 

gel using hexane to afford 2-(10H-dibenzo[1,4]oxaborinin-10-yl)-3-

methylphenyl)ethynyl)trimethylsilane as a white powder (0.68 g, 59%). 1H NMR (CDCl3): 

δ 7.43 (d, J = 7.6 Hz, 1H), 7.37 (s, 1H), 7.34-7.25 (m, 1H), 6.84 (s, 4H), 2.42 (s, 3H), 2.33 

(s, 6H), 2.00 (s, 12H), 0.29 (s, 9H). Next, this compound (0.66 g, 1.5 mmol) was dissolved 

in anhydrous THF (30 mL) and tetra-n-butylammonium fluoride (n-Bu4NF, TBAF) solution 

(1.0 M in THF, 1.6 mL) was added. After stirring at room temperature for 3 h, the resulting 

solution was evaporated off under reduced pressure. The crude product was extracted with 

diethyl ether (40 mL  3). After evaporation of solvent, the solid residue was purified by 

column chromatography on silica gel using hexane as eluent. Drying in vacuo afforded a 
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white powder of 1a (0.51 g, 92%). 1H NMR (CDCl3): δ 7.46 (d, J = 7.6 Hz, 1H), 7.38 (s, 

1H), 7.30 (d, J = 7.1 Hz, 1H), 6.84 (s, 4H), 3.40 (s, 1H), 2.43 (s, 3H), 2.33 (s, 6H), 2.01 (s, 

12H).13C NMR (CDCl3): δ 144.1, 143.9, 140.6, 140.4, 140.2, 138.1, 136.0, 127.9, 127.2, 

123.9, 82.4, 81.3, 22.9, 21.8, 20.4. 

4.2.4. 1-Bromo-2-(2-H-o-carboran-1-yl)-3-methylbenzene (2a) 

A toluene solution (20 mL) of decaborane (B10H14, 1.25 g, 10.2 mmol) and diethyl sulfide 

(Et2S, 5.16 mL, 51 mmol) was stirred at room temperature for 0.5 h. Into the solution was 

added a toluene solution (10 mL) of  2-bromo-1-ethynyl-3-methylbenzene (2 g, 10.25 mmol), 

which was obtained from desilylation of 1 using TBAF in THF. The mixture was refluxed 

for 4 days under nitrogen atmosphere. Work-up and purification of the crude product by 

column chromatography on silica gel using hexane as eluent afforded 2a as a white powder 

(1 g, 29.9%). 1H NMR (CDCl3): δ 7.45 (d, J = 8.7 Hz, 1H), 7.36 (d, J = 2.1 Hz, 1H), 7.33 

(dd, J = 7.1, 2.1 Hz, 1H), 4.54 (s, 1H), 3.4−1.0 (br, 10H, B−H), 2.56 (s, 3H). 13C NMR 

(CDCl3): δ 135.4, 134.0, 133.9, 133.7, 132.5, 120.5, 76.8, 59.), 22.9. 11B NMR (CDCl3): δ 

−1.8 (2B), −8.6 (3B), −10.8 (5B). 

4.2.5. 1-Bromo-2-(2-Me-o-carboran-1-yl)-3-methyl benzene (2b) 

Sodium hydride (NaH, 60% dispersion in mineral oil, 0.09 g, 2.25 mmol) was suspended in 

dry DMF (5 mL). After cooling down to 0 C, a solution of 2a (0.50 g, 1.59 mmol) in DMF 

(5 mL) was added slowly to the suspension. The mixture was stirred at 0 C for 1 h, and then 

MeI (0.28 mL, 4.62 mmol) was added. After stirring at room temperature overnight, the 

reaction was quenched by addition of saturated aqueous NH4Cl solution, and the mixture 

was extracted with diethyl ether (20 mL  3). The organic layer was washed with water (20 

mL  3), separated, and dried over MgSO4. The solvent was evaporated under reduced 
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pressure and the residue was purified by column chromatography on silica gel using hexane 

as eluent. Drying in vacuo afforded a white powder of 2b (0.41 g, 79%). 1H NMR (CDCl3): 

