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Organic and inorganic/organic hybrid material development is essential for the 

advancement of electronic devices, such as organic light emitting diodes (OLEDs), 

organic thin film transistors (OTFTs) and fuel cells.  These materials are superior to their 

inorganic counterparts due to the ability to create flexible devices that can be produced on 

a large scale and at relatively low cost. First, electron-transport materials (n-type 

semiconductors) are severely lacking for the development of sufficient OTFTs.  Metal-

interrupted perylene analogues have been developed, in part, to take advantage of the 

ability to tune the electronic properties of these complexes by simply changing the metal 

center.  Second, fluorescent molecules play an essential role in expansion of microscale 

sensor systems and OLEDs.  Solvent dependent triple fluorescence has been discovered 

for a series of isobutylnaphthalimide derivatives, which is unique for naphthalimide 

materials which typically demonstrate dual fluorescence.  Next, oxygen reduction 

electrocatalysts in fuel cells have hindered commercialization due to the high price of 

platinum.  Here, polymer-containing palladium nanoparticles utilize the metal center 



 v 

embedded directly in the polymer backbone to serve as a seed point for metal 

nanoparticle growth.  The palladium nanoparticles within the polymer matrix display 

significant catalytic activity towards oxygen reduction.  Also, poly-9,9-dioctylfluorene is 

at the forefront of blue-light emitting materials for OLEDs due to high quantum 

efficiencies and good thermal stability; however, a low-energy green band emission 

contaminant in devices has hindered application.  Oligofluorene synthesis to understand 

this phenomenon can be difficult thus a boronic acid protection has been implemented 

before Suzuki-Miyaura coupling occurs to reduce the number of byproducts produced 

and to accomplish synthesis of oligofluorenes such as a pentamer and heptamer.  Lastly, 

while deviating from organic and inorganic/organic electronic materials, a discussion on 

the development of a mononuclear Rh(II) complexes, specifically a piano-stool 

conformation which assists in isolation of this species.  The piano-stool ligand structure 

consists of alkyl chains for easy conformational adjustments when the Rh(I) metal center 

undergoes oxidation, bulky phosphine groups and an electron-donating arene ring to keep 

the Rh(II) metal center from dimerization.  Most importantly, the research conducted has 

strived toward advancements over a broad range of scientific investigation. 
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Chapter I.  Introduction 

I-1.  GOALS 

The goal of the research presented herein is to synthesize and characterize 

materials, both organic and inorganic-organic hybrid materials, for applications in 

organic electronic devices.  To start, a review of interesting potential electron 

transporting inorganic-organic hybrid materials designed for organic thin film transistors 

(OTFTs) will be presented.  In addition, the photophysical properties of the above 

inorganic-organic materials are explored and compared to previously reported materials 

that exhibit dual or triple fluorescence.  Also, an examination of the current status of 

materials used as electrocatalysts for oxygen reduction in fuel cells will be reviewed.  As 

well, in the search for better understanding of polymeric materials, oligomeric materials 

are useful analytical tools and have been synthesized using a boronic acid protection 

method.  Finally, a discussion on the development of a mononuclear Rh(II) complexes, 

specifically a piano-stool conformation that can be utilized to isolate this rare oxidation 

state will be presented. 

 

I-2.  ELECTRON-TRANSPORTING MATERIALS FOR OTFT DEVICES 

Organic thin film transistors (OTFTs) (Figure 1) are an essential part of the 

development of electronic components which utilizes organic semiconducting materials 

for charge transport.1,2  These devices are advantageous relative to inorganic 

semiconductor materials because the organic semiconductor materials can be processed 

more easily and create flexible devices that can be produced on a large scale at a 

relatively low cost.3  The overall issue preventing the implementation of organic 
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semiconductor materials in commercial applications is lower charge mobilities when 

compared to current silicon based materials.4  Though there have been major advances 

since the 1980s when this work was first initiated, research continues to create more 

robust, high mobility materials.5   

 

Figure 1.  Top-contact OTFT device, with source and drain electrodes deposited onto the 
organic semiconducting layer. 

Conjugated polymers, hybrid inorganic-organic materials, and small organic 

molecules have been studied for use in OTFTs.  Conjugated organic materials transport 

charge through the π-orbital overlap of neighboring molecules, or conjugation, and can 

also occur through a hopping mechanism between adjacent molecules or polymers.6  

Small organic molecules have demonstrated the highest known mobilities for organic 

semiconductor materials due to higher molecular ordering relative to corresponding 

polymeric materials.7  This high degree of molecular ordering or crystallinity allows small 

molecule semiconductors to utilize both mechanisms of charge transport.  Looking ahead, 

research is being steered toward development of hybrid inorganic-organic materials to 

take advantage of the complementary properties of the organic and inorganic 

counterparts.  Semiconductor materials can be characterized in one of two ways as either 

hole-transport materials (p-type semiconductors) or electron-transport materials (n-type 

semiconductors).5  A larger number of  p-type organic semiconductor materials have 
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been studied compared to n-type organic semiconductor materials and will be discussed 

first. 

I-2a.  P-type Organic Semiconductors 

While polymeric materials do not demonstrate high mobilities, there have been 

great advancements in this field.  Two commonly used polymer-based materials are 9,9-

dialkylfluorene-thiophene copolymers and poly(3-alkylthiophene) (P3AT) (Figure 2).8  

Specifically, 9,9-dioctylfluorene-bithiophene copolymer and regio-regular poly-3-

hexylthiophene have reported mobilities of up to 0.01 cm2/V s and 0.1 cm2/V s, 

respectively.9  The observed mobilities are not only dependent on molecular orientation 

for π-stacking but the orientation with respect to the substrate in the device is also a 

determining factor.  Mobilities have been improved by switching deposition techniques 

from spin-coating to dip-coating, although the factors affecting molecular orientation on 

the substrate are not fully understood.   

 

 

Figure 2.  Polymers which display high hole mobility in OTFT devices.  a. 9,9-
alkylfluorene-bithiophene copolymer; b. regio-regular poly-3-hexylthiophene. 

There are only a few examples of inorganic-organic hybrid materials used in 

OTFTs.  Organic semiconductors spin-coated or drop-cast onto an inorganic 

semiconductor will not be considered in this discussion.  Moon et al. synthesized a hybrid 

material composed of three phases: ZrO2, ZrSiO4, and organosiloxane (Figure 3a).10  In 

order to prepare these materials, 3-methacryloxypropyltrimethoxysilane (MEMO) and 

zirconium isopropoxide (Zr(OPri)4 were mixed together in two different ratios, 7:3 and 
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8.5:1.5.  Both materials produced similar mobility measurements of 1.1 x 10-2 cm2/V s for 

the first and 1.3 x 10-2 cm2/V s for the latter.  Another hybrid material studied previously 

is a perovskite film, (C6H5C2H4NH3)2SnI4, where inorganic sheets alternate with organic 

layers in the direction perpendicular to the substrate surface (Figure 3b).11  The tin 

material was deposited by vacuum vapor deposition technique and produced hole 

mobilities of 0.78 cm2/V s.  Lastly, metal phthalocyanines have been the most 

investigated inorganic-organic hybrid material; however, it appears that the metal plays 

more of a structural role as opposed to being involved in the electronic properties.12  

Copper derivatives have been the most widely used and have shown mobilities in the 

range of 0.01-0.02 cm2/ V s (Figure 3c).13 

 

 

Figure 3.  Inorganic-organic hybrid materials.  a. 3-methacryloxypropyltrimethoxysilane 
and zirconium isopropoxide hybrid material; b.  tin perovskite material; c.  copper 
phthalocyanine. 

Finally, while a large number of small organic semiconductor molecules have 

been studied only a few demonstrated relatively high mobilities such as, pentacene and 

oligothiophenes (n = 3-6), which will be reviewed (Figure 4).  High mobilities up to 6 
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cm2/V s for pentacene and 1 cm2/V s for sexithiophene have been documented (Figure 

4).7  High mobilities originate from molecular ordering which allows charge transport 

through π-stacking. Solubility in common organic solvents is often limited which 

prohibits the use of solution-based deposition methods like spin coating.  As a result, 

vapor deposition methods are used instead which are costly, slow, and difficult to scale 

up to large substrates.  Solution processing can be achieved by adding alkyl-substituents 

to increase solubility in common organic solvents, but mobility values decrease as a 

result of low molecular ordering in the resulting films.   

 

 

Figure 4.  P-type organic semiconducting materials.  a. pentacene; b. sexithiophene. 

I-2B.  N-TYPE ORGANIC SEMICONDUCTORS 

A relatively small amount of n-type organic semiconducting materials have been 

studied compared to p-type organic semiconducting materials.  The development of 

electron-transport materials has been hindered due to material decomposition in ambient 

atmosphere when devices are under operating conditions.1  Previous research has shown 

high electron affinities (~4.0 eV) are required to produce high mobility n-type organic 

semiconducting materials.  The electron affinities directly correlate with the LUMO 

levels of the materials and are relevant for charge injection from common metal 

electrodes used in OTFT devices such as gold. 

As a result of the limited amount of n-type organic semiconductor materials 

known, the different derivatives (polymeric, small molecule and inorganic-organic 

hybrids) will be discussed collectively.  The polymeric electron-transport materials 
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developed demonstrate high electron affinities; however, electron mobilities have not 

been directly measured.  Co-polymer poly(2,2’-(3,4’-dihexyl-2,2’-bithienylene)-6,6’-

bis(4-phenyl-quinoline)) (HT-P6BTQ) and poly(benzimidazobenzophenanthroline 

ladder) (BBL) have shown electron affinities of 2.97 eV and 4.00 eV, respectively 

(Figure 5a and b).14-16  Comparatively, hexadecafluoro-phthalocyaninato-copper 

(F16CuPc), an inorganic-organic hybrid semiconductor material, with an electron mobility 

of 0.02 cm2/V s  and N, N’-dialkyl-3,4,9,10-perylene tetracarboxylic diimide (PTCDI-R) 

derivatives with mobilities up to 0.5 cm2/V s are the most promising n-type organic 

semiconductor materials (Figure 5c and d).7,17-19  Similar to  p-type organic 

semiconductors previously discussed, the highest performing n-type semiconductor 

materials rely on high molecular ordering or crystallinity for effective charge transport.20  

Interestingly, there are a few examples of air-stable materials that are all fluorinated 

compounds such as F16CuPc though there has not been any conclusive explanation of the 

mechanism behind the increased performance with high degrees of fluorination.1  For 

commercialization of OTFTs, a new series of air-stable n-type organic or inorganic-

organic hybrids must be developed.  In chapter II, we have developed promising electron-

transport materials based on metal-interrupted perylene diimide analogues which can be 

tuned electronically by simply changing the metal center. 
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Figure 5.  N-type semiconductor materials.  a.  poly(2,2’-(3,4’-dihexyl-2,2’-bithieny-
lene)-6,6’-bis(4-phenylquinoline)) (HT-P6BTQ);  b. poly-(benzimidazobenzophen-
anthroline ladder) (BBL); c. hexadecafluoro-phthalocyaninato-copper; d. N,N’-dialkyl-
3,4,9,10-peryelene-tetracarboxylic diimide. 

I-3.  DUAL AND TRIPLE FLUORESCENT MOLECULES 

Fluorescent organic molecules have important applications in microscale sensor 

systems, organic light emitting diodes (OLEDs), multifunctional sensor microarrays and 

biochemical sensors.21-23  Several organic molecules also demonstrate unique dual 

fluorescence or triple fluorescence.24  This phenomenon can occur by several 

mechanisms and is directly dependent on the nature of the molecule and its surrounding 

environment.  Fewer examples of triple fluorescent organic molecules have been 

determined compared to dual fluorescent, but mechanisms responsible for the multi-

wavelength fluorescence is often similar. 
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I-3a.  Dual Fluorescent Molecules 

Commonly studied dual fluorescent molecules are derivatives of 1,8-

naphthalimide.33-35  N-aryl-1,8-naphthlimides demonstrate dual fluorescence as a result of 

the acceptor-donor properties of each moiety.36  Typically, a large Stokes-shift is 

observed between the observed short wavelength (SW) and long wavelength (LW) 

fluorescence.  The SW emission is a result of a LE with no geometric change from a 

twisted conformational ground state, and the LW emission is a result of a coplanar 

configuration that increases conjugation, producing the spectra with a large red-shift 

(Figure 6).37  Solvent effect studies were performed to identify the mechanism discussed 

above by varying the polarity or viscosity and observing the spectral changes. 

 

 

Figure 6.  N-methoxyphenyl-naphthlamide excited states. 

I-3b.  Triple Fluorescent Molecules 

A fewer number of triple fluorescent molecules exist compared to dual 

fluorescent molecules.  Triple fluorescence has been observed with N-salicylidene-3-

hydroxy-4-(benzo[d]thiazol-2-yl)phenylamine (SalHBP) through a pressure-induced 

excited-state intramolecular proton transfer (ESIPT) (Figure 7a).25  The compound has 

ESIPT subunits, which are similar to 2-(2’-hydroxyphenyl)benzothiazole (HBP) and 

salicylideneaniline (Sal).26-28  As a result, the three emission bands are assigned as the 

enol-enol (EE) tautomer, keto-enol (KE) tautomer, and enol-keto (EK) tautomer.  In the 

case of 4-(1,4,8,11-tetraazacyclotetradecyl)benzonitrile (DMABN-cyclam) the triple 
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fluorescence results from a locally excited state (LE), a twisted intramolecular charge 

transfer (TICT) state and an intramolecular exciplex (Figure 7b).29  The different 

fluorescent states were identified by conducting solvent and temperature effect studies 

and observing the fluorescence spectral changes.  One of the more interesting triple 

fluorescent organic molecules related to the research presented in chapter III studied was 

an 1,8-naphthalimide-linker-phenothiazine dyad (NI-L-PTZ) (Figure 7c).31  The two 

linkers used were octamethylenyl (L=C) and 3,6,9-trioxaundecyl (L=O) alkyl chains.  

The triple fluorescence observed is attributed to a LE, an intramolecular exciplex 

between the NI and PTZ molecules, and an intermolecular excimer between two NI 

molecules.  The different fluorescent states were assigned by studying the solvent effect 

and utilizing time-resolved emission spectra.32 

 

Figure 7.  Triple-fluorescent organic molecules.  a. SalHBP excited-state tautomers; b. 
proposed structures of DMABN-cyclam excited-states; c.  1,8-naphthalimide-linker-
phenothiazine dyad structures. 
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Interestingly, molecules with a large net molecular dipole moment tend to exhibit 

unique photophysics.  Redistribution of electrons occurs between the ground state and 

excited state resulting in a change in the dipole moment.  In very polar solvents, the 

luminescence wavelength can be affected by the dipole moment of the solvent molecules 

and result in a shift in the emission spectra.  An increase in solvent dipole moment can 

result in both red- and blue-shifts in observed emission spectra.  If the dipole moment of 

the excited state is larger than the ground state, a polar solvent will help stabilize usually 

unstable excited states.22  This results in the lowering of the molecular excited state 

energy and a red-shift in the fluorescence spectra.  As a result, solvent effect studies have 

been utilized to gain understanding of the mechanisms behind dual and triple 

fluorescence and we will make use of these experiments in the work described in chapter 

III to characterize a unique triple fluorescent molecule. 

 

I-4.  OXYGEN REDUCTION CATALYSIS 

Fuel cells are promising carbon-free energy sources that have the potential to 

revolutionize tomorrow’s energy sector.38  The basic schematic for a simple hydrogen 

fuel cell is displayed in Figure 8.  Fuel cells are typically made up of two electrodes, an 

anode and cathode, separated by an electrolyte or membrane.  At the anode, hydrogen 

fuel is oxidized to H+ ion: H2 (g) → 2H+ (aq) + 2e- and at the cathode, oxygen is reduced 

to form water: O2 (g) + 4H+ (aq) + 4e- → 2H2O.39  The reaction at the cathode occurs 

kinetically slower than the anode reaction due to the strong O=O bond thus catalysts are 

needed to increase the rate of this reaction and therefore the overall efficiency of the 

system.  Currently platinum is used to facilitate oxygen reduction, but is impractical due 

to low availability and high cost.40,41  As a result, fuel cells are not yet commercially 
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viable because the cost far outweighs current technology, such as combustion engines.42  

Thus, one important focus of research in this field has been to reduce the overall cost, by 

reducing the amount of platinum in fuel cells or replacing it all together with a cheaper, 

more abundant catalyst.   

 

 

Figure 8.  Schematic of hydrogen fuel cell.  Hydrogen is oxidized at the anode (left), and 
protons travel through the membrane to the cathode (right) where oxygen is reduced to 
water.   

I-4a.  Oxygen Reduction Reaction 

First, understanding the oxygen reduction reaction (ORR) at the cathode and how 

it is studied is important for understanding how well catalysts may work.  Typically in 

aqueous fuel cells, ORR occurs by two pathways:  from O2 directly to H2O by a 4-

electron reduction which is undesirable, and from O2 to hydrogen peroxide (H2O2) by a 

2-electron reduction (Figure 9).43  The mechanism and efficiency of ORR can vary 

accordingly depending on the type of fuel cell.    ORR has been studied by several 

methods from preliminary measurements utilizing cyclic voltammetry (CV) to Tafel 
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plots, the log of the ORR current as a function of the oxygen overpotential.44,45  The 

oxygen overpotential is the extra driving force required to reduce oxygen fully.  

According to Yan et al., calculating the direct relationship between cell overpotential and 

fuel-cell electricity efficiency in a simple hydrogen/oxygen fuel cell shows that the 

theoretical overpotential at the anode is 50 mV while the cathode is upwards of 500-600 

mV.46  One way to help reduce oxygen overpotential is by increasing the amount of 

catalyst, which has been achieved in practice by using large amounts of platinum.  To 

accommodate high catalyst loadings, the cost can be expensive in the $5,000-10,000 

range depending on availability.46   

 

 

Figure 9.  Oxygen reduction reaction mechanisms.   

I-4b.  Platinum and Platinum Alloy Oxygen Reduction Catalysts 

For aqueous and proton exchange membrane (PEM) fuel cells, Pt-based catalysts 

have been the most efficient for the ORR and use of other metal catalysts have yet to as 

efficiencient.41  To reduce the amount of platinum at the cathode, research highly 

dispersed Pt nanoparticles (NPs) on high surface area supports such as template carbon 

(TC) has been used as an alternative to pure Pt (Figure 10).    Commercially available Pt 

on carbon catalyst have Pt NPs with size distributions of 2-5 nm evenly distributed on the 
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carbon support.49  Pt-alloys  have been developed as an alternative to using pure Pt to 

reduce costs while attempting to not reduce the overall efficiency.50-52  Halder et al. have 

synthesized Pt-Co alloy and core-shell PtNi@Pt NP electrocatalysts which demonstrated 

a 2.5 and 5.4 times higher mass activity (catalytic activity per mass of metal), current per 

the mass of the loaded Pt, than the Pt/C catalyst used in PEM fuel cell, respectively.53  To 

understand this phenomenon, a Pt-Fe thin-film model catalyst consisting of a platinum 

top layer with iron sublayers has demonstrated 20 times higher ORR activity than 

platinum thin films.  The proposed mechanism responsible for this enhancement involves 

a more reactive modified electronic structure of the surface Pt by the way of the 

underlying metal sublayer. 

 

 

Figure 10.  HRTEM images of 30% Pt/template carbon (a) showing the edge of the 
carbon particle and (b) higher magnification image demonstrating particles in the 3-8 nm 
rage and dispersion of platinum NPs. 

I-4c.  Palladium and Palladium Alloy Oxygen Reduction Catalysts 

While Pt alloys seem promising, the cost and short lifetime are barriers preventing 

full implementation in fuel cells.38  Palladium and Pd alloys are viable replacement metal 

catalysts and demonstrate the next highest activity relative catalytic activities to platinum 

for ORR.  In fact, palladium is approximately 70% less expensive than platinum making 
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it an attractive alternative.54  Pd-modified carbon nanotubes on glassy carbon (GC) 

electrodes have exhibited high activity for ORR as demonstrated by cyclic voltammetry 

(Figure 11).55  These preliminary results are promising, but have yet to be compared to 

the current Pt/C systems in fuel cells.   Palladium-cobalt alloys on carbon have shown 

enhanced ORR activity at 500 oC; however, a high oxygen overpotential indicates ORR 

activity is low compared to Pt-based catalysts.56  In separate but related work, Wang et al. 

found Pd-Cu alloys on Vulcan XC-72 carbon powder, in molar ratios of 1:1 and 1:3, 

exhibited 4-5 times higher ORR activity than monometallic Pd.57  However, the Pd-Cu 

alloys best ORR activity is still four times lower than commercially available Pt on 

carbon catalysts.  Pd-based catalysts for ORR are a viable alternative to Pt-based 

catalysts, but more development still needs to be done to develop both novel catalyst 

structures and also catalyst/support architectures.  The work described in chapter V 

outlines a new approach we have developed to make Pd NPs supported on conducting 

polymers by a seeded growth process.  These materials show promising activity towards 

ORR in proof of concept experiments. 

 

 

Figure 11.  Typical cyclic voltammogram obtained at GC in 1 M H2SO4 solution 
saturated with (a) nitrogen and (b) oxygen at a scan rate of 10 mV/s.55 
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I-5.  FLUORENE OLIGOMERS AND POLYMERS 

For over thirty years, π-conjugated organic materials have been extensively 

studied and have provided valuable information on the electronic and photophysical 

nature of these materials.58  π-conjugated polymers and oligomers are being researched  

to  develop commercially viable organic light emitting diodes (OLEDs) (Figure 12).59  

Compared to inorganic materials, organic materials work through a network of 

overlapping π-bonds either through the polymer chain or a through chain to chain 

hopping mechanism.60  Additionally, in organic materials the triplet-excited (T1) state lies 

well below the lowest singlet-excited (S1) state.61  Understanding the location of the 

triplet excited state energy is important in order to effectively design conjugated 

polymers that can enhance performance in OLEDs.   

 

 

Figure 12.  Device architecture of organic light emitting diode. 
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I-5a. Polyfluorenes 

For OLEDs, research is being conducted to produce blue-light emitting polymers 

to help complete the desired primary color set for displays.62  Polyfluorenes have been at 

the forefront due to high photoluminescence quantum yields, charge-carrier mobility, 

good thermal stability, and ease of processability from organic solvents.63  Additionally, 

the 9-position of the fluorene can be easily functionalized with alkyl groups to improve 

solubility in organic solvents and affect the film morphology once deposited for device 

fabrication.64,65  The film morphology is often structurally complex due to alkyl chain 

lengths and the polydispersity in the chain lengths, which makes it difficult to establish a 

proper structure-property relationship.66  

One of the major issues with commercial application of polyfluorene as a blue-

light emitting material is an observed low-energy green contaminant in the film (Figure 

13).67  There are several theories as to the origin of the contaminant that shall be 

discussed here.  Initially, it was hypothesized that the low-energy green fluorescence 

originated from excimer formation in aggregates, which has been supported by previous 

studies on other conjugated polymers, such as poly(para-phenylene)s.68,69  An additional 

theory that fluorenone chemical defects occur by oxidation of incompletely alkylated 

fluorene units during synthesis or processing has been reported.70,71  This argument has 

been supported by synthesizing copolymers containing fluorenone moieties which have 

produced the same observed fluorescent contaminant.72  Even more recent studies have 

suggested that the polyfluorene thin film morphology and associated intermolecular 

interactions have resulted in the degradation of the blue emission by both the 

intermolecular aggregate/excimer formation.73  However, analysis of polymers becomes 

complicated due to the multiple interactions and morphology.  
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Figure 13.  Polyfluorene with R-groups for solubility. 

