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Abstract 

Many organic dopants for use in SMOLED displays have been discovered, but few are derived 

from one family that spans the visible spectrum.  Through careful design, a rational approach to 

synthesizing a small family of simple azole based tetra-coordinate organoboron compounds of 

the type B(N,O)Ph2 has been developed with emission that spans the visible spectrum from blue 

to orange.  Azole based ligands were strategically designed and utilized for ease of heteroatomic 

substitution.  Significant changes in emission were observed via substitution of the azole based 

non-chelate heteroatom, and large bathochromic shifts were observed by increasing the number 

of polycyclic ligand rings.  Boron clearly exploits the lone electron pair from nitrogen forming a 

dative bond with similar length to a carbon-boron single bond.  The realm of the coordination 

sphere is mildly distorted from tetrahedral and each ligand moiety relatively coplanar.  The large 

family of space groups, resulting from conformational changes associated with variation of 

torsion angles about the coordination sphere, suggest a low steric rotational energy barrier for 

the adduct phenyl rings.  These large hydrophobic phenyl groups serve to enhance compound 

stability by protecting the coordination sphere from water and inhibiting hydrolysis of the 

adduct species.  The nature of emission was elucidated computationally using B3LYP and 

PBE1PBE at the 6-311G (d,p)++ level with PCM solvent optimization.  The model was validated 

by TD-DFT comparison to experimental absorption spectra and clearly shows that fluorescence 

can be characterized by a ligand centered p̟
* to p̟ transition.  Analysis of the frontier molecular 

orbitals reveals a clear reduction in energy with increasing emission wavelength that correlates 

to several trends; an increase in compound aromaticity as evidenced by proton deshielding, and 

a decrease in the band gap with extension of the pi conjugate system.  Two striking features are 

evident in this trend.  Energy of the LUMO is lowered with sulfur substitution of the ligand 

heteroatom.  Analysis of MO distribution reveals that this may be due to a nearly two-fold 

increase in the auxochromic orbital participation.  The second salient feature is the large 

increase in the HOMO energy for each naphthyl substituted compound.  Evidence of 

destabilization is apparent in the HOMO with an increase of nodes in the wave function, or an 

increase in antibonding like character of the 1,2-type substituted compounds, and with 

concentration of the wave function to the aryl moiety for each 2,3-type substituted compound.  

Orbital distribution behavior about each ligand, with respect to chelate geometry, also appears 

to display properties and characteristics consistent with what is described by nodal plane theory. 
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Aspects and Overview 

OLED technology has progressed greatly in recent years and with the advent of Samsung’s new 

LED flat panel displays we finally see the culmination of years of material science, chemistry, and 

electrical engineering.  The emissive material itself has long been the glory of the OLED, and as 

such a plethora of materials has been researched and designed with such a scope in mind.  

Although somewhat esoteric, boron has been a popular element for the use of synthesizing 

OLED organoluminescent materials.  This paper represents the consummation of 2 years of 

academic study and experimental research towards my Masters of Science in Chemistry, and the 

design of new organometallic boron compounds of the intended former implementation. 

The bulk of current luminescent organoboron compounds were investigated in this paper.  The 

materials researched were used in designing our own ligands for such emissive materials.  Two 

new families of organoluminescent boron compounds were designed, a dinuclear Schiff base 

scaffold, and a simple tunable mononuclear azole based scaffold with many promising physical 

aspects for possible implementation in OLED devices.  The scope of this thesis is divided into 

three chapters: research and design, rationalization of photophysical properties, and 

experimental.  The development process of our luminescent compounds with respect to what is 

known about boron and related organoboron compounds in both present and past literature is 

covered in the first chapter of this paper.  The second chapter covers the investigation of our 

azole based compound motif.  Rationalization of luminescent properties and characterization of 

structural influences on color tuning by use of NMR, XRD, HRMS, UV-vis, Fluorometry, and 

Computational TD-DFT studies is presented.  Finally, details of experiments and procedures 

used are outlined in the third chapter. 
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Chapter I 

 

Boron Chemistry and Its Applications 

Boron itself was first recognized as an element in 1808 when it was produced through the 

reaction of boric acid and potassium by Sir Humphry Davy, Joseph Louis Gay-Lussac, and Louis 

Jacques Thenard.  Davy termed the element boracium.1  Nearly 20 years passed before boron 

was formally discovered as an element by Jons Jako Berzelius, and in 1909 the American chemist 

W. Weintraub arguably produced boron in its first purely elemental form.2 

Boron itself is a relatively rare element, representing approximately 0.001% of elemental mass in 

the earth’s crust.  Worldwide commercial borate deposits are estimated to be only 1010 

kilograms, 72% of which resides in Turkey, with the remainder of reserves largely being found in 

the United States.3  It was recently estimated that in 2005 the global consumption of boron rose 

to as high as 1.8 million tons of boron oxide, B2O3, of which most is used for making the 

ubiquitous borosilicate glass.4,5  Boron oxide is extracted and converted into boric acid, B(OH)3, 

from the natural occurring minerals borax, Na2B4O5(OH)4•8H2O, and kernite, 

Na2B4O5(OH)4•2H2O.  The boric acid extract is then converted into boron oxide for 

commercial use.  Pure boron is produced as a gas under harsh conditions by the reduction of 

BBr3 vapor with H2.5 

With many commercial uses, boron is heavily used in both industry and chemical research.  

Various forms of boron are used in synthetic organic chemistry, materials science, and medicine.  

Boron-10 has arisen as a popular alternative for cancer treatment of high grade gliomas and 

either cutaneous primaries or cerebral metastases of melanoma.6  Known as BNCT, boron-10 is 

irradiated with focused low energy epithermal neutrons via a collimator from a clinical sized 

nuclear reactor.   Upon neutron uptake boron rapidly decays into recoiling nuclei of high linear 

energy transfer lithium-7 and alpha particles.  The path length of recoiling nuclei are limited to 5-

9 µm, thus destructive effects are limited to primarily boron-containing tissue.6  This is both the 

elegance and fallacy of BNCT, in that it is a highly selective form of therapy, but delivering boron 

to cancerous tissue with an appropriate concentration gradient for treatment has proven 

difficult.  Therapeutic effects are observed when concentrations reach 20 µg/g or 109 atoms per 

cell, however achieving this concentration without compromising healthy tissue has yet to be 

achieved.6  As such, a plethora of boron agents have been designed in hopes of producing an 
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appropriate drug delivery agent for effective treatment.  Caged anionic borane polyhedrons 

coupled with targeting agents are currently emerging as promising candidates, as with 

cytotoxicity comparable to other targeted drugs, high molar concentrations of boron can be 

delivered to cancerous tissue FIG 1.7 

 

FIG 1 PCPB, p-carboxyphenylboronic acid (1); BPA, p-boronophenylalanine (2); and polyhedral borane 

anions:  decahydrocaborate (3) and dodecahydrododecaborate (4). 

Historically, with the realization of hydroboration, boron has been used extensively in synthetic 

organic chemistry.8  Since Brown and Krishnamurthy realized the first major boron hydride 

agent with synthetic applications in 1974, a myriad of related boron reagents have been 

developed since.8,9  A considerable number of the boron reagents used today were largely 

developed by Brown himself.  With the conception of the naturally occurring alpha pinene as a 

super chiral auxiliary for hydroboration, boron has been used in many reactions including but 

not limited to asymmetric reduction, asymmetric hydroboration, asymmetric homologation, 

asymmetric enolboration, asymmetric ring opening of epoxides and asymmetric crotylboration 

with high selectivity FIG 2.10,11  Even without elegant auxiliaries, when the widely used mild 

reducing agent sodium borohydride is simply coupled with lanthanides, selective reductions of 

alpha enones can be performed; this is more commonly known as the Luche Reduction.12  

Possibly the most notorious use of boron in synthetic organic chemistry is through the C-C 

bond forming reaction known as Suzuki Coupling.  With the use of various functionalized boric  

BH2 )2BCrt )2B(9BBN))2BOTf O
O B

R

 

FIG 2 Common chiral auxiliaries of alpha pinene for use in asymmetric hydroboration (1,4), asymmetric 

tosylation (2), asymmetric crotylation (3), and asymmetric homologation (5) 
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acids catalyzed by carefully designed palladium catalysts, boron has opened the door to an 

unlimited number of sp2 to sp2, and with beta alkyl coupling, sp2 to sp3 carbon bond forming 

reactions that were never before possible.13  The synthetic applications are countless, and too 

vast in breadth and depth to cover, but the latter are several examples of famous 

implementations of boron in synthetic organic chemistry FIG 2. 

To a lesser known extent, boron has been used for many material based applications.  In recent 

literature, boron has been incorporated and or materials designed around its implementation in 

light harvesting photovoltaics,14,15 molecular switches,16,17 lasing dyes,18 non-linear optics,19,20 

biomolecular probes,21,22 chemosensors,23 energy transfer cassettes,24 and superconductors.25,26  

When boron is compressed by 160 GPa of pressure, a new phase of boron is formed, and at 

approximately 6 K even the element itself becomes superconducting.27 

By conception, many boron based chemosensors share specific structural traits with boron 

derived OLED materials.23,28-30  The design of such materials generally exploit the same beneficial 

chemical property of boron used in OLED dopants, its vacant pz orbital and its inherently Lewis 

acidic character.  Three coordinate luminescent organoboron compounds are very sensitive to 

changes in the boron coordination sphere, as many photophysical properties of such compounds 

are dependent on electronic interactions and conjugation due to p̟
  to p̟

*  interactions through 

boron’s vacant pz orbital.31   In three coordinate boron species, fluoride ions will readily donate 

electron density to boron’s vacant p orbital through covalent dative interactions FIG 3.  This 

donation can significantly perturb the overall molecular electronic structure, and cause large 

changes in fluorescent emission.23,29-32   

 

FIG 3 The “on/off” control of the pπ to pπ* conjugation in the LUMO of dibenzoborole-containing ð-electron 

systems.  The donor molecule “D” is typically a fluoride ion. 
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These very principles and unique aspects of boron are the basis for its use in organoluminescent 

materials, and as such many share closely related design features; BODIPY dyes are just one 

such, and rather ubiquitous, example with many such applications.33 

Overview of the LCD and OLED device 

Since Tang and Van Slyke fabricated the first practical OLED type device derived from the 

notorious organic electron transport material Alq3,34 countless devices and compounds have 

been researched and fabricated since, as by design they offer many material advantages to their 

modern counterpart, the LCD.35,36 

The typical LCD display consists of cross polarized plates and is driven by ITO electrodes which 

encapsulate the heart of the device, the twisted nematic liquid crystal FIG 4.  Incident light 

produced from the back of the device is circularly polarized by the liquid crystal within.  When a 

voltage is applied, the twisted nematic crystal straightens, effectively turning off that particular 

pixel by allowing vertically polarized light to hit a horizontally planed filter.  Incident light 

produced is from a white backlit source, and color to each pixel is provided by the appropriate 

colored filter.37  This architecture has proven quite limiting to the LCD.  Firstly because of its 

 

FIG 4 Cross section of one sub pixel unit on a typical LCD device 
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operating nature, that of absorbing light, both total emissive luminescence is compromised and 

global contrast reduced as light inherently leaks through the polarized glass, thus eliminating the 

realization of true blacks.  Secondly the action of straightening the twisted crystal can be slow, 

leading to slower refresh rates and blurred images.  Finally, the liquid crystal cell requires a rigid, 

and by comparison to OLED type devices, a thick structure.  This restricts material applications 

from such implementations as use in semiconducting thin films.38 

By contrast, the simplistic architecture of OLED type devices overcomes many of these 

shortcomings.  The typical OLED device consists of three main layers, the electron transport 

layer, the emissive materials layer, and the hole transport layer.  These are sandwiched by ITO 

and alloy electrodes FIG 5.  These layers are typically no more than 10 nm in thickness.  Each 

layer is engineered such that the semiconducting properties of each complement the other; in 

that the LUMO level of the n-type semiconducting ETL will be nearly isoenergetic with that of 

the EML.  This is important because without such balance a charge bias may result, thus 

increasing the voltage drive necessary and decreasing device efficiency.  The same principles 

apply to HOMO level of the hole transport layer, or the p-type semiconducting layer.  In this 

respect each OLED device is unique, and depending on how materials mesh, the holistic 

composition of each is different.  Depending on device architecture, and the physical chemistry 

of each layer, sometimes additional layers are needed to facilitate the device drive.  Such 

additional layers typically consist of either wide band gap hole blocking or electron blocking 

layers at the EML interface to stop charge spill and maximize charge recombination.  Materials 

that may act as both a semi-conductor and emissive material are highly desirable, as the number 

of functional layers is reduced.  This has an added benefit, as with a reduced number of working 

layers, exciplex emissions resulting from interfacial interactions between different materials may 

be minimized.35,36,39-41 

By conception, the operating principles of such devices are highly simplistic.  Charges are 

injected into the device via the HTL and ETL FIG 5.  These quasiparticles are commonly, by 

physicists, referred to as polarons.  This is accomplished by either stripping electrons from the 

HOMO of the HTL or injecting electrons into the LUMO of the ETL.  If not nearly isoenergetic, 

interfacial semiconducting materials can be introduced to reduce the local energy barrier.  

These injected polarons are driven by voltage applied through the device electrodes.  As the 

device is driven, polarons migrate, or “hop,” through the OLED layers into the EML.  Once in 

the EML layer, oppositely charged polarons recombine resulting in photonic emission from the  
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FIG 5 Cross section (top) and working “charge hop” mechanism (bottom) of a typical OLED type device 
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device.  This emission closely matches the fluorescence band gap of the organic substrate used 

in the EML.  Depending on device fabrication, however, emission is often either shifted 

bathochromically or hypsochromically from resultant interfacial based excimers.  This general 

concept is mechanistically very close to that of fluorescence, only that in an OLED the resultant 

emission is caused by charge recombination and not electronic relaxation.35,36,39-41 

Given the vast and diverse availability of semi-conducting material options, one can fabricate 

devices ranging from thin and flexible electronic displays to solid state lighting.  As dictated by 

materials used, OLED type devices fall into three general categories:  SMOLEDs, PLEDs, and 

PHOLEDs.  SMOLED type devices generally rely on doping the EML through vapor deposition.  