δ 7.74 (d, J = 8.7 Hz, 1H), 7.43 (d, J = 2.1 Hz, 1H), 7.39 (dd, J = 8.8, 2.1 Hz, 1H), 2.71 (s, 

3H), 3.4−1.0 (br, 10H, B−H), 1.72 (s, 3H). 13C NMR (CDCl3): δ 139.0, 137.4, 135.9, 133.5, 

130.6, 120.1, 82.8, 79.5, 23.8, 23.6. 11B NMR (CDCl3): δ −1.8 (1B), −3.4 (1B), −8.5 (2B), 

−10.9 (6B). 

4.2.6. 1-Bromo-2-(2-i-Pr-o-carboran-1-yl)-3-methyl benzene (3b) 

This compound was prepared in a manner analogous to the synthesis of 2b using 2a (0.31 g, 

0.1 mmol) and i-PrI (0.25 g, 2.89 mmol) in DMF (5 mL) to give a white powder of 3b (0.21 

g, 56%). 1H NMR (CDCl3): δ 7.91 (d, J = 1.8 Hz, 1H), 7.45 (dd, J = 8.1, 1.9 Hz, 1H), 7.18 

(d, J = 8.31 Hz, 1H), 2.69 (s, 3H), 3.6−1.4 (br, 10H, B−H), 1.75 (sept, J = 7.1 Hz, 1H), 1.17 

(d, J = 7.2  Hz, 6H). 13C NMR (CDCl3): δ 139.2, 136.5, 135.7, 132.5, 130.1, 120.8, 91.9, 

87.5, 31.7, 26.0, 22.6. 11B NMR (CDCl3): δ −4.0 (1B), −6.1 (1B), −11.4 (8B). 

4.2.7. 1-( Dibenzo oxaborinin)-2-(2-H-o-carboran-1-yl)-6-methylbenzene (closo-1) 

A toluene solution (20 mL) of decaborane (B10H14, 0.18 g, 1.50 mmol) and diethyl sulfide 

(Et2S, 0.69 mL, 6.85 mmol) was stirred at room temperature for 0.5 h and then 1b (0.50 g, 

1.37 mmol) in toluene (10 mL) was slowly added to this solution. The mixture was refluxed 

for 4 days under nitrogen atmosphere. After cooling down to room temperature, the solvent 

was evaporated off under reduced pressure and the residue was purified by column 

chromatography on silica gel using hexane as eluent, giving closo-1 as a white powder (0.20 

g, 30%). 1H NMR (CDCl3): δ 7.52 (d, J = 8.1 Hz, 1H), 7.41-7.13 (m, 8H), 7.31 (s,  1H), 6.95 

(s, 1H), 4.63 (s, 1H), 2.54 (s, 3H), 2.33 (s, 6H), 1.99 (s, 12H). 13C NMR (CDCl3): δ 144.0, 
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141.1, 140.8, 139.3, 139.2, 139.1, 137.1, 133.8, 131.6, 128.5, 78.2, 77.4, 23.7, 23.6, 21.4. 

11B NMR (CDCl3): δ 50.24 (br s), 5.47 (1B), 2.13 (2B), 1.52 (7B).  

4.2.8. 1-( Dibenzo oxaborinin)-2-(2-Me-o-carboran-1-yl)-6-methylbenzene (closo-2) 

To a solution of 2b (0.21 g, 0.64 mmol) in THF (10 mL) was added a hexane solution of n-

BuLi (2.5 M, 0.26 mL, 0.67 mmol) at −78 C, and the mixture was stirred for 1 h at this 

temperature. A solution of dimesitylboron fluoride (0.2 g, 0.70 mmol) in THF (4 mL) was 

then added. After stirring for 1 h, the reaction mixture was slowly allowed to warm to room 

temperature and was stirred overnight. Work-up and purification of the crude product by 

column chromatography afforded a white powder of closo-2 (0.22 g, 61%). 1H NMR 

(CDCl3): δ 7.83 (s, 1H), 7.46 (d, J = 7.6 Hz, 1H), 7.41-7.13 (m, 8H), 6.95 (s, 1H), 2.69 (s, 