I-5b. Oligofluorenes 

The effective conjugation length (the minimum number of bonded aromatic rings 

necessary to produce saturation of the optical and electronic properties) in the π-

conjugated polymer responsible for the observed electronic, structural, and photophysical 

properties is not fully understood.74  To help gain clarity in the field, well-defined 

oligomers have been synthesized and studied.  The advantage of using oligomers is the 

ability to control the conjugation length and ensure the purity and monodispersity of 

materials.66,75  Using pure oligomers phosphorescence spectra, a direct correlation of the 

triplet  excited state energy as a function of the conjugation length can be determined.76   

The same is true of research done using fluorene oligomers to investigate not only 

the effective conjugation length, but also the occurrence of the low-energy green 

contaminant in polyfluorenes.  In a photophysical study by Janssen et al. performed in 

frozen 2-methyltetrahydrofuran, the energies of the optical transitions of 9,9-

dihexylfluorene-2-7-diyl oligomers became saturated at approximately  n ≥ 5, effectively 

10 aromatic units, which implies this may be the relative effective conjugation length 

responsible for the photophysical properties of polyfluorenes (Figure 14).61  In a different 

study using end capped 9,9-dihexylfluorene-2-7-diyl oligomers in tetrahydrofuran 

solution, the effective conjugation length was estimated to be 12 monomer units.74  
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Investigations of fluorene oligomers have also helped researchers infer structural 

information about polyfluorenes. 

. 

 

Figure 14:  Phoshorescence spectra of oligoflurenes in frozen MeTHF at 80K.76 

Tsoi and Lidzey have investigated a series of 9,9-dioctylfluorene-2-7-diyl 

oligomers to determine important structural information and the influence alkyl chains 

have on the conformations of these derivatives.77,78  Three side chain associated structural 

conformations of polyfluorene and its oligomers have been observed:  anti-gauche-

gauche (agg), all-anti (aaa), and anti-anti-gauche (aag) (Figure 15).79  Conformational 

phases have been identified using Raman spectroscopy and are similar to polyfluorenes.  

A drop-cast film of oligofluorenes creates an amorphous α-phase though there is no 

discussion regarding the alkyl chain conformation associated with this phase.  Two other 

phases were confirmed, a β-phase which exhibits an extended electronic conjugation with 

agg conformation and a crystalline γ-phase with aaa conformation. The study confirms 
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how research on oligofluorenes correlates well with polyfluorene derivatives and can 

provide important insight. 

 

 

Figure 15: A fluorene monomer with (a) agg, (b) aaa and (c) aag side chain 
conformation.79 

I-6.  MONONUCLEAR RHODIUM(II) COMPLEXES 

Mononuclear Rh(I) and Rh(III) complexes have been studied over the years due 

to their great importance in catalytic processes.80  In comparison, there are less than 

twenty known structurally characterized mononuclear Rh(II) complexes.81  Despite this 

lack of prior work, Rh(II) has great potential as a catalytic intermediate in reactions, such 

as, hydrogenations and hydroformylations of olefins.  Typically, mononuclear Rh(II) 

complexes are not stable enough to support this rare oxidation state and tend to dimerize.  

In order to prevent dimerization, bulky electron donating substituents are employed to 

help stabilize the mononuclear complex. 

 



 20 

 

Figure 16.  (a) [Rh(TMPP)2]+2; (b) [RhCl2{dm-benbox(Me2)}] 

Bergman and coworkers were able to fully characterize mononuclear Rh(II) 

bis(oxazoline) pincer complexes (Figure 16a).81  The sterically demanding pincer ligand 

allowed for isolation and full characterization of the Rh(II) complex.  Dunbar et al. 

isolated a mononuclear Rh(II) complex using bulky tris(2,4,6-

trimethoxyphenyl)phosphine (TMPP) ligands around the Rh(II) center (Figure 16b).82  It 

was discovered that the methoxy groups helped to stabilize low coordination numbers 

and the phosphine had a very flexible coordination mode adjusting for the electronic and 

geometric preferences of the metal.  Another complex of particular interest is a two-

legged piano-stool ligand system with bisphosphinoalkylarene ligands employed by 

Mirkin and coworkers (Figure 17).80,83,84  This class of compounds were designed in 

order provide both steric and electronic stability to the Rh(II) metal center.  In order to do 

so, bulky electron-rich substituents, such as phophine groups and an electron-rich arene 

ring, were utilized to help prevent dimerization and increase stability.  Chapter VI 

describes our work to expand on this class of mononuclear Rh(II) complexes by utilizing 

extended conjugation in the arene ring (i.e. naphthalene and anthracene). 
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Figure 17.  Two-legged piano-stool Rh(II) complexes. 

I-7.  Overview of Dissertation 

The dissertation focuses on materials, both organic and inorganic-organic hybrids, 

for use in organic electronic devices.  In general, novel materials have been synthesized 

and studied thoroughly help gain a preliminary understanding before device application.  

The last project discussed in Chapter VI deviates from the overall focus of the 

dissertation, however, the project is an essential part of the story during this experience.  

In Chapter II, a class of materials has been developed as potential n-type (electron-

transport) inorganic-organic hybrid materials by interrupting a perylene diimide, a known 

n-type organic semiconductor material, with a Schiff-base metal complex.  Usually the 

electronics of perylene diimide materials are manipulated by changing the R-groups on 

the amines or adding substituents to the arene portion of the molecule, here the 

electronics are tuned by simply changing the metal center.  The alkylnaphthalimide 

salpen ligand and metal complexes (4-7[a-c]) were analyzed by electrochemistry, band 

gaps calculated and values compared to other n-type organic semiconductor materials 

already in use for OTFTs.   

Chapter III shifts topics to mulit-fluorescent molecules that may have important 

applications in microscale sensor systems, OLEDs, multifunctional sensor microarrays 
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and biochemical sensors.  Previous studies on N-substituted phenyl 1,8-naphthalimide 

derivatives have shown these molecules demonstrate a short fluorescence wavelength 

(twisted locally excited state) and long fluorescence wavelength (excited-state 

planarization of the molecule) depending on the donor ability of the phenyl group and the 

acceptor properties of the naphthalimide moiety.  The molecules studied in Chapter III 

are a 4-salicylaldehyde isobutylnaphthalimide (3), an isobutylnaphthalimide ligand 

(salpen ligand flanked by two isobutylnaphthalimide moieties) (4), and a zinc 

isobutylnaphthalimide complex (5).  Compounds 3-5 demonstrate solvent dependent 

triple fluorescence.  Each molecule studied was subjected to a solvent dependence, 

viscosity dependence, and concentration dependence study to decipher the mechanism 

behind the observed triple fluorescence.  The short fluorescence and middle fluorescence 

wavelengths observed overlap well with previous literature for a twisted locally excited 

state and planarization of the molecule in the excited state.  The long fluorescence 

wavelength is believed to be an intramolecular charge transfer that is stabilized in polar 

solvent. 

Chapter IV focuses on a new class of nanostructured electrocatalysts prepared by 

a novel seeded growth process from conducting metallopolymers.  These materials have 

shown activity for cathodic oxygen reduction reactions which is important in fuel cells.  

Currently, platinum catalysts are at the forefront of this field; however, high cost deems 

them impractical for application purposes.  Here, a palladium-metallated salpen 

bithiophene polymer (poly-4a) is utilized where the metal center embedded in the 

polymer chain will serve as a seed point for NP growth.  The polymer films, while not 

conductive in the range where oxygen reduction takes place, serve an important role in 

keeping the NPs well-separated.  Using the palladium metal center as a seed point, NP 

size can be easily controlled.  Polymer films exposed to the NP growth process on ITO-
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coated glass were used for oxygen reduction studies and demonstrated increased catalytic 

activity in acidic media. 

In Chapter V, oligofluorene derivatives have been synthesized by a boronic acid 

protection method which is used to prevent side reaction during coupling from occurring.  

Utilizing this synthesis method, odd-numbered 9,9-dioctylfluorene oligomers have been 

synthesized up to the heptamer (7).  Interestingly, the photophysical data indicates an 

intermolecular charge transfer between the boronic acid protecting group (1,8-

aminonaphthalene) and the fluorene portion of the molecule in all the  protected 

derivatives.  In depth photophysical analysis on the 9,9-dioctylfluorene pentamer (6) and 

heptamer (7) have not yet to be reported. 

Lastly, Chapter VI deviates from the previous discussed chapters.  This was the 

first project attempted and focused on synthesizing mononuclear Rh(II) piano-stool like 

complexes.  Based on work by Felicia Dixon at Northwestern University, the ligand 

structure utilized alkyl groups to provide flexibility required to accommodate oxidation 

of the metal center from Rh(I) to Rh(II), bulky phosphine binding groups to help prevent 

dimerization and an arene ring, in this case an anthracene and naphthalene, to help further 

stabilize the metal complex.  However, rhodium(I) metallation could not be achieved and 

several low yielding reactions derailed the progress of the project until it became clear the 

time invested was not going to yield the desired result. 
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Chapter II.  Electron-Transporting Materials for OTFT Devices 

II-1.  INTRODUCTION 

Organic semiconductors were identified as early as 1940, but low charge 

mobilities hindered the development of practical applications of these materials.  It was 

not until the late 1980s when work on organic thin film transistors (OTFTs) reignited 

research on both polymer and small molecule based organic electronics.1-3   Organic 

materials are advantageous over the inorganic counterparts because of the ability to create 

flexible devices that can be produced on a large scale and at relatively low cost.4  

While a wide variety of organic hole-transport materials (p-type semiconductors) 

for applications such as OTFTs have been successfully developed, electron transport 

materials (n-type semiconductors) have many challenges still to overcome.  When highly 

charged, organic n-type materials are reactive toward oxygen and moisture, thus making 

it difficult to create robust OTFTs which perform well when doped.  In addition, 

improving electron injection and transport in organic devices require materials with high 

electron affinities (EAs).5,6  Specifically, organic transistors require EA values of about 

4.0 eV or higher to create ohmic contacts to aluminum electrodes and even higher for 

gold electrodes.7,8  Finally, tuning of the EA of organic semiconductors usually involves 

addition of electron withdrawing substituents (i.e., –CN or F) and this often requires 

lengthy tedious synthetic procedures. 

To date, examples of organic n-type materials with high EAs include 

hexadecafluoro copper phthalocynine (F16CuPc) and N,N’-dialkyl-3,4,9,10–perylene 

tetra-carboxylic diimide derivatives.  The EA value for F16CuPc is 3.4 eV and N,N’-

bis(octyl)perylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C8) is 4.4 eV.9,10  The 

perylene diimides are of particular interest not only because of high EAs but also due to 
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the fact that the electronic properties can be tuned in a rational way through synthetic 

manipulations of the substituents around the aromatic core.11,12  Herein, we describe a 

new class of materials with potential for use as n-type organic electronics whereby a 

perylene aromatic structure is interrupted by a Schiff-base metal complex (Scheme 1).  

This strategy has been developed, in part, to take advantage of the ability to tune the 

electronic properties of these complexes by simply changing the metal center. 

 

 

Scheme 1.  Synthetic scheme for Bis(alkyl) salpen metal complexes. a) 3-formyl-4-
methoxybenzeneboronic acid, Na2CO3, PdCl2(PPh3)2, dry DMF; b) 1.0 M BBr3 in 
CH2Cl2, anhydrous CH2Cl2; c) 2,2-dimethylpropane-1,3-diamine, EtOH, CH2Cl2; d) 
M(OAc)2 • xH2O, EtOH, CH2Cl2. 
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II-2.  RESULTS AND DISCUSSION 

Our approach to develop metal-containing perylene analogues (Scheme 1) 

involves placing a salpen ligand (salicyaldehydes connected through a 2,2-

dimethylpropane 1,3-diamine backbone) between two naphthalimide moieties with alkyl 

groups used to improve solubility.    The salpen moiety was chosen due to its ease of 

metallation as well as evidence that there is electronic communication through the salen 

bonds to the metal in conducting metallopolymer systems.13-15 Also, a variety of alkyl 

groups (R = isobutyl (a), ethylhexyl (b), and decane (c)) have been studied to later try 

and distinguish the advantages of the different solubilities versus the packing for mobility 

purposes.  By varying the metal center, the relative redox properties of the naphthalimide, 

in conjunction with these metal centers, will be affected and studied.  We have chosen to 

specifically study nickel (II) (5a-c), copper (II) (6a-c), and cobalt (II) (7a-c) due to the 

(II→I) redox couples previously reported for the respective salen complexes (vide infra). 

The metallated salpen alkyl complexes (5-7[a-c], Scheme 1), as well as the 

precursors (1-4[a-c]), have been synthesized and fully characterized by 1H and 13C NMR 

spectroscopy when practical, mass spectrometry, UV-Vis spectroscopy, cyclic 

voltammetry, and combustion analysis and all data are fully consistent with the proposed 

structures.  The solid-state structure of the Ni (II) metal isobutylnaphthalimide complex 

(5a) was also determined by single-crystal X-ray diffraction analysis (Figure 18).  This 

analysis reveals several interesting features about complex 5a.  For the water solvent 

molecule O1W (not shown), it should noted that the hydrogens could not be located 

despite efforts.  The four- coordinate Ni (II) center is in a twisted square planar geometry 

(28.14o) that is defined by the two nitrogens and two oxygens from the salpen ligand.  

The Ni-Nav bond distance (1.882 Å) is longer than the Ni-Oav (1.842 Å) bond distance. 

This trend and these bond distances are consistent with a previously reported crystal 
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structure of a Ni(II) salen complex (Ni-Nav = 1.871 Å; Ni-Oav = 1.846 Å).16 The phenyl 

and naphthalimide ring planes are twisted with respect to each other with torsion angles 

between the two moieties being 55.79o for the left side of the molecule and 66.22o for the 

right side as displayed below (Figure 18).  A torsion angle of 21.94o is observed between 

the individual naphthalimide rings. 

 

 

Figure 18. ORTEP diagram of 5a showing the labeling scheme of selected atoms with 
thermal ellipsoids drawn at 30% probability level. Hydrogen atoms and solvent 
molecules are omitted for clarity. 

Table 1. Selected bond lengths (Å) and angles (deg) of 5a. 

Bond distances (Å)  

Ni1-N2 1.884 

Ni1-N3 1.881 

Ni1-O3 1.849 

Ni1-O4 1.836 

  

Bond Angles (º)  

N2-Ni1-O3 92.9(0) 

N3-Ni1-O4 94.3(7) 

O3-Ni1-O4 83.5(8) 

N2-Ni1-N3 93.9(1) 
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Table 2.  Crystal data and structure refinement of 5a. 

Formula C51H46N4NiO6 • C3H7NO • H2O 

Formula weight 960.74 

T (K) 153(2) 

Crystal system Triclinic 

Space group P-1 

a (Å) 9.6700(4) 

b (Å) 14.0580(7) 

c (Å) 18.1070(10) 

β (deg) 94.799(3) 

V (Å3) 2241.24(19) 

Z 2 

ρ (g/cm3) 1.424 

µ (mm-1) 0.498 

F(000) 1012 

Crystal size (mm) 0.25 x 0.04 x 0.04 

θ  (deg) 1.0 to 25.03 

Index ranges -11 ≤ h ≤ 11 

 -16 ≤ k ≤ 15 

 0 ≤ l ≤ 21 

Absorption correction multiscan 

Max. and min. transmission 0.8856 and 0.9803 

GOF on F2 0.983 

R1, R2 [I > 2 σ (I)] 0.0816, 0.1909 

R1, R2 (all data) 0.1727, 0.2209 

Largest diff. peak and hole(e, Å-3) 0.925 and -0.389 
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In addition, the solid-state structure of the Cu (II) metal isobutylnaphthalimide 

complex (6a) was also determined by single-crystal X-ray diffraction analysis (Figure 

19).  This analysis reveals several interesting features about complex 6a.  The four- 

coordinate Cu (II) center is in a twisted square planar geometry (39.46o) that is defined by 

the two nitrogens and two oxygens from the salpen ligand.  The Cu-Nav bond distance 

(1.946 Å) is longer than the Ni-Oav (1.895 Å) bond distance. This trend and these bond 

distances are consistent with a previously reported crystal structure of a Cu (II) salen 

complex (Cu-Nav = 1.942 Å; Cu-Oav = 1.897 Å).16 The phenyl and naphthalimide ring 

planes are twisted with respect to each other with torsion angles between the two moieties 

being 51.03o for the left side of the molecule and 53.29o for the right side as displayed 

above (Figure 19).  A torsion angle of 38.04o is observed between the individual 

naphthalimide rings. 

 

 

Figure 19. ORTEP diagram of 6a showing the labeling scheme of selected atoms with 
thermal ellipsoids drawn at 30% probability level. Hydrogen atoms and solvent 
molecules are omitted for clarity.  The left half of the molecule is slightly disordered 
which is in a slightly bent position 30% of the time. 
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Table 3.  Crystal data and structure refinement of 6a. 

Formula C51H46N4CuO6 • CH2Cl2 

Formula weight 945.36 

T (K) 100(2) 

Crystal system Triclinic 

Space group P-1 

a (Å) 10.401(5) 

b (Å) 13.454(5) 

c (Å) 16.541(5) 

β (deg) 92.356(5) 

V (Å3) 2234.9(15) 

Z 2 

ρ (g/cm3) 1.405 

µ (mm-1) 0.644 

F(000) 982 

Crystal size (mm) 0.32 x 0.05 x 0.03 

θ  (deg) 3.11 to 27.48 

Index ranges -13 ≤ h ≤ 13 

 -17 ≤ k ≤ 17 

 -21 ≤ l ≤ 17 

Absorption correction multiscan 

Max. and min. transmission 1.000 and 0.469 

GOF on F2 1.021 

R1, R2 [I > 2 σ (I)] 0.0993, 0.1512 

R1, R2 (all data) 0.2469, 0.2061 

Largest diff. peak and hole(e, Å-3) 0.412 and -0.540 
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Table 4.  Selected bond lengths (Å) and angles (deg) of 6a. 

Bond distances (Å)  

Cu1-N2 1.850 

Cu1-N3 1.836 

Cu1-O3 1.885 

Cu1-O4 1.881 

  

Bond Angles (º)  

N2-Cu1-O3 94.0(5) 

N3-Cu1-O4 94.1(8) 

O3-Cu1-O4 91.1(7) 

N2-Cu1-N3 91.5(5) 

 

The electronic absorption spectra of 1a-7a have been studied in dichloromethane 

(DCM) at room temperature.  The λmax values for 4a-7a are displayed in Table 5.  The 

absorption spectra of 1a-4a display two broad bands from 225 to 285 nm and from 300 to 

400 nm (Figure 20).   The absorption maxima (λmax = ~ 238 nm) of 1a-4a are attributed 

to a π→π* transition of the salicylaldehyde moiety and the second displayed absorption 

maxima (λmax = ~ 358 nm) are attributed to a π→π* transition of the naphthalimide 

moiety.17,18  The absorption spectra of 5a-7a display three broad bands: from 225 to 305 

nm, from 300-375 nm, and from 380 to 470 nm (Figure 20).  The two higher energy 

absorption maxima (λmax = ~236 nm and ~350 nm) of 5a-7a are again attributed to π→π* 

transitions from the salpen and naphthalimide moieties, respectively, while the new lower 

energy absorption maxima displayed (λmax = ~ 414 nm) are attributed to M→L charge 

transfer (MLCT) transitions which was confirmed by solvatochromism (Figure 21).19  
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Figure 20.  UV-Vis absorption spectra of 1a-7a in DCM at room temperature. 

 

Figure 21. UV-Vis spectrum confirming metal to ligand charge transfer in 5a using 
dichloromethane (DCM), toluene, 2-methyltetrahydrofuran (2-MeTHF), and 
dimethylformamide (DMF). 
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Electrochemical studies were performed in a dry-box under a nitrogen atmosphere 

using a GPES system from Eco. Chemie B. V.  All the electrochemical experiments were 

carried out in a three-electrode cell with a Ag/AgNO3 reference (silver wire dipped in a 

0.01 M silver nitrate solution with 0.1 M Bu4NPF6 in CH3CN), a Pt button working 

electrode, and a Pt wire coil counter electrode.  Ferrocene was used as an external 

reference to calibrate the reference electrode before and after experiments were 

preformed and that value was used to correct the measured potentials.  The supporting 

electrolyte was 0.1 M [(n-Bu)4N][PF6] (TBAPF6) that was purified by recrystallization 

three times from hot ethanol before being dried for three days at 100-150 oC under active 

vacuum.  Electrochemical studies of the solutions were performed from ~ 0.1 M analyte 

compound solutions in DMF between -2.10 V and +0.50 V or +0.80 V at ν = 100 mV s-1.  

Compounds 1a through 4a are displayed in Figure 22.  In Figure 23, the oxidative side of 

4a was analyzed from -0.50 to +1.50 V in DCM at ν = 100 mV s-1 and 6a in DMF from -

0.50 V to +0.08 V at ν = 100 mV s-1 to locate the onset of oxidation for band gap 

analysis. 
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Figure 22.  Electrochemistry of 1a through 4a. 

 

Figure 23.  Electrochemistry demonstrating the oxidation of 4a and 6a. 
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In order to determine the electron affinity of the salpen isobutylnaphthalimide 

materials, the electrochemical properties were investigated.  The ligand (4a) shows a 

reversible reduction wave with E1/2 = -1.90 V (Figure 24).  With this information, metals 

were chosen according to how well the redox couples of these metal ions in salen ligands 

overlapped with the reduction potential of 4a.  By varying the electrochemical overlap we 

can examine what role the metal might play in the realized electronic properties of the 

materials and how its redox chemistry in relation to the ligand affects the realized 

electron affinity.  From previous literature reports, the nickel (II/I) salen redox couple is 

E1/2 = -1.69 V, which should create overlap with the redox couple of the flanking organic 

groups, the copper (II/I) salen redox couple is E1/2 = -1.27 V, which should not overlap 

well, and the cobalt salen redox couple is E1/2 = -0.58 V, which should have absolutely no 

overlap with the ligand redox couple.20-23  

Cyclic voltammetry of 5a illustrates a slight shift of the reversible reduction to 

E1/2 = -1.93 V and displays good overlap between the metal and ligand reduction 

potentials.  Complex 6a overlaps more than predicted with a peak at -1.76 V that is 

associated with the reduction of copper from Cu (II) to Cu (I) while the ligand redox 

couple displays a shift to E1/2 = -1.86 V.  The cobalt complex 7b shows two well 

separated redox couples.  One that is ligand based at E1/2 = -1.85 V and that is metal 

based at -0.80 V corresponding to the Co (II/I) redox couple. 
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Figure 24.  Cyclic voltammograms of compounds 4a-7a. 
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The electron affinity (EA, LUMO level) of 4a-7a, estimated from the onset of 

reduction potential by converting to SCE and taking the SCE energy level to be -4.8 eV 

related to the vacuum level (EA = Eonset red + 4.8), are 3.12 eV, 3.19 eV, 3.38 eV and 3.71 

eV, respectively.24  These electron affinity values are comparable with F16CuPc values 

but are lower than the value reported for PTCDI-C8. 

