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Abstract 

Differential Self Assembly of Novel Redox Crown Ethers 

By 

Andrew William Merithew 

Retinal prosthesis relies on the stimulation of living nerve tissue behind the rods 

and cones of the eye. The current state of the art relies on electrodes controlled by 

cameras which directly stimulate the nerve tissue to elicit a response to an image. 

These types of retinal implants have allowed for short-term crude vision in patients 

but have had limited long term success due to external battery packs and 

electroplating of the implanted electrodes.  

Ionic stimulation is one of the principle mechanisms that sensory neurons utilize 

in the generation of an action potential. In a complex transduction pathway, ionic 

gradients are constantly altered inside the neuron by voltage sensors or mechanically 

controlled gates embedded in the neuronal cell membrane; responsible for the open 

and close state of these ion channels.  

It has been demonstrated that local concentration increases of K+ by direct 

injection proximal to the nerve can elicit nerve firing at a concentration of 15-20 mM 

(3-4X normal concentration) increase in K+ concentration. As part of a larger 

concept of integrating biotechnology with nanofabrication, the materials for the 

development of potassium selective sequestration/storage and delivery were 

developed in the form of a redox-gated K+ selective crown ether.  
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The structure of the anthraquinone-based crown was deduced by computational 

simulation and stoichiometry of the complex confirmed by mass spec. along with 2D 

diffusion NMR techniques. In this instance, the stoichiometry could be controlled by 

the addition of different salts to give a 1:1 complex with large, aromatic anions and a 

2:1 complex with smaller anions such as triflate. The synthesis of the molecule was 

optimized by computational modeling and simulations of transport through an 

artificial membrane. The selectivity of the architecture developed was specific for 

K+ over Na+, the other major ionic species present in the blood. The mechanism 

influencing the self-assembly of this class of compounds has much to do with the 

breakage of intramolecular π-stacking interactions and the formation of stronger 

intermolecular π-stacking interactions.  

Finally, the transport of K+ through nanoporous membranes and single nanopores 

with novel PEG-type polymeric dispersions is demonstrated. This thesis concludes 

with future work toward developing more advanced transporters and proposes novel 

uses for anthraquinone-appended polymers as proton exchange membranes and 

DNA-base pair interchelators.  
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Chapter I – Development of Retinal Prosthesis Utilizing 

Nanobiotechnology 

Objective 

 Develop an understanding of the visual transduction pathway a nerve 

physiology 

 Introduce the current state-of-the-art in retinal prosthesis 

 Examine how selectivity is achieved among different membrane proteins 

to pass specific ions through the plasma membrane 

 Explain the concept behind molecular control by utilizing redox-active 

organic molecules 

 

Integration of silicon based systems with existing neural architecture has recently 

become an area of widespread interest in neural prosthesis (Al-Ibrahim, 2004). 

Fortunately, organosilicon chemistries have been developed to integrate natural 

enzymes (Yang, 2014), aptamers (Lai, 2007), small molecules and Ionophoric 

compounds (Wienk, 1990) to interface with the inorganic silicon. These devices 

have been successfully implanted in several patients, albeit with low to moderate 

success and there is indeed much room for improvement (Weiland, 2005). 

Current approaches utilize inorganic diodes or inorganically coated Indium Tin 

Oxide (ITO) electrodes to generate the current used to power their device and 

stimulate the nerve (Privett, 2010), (Park, 2011). The central problem revolves 
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around the electrochemistry of the nerve and the electrolytic environment 

surrounding. Most of the current from either of the aforementioned stimulation 

processes shunts the current through the electrolyte solution instead of through the 

nerve. Since the desired current isn’t reaching the nerve fiber directly, the threshold 

current for perceiving phosphenes, or packets of light transduction becomes higher 

from the device standpoint, requiring patients to wear bulky external power sources 

while raising the amount of current output the device puts out. This raises concerns 

over overheating (Piyathaisere, 2003) the surrounding tissues and causes 

electroplating of the electrodes which would then need to be replaced and implanted 

once again.  

An introduction to vision and current state of the art of retinal prosthesis and 

finish with this thesis’ vision for an effective, ionic-based system to stimulate an 

action potential that circumvents current leakage problems. 

The field of ocular prosthetics was pioneered by Foerster who was the first to 

realize that stimulating certain parts of the brain could elicit the generation of 

percepts or phosphenes (Foerster, 1929). A phosphene is a perceived light image 

without light actually ever entering the eye.  The current state of the art revolves 

around placing electrodes coated with different materials proximal to the neuron and 

passing a current through the extracellular fluid to the nerve. This system works for 

stimulation of the neural tissue albeit with very low efficacy. This is because most of 

the current driven by the electrodes gets shunted around the nerve through the highly 

electrolytic, conductive extracellular fluid.  
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As the aging population grows, diseases of age such as macular degeneration will 

become more prevalent. This spurs the need for the research and development of 

non-traditional remedies for treatments of motor impairments with prosthetic 

devices. Prosthetics have been implemented in debilitating diseases for decades and 

more intricate prosthetics are being developed continuously; some improvements on 

past innovations, some completely novel in nature and function.  

The current state of the art rely on two methodologies to alleviate the 

degenerative modes and these include: 

 

1. Sub-retinal implants – an array of micro diodes on the outer surface of the 

retina flanked by a photoreceptor layer and the retinal pigment epithelium. 

This type of implant relies on the normal signal processing of the retina and 

the intactness of the middle and lower layers. Sub-retinal implants work by a 

grid of micro diodes that respond to light, stimulating the native nerve tissue. 

The drawbacks are the need for additional power, concerns over heat from 

the device damaging the retina (Piyathaisere, 2003). The need for an intact 

lower and middle nerve cell layer is required, which may exclude some 

patients with advanced degeneration modes.   

 

2. Epiretinal implants - sit on the inner surface of the retina and stimulate the 

ganglion cells directly, bypassing the signal processing needed by other 

layers of the retina, an advantageous method for those whose disease extends 
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beyond the photoreceptor layer. The implants are actually tiny silicon-

platinum microarrays stabilize by using micro tacks along with the slight 

pressure created by the vitreous humor. The implant requires the use of an 

external video camera and an external transmitter for a constant power 

source. The camera receives the image, processes it and communicates the 

information to the implant wirelessly (Liu, 2000). The main disadvantage is 

the need to wear an external apparatus, which can be cumbersome for those 

whom which do not see already.  In clinical studies, 6/6 patients had 

perception of phosphenes, albeit to varied levels (Klauke, 2011). Another 

study showed patients could hardly perceive any percepts or phosphenes at 

all, leaving the area open for further research and development (Rizzo, 2003).  

 

Today, only a handful of people currently have either type of prosthetic 

implanted in their eye. The main concern thus far has been the failure of more than 

half of the devices that have been implanted along with unforeseen compatibility 

issues such as underlying damage of the optic nerve. Success stories with patients 

whom which have long-term microelectronics surgically implanted to the eye have 

been demonstrated by (Humayun, 2003) As the number of microelectrodes per grid 

is relatively small, an estimated 600-1000 electrodes will be needed in order for 

patient to make out higher order structures such as facial recognition and reading text 

(Weiland, 2005).  
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The approach this thesis takes toward retinal implants is similar but instead of 

electrical energy as the source of stimulation, the aim is to use ionic gradients. The 

focus is to integrate the very mature field of complementary metal–oxide–

semiconductor (CMOS) processing technology for sensing electronics, with a 

versatile single-molecule detector, the nanopore. By employing a unique 

combination of digital and analog circuit techniques, feedback and close physical 

coupling afforded by nanofabrication, this platform will enable a new class of 

sensory receptors. This unique sensor architecture exhibits low-noise, high-

sensitivity, lower heat and will hopefully increase sensitivity and resolution over the 

current-leaking devices mentioned earlier.  

Furthermore, by functionalization of these nanoscale detectors with molecular 

recognition units (such as redox crown ethers and non-specific redox active DNA 

interchelators), a new class of biosensors can be designed. In the chapters to follow, 

we address integration of novel organic compounds with the challenges of building 

ultrathin nanopore arrays that are crucial to the assembly of an electronically coupled 

K+ ion pump. We will further assess the role of K+ in generating an action potential 

in the neurophysiology section. 

Traditionally biosensors concentrate mainly on the detection platform and not on 

signal processing. This decoupling can lead to inferior sensors and is exacerbated in 

nanoscale devices, where device noise is large and large dynamic range is required. 

Herein, we outline a novel platform that integrates the Nano, micro and macro scales 

in a closely coupled manner that mitigates many of these problems. Specifically, 
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integration of molecular recognition elements of crown ethers with the nanopore 

detector to design a new class of biosensors in a CMOS compatible platform. The 

formation of multi-stimuli responsive NAND logic gates has been demonstrated by 

chemical recognition elements occupying multiple energy states and having multiple 

equilibria (Dagnelie, 2007).  The functionalized nanopore detector is designed to 

allow for unambiguous interpretation of scientific data, rather than ease of 

experimentation, thanks in large part to the versatility of the unique CMOS platform 

proposed.  

Since nanopore detectors measure changes in pore resistance due to the presence 

or absence of the target, sensitivity is a function of nanopore thickness. The unique 

integration of electrodes and electronics afforded by the CMOS platform allows for 

the pore resistance to be dominant rather than the access resistance as in 

conventional approaches. Superior sensing and bandwidth is achieved by using a 

novel bit-stream based computational approach rather than traditional sensor 

electronics. The digital feedback technique has the potential to greatly enhance the 

measured data, augmenting and controlling front-end electronics without sacrificing 

bandwidth. This offers the potential to discover new phenomena, which are beyond 

the reach of conventional measurement schemes. Additionally, unique integration of 

the multiple physical scales involved enable the design of cheap, disposable and 

robust biosensors. Sensors are evaluated on a broad range of criteria such as 

sensitivity, selectivity, response time and dynamic range with appropriate controls to 

verify each criterion. 
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Despite the limited success these prosthetic prototypes and working devices 

mentioned have had, they will undoubtedly have limited lifetimes because they 

utilize electrodes to stimulate the nerve tissue. The approach this thesis takes is an 

avenue of stimulation that alters the electrochemical gradient and generates the same 

type of action potential by using ions instead of current that are endogenous to the 

human body.  

Conversion of light to chemical energy has been investigated before with 

gene mutations that incorporate a light-oxygen-voltage mutation which was shown to 

capture light energy and convert the signal to an active chemical signal in neurons 

(Yarkoni, 2012).   

 

Figure 1.1 – The plan to couple electrical circuits with electro active organic materials. 

 

 

Ion Channels  

Ion channels have two basic characteristics; recognition of a substance and the 

ability to initiate a response. Ion channels effectively meet the definition of a 
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receptor, they bind ions selectively and initiate an open or close response. An ion 

channel is a transmembrane pore comprised of three elements; a pore responsible for 

the transit of the ion, one or more gates that open and close in response to specific 

stimuli that are received by the sensors.  

The gates can be defined in one of two broad categories, conformationally gated 

and chemically gated. In the latter, a conformation change induces a shift in the 

position or structure of some cofactor we will deem as X. An effector molecule 

bound at one site allows the transition to the active, catalytic state of the gate and 

opens the gate for the ligand to pass through the receptor or pore.  

An example of this is with heme-type proteins and more specifically Hemoglobin 

A itself. This molecule has a hemeprotien which binds diatomic oxygen, oxidizing 

FeII to FeIII resulting in a shift from the in-plane conformation to a centralized 

pyramidal structure within the porphyrin ring (Breslow, 1986). In turn, this causes an 

increase in affinity and exhibits positive co-opertivity due to the stepwise out-of-

plane bending of the histidine residues in the tetrameric alpha and beta subunits of 

the enzyme and sequential step-down energetic effects in terms of redox potentials of 

the iron species. Positive coopertivity means that the first bound molecule increases 

the affinity for binding a second molecule of the same type.  

Neurophysiology and Sensory Perception 

Specific channels transport certain ions against their gradients by active 

transport. Ions in the context of nerve cells contain dense junctions of channels that 

help regulate what is called a nerve action potential. These ions can act on 
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mechanoselective neurotransmitter receptors, polarizing the membrane leading to an 

induced conformational shift, opening the gate allowing for a rapid influx of K+. 

The Visual Transduction Pathway 

The pathway of visual transduction of an object visualized by the eye starts with 

a light stimulus which depending on the absorption wavelength of the light. The 

retina which contains rods and cones contains 11-cis-retinal, a form of vitamin A that 

is bound to the proteins “opsin” to form rhodopsin in the rods and iodopsin in the 

cones.  
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Figure 1.2 - Cyclic diagram showing the specific interplay of light transduction by combination of 

ionic and electrochemical gradients interpretation  

 

 

As light enters the eye, the 11-cis-retinal is isomerized to the all "trans" form. 

The all "trans" retinal dissociates from the opsin in a series of steps called photo-

bleaching. This isomerization induces a nervous signal along the optic nerve to the 

visual center of the brain. An action potential is generated, converting potential 

energy into chemical energy. The retina then stimulates the dendrites (neuron) which 

is carried by the optic nerve to a junction that deciphers binocular vision from both 
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eyes responsible for our sense of depth perception. The signal is then carried to the 

geniculate nuclei which are located on either side of the cerebrum so the brain 

receives signals from both eyes; and finally terminates at the visual cortex on both 

sides of the cerebrum.  

 After the disassociation from opsin, the all trans-retinal is recycled and 

converted back to the 11-cis-retinal form by a series of enzymatic reactions. In 

addition, some of the all-trans retinal may be converted to the all trans-retinol form 

and then transported with an interphotoreceptor retinol-binding protein (IRBP) to the 

pigment epithelial cells. Further esterification into trans-retinyl esters allow for 

storage of trans-retinol within the pigment epithelial cells to be reused when needed. 

The final stage is conversion of 11-cis-retinal combining or associating with opsin to 

reform rhodopsin (visual purple) in the retina. Rhodopsin is needed to see in low 

light (contrast) as well as for night vision. Deficiencies in retinol (Vitamin A) have 

proven to show neurotoxic effect in brain development and functioning, suggesting 

that this intracellular trafficking is vital to this pathway (Spencer, 2012).  

Ionic Gradient and Cellular Communication 

Elaborate transport of ions across membranes is achieved primarily to maintain 

the osmotic gradient of electrolytes across the typical cell membrane which on 

average spans a short distance of 30 nM. The cellular membrane composition is 

comprised of 50% lipids, which include sterols, cholesterol and unsaturated fatty 

acids with amphiphilic head groups exposed to the extracellular fluid and fatty acid 

chains aligned inward, buried due to the hydrophobic nature of these all carbon-
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containing chains. The other half consists of proteins such as raft proteins, receptors, 

antibodies and G-protein coupled receptors that are constantly undergoing 

reorganization, inserting and diffusing away from the membrane. This is why the 

cellular membrane is most often referred to as a “fluid mosaic”, as it is amenable to 

various environmental factors and reorganization to achieve cell-specific 

functionality. 

The cell membrane in Eukaryotic cells is responsible for hosting many processes, 

primarily transport of necessary solutes into the cell and excretion of waste 

metabolites out of the cell. Cofactors, amino acids, hormones, vitamins and many 

other soluble and sometimes insoluble solutes endogenous to the body are 

transported at rates often reaching the limit of diffusion through the membrane. 

In the special case of sensory nerve cells, ions play a more crucial role in the 

transduction of stimuli by using gradients of ions under tight regulation of 

intracellular and extracellular K+, Na+ and Cl- ion concentrations using ultrafast 

biphasic ion channel gating on the timescale of picoseconds (10-12). Crucial to the 

spatial-temporal perception of images by the human eye; ionic gradients along with 

neurotransmitters are used by the nerve cells (wires) to generate an action potential.  

This action potential begins at the dendrites and disseminates through the nerve, 

away from the cell body, terminating at the axon. The axons are the major conductor 

or mediator of thousands of inputs from stimulatory neurons. The axon has a highly 

electrically insulating structure, consisting of the protein Myelin. Myelin is highly 
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insulating in nature and microns in thickness increasing the membrane resistance and 

reducing current loss over long distances.  

If the location of the stimuli is at the periphery or distant from an axon, the action 

potential continues on to the next synapse via a combination of neurotransmitters 

(GABA, acetylcholine, etc.) and ionic signaling at junctions termed synapses, where 

the impulse is propagated in series during a process termed electrophotonic coupling 

to the next neuron until it finally terminates at an axon. Photonic coupling concludes 

with the generation of phosphenes, or the perception of light. The light impulses are 

gathered by the chief transducer, the optic nerve which carries the gathered inputs 

into the glia of the brain where an image is perceived. 

 

Figure 1.3- 3D coordinate map that defines all spatial coordinates in the X,Y and Z directions 

 

 

The specificity and spacial-temporal (figure 1.3) coordinate map that defines the 

position where the initial nerve impulse is generated regulates the resulting 

resolution and quality of the image reconstructed by the brain, comparable to 

“pixels” on a LCD screen. Very high pixilation results in increased resolution of the 

resulting image by generating a more intricate electrochemical impulse that 
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propagates down the wire to the main cable, the axon.  The action potential 

ultimately terminates away from the body of the cell and the electrical current is 

converted back to a chemical signal, resulting once more in the release of 

neurotransmitters. These neurotransmitters contain the information needed by the 

cell to decode the light stimulus converting chemical information into “pixels” 

generated by a specific wavelength of light. 

These pixels code for the original light input captured by the rods and cones of 

the retina. Observables such as brightness, color and shadow are at once processed 

into a perceivable image. 