3H), 2.42 (s, 6H), 2.00 (s, 12H), 1.68 (s, 3H). 13C NMR (CDCl3) δ 144.0, 143.2, 141.9, 141.2, 

140.7, 139.2, 137.8, 134.3, 128.5, 128.4, 84.3, 79.2, 24.5, 23.5, 23.4, 21.4. 11B NMR 

(CDCl3): δ 50.62 (br s), 5.4 (2B), 1.55 (2B), −2.13 (6B).  

4.2.9. 1-( Dibenzo oxaborinin)-2-(2-i-Pr-o-carboran-1-yl)-6-methylbenzene (closo-3) 

This compound was prepared in a manner analogous to the synthesis of closo-2 using 3b 

(0.18 g, 0.51 mmol) to give a white powder of closo-3 (0.15 g, 55%).1H NMR (CDCl3): δ 

7.81 (d, J = 8.2 Hz, 1H), 7.34 (d, J = 6.3 Hz, 1H), 7.41-7.13 (m, 8H), 6.93 (s, 1H), 2.66 (s, 

3H), 2.34 (s, 6H), 1.98 (s, 12H), 1.70 (sept, J = 6.9 Hz, 1H, −CHCH3), 1.02 (d, J = 6.9 Hz, 

6H, −CHCH3). 
13C NMR (CDCl3): δ 144.6, 143.9, 143.0, 141.2, 140.7, 139.3, 137.6, 134.3, 

128.5, 128.2, 90.9, 88.0, 31.9, 24.3, 23.8, 23.5, 21.4. 11B NMR (CDCl3): δ 50.2 (br s), 5.3 

(1B), 1.53 (2B), 2.15 (7B).  
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4.2.10. General synthesis of o-nido-carborane-substituted triarylboranes, nido-o1−o3 

Closo-carborane compounds (0.2 mmol) and n-Bu4NF (TBAF) (1.0 mmol) were dissolved 

in THF (20 mL) and the mixture was refluxed for 4 d. After cooling down to room 

temperature, the solvent was evaporated, and the residue was purified by column 

chromatography on alumina using CH2Cl2/hexane (1:1, v/v) followed by acetone as eluent 

to give a white powder of nido-carborane derivatives (nido-o1 to 03). The product was 

further purified by recrystallization from CH2Cl2/hexane. 

4.2.11. [Bu4N][1-( Dibenzo oxaborinin)-2-(8-H-7,8-nido-C2B9H10)-6-MeC6H3] (nido-o1) 

Yield = 68%. 1H NMR (acetone-d6): 
1H NMR (300 MHz, Acetone) δ 7.93 (dd, J = 7.6, 1.7 

Hz, 1H), 7.82 – 7.70 (m, 2H), 7.63 (ddd, J = 13.4, 8.0, 3.3 Hz, 3H), 7.26 (ddd, J = 10.2, 6.2, 

1.9 Hz, 3H), 7.08 (t, J = 7.6 Hz, 1H), 6.95 (d, J = 7.4 Hz, 1H). 3.5−1.5 (br, 9H, B−H), 3.47 

(t, J = 9 Hz, 8H), 2.40 (s, 3H), 2.28 (s, 6H), 1.98 (s, 12H), 1.84 (quin, J = 9, 8H), 1.68 (s, 

1H, CCb−H),1.44 (sext, J = 7.8, Hz, 8H), 0.99 (t, J = 7.5 Hz, 12H), −2.53 (br s, 1H, B−H−B). 

13C NMR (acetone-d6): δ 149.9, 140.3, 138.7, 138.1, 137.4, 133.1, 128.1, 128.0, 58.4 (Bu4N), 

23.5 (Bu4N), 22.8, 20.3, 19.6, 19.5 (Bu4N), 13.0 (Bu4N) (Cb−C signals were not observed). 