Band gap analysis, HOMO and LUMO positions, is necessary for determining the 

majority of charge carriers and infering the stability of the charge carrier in organic 

semiconductors.  HOMO and LUMO levels were calculated from onset of oxidation and 

reduction in the electrochemical data for complexes 4a-7a with respect to the vacuum 

level (Table 5).24  The band gaps appear to be on the same order as several previously 

reported peryelene derivatives studied for photovoltaic devices by Shin W. S. et al.25   

The calculated band gaps for 4a-7a are 2.38 eV, 1.84 eV, 1.99 eV and 1.50 eV, 

respectively. 

Table 5. λmax values, solution reduction potentials, derived LUMO and HOMO energies, 
and band gap analysis for 4a-7a. 

 λmax
a E1/2 (red.)b ELUMO

c EHOMO
c Band Gapc 

4a 229, 369 -1.90 -3.12 -5.50 2.38 
5a 236, 427 -1.93 -3.19 -5.03 1.84 
6a 236, 410 -1.86 -3.38 -5.37 1.99 
7a 235, 407 -1.85 -3.71 -5.21 1.50 

[a] nm [b] V versus Fc/Fc+  [c] eV versus vacuum   

 

The electronic absorption spectra of 1b-7b have been studied in dichloromethane (DCM) 

at room temperature.  The λmax values for 4b-7b are displayed in Table 6.  The absorption 
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spectra of 1b-4b display two broad bands from 225 to 280 nm and from 300 to 410 nm 

(Figure 25).   The absorption maxima (λmax = ~ 239 nm) of 1b-4b are attributed to a 

π→π* transition of the salicylaldehyde moiety and the second displayed absorption 

maxima (λmax = ~ 359 nm) are attributed to a π→π* transition of the naphthalimide 

moiety.17,18  The absorption spectra of 5b-7b display three broad bands: from 225 to 315 

nm, from 310-360 nm, and from 360 to 490 nm (Figure 25).  The two higher energy 

absorption maxima (λmax = ~238 nm and ~350 nm) of 5b-7b are again attributed to 

π→π* transitions from the salpen and naphthalimide moieties, respectively, while the 

new lower energy absorption maxima displayed (λmax = ~ 424 nm) are attributed to 

M→L charge transfer (MLCT) transitions.19  

 

 

Figure 25.  UV-Vis absorption spectra of 1b-7b in DCM at room temperature. 
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Electrochemical studies of the solutions were performed from ~ 0.1 M analyte 

compound solutions in DMF between -2.10 V and +0.50 V or +0.80 V at ν = 100 mV s-1.  

Compounds 1b through 4b are displayed in Figure 26.   

 

 

Figure 26.  Electrochemistry of 1b through 4b. 

In order to determine the electron affinity of the salpen ethylhexylnaphthalimide 

materials, the electrochemical properties were also investigated.  The ligand (4b) shows a 

reversible reduction wave with E1/2 = -1.86 V (Figure 27).  Cyclic voltammetry of 5b 

illustrates a slight shift of the reversible reduction to E1/2 = -1.96 V and displays good 

overlap between the metal and ligand reduction potentials.  Complex 6b overlaps more 

than predicted with a peak at -2.06 V that is associated with the reduction of copper from 
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Cu (II) to Cu (I) while the ligand redox couple displays a shift to E1/2 = -1.78 V.  The 

cobalt complex 7b shows two well separated redox couples.  One that is ligand based at 

E1/2 = -1.97 V and that is metal based at -0.87 V corresponding to the Co (II/I) redox 

couple. 

 

Figure 27.  Cyclic voltammograms of compounds 4b-7b. 
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The electron affinity (EA, LUMO level) of 4b-7b, estimated from the onset of 

reduction potential by converting to SCE and taking the SCE energy level to be -4.8 eV 

related to the vacuum level (EA = Eonset red + 4.8), are 3.15 eV, 3.10 eV, 3.26 eV and 3.07 

eV, respectively.24  These electron affinity values are also comparable with F16CuPc 

values but are lower than the value reported for PTCDI-C8.  HOMO and LUMO levels 

were calculated from onset of oxidation and reduction in the electrochemical data for 

complexes 4b-7b with respect to the vacuum level (Table 6).24  The calculated band gaps 

for 4b-7b are 2.14 eV, 1.63 eV, 0.91 eV and 1.25 eV, respectively. 

Table 6.  λmax values, solution reduction potentials, derived LUMO and HOMO energies, 
and band gap analysis for 4b-7b. 

 λmax
a E1/2 (red.)b ELUMO

c EHOMO
c Band Gapc 

4b 229, 371 -1.76 -3.15 -5.29 2.14 

5b 237, 427 -1.78 -3.10 -4.73 1.63 

6b 236, 412 -1.55 -3.26 -4.17 0.91 

7b 240, 433 -1.77 -3.07 -4.32 1.25 

[a] nm [b] V versus Fc/Fc+  [c] eV versus vacuum   

 

The electronic absorption spectra of 1c-7c have been studied in dichloromethane 

(DCM) at room temperature.  The λmax values for 4c-7c are displayed in Table 7.  The 

absorption spectra of 1c-4c display two broad bands from 224 to 285 nm and from 300 to 

407 nm (Figure 28).   The absorption maxima (λmax = ~ 240 nm) of 1c-4c are attributed to 

a π→π* transition of the salicylaldehyde moiety and the second displayed absorption 

maxima (λmax = ~ 360 nm) are attributed to a π→π* transition of the naphthalimide 

moiety.17,18  The absorption spectra of 5c-7c display three broad bands: from 225 to 315 
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nm, from 310-365 nm, and from 366 to 499 nm (Figure 28).  The two higher energy 

absorption maxima (λmax = ~236 nm and ~350 nm) of 5c-7c are again attributed to π→π* 

transitions from the salpen and naphthalimide moieties, respectively, while the new lower 

energy absorption maxima displayed (λmax = ~ 414 nm) are attributed to M→L charge 

transfer (MLCT) transitions.19  

 

 

Figure 28.  UV-Vis absorption spectra of 1c-7c in DCM at room temperature. 

Electrochemical studies of the solutions were performed from ~ 0.1 M analyte 

compound solutions in DMF between -2.10 V and +0.50 V or +0.80 V at ν = 100 mV s-1.  

Compounds 1c through 4c are displayed in Figure 29.   
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Figure 29.  Electrochemistry of 1c through 4c. 

In order to determine the electron affinity of the salpen decanenaphthalimide 

materials, the electrochemical properties were also investigated.  The ligand (4c) shows a 

reversible reduction wave with E1/2 = -1.95 V (Figure 30).  Cyclic voltammetry of 5c 

illustrates a slight shift of the reversible reduction to E1/2 = -1.98 V and displays good 

overlap between the metal and ligand reduction potentials.  Complex 6c overlaps more 

than predicted with a peak at -2.04 V that is associated with the reduction of copper from 

Cu (II) to Cu (I) while the ligand redox couple displays a shift to E1/2 = -1.75 V.  The 

cobalt complex 7c shows two well separated redox couples.  One that is ligand based at 

E1/2 = -1.97 V and that is metal based at -0.87 V corresponding to the Co (II/I) redox 

couple. 
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Figure 30.  Cyclic voltammograms of compounds 4c-7c. 
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The electron affinity (EA, LUMO level) of 4c-7c, estimated from the onset of 

reduction potential by converting to SCE and taking the SCE energy level to be -4.8 eV 

related to the vacuum level (EA = Eonset red + 4.8), are 3.08 eV, 3.06 eV, 3.29 eV and 3.07 

eV, respectively.24  These electron affinity values are also comparable with F16CuPc 

values but are lower than the value reported for PTCDI-C8.  HOMO and LUMO levels 

were calculated from onset of oxidation and reduction in the electrochemical data for 

complexes 4c-7c with respect to the vacuum level (Table 6).24  The calculated band gaps 

for 4c-7c are 1.42 eV, 1.44 eV, 1.10 eV and 1.20 eV, respectively. 

Table 7.  λmax values, solution reduction potentials, derived LUMO and HOMO energies, 
and band gap analysis for 4c-7c. 

 λmax
a E1/2 (red.)b ELUMO

c EHOMO
c Band Gapc 

4c 232, 370 -1.95 -3.08 -4.51 1.42 
5c 236, 419 -1.98 -3.06 -4.50 1.44 
6c 236, 411 -2.04 -3.29 -4.39 1.10 
7c 236, 408 -1.97 -3.07 -4.27 1.20 

[a] nm [b] V versus Fc/Fc+  [c] eV versus vacuum   

 

II-3.  CONCLUSIONS 

In summary, we have synthesized and characterized a series of metal-containing 

perylene diimide analogues and fully investigated their electrochemical behavior. These 

complexes exhibit electron affinities comparable to n-type materials currently used in 

OTFT fabrication, such as F16CuPc.  With further investigation and manipulation of the 

ligand structure in the future, we plan to try and tune the electronics of this potential new 

class of hybrid semiconductor to improve upon the obtained electron affinities. 
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II-4.  EXPERIMENTAL SECTION 

Air- and moisture-sensitive reactions were carried out in heat gun-dried glassware 

using standard Schlenk techniques under an inert atmosphere of dry nitrogen.  Dry DMF 

was used from EMD as sure-seal bottles.  Boron tribromide (1.0 M solution in CH2Cl2) 

and 4-bromo-1,8-naphthalic anhydride were obtained from Aldrich.  3-formyl-4-

methoxybenzeneboronic acid was purchased from Alfa Aesar.  Trans-dichloro-

bis(triphenylphosphine)palladium(II) was obtained from Strem.  Dry solvents were 

obtained from an Innovative Technologies Pure-Solve 400 solvent purification system. 

All other chemicals were used as received from commercial suppliers.  NMR spectra 

were recorded with a Varian Unity +300 and were referenced to the residual solvent 

peaks.  All peak positions are listed in ppm and coupling constants are listed in Hertz 

(Hz).  Mass spectrometry was carried out using a Thermo Finngan TSQ 700 

spectrometer.  Elemental analysis was performed by QTI, Whitehouse, NJ 

(www.qtionline.com).   

For crystal structure determination of 5a, a suitable crystal was mounted on a 

glass fiber and placed in the low-temperature nitrogen stream.  The data was collected on 

a Nonius Kappa CCD diffractometer using a graphite monochromator with MoKα 

radiation (λ= 0.71073 Å).  Data reduction was performed using DENZO-SMN.26  The 

structure was solved by direction methods using SIR97 and refined by full-matrix least-

squares of F2 with anisotropic displacement parameters for the non-H atoms using 

SHELXL-97.27 

For crystal structure determination of 6a, the data were collected on a Rigaku 

AFC12 diffractometer with a Saturn 724+ CCD using a graphite monochromator with 

MoKα radiation (λ = 0.71073Å).  A total of 360 frames of data were collected using ω-
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scans with a scan range of 1° and a counting time of 75 seconds per frame.  The data 

were collected at 100 K using a Rigaku XStream low temperature device.  Details of 

crystal data, data collection and structure refinement are listed in Table 1.  Data reduction 

were performed using the Rigaku Americas Corporation’s Crystal Clear version 1.40.28  

The structure was solved by direct methods using SIR9729 and refined by full-matrix 

least-squares on F2 with anisotropic displacement parameters for the non-H atoms using 

SHELXL-97.30  The absolute configuration was assigned by internal comparison to the 

known absolute configuration of selected portions of the molecule.  The hydrogen atoms 

on carbon were calculated in ideal positions with isotropic displacement parameters set to 

1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms).  The function, 

Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0528*P)2 + (0.685*P)] and 

P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.107, with R(F) equal to 0.0459 and a goodness 

of fit, S, = 1.04.  Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, 

are given below.31  The data were checked for secondary extinction effects but no 

correction was necessary.  Neutral atom scattering factors and values used to calculate the 

linear absorption coefficient are from the International Tables for X-ray Crystallography 

(1992).32  All figures were generated using SHELXTL/PC.33  Tables of positional and 

thermal parameters, bond lengths and angles, torsion angles and figures are found 

elsewhere.   
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II-4-1.   6-bromo-2-isobutyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (1a):   

4-Bromo-1,8-naphthalic anhydride (1.0058 g, 3.6 mmol), 2-methylpropan-1-

amine (0.75 mL, 7.6 mmol), and toluene (80 mL) were combined in a round bottom flask 

and refluxed overnight. After evaporation of volatile material under reduced pressure, the 

crude material was subjected to silica gel chromatography (3:2 CH2Cl2/hexanes). The 

pure material was collected and dried under vacuum to afford a pale yellow solid. Yield: 

1.0250 g, 85%. mp 131.3-132.9 oC.  1H NMR (300 MHz, CDCl3):  8.53 (d, 1H, J = 8.5), 

8.49 (d, 1H, J = 7.5), 8.38 (d, 1H, J = 8.1), 8.01 (d, 1H, J = 8.1), 7.82 (dd, 1H, J = 7.8, J 

= 8.1), 4.01 (d, 2H, J = 7.5), 2.21 (pseudo-pseudo-sept, 1H, J = 6.9), 0.96 (d, 6H, J = 

6.9).  13C{1H} NMR (75 MHz, CDCl3):  163.9, 133.1, 132.1, 131.2, 131.0 130.6, 130.1, 

128.0, 123.1, 122.2, 47.3, 27.3, 20.3. HRMS (CI+): calcd for C16H14NO2Br m/z 332.0280 

([M + H]+), found 332.0286.  UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)):  239(37,500), 

343(13,400), 358(11,600).  FTIR (powder, ATR, cm-1):  2973-2819 (aliphatic C-H); 

1694, 1658 (C=O); 1569, 1398 (C-N).  Elemental anal. calcd. for C16H14NO2Br: C, 

57.85; H, 4.25; N, 4.22; found C, 57.68; H, 4.14; N, 4.16. 
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II-4-2.  5-(2-isobutyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)-2-
methoxybenzaldehyde (2a):   

In a dry shlenk flask under nitrogen, 3-formyl-4-methoxybenzeneboronic acid 

(0.6690 g, 3.7 mmol), Na2CO3 (0.8583 g, 8.1 mmol), and 1 (1.0747 g, 3.2 mmol) were 

dissolved in dry DMF (120 mL).   Trans-dichlorobis(triphenylphosphine)palladium(II) 

(0.1165 g, 0.166 mmol) was added and the reaction mixture was heated at 90 oC 

overnight. After completion, the reaction mixture was added to CH2Cl2 and washed with 

dilute KOH(aq), water and brine. The separated organic phase was dried with MgSO4 and 

evaporated to give the crude residue.  After evaporation of volatile material under 

reduced pressure, the crude material was subjected to silica gel chromatography (1:1 

ethyl acetate/hexanes).  The pure material was collected and dried under vacuum to 

afford a light yellow solid.  Yield:  0.8642 g, 69%.  mp 177.5-178.8 oC.  1H NMR (300 

MHz, CDCl3):  10.56 (s, 1H), 8.61 (d, 2H, J = 8.6), 8.18 (d, 1H, J = 8.7), 7.98 (s, 1H), 

7.68 (m, 3H), 7.18 (d, 1H, J = 8.7), 4.05 (m, 5H), 2.25 (pseudo-sept, 1H, J = 6.9) 0.98 (d, 

6H, J = 6.6).  13C{1H} NMR (75 MHz, CDCl3):  189.3, 164.5, 164.3, 161.9, 145.0, 137.1, 

132.0, 131.3, 130.9, 129.9 129.7, 127.9, 127.0, 124.8, 123.0, 121.9, 112.1, 56.0, 47.2, 

27.4, 20.3. HRMS (CI+): calcd for C24H21NO4 m/z 387.1465 ([M + H]+), found 387.1471. 

UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)):  228(40,300), 242(45,900), 358(19,500).  FTIR 

(powder, ATR, cm-1):  2991-2769 (aliphatic C-H); 1698, 1652 (C=O); 1685 (C-O); 1587, 

1395 (C-N).   Elemental anal. calcd. for C24H21NO4: C, 74.40; H, 5.46; N, 3.62; found C, 

73.76; H, 4.99; N, 3.56. 
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II-4-3.  2-hydroxy-5-(2-isobutyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-
yl)benzaldehyde (3a):   

In a dry shlenk flask under nitrogen, 2 (0.6241 g, 1.6 mmol) was dissolved in dry  

CH2Cl2 (100 mL) and cooled to -78 oC.  Boron tribromide (4.8 mL of a 1.0 M solution in 

CH2Cl2) was added dropwise with stirring to the solution and the reaction mixture was 

left to warm to room temperature overnight.  After completion, the reaction mixture was 

washed with H2O (3 times).  The separated organic phase was dried with MgSO4 and 

evaporated to give the crude residue.  The crude material was subjected to silica gel 

chromatography (CH2Cl2). The pure material was collected and dried under vacuum to 

afford a pale yellow solid.  Yield:  0.4274 g, 71%. mp 189.4-189.6 oC.  1H NMR (300 

MHz, CDCl3):  11.16 (s, 1H), 9.98 (s, 1H), 8.63 (d, 2H, J = 7.5), 8.19 (d, 1H, J = 8.4), 

7.69 (m, 4H), 7.18 (d, 1H, J = 8.4), 4.06 (d, 2H, J = 7.2), 2.25 (pseudo-sept, 1H, J = 6.9), 

0.99 (d, 6H, J = 6.6).  13C{1H} NMR (75 MHz, CDCl3):  196.3, 164.4, 164.2, 161.7, 

144.6, 138.1, 134.6, 131.8, 131.3, 130.8, 130.5, 129.9, 128.7, 127.8, 127.1, 123.0, 122.0, 

120.6, 118.2, 47.2, 27.3, 20.3. HRMS (CI+): calcd for C23H20NO4 m/z 374.1399 ([M + 

H]+), found 374.1392. UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)):  225(46,500), 242(49,300), 

356(21,300).  FTIR (powder, ATR, cm-1):  2979-2829 (aliphatic C-H); 1698, 1651, 

(C=O); 1377 (C-N).  Elemental anal. calcd. for C23H20NO4: C, 73.98; H, 5.13; N, 3.75; 

found C, 73.73; H, 4.89; N, 3.72. 
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II-4-4.  6,6'-(3,3'-(1E,1'E)-(2,2-dimethylpropane-1,3-diyl)bis(azan-1-yl-1-
ylidene)bis(methan-1-yl-1-ylidene)bis(4-hydroxy-3,1-phenylene))bis(2-isobutyl-1H-
benzo[de]isoquinoline-1,3(2H)-dione) (4a):   

In a round bottom flask, 3 (0.3249 g, 0.95 mmol) was dissolved in the minimal 

amount of ethanol (80 mL) at 70 oC. Once completely dissolved, a solution of 2,2-

dimethylpropane-1,3-diamine (0.049 g, 0.48 mmol) in ethanol (2 mL) was added 

dropwise and the reaction mixture was left to stir for 3 hrs.  After completion, the 

reaction mixture was gravity filtered hot and rinsed with ethanol.  The residual solid was 

dissolved in CH2Cl2, collected in a round bottom and the volatile material was evaporated 

under reduced pressure to yield a bright yellow solid. Yield: 0.0811 g, 76%.  mp 199.1-

199.5 oC.  1H NMR (300 MHz, CDCl3):  13.82 (s, 2H), 8.59 (dd, 4H, J = 7.2, J = 7.5), 

8.45 (s, 2H), 8.25 (d, 2H, J = 8.4), 7.66 (m, 4H), 7.45 (m, 4H), 7.13 (d, 2H, J = 8.4), 4.05 

(d, 4H, J = 7.2), 3.58 (s, 4H), 2.25 (pseudo-sept, 2H, J = 6.9), 1.13 (s, 6H), 0.98 (d, 12H, 

J = 6.6).  13C{1H} NMR (75 MHz, CDCl3):  165.4, 164.5, 164.3, 161.6, 145.8, 133.8, 

132.6, 132.2, 131.2, 130.8, 123.0, 129.2, 128.7, 127.6, 126.8, 122.9, 121.5, 118.7, 117.5, 

68.1, 47.1, 36.4, 27.3, 24.4, 20.3. HRMS (CI+): calcd for C51H48N4O6 m/z 813.3644 ([M 

+ H]+), found 813.3652.  UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)):  228(48,100), 

367(15,700). FTIR (powder, ATR, cm-1):  2995-2787 (aliphatic C-H); 1701, 1651 (C=O); 

1635 (H-C=N) 1589, 1391 (C-N).   Elemental anal. calcd. for 4 . H2O:  C51H50N4O7:  C, 

73.71; H, 6.06; N, 6.74; found C, 73.70; H, 5.95; N, 6.65. 
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II-4-5.  Preparation of metal complexes.   

The complexes were synthesized using a general procedure described below.  A 

solution of metal acetate (0.1365 mmol) in ethanol (15 mL) was added to a 70 oC solution 

of 4 (0.1021 g, 0.13 mmol) in 1:1 CH2Cl2/ethanol (50 mL).  The solution was heated to 

reflux for 48 hrs.  After completion, the reaction mixture was gravity filtered hot and 

rinsed with ethanol.  The residual solid was dissolved in CH2Cl2, collected in a round 

bottom and the volatile material was evaporated under reduced pressure.  The solid was 

purified further by suspending the metal complex in hot ethanol (50 mL) and then hot 

gravity filtration to remove impurities.  The residual solid was further rinsed with ethanol 

and then dissolved in CH2Cl2, collected in a round bottom and the volatile material was 

evaporated under reduced pressure. 

 

 

II-4-6.  Nickel Isobutylnaphthalimide Complex (5a):   

Prepared according to general procedure using nickel acetate tetrahydrate (0.0340 

g).  After purification, a greenish-orange solid was obtained. Yield:  0.0666 g, 61%.  A 

single crystal suitable for X-ray diffraction was grown by dissolving 5 in a small amount 

of DMF and allowing slow evaporation in air.  dec: 347.6 oC. 1H NMR (300 MHz, 

CD2Cl2):  8.56 (dd, 4H, J = 7.9, J = 7.5), 8.35 (d, 2H, J = 8.4), 7.68 (m, 4H), 7.40 (d, 2H, 

J = 8.7), 7.30 (s, 4H), 7.06 (d, 2H, J = 8.7), 4.05 (d, 4H, J = 7.2), 3.40 (s, 4H), 2.23 

(pseudo-sept, 4H, J = 6.9), 0.98 (m, 18H).  HRMS (CI+): calcd for C51H46N4NiO6 m/z 
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869.2844 ([M + H]+), found 869.2844.  UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)): 

 235(109,000), 266(74,900) 346(28,500), 423(39,651).  FTIR (film on KBr disk, cm-1): 

 2968-2787 (aliphatic C-H); 1698, 1658 (C=O); 1615 (H-C=N); 1585, 1392 (C-N). 

 Elemental anal. calcd. for 5  • CH3CH2OH:  C53H52N4NiO7: C, 69.52; H, 5.72; N, 6.12; 

found C, 69.02; H, 5.64; N, 6.02. 

 

 

II-4-7.  Copper Isobutylnaphthalimide Complex (6a):  

Prepared according to general procedure using anhydrous copper acetate (0.0248 

g).  After purification, a green solid was obtained.  Yield: 0.0802 g, 73%.  dec: 305.2 oC.  