Generally this process is, from both a manufacturing and fabrication stand point, more complex 

but allows nearly endless synthetic approaches to making luminescent compounds.  PLED type 

devices are highly attractive because not only do polymers allow for fabrication of flexible type 

displays, but the oligomeric materials themselves can be semiconducting in nature.  This 

simplifies the device structure by reduction of the total working layers required.  PHOLEDs are 

merely a derivative of both SMOLEDs and PLEDs, only in that the EML consists of a 

phosphorescent material and not a fluorescent material.  This is highly attractive as emissions 

near quantum unity can be obtained as determined by spin rules of phosphorescent charge 

recombination.39-41 

As per design, these working principles and design concepts result in the many advantages of the 

OLED type device over that of the LCD.  These advantages include improved chromaticity, 

increased luminosity, and better contrast ratios.  This results from the simple fact the OLED 

type device operates based on emission rather than through absorption.  It is also largely 

because each subpixel is a switch, and can be turned on or off near instantaneously.  Beyond the 

ability to achieve true blacks, this simple switching mechanism allows for faster refresh rates and 

lower energy consumption by eliminating the need for a back light.  Finally, because of materials 

used, not only can flexible displays be realized, but the display size itself is also near limitless.39-41 

OLED type devices do however come with their own pitfalls.  Moisture sensitivity, thermal 

stability, and lifetimes of blue emissive materials currently limit their use.  Although, with the 

vast array of materials designed and large quantity of research being done, it is no doubt that 

OLED type devices will surpass their predecessors, the LCD type device, in the near 

future.35,36,39-41 
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This is merely a very brief overview of the general theories and principles of the LCD and 

OLED.  The breadth and depth of information related to both OLED and LCD devices are vast, 

and many books have been published with far more detailed information about their complex 

inner workings.35-41 

Boron for OLED type compounds:  Inspiration for new materials 

As discussed, given the charge hop mechanism, it is obvious that OLED type devices largely 

depends on ̟ to ̟ orbital interactions of organic based semiconducting materials.  This 

inherently requires the use of tunable low band gap materials for device fabrication.  As such, 

compounds derived from boron based chelates have recently arisen as highly attractive 

alternatives to transition metal based compounds.   Their chemical nature has allowed 

researchers to synthesize a wide variety of boron containing compounds that exploit boron’s 

unique characteristics for use as both tunable emissive dopants that span the UV spectrum and 

for ETL type applications.42-49 

Boron’s chemical uniqueness to such applications is driven by many factors.  In its ground state 

boron contains three valence electrons, of which in a bonding state an s orbital plus two  p 

orbitals are promoted to an sp2 hybrid orbital in a trigonal planar geometry, leaving boron two 

electrons short of an octet.50  As such, boron has a relatively high ionization energy and in a 

hybrid state is not trivalent but covalent in bonding nature.51  Back ̟ donation of electron 

density into boron’s empty pz orbital can further shorten the covalent bonding distance FIG 6.50,52  

 

FIG 6 The Lewis acid base pairing of boron-nitride adducts results in shortening of the bond distance (left); 

tetrahedral hybridization of boron (right) 

This empty pz orbital accounts for its highly Lewis acidic character, and it is largely exploited for 

OLED type materials, as boron readily accepts two additional electrons in its valence shell 

through Lewis acid-base adduct pairing or dative bonding interactions.5, 53  Countless organic 

chelates have been synthesized exploiting this feature.  Mainly consisting of N,N and N,O-type 

chelates, through dative bonding, tetrahedral boron is used to lock extended conjugated ̟ 

systems into coplanarity.  This has the effect of reducing the band gap through pseudo extension 
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of the conjugate ̟ system, and through increased molecular rigidity, it may serve to enhance 

photoluminescence.54,42  The observed effects may be rationalized in part due to the importance 

of p̟
  to p̟

* orbital interactions through boron’s pz orbital within the coordination sphere.31  This 

is a highly desirable property, as for three coordinate organoboron compounds, which are 

largely used for ETL type applications; the boron center easily facilitates highly polarized charge 

transfer type transitions through boron’s vacant p orbital via pz to pi orbital interactions.43 

Relative to its isoelectronic group 13 counterpart aluminum, its covalent character also offers 

many physical advantages.  Because of boron’s small size and high charge density, ̟ orbital 

interactions become important, and thus sigma bonding is more covalent in nature.50  This 

increased covalent character has long been established, as analogous boron compounds are 

generally known to be more stable than their group 13 aluminum and transition metal zinc 

counterparts.55-58  Due to this, countless boron based derivatives of the Alq3 type compound 

have been made.44-46,59-63  Boron, with these beneficial traits, has also been incorporated into 

many other various chelate-adduct dopant designs as well.  Such designs have largely been the 

inspiration for our new family of boron based dyes.  Each with their own benefits and short 

comings, the majority of luminescent organoboron dyes can be divided into a few defining 

classes:  BODIPY dyes, B(N,O)-type chelates, and B(N,N)-type chelates.   

The BODIPY family of dyes, because of their highly efficient emissive behavior, have long been 

studied for use as dyes,64,65 energy transfer cassettes,24 and molecular switches.66  With 

numerous publications and reviews, it is possibly the most ubiquitous and well known boron 

based chelate to date.  The core of the BODIPY scaffold consists of a dipyrromethene N,N-type 

bidentate chelate FIG 7.  Its simplest precursor has not been synthetically made, due to the 

susceptibility of electrophonic attack of the pyrrole based carbons.  However, countless 

derivatives have been synthesized, as the core scaffold allows for facile functionalization of the  

 

FIG 7 The core of the ubiquitous BODIPY dye (1)
33
 and basic scaffold of the closely related polydentate 

polypyridine type dopant (2)
67,68 
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alpha, beta, and meso carbons of the dipyrrole based core. 33  Color tuning is unambiguous and 

well understood based on the position of the core scaffold carbon modified and group used, and 

its highly quantum efficient nature allows for effective electron promotion for use in energy 

transfer cassettes.  There is however, limited literature on the applicability or use of BODIPY 

fluorophores in OLED type devices, although many closely related tridentate compounds have 

been designed similar to that of the BODIPY core with such applications in mind FIG 7.67,68 

The simple N,N-type chelate is still however very popular, presumably due to their facile 

coordination with boron and stable nature, as numerous alternatives to the BODIPY type core 

have been synthesized with OLED type device fabrication in mind.48,49,60,69-71,47  The most 

ubiquitous of these is based on the 2-pyridyl type substituted scaffold motif FIG 8.  Changes in 

substitution about the core of this scaffold design have led to a wide array of OLED type dopant 

materials with emissions that span the visible spectrum.  The 2-pyridyl pyrrolide motif is 

particularly impressive, as with small modifications to the pyridyl scaffold, emissions that span 

the near entirety of the visible spectrum have been obtained from one family alone.48,49  Further 

tuning of the band gap was achieved through fluorination of the scaffold periphery.48  However, 

only small changes in emission were observed for the cost of expensive and esoteric starting 

materials.  Known as BORAZAN dyes, in recent literature, this closely related analog to the 2-

pyridyl scaffold has also arisen as another promising N,N-type chelate FIG 8.  Limited literature 

has been reported, however its ease of synthesis and substitution has led to a small but 

potentially growing family of new luminescent boron based compounds.69,72 
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FIG 8 Examples of the 2-pyridyl scaffold (1-5)
48,49,70,71

 and the lesser known BORAZAN dye (6)
69 
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The N,O-type chelate, in terms of OLED type applications of boron based materials, is probably 

the most popular and widely researched choice.  Based on Tang and Van Slyke’s aluminum tris-

quinolato scaffold, many boron based analogs have been synthesized FIG 9.  Most BArq-type 

analogs are purely dopants with EML type applications in mind.  Given its versatility, groups have 

not only synthesized emissive polymers,45,73 but even multinuclear dual functioning ETL-EML 

type materials have been designed around the BArq-type core as well.44  Tuning of the BArq-type 

compound has been accomplished in several fashions.  Through conventional means, the band 

gap is typically altered either by use of EDGs or EWGs substituted about the quinolato core, or 

through extension of the overall ̟ conjugate system FIG 9.45,46,62,63  The observed trends of such 

alterations are rather unambiguous.  With either extension of the conjugated ̟ system or 

through use of EDGs, emission shifts bathochromically.46,62  Substitute with EWGs  and emission 

shifts hypsochromically.46,62  Other groups, with a limited range of success, have experimented 

with color tuning through substitution of the boron adduct auxiliaries.59,61,63 

 

FIG 9 Tuning of the quinolato core through means of π conjugate extension (1-3)
62
 and through use of various 

EWGs and EDGs on a polymeric scaffold (4)
45 
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To a lesser extent, boron compounds for use in OLED type devices have been derived from 

N,O-Schiff base type compounds and oligomeric R,S thiophene based compounds.54,42,74  The 

three coordinate biothiophene based boron compounds are particularly interesting.  Not only 

has emission been tuned across the UV-vis spectrum from one family design, but fluorescence 

arises from a LMCT type transition FIG 10.42  This LMCT type transition is extremely unique, as 

emissive behavior of most luminescent organoboron compounds can be characterized by ligand 

centered p̟
* to p̟ transitions.  However, the transition of the biothiophene family, as proposed, 

results from a charge transfer through the thio based sulfur atom from within the ̟ electron 

rich oligomeric backbone to the attached trivalent boron species.42  This is possible, as 

previously discussed, due to boron’s empty pz orbital, which in a tri coordinate state can 

facilitate highly polarized charge transfer type transitions.  The biothiophene skeleton has also 

shown substantial stability towards charged species, as supported by both reversible oxidation 

and reduction.42  This reversible ambipolar behavior is novel to emissive boron based OLED 

type compounds. 

 

FIG 10  The bithiophene based oligomeric cores with boron in both a tetracoordinate (1)
54
 and tricoordinate 

(2)
42
 state, and the proposed charge transfer mechanism of the tricoordinate system. 

Boron, to a lesser extent, is used in its tricoordinate state due to its decreased stability and 

necessity for bulky substituents to protect the coordination sphere.43  Despite this, several 

tricoordinate boron based compounds have made their way into OLED type fabricated devices.  

Such trivalent compounds are generally used as dual functioning type materials.  Like the 

bithiophene based compounds, trivalent boron is exploited for its charge transfer capability 

through the empty boron pz orbital.43,42  The most popular design, as penned by Suning Wang, is 

the “star shaped” type compound where boron is located within the heart of a large ̟ skeletal 

star like framework from which it can facilitate such charge transfer type transitions.43 

These luminescent organoboron based compounds have largely been the influence for OLED 

dopant design in our lab.  I extensively studied the various scaffold motifs as a basis for an 
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approach to designing a new boron based chelate family.  Rationalization of color tuning, and 

approaches to scaffold adaptation, have been successfully implemented from the literature in 

producing a new family of boron based fluorophores with OLED type device fabrication in mind. 

Synthesis and design of new organoluminescent boron compounds 

Our group’s interest in organoluminescent compounds begins with the boron heterocyclic 

polycycle commonly referred to as benzoboroxole.  Consisting of an aromatic six-membered 

ring, and boron containing five-membered heterocycle, benzoboroxole was first reported by 

Snyder in 1958.75  Since its discovery, it was shortly thereafter studied by many groups because 

of its unique synthetic characteristics and material applications.76-78  Derivatives of benzoboroxle 

have been used for recognition of glycoconjugates, Suzuki coupling, blue dyes, plastic biocides, 

and even for treatment of fungus, as a fluorinated derivative has shown efficacy in treating 

Onychomycosis FIG 11.79  With its many useful applications, in 1999, our colleagues in Dr. 

Zhdankin’s lab sought to improve methods of synthesis and establish a crystal structure in hopes 

of better understanding its advantageous properties.80   Although vastly improved, the new  

 

FIG 11 Several examples of Benzoboroxole (1), and applied analogs for use as an antifungal agent (2), 

Vancomycin A-ring synthon (3), plastic biocide (4), blue dye (5), and fluorescent dye (6-7).
79 

method of synthesis is laborious, and trituration of the final product proved unreliable when 

attempting to repeat with consistent results.  As such, a work-around was implemented.  After 

work up, benzoboroxole is extracted into basic aqueous media, exploiting the boronate anion 

complex SCHEME 1.  Following several organic washings, benzoboroxole is recovered through 

precipitation by acidification of the aqueous phase.  Yields are typically about 50%, but may be 

improved to roughly 80% by separation of the crude material through column 

chromatography.79  Even more recent, colleagues in Dr. Mereddy’s lab discovered that 
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SCHEME 1      Synthetic routes to benzoboroxole through nucleophilic ring closure (top) and reduction using 

sodium borohydride (bottom). 

benzoboroxole can be cyclized in comparatively high yields by facile reduction with sodium 

borohydride of the corresponding 1,2-type substituted boronic acid-aldehyde SCHEME 1.  

Following purification by column chromatography, yields were generally as high as 90%.  The 

improvement in methods of synthesis of benzoboroxole has recently spurred much interest in 

its uses within many groups here at UMD, and it was recently discovered that like other boron 

adducts, it can be condensed with N,O-type chelates to form new luminescent organoboron 

compounds.79  This condensation of benzoboroxole simply exploits the Lewis acidic behavior of 

boron, as boronic acids will rapidly and reversibly form boronic esters with both primary and 

secondary alcohols SCHEME 2.81   
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SCHEME 2       Proposed mechanism of condensation in formation of boron esters. 

When benzoboroxole is condensed with 8-hydroxyquinolato, a novel and stable luminescent 

organoboron compound analogous to Tang’s Alq3 was discovered and found to fluoresce at 

approximately 530 nm FIG 11-(7).  The 10-hydroxyquinolato derivative was also made and 

recently characterized by x-ray crystallography, and thus began our research in new boron 

based emissive materials.82  We have continued study of its use, as the implementation of 

benzoboroxole as an adduct species is novel.  Given its unique heterocyclic structure, with 

further study, it may prove beneficial in use over the typical boron adduct species found in the 

majority of current organoluminescent boron based compounds FIG 12. 
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FIG 12 Several examples of common boron adducts, phenyl borinic acid (1), mesityl borinic acid (2), boron 

trifluoride (3), benzoboroxole (4), and tripentafluorophenyl boron (5). 

As such, our group began investigating new ligand designs for use with benzoboroxole.  Due to 

their extensive use in literature, N,N type chelates were tested with benzoboroxole, however 

no new complexes were ever successfully isolated.  Using a commercially available 2-pydridyl 

based ligand, it was determined by 2D fluorometry that hydrogen bonded complexes were likely 

being formed in solution, as no emissive compound could be retained in the solid state FIG 13.  

Repulsive forces of the oxygen heteroatom, its electron withdrawing effects, and the rigid 

structure of the boron containing five membered heterocycle may all be reasons the N,N-type 

ligand was unsuccessful in chelating with benzoboroxole.  As such our attention turned to N,O-

type ligands, where it is widely known that alcohols rapidly exchange to form borinic esters.81 
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FIG 13 Proposed structure of the hydrogen bonded dimer of benzoboroxole with the pyridyl based N,N-type 

chelate. 

Although limited, Schiff base organoboron type compounds have been used in OLED type 

devices.74  Based on oxydianaline, an N,O-type dinuclear Schiff base ligand was designed with the 

rigid heterocyclic structure of benzoboroxole in mind SCHEME 3.  Free rotation about the imine 

group and flexibility of the oxygen chelate make such a ligand highly desirable.  Facile means of 

synthesis, by that of reductive amination, make Schiff base type ligands even more desirable.  

Because of their ease of synthesis, several derivatives were made in high yields with traditional 

means of band gap color tuning in mind SCHEME 3. 

Although promising, by qualitative means of analysis, it was found that when mixed with 

benzoboroxole, our compounds fluoresced far less than desired.  Twisting about both the imine 

group and bridging ether, which were desired for chelate flexibility, may thermally dissipate  
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SCHEME 3      Synthetic route to substituted ODA based dimeric chelates by reductive amination 

energy by means of free rotation.   This flexibility may largely be responsible for the less than 

desirable quantum yield observed.  The effectiveness of color tuning seemed limited as well.  

Again, as by qualitative means of analysis, it was found that at most, only 20-30 nm of emission 

color change was observed.  As such, our attention shifted back to a more rigid scaffold motif. 

With many structural similarities, the 2-pyridyl based compound motif was adapted such that 

N,O-type chelate donor atoms could be used.  The polycyclic ligand scaffold, comprised of an 

azole based heterocycle, and a hydroxyl substituted aryl moiety, is rather simple.  The structure 

of the six membered chelate ring was specifically designed such that when coordinated with 

boron, an extended and rigid coplanar ̟ conjugate system bridged about the phenyl and azole 

moieties of the ligand is made FIG 14.  Structural rigidity of the overall scaffold is maintained  

 

FIG 14 Design motif for a synthetically tunable organoluminescent dye. 
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about the phenyl to azole planes by dative interactions of nitrogen with boron FIG 14.  This 

restricted and rigid coplanar scaffold, as reported in literature, serves to enhance 

photoluminescent quantum yield and reduce the band gap by reduction of the LUMO energy 

level.54  As a general concept, the overall contraction of the band gap may be rationalized by the 

fact that an extended ̟ conjugate system should have an overall reduced ionization energy.  