11B NMR (acetone-d6): δ 50.72 (br s), −5.3 (1B), −9.3 (1B), −10.1 (1B), −11.4 (1B), −13.9 

(1B), −19.1 (1B), −21.8 (2B), −32.2 (1B), −33.7 (1B).  

4.2.12. [Bu4N][1-( Dibenzo oxaborinin)-2-(8-Me-7,8-nido-C2B9H10)-6-MeC6H3]  

(nido-o2) 

Yield = 85%. 1H NMR (acetone-d6): δ 7.80 – 7.68 (m, 2H), 7.65 – 7.44 (m, 4H), 7.36 – 7.21 

(m, 2H), 7.15 (dd, J = 14.3, 7.0 Hz, 2H), 7.01 (d, J = 7.0 Hz, 1H).3.5−1.5 (br, 9H, B−H), 

3.45 (t, J = 8.9 Hz, 8H), 2.40 (s, 3H), 2.28 (s, 6H), 1.98 (s, 12H), 1.81 ((quin, J = 8.3, 8H)), 

1.45 (sext, J = 7.5, Hz, 8H), 1.01 (s, 3H, CCb−CH3), 0.98 (t, J = 7.3 Hz, 12H), −2.45 (br s, 
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1H, B−H−B). 13C NMR (acetone-d6): δ 147.6, 140.4, 139.5, 138.0, 137.1, 132.9, 129.5, 

128.1, 58.5 (Bu4N), 23.5 (Bu4N), 22.7, 22.5, 21.0, 20.4, 19.5 (Bu4N), 13.0 (Bu4N) (Cb−C 

signals were not observed). 11B NMR (acetone-d6): δ 50.6 (br s), −5.2 (1B), −9.3 (1B), −10.2 

(1B), −11.6 (1B), −13.7 (1B), −19.2 (1B), −21.5 (2B), −32.1 (1B), −33.6 (1B).  

4.2.13. [Bu4N][1-( Dibenzo oxaborinin)-2-(8-iPr-7,8-nido-C2B9H10)-6-MeC6H3]  

(nido-o3) 

Yield = 61%. 1H NMR (acetone-d6):
 1H NMR (300 MHz, Acetone) δ 7.91 – 7.71 (m, 2H), 

7.70 – 7.54 (m, 4H), 7.41 – 7.25 (m, 2H), 7.16 (dd, J = 14.3, 7.01 Hz, 2H), 7.01 (d, J = 7.0 

Hz, 1H). 3.50−1.50 (br, 9H, B−H), 3.40 (t, J = 8.6 Hz, 8H), 2.49 (s, 3H), 2.28 (s, 6H, 

Mes−CH3), 1.98 (s, 12H, Mes−CH3), 1.81 (quin, J = 7.2 8H), 1.43 (sext, J = 7.5 Hz, 8H), 

1.21 (sept, J = 6.6 Hz, 1H), 0.99 (t, J = 7.2 Hz, 12H), 0.95 (d, J = 2.1 Hz, 3H), ), 0.58 (t, J = 

8.3 Hz, 3H), −2.60 (br s, 1H, B−H−B). 13C NMR (acetone-d6): δ 146.2, 142.6, 141.2, 140.5, 

138.8, 134.7, 130.1, 128.9, 59.4 (NBu4), 26.2, 25.3, 24.4 (NBu4), 23.7, 23.6, 21.2, 20.4 

(NBu4), 13.8 (NBu4) (Cb−C signals were not observed). 11B NMR (acetone-d6): δ 50.4 (br 

s),  −5.1 (1B), −9.0 (1B), −10.1 (1B), −11.4 (1B), −13.1 (1B), −19.5 (1B), −21.4 (2B), −32.2 

(1B), −33.4 (1B). 