HRMS (CI+): calcd for C51H46N4CuO6 m/z 874.2795 ([M + H]+), found 874.2786.  UV-

Vis (CH2Cl2, λ, nm (ε, M-1 cm-1):  234(92,100), 345(18,400) 405(35,300).  FTIR (film on 

KBr disk, cm-1):  2941-2692 (aliphatic C-H); 1698, 1657 (C=O); 1652 (H-C=N); 1585, 

1377 (C-N).  Elemental anal. calcd. for 6 • H2O/CH3CH2OH: C53H54N4CuO8: C, 67.52; 

H, 5.80; N, 5.97; found C, 67.63; H, 5.13; N, 6.04. 
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II-4-8.  Cobalt Isobutylnaphthalimide Complex (7a):   

Prepared according to general procedure using cobalt acetate tetrahydrate (0.0340 

g).  After purification, a brownish-yellow solid was obtained.  Yield: 0.0678 g, 62%. dec: 

325.6 oC.  HRMS (CI+): calcd for C51H46N4CoO6 m/z 870.2828 ([M + H]+), found 

870.2813.  UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)):  234(74,700), 345(18,200) 

404(24,700). FTIR (film on KBr disk, cm-1):  2941-2734 (aliphatic C-H); 1700, 1655 

(C=O); 1617 (H-C=N); 1378 (C-N).  Elemental anal. calcd. for 7 • CH2Cl2: 

C52H48N4CoO6Cl2: C, 65.41; H, 5.07; N, 5.87; found C, 65.50; H, 5.56; N, 5.39. 

 

 

II-4-9.  6-bromo-2-(2-ethylhexyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (1b):  

 4-Bromo-1,8-naphthalic anhydride (2.507 g, 9.0 mmol), 2-ethylhexan-1-amine 

(2.362 g, 18.3 mmol), and toluene (80 mL) were combined in a round bottom flask and 

refluxed overnight. After evaporation of volatile material under reduced pressure, the 

crude material was subjected to silica gel chromatography (3:2 CH2Cl2/hexanes). The 

pure material was collected and dried under vacuum to afford a pale yellow solid. Yield: 
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2.951 g, 84%. mp 83.9-84.2 oC.  1H NMR (300 MHz, CDCl3):  8.55 (d, 1H, J = 6.7), 8.55 

(d, 1H, J = 8.5), 8.30 (d, 1H, J = 7.8), 7.93 (d, 1H, J = 7.9), 7.75 (t, 1H, J = 7.9), 4.04 (t, 

2H, J = 6.4), 1.83 (hept, 1H, J = 6.0), 1.31 (m, 8H), 0.85 (m, 6H) .  13C NMR (75 MHz, 

CDCl3):  163.8, 132.9, 131.9, 131.1, 130.9, 130.4, 129.9, 128.8, 127.9, 123.0, 122.1, 

44.2, 37.8, 30.7, 28.6, 24.0, 23.9, 14.0, 10.6. HRMS (CI+): calcd for C20H22NO2Br m/z 

387.0834 ([M + H]+), found 387.0825 ([M + H]+).  UV-Vis (CH2Cl2, λ(ε)):  240(42,800), 

343(16,300), 358(14,100). FTIR (powder, ATR, cm-1):  2954, 2922, 2848 (aliphatic C-

H); 1701, 1653 (C=O); 1589 (C-N).  Elemental anal. calcd. for C20H22NO2Br: C, 61.86; 

H, 5.71; N, 3.61; found C, 61.80; H, 5.74; N, 3.59. 
 

 

 

II-4-10.  2-methoxy-5-(2-(2-methylheptyl)-1,3-dioxo-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)benzaldehyde (2b):   

In a dry shlenk flask under nitrogen, 3-formyl-4-methoxybenzeneboronic acid 

(1.719 g, 9.6 mmol), Na2CO3 (2.106 g, 19.9 mmol), and 1b (3.077 g, 7.9 mmol) were 

dissolved in dry DMF (120 mL).  Trans-dichlorobis-(triphenylphosphine)palladium(II) 

(0.259 g, 0.37 mmol) was added and the reaction mixture was heated at 90 oC overnight. 

After completion, the reaction mixture was added to CH2Cl2 and washed with dilute 

KOH(aq), water and brine. The separated organic phase was dried with MgSO4 and 

evaporated to give the crude residue.  After evaporation of volatile material under 

reduced pressure, the crude material was subjected to silica gel chromatography (1:1 
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ethyl acetate/hexanes).  The pure material was collected and dried under vacuum to 

afford a light peach-colored solid.  Yield:  1.279 g, 36%.  mp 140.0-141.5 oC.  1H NMR 

(300 MHz, CDCl3):  10.53 (s, 1H), 8.58 (d, 2H, J = 7.2), 8.15 (d, 1H, J = 8.4), 7.95 (d, 

1H, J = 2.1), 7.66 (m, 3H), 7.17 (d, 1H, J = 8.7), 4.10 (t, 2H, J = 6.3), 4.06 (s, 3H), 1.93 

(hept, 1H, J = 6.6) 1.32 (m, 8H), 0.88 (m, 6H).  13C{1H} NMR (75 MHz, CDCl3):  189.2, 

164.5, 164.3, 161.8, 145.0, 137.0, 131.9, 131.2, 130.7, 129.8, 129.7, 128.7, 127.8, 127.0, 

124.8, 123.0, 122.0, 112.1, 55.9, 44.1, 37.9, 30.7, 29.9, 28.7, 24.0, 23.0, 14.0, 10.6.  

HRMS (CI+): calcd for C28H30NO4 m/z 444.2175 ([M + H]+), found 444.2183 ([M + H]+). 

 UV-Vis (CH2Cl2, λ(ε)):  228(34,500), 243(41,600), 358(17,700).  FTIR (powder, ATR, 

cm-1):  2956, 2954, 2846 (aliphatic C-H); 1693, 1655 (C=O); 1589 (C-N).   Elemental 

anal. calcd. for C28H30NO4: C, 75.82; H, 6.59; N, 3.16; found C, 75.50; H, 6.52; N, 3.16. 
 

 

II-4-11.  5-(2-(2-ethylheptyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)-2-
hydroxy-benzaldehyde (3b):   

In a dry shlenk flask under nitrogen, 2b (1.091 g, 2.4 mmol) was dissolved in dry  

CH2Cl2 (100 mL) and cooled to -78 oC.  Boron tribromide (7.4 mL of a 1.0 M solution in 

CH2Cl2) was added dropwise with stirring to the solution and the reaction mixture was 

left to warm to room temperature overnight.  After completion, the reaction mixture was 

washed with H2O (3 times).  The separated organic phase was dried with MgSO4 and 

evaporated to give the crude residue.  The crude material was subjected to silica gel 
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chromatography (CH2Cl2). The pure material was collected and dried under vacuum to 

afford a light yellow-grey solid.  Yield:  0.856 g, 81%. mp 146.4-147.8 oC.  1H NMR 

(300 MHz, CDCl3):  11.14 (s, 1H), 9.97 (s, 1H), 8.59 (d, 2H, J = 7.8), 8.17 (d, 1H, J = 

8.4), 7.68 (m, 4H), 7.16 (d, 1H, J = 8.4), 4.08 (d, 2H, J = 6.4), 1.92 (hept, 1H, J = 6.1), 

1.33 (m, 8H), 0.87 (m, 6H).  13C{1H} NMR (75 MHz, CDCl3):  196.3, 164.4, 164.2, 

161.7, 144.5, 138.1, 134.6, 131.7, 131.3, 130.7, 130.5, 129.9, 128.7, 127.8, 127.1, 123.0, 

122.0, 120.6, 118.2, 44.1, 37.8, 30.7, 28.6, 24.0, 23.0, 14.0, 10.6. HRMS (CI+): calcd for 

C27H28NO4 m/z 430.2018 ([M + H]+), found 430.2015 ([M + H]+).  UV-Vis (CH2Cl2, 

λ(ε)):  230(32,900), 242(40,200), 356(17,200).  FTIR (powder, ATR, cm-1):  2954, 2918, 

2846 (aliphatic C-H); 1701, 1651, (C=O); 1589 (C-N).  Elemental anal. calcd. for 

C27H28NO4: C, 75.50; H, 6.34; N, 3.26; found C, 75.42; H, 6.42; N, 3.42. 
 

 

II-4-12.  6,6'-(3,3'-(1E,1'E)-(2,2-dimethylpropane-1,3-diyl)bis(azan-1-yl-1-
ylidene)bis(methan-1-yl-1-ylidene)bis(4-hydroxy-3,1-phenylene))bis(2-(2-
ethylhexyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione) (4b):   

In a round bottom flask, 3b (0.683 g, 1.59 mmol) was dissolved in the minimal 

amount of ethanol (80 mL) at 70 oC. Once completely dissolved, a solution of 2,2-

dimethylpropane-1,3-diamine (0.075 g, 0.73 mmol) in ethanol (2 mL) was added 

dropwise and the reaction mixture was left to stir for 3 hrs.  After completion, the 

reaction mixture was gravity filtered hot and rinsed with ethanol.  The residual solid was 

dissolved in CH2Cl2, collected in a round bottom and the volatile material was evaporated 
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under reduced pressure to yield a bright yellow solid. Yield: 0.516 g, 76%.  mp 193.4-

194.3oC.  1H NMR (300 MHz, CDCl3):  13.80 (s, 2H), 8.46 (d, 6H, J = 7.8), 8.17 (d, 2H, 

J = 8.4), 7.57 (t, 4H, J = 8.8), 7.39 (s, 4H), 7.07 (d, 4H, J = 9.0), 4.01 (t, 4H, J = 6.4), 

3.55 (s, 4H), 1.87 (sept, 4H, J = 5.7), 1.24 (m, 16H), 1.11 (s, 6H), 0.83 (m, 12H).  
13C{1H} NMR (75 MHz, CDCl3):  165.4, 164.2, 164.0, 161.5, 145.5, 133.7, 132.5, 132.0, 

130.9, 130.5, 129.7, 128.9, 128.4, 127.5, 126.6, 122.7, 121.2, 118.5, 117.4, 68.0, 43.9, 

37.7, 36.2, 30.5, 28.5, 24.2, 23.8, 22.9, 13.9, 10.5. HRMS (CI+): calcd for C59H64N4O6 

m/z 924.4826 ([M + H]+), found 924.4818 ([M + H]+).  UV-Vis (CH2Cl2, λ(ε)): 

 229(98,100), 366(33,800). FTIR (powder, ATR, cm-1):  2954, 2915, 2855 (aliphatic C-

H); 1701, 1654 (C=O); 1633 (H-C=N) 1589 (C-N).   Elemental anal. calcd. for 

C59H64N4O7:  C, 76.31; H, 6.74; N, 6.25; found C, 76.68; H, 7.14; N, 6.06. 

 

II-4-13.  Preparation of metal complexes.   

The complexes were synthesized using a general procedure described below.  A 

solution of metal acetate (0.067 mmol) in ethanol (15 mL) was added to a 70 oC solution 

of 4b (0.060 g, 0.065 mmol) in 1:1 CH2Cl2/ethanol (50 mL).  The solution was heated to 

reflux for 48 hrs.  After completion, the reaction mixture was gravity filtered hot and 

rinsed with ethanol.  The residual solid was dissolved in CH2Cl2, collected in a round 

bottom and the volatile material was evaporated under reduced pressure.  The solid was 

purified further by suspending the metal complex in hot ethanol (50 mL) and then hot 

gravity filtration to remove impurities.  The residual solid was further rinsed with ethanol 

and then dissolved in CH2Cl2, collected in a round bottom and the volatile material was 

evaporated under reduced pressure. 
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II-4-14.  Nickel Ethylhexylnaphthalimide Complex (5b):   

Prepared according to general procedure using nickel acetate tetrahydrate (0.017 

g).  After purification, a yellow-green solid was obtained. Yield:  0.023 g, 37%.  dec: 

150.0oC. 1H NMR (300 MHz, CD2Cl2):  8.51 (d, 2H,  J = 7.2), 8.42 (d, 2H, J = 7.5), 8.26 

(d, 2H, J = 8.4), 7.62 (d, 2H, J = 7.5), 7.55 (d, 2H, J = 7.5),  7.37 (d, 2H, J = 7.2), 7.19 

(s, 2H), 7.02 (d, 2H, J = 8.7), 4.10 (t, 4H, J = 6.4), 3.50 (s, 4H), 1.92 (sept, 2H, J = 6.0), 

1.35 (m, 16H), 1.01 (s, 6H),  0.90 (m, 12H).  HRMS (CI+): calcd for C59H63N4NiO6 m/z 

981.4104 ([M + H]+), found 981.4096 ([M + H]+).  UV-Vis (CH2Cl2, λ(ε)):  236(67,400), 

266(48,200) 348(21,300), 421(29,100).  FTIR (powder, ATR, cm-1):  2931, 2924, 2855 

(aliphatic C-H); 1697, 1655 (C=O); 1618 (H-C=N); 1585(C-N).  Elemental anal. calcd. 

for 5b • C6H4Cl2:  C65H66Cl2N4NiO6: C, 69.16; H, 5.89; N, 4.96; found C, 69.42; H, 5.97; 

N, 5.39. 
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II-4-15.  Copper Ethylhexylnaphthalimide Complex (6b):  

Prepared according to general procedure using anhydrous copper acetate (0.012 

g).  After purification, a green solid was obtained.  Yield: 0.043 g, 67%.  dec: 169.4 oC.  

HRMS (CI+): calcd for C59H63N4CuO6 m/z 986.4049 ([M + H]+), found 986.4038 ([M + 

H]+).  UV-Vis (CH2Cl2, λ(ε)):  235(75,800), 345(15,000) 405(30,900).  FTIR (powder, 

ATR, cm-1):  2951, 2918, 2850 (aliphatic C-H); 1697, 1657 (C=O); 1620 (H-C=N); 1587 

(C-N).  Elemental anal. calcd. for 6b • CH2Cl2: C60H64Cl2CuN4O8: C, 67.25; H, 6.02; N, 

5.23; found C, 67.34; H, 5.46; N, 5.05. 

 

II-4-16.  Cobalt Ethylhexylnaphthalimide Complex (7b):   

Prepared according to general procedure using cobalt acetate tetrahydrate (0.017 

g).  After purification, a mustard yellow solid was obtained.  Yield: 0.040 g, 63%. dec: 

165.8 oC.  HRMS (CI+): calcd for C59H63N4CoO6 m/z 982.4080 ([M + H]+), found 

982.4067 ([M + H]+).  UV-Vis (CH2Cl2, λ(ε)):  237(22,000), 351(17,400) 428(20,500). 

FTIR (powder, ATR, cm-1):  2953, 2922, 2858 (aliphatic C-H); 1697, 1654 (C=O); 1618 
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(H-C=N); 1587 (C-N).  Elemental anal. calcd. for 7b • CH2Cl2/C2H5OH: 

C62H70Cl2CoN4O7: C, 66.90; H, 6.34; N, 5.03; found C, 66.35; H, 5.91; N, 4.92. 

 

 

II-4-17.  6-bromo-2-decyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (1c):   

4-Bromo-1,8-naphthalic anhydride (2.306 g, 8.3 mmol), decan-1-amine (2.663 g, 

16.9 mmol), and toluene (80 mL) were combined in a round bottom flask and refluxed 

overnight. After evaporation of volatile material under reduced pressure, the crude 

material was subjected to silica gel chromatography (3:2 CH2Cl2/hexanes). The pure 

material was collected and dried under vacuum to afford a pale yellow solid. Yield: 2.357 

g, 68%. mp 70.1-71.9 oC.  1H NMR (300 MHz, CDCl3):  8.52 (d, 1H, J = 6.9), 8.42 (d, 

1H, J = 8.7), 8.29 (d, 1H, J = 7.8), 7.92 (d, 1H, J = 7.8), 7.74 (t, 1H, J = 7.7), 4.10 (t, 2H, 

J = 7.6), 1.68 (pent, 2H, J = 7.6), 1.28 (m, 14H), 0.83 (t, 3H, J = 6.7) .  13C NMR (75 

MHz, CDCl3):  163.4, 132.9, 131.8, 131.0, 130.9, 130.4, 123.0, 128.8, 127.9, 123.0, 

122.2, 40.6, 31.8, 29.5, 29.3, 29.2, 28.0, 27.1, 22.6, 14.0. HRMS (CI+): calcd for 

C22H26NO2Br m/z 415.1147 ([M + H]+), found 415.1140 ([M + H]+).  UV-Vis (CH2Cl2, 

λ(ε)):  239(44,500), 343(16,702), 358(14,600).  FTIR (powder, ATR, cm-1):  2920, 2848 

(aliphatic C-H); 1701, 1647 (C=O); 1571 (C-N).  Elemental anal. calcd. for 

C22H26NO2Br: C, 63.46; H, 6.29; N, 3.36; found C, 63.41; H, 6.15; N, 3.32. 
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II-4-18.  5-(2-decyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)-2-
methoxybenzaldehyde (2c):   

In a dry shlenk flask under nitrogen, 3-formyl-4-methoxybenzeneboronic acid 

(1.379 g, 7.7 mmol), Na2CO3 (1.695 g, 16.0 mmol), and 1c (2.658 g, 6.4 mmol) were 

dissolved in dry DMF (120 mL).  Trans-dichlorobis-(triphenylphosphine)palladium(II) 

(0.209 g, 0.30 mmol) was added and the reaction mixture was heated at 90 oC overnight. 

After completion, the reaction mixture was added to CH2Cl2 and washed with dilute 

KOH(aq), water and brine. The separated organic phase was dried with MgSO4 and 

evaporated to give the crude residue.  After evaporation of volatile material under 

reduced pressure, the crude material was subjected to silica gel chromatography (1:1 

ethyl acetate/hexanes).  The pure material was collected and dried under vacuum to 

afford a light yellow solid.  Yield:  1.415 g, 47%.  mp 154.5-156.6 oC.  1H NMR (300 

MHz, CDCl3):  10.55 (s, 1H), 8.60 (d, 2H, J = 6.9), 7.95 (d, 1H, J = 8.0), 7.97 (s, 1H), 

7.67 (m, 3H), 7.18 (d, 1H, J = 8.7), 4.17 (t, 2H, J = 7.6), 4.04 (s, 3H) 1.73 (pent, 2H, J = 

7.8), 1.23 (m, 14H), 0.85 (t, 3H, J = 6.3).  13C{1H} NMR (75 MHz, CDCl3):  189.0, 

163.9, 163.7, 161.7, 144.9, 137.0, 131.8, 131.1, 131.0, 130.5, 129.5, 127.7, 126.8, 124.7, 

122.8, 121.8, 112.0, 55.9, 40.4, 31.7, 29.4, 29.2, 29.1, 28.0, 27.0, 22.5, 14.0. HRMS 

(CI+): calcd for C30H33NO4 m/z 471.2410 ([M + H]+), found 471.2406 ([M + H]+).  UV-

Vis (CH2Cl2, λ(ε)):  224(43,800), 358(18,900).  FTIR (powder, ATR, cm-1):  2918, 2848 
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(aliphatic C-H); 1684, 1651 (C=O); 1591(C-N).   Elemental anal. calcd. for C30H33NO4: 

C, 76.41; H, 7.05; N, 2.97; found C, 75.85; H, 7.12; N, 2.87. 
 

 

II-4-19.  5-(2-decyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)-2-
hydroxybenzaldehyde (3c):   

In a dry shlenk flask under nitrogen, 2c (1.028 g, 2.2 mmol) was dissolved in dry  

CH2Cl2 (100 mL) and cooled to -78 oC.  Boron tribromide (6.5 mL of a 1.0 M solution in 

CH2Cl2) was added dropwise with stirring to the solution and the reaction mixture was 

left to warm to room temperature overnight.  After completion, the reaction mixture was 

washed with H2O (3 times).  The separated organic phase was dried with MgSO4 and 

evaporated to give the crude residue.  The crude material was subjected to silica gel 

chromatography (CH2Cl2). The pure material was collected and dried under vacuum to 

afford a pale yellow solid.  Yield:  0.678 g, 68%. mp 121.3-122.6 oC.  1H NMR (300 

MHz, CDCl3):  11.16 (s, 1H), 9.98 (s, 1H), 8.62 (d, 2H, J = 7.5), 8.17 (d, 1H, J = 8.5), 

7.68 (m, 4H), 7.17 (d, 1H, J = 8.4), 4.16 (d, 2H, J = 7.5), 1.72 (pent, 2H, J = 7.3), 1.30 

(m, 14H), 0.84 (t, 3H, J = 6.7).  13C{1H} NMR (75 MHz, CDCl3):  196.3, 163.9, 161.7, 

144.6, 138.2, 134.7, 131.8, 131.3, 130.7, 130.6, 129.9, 128.7, 127.8, 127.1, 123.1, 122.1, 

120.6, 118.3, 40.5, 31.8, 29.5, 29.4, 29.2, 28.1, 27.1, 22.6, 14.1. HRMS (CI+): calcd for 

C29H31NO4 m/z 457.2253 ([M + H]+), found 457.2241 ([M + H]+).  UV-Vis (CH2Cl2, 

λ(ε)):  226(33,800), 242(40,300), 356(16,600).  FTIR (powder, ATR, cm-1):  2919, 2850 
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(aliphatic C-H); 16.72, 1655, (C=O); 1589 (C-N).  Elemental anal. calcd. for C29H31NO4: 

C, 76.12; H, 6.83; N, 3.06; found C, 75.85; H, 6.91; N, 3.07. 
 

 

II-4-20.  6,6'-(3,3'-(1E,1'E)-(2,2-dimethylpropane-1,3-diyl)bis(azan-1-yl-1-
ylidene)bis(methan-1-yl-1-ylidene)bis(4-hydroxy-3,1-phenylene))bis(2-decyl-1H-
benzo[de]isoquinoline-1,3(2H)-dione) (4c):   

In a round bottom flask, 3c (0.276 g, 0.60 mmol) was dissolved in the minimal 

amount of ethanol (80 mL) at 70 oC. Once completely dissolved, a solution of 2,2-

dimethylpropane-1,3-diamine (0.029 g, 0.29 mmol) in ethanol (2 mL) was added 

dropwise and the reaction mixture was left to stir for 3 hrs.  After completion, the 

reaction mixture was gravity filtered hot and rinsed with ethanol.  The residual solid was 

dissolved in CH2Cl2, collected in a round bottom and the volatile material was evaporated 

under reduced pressure to yield a bright yellow solid. Yield: 0.2145 g, 76%.  mp 180.9-

182.0oC.  1H NMR (300 MHz, CDCl3):  13.82 (s, 2H), 8.59 (dd, 4H, J = 2.7, J = 3.6), 

8.45 (s, 2H), 8.24 (d, 2H, J = 8.7), 7.66 (m, 4H), 7.45 (m, 4H), 7.13 (d, 2H, J = 8.4), 4.18 

(t, 4H, J = 7.5), 3.58 (s, 4H), 1.73 (m, 4H), 1.30 (m, 28H), 1.13 (s, 6H), 0.85 (t, 6H, J = 

6.4).  13C{1H} NMR (75 MHz, CDCl3):  165.4, 164.1, 163.9, 161.6, 145.7, 133.9, 132.6, 

132.2, 131.0, 130.7, 129.9, 129.2, 128.6, 127.6, 126.7, 122.9, 121.5, 119.7, 117.5, 68.1, 

40.5, 36.3, 31.8, 31.5, 29.5, 29.3, 29.2, 28.0, 27.1, 24.4, 22.6, 22.5, 14.0. HRMS (CI+): 

calcd for C63H72N4O6 m/z 980.5452 ([M + H]+), found 980.5448 ([M + H]+).  UV-Vis 

(CH2Cl2, λ(ε)):  229(97,600), 364(35,200). FTIR (powder, ATR, cm-1):  2919-2848 
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(aliphatic C-H); 1697, 1649 (C=O); 1635 (H-C=N); 1589(C-N).   Elemental anal. calcd. 

for C63H72N4O6:  C, 77.11; H, 7.40; N, 5.71; found C, 75.85; H, 7.41; N, 5.57. 