There are 120 million rods (low-light vision) and 6 to 7 million cones (color 

sensitivity) in the average human eye. The rods are concentrated toward the 

periphery and have high specificity for stimuli which involve moving objects, depth 

perception and low-light vision. Photoreceptor and rods have cones containing 

hundreds of conjugated molecules and the main component, (Z) or (E)-retinal, which 

act as light-induced molecular machines, isomerizing to all (E) in the dark and (Z) 

during periods of light.  
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Figure 1.4 - Single chain of the tetrameric protein Rhodopsin with the isomeric retinal shown buried 

between the insulating alpha helices and beta-sheets, allowing for efficient long-range electron 

transfer.  

 

 

As we age, different diseases states arise due to loss or damage to the rods and 

cones, leading to macular degeneration. Many approaches to date have addressed 

this issue such as polymeric-encapsulated neurogenic drugs, which have showed 

dramatic increase in the recovery of a crushed sciatic nerve animal model (Allen, 

2000). Redox approaches in bio-signaling using polyoxalate metal clusters (POMS) 

have shown to self-assemble, aggregate and compartmentalize reactions in inorganic 

cells (Cooper, 2011). Ca2+ has been used as an effector molecule for ionic 

stimulation of live tissue (Song, 2011). 
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Role of Ions and Channels in Action Potential 

From the science, theory and recent elucidation of membrane protein function at 

atomic resolution, we have come a long way in understanding the processes that 

govern selectivity in natural and synthetic systems by mutagenesis of enzymatic 

proteins, and by analyzing the solution and solid-state properties of ligand-

interactions that mimic what occurs in nature.  

 

Figure 1.5 - As modeled below, the leucine transporter LueT undergoes a favorable allosteric shift 

once sodium ions (purple) first bind to the molecule (left), allowing luecine  to come in a bind to the 

active site (center) and finally the symporter expels both the amino acid and sodium ions inside, 

ending the neurotransmitter cascade outside of the cell (right) 

 

 

 

Membrane proteins are highly dynamic in nature and constantly undergoing 

fluctuating thermal motions that until recently, hindered crystallization by standard 

methods. When crystals were obtained, membrane biologists could not obtain 

interpretable X-ray diffraction patterns to reconstruct the electron density maps to 

visualize a model. While many membrane proteins have proven quite difficult to 
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crystallize in order to obtain quality diffraction data, bacterial homologues of these 

types of transporters have been solved and numerous deposits of crystallographic 

information has been deposited across the Protein Data Bank (PDB). These 

structures have allowed progression of the study of ion translocation, an example 

shown in figure 1.5.  

Before the elucidation of the structure of K+ channels were available at 

atomic resolution, scientists in the field of structural biology could at best 

hypothesize which amino acids were critical to the selectivity of the voltage-gated 

K+ channels by site directed mutagenesis. Although these experiments provided key 

information as to which amino acids were essential for selectivity, the method did 

not compensate for any type of co-opertivity or multi-amino acid induced selectivity.  

This was indeed a major setback in gaining further insight as to the function of 

ion channel selectivity until the late 1990’s, when new techniques in stabilization of 

the protein crystal, with high molecular weight polyethylene glycol molecules (PEG) 

and collection of diffraction data at ultra-low cryogenic temperatures, allowed for an 

interpretable diffraction pattern. 

Inspirations from biology: Examining a structural motif to mimic 

Selectivity in Potassium Transport  

The basic structure of potassium channels consists of a four subunits that form 

the active tetramer comprising the ion channel. Several studies (Long, 2007) over the 

past decades have proposed an initial snug-fit mechanism for initial complexation of 
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K+ from the extracellular fluid coupled with a rapid ion-ion repulsion within the 

channel enhancing the overall diffusive flux of K+. 

 

Figure 1.6 – A tetramer of KscA in closed pore (left) with α-helices pointed inward and homologue 

MTh (right) in its open confirmation with a flatter structure. Copyright Nature Publishing Group. 

 

 

 

The phenomena is shown figure 1.6, where the potassium ions are being guided 

in a head to toe fashion toward the intracellular cytoplasm. The carbonyls of the 

backbone lie relatively close to the pore channels which provide a host for the 

molecules as they traverse through the membrane. This elaborate transport 

phenomena is guided by “gates” or electric field-effects that help modulate the 

intracellular polarization (Ai, 2010).  
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Figure 1.7 – Single subunit trimmed away from PDB entry 3LDC KscA channel in the “open” state. 

Structure was crystallized in 100 mM KCl. 

 

 

Gates effectively couple all of the gradients (Ai, 2010) of fluid flow, ionic 

concentrations and electric field by the Poisson-Nernst-Planck equation 1.1: 

  1 1 2 2
2 ( )F c z c zf         1.1 

i i i(uc D z ) 0, 1,2
i

i i i
D

N c Fc i
RT

           1.2 

where   is the electric potential within the fluid; F is the Faraday constant; c1 and c2 

are, respectively, the molar concentrations of the cations (K+) and anions (Cl-) in the 

electrolyte solution; z1 and z2 are, respectively, the valences of cations (z1 = 1 for K+) 

and anions (z2 = -1 for Cl-); Ni is the ionic flux density of the ith ionic species; u is 

the fluid velocity; Di is the diffusivity of the ith ionic species; R is the universal gas 
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constant; and T is the absolute temperature of the electrolyte solution. The thickness 

of the electric double layer formed is characterized by the Debye length given by 1.3 

1 2 2 2 1/2
01( / )D f iiRT F z C  

       1.3 

 K+ selective passive transport channels (leak channels) are present in the 

membrane and result in a potential offset of about +18 mV from -88 mV to -70 mV. 

This makes neurons at rest more permeable to K+ than Na+, which has very few leak 

channels. The selectivity filter in K+ channels is conserved among species with an 

eight amino acid sequence termed the “signature sequence” TMTTVGYG 

(Heginbotham, 1994) where initial binding occurs. The sequence confers selectivity 

as site-directed mutagenesis revealed that replacement of one of these residues 

results in complete loss of selectivity (Heginbotham, 1994). To aid in defining where 

this specificity elicits from, computational simulations with different cations 

traversing the pore have suggested that Na+ does not bind the signature sequence, 

more than likely due to its hydrodynamic radius being far smaller than that of K+ 

(Bernèche, 2005), (Garofoli, 2003).   

The snug-fit is complemented by other triggers such as an allosteric shift 

(conformational change of enzyme subunits upon ion binding events) where in this 

case, a phenylalanine 𝜋-cation interaction is hypothesized to mediate electronic 

coupling of the K+ ion gradient to the pore gating mechanism (Long, 2007). The rim 

of the pore is also lined with four negatively charged amino acids, which exclude 

any anions from entering. Other molecules such as tetraethylamine which has a 

diameter of about 8 Å, (similar to that of K+ with its hydration shell intact) and can 
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enter and effectively block the pore but cannot traverse through it, lending more 

evidence toward complete dehydration of the ion as a selectivity requirement 

(Shrivastava, 2000).   

Since biology uses both ions and neurotransmitters for neural signaling, it must 

be possible, at least in principle, to design a neural prosthesis that interfaces to the 

natural neural system using neurotransmitters. Some attempts have been made to 

design retinal prosthesis using a neurotransmitter based approach. However, none of 

these have been developed into clinically viable therapies due to the principal issue 

of having to supply spent neurotransmitter, either via a reservoir or sequestration. A 

reservoir of neurotransmitter poses significant risk since any rupture of the reservoir 

would result in catastrophic damage of the surrounding neural tissue. Sequestration 

of neurotransmitters is not easily possible since the neurotransmitters, such as GABA 

and glutamate, are taken up by glia and broken down. 

One approach to mitigate this is to use an alternative chemical stimulation 

method, namely ionic stimulation. Ionic stimulation could circumvent the above 

issue by actively sequestering ions from the extracellular fluid. Another approach 

that has been explored is the use of ionic modulation to lower the electrical threshold 

for neural stimulation. In this approach, a calcium sensitive ionophore is used to 

locally sequester the calcium around the nerve using electrical control. Though, this 

is a viable approach, it requires large induction times (~1 min), which would prevent 

it for being used in sensory perception types of devices. Alternative approaches 

using direct Ca2+ stimulation has also been demonstrated (Isaksson, 2007). 
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The approach taken in this thesis is quite different approach of direct neural 

stimulation via K+ ions. It is well know that neurons can be stimulated by elevated 

extracellular concentrations of K+ (Weiss, 1986). Neurons are most permeable to 

potassium in the resting state, making them the most viable ionic stimulation species. 

Another advantage of the K+ based approach that active sequestration can be 

performed using synthetic ionophores. If a potential could be applied across a 

membrane selective for pumping K+, one could envision a mechanism to pump K+ 

against its concentration gradient. This is turn will elicit a neuronal response creating 

an electrical signal by the production of phosphenes, or packets of visual perception.  

The underlying nerve cell fibers orient themselves as model parallel-plate capacitors 

[+/--/+] with large potential for conduction, it could in fact be possible to utilize a 

biphasic prosthetic device to trigger an action potential by selective ionic 

stimulation. The therapy is then in the hands of the patient as they learn to interpret 

these signals.  
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Figure 1.8 – Simplified design of the generation I K+ ion pump. 

 

     

Finding the materials suitable to mimic the receptor functionality while 

remaining biocompatible, our attention turned to ion selective field-effect transistors 

(ISFET’s). ISFET work by producing an electrical response once a target analyte or 

ion in this case is bound to the receptor. Small changes in current are sensed by the 

proximal induced electric field and the length of the organic-inorganic spacer which 

should be rather short in order to produce a maximum in the sensitivity and response 

elements of the ISFET.  The device would rely on generating an ionically-induced 

stimulatory response by the selective release of K+ ions.  
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From the science, theory and recent elucidation of membrane protein function at 

atomic resolution we have come a long way in understanding the processes that 

govern selectivity in natural and synthetic systems by mutagenesis in the context of 

enzymes and by analyzing the solution and solid-state properties of potential ligand-

interactions that mimic what occurs in nature. Developments in host-guest chemistry 

have become so sophisticated, we can even manipulate single crystal to single crystal 

transitions upon cooperative guest translocation through non-porous lattices to 

achieve transport (Atwood, 2002).  

In this thesis, we present our first effort towards the rational design of a 

supramolecular ionophore that is selective to K+ ions under redox-gated control. At 

the heart of our Supramolecular assembly is the anthraquinone motif, enabling both a 

preorganization of the crown ether ring (see Chapter V), and redox activation.  

The supramolecular bio-inspired structures synthesized would function by active 

sequestration of K+ ions and storage of the ions in a pre-selective, much thicker 

“hydrogel” layer, while loading into the gel occurs by electro-diffusion. The delivery 

of the ion to the neuron (figure 1.8) can be effected by using a variant of an organic 

ion pump. The electrochemical ion pump is an electron to ion transducer based on a 

conducting polymer, namely Poly (3,4-ethylenedioxythiophene) doped with 

polystyrene (sulfonate) (PEDOT:PSS). By introducing a selective blocking layer that 

prevents electron transport through the polymer film, either by over oxidation or 

design, ion transport can be effected. When a negative potential is applied to the 

PEDOT:PSS layer, current flows by the oxidation of PEDOT0 (eq. 1.3). If this layer 
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is exposed to an electrolytic solution then a cation (M+) from the electrolyte will be 

incorporated into the film to maintain charge neutrality (eq. 1.4). Alternatively, a 

film that is in its reduced state can be made to give up its cation (M+) if a positive 

potential is applied to it (Eq. 1.5). The half-cell reactions at the anode (+) and 

cathode (-) are given by: 

PEDOT0 + PSS- : M+   PEDOT+ : PSS- + M+ + e- (anode) 1.3   

PEDOT+ + PSS- : M+ + e-  PEDOT0 : PSS- : M+ (cathode)  1.4   

By applying the right polarity of the potential, cations can be made to travel from 

one electrode to another where they can then diffuse into the electrolyte if the 

concentration is lower. 

Though we are using a current drive to eject the potassium ions the current is 

confined to the PEDOT:PSS layer and does not travel through the electrolyte and 

hence does not interfere with the recording electrode if one is present, thereby 

enabling simultaneous stimulation and recording of neural signals.  

Biological transport systems operate mainly in the diffusion-limited domain. The 

nanoscale dimension makes this domain favorable since the length scale and the time 

that it takes to diffuse through it are connected through an inverse square 

relationship. Bio membranes are a fundamental component in enabling this 

operation. Bio membranes provide a structural framework via their amphiphilic 

nature and a functional framework by incorporation of channels, receptors and 

pumps.  
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Self-assembly is a key property that nature relies on in generating these 

membranes. By exploiting the hydrophobic-hydrophilic interactions these 

membranes assemble into nanometer thick bilayers as well as other structures. If the 

goal is to mimic the principle of natural Nano-architectures; self-assembly is 

essential as a key component. Unfortunately, natural bio-membranes are very fragile 

and cannot be directly incorporated into an engineered Nano system.  

Designing an artificial membrane  

Much attention to the development of crown ethers specific for their cations 

inherent size was initially developed by Gokel, Voyer and Pederson in the 1970’s 

and has since lost interest in the scientific community. Crown ethers based on the 

reversible Fc/Fc+ couple have been used as both calcium divalent cation (Isaksson, 

2007) and chloride anion sensors (Evans, 2011), (Langton, 2014). Triggered release 

by [Diaza 18-C-6] cobalt and copper complexes by addition of HCl protonates the 

amine of the crown ether, releasing the colored substrates into the aqueous phase 

(Dergunov, 2011).  

As these novel compounds found increasing functionality in their uses, entire 

conferences were devoted to exploring and discussing the ideas of crown ether 

structure and selectivity. These derivatives included branched, linear, basket-type 

(Kou, 1993), calixarenes (Mathews, 2002), (Casnati, 1996), (Gargiulli, 2009), rosette 

(Hoebin, 2005), molecular clefts (Pliska, 2001) and crown ether lariats (Zhang, 

2010) as single cation binders as well as the former bound to polymers (Marsella, 
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2003), (Sakai, 2010), some with peptide-like backbones (Ouelett, 2010) exploited the 

popularity of the field at the time but has since fallen off the charts (Breslow, 1986). 

Crown Ether Current State of the Art 

Today, it has since been five decades since Pedersen began his initial quest to 

develop a complexing agent for divalent cations (Pederson, 1967). Heteromacrocycle 

chemistry has gone through several phases during the ensuing years. At the start of 

the discovery of crown ethers, the main focus was on structural diversity so that a 

general template could be realized. The second and third phases of the crown era 

involved studying the physical properties of the crowns both in the solid and liquid 

state. As some would agree, these fundamental studies paved the way for modern 

day supramolecular chemistry.  

Once the structural and physical chemistry was understood, outside fields such as 

biology and the sciences alike began to utilize crown ethers for solid state 

chromatographic separations, anion/cation exchange chromatography, chiral 

separation of amines (Reed, 1991) as well as both D- and L- amino acids (Ariga, 

2014). As more and more novel scaffolds unfold in the form of polymeric, 

dendrimeric, sol-gel and solid state matrices along with other assemblies yet to be 

discovered; applications of these novel compounds show no obvious bounds and will 

continue to have their niche in chemistry (Stang, 2012).  
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Approaching the Molecular Dimension 

Single nanopores along with arrays of multiple nanopores are a new and 

emerging technology that has contributed to furthering the science of single 

molecule detection including single molecules of dangerous bio warfare agents such 

as Ricin (Ding, 2009). Other applications in DNA sequencing (Ai, 2010), (Furnkies, 

2010) single nucleic acid detection, peptide sensing (Niedzwiecki, 2010) and control 

of molecular transport (Ding, 2009). Nanopores are very versatile in their 

functionalization with amenable groups and varied chemistries such as thiol-ene 

click chemistry (Killops, 2008), (Bertin, 2009) 

 Other approaches to functionalization involve hetero or homogenous molecular 

functionalization (Vasile, 2013); where in the homogenous case, the molecule is 

synthesized with the reactive silane and one-step functionalization. In the 

heterogeneous method, the synthesis relies on functionalizing with a smaller reactive 

electrophile such as isocyanopropyltriethoxysilane (PICTES) or a good nucleophile 

such as aminopropyltriethoxysilane (APTES) followed by secondary reaction with 

the same functional molecule appended with the appropriate reactive group. The 

latter method returned a slightly higher count (CPS) in the x-ray photoelectron 

spectra (XPS) for carbon, suggesting this method may effectively graft more 

functionality due to the lower steric hindrances of the smaller precursor 

(Tagliazucchi, 2010). Non-covalent grafting of Host molecules is another method if 

the organic functionality is stable to E- beam deposition (Thontasen, 2010), which 

very few are.  
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Functionalized Nanochannels 

Biologically, it has been shown that HEK neuronal cells have grown successfully 

on alumina nanoporous substrates, (Wolfrum, 2006).  Wu Et al examined the effects 

of Nano confinement on mesoporous TEOS-functionalized alumina nanowires and 

found that remarkable helices and doughnut shaped domains were found to 

spontaneously self-assemble, with more spherical structures developing as the pore 

diameter decreased to <10 nm (Wu, 2004). In contrast, Mühlstein Et al studied Brij-

56 which tends to favor cyclic mesoporous structures and found predominantly 

lamellar phases formed and were able to successfully characterize the presence of the 

surfactant by 13C NMR in the solid state (Mühlstein, 2009).  Yamaguchi Et al studied 

mesoporous silica “nanochannels” and found that nanoscale size-exclusion of 

molecules could be precisely controlled for one biological substance over another 

based on size alone (Yamaguchi, 2004). A. Yamaguchi found that the diffusion 

constants of a 2,2-Ru-bipyridyl macromolecule increased by a factor of 2 when C-10 

alkyl chains were functionalized to alumina pore walls but decreased drastically 

when any groups possessing hydrogen bond donors and acceptors was introduced. 