4.2.14. Photophysical Measurements 

UV/Vis absorption and photoluminescence (PL) spectra were recorded on a Varian Cary 

100 and FS5 spectrophotometer, respectively. Solution PL spectra were obtained from 

oxygen-free and air-saturated tetrahydrofuran (THF) solutions. The thin film samples were 

prepared by spin-coating of the THF solutions of PMMA matrices doped with compounds 

on quartz plates. Photoluminescence quantum yields (PLQYs, ΦPL) of all samples were 

measured on an absolute PL quantum yield spectrophotometer (Quantaurus-QY C11347-11, 
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Hamamatsu Photonics) equipped with a 3.3 inch integrating sphere. Transient PL decay 

curves were recorded on a FS5 spectrophotometer (Edinburgh Instruments) using a time-

correlated single-photon counting (TCSPC) mode (EPL-375 picosecond pulsed diode laser 

as a light source) or a multi-channel scaling (MCS) mode (microsecond Xenon flashlamp as 

a light source). Temperature-dependent PL decays were obtained with an OptistatDNTM 

cryostat (Oxford Instruments). 

4.2.15. Cyclic Voltammetry  

Cyclic voltammetry measurements were carried out in AGCN (1 × 10−3 M) with a three-

electrode cell configuration comprising platinum working and counter electrodes and an 

Ag/AgNO3 (0.01 M in CH3CN) reference electrode at room temperature. Tetra-n-

butylammonium hexafluorophosphate (0.1 M) was used as the supporting electrolyte. The 

redox potentials were recorded at a scan rate of 100−200 mV s−1 and are reported against 

the ferrocene/ferrocenium (Fc/Fc+) redox couple. The electrochemical oxidation (Eonset) and 

reduction (E1/2) were used for the determination of the HOMO and LUMO energy levels, 

respectively 

4.3. Results and Discussion 

4.3.1. Synthesis and Characterization 

We utilized all our previous findings to design a new novel donor−acceptor (D−A) 

system based on nido-carborane (15,17,18), we desided to change the acceptor moiety to 

investigate the acceptor moiety influence on nido-carborane donor. In order to achive 

this we introduce a  dibenzo oxaborinine acceptor to the ortho  position of the phenyl 

ring of nido-carborane donor system. Along with this  the 8-R group on the nido-
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carborane also changed to H, Me, and iPr, groups. The complete synthetic  procedure 

which were adopted is disscribed in the Figure-4.2. The targeted nido-compounds, 

nido-o1−o3 were prepared by deboronation of the closo-carborane cage of the 

corresponding closo-1−3 with tetrabutylammonium fluoride (TBAF) in refluxing 

THF .(15,18) Depending onthe 8-R group a slightly different synthetic methods were 

slected for the synthesis of Closo-1−3 compounds. Closo-1 was prepared by the 

reaction between (4-ethynylphenyl)dimesitylborane and decaborane (B10H14 in the 

presence of excess Et2S in refluxing toluene, gives a better yield of  2-H-o-carborane 

substituted dibenzo oxaborinine, whereas closo-2 and -3 were obtained via a reaction 

of 2a with n-BuLi, followed by reaction with respective alkyl iodide.  
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Figure 4.10. Synthesis of closo- and nido-o1−o3.  

Conditions: (i) Pd(PPh3)4, CuI, ethynyltrimethylsilane, iPr2NH, 0 C; ii) n-BuLi, ether, −20 C, then 10-bromo-10H-

dibenzo[b,e][1,4]oxaborinine, −20 C; iii) TBAF, THF, RT; iv) B10H14, Et2S, toluene, r/x; v) NaH, DMF, 0 C, then RI (R 

= Me for 2b and iPr for 3b); vi) TBAF, THF, r/x, 4d.  