 

II-4-21.  Preparation of metal complexes.   

The complexes were synthesized using a general procedure described below.  A 

solution of metal acetate (0.065 mmol) in ethanol (15 mL) was added to a 70 oC solution 

of 4c (0.063 g, 0.064 mmol) in 1:1 CH2Cl2/ethanol (50 mL).  The solution was heated to 

reflux for 48 hrs.  After completion, the reaction mixture was gravity filtered hot and 

rinsed with ethanol.  The residual solid was dissolved in CH2Cl2, collected in a round 

bottom and the volatile material was evaporated under reduced pressure.  The solid was 

purified further by suspending the metal complex in hot ethanol (50 mL) and then hot 

gravity filtration to remove impurities.  The residual solid was further rinsed with ethanol 

and then dissolved in CH2Cl2, collected in a round bottom and the volatile material was 

evaporated under reduced pressure. 
 

 

II-4-22.  Nickel Decanenaphthalimide Complex (5c):   

Prepared according to general procedure using nickel acetate tetrahydrate (0.016 

g).  After purification, a greenish-yellow solid was obtained. Yield:  0.017 g, 33%.  dec: 

171.5oC. 1H NMR (300 MHz, CD2Cl2):  8.50 (dd, 4H, J = 7.8, J = 7.5), 8.29 (d, 2H, J = 
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7.8), 7.62 (m, 4H), 7.36 (d, 2H, J = 5.7), 7.24 (s, 4H), 7.04 (d, 2H, J = 9.0), 4.15 (m, 4H), 

3.47 (s, 4H), 1.71 (m, 4H), 1.28 (m, 28H), 1.00 (s, 6H),  0.88 (m, 6H).  HRMS (CI+): 

calcd for C63H71N4NiO6 m/z 1037.4708 ([M + H]+), found 1037.4722 ([M + H]+).  UV-

Vis (CH2Cl2, λ(ε)):  235(160,800), 266(91,800) 348(37,200), 415(53,700).  FTIR 

(powder, ATR, cm-1):  2920, 2850 (aliphatic C-H); 1695, 1655 (C=O); 1630 (H-C=N); 

1585 (C-N). Elemental anal. calcd. for 5c • C6H16/CH2Cl2:  C70H86Cl2N4NiO6: C, 69.54; 

H, 7.17; N, 4.85; found C, 69.02; H, 7.18; N, 4.84. 

 

 

II-4-23.  Copper Decanenaphthalimide Complex (6c):  

Prepared according to general procedure using anhydrous copper acetate (0.012 

g).  After purification, a green solid was obtained.  Yield: 0.039 g, 58%.  dec: 175.0 oC.  

HRMS (CI+): calcd for C63H71N4CuO6 m/z 1042.4668 ([M + H]+), found 1042.4664 ([M 

+ H]+).  UV-Vis (CH2Cl2, λ(ε)):  235(36,000), 345(7,100) 405(14,000).  FTIR (powder, 

ATR, cm-1):  2919, 2850 (aliphatic C-H); 1697, 1658 (C=O); 1587, 1589 (C-N).  

Elemental anal. calcd. for 6c • CH2Cl2/C6H16: C70H86Cl2CuN4O6: C, 69.26; H, 7.14; N, 

4.62; found C, 69.37; H, 6.71; N, 4.97 
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II-4-24.  Cobalt Decanenaphthalimide Complex (7c):   

Prepared according to general procedure using cobalt acetate tetrahydrate (0.016 

g).  After purification, a brownish-yellow solid was obtained.  Yield: 0.032 g, 49%. dec: 

194.9 oC.  HRMS (CI+): calcd for C63H71N4CoO6 m/z 1038.4706 ([M + H]+), found 

1038.4707 ([M + H]+).  UV-Vis (CH2Cl2, λ(ε)):  234(61,100), 346(16,400) 401(22,000). 

FTIR (powder, ATR, cm-1):  2951, 2919, 2850 (aliphatic C-H); 1695, 1656 (C=O); 1621 

(H-C=N); 1587 (C-N).  Elemental anal. calcd. for 7c • CH2Cl2: C64H72Cl2CoN4O6: C, 

68.44; H, 6.46; N, 4.99; found C, 68.70; H, 6.29; N, 4.88. 
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Chapter III.  Unique Triple Fluorescent Properties of 
Isobutylnaphthalimide Functionalized Salpen Ligand and the 

Corresponding Zinc Complex 

III-1.  INTRODUCTION 

Multi-wavelength fluorescence are unique features of several organic molecules 

and have important applications in microscale sensor systems, OLEDs, multifunctional 

sensor microarrays and biochemical sensors.1-3  Dual and triple fluorescence can be 

produced by a number of phenomenon such as conformational changes, exciplex 

formation, and aggregation.4  Dual fluorescent molecules are fairly common in the 

literature, specifically, n-aryl-naphthalimides which have been heavily researched in the 

field.5-7 The relative donor-acceptor properties of the aryl and naphthalimide moieties 

influence the observed photophysical properties.8  These n-aryl-naphthalimides 

derivatives display a short wavelength (SW) and long wavelength (LW) fluorescence in 

the excited state.9  The short wavelength emission is due to a locally excited (LE) state 

with no geometric change from the ground state, and the LW is due to a coplanar 

configuration that increases conjugation, producing the red-shifted spectra.10 

Lesser known in the field of multi-wavelength fluorescence are triple fluorescent 

molecules.  For example, SalHBP displays a pressure-induced excited-state 

intramolecular proton transfer (ESIPT) which is observed as three different emission 

wavelengths.3  In addition, 4-(N,N-¬dimethylamino)benzonitrile cyclam exhibits triple 

fluorescence due to a LE state, a twisted intramolecular charge transfer (TICT), and an 

intramolecular exciplex.11,12  It has also been observed that 1,8-naphthalimide linked 

phenothiazine dyads exhibit this phenomenon as a result of LE, E and intermolecular 

excimer (IE) formation.13 
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III-2.  RESULTS AND DISCUSSION 

In this study, we have synthesized and studied and studied new 1,8-naphthalimide 

derivatives that demonstrate unique solvent dependent triple fluorescence.  These are the 

first example of a metal complex demonstrating solvent dependent triple fluorescence.  

The photophysical properties of 4-salicylaldehyde-1,8-isobutylnaphthalimde (3), 1,8-

isobutylnaphthalimide salpen ligand (4) and zinc 1,8-isobutyl-naphthalimide salpen 

complex (5) have been studied in detail (Scheme 2).  Photophysical studies were 

conducted to investigate the mechanism behind the observed triple fluorescence and the 

results are reported herein. 

 

 

Scheme 2.  Synthetic scheme of product 3 to 5. 

All compounds (1-4) have been previously reported.14  Complex 5 has been fully 

characterized by 1H NMR spectroscopy, mass spectrometry, UV-Vis spectroscopy, 

fluorescence spectroscopy, cyclic voltammetry, and combustion analysis.  The solid-state 

structure of the isobutylnaphthalimide ligand (4) was also determined by single-crystal 
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X-ray diffraction analysis (Figure 36).  The absorption spectra of 1-4 show an 

incremented red-shift in the spectra in conjunction with an increase in conjugation 

(Figure 31).  Zn ion complexation in 5 leads to a red-shift from 4 in the absorption 

spectra which has been seen previously in a salen complexes due to a lowering of the 

energy states of the ligand.15  Table 10 lists the λmax values for 3-5 in dichloromethane 

at room temperature.  The higher energy absorption (λmax = ~238 nm) of 1-4 are 

attributed to a π-π* transition of the salicylaldehyde moiety and the lower energy 

absorption (λmax = ~358 nm) are attributed to a π-π* transition of the naphthalimide 

moiety.5,10,16 

 

 

Figure 31.  UV-Vis of 1-4 and 3-5 in dichloromethane. 

Density functional theory (DFT) calculations were performed for compounds 3, 5, 

and a 2-isobutyl-6-phenyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (phen-naph).  DFT 

calculations of 4 were not possible.  The calculations of 3 and phen-naph are compared 

side by side in Figure 32.  The analysis provided information on whether the aldehyde 

functionality on the phenyl ring makes a difference to the electronic structure.  DFT 

calculations show that the aldehyde functionality shifts the electron density in the LUMO 
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+1 from a delocalized state over the entire molecule to centrally localized over the 

salicylaldehyde moiety. 

 

 

Figure 32.  Density functional theory calculations of 3 and phen-naph. 

The DFT calculations of 3 and 5 are compared side by side in Figure 33.  For 

compound 3, the LUMO shows the electron density centralized over the naphthalimide 

moiety while the LUMO +1 shows the electron density centralized over the 

salicylaldehyde moiety.  The zinc complex calculations demonstrate the same trend 

(Figure 33).  The LUMO and LUMO +1 are degenerate with one another as well as the 

LUMO +2 and LUMO +3 are degenerate with one another.  The first set of degenerate 

LUMO levels demonstrates the electron density centralized over the naphthalimide 
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moiety while the second set demonstrates the electron density centralized over the 

salicylaldehyde moiety. 

 

 

Figure 33.  Density functional theory calculations of 3 and 5. 

Electrochemical studies were performed in a dry-box under a nitrogen atmosphere 

using a GPES system from Eco. Chemie B. V.  All the electrochemical experiments were 

carried out in a three-electrode cell with a Ag/AgNO3 reference (silver wire dipped in a 

0.01 M silver nitrate solution with 0.1 M Bu4NPF6 in CH3CN), a Pt button working 

electrode, and a Pt wire coil counter electrode.  Ferrocene was used as an external 

reference to calibrate the reference electrode before and after experiments were 

preformed and that value was used to correct the measured potentials.  The supporting 

electrolyte was 0.1 M [(n-Bu)4N][PF6] (TBAPF6) that was purified by recrystallization 
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three times from hot ethanol before being dried for three days at 100-150 oC under active 

vacuum.  Electrochemical studies of the solutions were performed from ~ 0.1 M analyte 

compound solutions in DMF by cycling three times between -2.10 V and 0.50 V or 0.80 

V at ν = 100 mV s-1 (Figure 34 and Figure 35). Electrochemical studies of the solutions 

were performed from ~ 0.1 M analyte compound solutions in DCM by cycling three 

times between -0.50 V and +1.50 V at ν = 100 mV s-1 (Figure 35).  Band gaps were 

calculated by the onset of oxidation and reduction for 3-5.17 All values were calculated in 

electronvolts vs vacuum (Table 8). 

 

 

Figure 34.  Electrochemical reduction of compounds 1-4 in dimethylformamide. 
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Figure 35.   Electrochemical reduction of 5 (5a) and onset of oxidation of 3-5 (3, 4, 5b). 

Table 8.  Onset of oxidation/reductions (HOMO/LUMO levels) and band gaps for 3-5. 

 OnSet Oxidation (eV) 
(HOMO level) 

OnSet Reduction (eV) 
(LUMO level) Band Gaps (eV) 

3 - 5.73 - 3.26 2.47 

4 - 5.50 - 3.12 2.38 

5 - 5.56 - 3.13 2.43 
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The solid-state structure of the 4 was determined by single-crystal X-ray 

diffraction analysis (Figure 36).  Crystals grew as yellow needles by slow evaporation 

from dichloromethane/ethanol.  The data crystal was had approximate dimensions; 0.621 

x 0.069 x 0.03 mm.  The data were collected on a Rigaku AFC12 diffractometer with a 

Saturn 724+ CCD using a graphite monochromator with MoKα radiation (λ = 

0.71073Å).  A total of 360 frames of data were collected using ω-scans with a scan range 

of 1° and a counting time of 75 seconds per frame.  The data were collected at 100 K 

using a Rigaku XStream low temperature device.  Details of crystal data, data collection 

and structure refinement are listed in Table 9.  Data reduction were performed using the 

Rigaku Americas Corporation’s Crystal Clear version 1.40.18  The structure was solved 

by direct methods using SIR9719 and refined by full-matrix least-squares on F2 with 

anisotropic displacement parameters for the non-H atoms using SHELXL-97.20  The 

absolute configuration was assigned by internal comparison to the known absolute 

configuration of selected portions of the molecule.  The hydrogen atoms on carbon were 

calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq of the 

attached atom (1.5xUeq for methyl hydrogen atoms).  The function, Σw(|Fo|2 - |Fc|2)2, 

was minimized, where w = 1/[(σ(Fo))2 + (0.0528*P)2 + (0.685*P)] and P = (|Fo|2 + 

2|Fc|2)/3.  Rw(F2) refined to 0.107, with R(F) equal to 0.0459 and a goodness of fit, S, = 

1.04.  Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given 

below.21  The data were checked for secondary extinction effects but no correction was 

necessary.  Neutral atom scattering factors and values used to calculate the linear 

absorption coefficient are from the International Tables for X-ray Crystallography 

(1992).22  All figures were generated using SHELXTL/PC.23  Tables of positional and 

thermal parameters, bond lengths and angles, torsion angles and figures are found 

elsewhere.   
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Table 9.  Crystal data and structure refinement of 4. 

Formula C51H48N4O6 • CH2Cl2 

Formula weight 897.86 

T (K) 100(2) 

Crystal system Triclinic 

Space group P-1 

a (Å) 10.164 

b (Å) 12.862 

c (Å) 17.400 

β (deg) 84.33 

V (Å3) 2226.3 

Z 2 

ρ (g/cm3) 1.339 

µ (mm-1) 0.203 

F(000) 944 

Crystal size (mm) 0.621 x 0.069 x 0.03 

θ  (deg) 2.99 to 25.00 

Index ranges -12 ≤ h ≤ 12 

 -12 ≤ k ≤ 15 

  -20 ≤ l ≤ 20 

Absorption correction multiscan 

Min. and max. transmission 0.545 and 1.000 

GOF on F2 1.042 

R1, R2 [I > 2 σ (I)] 0.1469, 0.3201 

R1, R2 (all data) 0.2751, 0.4064 

Largest diff. peak and hole(e, Å-3) -0.754 and 0.659 
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Figure 36.  ORTEP diagram of 4 showing the labeling scheme of selected atoms with 
thermal ellipsoids drawn at 30% probability level.  Hydrogen atoms have been omitted.  
One methylene chloride solvent molecule is present 

Fluorescence measurements were recorded on a Photon Technology International 

QM 40 spectrophotometer equipped with a 6-in diameter K Sphere-B integrating sphere.  

Quantum yields were calculated using an anthracene standard (QY in hexanes = 

0.36).24,25 Lifetime measurements were conducted on a Photon Technology International 

QM 4 spectrophotometer with temperature control equipped with TM-20 lifetime 

spectrofluorometer. 
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Figure 37.  Emission data of 1-4 in dichloromethane at room temperature. 

Fluorescence spectra were collected for all compounds in dichloromethane at 

room temperature (Table 10 and Figure 37).  The excitation wavelength utilized for all 

fluorescence emission spectra collected was conducted at 360 nm.  A large Stokes-shift in 

the spectra is consistent with previously reported naphthalimide derivatives.26  Figure 40 

displays the solvent dependence of the emission spectra of 3-5.  The emission spectra 

display a large red-shift as solvent polarity is increased.  There are three distinctive 

wavelengths observed at approximately 450 nm (SW), 550 nm (MW), and 650 nm (LW) 

depending on the polarity of the solvent used.  To decipher the origin of the largely shifts 

in emission peaks, a concentration dependence study was also conducted in a variety of 

solvents to test for evidence of excimer formation (Figure 38 and Figure 39).   No change 

in emission peak positions was observed as concentration was increased inferring there is 

no excimer formation. 
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Table 10.  Photophysical data of compounds 3- 5. 

a Absorbance data were obtained in a DCM solution at RT.  Unit of ε is M-1cm-1. b 

Emission data in nm.  c Units in ns. 
 

Quantum yield data of 3-5 show higher values for the materials in 

dichloromethane than dimethylformamide (Table 10).  The zinc 1,8-isobutyl-

naphthalimide salen complex demonstrating the highest out of all the materials at 25.74% 

quantum efficiency.  It has been shown in the literature that bis(N-alkylsalicylaldiminato) 

Zn (II) demonstrate great fluorescent property with high photoluminescence quantum 

efficiency.27  The low quantum yields in dimethylformamide can be attributed to polarity 

of the solvent as well as the solubility of the compounds.  Lifetimes collected in 

dichloromethane were in the nanosecond range similar to reported n-arylnaphthalimides.7 

 
 

Absorbance 
λmax (nm) (ε) 

Em 
(DMF)b 

Em 
(DCM)b 

Em 
(2-MeTHF)b 

Em 
(Toluene)b 

ΦF (%) 
(DCM) 

ΦF (%) 
(DMF) 

Lifetimes 
(DCM)c 

3 
225(46,500), 
242(49,300), 
365(21,300) 

471, 603 440 445 436 1.49 0.95 1.013 

4 228(48,100), 
367(15,700) 634 454, 

538 447, 544 445, 527 3.60 0.15 0.3718 

5 

226(78,270), 
262(97,143), 
269(78,731), 
381(9,307) 

668 559 546 521 25.74 0.17 6.049 
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Figure 38.  Concentration dependence study (µL aliquots) for 3-5 in DCM.  
Concentration ranges: 3 (4.46 e-6 - 4.46 e-5 M), 4 (2.05 e-6 – 2.05e-5 M), 5 (7.625 e-7 – 
3.049 e-6 M).   
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Figure 39.  Concentration dependence study (µL aliquots) for 3-5 in dimethylformamide.  
Concentration ranges: 3 (4.46 e-6 – 4.46 e-5 M), 4 (4.10 e-6 – 2.05e-5 M), 5 (7.625 e-7 – 
5.718 e-6 M).   

Additionally, a viscosity study was conducted to verify that polarity was the 

contributing factor for the detected triple fluorescence and not a molecular rotation 

(Figure 40).  All three compounds follow similar trends.  As viscosity is increased the 

LW emission disappears, the SW emission comes in then either disappears to give way to 

the MW emission or remains with slight growth where the MW emission would appear.  

Based on the observed trend, it is proposed the triple fluorescence is due to the increase 

in solvent polarity not on the differences in viscosity.  The LW emission observed in 

highly polar dimethylformamide can now be explained.  In very polar solvent, it has been 
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shown high polarity solvents can stabilize usually unstable excited states which can cause 

a bathochromic shift.2,28 

 

 

Figure 40.   (I-III): Solvent dependence study for compounds 3-5.  (IV-VI): Viscosity 
dependence study for compounds 3-5:  A. 100% DMF; B. 15% Glycerol (G)/DMF; C. 
30% G/DMF; D. 45% G/DMF; E. 60% G/DMF; F. 75% G/DMF; G. 90% G/DMF; H: 
~100% G. 
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Based on the photophysical data and previous research findings, the three 

observed wavelengths in the solvent polarity and viscosity polarity experiments have 

been assigned (Figure 41).  The SW emission (~450 nm) is due to a locally-excited state 

of a molecule in a twisted state, which involves the salicylaldehyde moiety to be twisted 

from the naphthalimide moiety.  As polarity is increased, the MW emission (~550 nm) 

observed is due to the two moieties becoming coplanar in the excited state which leads to 

an increase conjugation.  The increase in conjugation, thus leads to the observed red-shift 

in the spectrum.  The last observed wavelength, the LW emission (650 nm) is due to the 

stabilization of an intermolecular charge transfer of the molecule in the coplanar state.   

 

 

Figure 41.  Photophysical model of excited states for 3 responsible for the observed SW, 
MW, and LW emissions. 
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III-3.  CONCLUSIONS 

In summary, we have synthesized and fully characterized interesting 

naphthalimide derivatives which display a unique solvent dependent triple fluorescence.  

Solvent polarity contributes to the observed largely stoke-shifts emission peaks.  Based 

on experimental data and literature precedence, the short (~450 nm), medium (~550 nm), 

and long (~650 nm) wavelengths assignments have been confirmed.  Excited-state 

calculations are underway to thoroughly understand this unique fluorescence event. 

 

III-4.  EXPERIMENTAL SECTION 

Air- and moisture-sensitive reactions were carried out in heat gun-dried glassware 

using standard Schlenk techniques under an inert atmosphere of dry nitrogen.  Dry DMF 

was used from EMD as sure-seal bottles.  Boron tribromide (1.0 M solution in CH2Cl2) 

and 4-bromo-1,8-naphthalic anhydride were obtained from Aldrich.  3-formyl-4-

methoxybenzeneboronic acid was purchased from Alfa Aesar.  Trans-dichlorobis-

(triphenylphosphine)palladium(II) was obtained from Strem.  Dry solvents were obtained 

from an Innovative Technologies Pure-Solve 400 solvent purification system.  All other 

chemicals were used as received from commercial suppliers.  NMR spectra were 

recorded with a Varian Unity +300 and were referenced to the residual solvent peaks.  All 

peak positions are listed in ppm and coupling constants are listed in Hertz (Hz).  Mass 

spectrometry was carried out using a Thermo Finngan TSQ 700.  Elemental analysis was 

performed by QTI, Whitehouse, NJ (www.qtionline.com).  Absorption spectra were 

recorded on a Varian Cary 6000i UV-Vis-NIR Spectrophotometer in Starna Quartz 

Fluorometer Cells with a pathlength of 10 mm for compounds 1 through 5, respectively.  

All spectra were conducted in dichloromethane.  Compounds 1-4 have been previously 

reported and discussed in Chapter II. 
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III-4-1.  Zinc Isobutylnaphthalimide Complex (5):   

A solution of zinc acetate (0.034 g, 0.155 mmol) in ethanol (15 mL) was added to 

a 70 oC solution of 4 (0.1220 g, 0.150 mmol) in 1:1 CH2Cl2/ethanol (50 mL).  The 

solution was heated to reflux for 48 hrs.  After completion, the reaction mixture was 

gravity filtered hot and rinsed with ethanol.  The residual solid was dissolved in CH2Cl2, 

collected in a round bottom and the volatile material was evaporated under reduced 

pressure.  The solid was purified further by suspending the metal complex in hot ethanol 

(50 mL) and then hot gravity filtration to remove impurities.  The residual solid was 

further rinsed with ethanol and then dissolved in CH2Cl2, collected in a round bottom and 

the volatile material was evaporated under reduced pressure.  After purification, a bright 

yellow solid was obtained. Yield:  0.074 g, 56.7%.  dec: 342.0 oC. 1H NMR (300 MHz, 

CD2Cl2):  8.56 (d, 4H,  J = 7.5), 8.48 (s, 2H),  8.28 (d, 2H, J = 8.3), 7.69 (t, 4H, J = 7.6), 

7.49 (d, 4H, J = 6.9), 7.12 (d, 2H, J = 9.3),  4.03 (d, 4H, J = 7.5), 3.60 (s, 4H), 2.23 (sept, 

4H, J = 6.9), 1.15, (s, 6H), 0.98 (d, 12H, J = 6.9).  HRMS (CI+): calcd for C51H46N4ZnO6 

m/z 874.2709 ([M + H]+), found 874.2692 ([M + H]+).  UV-Vis (CH2Cl2, λ(ε)): 

 226(78,270), 262(97,143), 269(78,731), 381(9,307).  FTIR (powder, ATR, cm-1):  2960 

(aliphatic C-H); 1701, 1657 (C=O); 1620-1624 (H-C=N); 1589 (C-N).  Elemental anal. 

calcd. for 5  • CH2Cl2/C6H16:  C58H62N4NiO6: C, 66.51; H, 5.97; N, 5.35; found C, 66.31; 

H, 5.35; N, 5.39. 
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Chapter IV.  Conducting Metallopolymers as Precursors to Fabricate 
Palladium Nanoparticle/Polymer for ORR Electrocatalytic Materials 

IV-1.  INTRODUCTION 

Fuel cells are promising carbon-free renewable energy sources that take 

advantage of directly converting chemical energy into electrical energy.1,2  This 

technology still needs continued development and has many practical obstacles to 

overcome.  Specifically, the cathodic oxygen reduction catalysis process is expensive due 

to the use of platinum-based catalysts.3  Research has been devoted to finding affordable 

catalysts that can achieve comparable efficiencies and stabilities when compared to 

platinum.   