The motivating factors behind our ligand motif extend beyond its structural attributes.  Facile 

means of synthesis allow for a large family of compounds to be derived from one method.  This 

allows for synthetic changes of the scaffold to be easily made with emission color tuning in mind. 

As such, modulation of the FMOs is achieved by substitution or by use of structural isomers of 

the starting materials.  Significant changes in emission result from substitution of the azole based 

heteroatom.  Also, with extension of the phenyl moiety, an unambiguous bathochromic trend in 

emission is observed FIG 24.  Although not yet explored, additional means of color tuning can be 

explored.  Our synthetic method is insensitive to a wide variety of substituents.  Thus, further 

tuning can be achieved through traditional means by addition of EWGs or EDGs about the 

scaffold periphery. 

Each ligand is made through an acid catalyzed cyclization of either an amino phenol or amino 

thiophenol with the appropriate hydroxyl substituted naphthoic acid SCHEME 4.  It was 

discovered that for cyclization, aminophenol required more vigorous reaction conditions, as it 

was not reactive when using phosphorus trichloride as a catalyst.  Even when using the more 

potent silicon tetrachloride, to obtain nominal yields, reflux temperature needed to be increased 

by using chlorobenzene as a solvent.  Further pushing of the reflux temperature, through the use 

of bromobenzene, did not seem to improve yields; rather it increased the number of reaction 

 

SCHEME 4      Synthetic route to substituted azole based N,O-type chelate ligands by acid catalyzed cyclization. 
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biproducts.  In contrast, reactions using amino thiophenol were clean and did not require 

purification by chromatography.  Yields of the latter were also far improved to their oxygen 

containing counterparts.  Given the commercial availability of both parent compounds, four new 

compounds were synthesized using this method, for a total of six ligands to be tested. 

With our family of six azole based ligands we proceeded to synthesize a novel luminescent 

series of boron based compounds with a broad visible emission spectrum SCHEME 5.  When 

mixed in toluene with any boronic or borinic acid, as monitored under a UV lamp, formation of 

a luminescent compound is near instantaneous.  This rapid formation of adduct formation is 

consistent with what is known in the literature about exchange of alcohols to form boronic acid 

esters.81  However, unlike what Brown reports, the ligand ester adducts formed with our 

compound family are relatively stable and fairly resistant to reverse hydrolysis.  This is a key 

difference from reversible boron ester formation.  Because of boron’s Lewis acidic behavior, it 

exploits electron density from nitrogen and forms a relatively short length boron to nitrogen 

dative bond, resulting in the stable multidentate adduct formation.  Resistance towards 

hydrolysis may thus be partially attributed to the increased thermodynamic stability from 

multidentate ligand chelation.  It can also be surmised that the bulky hydrophobic groups about 

the coordination sphere protect boron from attack by water.  These properties of the ligand 

and environment of the coordination sphere are essential to compound stability, to retaining 

coplanarity of the bridged ligand scaffold, and thus to the photoluminescent behavior of our 

family of compounds. 

Given the importance of the coordinating species, several boron adducts were tested with our 

ligand family, including phenyl borinic acid, boron triflouride, and benzoboroxole.  With slightly 

different properties, when coordinated with our ligands, each forms a novel organoluminescent 

boron compound.  Using a UV lamp it is apparent however, that changes in emission wavelength 

from adduct to adduct are minimal, suggesting that fluorescent behavior can be largely 

characterized by ligand centered transitions.  This has also been supported by TD-DFT PCM 

experiments.  Although similar photophysically, each adduct formed is far from equal 

thermodynamically.  Similar to the Schiff base family of compounds, benzoboroxole did not 

appear entirely stable when forming a new adduct species, as not only isolation proved difficult, 

but driving the reaction to completion was problematic as well.  Again, this could be the result 

of the molecular rigidity of boron within a heterocyclic ring, or repulsive effects of the 

neighboring oxygen heteroatom.  Neither stability nor reactivity was a problem when using 
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trifluoroboron, however, upon coordination the resulting compounds crashed out of solution.  

Even at dilute concentrations solubility proved troublesome.  This was not entirely surprising 

given the aromatic nature of our compounds.  The use of phenyl borinic acid for adduct 

formation fortunately overcame both of these problems.  Firstly, the emissive wavelengths of 

the compounds coordinated with phenyl borinic acid were by qualitative means slightly red 

shifted from any of the latter, and given that our compounds are predominantly blue in emission, 

proved to be more useful such that a larger portion of the UV spectrum could be spanned.   

Secondly, adduct formation was rapid and non-reversible.  Finally, solubility was improved, as 

moderate concentrations could be achieved in both DCM and toluene.  Given the sensitivity of 

boron to water, toluene was ideal for the use of synthesizing our compounds.  Not only is it a 

very dry solvent, but water can be removed by azeotropic distillation.  This property of toluene 

made driving ester adduct formation, of our compounds, to completeness very easy.   

Synthesis by removal of water was simple.  The amino ethanol protected form of phenyl borinic 

acid was hydrolyzed in aqueous media, extracted into toluene, and added to a round bottom 

containing solid ligand material.  Coloration of the solution from adduct formation was 

instantaneous, and the solution became cloudy as water was formed from condensation of the 

product.  The solution, as expected, became clear and more vibrant in color as water was 

removed and additional product formed through azeotropic distillation SCHEME 5.  From the  

 

SCHEME 5      Facile synthetic route to a novel family of N,O-type chelate organoluminescent boron compounds by 

azeotropically driven condensation. 
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start of heating to the end of water formation in the arm of a Dean Stark trap, the reaction was 

generally complete in less than an hour.  When monitored by 11B NMR, in dry toluene less than 

1% of free starting material remained in solution.  As per compound, the reaction mixture was 

then concentrated to the appropriate volume in toluene, transferred into vials, and placed into a 

larger chamber containing cyclopentane or hexanes for crystallization by vapor diffusion FIG 15.  

Pure x-ray quality crystals formed, depending on the compound, in roughly two to three days.  

All of our compounds have enhanced thermal stability when compared to that of the ligands 

alone, and all can be sublimed with moderate heating under high vacuum, both of which are 

desirable properties for use in OLED type devices. 
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FIG 15 Respective concentration in toluene used during crystal growth by vapor diffusion for x-ray diffraction. 

*Denotes diffusion using cyclopentane.  **Denotes diffusion using hexanes. 

Not yet explored in our efforts to use the optimal adduct for our parent compounds was the 

use of mesityl borinic acid.  Not only is the adduct available in its unprotected form, but the 

bulky alkyl groups may prove beneficial; free rotation of the aryl rings may be reduced, likely 

enhancing quantum yield.  Solubility in organic media, due to the large alkyl groups, would also 

likely improve as well.  Given that our quantum yields were already reasonable, and solubility 

moderate in the appropriate solvents, no further research into adduct species was attempted. 

Our group however, in an attempt to further reduce the band gap between the FMOs, hopes to 

synthesize red luminescent compounds by further extension of the ̟ conjugated network.  

Through heavy literature review, it has been determined that the appropriate 1,2 and 2,3-type 
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substituted anthracene based ligands can be synthesized by either a four or five step process 

respectively. However, due to both difficulty and length of the synthetic paths, the work is 

largely still in progress. 

Through previously reported literature methods, synthesis of the 1,2-type anthracene based 

ligand can be accomplished in a four step fashion SCHEME 6.83-85  By reduction and conversion of 

amino anthraquinone to 1-anthrol, the appropriate 1,2-hydroxynaphthoic acid can be made in 

three steps.  The traditional cyclization through use of the appropriate acid catalyst can then be  

 

SCHEME 6      The proposed four step synthetic route to synthesizing 12HNBX for extension of the aryl moiety. 

used to make the final ligand.  Seemingly straight forward, making the final product remains 

unfinished.  Reducing 1-aminoanthraquinone in consistent quantitative yields has not only proven 

difficult, but isolation has proven difficult as well.  Although three steps have been completed, 

because the first step has proven difficult, it has become limiting.  As such not enough 1,2-

hydroxynaphthoic acid, at this time, has been made to synthesize the final product. 

An alternative pathway to synthesize a 2,3-type anthracene based ligand has been proposed.  In 

the literature, synthesis of the appropriate 2,3-hydroxyanthroic acid for cyclization by an acid 

catalyst is a seven step process requiring a high pressure reaction vessel for one step.86  

However, as proposed, the synthesis can be reduced by two steps, using known literature 
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methods, if the appropriate 2,3-type substituted aldehyde precursor is made instead SCHEME 7.87-

90  Using an aldehyde, the final product can thus be synthesized by catalysis using iodine and low 

energy microwave heating.91  Progress however, on making a 2,3-type substituted anthracene 

based ligand, remains on step two at this time as aromatization through reduction of an 

anthraquinone substrate has proven difficult.  Yields of 2-methoxy anthracene appear improved, 

and the results are far more consistent than aromatization of the latter, 1-aminoanthraquinone.  

However, isolation remains problematic, as finding suitable mobile phase conditions for column 

chromatography still remains elusive.  Much work remains to finish either of the anthracene 

based ligands.  Given the luminescent trends of our compounds, with further extension of the 

phenyl moiety of the molecular scaffold, we will likely obtain compounds whose emission is in 

the red region of the visible spectrum.  If successful, our family of compounds would join a rare 

class of organoluminescent boron compounds that not only fluoresce in the red region of the 

spectrum, but also in the visible spectrum in its near entirety. 

 

SCHEME 7      The proposed four step synthetic route to synthesizing 23HNBX for extension of the aryl moiety. 
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Chapter 2 

 

In order to better understand the nature of the observed photoluminescent trends, our 6 

parent compounds (HPBO, HPBT, 12HNBO, 12HNBT, 23HNBO, 23HNBT) were 

characterized by means of NMR, XRD, computational TD-DFT, UV-Vis, and quantitative 

fluorometry.  

NMR Spectroscopy 

For means of characterization, both 1H and 13C, NMR were used to prove the identity of all final 

compounds without question.  DMSO as a solvent proved extremely useful as a deuterated 

solvent, as its inherent polarity served to expand the somewhat narrow aromatic window of 

proton signals (refer to the appendix for all experimental spectra).  Given the number of 

aromatic protons this certainly helped, however additional analysis of 23HNBT was necessary 

for proper characterization.  When running 13C of 23HNBT, we only identified twenty signals 

 

FIG 16 Carbon NMR of 23HNBT in DMSO (top) and Methylene Chloride (bottom) for peak deconvolution. 
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with the expectation of observing twenty one unique carbon signals FIG 16.  Upon careful 

analysis it was revealed that a second weaker peak was hidden underneath one of the intense 

aryl carbon based peaks at 127.16 ppm.  Given ring symmetry, the aryl carbon based peaks 

should be roughly equal in intensity, and roughly double that of the respective non-degenerate 

carbon peaks.  However, it is clear that in DMSO, 127.16 ppm is slightly more intense than its 

relative neighbor at 132.79 ppm.  When running the sample again, in CD2Cl2, twenty one peaks 

were observed, as environmental polarity changes shifted the hidden peak out from underneath 

the broad and intense aryl based carbon signal.  It is also apparent, that without overlapping 

signals, the aryl based carbon signal intensities in CD2Cl2 are roughly equal. When running the 

same material in CD2Cl2 for 1H NMR the spectra proves the identity of our compound (refer to 

the appendix for experimental data), as such we have determined that for 23HNBT two signals 

exist at 127.16 ppm in DMSO.  One interesting note is the weak and broad signal at roughly 148 

ppm.  This signal is weak due to quadrupolar effects of boron upon this particular carbon, and is 

well established in literature.17  This signal can be found in each respective compounds’ carbon 

spectra, and shifts minimally from compound to compound (refer to the appendix for 

experimental data).  Beyond characterization, we were able to observe interesting trends with 

correlation to photoluminescent behavior. 
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FIG 17 G-HMQC overlay of HPBT (blue) and HPBO (orange) for peak deconvolution. 
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Through use of GHMQC in conjunction with GCOSY experiments, proton signals arising from 

both the azole-based moiety and substituted aryl-based moiety could be respectively 

differentiated.  Using overlapping GHMQC spectra of HPBO and HPBT, it is unambiguous which 

protons are associated within the azole region of the compound FIG 17, as with substitution of 

the heteroatom large shifts of two neighboring proton-carbon signals is observed.  The changes 

in signal shifts are presumably the result of atoms which are affected by the heteroatom near the 

point of substitution, as all other signals remain relatively unchanged.  Each respective proton 

with large signal changes, as observed by GHMQC, was then subsequently found to be related 

by GCOSY FIG 18.  As such, it can be deduced that they are located within the same ring  
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FIG 18 G-COSY of HPBO (bottom) with respective 1H NMR (top) for peak deconvolution. 
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system of the ligand scaffold, and are likely signals resulting from protons within the azole 

moiety of the molecule.  Thus, all four azole based protons and all four aryl based protons of 

our parent compounds are easily identified and differentiable.  Similar, but simpler methods of 

deduction can be used for identification of azole based protons in our naphthyl based 

compounds.  Although GHMQC was run for each respective compound, azole based protons 

were easily differentiated through GCOSY alone by mutual exclusion of four related cross peaks 

within the azole moiety to six related cross peaks from protons within the aryl moiety of the 

compound. 
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FIG 19 1H NMR of 23HNBO (top), 12HNBO (middle), and HPBO (bottom) respectively. 
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Employing such methods of deconvolution, aryl and azole based protons were identified for 

every compound within the entire family of compounds.  Using this data we found an interesting 

trend.  It is apparent that changes in NMR signals correlate with photoluminescent behavior of 

our compounds.  When overlaying the 1H NMR spectra for each respective oxygen and sulfur 

based analogs, one can clearly see a steady downfield shift in proton signals from the parent 

compound, to the 1,2-type substituted compounds, to the 2,3-type substituted compounds.  The 

most remarkable feature of this, although small, is the trend of downfield shifting protons within 

the azole moiety of each compound FIG 19-20, resulting from changes within the aryl moiety of 

each compound.  This trend is observed for both oxygen and sulfur based derivatives.   

 

FIG 20 1H NMR of 23HNBT (top), 12HNBT (middle), and HPBT (bottom) respectively. 
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Given the distance from the point of change, it can be surmised that substitution of various ring 

systems within the aryl moiety results in a global electronic change for each compound, which 

affects signals of protons within the azole moiety of the compound.  Not only is such a global 

change supported by the change in distant proton signal shifts from the point of substitution0 

but also downfield trends of signals within the aryl moiety itself.  Such global changes in the 

electronic nature of each compound are supported by DFT calculations in the latter as well. 

This global electronic change results in significant shifts of peak fluorescent wavelength emission 

for each compound.  Upon careful analysis it becomes apparent, within the stacked 1H NMR 

spectra for each analog, that the further downfield the proton signals appear the further red 

shifted emission is for each compound respectively.  This trend is observed within both oxygen 

and sulfur based derivatives, but not between each other.  Electron withdrawing effects of 

oxygen may negate trends between each respective analog.  Given the former, it may be 

rationalized in the loosest of terms that the resulting downfield trend in proton shifts may be 

due to a global increase in aromaticity of each compound.  With this global increase in 

aromaticity, one would expect a decrease in the overall ionization energy of each compound, a 

reduced band gap, and thus a bathochromic shift in emission, which experimentally is the case. 