 

All of the closo- and nido-compounds were characterized by multinuclear NMR 

spectroscopy.For nido-o1− o3, gives respective 13C and 1H peaks along with broad 

1H NMR resonances (δ −3 to −3.6 ppm) attributable to the B−H−B bridging hydrogen 

of the nido-carborane. The 11B NMR signals which appear at δ ca. 50 ppm and δ −9 

to −36 ppm confirms the presence of both nido-carboranyl and tri-coordinated boron 

atoms .  
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Figure 4.3. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-o1. 
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Figure 4.4. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-o2. 
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Figure 4.5. 11B (top), 13C (middle), and 1H (bottom) NMR spectra of nido-o3. 
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4.3.2. Photophysical Properties 

To investigate the influence of the aceptor position as well as the influence of different 

acceptor from the previous analogus on the nido-carborane based systems, UV/Vis 

absorption and photoluminescence (PL) spectroscopy (Figure 4.6 and Table 4.1) 

studies were carried out. All the photophysical solution studies are performed in THF, 

nido-o1−o3 exhibit strong absorptions at ca. 319 nm, which is assignble diben-

oxaborinine -centered →p(B) CT transition. Along with that a weak absorption is 

observed at 332-340 nm which can be attributed to intermolecular charge 

transfer(ICT) transition from nido carborane donor to dibenzo oxaborinine acceptor. 

The very weak low-energy ICT absorption suggest the existence of  a small 

HOMO−LUMO overlap. The PL spectra of nido-o1−o3 display a broad emission 

centered at 540−560 nm in THF (Figure 4.6, 4.7, and Table 4.1). All the three 

compounds shows a typicl CT transitions. Among the all three compounds the 

emission band of nido-o1 is more blue-shifted which is because the deep HOMO level 

of nido-o1. All the three compounds shows a low  PL quantum yields (PLQY, ΦPL) 

for nido-o1−o3 in oxygen-free THF (ΦPL = 1.5%−4%). The 8-H substituted 

compound (nido-o1) is the most fluorescent among the compounds, and -iPr 

substituted nido-o2 and -o3 are almost comparable in terms of absorption and 

emission wavelength, as well as PLQY. 

Next, the transient PL decay for the CT emission was investigated in both solution and 

film states to elucidate the nature of the compounds’ excited states. In oxygen-free THF, the 

PL decay curves of compounds not shown any delayed decay components, the long-lived 
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components are considerably weak,and all the  compounds are more prone to fluorescence. 

and this finding is contrast from its previous analogus.19,20 

For investigating  the photophysical properties of nido-o1−o4 in the rigid state, poly(methyl 

methacrylate) (PMMA) films doped with the compounds were prepared. As expected a 

strong delayed fluorescence with longer lifetime is observed in PMMA films. Indeed, the 

transient PL decays of all the three nido-o1-o3 show delayed components in the microsecond 

range (d = 6.1 and 6.8 s), with a greater portion of the delayed component than that of the 

prompt component (Table 4.1 and Figure 4.8). All the PMMA film exhibit CT emission 

with increased PLQYs (ΦPL = 23%−34% for 10 wt% doped PMMA) (Figure 4.8 and table-

4.1). As comapare to THF solution,  the emission undergoes blue shifts by ca. 50−60 nm. 

All the three compounds follow same peak position as THF solution.  The emission 

properties where carried out by varying the doping concentration of all the three nido  

compounds from 5 wt% to 20 wt%, which followed a similar patten with 10 wt% doped 

PMMA. This  probably due to the steric bulkiness of the nido-carborane and diben-

oxaborinine groups. The steric effects may also lead to suppression of the quenching of 

solid-state emission, resulting in a very similar level of PLQYs at different doping 

concentrations for all compounds (Figure 4.8).  

Because the strongly delayed fluorescent nido-o2 displayed AIE properties according to the 

PLQY measurements described above, we investigated the AIE properties of these 

compounds in more detail (Figure 4.9). In dilute THF solution, nido-o2 is very weakly 

emissive (ΦPL = 3% in THF). This feature is maintained until the water fraction of the 

solution is increased to about 80%, for which nido-o2 is still dissolved. However, upon 

adding 90% of water, insoluble aggregates begin to form and the mixture exhibits strong 
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emission. In 99% water, the emission intensity reached a PLQY of 27%, which is slightly 

lower than that of the doped PMMA films but higher than that of a neat powder of nido-o2 

(ΦPL = 18% in powder). Further, the transient PL decays of aggregates show apparent  

delayed components (d = 2.8−4.0 s), confirming the TADF properties of the AIE.  