Their reasoning was attributed the combination of hydrogen-bonding with the silanol 

substrates as a major factor slowing the diffusion of the bipyridine-metal complex, 

while the C-10 alkyl effectively blocked these interactions and lowered the 

interfacial surface tension (Yamaguchi, A, 2006).  Mutalib Md Jani examined a 

novel approach to the anodization of alumina, etching the aluminum down to an 

intermediate depth, functionalizing with a silane and anodizing once more to 
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functionalize with a different silane which would react with a fluorophore (Mutalib 

Md Jani, 2009). The findings showed only the bottom anodized layer to be 

functionalized with the fluorophore showing proof of concept of their serial 

anodization/silanization process (Mutalib Md Jani, 2009). Yajima Et al further 

examined 15-crown-5 derivatives functionalized to either mesoporous silica or 

encapsulated within a sol-gel matrix in the Nano domain. The findings showed 

inversion of selectivity as the bis-15-crown-5 structure transported K+ instead of the 

expected Na+. The 15-C-5 had 2:1 stoichiometry with K+ and formed 1:1 structures 

with Na+ showing that the inherint selectivity of these crowns could exhibit 

differential behaviors depending on their environments and matrix material used in 

the nanopores (Yajima, 2010).  

Figure 1.9 – Circular diagram of a transporter possessing the three most important characteristics – 

Selectivity, diffusivity and release. 
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Trigger for release and selectivity  

In designing an effective transporter, many different redox-active materials were 

considered, their synthesis being discussed in Chapter III. These molecules allow for 

reversible one and two electron transfers and act as electron shuttles in the electron 

transport chain in the mitochondria as shown in figure 1.10 below (Duveau, 2010). 

 

Figure 1.10 – The reversible 2 electron, 2 proton transfer between the hydroquinone and 

benzoquinone is a native biological system for redox transfer reactions in the body. 

 

 

 

 The electrons can flow from a reduced molecule or cofactor to an oxidized 

molecule, as long as their standard reduction potential E˚ is lower than the molecule 

to be reduced. I.E. electrons always flow from the species with the lower reduction 

potential to an entity with a higher reduction potential. With the exception of some 

underwater sidephores which utilize heme –containing channels, there are not many 

species in existence that utilize redox properties in the regulation of their ion 

channels. Recently Liu Et al. showed selective “gating” of a structure that 

interconverts between carcerand to hemicarcerand (Liu, 2014). The group discovered 
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this phenomena computationally when they noticed the side chains of the carcerand 

underwent multiple allosteric transitions, allowing for guest capture and escape.  

 

Figure 1.11 - The four standard crown ethers and their cation counterparts (anions excluded for 

clarity) 

 

 

 

Utilizing redox species built into the traditional crown ether structure (figure 

1.11) has become a widespread strategy in materials as a switch for intramolecular 

coupling, closing acyclic pseudo-crowns to heavy metal sensors for cadmium 

(Privett, 2010). The equilibrium constant however, may change in favor of one ion 

over another leading to an increase in selectivity if the reduction or oxidation 

changes the conformation of the crown to a more preferential binding mode. This is 

the intended functional outcome of what is desired in a redox switchable pump.  

 Once bound in the membrane in the reduced state, the KD should be high and 

koff rate constant low to prevent unwanted leakage of the complexed potassium ions.  

To  deliver the potassium stimulus, a fast reversal of the potential to a positive ΔE° 

and subsequent oxidation of the transporter should increase the koff  rate constant 

causing a local charge repulsion (all (-) species are now absent) leaving (+) charges 
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in the form of H3O
+ ions along with K+ ions that are rapidly expelled through charge-

charge repulsion as the potential is lowered to a slightly negative potential, driving 

the positive charge toward the intracellular side of the membrane which in turn 

generates the action potential. Radical processes and supporting observations has 

been studied by specially designed IR cells (Bu, 2000) and extensively by EPR 

(Delgado, 1988), (Song, 2006). 

Diffusion-controlled Reactions and Mobile e- carriers 

Diffusion is best described as the random path a solute takes in some medium per 

unit time, which we call the diffusion coefficient of that solute. Different 

macromolecules have different sizes and shapes and effectively displace a path 

through the medium, displacing solvent molecules with viscosity η. The diffusion 

coefficient depends mostly on the relative size of the molecule and is best modeled 

by the Stokes-Einstein equation given below 

6

Bk T
D

r
  Stokes-Einstein equation   1.5 

with terms including the hydrodynamic radius, r, Boltzmann Constant, kB, 

temperature, T and 6π for distance dependence of the electric field around a spherical 

object. This simplistic form of the very well accepted Stokes equation is not always 

acceptable as a descriptor once a medium is rendered heterogeneous such as 

diffusion through ordered block copolymers domains. Effects seen in block 

copolymer domains have unpredictable properties that which sometimes can be 

explained through experiment and theory as in this thesis.   
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Formation and resulting stability of nanostructures, such as lamellar and 

cylindrical block copolymer phases, often depend on surface energy along with net 

charge which can shift the apparent diffusion coefficient. Liquids have very high 

diffusion coefficients allow diffusion to occur with ease (solutes dissolved in liquids) 

or can be infinitesimally slow (salt diffusing into solid concrete). We must also take 

into account the movement of charged particles in terms of their specific chemical 

potential given by the electrical mobility equation 1.6:  

q Bk T
D

q


                1.6 

We see that the diffusion coefficient in this case can be influenced by μq, the 

electrical mobility of the particle, which is dependent on the drift velocity vd, a 

charged particle reaches under the influence of an electric field 

                                      vd =μE                                              1.7 

Where μ is the electric mobility and E is the magnitude of the applied electric 

field. The resulting relation for electrical mobility is the ratio of the drift velocity to 

the magnitude of the electric field.  

dv

E
                           1.8 

Each substance and solute in a system has a diffusion coefficient, a measure of 

how random molecules disperse in a finite medium. If the system is comprised of 

many solutes, then binary, ternary or higher order mean diffusion coefficient which 

describes the body of solutes diffusing globally through the system is attained. Often 

times in the literature, anomalous behavior occurs with diffusion coefficients with 
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varied salt concentrations. That is because the solute-solvent interaction is a function 

of more than one than just one physical parameter. Changes in salt concentrations in 

D2O for instance have led to anomalous behavior of decreasing and then increasing 

apparent D values. The authors attribute this to the salt itself; being that the salt 

effectively makes the solvent more hydrophobic because its hydration properties are 

organizing themselves around the ions themselves (Gomaa, 2012). This effectively 

leads to an apparently faster diffusion coefficient due to the apparent increase in ion 

hydrodynamic radius while there is less interaction with water coordination of the 

complexed cation. 

The diffusion coefficient can be influenced by temperature, viscosity and net 

charge. Temperature is perhaps the most variable property that governs any change 

in the diffusion of a substance. Changes in temperature change the viscosity of the 

solution as well. According to Stokes Law there can thus be little information on the 

temperature effect of the diffusion coefficient due to the inverse relationship between 

viscosity and temperature (As T increases, v decreases and vice versa) in the case of 

solutions. If the medium contains a mixture of components and the interest is in 

isolating one diffusion coefficient for a particular solute, the coefficient must be 

separated by at least one order of magnitude to obtain reliable diffusion data (Sandor, 

2011).  

Diffusion constants can be found by various other methods by conducting 

electrochemical experiments, using bulk diffusion cells and more recently, by 

nuclear resonance spectroscopy. Much of the work in the field of nuclear magnetic 
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resonance (NMR) to correlate the chemical shift of a particular substance with its 

diffusion coefficient for both solids and mainly liquids has been performed 

(Chemlka, 2005), (Evan-Salem, 2007), (Feliz, 2006). Major pharmaceutical 

companies look to diffusion NMR to separate out bulk components of biological 

samples to see how drugs are metabolized and what metabolites are being formed 

(Chapman, 2007), (Alvarado, 2011). The method is relatively simple and 

straightforward, assuming the right processing steps and the parameters used to 

collect the data are pertinent to the sample (Fielding, 2000). Thermal noise 

generation in the probe and the first-stage receiver electronics dominates noise in 

NMR experiments (Cohen, 2005).  

Investigation of host/guest complexes and interactions with the use of two                        

dimensional diffusion-ordered spectroscopy, or DOSY as we will refer to it from 

here on has been performed for various neutral (Ouellet, 2010), (Guerrero-Martínez, 

2006), (Guo, 2010) and charged complexes (Tominaga, 2009). DOSY studies on 

crown ethers with anions with observable nuclei for both the host and guest can be 

monitored spectroscopically if the assumption that the guest does not increase the 

hydrodynamic radius is valid.  If a 1:1 stoichiometric complex is formed, both the 

host/guest will return the same trace along the 2D coordinate axes because they 

diffuse as one and possess one binary diffusion coefficient. Neglecting the fact of 

self-diffusion within the complexes themselves, much can be learned about the type 

of complex formed and if the stoichiometry is 2:1, 1:2 or 1:1 by integration of the 2D 
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plane (Botana, 2011). This can be complementary to other methods such as Job’s 

method of continuous variation.  

Other variables can be examined as well and new characteristics of complexes 

can be examined such as ion-pair separation as anions have much higher diffusion 

coefficients in solution (aq.) than their counterparts, cations (Cohen, 2004). More 

insight as to whether the anion diffuses as part of the complex or freely in the NMR 

solvent can then be answered.   

We will now describe the reduction potential in terms of a gate. One may think 

of this as effectively a fence with a finite height Em, which a baseball must be thrown 

over (or an electron in our case).   

                                    1.9 

There are a variety of factors that can have an effect on the oxidation midpoint 

(Em) the most prominent effectors of the oxidation midpoint (Em) include proximity 

of metal centers, Van der Waals constraints, distance restraints, hydrogen bonding, 

electrostatics, hydrophobicity and whether or not the system is in an aqueous or 

hydrophobic environment.   

The “gating” effect of an electrochemically gated pore is in effect a slow reaction 

that involves the buildup of charge (Uysal, 2011). After an activation threshold is 

reached - the pore may change conformation, allowing a rapid increase in kinetics 

arising from favorable pore coordination and intra-charge repulsion between cations 

as they collide with one another along a “single file” axis that spans the pore (Song, 

2006).   

o mG nF E  
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 Supramolecular assemblies must have regularly spaced redox sites which serve 

as relays in the intramolecular electron exchange process. The redox-active species 

must be in close proximity and possess a favorable charge-transfer environment for 

high rates of electron transfer reactions (Marcus, 2012). Charge neutrality and the 

buildup of charge in one direction also must be accounted for by the electrolyte 

solution. For every charge into the system, there must be an equal but opposite 

charge such as the K+/H+ antiport mechanism to compensate for the charge buildup 

or eventually transport of charge in one direction will cease; the one exception being 

active transport, which uses ATP to actively pump ions against the gradient. In most 

cases, for every cation pumped in, a proton must be pumped out to maintain the 

osmotic balance of the cell. Alternatively, the cation and proton in a ditopic receptor 

with two binding sites can function as a symporter, carrying both charges to one side 

of the membrane which builds a chemical potential and polarizes one side of the 

membrane.   

To summarize, natural systems of ionic stimulation use precise gradients of ions 

and the regulatory “gates” are the preceding steps controlling ion transport.  

Facilitated Diffusion  

Facilitated Diffusion is the assistance that drives transport that otherwise would 

be too energetically unfavorable to occur independently. Facilitated diffusion by 

mobile membrane carriers enhances both the selectivity and the rate of interfacial 

flux through bulk liquid membranes as a result of increased solubility of the charged 

ion-carrier complex in the membrane phase.  Facilitated diffusion accelerates the rate 
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at which a transport processes occur; effectively coupling transport to one or more 

processes such as a favorable electrochemical gradient (Weiss, 1996), solvation of 

otherwise insoluble salts in lipid membranes or favorable H-bonding interaction 

which can be further controlled by both pH gradient (protonation of amines, 

deprotonation of carboxylic acids and phenols to form carboxylates and phenoxides 

which can all drastically increase the magnitude of the interaction (either repulsive or 

attractive).  

In the case of facilitated diffusion via ionophores, the case is slightly more 

simplistic the first step is collision, absorption and the stripping an ion of its 

hydration shell (desolvation energy of a hydrated ion). Since the Boltzmann 

distribution term for thermal molecular collisions, (kT) is completely random, 

selectivity is imparted into the system by how well oriented the substrate is when 

colliding or diffusing around the ionophore molecule.  
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Figure 1.12- Thin-Film Models for 1:1 and 1:2 stoichiometric complexes with red discs representing 

reduced species and blue representing oxidized species. Step 1 – collision and stripping of hydration 

shell 2 – complexation by a second carrier (H2)  3 – Pre-equilibrium complex 4 – Formation of the 

capsular complex and transport across the membrane 5 – oxidation of the crown to neutral state, 

decomplexation (kD decreases). 

 

 

 

From reaction rate theory it is well known that enzymes often have higher 

turnover numbers and that rates such as in the case of ion transfer approach the limit 

of diffusion. The overall affinity of the receptor is proportional to the rate at which it 

binds to the lower-energy transition state or intermediate (ΔG‡). This contribution is 

overall geometric constraint coupled with contributions from electrostatics of the ion 

as well as its charge.  
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Reaction Rate Theory and Implications for binding 

To understand the physics that should approximate phenomena on the nanoscale 

and deriving an expression for our theoretical device we first turn our attention to the 

thin film model and assume that the reservoirs on either side of the pump dres  >>> 

dmem which validates the steady state concentration for bulk diffusion. Also in 

consideration is the fact that changing the potential energy of the electrons given by 

eq. 1.10 by 1 eV effectively changes the forward rate constant by a factor of e20 

(Squires, 2013)!  

Understanding the kinetics and association of molecular complexes can be quite 

challenging especially in the case of mixed stoichiometry where two or more guests 

may bind to one host or more than one host bind co-operatively to one guest 

molecule (Conners, 1987). Differential salt concentrations can also manifest 

problems in interpreting complex reaction kinetics and one must carefully analyze 

the data to make a sensible interpretation of the mechanism of action of such 

complexes. We must first define the equilibrium disassociation constant, kD, with 

units of M-1 and clarify that this is not the association constant kon, with units of M-1 

min-1 and finally the disassociation constant, koff with units of min-1. The equilibrium 

constant is a powerful value that a system maintains despite the concentration of 

guest, the host binds the same value or quantity of guest regardless of the 

concentration of either H or G.  
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H+ G → H(n)G                      kD = [HG]/[H][G]  1.11 

Furthermore, from reaction rate theory and enzyme kinetics we know enzymes 

often have higher turnover numbers and that rates such as in the case of ion transfer 

is in fact diffusion limited. The overall affinity of the receptor is proportional to the 

rate at which it binds to the lower-energy transition state or intermediate (ΔG‡). This 

contribution is overall geometric constraint with some contributions from 

electrostatics of the ion and its charge density. Perhaps the most complicated and 

unpredictable property is the fact that the host molecule may undergo an allosteric 

shift (a change in geometry altering the binding site geometry) resulting in 

sometimes favorable or unfavorable consequences for binding.  
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Figure 1.13 – Different conformers of the same molecule with different complexation properties  

 

 

 

In the case of facilitated diffusion ionic transporters often occur a slow step in 

their uptake due to the requirement of first stripping the ion of its hydration shell. 

Once this process has occurred the ion is bound via ion-dipole forces to the ether 

oxygen, pending favorable geometric constraints, (ionic radius ≈ crown ether radius). 

The latter dictates the magnitude of the equilibrium kD disassociation constant 

whereas the kinetics are proportional to how well oriented the substrate is to undergo 

this multistep binding process (co-operative effects). 
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Figure 1.14 – K+ bound to the ionophore Valinomycin  

 

 

Cyclophanes, rosettes’, cyrptands as well as natural ionophores such as 

Valinomycin (figure 1.14) and Nonactin form weak to strong intramolecular forces 

with guest molecules and even with themselves such as in the case of the rosette 

shown in figure 1.16. Although one may think of a hydrogen bond being between 

species with Lewis basic or acidic hydrogen or lone pair, one can see that much 

weaker hydrogen bonds are formed to hold the guest benzene ring in the plane of a 

network of six hydrogen bond donor and acceptor molecules. It is this network 

which holds DNA together and is so predictable by computational simulations that 

groups such as Dr. Luc Jaeger have pioneered these effects into what is termed 

“DNA origami” (Grabow, 2011).  
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Figure 1.15– The crystal structure adopted by cyclophane urea complex by both Strong and weak 

forces. Figure 1.16– cyclic rosette crystal structure adopted by weak Hydrogen bond network coupled 

with favorable geometric constraints while in Benzene solvent.  