One method that shows promise is the use of nanoparticles (NPs) dispersed in a 

polymer substrate or matrix.  Previously researched NP/polymer composites follow a 

variety of different synthetic routes such as NP dispersion in a polymer matrix or by 

direct reduction of metal salts by the monomer or polymer to form nanocomposite 

materials.4-6  Nanocomposite materials have demonstrated interesting characteristics such 

as energy storage, dielectric properties, magnetic susceptibility, and potential catalytic 

activity.   

The electrocatalytic activity of the NP/polymer composites has been shown to be 

useful in oxidation and reduction of various organic and small molecules.  For example, 

platinum NPs on polyaniline (PANI) have exhibited promising catalytic properties 

toward hydrosilylation of substituted aryl alkynes and methanol oxidation.7,8  More 

notably, catalysts incorporating palladium into powdered PANI and polypyrrole have 

demonstrated successful reduction of dissolved oxygen in water.9  into powdered PANI 

and polypyrrole have demonstrated successful reduction of dissolved oxygen in water.9  
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Palladium is an important target for development because it often displays catalytic 

activity similar to Pt but is approximately 70% less expensive.10  

IV-2.  RESULTS AND DISCUSSION 

Our work centers on taking advantage of palladium NPs, found directly within 

and embedded in a polymer matrix, which act as catalysts for oxygen reduction.  The 

metal center embedded directly in a conducting metallopolymer backbone serves as a 

seed point for metal NP growth which we have demonstrated previously for 

semiconductor materials.11,12  Herein, we describe a unique class of materials with the 

potential to create controlled dispersion of palladium NPs within a conducting polymer 

matrix for use as a cathodic electrocatalyst (Scheme 4).   

 

 

Scheme 3.  Synthetic scheme for precursors and corresponding polymers poly-1(a-d). 
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The electropolymerizable ligand and its synthetic precursors have been reported 

previously (Scheme 3).11  The novel electropolymerizable palladium metal complex (1) 

has been fully characterized by mass spectrometry, infrared (IR) spectroscopy, UV-Vis 

spectroscopy, cyclic voltammetry, and combustion analysis.  All the collected data are 

fully consistent with the proposed structure (Supporting Information).  Films of poly-1(a-

d) have been analyzed by cyclic voltammetry and transmission electron microscopy 

(TEM).  

 

 

Scheme 4.  Fabrication of palladium NP/conducting polymer electrocatalytic material. 

Absorption spectrum of 1 was recorded on a Varian Cary 6000i UV-Vis-NIR 

Spectrophotometer in Starna Quartz Fluorometer Cells with a pathlength of 10 mm.  The 

experiment was performed in methylene chloride at room temperature.  Two absorption 

maxima are observed (Figure 42).  A λmax value of 232 nm and 370 nm which are 

consistent with previously reported bithiophene salpen complexes.11 
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Figure 42.  UV-Vis spectrum of 1 in methylene chloride at room temperature. 

Compound 1 was electropolymerized onto a variety of substrates such as a 

platinum button (Figure 43), indium tin oxide (ITO) coated glass, and TEM grids 

(CF400-Au).  Several films were made with solutions of 25 (poly-1b), 50 (poly-1c), and 

100 moles (poly-1d) of bithiophene to one mole of the Pd complex 1.  Electrochemical 

studies of the solutions were performed from ~ 0.1 M analyte compound solutions in 

DCM by cycling 20 times from -0.50 V to 1.50 V at ν = 100 mV s-1.  A linear dependence 

was observed through 250 mV/s of observed current on applied scan rate with the range 

10-500 mV/s (Figure 43) was performed for electro-confined poly-1a films (20 scans).  A 

linear dependence was observed through 50-100 mV/s of observed current on applied 

scan rate with the range 10-500 mV/s (Figure 44, Figure 45, and Figure 46) for the three 

diluted electro-confined polymer films.  The linear dependence is indicative of a strongly 

adsorbed electroactive thin film which is not limited by the diffusion of charge 

compensating counterions.  The linear scan rate dependence demonstrates ionic porosity 

which is important for interactions between the NP containing polymer film and oxygen. 
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Figure 43.  Electrochemistry of 1a.  a.  20 scans from -0.50 V to 1.50 V; b.  Linear 
dependence of scans from a.); c. Scan rate dependence of film 1a; d. Linear dependence 
of scans from c. 
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Figure 44.  Electrochemistry of 1b.  a.  20 scans from -0.50 V to 1.50 V; b.  Linear 
dependence of scans from a.; c.  Scan rate dependence of film 1b; d.  Linear dependence 
of scans from c. 
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Figure 45.  Electrochemistry of 1c.  a.  20 scans from -0.50 V to 1.50 V; b.  Linear 

dependence of scans from a.; c.  Scan rate dependence of film 1c; d.  Linear dependence 

of scans from c. 
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Figure 46.  Electrochemistry of 1d.  a.  20 scans from -0.50 V to 1.50 V; b.  Linear 

dependence of scans from a.; c.  Scan rate dependence of film 1d; d.  Linear dependence 

of scans from c. 

 

Palladium NP synthesis was adapted from the literature.13,14  The poly-1a films 

were exposed to a nitrogen sparged mixture of a PdCl2 in water and Na2CO3/NaHCO3 

buffer solution at room temperature.  Shortly afterward an ascorbic acid solution, which 

serves as the reductant, was added and the mixture left to sit for five minutes to form the 

desired crystalline Pd NPs.  In the polymer films, the metal centers serve as seed points 

directly in the conducting metallopolymer matrix for NP growth without any additional 

modifications.  Though there was no observed visible change in the film, Pd NPs were 
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confirmed by TEM and energy dispersive X-ray spectroscopy (EDS).  In addition, several 

dilutions with bithiophene were made when growing films to examine how NP size and 

catalysis would be affected as the Pd NPs are spread further apart. Several films were 

made with solutions of 25 (poly 1b), 50 (poly-1c), and 100 moles (poly-1d) of 

bithiophene to one mole of the Pd complex (1) and exposed to the NP growth process.  In 

the figure below, it can be noted the change in NP size is small, there is a general increase 

in NP size as the films become more dilute.  These observations infer that the NPs have 

more room to grow as the seed points are spread further apart. 

 

 

Figure 47.  Nanoparticle size distribution for poly-1(a-d). 
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Two control tests were conducted to verify the importance of the metal center 

acting as a seed point for NP growth.  A polymer of polybithiophene and the bithiophene 

salpen ligand were electropolymerized on TEM grids and then treated with the NP 

growth process.  The TEM images (Figure 48) reveal there are no crystalline Pd NPs thus 

implicating that the seed point is necessary.   

 

 

Figure 48.  NP growth control experiment.  Bithiophene (left) and bithiophene salpen 
ligand were electropolymerized and exposed to the NP growth treatment.  No discrete 
NPs were found. 

Film thickness and conductivity analysis of poly-1(a-d) films prior to exposure to 

the NP growth process were conducted.  The film thicknesses were determined using a 

Dektak 6M Stylus profilometer.  Electropolymerized films on ITO-coated glass were 

etched with a razor blade to increase the number of sites for film thickness analysis.  

Each film was scanned three times at different regions on the film surface and the values 
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were averaged and are reported in Table 11.  Resistivity measurements were performed 

using a Lucas Lab 302 Resistivity Stand.  The electropolymerized films were lifted off an 

ITO-coated glass surface with Scotch tape and secured onto a microscope slide for 

measurement purposes.  Resistivity measurements were taken at multiple points on the 

film surface, averaged, and reported in Table 11.  Resistivity measurements could not be 

obtained for poly-1a due to mechanical instability.  

Table 11.  Data on films, NP analysis and O2 reduction. 

1 NP Size 
Distrubutiona 

Film 
Thicknessb Resistivityc Conductivitiesd O2  

Reductione 

a 3.82 ± 0.10 136 ± 24 n/a n/a -480 

b 3.97 ± 0.04 174 ± 24 18.2 ± 4.8  0.057 ± 0.015 -425 

c 4.85 ± 0.10 314 ± 20 195.7 ± 41.3 0.0052 ± 0.0011 -500 

d 4.90 ± 0.15 210 ± 22 823.3 ± 114.4 0.0011 ± 0.0001 -400 

a, b in nm; c in Ω • cm; d in S • cm-1; e in μA performed at pH = 1.0. 

 

Oxygen reduction catalysis was carried out in a standard three-electrode cell, with 

Ag/AgCl reference electrode and coiled gold wire counter electrode.  The films were 

tested in both 0.1 M KNO3 (pH = 6.0) and 0.05 M H2SO4 (pH = 1.0) aqueous solutions.  

Initially the solution was continually purged with Ar (g) to remove any O2 (g) from the 

solution and scanned at a rate of 0.50 mV/s from 0.20 V to -0.60 V for initial testing.  

The solution environment was then purged continuously with O2 (g) and while the 

solution was scanned electrochemically at the same rate over the same range to determine 

the effectiveness of the catalysts toward oxygen reduction.  Electrochemical 

measurements for oxygen reduction are displayed in Figure 49 (pH = 6.0) and Figure 50 

(pH = 1.0).  Compared to Pd-modified carbon nanotubes on glassy carbon (GC) 
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electrodes, the Pd NP-containing polymer series poly-1(a-d) displays a higher activity 

toward oxygen reduction.14  Catalytic activity improves in acidic media compared to that 

of the neutral solution.  However, the films could not be reused after being introduced to 

the acidic media which most likely degrading the film surface. 

 

 

Figure 49.  Oxygen reduction data for poly-1(a-d) at pH = 6.0. 
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Figure 50.  Oxygen reduction data for poly-1(a-d) at pH = 1.0. 

IV-3.  CONCLUSIONS 

In summary, we have demonstrated the effectiveness of size-controlled palladium 

NPs contained within a polymer matrix toward oxygen reduction.  The polymer, while 

not conductive, plays an important role structurally in distributing seed points for NP 

growth.  Improvements to the polymer structure are underway to improve oxygen 

reduction catalytic activity. 

 

IV-4.  EXPERIMENTAL SECTION 

Air- and moisture-sensitive reactions were carried out in heat gun-dried glassware 

using standard Schlenk techniques under an inert atmosphere of dry nitrogen.  Dry DMF 

was used from EMD as sure-seal bottles.  Butyl lithium (1.6 M solution in ether) and 
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2,2’-bithiopehene were obtained from Aldrich.  5-bromosalicylaldehyde and tributyltin 

chloride were purchased from Alfa Aesar.  2,2-dimethyl-1,3-propanediamine was 

obtained from TCI. Trans-dichlorobis(triphenyl-phosphine)palladium(II) was obtained 

from Strem.  The electropolymerizable ligand and its synthetic precursors have been 

reported previously.11  Dry solvents were obtained from an Innovative Technologies 

Pure-Solve 400 solvent purification system. All other chemicals were used as received 

from commercial suppliers.  NMR spectra were recorded with a Varian Unity +300 and 

were referenced to the residual solvent peaks.  All peak positions are listed in ppm and 

coupling constants are listed in Hertz (Hz).  Mass spectrometry was carried out using a 

Thermo Finngan TSQ 700 spectrometer.  Elemental analysis was performed by QTI, 

Whitehouse, NJ (www.qtionline.com). 

 

 

IV-4-1.  N,N’-((2,2’-dimethyl)propyl)bis(5-(2,2’bithiophene-5-yl)salcylideniminato 
palladium(II) (1): 

A solution of palladium acetate (0.140 mmol, 0.62 mmol) in ethanol (15 mL) was 

added to a 70 oC solution of bithiophene salpen ligand (0.362 g, 0.57 mmol) in 1:1 

CH2Cl2/ethanol (50 mL).  The solution was heated to reflux for 48 hrs.  After completion, 

the reaction mixture was gravity filtered hot and rinsed with ethanol.  The residual solid 

was dissolved in CH2Cl2, collected in a round bottom and the volatile material was 

evaporated under reduced pressure.  The solid was purified further by suspending the 

metal complex in hot ethanol (50 mL) and then hot gravity filtration to remove 
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impurities.  The residual solid was further rinsed with ethanol and then dissolved in 

CH2Cl2, collected in a round bottom and the volatile material was evaporated under 

reduced pressure.  The pure material was collected and dried under vacuum to afford a 

brown solid. Yield: 0.246 g, 58%. decomp: 240.1 oC HRMS (CI+): calcd for 

C35H28PdN2O2S4  m/z 743.0147 ([M + H]+), found 743.0139.  UV-Vis (CH2Cl2, λ, nm 

(ε, M-1 cm-1)):  232(49,629), 371(62,661).  FTIR (Film on KBR disk, cm-1):  2960 

(aliphatic C-H); 1612 (C=N); 1480, 1455 (C-N). Elemental anal. calcd. for 1 • H2O:  

C35H30PdN2O3S4 C, 55.22; H, 3.68; N, 3.68; found C, 55.31; H, 3.51; N, 3.60. 

 

IV-4-2.  Quantum Dot Growth:12,13 

Palladium NP growth was done under air-free conditions.  The 

electropolymerized thin films, poly-1(a-d) were exposed to a nitrogen sparged mixture of 

a PdCl2 in water (0.007g in 20 mL) and Na2CO3/NaHCO3 buffer solution (0.02 M) at 

room temperature.  Shortly afterward a nitrogen sparged ascorbic acid solution (0.01 M) 

was added and left to sit for five minutes.  The electropolymerized films were then 

removed from the NP solution, rinsed twice with water and twice with methylene 

chloride.   

 

IV-4-3.  Transmission Electron Microscopy: 

TEM studies were carried out on a JEOL 2010F microscope and analysis of the 

NPs was done using Gatan Digital Micrograph software. Samples were prepared on gold 

grids with a carbon support film purchased from Electron Microscopy Sciences. Films of 

poly-1(a-d) were grown by electropolymerization by cycling between -0.5 V and 1.5 V 
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five times. Films were kept in an air free environment and NPs were grown directly 

within the resulting polymer film. Size distribution statistics are reported for 50 particles. 

IV-4-4.  Resistivity and Conductivity: 

Resistivity measurements were performed using a Lucas Lab 302 Resistivity 

Stand.  The films were lifted off the ITO-coated glass surface with Scotch tape and 

secured onto a microscope slide for measurement purposes.  Resistivity measurements 

were taken at multiple points on the film surface and averaged. resistivity measurements 

could not be obtained for mechanically unstable poly-1a.  

 

IV-4-5.  Oxygen Reduction Electrochemical Measurements: 

Electrochemical measurements have been carried out on either an Autolab 

PGSTAT30 or a CHI 440A potentiostat.  Oxygen reduction catalysis was carried out in a 

standard three-electrode cell, with Ag/AgCl reference electrode and coiled gold wire 

counter electrode.  The films were tested in both 0.1 M KNO3 (pH = 6.0) and 0.05 M 

H2SO4 (pH = 1.0) aqueous solutions.  Initially the solution was continually purged with 

Ar (g) to remove any O2 (g) from the solution and scanned at a rate of 0.50 mV/s from 

0.20 V to -0.60 V for initial testing.  The solution environment was then purged 

continuously with O2 (g) and while the solution was scanned electrochemically at the 

same rate over the same range to determine the effectiveness of the catalysts for oxygen 

reduction. 
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Chapter V.  Synthesis of Oligo(9,9-dioctylfluorene) Derivatives 
Implementing a Boronic acid Protection Method 

V-1.  INTRODUCTION 

Organic electronics is an increasingly growing research area from development of 

light emitting diodes (OLEDs) to field effect transistors (OFETs).1,2  Specifically, OLED 

research has been focused on developing a stable blue-emitting material to complete the 

three primary colors for displays.3  Polyfluorenes, specifically poly(9,9-dioctylfluorene), 

are most studied for these applications because these materials produce high quantum 

yields, have high thermal oxidative stability, and good solubility.4  However, when the 

polyfluorene films are tested, there has been evidence of a low-energy green contaminant 

which prevents full implementation in OLED devices.5  While several theories as to the 

origin of the contaminant have been presented previously, studies on the structural and 

electronic configurations of polyfluorene become prohibitively complicated to analyze. 

Thus, oligofluorenes have been synthesized and utilized to analyze the source of 

the contaminant.6  The advantage to using oligofluorenes is the synthesis can be 

controlled and a pure product with no defects can be achieved.7  Research on 

oligofluorenes has shown that well-defined oligamer lengths offer further understanding 

of the correlation of conjugation length to photophysical and electrochemical properties 

of these systems. 

The majority of synthesized oligofluorenes have been produced using repetitive 

Suzuki-Miyaura coupling.8-10  Using this method, both odd- and even-numbered oligomer 

lengths can be synthesized.  However, there has been little literature precedence for 

oligo(9,9-dioctylfluorene) which have great importance for understanding the poly(9,9-

dioctylfluorene) counterparts.  In a recent publication concerning oligoarenes, Suginome 
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and coworkers reported using repetitive Suzuki-Miyaura coupling while employing a 

masking group for the boronic acid group, which blocks it from reaction.11  The masking 

group, 1,8-diaminonaphthalene, proved to be robust enough to avoid undesirable 

coupling and was easily removed with an aqueous acid solution.  To illustrate this 

method, the synthesis of these fluorene derivatives is shown in Scheme 5. 

 

 

Scheme 5.  Suzuki-Miyaura coupling utilizing a boronic acid masking group. 

V-2.  RESULTS AND DISCUSSION 

For effective oligo(9,9-dioctylfluorene) oligomer synthesis, we have employed 

Suginome’s method of boronic acid masking method combined with sequential Suzuki-

Miyaura coupling reactions to eliminate undesired side-reactions and ease purification.  

Using this method, the 9,9-dioctylfluorene pentamer (6) and heptamer (7) oligomers have 

been successfully synthesized (Scheme 6).  Interestingly, photophysical studies have 

alluded to an intermolecular charge transfer between the 1,8-diaminonaphthalene 

protecting group and the oligofluorene moiety in compounds 1, 2, and 4.12,13 The 

synthetic method and analysis of materials are discussed herein. 
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Scheme 6.  Full synthetic scheme of boronic acid masking technique used for 
oligofluorene synthesis. 

All compounds (1, 2, 4-7) have been characterized by 1H and 13C{1H} NMR 

spectroscopy, mass spectrometry, UV-Vis spectroscopy, fluorescence spectroscopy, 

cyclic voltammetry, and combustion analysis (when possible).  Compound 3 and 

synthetic precursors have been previously reported and the composition and purity of the 

materials discussed here were confirmed by spectroscopic methods.14-18  Initial boronic 

acid protection (1) occurs at high yields (~78%) and with ease of purification.  It is 

important to note that the protected oligofluorene series oxidizes easily and must either 

be used immediately or stored in the dark under an nitrogen environment.  After Suzuki-

Miyaura coupling occurs, purification of compound 2 is accomplished simply by use of 

column chromatography with two separate eluents to first remove starting material (1) 

and then remove the desired product.  Deprotection steps (3, 5) occur by acidification and 

are by far the lowest yielding in the synthetic methods (~15%).  Compound 5 is produced 
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by an additional Suzuki-Miyaura coupling between 3 and 2-bromo-9,9-dioctylfluorene.  

The coupling and deprotection steps are repeated to produce compounds 4 and 5 as 

precursors for the final Suzuki-Miyaura coupling with 2-bromo-9,9-dioctylfluorene to 

produce the 9,9-dioctylfluorene heptamer (7). 

 

 

Figure 51.  Photophysical studies of compounds 1, 2, and 4-7 in dichloromethane at room 
temperature.  A.  UV-Vis spectra of oligofluorene series; B.  Fluorescence spectra of 
oligofluorene series. 

The electronic absorption spectra of 1, 2, 4-7 have been studied in 

dichloromethane (DCM) at room temperature.  The absorption spectra of 1, 2, and 4 

display two broad bands from 225 to 255 nm for all and the other from 260 to 375 nm (1) 

and 320 to 400 nm (2¸ 4) (Figure 51A, top).   The absorption maxima (λmax = ~ 320 nm) 

of 1 is attributed to a π→π* transition of the naphthalene protecting group while the 

absorption maxima for 2 and 4 (λmax = ~ 356 nm) are attributed to a π→π* transition of 
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the oligofluorene moiety.  The absorption spectra of 5-7 display two broad bands from 

225 to 255 nm for all and another from 260 to 400 nm (5), 300-390 nm (6), and 350 to 

450 nm (7) (Figure 51A, bottom).  The absorption maxima (λmax = ~ 360 nm) of 5-7 is 

attributed to a π→π* transition of the oligofluorene moiety and red-shifts slightly as 

conjugation increases.   

Fluorescence spectra were collected for all compounds in dichloromethane at 

room temperature (Figure 51B).  Excitation wavelength utilized for all fluorescence 

emission spectra collected was conducted in the range of 335 to 388 nm.  In Figure 51B 

(top) illustrates the emission of the protected series (1, 2, 4) where two distinctive 

wavelengths are observed at approximately 400 nm which is due to the excited state (π-

π* transition) and a broad band at 550 nm which is postulated to be an intermolecular 

charge transfer (ICT) between the protecting group and the oligofluorene moiety.  

Solvatochromic dependence was found for the ICT band at 550 nm and a comparison of 

the wavelength as a function of increasing solvent dielectric used shows a linear 

regression until the ICT band disappears (Figure 52).  In  Figure 51B (bottom), 

compounds 5-7 display an emission wavelength of approximately 425 nm due to the 

excited excited state (π-π* transition) and a slight red-shift is observed as conjugation 

increases.  Quantum yields and lifetimes were gathered for 1, 2, 4-7 for further analysis 

of these compounds.20,21  The protected series (1, 2, 4) had relatively low quantum yields 

of 1.7%, 1.4% and 2.6%, respectively.  Once the protecting groups were removed the 

quantum yields increased drastically to be 72.8% (5), 96.9% (6), and 98.9% (7).  

Lifetimes agree well with our assignments for the protected series (1, 2, 4) with shorter 

lifetimes for the excited state wavelength of the naphthalene protecting group (~400 nm) 

averaging at 0.59  ± 0.27 ns and longer lifetimes for the ICT band (~550 nm) averaging at 
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2.83 ± 0.41 ns.  Compounds 5-7 were in the same range as the excited state band  of the 

oligofluorenes with lifetimes averaging at 0.59 ± 0.15 ns.   