Table 4.1. Photophysical data of nido-o1−o3. 

 

 

 

a In oxygen-free THF at 298 K (2.0 × 10−5 M). b Spin-coated PMMA film doped with 10 wt% of compounds. 
c Absolute photoluminescence quantum yields (PLQYs). d PL lifetimes of prompt (p) and delayed (d) decay 

components. Relative portions (%) of the prompt (ΦPF) and delayed (ΦDF) components are given in parentheses. 
f EST = ES − ET. Singlet (ES) and triplet (ET) energies from the fluorescence and phosphorescence spectra  in 

THF at 77  k. 

 

 

 

 
 
 

 

 

 

 

Compd 
abs

a 

(nm) 
PL (nm) PL

c (%) 
p (PF) [ns 

(%)]d 

d (ΦDF) [s 

(%)]d 

EST
f 

(eV)  

    THFa filmb 
THFa 

(N2/air) 
filmb THFa filmb THFa filmb   

nido-o1 340 548 445 4/3 34 17.2 (94)  3.8 (59) - 6.9 (51) 0.025 

nido-o2 332 559 492 4/3 25 3.6 (94) 10.5 (67) - 6.3 (48) 0.040 

nido-o3 332 557 493 2/1.5 23 5.0 (90) 16.0 (66) - 6.8 (53) 0.029 
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Figure 4.6.UV/Vis absorption (left) and PL spectra (right) of nido-o1−o3 in THF (2.0  

10−5 M) 
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Figure 4.7.UV/Vis absorption (left) and PL spectra (right) of nido-o1−o3 in oxygen-free (red 

line) and air-saturated (black line) THF (2.0  10−5 M) at 298 K. 
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Figure 4.8. PL spectra (left) and transient PL decay curves (right) of the PMMA films doped with 

nido-o1−o3 at doping concentrations 5-10 wt%. PLQYs (%) and delayed lifetimes (d) are 

provided. 
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Figure 4.9.  (Left) PL spectra of nido-o2 in THF/water mixtures (2.0  10−5 M) with various water 

fractions (fw). Inset: Photos of nido-o2 in THF/water mixtures (fw = 0% and 99%) taken under 365 

nm excitation. (Right) Transient PL decay curves of nido-o2 in THF/water mixtures. 
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Figure 4.10. Fluorescence and phosphorescence (1 ms delay) spectra of nido-o1−o3 in THF at 77 

K. 

4.3.3. Electrochemical Properties 

To examine the nature of HOMO and LUMO, the redox properties werecarried out by an 

electrochemical study (Figure 4.11 and Table 4.2). The all Nido-o1−o3 compounds shows 

the traditional features of nido-carborane-centered, irreversible oxidation (HOMO)20,21,22, 

But the oxaborinine based reduction parts are not able to obtained in any solvent systems. 
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Figure 4.11 Cyclic voltammograms of nido-o1−o3 showing oxidation  (1.0 × 10−3 M in DMF, 

scan rate = 100−200 mV s−1).  
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Table 4.2. Electrochemical data of nido-o1−o3. 

 Eox (V)a 

nido-1 0.32 

nido-2 0.36 

nido-3 0.34 

aOnset potential (Eonset) .  

4.4. Conclusion 

We successfully  synthesized a series of  o-nido-carborane-dibenzo oxaborinine  conjugates (nido-

o1−o3) and it well and characterized. From the findings it is well clear that nido-carboranes donors 

can act as good donor systems for differnt type of acceptos. All compounds showed very well 

TADF activity in solid state aslo shows good AIE property.The results in this study showed that 

TADF properties of nido-carborane- dibenzo oxaborinine D−A conjugates can used as tuning tool 

in nido -carborane luminescence. The findings from the study shows a new approach to the design 

of nido-carborane-based luminescent materials including TADF emitters. 
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