 

 

 

To find the synthetic organic material targets to achieve the desired transport 

properties as outlined in this chapter; it was necessary to familiarize ourselves with 

the characterization techniques by using a previously synthesized receptor (Sun, 

1995). Crown ethers are an attractive avenue due to the relative ease of synthetic 

complexity and the inherently large binding constants and selectivity. These 

properties are unveiled after the characterization of the synthesized complex is 

complete and are usually complemented by more than just one piece of spectral data 

to confirm the identity of the complex. Over the last decade, science has focused 

much effort in to the understanding of intermolecular forces that govern secondary 

structure assembly.    
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Physical Considerations 

To start, we examined each of the crown ethers in figure 1.11 are depicted with 

the selected cation because the affinity for that cation is highest. These crown ethers 

form a complex in solution with the highest apparent equilibrium constant Keq. This 

constant is valid for ideal, dilute solutions and is rarely measured under conditions 

that define the provisos; with the limiting factor including instrument sensitivity, low 

solubility, changes in solubility (upon complex formation) and purity of the resultant 

complex that remains in solution. Often times these are ignored in the literature with 

such reported values (log scale) ranging from K = 101 M-1 to values up to K =109 M-1 

(Frensdorff, 1971), (Gokel, 2004), (Fielding, 2000).  

For ligands binding to receptors with more than one binding site, the equilibrium 

number of bound molecules can exceed the actual amount of receptor in solution 

(Thordarson, 2011). There can also exist ditopic receptors which effectively complex 

a cation and anion in an ion-pair separated supramolecular assembly (Gargiulli, 

2009), (Tochtrop, 2002). Recently published articals exemplify this phenomena by 

postulating that two [porphyrin-(4) 18-C-5] dimerize to encapsulate 4 K+ cations to 

form a 2:1 receptor-ligand complex (Lu, 2010), (Giribabu, 2006).  

To summarize, neuronal prosthetics are an important part of the future if society 

wishes to have the luxury of sight as we grow as a population grow older and older 

and diseases of age become more prominent. Many collaborative research efforts 

between materials scientist, neurologist, biologist and electrical and computer 

engineering must be utilized to render this endeavor a success. Vision is perhaps one 
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of the most complicated situations in designing a functional prosthetic for any part of 

the human body. Our device hinges on the resting potential of the neuron and its 

permeability to K+ cations in eliciting an excitatory stimulus on demand. To achieve 

this endeavor, it is determined that an artificial cation pump must be synthesized that 

is specific for K+ only. Upon successful achievement of this endeavor, fabrication 

and process engineers will assemble the device for testing as a prototype for a new 

prosthetic.  

Before tackling the synthesis of such a complicated macromolecular assembly, in 

the next chapter we will first examine the mathematical underlying of transport 

properties through thin films as a model to help us define the boundaries of reaction 

and diffusion parameters coupled together. This was done to familiarize the author’s 

understanding of the transport process involved and be able to qualitatively describe 

the flux through a nanoscale membrane. 
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Chapter II: A look at the Thin Film Model of Reactive Flux 

of Ion Transfer by Ionophoric Macromolecules.  

 

Objective: 

The goal of this Chapter is to introduce a theoretical problem that pertains to the 

simplified case of facilitated diffusion with reaction through a 2D slab or film. The 

aim is to define the reaction parameters γ, α and β and use these parameters to define 

cases where the reaction of a mobile carrier [B] is the limiting step; or when 

diffusion of the mobile ion, A, carrier is the limiting step. We will then derive the 

overall flux through the membrane with a single expression.  

We will examine the effects of speed of complexation and diffusion of reactants 

and their overall implication on the reaction rate. Four cases will be presented where 

the ion concentration [A] is: 

1. So high that the carrier concentration [B] becomes depleted and limiting on 

the source side under high ionic concentration. 

2. The same condition but with no limits on the carrier concentration [B],  

3. The converse condition, where the ionic concentration [A] is low but 

reaction fast. 

4. The condition where we have both low ionic concentration and slow 

reaction.  
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These are all the possible transport phenomena that account for the 

disassociation constant of the crown and the diffusion of the solute through ultrathin 

membranes. These derivations should help us to qualitatively and quantitatively 

understand the results of our transport experiments later on.  

A chemical Engineering perspective 

Our system was modeled to represent a process used by biology and industry for 

separation of different molecules of solute by mobile redox-active electron carriers. 

The following demonstrates limiting cases in terms of the scale and dimensionality 

of our nanoporous membrane. Shown below in figure 2.1 is the representative 

scheme for our facilitated diffusion model (Squires, 2013). The solute (K+, Na+, 

Ca2+) is in an aqueous solution with concentration [Ao], which is insoluble in an 

organic liquid film of thickness 2d, located between –d < z < d. The crown ether with 

concentration [Bo] is contained in the liquid organic layer and is immiscible in water. 

The carrier B is designed to specifically complex and solubilize K+ by forming a 

solvent-separated ion pair. The carrier specifically functions through the mechanism 

of facilitating diffusion through the organic membrane, allowing for ion specific 

transport.  

Deriving an expression for our theoretical device, we first turn our attention to 

the thin film model and assume that the reservoirs on either side of the pump 

dextra>>> dintra which validates the Steady State concentration for bulk diffusion. We 

are interested in the extremes of these cases and where diffusion plays a role within 

our device. Since our device is essentially an ion-exchange membrane specific for K+ 
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ions under electrochemical control, many electrodes must be strategically placed so 

that an even charge distribution can be achieved across the membrane. Since the 

membrane is non-conducting to electrons and ion-conducting in nature, effects such 

as diffusion take on a significant role in the overall flux equation. For example, an 

applied voltage of just 1 Ev speeds up the electro migration of ions by an astounding 

e20 (Squires, 2013). This is an astounding increase in flux. 

 

Figure 2.1 - Illustration of facilitated diffusion, (left) where solute A is soluble in aqueous solution on 

either side of a hydrophobic organic liquid film but immiscible with the organic film itself. Our crown 

ether transporter, B is solute in the film only. B and A can react at the membrane interface (right) to 

form a complex, which can now freely diffuse across the film which is shown in the definition sketch.  

 

 

 

In the derivations to follow, we will examine this system in a theoretical context 

detailing the implications of diffusion as the molecular dimension is reached. To 

solve this problem we solve for the Steady State flux of A across the film. The 
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diffusivities of B and C are Db and Dc, respectively, and the concentration of each 

can be defined as: 

 

2.1 

   
  2.2                                                                                                                                        

2.2 

                                                    

m m oB C B                                                   2.3 

 

These equations have (unknown) mean values Bm and Cm and gradients – ΔC/d and 

ΔB/d. All four unknowns (Bm, Cm, ΔB and ΔC) are all positive as defined. We can 

assume the concentrations of A on either side of the film to be held fixed, 

                                                     A(z = -d) = Ao                                                 2.4 

          

                                                    A(z = +d)  = 0                                                 2.5  

 

And the reactive diffusion flux, jR at each boundary to be given by 

 

                                       jR = konAB – koffC                                             2.6 

 

With dissociation constant 

                                      kD =
off

on

k

k
                                                           2.7 

There exists four unknowns but since we are assuming Steady State 

concentrations we know that the Steady State flux of the three species must be equal. 

Some of the fluxes are redundant; the reactive flux of B is (-1) times the reactive flux 

of C at each boundary.  

To reiterate, there are three independent fluxes (reactive at left and right, and 

diffusive through the middle). The fourth condition is on the sum of B and C 

B( )

C( )

m

m

z
z B B

d

z
z C C

d
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concentrations (Bm + Cm). Since C is a complex containing B, the following 

condition must be enforced 

Bm + Cm = Bo                                                                              2.8 

i.)We will first relate the diffusive fluxes of B and C to arrive at 2.9  

ΔC = γΔΒ                                                            2.9 

Where we will identify γ and its significance 

At Steady State, net flux = 0       

    JR
B + JD

B + JR
C + JD

C= 0                                 2.10 

   JR
B = - JR

C→ JR
B + JR

C = 0                                       2.11 

      JD
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C = 0  JD
B = -JD

C                                              2.12 

                       B C
B C

D D
z z

 

 
                                            2.13                 

B C
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D D
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B

C
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C B C B

D
                                                        2.15 

                                         
B

C

D
with

D
                                                             2.16 

ii.) We will now derive an expression that relates the diffusive flux of carrier C to 

the reactive flux at z = d to give eq. 2.24. We will define the reaction parameter α. 

             
c

R R

c
z d z dj j                   2.17                             

on off
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dkoff
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Where   is defined as the Damkohler number, which represents the ratio of reaction 

rate to the diffusion rate of the reactant complexes. 

We arrive at our new equation for concentration in the membrane: 

1
Cm B






 
  
        2.26 

iii) We can calculate the reactive fluxes of C at ±𝑑 and arrive at equation 2.28: 
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Now 𝑘𝐷 = equilibrium disassociation constant, i.e. 
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β is the ratio of B and C at equilibrium, gives us insight to the relative populations of 

B and C (like a partition coefficient) 

 
1

1 (1 )

oB
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Relating the diffusive flux, C to reactive flux of solute C z d  , gives eqn. 2.42 
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iv) We will now use the conservation equation 2.43 to get a second equation relating 

Bm and ΔB, this time to Bo                                            
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Considering the situation where Ao is so high that essentially all of B is depleted 

at the left (B(-d) = 0), Ao is not limiting in any way. Also considering the reaction at 

right to be so rapid that C(d) = 0. There are now two unknowns, B(d) and C(-d); they 

are related to the total concentration Bo and equality of diffusive fluxes. We will 

figure out which diffusive flux limits the mass transport. To solve for the limiting 

diffusivity, we will write out γ in terms of DB and DC and consider the case where 

DB>>DC and vice versa to figure out the limiting form of the flux. The dimensionless 

variables α, β, γ will be identified in terms of which variable expresses the relative 

size of Ao, along with the size of Ao that validates the limit. Also, we will define 

which variable expresses the speed of the reaction and the value of koff that validates 

this limit. Finally, we find the solution from the latter derivation along with the limits 

of α, β, γ (usually 0, infinity or undetermined) to get the limiting form of the flux and 

determine whether it agrees with our simple estimate.  
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The diffusive flux is limited by mass transport of C  

-When B CD D , limited by the mass transport of B 

 

Full Solution: 
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   oA >> 2 0Dk                             2.68 

   Represents the relative speed of reaction, for this limit to hold,  >>1       
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= same result as before                     2.71 

Considering the case where Ao so high that essentially all B is depleted at the left (B 

(-d) = 0) we will assume the reactions are very slow. The implications on C(-d) and 

C(+d) will be deciphered along with B(+d), arriving at the flux for this case and 

deduce whether or not it agrees with the relevant limits 
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From our full solution  
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A off oj k B      = same result as before       2.87 

We now consider a case where Ao is very small, such that little B reacts. Considering 

very fast reactions, such that C(d) = 0, an expression is derived for the total flux in 

the appropriate limit of the full solution. 

1 1oA                                                2.88 

Very fast reactions 1                                    2.89 

 0z dC     Very little B reacts 0 m mB B B B                    2.90 
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iv). For the final case we assume Ao is very small, such that little B reacts but 

now with very slow reactions. We will derive the flux under these conditions 

and verify it’s consistency with the full solution in the appropriate limit. 

From full solution:  1 1oA                         2.110 

Slow reactions 1   
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Summary 

First, we solved the problem for the Steady State flux of A across the film, 

defining all variables, parameters, and assumptions involved to arrive to a general 

solution. Second, we analyzed the four boundary cases, which let us quickly define 

the limiting extremes on permeability of the whole system. Setting these limits or 

boundaries, let us to define with more confidence the experimental part of our study 

problem. 

The three parameters: α, β, and γ govern the whole process. They interact 

dynamically. If we move one, we will have a different result. Determining the values 

of each parameter in the extreme conditions allow us to define the range where the 

processes take place.  

      - α is the Damkohler number which represents the ratio of reaction rate to the               

diffusion rate of the reactant complexes:   
off

C

dk

D
   

2
on

A o o
k

j A B  

Same as before 

 



 

64 

 

- β is the ratio of B and C at equilibrium, gives us insight to the relative 

populations of B and C (like a partition coefficient).   
2 D

o

k

A
  , where 
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A B k B
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C A C
     

- γ is the ratio between de Diffusivity of B over the Diffusivity of C.  
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Chapter III – Device Design, Synthesis and 

Fabrication 

Objective  

An engineered approach toward on-chip transistor-based molecular devices is 

perhaps the most efficacious method of synthesizing “smart” materials in today’s 

world.  This chapter reviews the implications of our design, including the planning 

and resulting streamlined synthesis of effective transporters.  

What makes a device fabrication a success or failure? The answer is simple: 

Good planning. It should suffice to say that one would never build a house without 

first consulting an architect and structural engineer first. This is because they know 

what is and what is not possible when it comes to building structures which is 

analogous to building molecular structures. 

The theory presented in the previous chapter along with molecular descriptors 

helped aid in synthesizing a transporter suitable to perform the intended device 

function. The device is comprised of both recognition unit and functional molecular 

machine that relies upon redox enhancement to bind and deliver K+ cations. To 

synthesize the device we must first: 

 Derive the redox-enhanced rate expressions to theoretically quantify the 

extent of binding enhancement under redox conditions 

  Examine device responsiveness/noise at the nanoscale as a function of 

sensor tether length and proximity to the surface 
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 The effects of the geometry and asperities that may be present in our 

nanoporous membranes  

Second, we examine a route pursued in this work for some time that would lead 

to a self-powered cation pump by the use of a molecular triad and discuss some of 

pitfalls along the way.  

We then demonstrate the synthesis taken on by many groups of a 1,4-

benzoquinone-18-C-5 (BQ-18-C-5)/ 1,4-hydroquinone-18-C-5 (HQ-18-C-5); 

Exploring both the published and novel route developed in this thesis that ultimately 

led to improved cyclization yields.  

We then first modeled and screen prospective synthetic targets computationally 

that ultimately lead to a concise K+ selective crown synthesis in just three convergent 

steps starting from catechol and alizarin. Higher order derivatives are then 

synthesized in order to refine the cyclization yield and increase functionality 

(discussed in Chapter 6, Future Work in more detail) 

 Lastly, the auxiliary material synthesis of anodized aluminum nanoporous 

membranes, thin films and hydrogel matrices is presented.  

Design Considerations 

Field effect transistors 

Field effect transistors (FET) are semiconducting devices which promote 

electron hoping based on a threshold voltage through a semiconducting material. The 

intermediate layer of the FET contains the semiconducting charge transport layer 
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that will govern the electrical properties of the device. The transistor in this case is 

more precisely an ionic-field effect transistor (ISFET); with the electron hoping 

being promoted by a favorable electrochemical potential applied across the lattice 

framework and the vacancies inherently present in semiconducting materials. When 

the threshold voltage for the electron transfer is reached the ISFET functions via 

electron-cation pair hoping. 

Biological sensors and switches have been fabricated from field-effect transistors 

(FETs), ISFETs and organic field effect transistors (OSFETS). This class of 

semiconducting materials has been widely employed in the detection of biological 

agents, toxic ions, enzymes and single-nucleotide sensing. 

To fabricate a hybrid inorganic/organic FET, a device which couples redox 

potential to ion flow under favorable electrochemical potential was proposed as the 

framework for our mission.  

It is imperative the process be reversible such that the direction of the Efield can 

be reversed to reoxidize spent redox carriers and transduce the signal in reverse, 

maintaining the feedback logic loop of the device in terms of the patients’ perception 

and response.  

 

Redox Processes 

In the scheme shown in figure 3.1 below some examples of the fate of 

electrochemically generated radicals are shown. The diagram depicts a 1,4-

benzoquinone molecule undergoing a series of different reactions, all reversible, to 
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arrive at protonated and deprotonated forms of semiquinone, quinol and hydroquinol 

intermediate species. The interrelated forms of the quinone depends on the solvent, 

presence of oxygen and temperature. The 1,4-benzoquinone/hydroquinone couple is 

ubiquitous throughout nature and is the main energy carrier involved in the electron 

transport chain.  

 

Figure 3.1 - Possible fates of generated radicals and e- species for the 1,4-quinone redox system 

 

The Crown Ether and Its Role in Rate of Cation Complexation 

Crown ethers have been around since Pederson discovered the first of these 

remarkable structures in 1967 (Pederson, 1967). Pederson observed that 

dicyclohexyl-18-crown-6 could effectively solvate potassium cations in a solution of 

benzene. The physical phenomenon driving this force is the breaking of the ionic 

bond to form a stable, neutral complex in which anions may play a significant role. 

Ionic disassociation between two molecules proceeds in one of two ways;  
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1. Breaking of the ionic bond (polar solvents) (eq. 3.1) and formation of an 

encounter complex; or  

2. Formation of strong electrostatic interaction to mediate ionic separation 

(apolar solvents such as THF, Et2O, hexanes) (figure 3.2, eq. 3.2).  

Polar solvents are those containing H-bonding groups and have rather short 

or no alkyl chains at all. Examples of very polar solvents such as water, which 

disassociate completely to form ions H3O
+ and OH-, serve as the host medium for 

cations and anions and a stabilizing medium for dissociation. This is why salts are 

very soluble in aqueous and very polar solvents and not soluble in nonpolar solvents.  

 

 

 

 

                                                  Polar Solvents 

[ ]
kdis kchem kD

CA C A A C Crown C Crown A                            3.1 

Apolar Solvents 
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Rate Constants: Diffusion coupled with electrochemical processes 

The rate constant given by diffusion of the reacting species is given by  

                                          4 ( )( )d A B A Bk D D R R                                                 3.3 

Which can be rearranged to give 

    = 
22 ( )

3

A B
d

A B

kT R R
k

R R


               3.4 

If the case is that A and B are the same or very similar, the following holds 
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We can see now that the rate constant for diffusion depends only on the viscosity 

(η) of the medium and on the temperature. The overall rate constant in terms of the 

diffusivity of reactants is defined as  
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The following equation has two limiting cases. When kchem >> kd, the overall rate 

constant equals kd, the reaction being controlled solely by diffusion. This is often 

seen in dense liquids and gases at very high pressures. The other end of the extremes 

is kchem << kd in which case there is no effect of the medium on reaction rate. 