X-Ray Diffraction 

In conjunction with NMR spectroscopy, through the use of x-ray diffraction, the identity of each 

compound was without a reasonable doubt confirmed FIG 22.  Although no information 

regarding the fluorescent nature of our compounds could be deduced, both characteristics of 

physical properties, and trends in molecular geometry could be rationalized. 

Firstly, the relatively water stable nature of our compound family is due to the medium length 

dative bonding interaction of nitrogen with boron TBL 1, which as previously discussed, prevents 

hydrolysis of the Lewis acidic boron center.  The observed four-coordinate geometry is not 

surprising, as both bond lengths of boron to oxygen, and more importantly, boron to nitrogen, 

as a whole are comparable to what is present in the literature for an analogous coordination 

sphere TBL 1.92 With a chelate bite angle of roughly 104 degrees, and a splay angle between the 

boron bound aryl rings of roughly 117 degrees, it is also clear that the boron coordination 

sphere is distorted from an ideal tetrahedral arrangement.  It is however, close to what is 

expected given crystal structures with similar type compounds.47-49,71  The distortions observed 

may be the result of an increase in flexibility about the six membered chelate ring. 
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TBL 1 Select angles and bond distances about the boron coordination sphere. 

The geometry observed of the coordination sphere is supported by 11B NMR as well.  The 

boron peak of HPBO, as expected, is slightly shifted from the perfect tetrahedral arrangement 

of the standard at 0.0 ppm FIG 21.  The broad nature of the signal at 6.07 ppm is likely the result 

of conformational changes in solution, probably due to small variations in the coordination 

sphere imparted by free rotation of the phenyl adduct rings.  From the crystal data no two 

boron centers are completely alike, so this is not surprising. 

 
FIG 21 11B NMR of HPBO relative to BF3*Et2O at 0.00 ppm. 

What is interesting, however, is what the auxochromic heteroatom geometrically imparts on 

the system as a whole.  The bent geometry of the hydroxyl based oxygen chelate imparts a mild 

distortion from coplanarity between the two ligand ring moieties.  This torsion is exaggerated 

by the bulky nature of the large sulfur heteroatom TBL 1. 

Compound B1-O1 
(Å)

B1-N1 
(Å)

B1-C1 
(Å)

B1-C7 
(Å)

N1-B1-
O1 (θθθθ)

C1-B1-
C7 (θθθθ)

N1-C13-C14-
C15 (Φ)

HPBO 1.504 1.633 1.605 1.606 103.15 116.48 9.760
12HNBO 1.460 1.606 1.581 1.662 100.90 119.22 5.990
12HNBO' 1.593 1.654 1.637 1.515 106.40 119.22 1.400
23HNBO 1.498 1.630 1.607 1.604 103.60 115.71 9.290
Average 1.514 1.631 1.608 1.597 103.51 117.66 6.610

HPBT 1.490 1.640 1.610 1.610 104.37 114.88 12.58
12HNBT 1.497 1.630 1.600 1.622 105.15 116.93 8.330
23HNBT 1.475 1.657 1.613 1.522 104.43 117.24 11.43
Average 1.487 1.642 1.608 1.585 104.65 116.35 10.78

Total Avg 1.501 1.637 1.608 1.591 104.08 117.00 8.70
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FIG 22 ORTEP plots of HPBO (top left), HPBT (top right), 23HNBO (middle left), 23HNBT (middle right),  

12HNBO (bottom left), and 12HNBT (bottom right), obtained by X-ray diffraction. 
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Although the ligand itself appears somewhat distorted, sulfur appears to relax the bite angle 

about the coordination sphere, and shorten the boron to oxygen bond distance TBL 1.  This 

appears to bring boron closer to the ideal geometry of an sp3 hybrid. Finally, a trend that is 

typically observed in most four coordinate B(X,X)Ph2 type compounds is the distension of one 

phenyl ring from the boron center.  In both the case of the oxygen substituted compounds, and 

the sulfur substituted compounds, it is observed that the equatorial phenyl ring is slightly closer 

to boron center TBL 1.   This simply may be the result of a steric crowding in the axial plane of 

the coordination sphere.  Again, this is commonly observed in compounds of similar type.47-49,71 

Amongst our six compounds, several crystal systems and morphologies were observed, ranging 

from monoclinic, to orthorhombic, to triclinic TBL 2.  The geometry of 12HNBO, with its low 

symmetry P1 space group, is a highly unusual and uncommon crystal space group observed.  

When first solved, an additional crystal of 12HNBO was run to confirm this unusual geometry.   

 

FIG 23 ORTEP plot showing the peculiar P1 symmetry of 12HNBOwith nonequivalent boron centers. 



 33   
 

This low symmetry may be the result of proximity between the faces of the planar conjugate 

ring systems FIG 23.  At the closest the ring systems are roughly 3.32 angstroms apart.  Weak 

facial intermolecular interactions thus may be distorting the coordination sphere, resulting in the 

different bond angles and distances about each unique boron center. 

From this, and the large variety of space groups, what can be concluded is that the packing 

forces are very sensitive to small molecular changes.  They appear to be affected by subtle 

intermolecular interactions about the face of the large planar extended pi conjugate network.  

As evidenced by the various angles about the coordination sphere, packing forces may also be 

influenced by stresses imparted by free rotation of the boron based aryl rings. 

 

TBL 2 Crystal data for entire family of novel compounds including cell data, collection parameters, and 

refinement results. 

HPBO HPBT 12HNBO 12HNBT 23HNBO 23HNBT

Forumula C25H18BNO2 C25H18BNOS C29H20BNO2 C29H20BNOS C29H20BNO2 C29H20BNOS

FW 375.23 391.29 425.29 441.36 425.29 441.36
Crystal 
System Monoclinic Monoclinic Triclinic Orthorhombic Orthorhombic Monoclinic

Space Group P 21/n P 21/n P1 Pccn Pbca P 21/n

a [Å] 10.551 9.767 8.939 30.418 12.122 8.195
b [Å] 12.434 13.621 10.462 9.127 16.401 19.533
c [Å] 17.889 15.317 12.493 15.996 21.944 17.981
α [°] 90 90 99.64 90 90 90
β [°] 104.88 101.51 97.01 90 90 92.27
γ [°] 90 90 106.24 90 90 90
Z 4 4 2 8 8 4
Dc [g/cm

3] 1.20 1.30 1.30 1.32 1.29 1.18

μ [1/cm] 0.75 1.78 0.80 1.69 0.80 1.39
2θmax [deg] 54.072 55.008 55.026 55.006 54.99 55.078

reflns 
measured 5166 4569 5002 5084 4999 6595
reflns used 1599 3202 3269 1846 1610 2326
parameters 289 263 595 298 298 343
Final                         

R[I > 2σ(I)]
R1 [a] 0.0604 0.0561 0.0418 0.0450 0.0605 0.0628
wR [b] 0.1331 0.1063 0.0699 0.0911 0.1122 0.1487
R [all data]
R1 [a] 0.1903 0.0566 0.0765 0.1613 0.2368 0.1483
wR2 [b] 0.1929 0.1066 0.1044 0.1286 0.1712 0.1965
Goodness of 1.0204 1.0176 0.9049 0.9394 0.9298 0.8373
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Optical Spectroscopy:  UV-Vis & Fluorometry 

Through both the use of a heteroatomic auxochrome, and substitution of the aryl based ring 

system, emission ranging from 451 to 578 nm was achieved.  Remarkably, without intention, a 

nearly stepwise fashion in increasing emission wavelength was achieved FIG 24.  These transitions 

can be characterized, shown by computational analysis, as p̟
* to p̟ transitions centered about the 

chelate ligand.  Further analysis of the emission spectra reveals two clear and unambiguous 

trends.  Firstly, it is clear that substitution of sulfur for oxygen results in a bathochromic shift of 

emission.  Secondly, all naphthyl based compounds, which contain an extended ̟ conjugate 

system, are bathochromically shifted from their analogous parent compounds.  As expected, it 

can again be loosely surmised that the extended conjugate network results in a reduction of 

compound ionization energy.  This reduced ionization energy should thus correspond to a 

smaller band gap and a bathochromic shift in emission, which is the case for each sulfur and 

oxygen based analogs respectively.  Again, this has been loosely confirmed by the general trend 

of proton shifts in the NMR spectra of the former and computational experiments in the latter. 

Another curious feature of our family of compounds is the nature of respective quantum yield 

TBL 3.  Given the disparity of relative quantum yield for each compound no specific trend, with 

respect to the energy band gap law, 93 is observable that might correspond to the reduction of 

 

FIG 24 Emission Spectra of HPBO (1), HPBT (2), 12HNBO (3), 12HNBT (4), 23HNBO (5) and 23HNBT (6) 

respectively. 
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fluorescent quantum yield with the associated reduction in the energy band gap.  The vast 

changes in quantum yield from near unity of our 1,2-type substituted compounds, to the very 

low quantum yield of our 2,3-type substituted compounds, suggests that fluorescence may be 

quenched by a photo-induced electron transfer within the molecule.  This has been observed of 

many luminescent organic molecules and extensively studied in BODIPY containing dyes, 

fluorescein dyes, and more.33,94-98  It has been proven that at a particular energy level of the 

HOMO, given specific band gap energies, fluorescence can essentially be switched on and off.  

Electrochemical measurement of the oxidation energy is required to determine if this is the 

case, however it has been shown in our computational study that a significant shift in molecular 

orbital distribution occurs from the HOMO to LUMO unique to our 2,3-type substituted 

compounds.  This may be regarded somewhat as a charge transfer, although is not entirely 

confirmed, as no clear solvatochromic effects were observed in either adsorption or emission 

spectra suggestive of a significant dipole change (refer to the appendix for absorbance plots in 

DCM and Toluene). 

 

TBL 3 Summarized optical properties of all compounds.  12HNBO exhibited a secondary degenerate emission 

maximum [1], and 3 others exhibited shoulders [2-4]. 

Compound Main 
Absorption 
Wavelengths 
[nm]

Absorptivity ε ε ε ε 
[[[[1/M*cm]

Excitation 
Wavelength  
[nm]

Emission 
Wavelength 
[nm]

Φ Φ Φ Φ Calculated

HPBO 296 9375 373 451 0.4458
337 3068
377 4398

HPBT 291 6984 373 480 0.3360
335 6939
395 2082

12HNBO 297 22370 420 454 0.9316
318 7547 476

[1]

332 5550
404 8689

12HNBT 304 15455 420 489 0.7204
327 7106 510

[2]

341 5929
426 9237

23HNBO 337 18437 429 536 0.1441
356 13765 658

[3]

434 1714
23HNBT 333 15364 429 578 0.0718

349 15424 655
[4]

447 493
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Also worth noting is the difference in Stokes shift from excitation observed for each compound 

with respect to scaffold geometry TBL 3.  The relatively short Stokes shift of our 1,2-type 

substituted compounds is consistent with behavior described by the nodal plane theory.86  The 

long Stokes shifts observed for both parent compounds and the 2,3-type substituted compounds 

are also consistent with what is described by nodal plane theory.86  One can then speculate that 

our compounds do in fact observe the energy band gap law93, in that photoluminescence of the 

1,2-type substituted compounds are in fact enhanced by this effect rather the 2,3-type 

substituted compounds quenched by PET as observed with other fluorophores.  The increased 

stabilization due to the geometric nodal plane of the 2,3-type substituted compound may also 

further affirm that the observed downfield 1H NMR peaks shifts result from enhanced resonance 

or an increase in compound aromaticity FIG 19-20. 

Theoretical Chemistry 

Using computational modeling of our compound family we elucidated several properties that 

dictate the photoluminescent behavior of our compounds.  Before performing TD-DFT using 

solvent modeling and large basis sets, a wide variety of density functional theories were tested at 

lower basis set levels including PW91, BHandH, BP86, PBE1PBE, and the ubiquitous B3LYP.  

Results from employing the former functionals were compared to experimental results 

obtained.  Of the five functionals, B3LYP and PBE1PBE were found to be far superior to their 

 

FIG 25 Theoretical comparison of TD-DFT using B3LYP/6-311G (d,p)++PCM () and PBE1PBE/6-311G 

(d,p)++PCM (����).  Dashed lines represent plus or minus 15 nm from an ideal calculation. 
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respective counterparts.  This was no surprise, as it is well established in the literature that 

B3LYP and PBE1PBE, without the use of variable hybrid mixing, are the most robust methods 

for TD-DFT calculations involving small organic dyes.99-101 

As such, TD-DFT calculations for each compound in our family were performed at the 6-

311G(d,p)++ level using PBE1PBE and B3LYP with PCM solvent modeling for both geometry 

optimization and calculation of excitation energies.  Transitions calculated were then 

interpolated and plotted using a Gaussian distribution, and main peak transitions were assigned 

to respective experimental transitions observed by peak to profile matching FIG 25.  Profiles 

obtained from both methods follow the actual absorption spectrum remarkably well (refer to 

the appendix for experimental data).  From a statistical stand point, both methods closely 

correlate with reality, suggesting that we have valid computational models for interpretation of 

electronic properties.  Using a linear fit for TD-DFT both models, at 95% confidence, they are 

statistically speaking, equal models TBL 4.  From a holistic standpoint, B3LYP tends to slightly 

underestimate peak wavelengths, while PBE1PBE tends to overestimate peak wavelengths.  All 

things considered however, both systems mirror each other almost perfectly and it can be safely 

concluded that they are both a reasonable approximation to what is observed in reality FIG 25.  

As such, further analyses of the calculated results were pursued using the B3LYP model. 

 

TBL 4 Statistics for theoretical comparison of B3LYP to PBE1PBE TD-DFT. 

B3LYP/6-311G(d,p)++PCM

Regression Statistics
R Square 0.982683775
Standard Error 8.197525865

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept -1.99737456 15.930863 -0.125378 0.90270932 -37.49354921 33.49880009
X Variable 1 1.031034454 0.043280562 23.822113 3.8594E-10 0.934599352 1.127469556

PBE1PBE/6-311G(d,p)++PCM

Regression Statistics
R Square 0.981959657
Standard Error 7.835399726

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 6.458034231 15.22711629 0.4241141 0.68046151 -27.47009503 40.38616349
X Variable 1 0.965151921 0.041368641 23.33052 4.7382E-10 0.872976845 1.057326997
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As expected, with reduction of the calculated band gap, the experimental emission wavelength is 
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a clear and unambiguous trend can be observed.  
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FIG 27 Comparison of molecular orbital distribution of HPBO 

12HNBT (middle right), 23HNBO 

the azole ligand moiety, azole based heteroatom
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sulfur, and with access to its d-orbitals, overall molecular orbital density within the ligand may be 

reduced, resulting in a lowering of the LUMO energy potential.  It also may be perhaps that the 

p-orbitals of the larger sulfur atom better overlap with the p-orbitals of the extended ̟ 

conjugate system relative to that of oxygen.  With increased participation, and better orbital 

overlap within the LUMO, it then may be possible that sulfur is better at stabilizing each 

compound in the excited state.  Perturbation due to electron withdrawing effects of oxygen may 

play a role as well.  Regardless of the reason, this increased participation clearly results in a 

lower LUMO energy potential and thus a bathochromic shift in emission maxima. This clearly 

shows both the importance of the heteroatom to the electronic nature of each compound and 

the sensitivity of photophysical properties with respect to molecular orbital arrangement. 

 

FIG 28 Molecular orbital plots of HPBO (top) and HPBT (bottom).  The HOMO is plotted along the middle column 

and LUMO plotted on the right hand side. 

Looking at the molecular orbital plots of each compound, the picture becomes even clearer.  