 

 

Figure 52.  Relationship between wavelength and dielectric constant related to the 

ICT band.   

 

Density functional theory calculations (DFT) have been performed to confirm the 

assignments made in the photophysical data (Figure 53).  In DFT calculations, 

compounds 1, 2, and 4 calculated electron densities are well in agreement with the 

fluorescence spectra for a π-π* transition from the protecting group and an ICT 

transition.  Interestingly, in the DFT calculations demonstrate the ICT occurs in an 

opposite manner than expected where the fluorene moiety appears to be the electron 

acceptor and the naphthalene protecting group behaves as the electron donor.  

Additionally, it appears the intramolecular charge transfer occurs at similar energies for 

the protected compounds 1, 2, and 4.  An interesting observation concerning the HOMO 

levels of the fluorene moiety and the protecting group which will be discussed further in 

the electrochemical analysis. 
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Figure 53.  Density functional theory (DFT) calculations of 1-5.  DFT calculations 
outline intramolecular charge transfer transitions as well as π-π* transitions. 

Electrochemical studies were performed in a dry-box under a nitrogen atmosphere 

using a GPES system from Eco. Chemie B. V.  All the electrochemical experiments were 

carried out in a three-electrode cell with a Ag/AgNO3 reference (silver wire dipped in a 

0.01 M silver nitrate solution with 0.1 M Bu4NPF6 in CH3CN), a Pt button working 

electrode, and a Pt wire coil counter electrode.  Ferrocene was used as an external 

reference to calibrate the reference electrode before and after experiments were 

preformed and that value was used to correct the measured potentials.  The supporting 
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electrolyte was 0.1 M [(n-Bu)4N][PF6] (TBAPF6) that was purified by recrystallization 

three times from hot ethanol before being dried for three days at 100-150 oC under active 

vacuum.  Electrochemical studies of the solutions were performed from ~ 0.1 M analyte 

compound solutions in DCM by cycling three times between -0.5 V and 1.50 V at ν = 

100 mV s-1 (Figure 54).  By literature precedence, the oxidation peak at ~ 0.0 V is due to 

the oxidation of the 1,8-diaminonaphthalene protecting group.22  The following peaks 

which become more prevalent in the solvent window as the series becomes more 

conjugated is due to the oligofluorene moiety oxidation.23  If the onset of oxidation for 

each moiety is compared, the energy difference shortens as the series becomes more 

conjugated.  This agrees well with the DFT calculations which show the same trend in 

energy gaps between the HOMO levels of the protecting group and oligofluorene 

moieties which become closer as conjugation is increased in the molecule (Figure 53).  

Electrochemical analysis of 5 was not sufficient due to low concentrations. 

 

 

Figure 54.  Electrochemical analysis of the oligofluorene series. 
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V-3.  CONCLUSIONS 

In summary, we have synthesized oligofluorenes up to the heptamer using a 

boronic acid protection method.  The characterization of the protected oligofluorene 

species revealed an intermolecular charge transfer between the protecting group and the 

oligofluorene moiety.  This assignment was further confirmed by DFT calculations and 

solvatochromic dependence linear regression.  Additionally, DFT calculations predict 

well the energy gap shortening between the HOMO levels of each moiety as the molecule 

becomes more conjugated which is evidenced in the electrochemical analysis.   

 

V-4.  EXPERIMENTAL SECTION 

Air- and moisture-sensitive reactions were carried out in heat gun-dried glassware 

using standard Schlenk techniques under an inert atmosphere of dry nitrogen.  

Triisopropylborate and 1,8-diaminonaphthalene were purchased from TCI.  9,9-dioctyl-

9H-fluorene-2,7-diyldiboronic acid and butyl lithium (1.6 M in ether) were purchased 

from Aldrich.  Dry DMF was used from EMD as sure-seal bottles.  Dry solvents were 

obtained from an Innovative Technologies Pure-Solve 400 solvent purification system. 

All other chemicals were used as received from commercial suppliers.  NMR spectra 

were recorded with a Varian Unity +300 and were referenced to the residual solvent 

peaks.  All peak positions are listed in ppm and coupling constants are listed in Hertz 

(Hz).  Mass spectrometry was carried out using a Thermo Finngan TSQ 700 

spectrometer.  Elemental analysis was performed by QTI, Whitehouse, NJ 

(www.qtionline.com). 
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V-4-1.  2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl-2,3-dihydro-1H-naphtho[1,8-
de][1,3,2]diazo-borinine (1) 

 Under an argon atmosphere, a mixture of 7-bromo-9,9-dioctyl-9H-fluoren-2-

ylboronic acid (1.026 g, 2.0 mmol), and 1,8-diaminonaphthalene (0.322 g, 2.05 mmol) in 

toluene (200 mL) was heated under reflux for 2 hrs. After evaporation of volatile material 

under reduced pressure, the crude material was subjected to silica gel chromatography 

(30 % CH2Cl2/hexanes) to yield a grayish-green solid.  Yield = .0991 g, 78%.  mp = 70.6-

73.2 oC.  1H NMR (300 MHz, CDCl3):  7.71 (d, J = 7.8, 1H), 7.61 (dd, J = 6.6, 2H), 7.56 

(d, J = 5.1, 1H), 7.47 (s, 1H), 7.44 (s, 1H), 7.15 (t, J = 7.7, 2H), 7.05 (d, J = 8.4, 2H), 

6.45 (dd, J = 6.3, 2H), 6.07 (s, 2H), 1.95 (m, 4H), 1.12 (m, 20H), 0.80 (t, J = 6.9, 6H,), 

0.59 (m, 4H).  13C{1H} NMR (75 MHz, CDCl3):  153.6, 150.4, 142.5, 141.4, 140.1, 

136.7, 130.7, 130.4, 127.9, 126.5, 125.8, 121.9, 121.8, 120.2, 120.0, 118.2, 106.4, 55.85, 

53.8, 40.6, 32.15, 30.3, 29.5, 24.0, 22.9, 14.4. HRMS (CI+): calcd for C39H48BN2Br m/z 

634.3094 ([M + H]+), found 634.3109 ([M + H]+).  UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-

1)):  294(25,430), 320(30,195).  FTIR (film on KBr disk, cm-1):  3415 (N-H), 2922, 2850 

(aliphatic C-H); 1508, 1406 (C-N).  Elemental anal. calcd. for 1: C, 73.71; H, 7.61; N, 

4.41; found C, 73.43; H, 7.59; N, 4.42. 
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V-4-2.  Protected 9,9-dioctylfluorene trimer (2) 

In a dry shlenk flask under nitrogen, compound 1 (1.018 g, 1.6 mmol), 9,9-

dioctylfluorene-2,7-diboronic acid (0.796 g, 1.66 mmol), and sodium carbonate (0.424 g, 

4.0 mmol) were dissolved in anhydrous dimethylformamide (200 mL).  Trans-

dichlorobis(triphenylphosphine)palladium(II) (0.025 g, 0.0356 mmol) was added and the 

reaction was heated under reflux at 90 oC overnight. The reaction mixture was washed 

with dichloromethane and extracted with KOH(aq), brine, and H2O.  The crude material 

was subjected to silica gel chromatography (20% toluene/hexanes to remove impurity, 

30% DCM/hexanes to remove product) grayish-green solid.  Yield: 1.278, 50%.  mp = 

83.9-86.8 oC  1H NMR (300 MHz, CDCl3):  7.86 (pseudo-t, J = 8.4, 4H), 7.71 (m, 14H), 

7.20 (pseudo-t, J = 7.8, 4H), 7.11 (dd, J = 7.5, 4H), 6.50 (d, J = 6.3, 4H), 6.14 (s, 4H), 

2.16 (m, 12H), 1.17 (m, 60H), 0.85 (m, 30H).  13C{1H}  NMR (75 MHz, CDCl3):  151.8, 

150.8, 143.0, 141.2, 140.4, 139.9, 136.4, 130.3, 127.6, 126.2, 125.5, 121.5, 120.3, 120.0, 

117.8, 106.0, 55.3, 40.5, 31.8, 30.0, 29.2, 23.9, 22.6, 14.1.  HRMS (CI+): calcd for 

C107H137B2N4 m/z 1500.1029 ([M + H]+), found 1500.1023 ([M + H]+).  UV-Vis 

(CH2Cl2, λ, nm (ε, M-1 cm-1)):  233(180,490), 282(51,419), 362(197238).  FTIR (film on 

KBr disk, cm-1):  3421 (N-H), 2922, 2850 (aliphatic C-H); 1508, 1400 (C-N).  
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V-4-3.  9,9-dioctylfluorene pentamer (4)  

In a dry shlenk flask under nitrogen, compound  3 (0.276 g, 0.22 mmol), 2-

bromo-9,9-dioctylfluorene (0.226 g, 0.48 mmol), and sodium carbonate (0.127 g, 1.20 

mmol) were dissolved in anhydrous dimethylformamide (200 mL).  Trans-

dichlorobis(triphenylphosphine)palladium(II) (0.017 g, 0.024 mmol) was added and the 

reaction was heated under reflux at 90 oC overnight.  The reaction mixture was washed 

with dichloromethane and extracted with KOH(aq), brine, and H2O.  The crude material 

was subjected to silica gel chromatography (33% acetone/hexanes) to yield a clear oil.  

Yield: 0.064 g, 15%.  1H NMR (300 MHz, CD2Cl2):  7.69 (m, 8H), 7.58 (d, J = 7.8, 2H), 

7.47(t, J = 7.5, 6H), 7.32 (m, 16H), 1.96 (m, 20H), 1.12 (m, 100H), 0.82 (t, J = 6.4, 30H), 

0.57 (m, 20H).  13C{1H}  NMR (75 MHz, CDCl3):  140.5, 140.4, 130.2, 127.9, 127.3, 

127.2, 127.0, 126.6, 123.3, 121.4, 120.1, 120.0, 55.8, 55.4, 40.6, 32.2, 20.4, 30.1, 29.6, 

24.2, 23.0, 14.2.  UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)):  229(124,231), 271(43,797), 

352(176,848).  FTIR (film on KBr disk, cm-1):  2924, 2850 (aliphatic C-H). 
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V-4-4.  Protected 9,9-dioctylfluorene pentamer (5):   

In a dry shlenk flask under nitrogen, compound 3 (0.683 g, 0.54 mmol), 

compound 1 (0.815 g, 1.3 mmol) and sodium carbonate (0.312 g, 2.9 mmol) were 

dissolved in anhydrous dimethylformamide (200 mL).  Trans-

dichlorobis(triphenylphosphine)palladium(II) (0.022 g, 0.031 mmol) was added and the 

reaction was heated under reflux at 90 oC overnight. The reaction mixture was washed 

with dichloromethane and extracted with KOH(aq), brine, and H2O.  The crude material 

was subjected to silica gel chromatography (25:25:100 toluene/acetone /hexanes) to yield 

a grayish-green solid.  Yield: 0.315 g, 25%.  1H NMR (300 MHz, CDCl3):  7.80 (m, 6H), 

7.62 (m, 16H), 7.48 (s, 2H), 7.34 (d, J = 7.3, 2H), 7.16 (t, J = 7.6, 4H), 7.07 (d, J = 8.4, 

4H), 6.47(d, J = 7.5, 4H), 6.10 (s, 4H), 2.03 (m, 20H), 1.09 (m, 100H), 0.77 (m, 50H).  

MS (CI+): calcd for C165H216B2N4 m/z 2276.7263 ([M + H]+), found 2275.7206 ([M + 

H]+).  UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)):  230(191,613), 293(126,060), 

320(152,063).  FTIR (film on KBr disk, cm-1):  3392 (N-H), 2924, 2852 (aliphatic C-H); 

1508, 1402 (C-N). 
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V-4-5.  Deprotected 9,9-dioctylfluorene pentamer (6) 

In a round bottom flask, compound 5 (0.3497 g, 0.17 mmol) was dissolved in 

tetrahydrofuran.  Sulfuric Acid (0.51 mmol, 5 N solution) was added and the reaction was 

heated stirred at room temperature. The reaction mixture was washed with 

dichloromethane and extracted with 2 M HCl(aq) and H2O.  The crude material was 

subjected to silica gel chromatography with an initial eluent of toluene to remove 

impurities then a second eluent of tert-butylmethylether to remove the pure product.  

Yield: 0.042 g, 12%.  1H NMR (300 MHz, CDCl3):  7.83 (d, J = 7.5, 6H), 7.72 (s, 6H), 

7.56 (d, J = 8.1, 2H), 7.38 (d, J = 7.5, 6H), 7.19 (d, J = 8.1, 6H), 7.05 (m, 6H), 2.00 (m, 

20H), 1.16 (m, 100H), 0.82 (t, J = 7.0, 30H) 0.61 (m, 20H).  UV-Vis (CH2Cl2, λ, nm (ε, 

M-1 cm-1)):  229(18,749), 279(14,023), 348(9,525).   

 

 

V-4-6.  9,9-dioctylfluorene heptamer (7) 

In a dry shlenk flask under nitrogen, compound 6 (0.126 g, 0.06 mmol), 2-bromo-

9,9-dioctylfluorene (0.616 g, 0.13 mmol) and sodium carbonate (0.035 g, 0.33 mmol) 

were dissolved in anhydrous dimethylformamide (200 mL).  Trans-

dichlorobis(triphenylphosphine)palladium(II) (0.005 g, 0.007 mmol) was added and the 

reaction was heated under reflux at 90 oC overnight. The reaction mixture was washed 

with dichloromethane and extracted with KOH(aq), brine, and H2O.  The crude material 
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was subjected to silica gel chromatography (33% acetone/hexanes) to yield a yellow 

solid.  Yield: 0.029 g, 18%.  mp = 103.5-105.1 oC 1H NMR (300 MHz, CDCl3):  7.78 (m, 

36H), 7.34 (m, 8H), 2.17 (m, 28H), 1.20 (m, 140H), 0.84 (m, 70H).  13C{1H}  NMR (75 

MHz, CDCl3):  UV-Vis (CH2Cl2, λ, nm (ε, M-1 cm-1)):  227(88,944), 388(148,723).  

FTIR (film on KBr disk, cm-1):  2920, 2846 (aliphatic C-H).  
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Chapter VI.  Synthesis of Mononuclear Rh(II) Two-Legged Piano-Stool 
Complexes 

VI-1.  INTRODUCTION 

Rhodium compounds have played important roles in catalysis from hydrolysis to 

hydroformylations of olefins.  The most commonly used oxidation states of rhodium used 

for these complexes are Rh(I) and Rh(III) as they are the most stable.1  Less commonly 

seen is Rh(II) –based compounds due to the odd electron count and instability.2  Rh(II) 

compounds may play an important role as a catalytic intermediate in the catalytic cycles 

of the Rh(I) and Rh(III) derivatives. 

Of the few Rh(II) complexes known, only about twenty of them mononuclear.  

Most of these complexes tend to dimerize in order to stabilize the Rh(II) oxidation state 

so certain precautions are needed in order to isolate a mononuclear complex.2,3  Isolated 

mononuclear Rh(II) complexes have been achieved by using bulky sterically hindering, 

electron rich ligands.   

Specifically, Dixon, et al., has discovered success in using a piano-stool like 

ligand to synthesize mononuclear Rh(II) complexes.1  The piano-stool complexes 

typically consist of a sterically demanding phenyl ring in addition to bulky electron-rich 

chelating phosphines tied together with alkyl linker which accommodates for structural 

changes during oxidation.4,5  These Rh(II) piano-stool complexes have shown great 

promise as catalysts and need further investigation to understand the overall role in 

catalysis. 

VI-2.  RESULTS AND DISCUSSION 

Several different syntheses were attempted in order to obtain the desired Rh(II) 

complexes.  Previously a butyl lithium condensation was performed to alkylate 
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anthraquinone, which was low yielding.  A reduction was attempted by two methods:  

potassium iodide in acetic acid with sodium hypophosphite monohydrate and tin(II) 

chloride dehydrate in 50% acetic acid.  Both methods proved to be unsuccessful so a 

different synthesis scheme was developed.  Alkylation of the 9,10 positions was 

attempted through a Kumada coupling with 9,10-dicholoroanthracene and a magnesium 

halide alkyl derivative with no success. 

Alkylated anthracene and naphthalene starting materials were effectively 

synthesized by Sonogashira coupling (1a-c).  It was discovered by substitution of 

triethylamine for diisopropylamine Sonogashira coupling yields increased two fold (ex.  

25-40% to 60-80%).  In addition, couplings were initially done with using butyn-1-ol as 

the alkyl chain linkage; however, purification by silica gel chromatography became 

difficult and as a result was low yielding.  A silane-protecting group was employed to 

protect the alcohol on the but-3-yn-1-ol prior to coupling and showed improved yields 

with ease of purification.  Compared to the butyl lithium condensation mentioned above, 

the Sonogashira coupling saw yields increase from 5.6% to 32%.  Hydrogenation of 9,10-

bis(4-(tert-butyldiphenylsilyloxy)but-1-ynyl)anthracene (1c) showed to be unsuccessful.  

Hydrogenation was attempted at two different pressures, 14.7 and 40 psi, but the 

predominant product formed appeared to be a partially reduced version of the desired 

complex. 
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Scheme 7.   Synthetic scheme for 1a-7a.  a) diisopropylamine, CH2Cl2, Pd(PPh3)4, CuI, 
50oC;  b)  H2 (g), ethyl acetate, rt.;  c)  C16H36FN, THF, rt.; d) CH3PhSO2Cl, KOH (aq), 
CH2Cl2, 0oC/rt.;  e) KPPh2, THF, rt.;  f) [RhCl(C8H12)]2, NaPF6, CH2Cl2, rt.; e) 1 e- 
oxidation. 

Synthesis of the [1,4-bis(4-diphenylphosphinobutyl)naphthaleneRh][PF6]2 was 

attempted and outlined in Scheme 7.  A Sonogashira coupling of 1.4-dibromonaphthalene 

with (but-3-ynyloxy)(tert-butyl)diphenylsilane afforded 1a with yields up to 98%.  

Hydrogenation and deprotection steps produced pure products 2a and 3a with high 

yields, 89% and 80%, respectively.  Halogenation of the alkyl chain was attempted using 

two methods that proved unsuccessful, thionyl chloride reaction and a chlorination using 

1,3-diisopropylcarbodiimide with acetyl chloride.  Tosylation of the free alcohol on each 

chain worked well and provided a suitable leaving group for the next step.  Yields for the 

tosylation (4a) were initially low; however, upon substitution for non-equilibrium bases, 

such as triethylamine and diisopropylamine, to an aqueous solution of potassium 

hydroxide mixture yields improved up to 60%.  The ligand synthesis (5a) was performed 
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under air-free conditions in a glovebox and was confirmed by phosphorous-31 NMR 

(yield = 84%).  Upon metallation of 5b, 31P and 1H NMR evidence proposes that the Rh 

metal center does not displace the octadiene from the starting material and does not attach 

to either naphthalene ring as illustrated in Figure 55.   

 

 

Figure 55.   Proposed structure of rhodium complex after step f for (a) synthesis. 

To complete the analysis of these systems, a [1,5-bis(4-diphenylphosphinobutyl)-

naphthaleneRh][PF6]2 was attempted to be synthesized by similar methods and the 

general synthetic scheme is displayed below (Scheme 8).  A trifluoromethanesulfonate 

leaving group was used initially for the alkylation because of the nature of the starting 

material to produce 1b (80% yield).  Compounds 2b-4b were run in the same fashion as 

2a-4a and produced pure products with yields of 98%, 82 %, and 30% respectively.  

Ligand 5b was much higher yielding with yields up to 84%.  However, when it came for 

the metallation step (f), there was no evidence of chelation in 31P NMR analysis.  
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Scheme 8.   Synthetic scheme for 1b-7b.  a) diisopropylamine, CH2Cl2, Pd(PPh3)4, CuI, 
50oC;  b)  H2 (g), ethyl acetate, rt.;  c)  C16H36FN, THF, rt.; d) CH3PhSO2Cl, KOH (aq), 
CH2Cl2, 0oC/rt.;  e) KPPh2, THF, rt.;  f) [RhCl(C8H12)]2, NaPF6, CH2Cl2, rt.; e) 1 e- 
oxidation. 

VI-3.  CONCLUSIONS, PROPOSED DIRECTIONS, AND LESSONS LEARNED 

The final product, the rhodium (II) complex with a piano-stool naphthalene or 

anthracene as the arene, could not be achieved.  The synthesis was difficult at times with 

initially low yielding reactions, such as the tosylation step.  However, while the initial 

proposed synthetic methods may seem the most logical, the literature is provides a vast 

amount of information and other solutions may be a more viable solution.  Even one of 

the simplest substitutions, for example triethylamine for diisopropylamine, can have 

yields go from 30% to 98% yields.  This project can be finished with the right push and 

focus.  After a few years experience, if the opportunity arose, this project could be 

accomplished with the groundwork already laid down.  One thing to note, which is a 
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partial reason as to why data is lacking for this specific chapter, is to save a portion of 

sample for further analysis.  Too often the precursor to reaction was used as a whole and 

there was not yet a significant amount of data documented on the new compound.  

Electrochemical studies of the metallated complex, with the octadiene still attached, 

would have been an interesting experiment to perform.  It may have provided further 

insight as to if the octadiene would play a role in stabilization of the Rh(II) species.  Also, 

it may be interesting to work on iridium derivatives to investigate if the same 

phenomenon occurs. 

VI-4.  EXPERIMENTAL SECTION 

All reactions, with the exception of 2a-b, were carried out under a nitrogen 

environment using standard Schenk line techniques or in an inert atmosphere glovebox.  

Dry solvents were obtained from an Innovative Technologies Pure-Solve 400 solvent 

purification system.  All other chemicals were used as received from commercial 

suppliers.  NMR spectra were recorded with a Varian Unity +300 and were referenced to 

the residual solvent peaks.  All peak positions are listed in ppm and coupling constants 

are listed in Hertz (Hz).  Mass spectrometry was carried out using a Thermo Finngan 

TSQ 700 spectrometer. 
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VI-4-1.  (But-3-ynyloxy)(tert-butyl)diphenylsilane:   

To a solution of 3-butyn-1-ol (2.097 g, 29.9 mmol) and imidazole (10.174 g, 

149.4 mmol) in anhydrous dimethylformamide (50 mL) was added tert-

butyldiphenylchlorosilane (7.65 mL, 29.9 mmol).  After addition the reaction mixture 

was stirred at room temperature overnight.  The reaction mixture was poured onto water 

(200 mL) and extracted with hexanes.  The combined organic phases were then washed 

with brine (100 mL), dried with MgSO4 and concentrated in vacuo.  The crude material 

was subjected to silica gel chromatography (CH2Cl2/hexanes, 2:10). The pure material 

was collected and dried under vacuum to afford a light yellow oil.  Yield = 9.130  g, 99%.  
1H NMR (300 MHz, CDCl3):  7.88 (m, 4H), 7.55 (m, 6H), 3.97 (t, J = 6.9, 2H), 2.62 (m, 

2H), 2.08 (m, 1H), 1.26 (s, 9H).  13C{1H} NMR (75 MHz, CDCl3):  135.5, 133.4, 129.7, 

127.7, 80.9, 69.5, 62.2, 26.8, 22.5, 19.1. 