Liquids on the macroscopic scale show no particular order but show regular 

order on the microscopic level considering interactions amongst neighbors. This is 
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due in part by the interaction potential between the particles. Two particles 

interacting in a liquid leads to eq. 3.7 

   3 ( )/( ) W r kT
liq gask k d rp r e            3.7 

Where p(r) is the radial distribution function (the probability that the two particles 

are at a distance r) in the solution and W(r) is their interaction potential. 

The cost to separate the charges in the medium is given by the electrostatic 

interaction equation  

   
1 2

int
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q q
E

r
      3.8 

Here, the larger dielectric constant , the less the energy cost of separation. The 

dielectric is a measure of how well a solvent is able to solvate charges q1 and q2, with 

the distance between ions represented as r12.  

Ions dissolved in a medium will attract ions of opposite charge, contributing to 

short range order. In some cases this order may be so strong that liquid crystals form 

in the solution (Sczech, 2008). In the gas phase, ions of opposite charge exists bound 

tightly together because there exists no medium to stabilize the separate charges. 

Debye-Huckel theory supports that the concentration of the counterion decreases 

exponentially with distance, with the screening constant given by 1/κ (eq. 3.9), with 
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And the resulting interaction potential  
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Where Z is the valance state of the ion. In polar mediums with high dielectric 

constants,  -1 becomes very large and the positive and negative ions can be 

considered to move independently.  

The practical application of these redox-based crowns was first pioneered by 

(Saji, 1986) where ferrocene crown-aza quinones effectively formed metal ion-pairs 

and served as the donor in the process. Gokel then studied the reversibility of the 

ferrocene-crown adduct and discovered that the redox process was fully reversible 

(Gokel, 1992). Redox active crown-aza cryptands which formed bis-complexes with 

Rb+ and Cs+ have also been previously studied (Hall, 1980). With the almost endless 

possibility of different supramolecular architectures, the field became a large area of 

focus, appearing frequently in the literature (Gokel, 2004).  

Electrochemical enhancement 

Quinones are reduced to corresponding quinol in the presence of 2 H+/2e- in 

aqueous solution as shown for the anthraquinone species in figure 3.3 on the 

following page. Both single and multiple quinones have been incorporated into 

calix[4]semitube diquinone (Webber, 2003), benzo-crown ethers (Sun, 1995), 

(Delgado, 1992). Anthraquinone acyclic crown ethers were also developed early on 

from 1,8-dihydroxyanthraquinone adducts (Maruyama, 1985).  

Predicting the enhancement of the overall rate by coupling both diffusion and 

electrochemical reduction with multiple electron species present in different forms is 

a challenge. The best approximation that could be devises as it pertains to this work 

are given in eq’s 3.11 to 3.18. 
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Figure 3.3 – Possible electrochemical transfer and reduction pathways of PEDOT:PSS membranes 

doped with crown ether 1 

 

 

 

The rate limiting step which governs kobs is the rate of ion capture due to 

much slower processes such as desolvation of the ion hydration shell and allosteric 

shifts in the host molecule. Complete reversal of selectivity has been shown with a 

15-C-5 embedded in a sol-gel semi-solid to favor transport of K+. In that particular 

case, the matrix in which the crown was embedded was the primary effector material 

that governed selectivity (Yajima, 2010).  

In the equations 3.11-3.18 that follow, we derive the overall rate constant due to 

favorable ion-radical pairing events and factor in the number of radical-

recombination events that lead to no observed enhancement.  
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Comparing eq. 3.17 with the single exponential decay function 0( ) obsk tC t C e C    

shows that the experimentally observed rate constant enhancement imparted by 

electrochemical reduction is the sum of kradicalion and krecomb. 
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  obs radicalion recombk k k                                              3.18 

 Another consideration is if a radical ion was to be generated near the plane of 

the crown ether, there exists the possibility of the host crown forming a hydration 

shell in solution. This imparts an even lower rate constant, as the ion now has to 

penetrate the crown ether hydration shell, displacing water in the process, along with 

shedding its own hydration shell before binding electrostatically.  

As explained by Marcus Theory, electron mobility is a function of the relative 

permittivity of the medium and the distance the electron must travel from one 

molecule to the next (Marcus, 2012). Thus, a crucial design aspect was to have an 

adjustable redox potential at the pinch-off threshold hold of the organic transistor. 

This can be mediated by incorporating electron deficient redox subunits such as 

9,10-anthraquinones (figure 3.3), appended to a polymer backbone to create a step-

down potential where intermediate species lower the threshold for the amount of 

applied voltage needed to reduce the species than if no mediator was present.   

Materials required for fabrication 

The necessary organic materials required included formulations of different thin 

film dispersions of ionically conductive  PEDOT0 doped with PSS-  (figure 3.4) for 

use as our organic electrodes, a hydrogel storage/filler layer of ion-conductive 

matrices of PEO  or POLYUREA and a potassium selective reversible crown ether .- 

See figure 3.5.  
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Figure 3.4 – Chemical structure of the ion-conductive polymer, PEDOT0:PSS- 

 

 

 

 

 

To fabricate the proposed device as depicted in figure 3.5, both organic and 

inorganic components would need to be integrated in a precise fashion.  

A secondary requirement which will be discussed in detail later in the chapter are 

monofunctional silane derivatives that covalently attach directly to the substrate to 

prevent leaching or the reorganization of the materials once encapsulated in the 

device.  

Necessary inorganic materials include: 

1. The nanoporous alumina (or other semiconductor) arrays for multi-channel 

functionalization with the monofunctional silanes. 

2.  Single pores drilled by electron beam (E-beam lithography) to study the effect 

of functionalized single and arrayed pores and the selectivity imparted by each.  

Considering the minute quantities of ionic species to be delivered peripherally to 

excite the nerve, the nanopore device must elicit a very fast, uniform response with 

low levels of noise. To eliminate this unwanted noise, cylindrical pores with regular 

nanoscale dimensions and avoidance of any defects such as pitting or runaway 
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anodization must be avoided; resulting possibly in etching parallel to the plane rather 

than perpendicular.  

Figure 3.5 - Schematic of the revised potassium-selective redox ion pump utilizing nanoporous Al2O3 

to form arrays of nanopores that would be readily available for further functionalization.  

 

 

 

 

 

 

 

 

 

 

 

The anodization of aluminum can produce amorphous nanopores that have a 

gyroidal-type architecture depending on the temperature, time, voltage and 

electrolyte used during the anodization process (see end of this chapter). Several 

papers have explored these phenomena leading our processes in the right direction 

by pointing out all of the potential pitfalls one could encounter. Multi-level iterative 

functionalization has been achieved has been achieved by anodizing to an 

intermediate level of aluminum, functionalization, and another anodization step to 
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expose more aluminum to be functionalized into a multi-tiered functional stack 

(Mutalib Md Jani, 2009). This process suggests organic functionality installed in the 

latter step stays intact throughout an applied potential of 40 V during the anodization 

process. Yamaguchi Et al. discovered the self-assembly properties of mesoporous 

silica into ordered domains (Yamaguchi, 2004). Models for these new membranes 

have been examined computationally to gain new insights into their behavior (Peter, 

2005).  

Organic Materials – Initial Route – A molecular triad 

Initially, we wanted a device that would ideally power itself upon light stimuli, 

since vision in the dark was not the goal of this endeavor. This would undoubtedly 

involve some type of charge-transfer complex that had both an n-type and p-type 

semiconductor - along with an electron source, in this case, from a metal center.  

The key principle to our redox active “pump” is the ability to drive metal ions, in 

this case K+ ions against their concentration gradient in the cell. To achieve this, 

many strategies mimicking natural photosynthesis have been attempted, albeit with 

little success to date. Voyer Et al. showed that transport could be effected by 18-C-5 

ethers spaced 6 Å apart along a short polypeptide backbone (Voyer, 2010). The 

vesicles formed by the peptide polymer at 30% crown grafted to the side chain were 

able to selectively translocate K+ by Brownian motion and physical diffusion. 

Utilizing a crown ferrocene ether, active transport of Ca2+ against its 

concentration gradient was achieved by Saji Et al. in an electrochemical transduction 

cascade across a liquid membrane comprised of methylene chloride in a typical U-
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tube experiment (Saji, 1986). The same approach with anions was used in the 

sensing of Cl- anions by a ferrocene complex (Evans, 2011). Multi-redox 1,4-

benzoquinone crown ethers joined by oxidative intramolecular coupling have also 

proven to show electrochemical enhancement upon reduction (Maruyama, 1985), 

(Webber, 2003).    

Figure 3.6 – Methanolysis of the propionic acid fragment to give all E-retinol to form our p-type 

junction acceptor.  

 

 

Approaching the System from a Biological Perspective 

We examined several biomimetic approaches including the use of copper 

phthalocyanin (figure 3.8) as a photoactive redox-center with two different e-/hole 

relays to form a molecular triad (Benniston, 2010). The electron would be accepted 

by our crown ether and the hole traveling down the conjugated naturally-derived 

molecule E-retinol, derived from methanolysis of Retinyl propionate (figure 3.6) in 

the presence of one equivalent potassium carbonate at 0 °C. This novel reaction was 

realized and resulted from the work of (Platonov, 2002) who discovered that a small 

amount of methoxide anion exists in equilibrium in a basic solutions of methanol. 

Extrapolating this to the delicate methanolysis of Retinyl propionate, the theory of 

methoxide-induced attack of the ester carbonyl proceeded as predicted by the 

mechanism shown in figure 3.7 where a methoxide ion attacks the carbonyl carbon 
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and liberates methyl propionate, leaving the resonance stabilized alcohol form of the 

molecule cleanly intact with excellent yields and fast reaction times (<5 m.) 

(Platonov, 2002).  

 

Figure 3.7 – Reaction mechanism of the facile cleavage of the unsaturated Retinyl propionate chain 

by methoxide to give all E-retinol.  

 

 

 

The anthraquinone-based crown ether (presented later in this chapter) acceptor and 

retinol hole acceptor had thus far been assembled.  

The problem arose when the author took the approach of utilizing a metalized 

porphyrin of low purity. Copper Pthalocyanine has three acid groups which were all 

subjected to EDC coupling, Dean-Staark esterification, and conversion to the tri-acid 

chloride. Although some products could be identified by 1H NMR, the Cu2+ center 

caused the NMR signal to noise ratio to drop drastically due to the interconversion of 

Cu(I-II) forms and the influence of spin-orbit coupling between aromatic protons on 

the porphyrin ring in the square-planar conformation.  
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Solubility also posed a significant problem in that the porphyrin itself was only 

soluble in concentrated H2SO4, DMF and slight solubility in hot CHCl3, CH2Cl2 

solutions.  

Figure 3.8 – Chemical structure of the Chlorophyllin A porphyrin with possible functional group 

interconversion sites.  

 

 

 

We envisioned installing the retinol by EDC, DCC coupling or conversion of the 

trisodium salt as mentioned (figure 3.8), to the tri-acid chloride in a solution of CH2
-

Cl2
 with catalytic DMF using oxalyl chloride.  

Problems were encountered during the purification of the delicate crude material. 

As mentioned previously the chlorophyllin compound itself was only slightly soluble 

in organic solvents DMF and CHCl3 and all resulting compounds from ester, amide 

forming coupling reactions seemed to behave the same way. This lead to very dilute, 

high molecular weight samples to characterize by NMR, which often times was not 

even feasible despite the high-field NMR spectrophotometers used.  

Chemistry of Anthraquinones  

Figure 3.9 – The synthesis of substituted anthraquinones via Diels-Alder condensation  
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The chemistry of the anthraquinones is vast in nature but the construction of the 

skeletal fragments by Diels-alder cycloaddition (figure 3.9) reactions from the 

corresponding di-phenol and acetic anhydride (Dhananjeyan, 2005) is the most 

straightforward route to substituted anthraquinones. Anthraquinones are frequently 

encountered and used in the textile industry as pigments or dyes for clothing due to 

their rich color spectrum and resistance to photo bleaching effects (Cysewski, 2012). 

Anthraquinone derivatives are also showing promise as anti-tumorigenic compounds 

along with DNA interrelation ability due to its rich tricyclic ring system coupled 

with its ability to hydrogen bond (Surkau, 2010).  

 Anthraquinones were ultimately chosen as the organic redox subunit to head 

this study due to the reasonable voltage it undergoes its first reduction potential (-

0.57 V), a trait we wanted to exploit by biasing the potential; holding the 

anthraquinone in the semiquinone form and effectively “gating” K+ in our 

nanoporous channels. We envisaged this would assist in speeding redox-triggered 

diffusion by hopping field effects and complementary interactions between [e- - +ion] 

pair as they traverse the channel.  

The scheme below was worked out to create a variety of derivatives with nearly 

the same properties. Since Erk Et al. reported the synthesis of anthraquinone 18-C-6 
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ether, the novel addition of the benzo group separates this ether from other ethers 

already reported in the literature.  

In figure 3.10, all of our synthons described in theory were envisioned to be 

developed into a molecular triad that could induce charge separation while keeping 

the source and acceptor molecules in close proximity to each other. 

 

Figure 3.10 – Original synthons for creating the molecular triad for renewable, self-powered ionic 

stimulation of nerve tissue  
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The one step synthesis of retinol from retinyl propionate was indeed a success but 

each effort to couple donor and source molecules was hampered by ether the presence of the 

tightly chelated Cu2+ square planar center or steric hindrances of the acid functionality.  

Computationally, these were modeled to be above and below the plane in an 

alternating fashion but even esterification coupling conditions using 1-ethyl-3- 3-

dimethylaminopropyl carbodiimide hydrochloride (EDC), N,N'-Dicyclohexylcarbodiimide 

(DCC) with Hydroxybenzotriazole (HOBt), dimethylaminopyridine (DMAP) and imidazole 

(ImH).  

Since this was the key step to turn an amphiphilic porphyrin to a very polar, rigid 

scaffold, it was decided to abandon the synthesis of such a large macromolecular assembly 

(fig 3.11) and instead fabricate two organic electrodes to supply the reduction potential to 

reduce our quinone. 

 

Figure 3.11 – The molecular triad consisting of derivatives from retinol propionate, Chlorophyllin A trisodium 

salt and the novel anthraquinone redox macrocycle was ultimately abandoned in route to our molecular device.  
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Alternative Route I 

Electro-migration by ions 

Redox processes effectively charge otherwise neutral molecules containing redox-active 

functional groups in their structure or are linked to a material (the “Fe” in ferrocene) making 

them good hosts for the formation of radical anions or cations giving them a formal (-) or (+) 

charge. In this case, we want to put an electron into the system to form a radical anion – 

cation pair at a given potential.  

The material must be robust, reversibly oxidative/reductive, and stable enough to hold a 

fixed charge for a finite amount of time to capture and maintain potassium stores and must 

contain enough redox-containing hosts to allow for intermolecular electron hopping to redox 

sites on adjacent molecules. In this manner, the binding constant, K, changes in both 

magnitude and number because we are inputting electrochemical work into the system, 

altering the geometry and chemical potential of the system.  

The kinetics also are affected as now a field of negative charge is proximal to the 

redox center, biasing the cation to drift toward the negative charge. When the molecule is 

oxidized back to its neutral state and conformation, electrostatic repulsion kicks the cation 

out of the ring and the ion-metal pairing interaction is lost. The cations then drift toward the 

negatively biased electrode, hopping in the direction of the E-field between binding events. 

To trigger the release of potassium; it would make sense to exploit the chemical 

potential and reversibility of the reduction of quinones (fig 3.12), making them the 

renewable source for ion sequestration and delivery.  
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Figure 3.12 - Oxidized (left) and reduced (right) forms of the macrocycle 1 synthesized as the first model 

redox crown ether in or study.  

 

Material Synthesis 

Figure 3.13 - Synthesis of Crown Ether nucleophiles and electrophiles for Model Study  
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HQ-18-C-5 Synthesis 

To synthesize our first crown ether to familiarize ourselves with the characterization 

techniques involved in host-guest chemistry, we completed a synthesis of a well-known 

ionophore by Sun Et al. with a few minor modifications and improvements. The 

hydroxymethylation (figure 3.13) to form 4 from 4-hydroxyanisole proceeded in very good 

yields of 91% using formaldehyde with aqueous calcium oxide as the base (Moran, 1952). 

The second step required some modifications from the original procedure to effect complete 

conversion to the bismethoxy derivative 5 by switching the base and solvent from NaOH in 

ethanol to Cs2CO3 in 2-butanone (Kellogg, 2006). Using this method led to complete 

conversion to the 1,4-dimethoxy derivative. The cyclization to give the pseudo 1,4-

dimethoxyanisole-18-C-6 13, with yields around 50%, similarly reported by the authors 

(Sun, 1995 ), (Sugihara, 1981).  

Alternatively, the same macrocycle was obtained in optimal yields utilizing a novel 

cyclization strategy. With the successful methylation of 4 to give 5, we took the approach of 

converting the electron rich nucleophilic benzyl alcohols to electrophilic benzyl bromides by 

reaction with anhydrous hydrobromic acid in a solution of glacial acetic acid at 10-15˚C. 