Each HOMO-LUMO transition can be characterized as a p̟ to p̟
* transition.  The lack of any 

observed solvatochromaticity further supports this assertion.  However, between parent 

analogs, from the 1,2-type substituted analogs to the 2,3-type substituted analogs, it is apparent 

that no two transitions are completely alike.  When looking at the parent compounds, it is 

unambiguous that molecular orbital distribution shifts from a globular bonding type orbital to a 

primarily ligand based anti-bonding type orbital FIG 28.   
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FIG 29 Molecular orbital plots of 12HNBO (top) and 12HNBT (bottom).  The HOMO is plotted along the middle 

column and LUMO plotted on the right hand side. 

Analysis of the molecular orbital distribution about the 1,2-type substituted analogs reveals a 

fairly different transition in nature.  From HOMO to LUMO, the transition appears more like 

that of a non-bonding to p̟
* orbital transition FIG 29.  The increased number of nodes in the 

non-bonding like orbital clearly contributes to the increased energy observed within the HOMO 

over that of the parent compounds FIG 26.  This, as observed experimentally, may be another 

contributing factor to the bathochromic shift in emission observed when compared to that of 

the parent compounds.  Finally, given the lack of a cohesive arrangement of molecular orbitals 

about the geometric plane of the naphthyl ring in the 1,2-type geometric configuration, in 

conjunction with the smaller stokes shift observed relative to that of the 2,3-type naphthyl 

analogs, further supports what is expected when considering nodal plane theory.86  

This behavior of the 1,2-type substituted compounds is very different to what is observed of the 

2,3-type substituted analogs where molecular orbital distribution clearly arranges itself about the 

geometric nodal plane of the naphthyl ring moiety FIG 30. This is again consistent, in conjunction 

with the greater stokes shifts to that of the 1,2-type analogs, to that described by the nodal 

plane theory.86  The confined nature of molecular orbitals about the naphthyl nodal plane results 

in an increased orbital density about the aryl moiety, and thus may be a contributing factor to 

the observed increase in the energy potential of the HOMO.  This energy increase, beyond 
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FIG 30 Molecular orbital plots of 23HNBO (top) and 23HNBT (bottom).  The HOMO is plotted along the middle 

column and LUMO plotted on the right hand side. 

previous discussion, may be another reason for the bathochromic shift observed in emission 

maxima relative to that of the parent compounds. 

All of the discussed observations may be possible factors to the photophysical trends observed 

within our family of compounds.  However, further studies including but not limited to 

electrochemistry and fluorescent lifetimes are necessary to fully understanding the 

photoluminescent behavior of our compounds.  Synthesis of an anthryl substituted ligand, if 

following the emergent trends, may not only result in red fluorophores but may also add to the 

pool of data that contribute to understanding the electronic nature of our compounds.   

In the end a few things can be without a doubt surmised.  Firstly it is obvious that the sulfur 

heteroatom stabilizes the LUMO and results in a clear bathochromic shift of emission.  

Secondly, with increased ̟ orbital conjugation a decrease in compound ionization potential 

occurs, which also results in a bathochromic shift of emission.  Finally, the geometric nature of 

the substituted aryl based ligand moiety is important to not only the fluorescent emission 

wavelength observed, but the photophysical properties as well.   If completely rationalized, an 

even more strategic approach, beyond traditional means, may be tailored to synthesizing 

substituted compounds of our family type with specific emissions of interest in high quantum 

yields.
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Chapter 3 

 

NMR Spectroscopy 

All spectra were taken on a Varian INOVA 500 MHz NMR spectrophotometer maintained at 25 

degrees Celsius operating at 500 MHz for 1H NMR and 126 MHz for 13C NMR.  The deuterated 

solvent used for each respective spectrum is referenced to the appropriate literature peak 

shift.103  Refer to the appendix for all experimental spectra. 

X-Ray Diffraction 

X-ray crystallography was performed using a Rigaku AFC7R rotating anode x-ray diffractometer 

with graphite monochromated radiation from a MoKa source operating at 50 kV.  All 

experiments were run under ambient atmospheric conditions.  Crystals were coated in epoxy 

resin and pinned to glass fibers drawn from Pasteur pipettes.  Cell refinement and data 

reduction were performed with WinAFC and TEXSAN respectively.  Data was processed and 

structures were solved by direct methods using the CRYSTALS104 software package, and all 

hydrogen’s were refined anisotropically.  Refer to the appendix for experimental data. 

Optical Spectroscopy 

UV-vis spectra were all taken at less than 1.0 * 10-5 M using a JASCO V-670 spectrophotometer 

with a 1 nm band pass.  Fluorometry was performed on a Horiba Jobin Yvon Fluorolog 3 using a 

spectrally corrected PMT and xenon lamp source.  Relative quantum yield was determined using 

a modified working equation from previously published procedures.105,106  Diphenyl anthracene 

in cyclohexanes, Coumarin 153 in ethanol, and quinine sulfate in 0.1M sulfuric acid under 

standard atmospheric conditions were used as standards according to published quantum yield 

values.107-109  Quinine sulfate in 0.1M sulfuric acid was used as a check standard for testing 

validity of measurements taken.  To avoid inner filter effects, absorbance was maintained under 

approximately 0.07 at the excitation wavelength for all experimental measurements.  Refer TBL 5 

for solvent refractive indices110 used, the working equation used, and calculated results for both 

experimental compounds and the quinine sulfate check standard. 
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TBL 5 Data for determination of relative quantum yield with literature values for DPA, QS, and C153 in air by 

modified literature method.  Refractive Indices were taken from the CRC handbook.
110
  Also included is the working 

equation for calculation of relative quantum yield [1].   Values from this equation were calculated relative to DPA 

[2], and relative to C153 [3]. 

Computational 

All calculations were performed with the GAUSSIAN 03W111 software suite at the 6-

311G(d,p)++ level employing standard PCM solvent modeling for both optimization and TD-

DFT calculations.  Both PBE1PBE and B3LYP functionals were tested against experimental 

optical data (FIG 25, TBL 4), and results from B3LYP were used for compound analysis.  Refer to 

the appendix for experimental data. 

HRMS 

All spectra were taken on a Bruker BioTOF II ESI mass spectrophotometer, operating at 150 

degrees Celsius at the source, with 8500 volts acceleration voltage, using nitrogen as a carrier 

gas and dry methanol as a mobile phase.  Refer to the appendix for experimental data. 

Materials 

2,3-naphthoic acid was purchased from TCI America and recrystallized from bromobenzene 

before use.  All other reactants were of reagent grade, purchased from Acros Organics, and 

used without further purification, except for phosphorus trichloride and 2-aminoethyldiphenyl 

borinic acid which were also of reagent grade and purchased from Sigma Aldrich.  All solvents 

were used without further drying or purification and were of ACS grade purchased from Fisher 

Scientific. 

  

Solvent ηηηη Standard Φ Φ Φ Φ Literature Compound Φ Φ Φ Φ Calculated

Toluene 1.4941 DPA 0.90 HPBO
[2]

0.4458

CHX 1.4235 C153 0.58 HPBT
[2]

0.3360

.1 M H2S04 1.3336 QS 0.54 QS[2] 0.5270

ETOH 1.3611 12HNBO
[3]

0.9316

12HNBT
[3]

0.7204

23HNBO
[3]

0.1441

23HNBT
[3]

0.0718
[1]  Φx = ΦST (gradX /gradST )(ηX

2/ηST
2)
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Synthesis of Benzoboroxole (SCHEME 1-top) 

2-bromobenzyl alcohol (10g, 53 mmol) was dissolved in diethyl ether (60 mL) and transferred 

into a 250 mL three neck flask under argon atmosphere.  The solution was then cooled to 0° 

Celsius and a solution of sodium hydride (1.5 g, 63.6 mmol) in diethyl ether (10 mL) was added 

to the reaction vessel.  The reactants were subsequently allowed to stir for one hour.  After 

one hour the reaction flask was cooled to -78° Celsius, and butyl lithium (25.4 mL, 63.6 mmol) 

was added slowly via cannula drop wise over a period of ten minutes, and this was allowed to 

stir for an additional hour.  Triisopropyl borate (14.6 mL, 63.6 mmol) was then added via 

cannula, and the solution was allowed to gradually increase to room temperature overnight.  

Generally an additional 50 to 100 mL of diethyl ether was added to the reaction flask; otherwise 

formation of lithium salts prevented efficient stirring of the reaction mixture.  The reaction was 

then acidified to pH 1 using H2SO4 (6M) and extracted with diethyl ether (3 x 100mL).  This was 

then washed with brine, dried over sodium sulfate, and concentrated in vacuo to yield a yellow 

oil.  This was subsequently crashed out of hexanes (30 mL) and extracted into a solution of 

NaOH (6M, 50 mL) by stirring the biphasic solution vigorously for roughly 30 minutes.  The 

aqueous phase was then separated, washed with one portion of diethyl ether, and relatively pure 

product was precipitated as a white powder by acidification with H2SO4 (3M) to a pH of 1 (3.2 

g, 52% yield).  Alternatively, the crude oil obtained after concentration of the initial reaction 

extract can be separated by silica gel column chromatography (4:1 hexanes: ethyl acetate) to 

yield the desired compound (5.16 g, 84% yield).  Refer to the appendix for experimental data. 

Updated synthesis of Benzoboroxole (SCHEME 1-bottom) 

In a 10 mL round bottom flask at 0° Celsius was added 2-formylphenylboronic acid (150 mg, 

1mmol), sodium borohydride (60 mg, 1.5 mmol), and anhydrous THF (5 mL).  The mixture was 

then stirred and removed from the ice bath allowing the flask to gradually warm to room 

temperature for a period of roughly 4 hours.  With the formation of various salts, the solution 

became cloudy.  This was then acidified by drop wise addition of HCl (3M, 5 mL) and extracted 

with ethyl acetate (3x20 mL).  The organic layer was then concentrated in vacuo and purified by 

silica gel column chromatography (3:2 hexanes: ethyl acetate) to yield pure benzoboroxole (119 

mg, 88% yield).  Refer to the appendix for experimental data. 
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Synthesis of ODA_2BzOH (SCHEME 3-1) 

A mixture of 4,4’-diaminodiphenyl ether (1.0 g, 5.0 mmol) and salicylaldehyde (1.22 g, 10.00 

mmol) in methanol (40 mL) were stirred at room temperature for approximately 1 hour.  The 

yellow precipitate formed was collected and recrystallized as needles from methanol (1.87 g, 

92%).  Refer to the appendix for experimental data. 

Synthesis of ODA_2BzOHOCH3 (SCHEME 3-2) 

In the same manner as the synthesis of ODA_2BzOH, the reaction of 4,4’-diaminodiphenyl 

ether (1.0 g, 5.0 mmol) and o-vanillin (1.52 g, 10 mmol) was recrystallized as orange blocks from 

acetonitrile (2.12 g, 90% yield).  Refer to the appendix for experimental data. 

Synthesis of ODA_2NpOH (SCHEME 3-3) 

In the same manner as the synthesis of ODA_2BzOH, the reaction of 4,4’-diaminodiphenyl 

ether (1.0 g, 5.0 mmol) and 2-hydroxy-1-naphthaldehyde (1.72 g, 10 mmol) was collected and 

recrystallized as yellow/orange needles from methanol (2.36 g, 93% yield).  Refer to the 

appendix for experimental data. 

Synthesis of 1-Anthramine (SCHEME 6-1) 

To a solution of 10% NaOH (200 mL) in a 500 mL round bottom flask was added 1-

aminoanthraquinone (5g, 22.4 mmol) and Zinc dust (5 g, 76.5 mmol), which was refluxed for 

approximately 12 to 16 hours.  The crude reaction mixture was then filtered, washed with hot 

H2O, dried in vacuo, and extracted using acetone in a Soxhlet apparatus.  After concentration of 

the organic extract, the crude yellow/brown mixture was dissolved in a minimum of hexanes, 

filtered, and recrystallized yielding bright yellow crystals of 1-aminoanthracene (1.95 g, 45%).  

Refer to the appendix for experimental data. 
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Synthesis of 1-Anthrol (SCHEME 6-2) 

1-aminoanthracene (1.01 g, 5.23 mmol) was warmed in 9.5 mL of ethanol in a 100 mL round 

bottom flask to affect dissolution.  Once dissolved, a suspension was formed through slow 

addition of H2O (19 mL).  Subsequently, saturated aqueous NaHSO3 (28 mL) was added, and the 

reaction mixture was allowed to reflux with stirring for 24 hours.  To the resulting clear orange 

solution was added KOH (6M, 25 mL), and this was allowed to stir for an additional 2 hours.  

Concentrated aqueous HCL (27.5 mL) was then added drop wise until bubbling ceased.  This 

was stirred for an additional 30 minutes before allowing to cool, filter, and concentrate in vacuo.  

The collected yellowish residue was then dissolved in diethyl ether (100 mL) and filtered again.  

The filtrate was concentrated to afford reasonably pure 1-anthrol as a yellowish gray solid that 

was used without further purification (0.76 g, 75% yield).  Refer to the appendix for 

experimental data. 

Synthesis of 1,2-Naphthoic Acid (SCHEME 6-3) 

A mixture of 1-anthrol (500 mg, 2.6 mmol), KHCO3 (0.9 g, 9 mmol), and glycerine (5 mL) in a 

test tube was heated to 120° Celsius.  With a stream of fine CO2 bubbling through the reaction 

mixture, this was maintained for 4 hours in an oil bath.  The reaction was then quenched by 

addition of H2O (50 mL), and the product precipitated by drop wise addition of HCl (3M) to a 

pH of 1.  The product was collected by filtration and recrystallized from dilute ethanol to yield 

yellow/green plates (74 mg, 12%).  Refer to the appendix for experimental data. 

Synthesis of 2-Methoxy Anthraquinone (SCHEME 7-1) 

2-Hydroxyanthraquinone (0.45 g, 2 mmol), dimethyl sulfate (0.38 g, 3 mmol) and K2CO3 (1.38 g, 

0.01 mol) were mixed in 50 mL of anhydrous acetone, and allowed to stir at room temperature 

for 24 hours.  The reaction was quenched by addition of H2O (75 mL) and the product 

extracted with dichloromethane (3x125 mL).  The organic layer was then washed with NaOH 

(3M, 2x50 mL), water (2x50 mL), dried with sodium sulfate, and concentrated under reduced 

pressure to yield a greenish/yellow powder that was ready for use without further purification 

(0.35g, 74%).  The product, if desired, could be crystallized from acetone.  Refer to the appendix 

for experimental data. 
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Synthesis of 2-Methoxy Anthracene (SCHEME 7-2) 

To a suspension of 2-methoxy anthraquinone (0.24 g, 1 mmol) in glacial acetic acid (30 mL) was 

added zinc dust in one portion (1.7 g, 26 mmol).  The reaction mixture was allowed to reflux 

for approximately 12 hours, and TLC was taken for verification that no starting material 

remained.  The reaction mixture was poured over ice (100 g) and product extracted using 

dichloromethane (3 x 75 mL).  The combined organic phases were then washed with H2O (50 

mL), saturated NaHCO3 (75 mL), and then dried over sodium sulfate.  This was subsequently 

concentrated in vacuo, and purified by silica gel column chromatography (9:1 hexanes: ethyl 

acetate) to afford a somewhat pure white powder (0.14 g, 67% yield).  Refer to the appendix for 

experimental data. 