 

 

VI-4-2.  Naphthalene-1,5-diyl bis(trifluoromethanesulfonate):   

In a glovebox, 1,5-dihydroxynaphthalene (1.0138 g, 6.3 mmol) was dissolved in 

anhydrous pyridine (30 mL) in a schlenk flask.  The schlenk flask was sealed, placed on a 
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schlenk line, and cooled to 0oC.  Trifluoromethanesulfonic anhydride (2.5 mL, 14.9 

mmol) was added dropwise via syringe.  The reaction mixture was allowed to room 

temperature and stirred overnight.  The reaction mixture was then poured onto ethyl 

acetate, washed with dilute HCl (aq) (150 mL) and water (200 mL), and concentrated in 

vacuo.  The crude material was subjected to silica gel chromatography (CH2Cl2/hexanes, 

2:10). The pure material was collected and dried under vacuum to afford an off-white 

solid.  Yield = 2.129 g, 79%.  1H NMR (300 MHz, CDCl3):  8.12 (d, J = 8.4, 2H), 7.64 

(m, 4H). 

 

VI-4-3.  General synthesis for 1,4- and 1,5-bis(4-(tert-butyldiphenylsilyloxy)but-1-
ynyl)naphthalene and 9,10-bis(4-(tert-butyldiphenylsilyloxy)but-1-ynyl)anthracene 
(1a-c):   

To a solution of the appropriate arene (naphthalene derivatives and anthracene) (1 

eq.)  and CuI (5 mol%) in anhydrous CH2Cl2 and anhydrous diisopropylamine was added 

(but-3-ynyloxy)(tert-butyl)diphenylsilane (2.7 eq.) and tetrakis(triphenyl-phosphine) (2.5 

mol%).  The reaction mixture was allowed to stir overnight at 50oC.  The reaction 

mixture was then poured onto ethyl acetate, and washed with saturated (NH4)2SO4 (pH = 

7.0) and water.  The crude material was subjected to silica gel chromatography 

(CH2Cl2/hexanes, 2:10). The pure material was collected and dried under vacuum.  
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VI-4-4.  1,4-bis(4-(tert-butyldiphenylsilyloxy)but-1-ynyl)naphthalene (1a): 

clear oil, Yield = 12.808  g, 98%.  1H NMR (300 MHz, CDCl3):  8.37 (m, 2H), 

7.76 (m, 8H), 7.52 (m, 4H), 7.44-7.35 (m, 12H), 3.98 (t, J = 6.8, 4H), 2.86 (t, J = 6.8, 

4H), 1.12 (s, 18H).   

 

 

VI-4-5.  1,5-bis(4-(tert-butyldiphenylsilyloxy)but-1-ynyl)naphthalene (1b):   

off-white solid, Yield = 1.433  g, 80%.  1H NMR (300 MHz, CDCl3):  8.31 (d, J = 

8.4, 2H), 7.74 (m, 8H), 7.61 (d, J = 6.3, 2H), 7.42-7.33 (m, 14H), 3.96 (t, J = 6.6, 4H), 

2.83 (t, J = 6.6, 4H), 1.12 (s, 18H).   
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VI-4-6.  9,10-bis(4-(tert-butyldiphenylsilyloxy)but-1-ynyl)anthracene (1c):  

red oily solid, Yield = 0.380  g, 32%.  1H NMR (300 MHz, CDCl3):  8.57 (dd, J = 

8.59, 2H), 7.75 (m, 8H), 7.56 (dd, J = 6.9, 2H), 7.41-7.31 (m, 14H), 4.05 (t, J = 6.7, 4H), 

3.01 (t, J = 6.7, 4H), 1.10 (s, 18H). 

 

VI-4-7.  General procedure for 1,4 and 1,5-bis(4-(tert-butyldiphenylsilyloxy)butyl)-
naphthalene (2a-b):  

To a solution of the appropriate naphthalene (1eq.) in ethyl acetate was added 

activated 10 % palladium on carbon (10 wt%, reduced).  The flask was sealed and H2 (g) 

was bubbled through the reaction mixture for 20 minutes.  The H2 (g) source was 

removed and the reaction was left to stir overnight.  The next day the reaction mixture 

was filtered through celite and the filtrate was collected and concentrated in vacuo. 
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VI-4-8.  1,4-bis(4-(tert-butyldiphenylsilyloxy)butyl)-naphthalene (2a):  

light yellow oil, Yield = 1.528  g, 89%.  1H NMR (300 MHz, CDCl3):  8.06 (m, 

2H), 7.67 (m, 8H), 7.47 (m, 2H), 7.41-7.33 (m, 12H), 7.20 (s, 2H), 3.73 (t, J = 6.2, 4H), 

3.04 (t, J = 7.7, 4H), 1.86 (m, 4H), 1.70 (m, 4H), 1.09 (s, 18H).  13C{1H} NMR (75 MHz, 

CDCl3):  136.8, 135.6, 134.0, 132.2, 129.5, 127.6, 125.5, 125.1, 124.6, 63.6, 32.8, 32.6, 

26.9, 19.2. 
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VI-4-9.  1,5-bis(4-(tert-butyldiphenylsilyloxy)butyl)-naphthalene (2b):   

light yellow oil, Yield = 1.416  g, 98%.  1H NMR (300 MHz, CDCl3):  7.93 (d, J 

= 8,4, 2H), 7.67 (m, 8H), 7.42-7.33 (m, 14H), 7.29 (d, J =  6.9, 2H), 3.73 (t, J = 6.2, 4H), 

3.07 (t, J = 7.8, 4H), 1.87 (m, 4H), 1.70 (m, 4H), 1.05 (s, 18H).  13C{1H} NMR (75 MHz, 

CDCl3):  139.3, 135.6, 134.0, 129.5, 127.6, 125.6, 125.5, 125.2, 122.2, 63.6, 33.2, 32.6, 

27.0, 26.9, 19.2. 

 

VI-4-10.  General procedure for 4,4'-(naphthalene-1,4-diyl)dibutan-1-ol and 4,4'-
(naphthalene-1,5-diyl)dibutan-1-ol (3a-b): 

Tetrabutylammonium fluoride (1.0 M in THF, 2.98 eq.) was added dropwise to a 

solution of the appropriate naphthalene (1 eq.) in dry THF.  The reaction mixture was 

stirred for 1.5 hrs, followed by addition of a few drops of water to quench the reaction.  

Afterward the reaction mixture was concentrated in vacuo.  The remaining residue was 

dissolved in the CH2Cl2 and extracted with water and brine.  The organic phases were 

combined and dried under vacuum.  The crude material was subjected to silica gel 

chromatography (ethyl acetate/hexanes, 1:10). The pure material was collected and dried 

under vacuum. 
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VI-4-11.  4,4'-(naphthalene-1,4-diyl)dibutan-1-ol (3a) : 

 off-white solid, Yield = 0.342  g, 99%.  1H NMR (300 MHz, CDCl3):  8.04 (m, 

2H), 7.48 (m, 2H), 7.21 (s, 2H), 3.65 (t, J = 6.5, 4H), 3.05 (t, J = 7.5, 4H), 1.80 (m, 4H), 

1.68 (m, 4H), 1.66 (s, 1H).  13C{1H} NMR (75 MHz, CDCl3):  138.8, 131.7, 125.2, 124.9, 

121.8, 60.7, 40.3, 40.1, 39.8, 39.5, 39.2, 38.9, 38.7, 32.6, 32.3, 26.9. 

 

 

VI-4-12.  4,4'-(naphthalene-1,5-diyl)dibutan-1-ol (3b): 

off-white solid, Yield = 0.415  g, 82%.  1H NMR (300 MHz, CDCl3):  7.90 (d, J 

= 8.4, 2H), 7.39 (pseudo-t, J = 8.0, 2H), 7.29 (d, J = 6.9, 2H), 4.17 (s, 1H), 3.50 (t, J = 

6.2, 4H), 3.04 (t, J = 7.5, 4H), 1.74 (m, 4H), 1.58 (m, 4H).  13C{1H} NMR (75 MHz, 

CDCl3):  138.8, 131.7, 125.2, 124.9, 121.8, 60.7, 40.3, 40.1, 39.8, 39.5, 39.2, 38.9, 38.7, 

32.6, 32.3, 26.9. 

 

VI-4-13.  General procedure for 4,4'-(naphthalene-1,4-diyl)bis(butane-4,1-diyl) 
bis(4-methylbenzenesulfonate) and 4,4'-(naphthalene-1,5-diyl)bis(butane-4,1-diyl) 
bis(4-methylbenzenesulfonate) (4a-b): 

An aqueous solution of KOH (aq) (14.5M, 10 mL) was added to the appropriate 

naphthalene (1 eq.) dissolved in CH2Cl2.  The reaction mixture was cooled down to 0oC 

and then tosyl chloride (3.5 eq.) was added slowly.  The reaction mixture was stirred 
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vigorously for an hour and then left to stir at room temperature for an additional two 

hours.  The reaction mixture poured onto CH2Cl2 and extracted with water.  The organic 

phases were combined, dried (MgSO4), and concentrated under vacuum.  The crude 

material was subjected to silica gel chromatography (ethyl acetate/hexanes, 1:1). The 

pure material was collected and dried under vacuum. 

 

 

VI-4-14.  4,4'-(naphthalene-1,4-diyl)bis(butane-4,1-diyl) bis(4-
methylbenzenesulfonate) (4a): 

off-white oily solid, Yield = 1.034  g, 60%.  1H NMR (300 MHz, CDCl3):  7.96 

(m, 2H), 7.76 (d, J = 8.4, 4H), 7.84 (m, 2H), 7.29 (d, J = 8.4, 4H), 7.13 (s, 2H), 4.05 (m, 

4H), 2.97 (m, 4H), 2.39 (s, 6H), 1.74 (m, 8H).  13C{1H} NMR (75 MHz, CDCl3):  144.6, 

124.0, 132.9, 131.9, 129.7, 125.5, 125.3, 124.3, 70.3, 32.1, 28.6, 26.2, 21.5 
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VI-4-15.  4,4'-(naphthalene-1,4-diyl)bis(butane-4,1-diyl) bis(4-
methylbenzenesulfonate) (4b): 

off-white oily solid, Yield = 0.123  g, 30.1%.  1H NMR (300 MHz, CDCl3):  7.82 

(d, J = 8.4, 2H), 7.75 (d, J = 8.4, 4H), 7.37 (pseudo-t, J = 7.7, 2H), 7.29 (d, J = 8.1, 4H), 

7.22 (d, J = 6.9, 2H), 4.04 (m, 4H), 3.00 (m, 4H), 2.40 (s, 6H), 1.78 (m, 8H).  13C{1H} 

NMR (75 MHz, CDCl3):  144.7, 138.3, 132.1, 129.8, 127.8, 125.3, 122.3, 70.3, 32.6, 

28.7, 26.4, 21.6. 

 

VI-4-16.  General procedure for 1,4- and 1,5-bis(4-(diphenylphosphino)butyl)-
naphthalene (5a-b): 

In the glovebox, the appropriate naphthalene (1 eq.) was dissolved in anhydrous 

THF.  A solution of potassium diphenylphosphine (0.5 M in THF, 2.1 eq.) was added 

dropwise and the reaction mixture was left to stir for 20 minutes.  The reaction mixture 

was filtered through celite and concentrated in vacuo under air-free conditions.  The 

product was purified by recrystallization from hexanes in CH2Cl2 to yield a pure product. 
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VI-4-17.  1,4-bis(4-(diphenylphosphino)butyl)-naphthalene (5a):  

off-white solid, No yield determined.  1H NMR (300 MHz, CDCl3):  8.10 (m, 

2H), 7.50 (m, 2H), 7.45-7.41 (m, 8H), 7.34 (m, 12H), 7.18 (s, 2H), 3.04 (t, J = 7.7, 4H), 

2.14 (t, J = 7.8, 4H), 1.89 (m, 4H), 1.61 (m, 4H).  31P NMR -15.5.  MS (CI+): calcd for 

C42C42P2 m/z 609.3 ([M + H]+), found 609.3 ([M + H]+).   

 

VI-4-18.  1,5-bis(4-(diphenylphosphino)butyl)-naphthalene (5b): 

off-white solid, Yield = 0.168 g, 84%.  1H NMR (300 MHz, CDCl3):  7.89 (d, J = 

8.4, 2H), 7.43-7.38 (m, 10H), 7.35-7.30 (m, 12H), 7.26 (d, J = 7.3, 2H), 3.05 (t, J = 7.7, 
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4H), 2.11 (t, J = 8.0, 4H), 1.89 (m, 4H), 1.59 (m, 4H).  31P NMR -15.4.  MS (CI+): calcd 

for C42C42P2 m/z 609.3 ([M + H]+), found 609.3 ([M + H]+).   

 

VI-4-19.  General procedure for Rh(I) metallation (6a-b): 

 In the glovebox, the appropriate naphthalene (1 eq.) and [RhCl(C8H12)]2 (1 eq.) 

were dissolved in anhydrous CH2Cl2 and left to stir for one hour at room temperature.  

Sodium hexafluorophosphine was added (1 eq.) was added afterward and the reaction 

mixture continued to stir for an additional hour.  The reaction mixture was filtered 

through celite and concentrated in vacuo under air-free conditions.  The product was 

purified by recrystallization from hexanes in CH2Cl2.  Metallation was evident in the 31P 

NMR; however, the desired product of either derivative was never isolated. 
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Appendix A.  Crystal Structure Determination and Tables 

For crystal structure determination of 5a, a suitable crystal was mounted on a 

glass fiber and placed in the low-temperature nitrogen stream.  The data was collected on 

a Nonius Kappa CCD diffractometer using a graphite monochromator with MoKα 

radiation (λ= 0.71073 Å).  Data reduction was performed using DENZO-SMN.1  The 

structure was solved by direction methods using SIR97 and refined by full-matrix least-

squares of F2 with anisotropic displacement parameters for the non-H atoms using 

SHELXL-97.2 

The data for 4 and 6a were collected on a Rigaku AFC12 diffractometer with a 

Saturn 724+ CCD using a graphite monochromator with MoKα radiation (λ = 

0.71073Å).  A total of 360 frames of data were collected using ω-scans with a scan range 

of 1° and a counting time of 75 seconds per frame.  The data were collected at 100 K 

using a Rigaku XStream low temperature device.  Details of crystal data, data collection 

and structure refinement are listed in Table 1C and Table 1B.  Data reduction were 

performed using the Rigaku Americas Corporation’s Crystal Clear version 1.40.3  The 

structure was solved by direct methods using SIR974 and refined by full-matrix least-

squares on F2 with anisotropic displacement parameters for the non-H atoms using 

SHELXL-97.5  The absolute configuration was assigned by internal comparison to the 

known absolute configuration of selected portions of the molecule.  The hydrogen atoms 

on carbon were calculated in ideal positions with isotropic displacement parameters set to 

1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms).  The function, 

Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0528*P)2 + (0.685*P)] and 

P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.107, with R(F) equal to 0.0459 and a goodness 

of fit, S, = 1.04.  Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, 
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are given below.6  The data were checked for secondary extinction effects but no 

correction was necessary.  Neutral atom scattering factors and values used to calculate the 

linear absorption coefficient are from the International Tables for X-ray Crystallography 

(1992).7  All figures were generated using SHELXTL/PC.8  Tables of positional and 

thermal parameters, bond lengths and angles, torsion angles and figures are found 

elsewhere.   

 

 

Figure 1A. ORTEP diagram of 5a showing the labeling scheme of selected atoms with 
thermal ellipsoids drawn at 30% probability level. Hydrogen atoms and solvent 
molecules are omitted for clarity. 
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Table 1A. Selected bond lengths (Å) and angles (deg) of 5a. 

Bond distances (Å)  

Ni1-N2 1.884 

Ni1-N3 1.881 

Ni1-O3 1.849 

Ni1-O4 1.836 

  

Bond Angles (º)  

N2-Ni1-O3 92.9(0) 

N3-Ni1-O4 94.3(7) 

O3-Ni1-O4 83.5(8) 

N2-Ni1-N3 93.9(1) 
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Table 2A.  Crystal data and structure refinement of 5a. 

Formula C51H46N4NiO6 • C3H7NO • H2O 

Formula weight 960.74 

T (K) 153(2) 

Crystal system Triclinic 

Space group P-1 

a (Å) 9.6700(4) 

b (Å) 14.0580(7) 

c (Å) 18.1070(10) 

β (deg) 94.799(3) 

V (Å3) 2241.24(19) 

Z 2 

ρ (g/cm3) 1.424 

µ (mm-1) 0.498 

F(000) 1012 

Crystal size (mm) 0.25 x 0.04 x 0.04 

θ  (deg) 1.0 to 25.03 

Index ranges -11 ≤ h ≤ 11 

 -16 ≤ k ≤ 15 

 0 ≤ l ≤ 21 

Absorption correction multiscan 

Max. and min. transmission 0.8856 and 0.9803 

GOF on F2 0.983 

R1, R2 [I > 2 σ (I)] 0.0816, 0.1909 

R1, R2 (all data) 0.1727, 0.2209 

Largest diff. peak and hole(e, Å-3) 0.925 and -0.389 
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Figure 2A.  ORTEP diagram of 6a showing the labeling scheme of selected atoms with 
thermal ellipsoids drawn at 30% probability level. Hydrogen atoms and solvent 
molecules are omitted for clarity.  The left half of the molecule is slightly disordered 
which is in a slightly bent position 30% of the time. 
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Table 3A.  Crystal data and structure refinement of 6a. 

Formula C51H46N4CuO6 • CH2Cl2 

Formula weight 945.36 

T (K) 100(2) 

Crystal system Triclinic 

Space group P-1 

a (Å) 10.401(5) 

b (Å) 13.454(5) 

c (Å) 16.541(5) 

β (deg) 92.356(5) 

V (Å3) 2234.9(15) 

Z 2 

ρ (g/cm3) 1.405 

µ (mm-1) 0.644 

F(000) 982 

Crystal size (mm) 0.32 x 0.05 x 0.03 

θ  (deg) 3.11 to 27.48 

Index ranges -13 ≤ h ≤ 13 

 -17 ≤ k ≤ 17 

 -21 ≤ l ≤ 17 

Absorption correction multiscan 

Max. and min. transmission 1.000 and 0.469 

GOF on F2 1.021 

R1, R2 [I > 2 σ (I)] 0.0993, 0.1512 

R1, R2 (all data) 0.2469, 0.2061 

Largest diff. peak and hole(e, Å-3) 0.412 and -0.540 
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Table 4A.  Selected bond lengths (Å) and angles (deg) of 6a. 

Bond distances (Å)  

Cu1-N2 1.850 

Cu1-N3 1.836 

Cu1-O3 1.885 

Cu1-O4 1.881 

  

Bond Angles (º)  

N2-Cu1-O3 94.0(5) 

N3-Cu1-O4 94.1(8) 

O3-Cu1-O4 91.1(7) 

N2-Cu1-N3 91.5(5) 

 

 

Figure 3A.  ORTEP diagram of 4 showing the labeling scheme of selected atoms with 
thermal ellipsoids drawn at 30% probability level.  Hydrogen atoms have been omitted.  
One methylene chloride solvent molecule is present 
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Table 5A.  Crystal data and structure refinement of 4. 

Formula C51H48N4O6 • CH2Cl2 

Formula weight 897.86 

T (K) 100(2) 

Crystal system Triclinic 

Space group P-1 

a (Å) 10.164 

b (Å) 12.862 

c (Å) 17.400 

β (deg) 84.33 

V (Å3) 2226.3 

Z 2 

ρ (g/cm3) 1.339 

µ (mm-1) 0.203 

F(000) 944 

Crystal size (mm) 0.621 x 0.069 x 0.03 

θ  (deg) 2.99 to 25.00 

Index ranges -12 ≤ h ≤ 12 

 -12 ≤ k ≤ 15 

  -20 ≤ l ≤ 20 

Absorption correction multiscan 

Min. and max. transmission 0.545 and 1.000 

GOF on F2 1.042 

R1, R2 [I > 2 σ (I)] 0.1469, 0.3201 

R1, R2 (all data) 0.2751, 0.4064 

Largest diff. peak and hole(e, Å-3) -0.754 and 0.659 
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Glossary 

1.  OTFTs:  organic thin film transistors 

2. p-type semiconductor:  hole-transport material 

3. n-type semiconductor:  electron-transport material 

4. P3AT:  poly(alkylthiophene) 

5. MEMO:  3-methacryloxypropyltrimethoxysilane 

6.  HT-P6BTQ:  Co-polymer poly(2,2’-(3,4’-dihexyl-2,2’-bithienylene)-6,6’-bis(4-

phenylquinoline)) 

7. BBL:  poly(benzimidazobenzo-phenanthroline) ladder 

8. PTCDI-R:  N,N-dialkyl-3,4,9,10-perylene tetracarboxylic diimide 

9. OLEDs: organic light emitting diodes 

10. SalHBP:  N-salicylidene-3-hydroxy-4-(benzo[d]thiazol-2-yl)phenylamine 

11.   ESIPT:  excited-state intramolecular proton transfer 

12.   HBP:  2-(2’-hydroxyphenyl)benzothiazole 

13.   Sal:  salicylideneaniline 

14.   EE:  enol-enol tautomer 

15.   KE:  keto-enol tautomer 

16.   EK:  enol-keto tautomer   

17.   DMABN-cyclam:  4-(1,4,8,11-tetraazacyclotetradecyl)benzonitrile 

18.   LE:  locally excited state 

19.   TICT:  twisted intramolecular charge transfer 

20.   E:  intramolecular exciplex 

21.   NI-L-PTZ:  1,8-naphthalimide-linker-phenothiazine dyad 

22.   L=C:  octamethylenyl linker 
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23.   L=O:  ,6,9-trioxaundecyl alkyl chain linker 

24.   IE:  intermolecular excimer 

25.   SW:  short wavelength 

26.   LW:  long wavelength 

27.   ORR:  oxygen reduction reaction 

28.   PEM:  proton exchange membrane 

29.   TC:  template carbon 

30.   GC:  glassy carbon 

31.   T1:  triplet-excited state 

32.   S1:  singlet-excited state 

33.   agg:  anti-gauche-gauche 

34.   aaa:  all-anti 

35.   aag:  anti-anti-gauche 

36.   PTCDI-C8:  N,N’-bis(octyl)perylene-3,4,9,10-tetracarboxylic diimide 

37.   ORTEP:  Oak Ridge Thermal Ellipsoid Plot Program 

38.   DCM:  dichloromethane 

39.   MLCT:  metal to ligand charge transfer 

40.  2-MeTHF:  2-methyltetrahydrofuran 

41.   DMF:  dimethylformamide 

42.   UV-Vis:  Ultraviolet-Visible 

43.   LUMO:  lowest unoccupied molecular orbital 

44.   HOMO:  highest occupied molecular orbital 

45.   SCE:  saturated calomel electrode 

46.   EA:  electron affinity 

47.   MW:  middle wavelength 
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48.   phen-naph:  a 2-isobutyl-6-phenyl-1H-benzo[de]isoquinoline-1,3(2H)-dione  

49.   DFT:  density functional theory 

50.   eV:  electronvolts 

51.   nm:  nanometers 

52.   QY:  quantum yield 

53.   RT:  room temperature 

54.   G:  glycerol 

55.   PANI:  polyaniline 

56.   IR:  infrared 

57.   TEM:   transmission electron microscopy 

58.   NP:  nanoparticle 

59.   ITO:  indium tin oxide 
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