This reaction proceeded remarkably fast, taking only 3 m. to complete at 10˚C for the 

conversion of 4 to 6 (89%) as well as 5 to 7 (72%) to give the dibromides in good to fair 

yields. The dimethoxydibenzylalcohol, 5 had much less solubility in acetic acid than that of 

4, explaining the lower yields. In a similar manner, tetraethyleneglycol was converted to the 

ditosylate 12 in 96% yield in a biphasic mixture of aqueous sodium 

hydroxide/tetrahyrofuran using a slight excess of tosyl chloride.    
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Figure 3.14 – Synthesis of protected dibromonated hydroquinol species from 2,6-dimethyl-1,4-dihydroquinone 

and appropriate protecting group  

 

 

 

 

 

Working from 2,6 dimethylhydroquinonone (fig 3.14) as a starting material, 

protection of the OH phenols went as planned as both the tert-butyl dimethylsilyl (TBS) (9) 

and trimethylsilane (TMS) silyl-protected ethers (10) were formed in anhydrous DMF at 

60°C after overnight stirring. Corresponding free-radical induced benzylic bromonation of 

the TBS derivative, 9 proceeded in good yield giving almost exclusively the disubstituted 
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bromide 11 in 77% yield utilizing AIBN as a radical initiator and N-bromosuccinamide as 

the brominating agent.  

  

Figure 3.15 – (Top two schemes) Traditional synthesis utilizing OTs-TEG-OTs (12) as the electrophile in the 

macrocycliztion to form 13. Bottom two schemes (TEG) is used as the nucleophile to react with the benyl 

bromides of the 1,4-dimethoxy and 1-4-benzoquinone electrophiles 

 

  

The TMS protected derivative, however could not hold up against the harsh reaction 

conditions, undergoing desilytion from compound 8 back to the starting material. Likewise, 
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electrophilic dibromide did not cyclize to the expected di-silyl protected crown which is 

mostly likely explained by the use of sodium hydride and possible enolization of the 

quinone. The more stable TBS-derivative protected intermediate (fig 3.15) crown was 

immediately desilylated without isolation by utilizing a slight excess of tetrabutyl 

ammoniumfluoride (TBAF) in THF to give an overall yield of 48% over two steps. 

Altogether, the reaction of the dimethoxydibenzylbromide proved to give the best yield of 

13 (63%) of all routes discussed. 

 

Figure 3.16 – Oxidative demethylation by cerium ammonium nitrate (CAN) to give the crown quinone 16, 

followed by reduction with sodium dithionate yielding the reduced form, 17.  

 

  

 

Oxidative demethylation (fig 3.16) of 13 using CAN in a 50/50 solution of 

acetonitrile/diH2O at 50°C for 45 minutes gave 2 followed by reduction in a separatory 

funnel between equal amounts of CHCl3 and a solution of sodium dithionate yielded 3. 

Alternatively, 3 could be obtained by the route in figure 3.17 by direct BBr3 demethylation 

in excellent yield by holding the solution at controlled temperatures for at least 1 h. at -40°C 

in anhydrous dichloromethane, as holding the solution for only 10 m. at -50 °C with gradual 
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warming to room temperature led to quantitative cleavage of the phenethoxy ethers of the 

crown ring to give the starting material 2,6-dimethylhydroquinone.   

 

Figure 3.17 – Direct double demethylation of aryl methyl ethers to the 1,4 hydroquinol form of the crown 

ether.  

 

 The next step in our functionalization of benzoquinone crown ether 3 was to proceed 

by one of two routes. The first would rely on selective allylation of the distal phenol on the 

periphery of the ring by using a cation to block the intra-annular phenol from being 

alkylated. The second method would hinge itself on Bi(OTf)3 catalyzed reductive allylation 

of quinones or other type of soft nucleophilic conjugate addition. We proceeded with a 

model reaction as shown in figure 3.18 in a promising 89% yield with a model substrate 

very similar to the architecture the target molecule.  
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Figure 3.18 – Model reaction of allyltrimethylsilane using 5 mol% Bi(OTf)3 gave the intended allylated 

product of 2,5-dimethylbenzoquinone, synthesized prior from Jones reagent in sulfuric acid. 1, 2 conjugate 

additions of amines, allyltrimethylsilanes failed to elicit the same reaction in the case of 16, despite the 

successful model reaction with 2,6-dimethylbenzoquinone (Carrion, 1984).  

 

 

The same process was repeated with varied amounts of Bi(OTf) on substrate 2, but the 

macrocyclic embedded quinone did not undergo the analogous conversion to the reduced 

hydroquinone.  

This led us to explore our second option, regioselective allylation followed by Claisen 

Rearrangement. Unfortunately, after many attempts at selective allylation with almost every 

Group I carbonate salt, a mixture of intra-annular, distill and di-allylated products were 

generated (figure 3.19). The ratio of observed products ranged to favor only one of the two 

isomers giving ratios of (1.3:1.0) at best and could easily be analyzed by the vinyl proton 

signal falling much more downfield than normal for the intra-annular allylated phenol 
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isomer. Since only one equivalent of base was used, the mixture did however consist of 

mostly mono-allylated products. In effect, this ended our search for a functionalization 

scheme for the above class of compound. The 1H NMR titration of the crown ether with Na+ 

and K+ triflate salts along with cold-temp NMR of the 1:1 complex is presented in the next 

chapter.   

Figure 3.19 – Regioselective allylation selective substitution strategy: Exploit phenoxide salt formation/ pKa 

differences of phenolic compounds  

 

 

Allylated crown ethers for pore functionalization control studies/use as ionic pre-

concentrators in the hydrogel layer.  

As a pre-selective layer, four versions of the crown were prepared in order to test the 

selectivity through the cross-linked hydrogel network.  

These extended crowns were meant to serve two purposes: 

1. Serve as monomeric baseline controls, providing resulting C/V trace data that could 

be assessed as a baseline for efficacy of the film as they would be functionalized to the 

nanopore walls o.  



 

94 

 

2. Attempt to elicit incorporation by radical polymerization with acrylates in the 

hydrogel pre-concentration layer with PEG-based acrylates to form a selective pre-

concentration layer atop the PEDOT:PSS- . 

 

Figure 3.20– 18-crown-6 and 15-crown-5 allyl and pentenyl substituted crown ethers prepared by reaction 

with sodium hydride and the appropriate halide in THF.  

 

 

 

The traditional five and six membered crown ethers shown in figure 3.20 above were 

prepared by the Williamson ether synthesis from the corresponding 2-hydroxymethyl 

substituted crown ether by treatment of the alcohols with NaH in anhydrous THF. The 

allylation of the crown with allyl bromide to form 19 and 20 went to completion at 19 ˚C 

while the unconjugated 5-bromopentene crowns 17 and 18 required heating to reflux for 24 

hours to reach completion.  
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Anthraquinone Crown Ethers: Generation II 

 The next synthetic target was inspired by examining the properties of a whole new 

class of crown ether that hinged off the anthraquinone subunit as the active redox quinone 

embedded in the structure that we had mentioned earlier. Analysis of the pertinent literature 

on the synthesis and properties of these new class of crowns (shown in figure 3.21, 3.22) 

revealed that very little selectivity was imparted by these stiff tricyclic bisanthraquinone, 

anthraquinone and acyclic anthraquinones. There was something common to the structure of 

the first generation crown synthesis earlier and these anthraquinone crowns; retention of the 

intraannular carbonyl of the quinone subunit. While possibly envisioned as the sight of first 

reduction, the intra-annular carbonyl is the last carbonyl to be reduced due to the increased 

electron density from the ortho positions of the ethoxy crown ring. The peripheral carbonyl 

is meta-directing and further enhances delocalization at the intra-annular carbonyl. After 

careful review, it was concluded that including the carbonyl in the plane of the ring would 

not benefit our synthesis as far as electrochemical enhancement, ultimately due to steric 

factors. 

 

Figure 3.21 – Crown ethers (A-C) synthesized by Nakatsuji Et al (Nakatsuji, 1983) showed poor selectivity 

toward K+ cation due to steric effects. The macrocycle D, by Rahmen Et al showed selectivity for NH4+ cation 

and not K+ (Rahmen, 2004). 
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Figure 3.22 – Acyclic crown methylethers developed by Delgado Et al (Delgado, 1988). The first 

synthesis from 1,2-dihydroxyanthraquinone (Alizarin) by Peter and Vogtle (Peter, 1981) showed promising 

selectivity which later was also pointed out by Erk Et al in two independent publications (Erk, 2000 p3582, 

Erk, 2000 p229).  
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The Taft equation (eq. 3.18) was used in computational simulations where 

log(ks/kcarbonyl) is the ratio of the rate of the substituted(or unsubstituted in this case) reaction 

to the reference rate, Es is the steric substituent constant, ρ* is the sensitivity factor to polar 

effects and δ is the sensitivity factor of the reaction to steric effects (Taft, 1953). 

    slog * * E
s

carbonyl

k

k
  

 
  

 
                                           3.18 

This equation effectively encompasses a qualitative structure-activity relationship (QSAR) 

for the complexation reaction. In essence, it is very similar to the Hammet equation but in 

addition, accounts for the steric effect of substiuents on the reaction rate in addition to field, 

inductive and resonance effects the Hammet equation asseses. 

 Utilizing this equation in conjunction with the program Molsoft ICM Browser Pro 

(ICM), a negative correlation of -0.42 R2 between the increased steric bulk of the carbonyl 

and binding of K+ to the central cavity of the crown. With this analyses, structures such as 

those shown in figure 3.21, 3.22 were excluded as targets for synthesis. Instead, a synthesis 

was devised where the anthraquinone is retained but the carbonyl group excluded from the 

plane of the ring by switching the starting material from 1,8-dihydroxyanthraquinone to the 

1,2-diydroxy derivative, common name Alizarin.  

The Ultimate Crown Ether 

While synthetic methods to construct the macromolecule were ongoing along with its 

subsequent characterization, the inorganic membrane was to be constructed in parallel in a 

convergent manner as the anodization procedures were developed.  
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The glycolytic leaving groups chosen for crown ether synthesis was intended to provide 

structural diversity in cyclization coupling partners. The kinetics of cyclization and yield 

were of principle interest in which fragments would cyclize best in a 2+1 or 1+1 type 

cyclization to form the macrocyclic crown ether ring.  

After synthesis of the appropriate glycol ether from a substituted catechol in acetonitrile 

or DMF using anhydrous potassium carbonate; distillation of the crude diol by kugelrohr or 

fractional distillation vacuum distillation yielded clear, viscous oils. This step yielded 

between 90% to near quantitative yields (on large scales). The crude diol was then converted 

to tosylate, iodide or mesylate or protected with the THP protecting group for other 

manipulation. Treatment of either of the later substrates (OTs or OMs) with anhydrous 

ammonium iodide yielded the bisdiiodide in quantitative yield.  The bis-tosylation of the 

diol along with mesylation always proceeded in high yield and were cost-effective to 

produce on large scales. Attempts to convert the diol directly to the dihalide with 

triphenylphosphine/I2 failed to yield a product that could be worked up in a facile manner.  
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Figure 3.23 - Synthesis of glycols and leaving groups used in stage 1 of this synthesis 
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In the reverse method; Banerjee Et al synthesized a RuII-polypyridyl-crown-anthra- 

quinone complex in 54% yield after 5 days of reaction at 90 °C in DMF utilizing a catechol 

derivative as the nucleophile and extended Alizarin terminated with tosylate leaving groups 

as the coupling partners. The problem we envisioned with Banerjee’s route was the 10 day 



 

101 

 

alkylation reaction with 2-(2-chloroethoxy)ethanol, which proceeded in a mere 40% yield 

after column chromatography to yield the extended diol.  

Our synthesis also shifted directions as we decided to extended out the alizarin molecule 

with the glycols, but getting the reaction to go to completion with these polar opposite 

compounds took 10 days at 80°C in DMF utilizing cesium carbonate as the base in slight 

excess. The switching of the halide from chloride (fig 3.23) to iodide drastically reduced the 

reaction time and temperature from 10 to 3 days for complete conversion and at a much 

milder temperature of 60 °C.   

During alkylation of catechol with extended halogenated THP-protected glycols, the 

reaction was much more homogenous and proceeded much quicker than when R=OH, 

presumably due to the stabilization of the transition state by hydrogen bonding of the glycols 

whereas with the THP ether, no hydrogen bonding is present to stabilize the transition state. 

For the deprotection of the bis-THP protected alcohol, 10% methanolic HCl was utilized in a 

solution of MeOH for 1 h. at 0 °C to afford the diol in nearly quantitative yield. (Patel, 2006) 

The crown ether AQ-18-C-6 was devised computationally (see chapter V for more 

detailed procedure) to give a favorable twisted boat conformation when paired with anions 

the approximate size of the triflate hydrodynamic radius, per previous experiments.   

The glycol derivatives were prepared in a straightforward manner but some unexpected 

had to be overcome in converting the chloride to iodide in a typical Finkelstein reaction with 

THP-protected chloro derivative 23 (figure 3.23, bottom). When using the procedure by 

(Patel, 2006), the only thing that was yielded was the original unchanged starting material as 

the chloride. The odd combination of 9:1 acetone to ethanol solvent was something not 

usually observed to be used in the former. Changing the solvent from acetone/ethanol to the 
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aprotic acetonitrile, while adding some mild base to maintain the reaction at neutral from to 

prevent any dehydrohalogention, a quantitative yield was obtained upon the first trial of the 

reaction and no further optimization was required.   

 

Figure 3.24 – Synthesis of intermediate molecules for alternative synthetic strategies toward increasing the 

macrocyclic ring yield  
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In figure 3.24, the overall strategy was to first convert the prepared diols into their 

respective tosylated glycols, followed by conversion to the iodide as iodide is known to be a 

better leaving group in SN2 reactions we would be conducting. In addition, extension of the 

anthraquinone 1 and 2 positions eliminated the weak, resonance stabilized phenoxide at the 

1 position due to electron withdrawing effects.  

 

Figure 3.25 – Two different synthetic routes to access the extended diol 41. 

 

 

 

After a successful but overly complicated reaction to elicit demethylation of the 

methoxy-group (fig 3.25) of the molecule Eugenol to yield a clear oil, the compound quickly 

turned black and much of the material (about 40 % by NMR) degraded under Ar (g), even 

when caution was taken, with the compound being stored in a dark -20 °C freezer. Taking 

this into account with the complexity and safety of a neat MeMgI demethylation at elevated 
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temperatures, the bis-TES-protected form of Eugenol, which was derived from catalytic 

demethylation/hydrosilyation using B(C6F5)3 in dichloromethane using the methods in the 

table shown in figure 3.26 below  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 - Table of strategies employed in the one-step double deprotection/alkylation of TES ether of 

Eugenol provided by Taigon Kang, Hawker Group.  
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Substrate 
Deprotection 

Reagent/catalyst  Base Time 

(hr.) 

Temperature 

(°C) 

Yield (%) 

TK3076 

100 mg 

KF( 2.2 Eq.) 

 

18-C-6 (2.2 Eq.) 

N/A 72 h 60 N/A 

 

TK3076 

100 mg 

TBAF (2.2 Eq.) N/A 44 h 19, 14 hr. 

60, 24 hr. 

N/A 

TK3076 

100 mg 

KF on Alumina 

5.5 mmoL F-/g (2.2 

Eq.) 

N/A 42 60 75/25 ratio of 

dialkylated to 

monoalkylated,  

50% isolated 

TK3076 

100 mg 

CsF (5.0 Eq.) 
N/A 28 80 N/A 

TK3076 

100 mg 

CsF (8.0 Eq.) 
N/A 48 80 N/A 

TK3076 

100 mg 

CsF (4.0 Eq.) 

 Cs2CO3 

(2.1 

Eq.) 

36 h 
60 

91% 

TK3076 

5.0g scale 

CsF (4.0 Eq.)  
Cs2CO3 

(2.1 

Eq/) 

36 hr 60  97% 

 

*For each run, the alkylating agent was freshly distilled 2-(2-chloroethoxy)ethanol (from Drierite/3 

A mol sieves). The number of equivalents were held constant at (3.0 Eq.)/run. 

 

 

 

Figure 3.27 - Synthesis of AQ-18-C-6 from 1,2-dihydroxyanthraquinone and catechol-extended   
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Figure 3.28 – Table of the yields obtained by cyclization using different leaving groups while varying the base 

used and the templateting cation. 