Synthesis of 12HNBO_L (SCHEME 4-2b) 

To a 50 mL round bottom flask, containing anhydrous chlorobenzene (14 mL), was added silicon 

tetrachloride (1.90 g, 11 mmol), followed by1,2-hydroxynaphthoic acid (2.07 g, 11 mmol).  A 

drying tube was added and the solution gradually warmed until it was observed that HCl gas was 

forming.  When the solution began to change color, 2-aminophenol (1.10 g, 10 mmol) was then 

added portion wise, and the addition funnel rinsed with chlorobenzene (3 mL) to bring the total 

reaction volume to 17 mL.  The resulting mixture was then refluxed for 3 hours and 

subsequently quenched by addition of saturated aqueous NaHCO3 until the solution was basic.  

Chlorobenzene and water were removed by vacuum distillation and the dry product was 

extracted and filtered with warm dichloromethane (3 x 100 mL).  The dichloromethane was 

dried over MgSO4 and concentrated in vacuo.  The crude product obtained was purified using 

silica gel column chromatography (19:1 hexanes: ethyl acetate).  1,2-hydroxynaphthyl 

benzoxazole was further purified by crystallization from acetone as white needles (783 mg, 30% 

yield).  Refer to the appendix for experimental data. 

Synthesis of 23HNBO_L (SCHEME 4-1b) 

In the same manner as the synthesis of 12HNBO_L, the reaction of 2,3-hydroxynaphthoic acid 

(2.07 g, 11mmol),  with 2-aminophenol (1.10 g, 10 mmol), was purified by silica gel column 

chromatography (19:1 hexanes: ethyl acetate) and recrystallized from acetone as orange needles 

(0.94 g, 36% yield).  Refer to the appendix for experimental data. 
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Synthesis of 12HNBT_L (SCHEME 4-4b) 

To boiling toluene (21 mL) in a 50 mL round bottom flask was added 1,2-hydroxynaphthoic acid 

(2.77 g, 10 mmol) and 2-aminothiophenol (1.39 g, 11 mmol).  Following dissolution of reactants, 

the vessel was allowed to cool to 90° Celsius, and PCl3 (1.37 g, 10 mmol) in toluene (5 mL) was 

added drop wise.  The mixture was then refluxed for 2 hours, then subsequently cooled to 60° 

Celsius, and the product precipitated by addition of cold methanol (40 mL).  The precipitate was 

collected, washed with methanol, and then recrystallized from acetone as yellow plates (2.33 g, 

84%).  Refer to the appendix for experimental data. 

Synthesis of 23HNBT_L (SCHEME 4-3b) 

In the same manner as 12HNBT_L, the reaction of 2,3-hydroxynaphthoic acid (2.77 g, 10 mmol) 

and 2-aminothiophenol (1.39 g, 11 mmol) was collected and recrystallized from acetone as 

yellow prisms (2.47g, 89% yield. Refer to the appendix for experimental data. 

Synthesis of HPBO (SCHEME 5-1b, FIG 15) 

2-aminoethylborinic acid (113 mg, 0.5 mmol) was dissolved in a minimum of hot ethanol, and 

borinic acid was liberated by addition of 3 drops of concentrated HCl, followed by one aliquot 

of H2O (8 mL).  The white milky suspension was quickly extracted with toluene (48 mL), and to 

this was added hydroxyphenyl benzoxazole (95 mg, 0.45 mmol) in a 50 mL round bottom flask 

equipped with a dean stark trap and a 5 mL receiving arm.  The mixture was then refluxed for a 

period of 1 hour.  The resulting solution was then concentrated in vacuo, and starting materials 

removed were by vacuum sublimation yielding HPBO as a beige powder (278 mg, 74% yield).  

Refer to the appendix for experimental data. 

To grow x-ray quality crystals, the reaction mixture was digested to a volume of 6 mL, allowed 

to cool slowly, and filtered carefully over glass wool.  Crystallization was induced over a period 

of several days by slow vapor diffusion of hexanes into the concentrated and filtered toluene 

solution, yielding HPBO as off white needles.  To avoid precipitation, aluminum foil with holes 

was generally used to slow the diffusion process. 
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Synthesis of HPBT (SCHEME 5-2b, FIG 15) 

In the same manner as the synthesis of HPBO, the reaction of 2-aminoethylboronic acid (113mg, 

0.5 mmol) and hydroxyphenyl benzothiazole (103 mg, 0.45 mmol) was purified through vacuum 

sublimation yielding HPBT as a greenish/yellow powder (293 mg, 75% yield).  Refer to the 

appendix for experimental data. 

Crystals for x-ray crystallography were grown in the same manner as HPBO; by digestion of the 

reaction mixture to 13 mL and vapor diffusion using hexanes to yield HPBT as greenish/yellow 

prisms.  

Synthesis of 12HNBO (SCHEME 5-3b, FIG 15) 

In the same manner as the synthesis of HPBO, the reaction of 2-aminoethylboronic acid (113mg, 

0.5 mmol) and 12HNBO_L (118 mg, 0.45 mmol) was purified through vacuum sublimation 

yielding 12HNBO as a greenish/yellow powder (302 mg, 71% yield).  Refer to the appendix for 

experimental data. 

Crystals for x-ray crystallography were grown in the same manner as HPBO; by digestion of the 

reaction mixture to 8 mL and vapor diffusion using cyclopentane to yield 12HNBO as green 

blocks.  

Synthesis of 12HNBT (SCHEME 5-4b, FIG 15) 

In the same manner as the synthesis of HPBO, the reaction of 2-aminoethylboronic acid (113mg, 

0.5 mmol) and 12HNBT_L (125 mg, 0.45 mmol) was purified through vacuum sublimation 

yielding 12HNBT as a vibrant yellow powder (327 mg, 74% yield).  Refer to the appendix for 

experimental data. 

Crystals for x-ray crystallography were grown in the same manner as HPBO; by digestion of the 

reaction mixture to 30 mL and vapor diffusion using hexanes to yield 12HNBT as 

greenish/yellow plates.  
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Synthesis of 23HNBO (SCHEME 5-5b, FIG 15) 

In the same manner as the synthesis of HPBO, the reaction of 2-aminoethylboronic acid (113mg, 

0.5 mmol) and 23HNBO_L (118 mg, 0.45 mmol) was purified through vacuum sublimation 

yielding 23HNBO as a yellow powder (323 mg, 76% yield).  Refer to the appendix for 

experimental data. 

Crystals for x-ray crystallography were grown in the same manner as HPBO; by digestion of the 

reaction mixture to 18 mL and vapor diffusion using cyclopentane to yield 23HNBO as 

yellow/orange prisms. 

Synthesis of 23HNBT (SCHEME 5-6b, FIG 15) 

In the same manner as the synthesis of HPBO, the reaction of 2-aminoethylboronic acid (113mg, 

0.5 mmol) and 23HNBT_L (125 mg, 0.45 mmol) was purified through vacuum sublimation 

yielding 23HNBT as a vibrant yellow powder (318 mg, 72% yield).  Refer to the appendix for 

experimental data. 

Crystals for x-ray crystallography were grown in the same manner as HPBO; by digestion of the 

reaction mixture to 25 mL and vapor diffusion using cyclopentane to yield 23HNBT as orange 

blocks. 
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Journal of the American Chemical Society 2008, 130, 12898-12900. 

(18) Boyer, J. H.; Haag, A. M.; Sathyamoorthi, G.; Soong, M.; Thangaraj, K.; Pavlopoulos, T. G. 

Heteroatom Chemistry 1993, 4, 39-49. 

(19) Entwistle, C. D.; Marder, T. B. Angewandte Chemie International Edition 2002, 41, 2927-

2931. 

(20) Branger, C.; Lequan, M.; Lequan, R.; Large, M.; Kajzar, F. Chemical Physics Letters 1997, 

272, 265-270. 

(21) Zeng, L.; Miller, E. W.; Pralle, A.; Isacoff, E. Y.; Chang, C. J. Journal of the American 

Chemical Society 2006, 128, 10-11. 

(22) Killoran, J.; Allen, L.; Gallagher, J. F.; Gallagher, W. M.; OShea, D. F. Chem. Commun. 

2002, 1862-1863. 

(23) Kubo, Y.; Yamamoto, M.; Ikeda, M.; Takeuchi, M.; Shinkai, S.; Yamaguchi, S.; Tamao, K. 

Angewandte Chemie International Edition 2003, 42, 2036-2040. 

(24) Burghart, A.; Thoresen, L. H.; Chen, J.; Burgess, K.; Bergström, F.; Johansson, L. B. 

Chem. Commun. 2000, 2203-2204. 

(25) Murata, N.; Haruyama, J.; Reppert, J.; Rao, A. M.; Koretsune, T.; Saito, S.; Matsudaira, M.; 

Yagi, Y. Phys. Rev. Lett. 2008, 101. 

(26) Gajewski, W.; Achatz, P.; Williams, O. A.; Haenen, K.; Bustarret, E.; Stutzmann, M.; 

Garrido, J. A. Phys. Rev. B 2009, 79. 

(27) Eremets, M.; Struzhkin, V.; Mao, H.; Hemley, R. Science 2001, 293, 272-274. 

(28) Yamaguchi, S.; Akiyama, S.; Kohei, T. Journal of the American Chemical Society 2001, 123, 

11372-11375. 

(29) Cui, Y.; Li, F.; Lu, Z.; Wang, S. Dalton Trans. 2007, 2634. 



 54   
 

(30) Sun, Y.; Wang, S. Inorganic Chemistry 2009, 48, 3755-3767. 

(31) Yamaguchi, S.; Shirasaka, T.; Akiyama, S.; Tamao, K. Journal of the American Chemical 

Society 2002, 124, 8816-8817. 

(32) Zhao, S.; McCormick, T.; Wang, S. Inorganic Chemistry 2007, 46, 10965-10967. 

(33) Loudet, A.; Burgess, K. Chemical Reviews 2007, 107, 4891-4932. 

(34) Tang, C.; VanSlyke, S. Applied Physics Letters 1987, 51, 913-915. 

(35) Kulkarni, A. P.; Tonzola, C. J.; Babel, A.; Jenekhe, S. A. Chemistry of Materials 2004, 16, 

4556-4573. 

(36) Hughes, G.; Bryce, M. R. J. Mater. Chem. 2005, 15, 94. 

(37) Boer, W. D. Active Matrix Liquid Crystal Displays; Newnes: Oxford, 2005. 

(38) Physical Properties of Liquid Crystals:  Nematics;  Dunmur, D.; Fukuda, A.; Luckhurst, G., 

Eds.; Inspec/Iee: London, 2001. 

(39) Kafafi, Z. Organic Electroluminescence; CRC Press, Taylor & Francis Group: Boca Raton, 

2005. 

(40) Kalinowski, J. Organic Light-Emitting Diodes:  Principles, Characteristics, and Processes; Marcel 

Dekker: New York, 2005. 

(41) Organic Light-Emitting Materials and Devices;  Li, Z.; Meng, H., Eds.; CRC Press, Taylor & 

Francis Group: Boca Raton, 2007. 

(42) Wakamiya, A.; Mori, K.; Yamaguchi, S. Angew. Chem. Int. Ed. 2007, 46, 4273-4276. 

(43) Jia, W.; Song, D.; Wang, S. The Journal of Organic Chemistry 2003, 68, 701-705. 

(44) Cui, Y.; Wang, S. The Journal of Organic Chemistry 2006, 71, 6485-6496. 

(45) Qin, Y.; Kiburu, I.; Shah, S.; Jakle, F. Macromolecules 2006, 39, 9041-9048. 

(46) Qin, Y.; Kiburu, I.; Shah, S.; Jakle, F. Organic Letters 2006, 8, 5227-5230. 



 55   
 

(47) Liu, S.; Wu, Q.; Schmider, H. L.; Aziz, H.; Hu, N.; Popovic, Z.; Wang, S. Journal of the 

American Chemical Society 2000, 122, 3671-3678. 

(48) Liu, Q.; Mudadu, M. S.; Thummel, R.; Tao, Y.; Wang, S. Advanced Functional Materials 

2005, 15, 143-154. 

(49) Chen, H.; Chi, Y.; Liu, C.; Yu, J.; Cheng, Y.; Chen, K.; Chou, P.; Peng, S.; Lee, G.; Carty, 

A.; Yeh, S.; Chen, C. Advanced Functional Materials 2005, 15, 567-574. 

(50) Cotton, F.; Wilkinson, G. Advanced Inorganic Chemistry; 5th ed.; John Wiley and Sons Inc: 

New York, 1998. 

(51) Muetterties, E. The Chemistry of Boron and Its Compounds; John Wiley and Sons Inc: New 

York, 1967. 

(52) Hirao, H.; Fujimoto, H. The Journal of Physical Chemistry A 2000, 104, 6649-6655. 

(53) Kotz, J.; Treichel Jr., P. Chemistry and Chemical Reactivity; 4th ed.; Saunders College 

Publishing: Orlando, 1996. 

(54) Wakamiya, A.; Taniguchi, T.; Yamaguchi, S. Angew. Chem. Int. Ed. 2006, 45, 3170-3173. 

(55) Park, N. G.; Lee, J.; Park, Y. H.; Kim, Y. S. Synthetic Metals 2004, 145, 279-283. 

(56) Wang, S. Coordination Chemistry Reviews 2001, 215, 79-98. 

(57) Wu, Q.; Esteghamatian, M.; Hu, N.; Popovic, Z.; Enright, G.; Tao, Y.; D'Iorio, M.; Wang, 

S. Chem. Mater. 2000, 12, 79-83. 

(58) Anderson, S.; Weaver, M. S.; Hudson, A. J. Synthetic Metals 2000, 111, 459-463. 

(59) Wu, Q.; Esteghamatian, M.; Hu, N.; Popovic, Z.; Enright, G.; Tao, Y.; D'Iorio, M.; Wang, 

S. Chem. Mater. 2000, 12, 79-83. 

(60) Nagata, Y.; Chujo, Y. Macromolecules 2008, 41, 3488-3492. 

(61) Ugolotti, J.; Hellstrom, S.; Britovsek, G. J. P.; Jones, T. S.; Hunt, P.; White, A. J. P. Dalton 

Trans. 2007, 1425. 



 56   
 

(62) Kappaun, S.; Rentenberger, S.; Pogantsch, A.; Zojer, E.; Mereiter, K.; Trimmel, G.; Saf, R.; 

Möller, K. C.; Stelzer, F.; Slugovc, C. Chem. Mater. 2006, 18, 3539-3547. 

(63) Cui, Y.; Liu, Q.; Bai, D.; Jia, W.; Tao, Y.; Wang, S. Inorganic Chemistry 2005, 44, 601-609. 

(64) Chen, J.; Burghart, A.; Derecskei-Kovacs, A.; Burgess, K. The Journal of Organic Chemistry 

2000, 65, 2900-2906. 

(65) Boyer, J. H.; Haag, A. M.; Sathyamoorthi, G.; Soong, M.; Thangaraj, K.; Pavlopoulos, T. G. 

Heteroatom Chemistry 1993, 4, 39-49. 

(66) Kollmannsberger, M.; Rurack, K.; Resch-Genger, U.; Daub, J. The Journal of Physical 

Chemistry A 1998, 102, 10211-10220. 

(67) Yang, G.; Su, T.; Su, Z.; Zhang, H.; Wang, Y. J. Phys. Chem. A 2007, 111, 2739-2744. 

(68) Zhang, H.; Huo, C.; Ye, K.; Zhang, P.; Tian, W.; Wang, Y. Inorganic Chemistry 2006, 45, 

2788-2794. 

(69) Liddle, B. J.; Silva, R. M.; Morin, T. J.; Macedo, F. P.; Shukla, R.; Lindeman, S. V.; Gardinier, 

J. R. The Journal of Organic Chemistry 2007, 72, 5637-5646. 

(70) Cheng, C.; Yu, W.; Chou, P.; Peng, S.; Lee, G.; Wu, P.; Song, Y.; Chi, Y. Chem. Commun. 