Substrate R Group 

R2 group 

Base Time (hr.) Temperature 

(°C) 

Yield (%) 

Alizarin(1,2-

dihydroxy-

9,10-

anthracene 

dione) 

R= OTs 

R2=H 

       KOt-Bu 72 120, 72 h 11 

Alizarin R = OTs 

R2=H 

Cs2CO3 72 40, 24 h 

80, 48 h 

2.1 

 

Alizarin 

R = OMs 

R2 = H 

Cs2CO3 72 80, 72 h 3.0 

 

 

Alizarin 

R = I 

(small 

scale) 

R2 = H 

Cs2CO3 72 80, 72 h 33 

 

Alizarin 

R = I 

R2 = H 

Cs2CO3 48 80, 48 h 46 

 

Alizarin 

R = OTS 

R2 = allyl 

K2CO3 36 hr. 40, 24 hr 

60, 12 hr 

72 
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Figure 3.29 – 2-step homogenous synthesis of the mono-ethoxy silanes from intermediate acid chloride   

 

 

Figure 3.30 - Synthetic scheme for regio and chemo-selective alkylation of diphenolic anthraquinones 

followed by novel Claisen Rearrangement to form the 2 and 3 substituted allylated quinones. The scheme with 

yield highlighted in red is currently the only published method for rearrangements of these types of molecules. 
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Figure 3.31 – Claisen Rearrangement of the 1-allyloxy-8-hydroxyanthraquinone and Figure 3.32– Claisen of 

the corresponding 3-allyoxy-1-hydroxyanthraquinone. 
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Figure 3.32 – Synthesis of quinone monomers from p-methoxyphenol for hydrosilyation studies with sTO-

PDHMS/PDMS-OTs end-blocker  

 

Claisen Rearrangement 

The Claisen rearrangement is a convenient method for the introduction of terminal 

alkenyl subunits for further functionalization including epoxidation, cleavage by 

OsO4/NaIO4 to the aldehyde and hydrosilylation as well as many coupling reactions such as 

the Heck, Grubbs. Most often the Claisen rearrangement of allyloxy-phenolic ethers is 

carried out under Lewis acidic catalysis with a AcOH/Ag+ and in the case of liquid 

compounds the rearrangement is carried out thermally under solvent-free conditions. To the 

best of our knowledge, quantitative, regioselective Claisen rearrangements of high M.P. 

anthraquinone derivatives has yet to be reported. We herein report the facile rearrangement 
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of solid allyoxyanthraquinones in the melt in sealed vials to give the ortho-directed propenel 

group in excellent to quantitative yield as a new solid derivative.   

A variety of mono and dihydroxy anthraquinones underwent smooth regioselective 

allylation presumably due to their phenolic pKa differences and chelation-effect of the 

carbonyl-oxygen. The resulting mono-allylated derivatives underwent a smooth 

rearrangement to form the corresponding ortho-substituted dihydroxyanthraquinone 

derivatives.  

Upon heating in the melt under an inert atmosphere, solid allyloxyanthraquione 

derivatives underwent a facile, quantitative and regioselective thermally induced 1-3,-

ClaisenRearrangement yielding terminal substituted alkenel functional handles that has 

proven can further be carried on to derivatives such as phenaldehydes, phenol acetic-acids 

and precursors to doxorubicin-type drugs. This two-step green process flow hinges on the 

selective monoalkylations of di-phenolic anthracenediones utilizing group I alkali metal 

carbonates to give what is usually always a bright orange, low melting point solid. The 

second stage takes place with no reactants at all, just the solid monoallylether in the case of 

the anthraquinones, and neat oils in the case of the allyloxy-substituted benzenes.   

 

Figure 3.33 – Synthesis of higher-order architectures using a protection strategy  
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Figure 3.34 – Synthesis of macrocyclic ester 60 from the starting diol by alkylation, reduction and conversion 

to the acid chloride followed by reaction of the 1, 2-ethoxyethanol extended alizarin with bis-acid chloride 59. 

 

 

 

Alumina/ silicon dioxide/ silicon nitride functionalization 

There are two general methods for covalent attachment of organic functionality to 

inorganic substrates: 

1. Heterogeneous – Molecules of different reactivity (electrophilic or nucleophilic) are 

first deposited covalently to the substrate, followed by secondary reaction with the 

appropriate polar opposite coupling partner. This method takes two separate 

functionalization reactions to complete but often yields a higher density of 

functionality due to increase in surface precursor groups. 
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2. Homogenous- The molecule is first synthesized entirely with the attachment 

functionality in place then attached to the inorganic functionality. These molecules 

are often sterically cumbersome and attachment efficiency is adversely affected 

(Park, 2011). 

In the approach this author took, both methods were used, in line for a reductive 

amination by a primary amine on the benzaldehyde of the glycol derivative. In this manner, 

the nanopore would first be functionalized with short-chain amino groups that have high 

mobility in the molecular vapor deposition process (MVD), ensuring complete coating per 

nm2. These functionalized pores are then reacted with aldehyde to form the Schiff base and 

finally reduced with sodium borohydride in methanol to form the secondary amines.  

In the second scheme shown in figure 3.36, the entire molecule is synthesized such as 

the dimethyl ethoxy silane derivative from hydrosilyation of an olefin as shown in figure 

3.35 and then reacted in just one step with a suggested lower grafting density versus the 

latter method due to steric crowding (Bronson, 2005).  

 

Figure 3.35 – Generally accepted mechanism of trichloro and trimethoxy silanes in wet organic solvents/H2O. 

First, hydrolysis by H2O affords the silanols followed by condensation/in-plane reticulation with the inorganic 

silanols with accompanying loss of H2O.  
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Figures 3.36 – SN2-type reaction with liberation of EtOH (g) in refluxing Toluene 

 

 

 

As first pointed out by Brzoska Et al. the accepted mechanism is shown in figure 3.35 

above whereas the author proposes an SN2-type mechanism figure (3.36) for the attachment 

of mono-functional ethoxy silanes at elevated temperatures (Brzoska, 1994). The proposed 

mechanism is based on the relative pKa of the silanol group in aqueous solution of 13.6 for 

triethylsilanol versus 19 for tert-butyl alcohol (Lickess, 1995). 

 Monofunctional silanes have become more prominent in industry and academia 

(Bronson, 2005) due to their favorable tendencies to form monolayers of high grafting 

density exclusively. Replacement of two oxo-groups or two halides with hydrophobic 

methyl groups also prevents hydrolysis of the silane functionality at elevated temperatures 

and in buffer solutions making them more suitable for use in devices where device failure is 

not an option.  
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Figure 3.37 – Polymeric network of nucleophilic primary amines sometimes encountered during varying 

methods of APDMS deposition 

 

 

 

Hydrophilic groups near the inorganic/organic interface have proven susceptible to 

hydrolysis. (Dekeyser, C M) grafted tri-functional PEG chains of 6-9 ethylene oxide units on 

SiO2 and found that  complete hydrolysis of the chains in PBS buffer at 37 °C had indeed 

occurred. In lieu of this, the dimethylethoxysilane series, although much less reactive 

confers the advantage in that two hydrophilic groups at the interface are replaced with two 

hydrophobic methyl groups. In effect, this prevents water from penetrating the lattice, 

preventing unwanted hydrolysis and making for a more durable monolayer coating.  

The one disadvantage to using this molecule is the ease of attachment. 

Monoethoxysilanes are very stable and do not hydrolyze in water. Thus the mechanism 

proposed by (Brzoska, 1994) may not be operative since hydrolysis of the ethoxy group is 

unlikely. Several catalysts such as titanium isopropoxide for the attachment are available; 

however these have the disadvantage of introducing heavy metals during the deposition 

process which may be difficult to clean or completely abolish prior to the next process step. 

Shown in the bottom portion of figure 3.36 is a proposed mechanism by the author 

where an equilibrium exists between the alkoxysilanes and silanols. The lower pKa of 
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silanol protons due to inductive electron withdrawing from the electropositive silicon 

presents a favorable equilibrium for a one step displacement of the ethoxy group with 

protonation of ethanol occurring via water or neighboring silanol. The methyl groups are not 

that bulky compared to other silanes such as TIPS or other heavily branched derivatives and 

thus an attack by an alkoxysilane at high temperatures is plausible.   

To ensure we had a reliable, we needed a surface activation method that was a non-

destructive technique that would not interfere with other steps in the process. With the 

knowledge from previous works and the failure to successful record signals with multiple 

polymerized molecules on the surface forming networks of sensors nanoporous membranes 

with charge-feedback type impulse responses, much searching and combing of the literature 

was conducted and one paper by (Han Et al, 2006) proved to give be the most extensively 

studied and focused on functionalization in the presence of microelectronics.  

A paper published by Han Et al in Thin Solid Films shows an excellent study comparing 

the different activation methods out there and the testing and characterization of each for 

ensuring a clean, non-degraded surface with the least etching and no activation of any other 

inorganic substrates. The paper concluded a combination of 50:50 concentrated HCl: 

Methanol solution produced the cleanest surface, resulted in the highest concentration of 

reactive surface hydroxyl groups and had the lowest RMS deviation with regard to surface 

roughening when compared to other popular etchant techniques such as Piranha (a 

concentrated H2SO4/H2O2 soln., chromium trioxide/nitric acid, KOH/ etc. The mechanism is 

unknown but probably has to do with protonation of the silanol groups and elimination of 

water from surface silanol groups leaving reactive alkoxide ions upon neutralization with pH 

7 Water. The treatment is usually conducted at room temperature with freshly prepared 
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etchant solution for 1 hr. prior to further treatments. The next step is to copiously rinse the 

quartz with Millipore water and ensure a low contact angle has developed. The wafer is then 

carefully removed with Plasma-cleaned tweezers (previously rinsed with Millipore water) 

and dried under a stream of Nitrogen. The wafers are then placed in a Plasma Cleaner air 

bleed (medium Rf power) 10 minutes, quickly removed, and finally placed directly into the 

waiting solution of Toluene with the appropriate dissolved silanol under Argon gas. The 

wafer is stirred under a gentle reflux for 24hrs, removed and quickly rinsed with anhydrous 

Toluene followed by 100% electronic grade isopropyl alcohol and placed in a wafer holder 

under an evacuated Argon atmosphere over Drierite and stored until further process steps. 

 

Figure 3.38 – Monoethoxysilanes for DNA intercalation functionalization of single nanopores 
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As the XPS clearly shows (Chapter IV), the monofunctional silane derivatives are just as 

the paper reported, giving monolayer results using an activation protocol from one paper and 

a reaction procedure from another. Since our pores were to be on the order of about 5-10 

nanometers in diameter, it was crucial that we design   are molecules to stretch that width, or 

use an ALD back-filling process to shrink the pore size before the functionalization. (The 

latter results in poor secondary structure of the deposited material and the thickness is less 

than uniform.) Indeed we had our work cut out for us but were sure of the crown ethers 

mechanism of action and confident as we explored ways to synthesize tethers long enough 

to start initial surface-flow experiments with very short tethers such as the propyl spacer of 

Eugenol derived crown ether 43.  

Surface Functionalization: Practical Considerations 

Figure 3.39 – Synthetic scheme to make ion-conductive polymer films out of polyethylene glycol to act as the 

filler molecule in void space of the nanopores. 2 D case shown below for modeling purposes only. 

 

 

 

Different functionalization procedures are employed each day to introduce effector 

molecules to create anti-fouling, microarray, DNA sequencing devices, biosensors and tissue 

culture (Albert, 2010). One area we are just beginning to understand or perhaps observe is 

the phenomena of self-assembly and functionalization in the Nano regime of materials 
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science.   Often times in the literature authors claim that functionalization has been carried 

out successfully due to current differences in nanopores, authors often assume that the 

substrate has been functionalized and that routine characterization is not needed (Cho, 

2008). This is not the case as clogs, unwashed organic functional framework or the 

possibility of strong electrostatic adhesion are the contributors to the phenomena observed 

with the particular device.  

Asperities in the surface result in reorientation of the electric field lines, guiding them 

around their normal direction perpendicular to the plane of the plates. This condition poses a 

few problems; first, the carrier mobility µ, is reduced for single asperities. This effectively 

means the electron must travel farther, reducing the magnitude of the Efield and lowering vF. 

Periodic, closely spaced asperities can produce profound problems as well as far as the 

device life is concerned (figure 3.40). While the Efield lines become regular again around 

periodically spaced asperities, local field enhancements contrary to the latter are 

predominant due to the fact that the electron has to travel less distance. This can lead to 

short circuits and overcurrent that can be damaging or catastrophic to device performance. 

Nanoscale parallel plate capacitors behave differently due to the fact that electrostatic 

potentials experienced by electrons are determined by both the number and location of all 

the electrons that contribute charge effects in the device.  The dimensionality and length 

scale of our particular case make the number of electrons present much smaller with hard to 

predict equipotential surfaces due to the complex topology of the electrode plates.   
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Figure 3.40 – Normal Efield lines run perpendicular to the plane of the electrodes with the field traveling from 

the cathode to anode. (Left) A single roughness defect disturbs the Efield lines whereas (right) multiple, 

closely spaced defects  

 

Selection of a linker Group  

To effectively couple our synthesized receptors in the preceding schemes to nanopore 

domains in a monolayer formation it was essential that we choose a monofunctional silane 

to avoid polymerization of covalently grafted silanes (Han, 1996) (Albert, 2010), in this case 

dimethylethoxysilane (DMES) was chosen as the reactive linker group (Graf, 2008). Several 

papers in the literature were examined for activation of the substrate and for all intents and 

purposes, we choose a combination of HCl/MeOH (50:50 v/v) at room temperature for 1 

hour as our surface activation step (Han, 2006), (Davis, 1996 ), (Walschus, 2005). This 

would provide the least amount of etching, increase in root mean squared roughness 

increase, surface loss and leave the native surface activated with the highest density of 

silanol groups (Trevisiol, 2003). For ease of characterization, the silanization was performed 

on a 10mmX10mm quartz chip as a model reaction. The substrates would later be 
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characterized by X-Ray photoelectron spectroscopy (XPS) and analyzed for their atomic 

composition using Eq. 3.19: 

 

[A]Atomic % = {[IA/Fa]/ ∑(I/F) X 100%                                          3.19 

 

The second method of functionalization following the method (Dorvel, 2010) was molecular 

vapor-phase deposition of a precursor molecules DMPES-Isocyanate(IDMPS)/ DMPES-

Amino-propyl (APDMS) silane which are both volatile due to their low molecular weight 

were functionalized onto the same quartz chips used in the solution deposition. This type of 

functionalization process was completed based on the assumption that vapor phase 

deposition effectively enhance diffusion of the feed substrate into the middle of the 

nanopore due to the molecules increased mobility in the gas phase (Vasille, 2013). Gases 

have the highest diffusion coefficients of all states of matter due to unrestricted movement 

through such a low viscosity medium.  

To cover each aspect and unanticipated problem a reactive electrophile or nucleophile 

would have to be incorporated into the synthesis to react with these specific groups, 

specifically an aldehyde as the electrophile for APDMS and an alcohol for IDMPS. In this 

manner, better nucleophiles are more likely to react with the non-volatile crown 1 in solution 

(Dorvel). Since these linker molecules are very short, they do not decrease the 

circumference of the pore significantly, assuming the formation of a monolayer.   

Many catalysts are available today commercially for the hydrosilyation of olefins 

including many electrophilic boron complexes, platinum and ruthenium complexes 
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stabilized with different ligand substitution (Chung, 2007), (Evans,2007), (Lewis, 1997), 

(Stein, 1991). 

 

Auxiliary Materials 

Gel Matrices for filler matrix material and Thin Films 

Matrices constructed using the sol-gel, hydrogel or block copolymer architectures form 

the basis of selectivity in some instances by excluding some ionic species by size, shape, 

hydrophobicity, charge and redox properties (Hu, 2014), (Ghosh, 2005). Complete changes 

in conventional behavior of neutral 15-C-5 native binder for Na+ between sol-gel and 

mesoporous silica’s was attributed to the formation of the high-affinity bis-15-C-5 complex 

with K+ in the sol-gel preparation due presumably due to aggregation where the crowns are 

in close proximity (Yajima, 2010). 

 

 

Figure 3.41- Structures of the covalent network polymers used to make the filler matrices for deposition after 

crown monomer deposition.  

 

Triethoxysilanepolyamide - Polyamide TES-PEA 
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Triethoxysilane polyethylene glycol – TES-PEG 

 

Figure 3.42 – Structures of base material and plasticizer to form novel cross-linked networks by radical 

polymerization by light or radical generators 

 

 

Figure 3.43 – Novel plasticizer synthesis by Fisher esterification/alkylation  
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Bis(triethoxypropyl)-polyethylene oxide (25-30 EO units) was used as is from Gel-Est 

Inc. As the polymer strands are dispersed anywhere between 25 and 30 ethylene oxide units 

apart, we developed this material hoping to have a favorable result with this material serving 

as an insulator comprising the gate portion in the nanoporous matrix. The functionalization 

of crown monomers would be carried out first, followed by deposition and curing of this 

filler material.  

 
 

Figure 3.44 – Table of spin-coat results on fabricated alumina membranes  

 

Formulation  
Base Material/ 

Substrate 
Plasticizer Initiator 

Resulting 

cured 

thickness 

(Dektak 

prof) 

 

*Swollen 

Thickness 

1M KCl 

 

 

Physical 

Characteristics 

A 
TES-polyamide 

@ 5K 
None 

conc. 

HCl 
450 nm 450 nm 

Solid, Rigged  

Glass 

B 
TES- PEG 

@ 5K 
None 

conc. 