2003, 2628. 

(71) Liu, Q.; Mudadu, M. S.; Schmider, H.; Thummel, R.; Tao, Y.; Wang, S. Organometallics 

2002, 21, 4743-4749. 

(72) Morin, T. J.; Lindeman, S. V.; Gardinier, J. R. Eur. J. Inorg. Chem. 2009, 2009, 104-110. 

(73) Nagata, Y.; Chujo, Y. Macromolecules 2008, 41, 3488-3492. 

(74) Hou, Q.; Zhao, L.; Zhang, H.; Wang, Y.; Jiang, S. Journal of Luminescence 2007, 126, 447-

451. 

(75) Snyder, H.; Reedy, A.; Lennarz, W. Journal of the American Chemical Society 1958, 80, 

835-838. 

(76) Snyder, H.; Lennarz, W. Journal of the American Chemical Society 1960, 82, 2172-2175. 



 57   
 

(77) Haynes, R.; Snyder, H. Journal of Organic Chemistry 1964, 29, 3229-3233. 

(78) Cummings, W.; Cox, C.; Snyder, H. Journal of Organic Chemistry 1969, 34, 1669-1674. 

(79) Gunasekera, D. S.; Gerold, D. J.; Aalderks, N. S.; Chandra, J. S.; Maanu, C. A.; Kiprof, P.; 

Zhdankin, V. V.; Reddy, M. V. R. Tetrahedron 2007, 63, 9401-9405. 

(80) Zhdankin, V. V.; Persichini III, P.; Zhang, L.; Fix, S.; Kiprof, P. Tetrahedron Letters 1999, 

40, 6705-6708. 

(81) Brown, H.; Bhat, N.; Somayaji, V. Organometallics 1983, 2, 1311-1316. 

(82) Robin, B.; Buell, G.; Kiprof, P.; Nemykin, V. Acta Crystallographica Section E E64, o314-

o315. 

(83) Fierz-David, H.; Blangey, L.; Streiff, H. Helvetica Chimica Acta 29, 1719. 

(84) Lele, S.; Shah, N.; Sethna, S. Journal of Organic Chemistry 1956, 21, 1293-1295. 

(85) Coleman, R. S.; Mortensen, M. A. Tetrahedron Letters 2003, 44, 1215-1220. 

(86) Nagaoka, S.; Kusunoki, J.; Fujibuchi, T.; Hatakenaka, S.; Mukai, K.; Nagashima, U. Journal 

of Photochemistry & Photobiology, A: Chemistry 1999, 122, 151-159. 

(87) Lu, L.; Chen, Q.; Zhu, X.; Chen, C. Synthesis 2003, 2464-2466. 

(88) Ferrari, J. L.; Hunsberger, M.; Gutowsky, H. Journal of the American Chemical Society 

1965, 87, 1247-1255. 

(89) Wu, K. C.; Lin, Y. S.; Yeh, Y. S.; Chen, C. Y.; Ahmed, M. O.; Chou, P. T.; Hon, Y. S. 

Tetrahedron 2004, 60, 11861-11868. 

(90) Sharghi, H.; Tamaddon, F. Tetrahedron 1996, 52, 13623-13640. 

(91) Matloubi Moghaddam, F.; Rezanejade Bardajee, G.; Ismaili, H.; Maryam Dokht Taimoory, 

S. Synthetic Communications 2006, 36, 2543-2548. 

(92) Kim, N. G.; Shin, C. H.; Lee, M. H.; Do, Y. Journal of Organometallic Chemistry 2009. 



 58   
 

(93) Caspar, J. V.; Sullivan, B. P.; Kober, E. M.; Meyer, T. J. Chemical Physics Letters 1982, 91, 

91-95. 

(94) Ramachandram, B.; Samanta, A. The Journal of Physical Chemistry A 1998, 102, 10579-

10587. 

(95) Robert, M.; Saveant, J. Journal of the American Chemical Society 2000, 122, 514-517. 

(96) Sunahara, H.; Urano, Y.; Kojima, H.; Nagano, T. Journal of the American Chemical Society 

2007, 129, 5597-5604. 

(97) Tanaka, K.; Miura, T.; Umezawa, N.; Urano, Y.; Kikuchi, K.; Higuchi, T.; Nagano, T. 

Journal of the American Chemical Society 2001, 123, 2530-2536. 

(98) Ueno, T.; Urano, Y.; Setsukinai, K.; Takakusa, H.; Kojima, H.; Kikuchi, K.; Ohkubo, K.; 

Fukuzumi, S.; Nagano, T. Journal of the American Chemical Society 2004, 126, 14079-

14085. 

(99) Jacquemin, D.; Perpète, E. A.; Scuseria, G. E.; Ciofini, I.; Adamo, C. J. Chem. Theory 

Comput. 2008, 4, 123-135. 
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Appendix 

 

All supporting experimental spectra and data are presented there within.  For further 

information, laboratory supplementations, and or raw data, please contact either me 

(carl1221@d.umn.edu) or Dr. Paul Kiprof (pkiprof@d.umn.edu).  All that is presented is 

provided in support and in full confidence for continuation of research and development only. 

Data is presented as per section of experiment; refer to the table of contents for pagination of 

material provided. 

NMR Spectroscopy 

 

FIG 31 Benzoboroxole, 1H NMR (500 MHz, cdcl3) δ 7.24, 6.94, 6.93, 6.68, 6.68, 6.67, 6.65, 6.65, 6.61, 6.60, 6.55, 6.53, 

6.52, 4.21, 2.07, 1.25, 1.25, 1.24, 1.24, 1.24. 
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FIG 32 12HNBO_L, 1H NMR (500 MHz, dmso) 

 
FIG 33 12HNBO_L, 1H NMR (500 MHz, dmso) δ 12.47, 8.39, 8.37, 8.03, 8.02, 7.98, 7.97, 7.90, 7.89, 7.88, 7.71, 7.70, 

7.68, 7.66, 7.64, 7.62, 7.60, 7.50, 7.50, 7.49, 3.32, 3.30, 2.50, -0.00. 
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FIG 34 12HNBO_L, 13C NMR (126 MHz, dmso) 

 
FIG 35 12HNBO_L, 13C NMR (126 MHz, dmso) δ 163.04, 155.94, 148.60, 139.19, 135.67, 129.09, 127.88, 126.42, 

125.74, 125.47, 123.97, 122.94, 122.12, 119.72, 118.88, 111.07, 103.33, 40.01, 39.84, 39.77, 39.68, 39.60, 39.51, 39.34, 

39.17, 39.01, 0.08. 
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FIG 36 12HNBT_L, 1H NMR (500 MHz, dmso) δ 

 
FIG 37 12HNBT_L, 1H NMR (500 MHz, dmso) δ 13.47, 8.39, 8.38, 8.22, 8.21, 8.14, 8.13, 7.95, 7.94, 7.88, 7.87, 7.68, 

7.66, 7.65, 7.65, 7.63, 7.62, 7.61, 7.59, 7.59, 7.57, 7.55, 7.52, 7.51, 7.49, 3.32, 3.30, 2.50, -0.01. 
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FIG 38 12HNBT_L, 13C NMR (126 MHz, dmso) 

 
FIG 39 12HNBT_L, 13C NMR (126 MHz, dmso) δ 168.86, 154.47, 151.11, 135.18, 132.34, 128.73, 127.80, 127.09, 

126.31, 125.59, 124.51, 124.38, 123.16, 122.35, 121.68, 119.74, 110.08, 40.01, 39.84, 39.68, 39.51, 39.34, 39.18, 39.01, 

0.07. 
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FIG 40 23HNBO_L,1H NMR (500 MHz, dmso) 

 
FIG 41 23HNBO_L,1H NMR (500 MHz, dmso) δ 11.04, 8.76, 8.07, 8.06, 7.92, 7.90, 7.89, 7.83, 7.82, 7.57, 7.56, 7.54, 

7.53, 7.53, 7.52, 7.51, 7.51, 7.50, 7.48, 7.42, 7.41, 7.39, 3.32, 3.30, 2.50, -0.00. 
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FIG 42 23HNBO_L, 13C NMR (126 MHz, dmso) 

 
FIG 43 23HNBO_L, 13C NMR (126 MHz, dmso) δ 161.96, 153.38, 149.06, 139.66, 136.10, 129.37, 128.82, 128.68, 

127.12, 126.20, 126.14, 125.39, 124.15, 119.48, 112.85, 111.08, 111.03, 40.01, 39.84, 39.68, 39.51, 39.34, 39.18, 39.01, 

0.08. 
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FIG 44 23HNBT_L, 1H NMR (500 MHz, dmso) 

 
FIG 45 23HNBT_L, 1H NMR (500 MHz, dmso) δ 11.53, 8.88, 8.19, 8.17, 8.13, 8.12, 8.05, 8.03, 7.79, 7.77, 7.59, 7.58, 

7.56, 7.52, 7.50, 7.50, 7.49, 7.48, 7.47, 7.42, 7.38, 7.37, 7.35, 3.33, 2.50, -0.01. 

  



 68   
 

 
FIG 46 23HNBT_L, 13C NMR (126 MHz, dmso) 

 
FIG 47 23HNBT_L, 13C NMR (126 MHz, dmso) δ 164.43, 152.91, 151.54, 135.35, 134.92, 129.09, 128.81, 127.95, 

127.35, 126.51, 125.81, 125.24, 123.85, 122.33, 122.02, 121.00, 110.44, 40.01, 39.84, 39.68, 39.51, 39.34, 39.18, 39.01. 

  



 69   
 

 
FIG 48 HPBO, 1H NMR (500 MHz, dmso) 

 
FIG 49 HPBO, 1H NMR (500 MHz, dmso) δ 8.01, 7.99, 7.90, 7.88, 7.88, 7.64, 7.63, 7.62, 7.61, 7.60, 7.55, 7.54, 7.52, 

7.40, 7.39, 7.37, 7.34, 7.33, 7.32, 7.32, 7.21, 7.21, 7.20, 7.18, 7.17, 7.16, 7.14, 7.00, 6.99, 6.97, 6.86, 6.84, 3.33, 2.50, -0.00. 
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FIG 50 HPBO, 13C NMR (126 MHz, dmso) δ 

 
FIG 51 HPBO, 13C NMR (126 MHz, dmso) δ 162.23, 160.87, 148.91, 147.33, 137.68, 132.69, 132.46, 127.04, 126.82, 

126.74, 126.50, 126.21, 119.92, 119.17, 116.43, 112.34, 108.02, 40.01, 39.84, 39.68, 39.51, 39.34, 39.18, 39.01. 
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FIG 52 HPBO, G-COSY (dmso) 

 
FIG 53 HPBO, G-HMQC (dmso) 
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FIG 54 HPBT, 1H NMR (500 MHz, dmso) 

 
FIG 55 HPBT, 1H NMR (500 MHz, dmso) δ 8.33, 8.31, 7.79, 7.78, 7.56, 7.54, 7.53, 7.52, 7.52, 7.50, 7.37, 7.36, 7.34, 

7.23, 7.22, 7.22, 7.19, 7.18, 7.17, 7.16, 7.14, 7.14, 7.12, 7.11, 7.09, 7.07, 6.95, 6.93, 6.92, 3.32, 2.50. 
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FIG 56 HPBT,  13C NMR (126 MHz, dmso) 

 
FIG 57 HPBT,  13C NMR (126 MHz, dmso) δ 168.60, 158.61, 147.82, 145.22, 136.92, 132.73, 130.35, 127.96, 127.64, 

127.15, 126.46, 126.41, 123.65, 120.16, 119.94, 119.57, 115.15, 40.01, 39.84, 39.77, 39.68, 39.51, 39.34, 39.18, 39.01. 
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FIG 58 HPBT, G-COSY (dmso) 

 
FIG 59 HPBT, G-HMQC (dmso) 
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FIG 60 12HNBO, 1H NMR (500 MHz, dmso) 

 
FIG 61 12HNBO, 1H NMR (500 MHz, dmso) δ 8.44, 8.43, 8.03, 8.01, 7.95, 7.94, 7.84, 7.82, 7.75, 7.75, 7.73, 7.72, 7.72, 

7.64, 7.62, 7.61, 7.55, 7.54, 7.53, 7.51, 7.51, 7.48, 7.47, 7.41, 7.40, 7.38, 7.38, 7.37, 7.36, 7.22, 7.21, 7.21, 7.21, 7.20, 7.18, 

7.17, 7.16, 7.16, 6.87, 6.85, 3.34, 3.34, 3.31, 3.29, 2.50, 2.50, 2.49. 

  



 76   
 

 
FIG 62 12HNBO, 13C NMR (126 MHz, dmso) 

 
FIG 63 12HNBO, 13C NMR (126 MHz, dmso) δ 161.67, 161.37, 148.96, 147.31, 137.65, 132.59, 132.53, 130.49, 

128.17, 127.15, 126.76, 126.72, 126.62, 126.42, 125.75, 124.02, 120.49, 118.96, 116.02, 112.25, 101.19, 40.10, 40.01, 

39.94, 39.84, 39.77, 39.68, 39.60, 39.51, 39.34, 39.18, 39.01. 
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FIG 64 12HNBO, G-COSY (dmso) 

 
FIG 65 12HNBO, G-HMQC (dmso) 
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FIG 66 12HNBT, 1H NMR (500 MHz, dmso) 

 
FIG 67 12HNBT, 1H NMR (500 MHz, dmso) δ 8.40, 8.39, 8.33, 8.31, 7.92, 7.90, 7.72, 7.71, 7.70, 7.69, 7.68, 7.60, 7.59, 

7.57, 7.52, 7.50, 7.49, 7.45, 7.43, 7.38, 7.36, 7.34, 7.30, 7.29, 7.29, 7.28, 7.19, 7.18, 7.18, 7.17, 7.17, 7.13, 7.11, 3.32, 3.30, 

2.50, -0.00. 

 



 79   
 

 
FIG 68 12HNBT, 13C NMR (126 MHz, dmso) 

 
FIG 69 12HNBT, 13C NMR (126 MHz, dmso) δ 168.50, 157.23, 147.79, 145.24, 137.31, 132.59, 130.19, 130.11, 128.03, 

127.66, 127.24, 126.71, 126.58, 126.02, 125.82, 124.27, 123.60, 122.98, 119.72, 119.37, 108.64, 40.01, 39.84, 39.68, 

39.51, 39.34, 39.18, 39.01. 
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FIG 70 12HNBT, G-COSY (dmso) 

 
FIG 71 12HNBT, G-HMQC (dmso) 
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FIG 72 23HNBO, 1H NMR (500 MHz, dmso) 

 
FIG 73 23HNBO, 1H NMR (500 MHz, dmso) δ 8.71, 8.09, 8.07, 8.02, 8.01, 7.80, 7.79, 7.63, 7.61, 7.59, 7.57, 7.55, 7.54, 

7.51, 7.46, 7.44, 7.43, 7.37, 7.37, 7.36, 7.35, 7.21, 7.20, 7.19, 7.18, 7.16, 7.15, 7.15, 6.90, 6.88, 3.32, 2.50, 2.50, 2.50. 
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FIG 74 23HNBO, 13C NMR (126 MHz, dmso) 

 
FIG 75 23HNBO, 13C NMR (126 MHz, dmso) δ 160.61, 156.38, 149.05, 147.49, 138.69, 132.76, 132.71, 129.66, 

129.36, 128.59, 127.38, 127.05, 126.92, 126.74, 126.48, 126.34, 124.10, 116.80, 113.55, 112.50, 110.54, 40.10, 40.01, 

39.93, 39.84, 39.77, 39.68, 39.60, 39.51, 39.34, 39.18, 39.01. 
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FIG 76 23HNBO, G-COSY (dmso) 

 
FIG 77 23HNBO, G-HMQC (dmso) 
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FIG 78 23HNBT, 1H NMR (500 MHz, dmso) 

 
FIG 79 23HNBT, 1H NMR (500 MHz, dmso) δ 8.60, 8.40, 8.38, 7.98, 7.96, 7.76, 7.74, 7.58, 7.57, 7.55, 7.53, 7.51, 7.50, 

7.43, 7.41, 7.39, 7.38, 7.35, 7.33, 7.32, 7.26, 7.26, 7.25, 7.19, 7.18, 7.17, 7.16, 7.14, 3.32, 2.50. 
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FIG 80 23HNBT, 1H NMR (500 MHz, cd2cl2) 

 
FIG 81 23HNBT, 1H NMR (500 MHz, cd2cl2) δ 8.17, 7.93, 7.91, 7.75, 7.73, 7.70, 7.69, 7.48, 7.47, 7.46, 7.45, 7.44, 7.41, 

7.40, 7.39, 7.39, 7.38, 7.36, 7.31, 7.30, 7.28, 7.27, 7.24, 7.23, 7.23, 7.22, 7.21, 5.32, 1.54, 1.29. 
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FIG 82 23HNBT, 13C NMR (126 MHz, dmso) 

 
FIG 83 23HNBT, 13C NMR (126 MHz, dmso) δ 168.61, 154.10, 147.94, 145.51, 138.27, 132.79, 130.76, 129.59, 129.29, 

129.05, 127.76, 127.16, 127.16, 126.86, 126.45, 126.19, 123.98, 123.78, 120.50, 117.47, 113.47, 40.01, 39.94, 39.84, 

39.77, 39.68, 39.60, 39.51, 39.34, 39.18, 39.01. 
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FIG 84 23HNBT, 13C NMR (126 MHz, cd2cl2) 

 
FIG 85 23HNBT, 13C NMR (126 MHz, cd2cl2) δ 169.14, 155.24, 148.56, 146.89, 139.48, 133.83, 131.29, 129.73, 129.55, 

129.26, 128.25, 128.05, 127.86, 127.31, 127.22, 127.08, 124.64, 122.79, 122.33, 118.41, 114.94, 54.43, 54.22, 54.00, 

53.78, 53.57. 
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FIG 86 23HNBT, G-COSY (dmso) 

 
FIG 87 23HNBT, G-HMQC (dmso) 
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FIG 88 ODA_2BzOH, 1H NMR (500 MHz, cdcl3) δ 13.21, 8.62, 7.39, 7.39, 7.38, 7.38, 7.37, 7.37, 7.36, 7.35, 7.35, 7.30, 

7.30, 7.29, 7.28, 7.28, 7.27, 7.24, 7.09, 7.08, 7.08, 7.07, 7.07, 7.06, 7.02, 7.01, 6.95, 6.93, 6.92, 1.24. 

 
FIG 89 ODA_2BzOHOCH3, 1H NMR (500 MHz, cdcl3) δ 13.63, 8.62, 7.30, 7.28, 7.24, 7.08, 7.07, 7.06, 7.02, 7.02, 7.00, 

7.00, 6.99, 6.98, 6.97, 6.89, 6.87, 6.86, 3.92. 
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FIG 90 ODA 2NOH, 1H NMR (500 MHz, cdcl3) δ 15.45, 9.36, 8.13, 8.11, 7.81, 7.80, 7.73, 7.72, 7.53, 7.53, 7.52, 7.50, 

7.50, 7.39, 7.38, 7.36, 7.36, 7.35, 7.34, 7.32, 7.24, 7.14, 7.14, 7.13, 7.13, 7.12, 7.12, 7.11, 1.24. 

 
FIG 91 1-Anthramine, 1H NMR (500 MHz, cdcl3) δ 8.38, 8.37, 8.00, 7.99, 7.98, 7.97, 7.96, 7.95, 7.50, 7.48, 7.46, 7.45, 

7.44, 7.44, 7.43, 7.42, 7.41, 7.29, 7.28, 7.26, 7.24, 6.75, 6.74, 4.31. 
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FIG 92 1-Anthrol, 1H NMR (500 MHz, cdcl3) δ 8.76, 8.38, 8.04, 8.03, 7.98, 7.97, 7.61, 7.59, 7.46, 7.45, 7.45, 7.29, 7.28, 

7.26, 7.24, 6.76, 6.75, 5.35. 

 
FIG 93 12-Anthroic Acid, 1H NMR (500 MHz, cd3cn) δ 9.03, 8.45, 8.18, 8.16, 8.08, 8.06, 7.72, 7.70, 7.62, 7.61, 7.59, 

7.58, 7.56, 7.55, 7.52, 7.50, 1.94, 0.00. 
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FIG 94 2-Methoxy Anthraquinone, 1H NMR (500 MHz, cdcl3) δ 8.28, 8.28, 8.27, 8.26, 8.26, 8.24, 8.23, 7.78, 7.77, 7.75, 

7.74, 7.73, 7.71, 7.70, 7.26, 7.25, 7.24, 7.23, 3.96. 

 
FIG 95 2-Methoxy Anthracene, 1H NMR (500 MHz, cdcl3) δ 8.33, 8.26, 7.96, 7.94, 7.93, 7.89, 7.88, 7.45, 7.44, 7.42, 

7.41, 7.39, 7.38, 7.28, 7.27, 7.26, 7.24, 7.16, 7.16, 7.14, 7.14, 3.96. 

  



 93   
 

Optical and Fluorescence Data 

 

TBL 6 Raw data for calculation of relative quantum yield. 

Excitation 
Wavelength

Range 
Integrated

Excitation 
Wavelength

Range 
Integrated

Excitation 
Wavelength

Range 
Integrated

[nm] [nm] [nm] [nm] [nm] [nm]

373 378-700 420 410-750 429 434-750

Absorbance 
at Excitation 
Wavelength

Integrated 
Fluorescence 
Intensity

Absorbance 
at Excitation 
Wavelength

Integrated 
Fluorescence 
Intensity

Absorbance 
at Excitation 
Wavelength

Integrated 
Fluorescence 
Intensity

0.0421 10177342 0.0429 39025693 0.0524 19750457
0.0289 6423104 0.0353 31587500 0.0424 14547263
0.0162 3176500 0.0261 22887330 0.0311 10413388
0.0000 3107.563 0.0163 12965744 0.0205 6257000

0.0094 8151583 0.0109 3874065
0.0001 13792.11 0.0000 25174.6

0.0448 15869914
0.0286 10954647
0.0167 5665986 0.0579 5380435 0.0472 23228838
0.0003 2656.531 0.0438 3891834 0.0359 17725122

0.0323 2914091 0.0313 14403072
0.0234 2065074 0.0202 9807968

0.0519 6099242 0.0139 927347.6 0.0118 5424030
0.0310 4237260 0.0000 29702.36 0.0001 156672
0.0106 935998.3
0.0000 2620.344

0.0540 9983970 0.0539 21145054
0.0450 8800153 0.0446 16002583

0.0512 8343298 0.0261 4599795 0.0359 12142599
0.0317 4677529 0.0167 3095130 0.0227 8455319
0.0166 2342458 0.0100 1923496 0.0155 5140681
0.0001 2930.605 0.0000 19161.89 0.0000 156410.2

HPBO

HPBT

QS C153 C153

DPA

23HNBT 12HNBO

12HNBT23HNBO
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FIG 96 Gradient plot of QS (����) checked with DPA (����) for relative quantum yield determination of HPBO (����) and 

HPBT (). 

 

FIG 97 Gradient plot of C153 (����) for relative quantum yield determination of 12HNBT (����) and 12HNBO (). 
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FIG 98 Gradient plot of C153 (����) for relative quantum yield determination of 23HNBO (����) and 23HNBT (). 
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TBL 7 Regression statistics for gradient plots in determination of relative quantum yield (FIG 95). 

QS

Regression 
Statistics
R Square 0.992260354
Standard Error 470120.9028

Coefficients
Standard 
Error t Stat Lower 95% Upper 95%

Intercept -326666.526 404520.706 -0.80753969 -2067178.648 1413845.595
X Variable 1 241820179.7 15101680 16.0127998 176842894.8 306797464.5

DPA

Regression 
Statistics
R Square 0.99554198
Standard Error 558644.1001

Coefficients Standard t Stat Lower 95% Upper 95%
Intercept -68361.2033 477770.429 -0.14308379 -2124041.444 1987319.037
X Variable 1 362462924.2 17151014.1 21.1336147 288668066.4 436257781.9

HPBT

Regression 
Statistics
R Square 0.984186575
Standard Error 437870.9475

Coefficients Standard t Stat Lower 95% Upper 95%
Intercept -52771.2661 337901.655 -0.15617345 -1506644.745 1401102.212
X Variable 1 122847119.9 11010935.9 11.1568282 75470886.53 170223353.2

HPBO

Regression 
Statistics
R Square 0.995170347
Standard Error 302712.9335

Coefficients Standard t Stat Lower 95% Upper 95%
Intercept -216404.878 250732.499 -0.86309066 -1295219.751 862409.9956
X Variable 1 162970232.1 8027911.17 20.3004528 128428918.2 197511546
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TBL 8 Regression statistics for gradient plots in (FIG 96). 

C153

Regression Statistics
Multiple R 0.995126025
Standard Error 798939.6338

Coefficients Standard Error t Stat Lower 95% Upper 95%
Intercept -488294.6742 578083.6478 -0.84467823 -2093312.188 1116722.84
X Variable 1 367432394.4 18205229.58 20.1827938 316886573.9 417978215

12HNBO

Regression Statistics
R Square 0.997538541
Standard Error 465867.4201

Coefficients Standard Error t Stat Lower 95% Upper 95%
Intercept -168002.8962 352698.986 -0.47633507 -1147252.27 811246.4771
X Variable 1 489786480.4 12164891.13 40.2622987 456011328 523561632.8

12HNBT

Regression Statistics
R Square 0.989120015
Standard Error 882284.3365

Coefficients Standard Error t Stat Lower 95% Upper 95%
Intercept -387450.3169 675373.1494 -0.57368333 -2262586.792 1487686.158
X Variable 1 378721599.7 19860022.42 19.0695454 323581337.6 433861861.7
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TBL 9 Regression statistics for gradient plots in (FIG 97). 

  

C153

Regression Statistics
R Square 0.997878447
Standard Error 760028.3115

Coefficients Standard Error t Stat Lower 95% Upper 95%
Intercept -714456.7927 552326.708 -1.29354019 -2247961.577 819047.9922
X Variable 1 914053673.1 21073166.2 43.3752415 855545183.9 972562162.2

23HNBT

Regression Statistics
R Square 0.994822939
Standard Error 157486.9388

Coefficients Standard Error t Stat Lower 95% Upper 95%
Intercept -144752.1634 116079.7401 -1.24700627 -467041.1896 177536.8629
X Variable 1 93852871.8 3385215.443 27.7243423 84454006.96 103251736.7

23HNBO

Regression Statistics
R Square 0.996882669
Standard Error 244852.4522

Coefficients Standard Error t Stat Lower 95% Upper 95%
Intercept -29579.35214 166594.6686 -0.17755281 -492120.3043 432961.6
X Variable 1 188400408.5 5267703.137 35.7651909 173774919.9 203025897
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Computational Data 

 

FIG 99  Overlay of UV-vis spectra of HPBO in DCM (from 220 nm), and toluene (from 270 nm) with Gaussian 

03W generated spectra calculated by PBE1PBE/6-311G (d,p)++PCM, and B3LYP/6-311 G (d,p)++PCM TD-DFT 

methods.  Gaussian distributions for PBE1PBE and B3LYP methods were generated using 0.25 eV and 0.25 eV half 

width at half max respectively. 

 

FIG 100  Overlay of UV-vis spectra of HPBT in DCM (from 220 nm), and toluene (from 270 nm) with Gaussian 

03W generated spectra calculated by PBE1PBE/6-311G (d,p)++PCM, and B3LYP/6-311G (d,p)++PCM TD-DFT 

experiments.  Gaussian distributions for PBE1PBE and B3LYP methods were generated using 0.25 eV and 0.30 eV 

half width at half max respectively. 
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FIG 101  Overlay of UV-vis spectra of 12HNBO in DCM (from 220 nm), and toluene (from 270 nm) with Gaussian 

03W generated spectra calculated by PBE1PBE/6-311G (d,p)++PCM, and B3LYP/6-311G (d,p)++PCM TD-DFT 

experiments.  Gaussian distributions for PBE1PBE and B3LYP methods were generated using 0.19 eV and 0.17 eV 

half width at half max respectively. 

 

FIG 102  Overlay of UV-vis spectra of 12HNBT in DCM (from 220 nm), and toluene (from 270 nm) with Gaussian 

03W generated spectra calculated by PBE1PBE/6-311G (d,p)++PCM, and B3LYP/6-311G (d,p)++PCM TD-DFT 

experiments.  Gaussian distributions for PBE1PBE and B3LYP methods were generated using 0.19 eV and 0.17 eV 

half width at half max respectively. 
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FIG 103  Overlay of UV-vis spectra of 23HNBO in DCM (from 220 nm), and toluene (from 270 nm) with Gaussian 

03W generated spectra calculated by PBE1PBE/6-311G (d,p)++PCM, and B3LYP/6-311G (d,p)++PCM TD-DFT 

experiments.  Gaussian distributions for PBE1PBE and B3LYP methods were generated using 0.22 eV and 0.22 eV 

half width at half max respectively. 

 

FIG 104  Overlay of UV-vis spectra of 23HNBT in DCM (from 220 nm), and toluene (from 270 nm) with Gaussian 

03W generated spectra calculated by PBE1PBE/6-311G (d,p)++PCM, and B3LYP/6-311G (d,p)++PCM TD-DFT 

experiments.  Gaussian distributions for PBE1PBE and B3LYP methods were generated using 0.22 eV and 0.22 eV 

half width at half max respectively. 
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UV-Vis 

 

FIG 105 UV-Vis spectra of HPBO in toluene from 270 nm (light blue) and in DCM from 220 nm (dark blue). 

 

FIG 106 UV-Vis spectra of HPBT in toluene from 270 nm (light blue) and in DCM from 220 nm (dark blue). 

 

FIG 107 UV-Vis spectra of 12HNBO in toluene from 270 nm (light blue) and in DCM from 220 nm (dark blue). 
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FIG 108 UV-Vis spectra of 12HNBT in toluene from 270 nm (light blue) and in DCM from 220 nm (dark blue). 

 

FIG 109 UV-Vis spectra of 23HNBO in toluene from 270 nm (light blue) and in DCM from 220 nm (dark blue). 

 

FIG 110 UV-Vis spectra of 23HNBT in toluene from 270 nm (light blue) and in DCM from 220 nm (dark blue). 
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HRMS 

 

FIG 111 Complete HRMS of HPBO (top) and expansion of parent ion region of interest (bottom). 
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FIG 112 Complete HRMS of HPBT (top) and expansion of parent ion region of interest (bottom). 
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FIG 113 Complete HRMS of 12HNBO (top) and expansion of parent ion region of interest (bottom). 
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FIG 114 Complete HRMS of 12HNBT (top) and expansion of parent ion region of interest (bottom). 
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FIG 115 Complete HRMS of 23HNBO (top) and expansion of parent ion region of interest (bottom). 
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FIG 116 Complete HRMS of 23HNBT (top) and expansion of parent ion region of interest (bottom). 

 

 

 