HCl 
150 nm 320 nm 

Flexible, foggy 

glass 

C 
 TEGD -99.5% 

@ 5K  
0% 

**BP0.5

% 
70 nm 140 nm Flexible glass 

D 
TEGD -99.5% 

@ 3K 
0% BP 0.5% 

280-335 

nm 

720-

800nm 
Flexible glass 

E 
TEGD - 70% - 

@ 5K 
29.5% BP 0.5% 250 nm 350 nm 

Gel Matrix- 

semi-solid 

F 
TEGD – 60% - 

@ 5K 
39.5% BP 0.5% 270 nm 340 nm 

Unstable gel-like 

matrix 

G 
TEGD – 50% - 

@ 5K 
49.5% BP 0.5% 50-200 nm ≈220 nm 

Spotty film with 

islands 

H 
TEGD – 50% - 

@ 3K  
 49.5% BP 0.5% 750 nm 1.1 μm 

Deformable  

semi-solid  

I 
TEGD – 40% 

5K 
59.5% BP 0.5% 50-100 nm ***N/T 

Discontinuous 

film with islands  

J 
TEGD – 40% 

3K 
59.5% BP 0.5% 170 nm 

220-250 

nm 

Poorly defined 

semi solid 

*2 h. submersion test in 0.005 M standardized KCl 

** (BP) benzoyl peroxide 

** (N/T) not tested 

 

The prediction was that some of the bi-functional polymer ends would attach covalently 

to any remaining hydroxyl silanols after the functionalization or cross linking on each other 
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after undergoing hydrolysis. This would create a rather open network that may be able to 

incorporate small amounts of water to form water channels that may aid in the transport.  To 

form the filler material, instead of using a strong acid we decided to use a sulfonium photo 

acid generator which would provide a catalytic amount of H+  cation to hydrolyze the ethoxy 

end groups (Babu, 2014). Upon exposure to UV light with 2% photo acid generator, a clear 

glass like polymer formed which was soft in nature. Upon exposure to water, some swelling 

was observed (about 2X after 1 hr. submersion test), returning to Vint after 3 h. at 19°C but 

no detachment from the control slide (spotted material on glass slide and cured with UV 

light) was observed leading us to conclude the formation of a durable, organic network of 

PEO units that could undergo rapid swelling and de-swelling kinetics and aid in cation 

hoping and transfer from the monomeric crown ethers spanning the nanopore by the 

incorporation of water (Song, 2006), (Clavier, 1998).    

Organic Siloxane Polymers as neutral pH cation exchange membranes 

While originally synthesized for DNA sequencing, PDMS/anthraquinone copolymer 

derived from the Claisen rearrangement of di-hydroxyanthraquinones, a liquid siloxane B 

block was hydrosilyated with allylated, solid anthraquinone under Pt (0) catalysis to yield a 

bright red colored solid gel (64) with a gel transition temperature of 40 °C via DSC (data not 

shown) (Lewis, 1997); (Dae-won, 2007); (Bronson, 2005); (Evans, 2007).   

.  
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Figure 3.45 - PDMS/anthraquinone copolymer terminated with R=Tosyl 

 

 

We choose to synthesize this material (fig 3.44) with the knowledge that one of the two 

quinone hydrogen’s had a pKa of around 7 and would help to maintain charge neutrality in 

our electrochemical cell, pumping one H+ out as each K+ crossed the membrane. 

Anthraquinones have been reported to be excellent gelators due to their amphiphilic 

properties (Babu, 2014).  

Our original method although not as viable as the former was to spin coat or dip our 

electrodes to be placed on either side of the nanoporous membrane in an ionically 

conducting matrix of PEDOT0:PSS-. As the spin coating method proved to be only 

somewhat reproducible after many different trials and formulations, we opted for the dip 

method to encapsulate our electrodes followed by curing in an oven at 120°C for 4 h. to rid 

of any water. (See experimental for further details) 

The only issue we ran into here was the solubility of PEDOT:PSS in water being very 

high. Each time we began to conduct electrochemical testing on the assembled membrane, 

we ran into trouble with a constantly diffusing bluish substance (PEDOT:PSS) 

contaminating the device electrolytes being used in the experiment.   
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Anodization of Aluminum to form Al2O3 nanoporous layer 

Production of nanoporous membranes with SiO2 proved to be very time consuming and 

costly and was effective for producing small quantities of single nanopores that would 

ultimately be used in the transport studies (described later in Chapter 5), thus the process 

team (Sam Beach and myself) decided it was best to produce anodized aluminum to form 

dense arrays of nanopores rather than trying to study transport though a single pore (Wu, 

2004, Nano Lett.). 

 

Figure 3.46 – Setup used for the anodization process described below 

 

Microfabrication  

Microfabrication is crucial to the miniaturization and integration of the proposed 

concepts. There are two facets, one of which was investigated in this thesis, addressed by 

microfabrication: 1) the fabrication of the electrochemical synapse. 2) The co-integration of 

the CMOS electronics with the electrochemical synapse. The electrochemical synapse 

fabrication begins with the deposition of aluminum metal on Si(s) substrate followed by 

anodization of aluminum to alumina to form dense arrays of nanopores (Sun, 2002), 

(Wolfrum, 2002), (Sulka, 2009). 
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The backside of the anodized pore array are  opened to expose a trapezoidal window 

approximately 100 μm X 100 μm is exposed exposing the pores on the array. The array is 

then functionalized by solution deposition of custom synthesized (Chapter III) crown ether 

monoethoxysilanes under reduced pressure to make sure all the voids in the membrane 

contact the reaction solution. After sonication of the dye (Chip) in Toluene followed by 

Methanol, a single layer of monomeric quinone crown ethers are hypothesized to traverse 

and adsorb to the pore walls, spanning the entire pore length.   

In the case that this method does not produce the intended outcome, MVD will be used 

instead since the reaction mechanism relies on the number of reactive entities colliding per 

unit time per surface area otherwise known as random diffusion. If organic substance has a 

low enough M.W. and is relatively volatile, the MVD technique of deposition will 

undoubtedly lead to the highest density of grafted silanes with gaseous molecules having the 

highest diffusion coefficient of all states of matter. After this step is verified by XPS and 

preliminary electrochemical data, the next step is to add the filler matrix material for the 

windows and pores in the form of the PEO-hydrogel, cross-linked with cat concentrated 

HCl. For the formation of a non-corrosive, durable and wear resistant dielectric layer 

comprising our nanoporous membrane, the method of using 6% H2SO4 as our electrolyte, a 

working voltage of 10 V and a passing current of 100 mA an anodizing down the top 2 nm.  

Alumina was deposited layer by E-beam evaporation of aluminum onto SiO2 oxide gate 

atop Si lead to the smallest (5-15nm) pores and gave the highest concentration of pores/SA.  

This method also proved to produce the most brittle porous membranes when back side 

release was conducted utilizing phosphoric acid to etch away the remaining unreacted 

alumina and open the pores (Platschek, 2011). 
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 This was quite a successful process but produced pores that were not very ordered and 

were quite gyroidal in there orientation. To hydrate the alumina to increase the structural 

integrity of the membrane and provide surface hydroxyl groups to react with our organic 

functionality, the membranes underwent a sealing process where they were placed in a 

beaker of gently boiling deionized water for 1 h.  

These membranes were produced on a wafer scale for further processing, attachment of 

organic functionality, synthesizing electrodes form organic ion-conducting matrices. 

Specifically, we were looking for any type of asymmetry in the C/V scans as we ran the 

current biphasically through the solution. We then wanted to examine how this would 

change when loading what we planned to use as our filler gel material upon crosslinking and 

hydration under vacuum to limit/abolish any voids in the nanoporous membranes. C/V 

curves were recorded with three different salts, NaCl, KCl and CaCl2. Potassium always had 

the highest current through the membrane between the monovalent cations due to the higher 

diffusion coefficient of K+ vs. Na+ in water; and as expected twice the current of potassium 

was observed for the Ca2+ 

While the synthesis of the crown ether with the extended allyl functionality had just been 

finished; one step separated us from step away from being finished, my time at this 

University had since expired and synthesis of the crown ether for covalent attachment was 

handed off respectively to a Post-Doc in our group for the final hydrosilyation of the DMES 

molecule.    
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Molecular Vapor Deposition of Small Molecule Precursors 

The first organic functionality was introduced by vacuum deposition of APTES at an 

oven and source temperature (Dorvel, 2010) of 100° C at 30 Torr for a duration of 12 hours 

as per the method of Dorvel. The chips were mounted upright in a Teflon-coated rack 

specially designed to hold the exact dimension of the chip. The chamber was evacuated 

followed by opening of a 3-way T-junction with tubing hooked up to a 10 ml vial being held 

at 100° C  up to a vial containing 1 mL neat APTES. Following the silane evaporation, the 

junction was closed and the substrates exposed to the silane vapor at 100 ° C and 30 Torr for 

an additional 12 hrs. The setup was cooled to room temperature and the oven was then 

purged by cycling with dry nitrogen three times. The substrates were removed and sonicated 

in toluene for 2 min followed by sonication in methanol for two minutes and finally a 

deionized water rinse followed by drying via N2 stream and storage in a nitrogen-filled 

desiccator.  Functionalization with 3-cyanopropropyltriethoxysilane was carried out in the 

same manner and the resultant XPS can be found in the supporting information.  
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Chapter IV: Characterization of Crown Ether Complexes, 

Nanoporous Membranes and Polymeric Hydrogels 

Objective  

Characterization of both the 1,4-benzoquinone-18-C-5 (BQ-18-C-5), 1,4-hydroquinone-

18-C-5 as well as the novel anthraquinone crown ether (AQ-18-C-6) synthesized in Chapter 

III will be presented. Characterization includes methods to elucidate secondary structure, 

kinetics, Ultra-Violet (UV) absorbance, Nuclear Magnetic Resonance (NMR) characteristic 

shifts/through-space interaction as well as Mass Spectroscopy (MS). The characterization of 

the anodized alumina pores follows thereafter.  

For first past analysis, 1H NMR shifts of all 1:1 complexes of the crown ethers 

synthesized in Chapter III were taken after 72 hours to examine any shift changes present at 

all. Finding the right solvent conditions for an observable NMR, the right salt, and the 

optimal temperature to acquire the spectra was a challenge. The solvents used ranged from 

highly polar aprotic (ACN, d6-DMSO, acetone) to solvents with extremely low levels of 

polarity; mainly the halocarbons CDCl3, CD2Cl2, the cyclic ether THF, as well as co-solvent 

mixtures of THF:CDCl3. The salts utilized in all NMR studies were either sodium triflate 

Na(OTf), potassium triflate K(OTf) or potassium (4-Cl)-tetraphenylborate K(4-Cl)-TPB. 

These particular salts were chosen due to their corresponding anion size (small or large). 

The presence of three 19F nuclei or a single 10B nuclei are both observable in the 1D and 2D 

dimensions.  

Titrations such as the titration of the 9,10-anthraquinone crown with K(4-Cl)TPB 

initially start out as heterogeneous in pure CDCl3. After a period of about 5-10 m. the salt 
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mixture was completely homogeneous, solubilizing up to 1.2 equivalents of the guest borate 

per equivalent of crown. Qualitative physical phenomena along with the quantitative NMR 

data associated with the resultant mixtures provided the most insight into the secondary 

structure of the molecule and the role of the two anions used in the study for the case of AQ-

18-C-6. Utilizing the method of Job’s, plots were constructed to preliminarily deduce 

complex stoichiometry (Conners, 1987). 

 Diffusion NMR complements the findings through integration of the 2D plane along the 

diffusion trace, corresponding to 1:1 and 2:1 HG complexes existing in the NMR solution, 

as well as solvent-separated anions.  

Mass Spectroscopy is used to deduce the absolute stoichiometry of a 1:1 mixture of salt 

and host crown and the resulting selectivity of the complex for K+ over Na+ revealed 

through competitive ion bombardment experiments.    

Upon titration with K(4-Cl)TPB, at several different titration points, photo bleaching of 

the complex occurs and the optical absorption first drops and then recovers past 1 Eq. of K+. 

The spectrum is rationalized as to what causes the loss in absorption. Kinetic trials are also 

carried out holding the amount of crown constant and varying the concentration of salt to 

deduce the overall reaction rate law.   

Results from the anodization process used to prepare the nanoporous membranes will be 

examined. The chapter will conclude with the proprietary cross-linked hydrogel materials 

developed, the results from different PEDOT spin curves, and thin films dispersions. 
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1H NMR Titration                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Contrary to the literature data suggesting that tetraphenylborate salts are soluble in 

99.9% CDCl3, it was found empirically that the (4-Cl)TPB salt was completely insoluble in 

pure CDCl3, soluble to about 2 mM in a 3:1 CDCl3:THF mixture and soluble to 6.66 M in 

well mixed 2:1 (v/v) CDCl3:THFd6. When this particular salt was mixed with AQ-18-C-6, 

almost immediate solvation of the salt occurred, presumably due to the superior phase-

transfer capabilities of the crown in low dielectric mediums. 

Characterization was performed using high-field (600 or 800 MHz) NMR 1H, 19F and 

10B NMR studies as well as 2D studies such as COSY, NOESY, DOSY, HSQC and HMBC 

of the complexes synthesized in the previous chapter. Cross-characterization techniques 

confirm the existence of the hypothesized 2:1 complex, complementing the data from Job’s 

method of titration, ESI-MS, calculation of the equilibrium constant by mass spec and 2D 

DOSY.  

The 1H NMR titration characterization of molecular complexes occurs under fast (non-

observable) or slow exchange (observation of individual peaks). Fast exchange occurs when 

the signals cannot be resolved on the NMR time scale, distinguishing the new complex 

peaks and the non-complexed peaks due to rapid equilibrium exchange between the bound 

and unbound states. This effectively causes the shifts to coalesce at a chemical shift that is 

the weighted average of the two peaks. Slow exchange most often occurs when the kD is 

high, kon high and koff low, making it possible to distinguish individual peaks corresponding 

to the bound and unbound Host. Complexes in the fast exchange regime at ambient 

temperatures can enter the slow-exchange regime by cooling the NMR acquisition 
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temperature to the lowest possible value without freezing the sample. This effectively slows 

down the thermal motion and contributes to a higher degree of order by lowering the free 

energy of the system. We present results from our cold-temp 600 MHz NMR experiment 

later in the chapter. 

 In conducting a proper titration, it is best to titrate between 0.2 and 0.8 mole fraction 

of the Host under characterization and avoid titrating the “tails” which can give artificially 

large ppm shifts making the binding isotherm chaotic and uninterpretable (Fielding, 2000), 

(Thordarson, 2011). The results from Sugihara’s extraction experiments suggested a Log Ka 

of 3.18 L/mol (1514) for K+ and 2.39 L/mol  (245) for Na+, with the assumption of 1:1 

stoichiometry (Sugihara, 1981).  

 

Figure 4.1 – Chemical structure of the Host/Guest titrated with Na (OTf) with numbering scheme for clarity 

(refer to Figs 4.2 and 4.3).  

 

 

 

 

 

 



 

135 

 

 

 

Figures 4.2 (left) -1H NMR titration of 1,4-dihydroquinone with Na(OTf) in ACN and  

Figure 4.3 (right) – Aromatic phenol proton expansion spectra.  

   

         1         2       1                              2 

  

1H NMR Titration of HQ-18-C-5 

Both the oxidized and reduced forms of the BQ-18-C-5/HQ-18-C-5 were analyzed; first 

as their 1:1 complexes, with the reduced quinol (HQ-18-C-5) giving the only dynamic 

response by proton NMR titration. The titration of the HQ-18-C-5 sodium salt of triflic acid 

is shown in figure 4.1 with the resulting stack plots generated in figure 4.2 and an expanded 

view of the region of interest in figure 4.3. Upon first analysis, there is much less of a 

pronounced chemical shift difference between the aromatic and crown ether protons versus 

the two phenolic protons. The peripheral phenolic hydroxyl 1 shifts upfield from 7.32 ppm 

to 7.06 ppm (ΔPPM = -0.26), while the intraannular phenolic proton 2 shows a more 

pronounced downfield shift from an initial value of 6.48 to 6.92 ppm (ΔPPM +0.44). There 

is insignificant shift to report of the crown aromatic and ether peaks.  (ΔPPM = +0.61). 
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Figure 4.4 – K+ (purple sphere) cation sitting above the benzoquinone ring stabilized by its anion; additionally 

by Π-cation interactions.  

 

 

 

Figure 4.5 – Chemical Strucutre of the Host/Guest complex titrated with K(OTf) with corresponding 

numbering scheme. 
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Figures 4.6 -1H NMR titration of 1,4-HQ-18-C-5 with K(OTf) in ACN and Figure 4.7 – phenolic proton 

expansion spectra.  

 

          1         2         1      2 

  

  

The chemical shifts for K+ are opposite in directionality and much larger in magnitude 

with the peripheral phenol proton shifting strongly downfield from an initial value of 7.32 to 

8.16, a shift of (ΔPPM +0.84) and less so for the intraannular phenol, shifting from an initial 

value of 6.48 to a final chemical shift of 6.80 (ΔPPM +0.32).  

Computational simulation results of the complex shown in figure 4.4 agree with this data 

when the crown ether is in its hydroquinone form, with the intraannular proton causing 

charge-charge repulsion and resulting exclusion of the cation from the ring. The anion sits 

proximal to the cation, acting as a very weak Lewis base, pulling more electron density from 

the already very acidic –OH phenolic proton while the cation sits above the plane of the 

aromatic ring making a Π-cation interaction. 
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With the simulation data for K+ and Na+ coupled with the NMR titration, the suggested 

trend is that Π-cation interactions along with delocalization of the triflate ion with the acidic 

phenol proton mediates a deshielding of both protons in the case of K+. The effect is less 

explainable in the case of Na+, which shows one downfield and one upfield displacement 

with computational simulations (not shown), adding to the confirmation of ion exclusion 

from the crown ether ring.   

 

Figure 4.8 - (left) 1H NMR titration curves for phenolic protons of 1,4-benzohydroquinone using Na(OTf) and 

Figure 4.9 - (right) 1H NMR curve for the same molecule but with K(OTf).  

 

 

Examining the resultant titration plots in figures 4.8 and 4.9 above, Na+ shows a distinct 

preference for the 1:1 stoichiometry but the curves in the case of K+ suggests that higher 

order positive co-operative behavior may be playing a role in binding. 
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Figure 4.10 – Job’s continuous variation plot for the titration of 1,4-BQ-18-C-5 using K(OTf)  

 

 

 

 Further data supporting this stoichiometry resulted from the construction of a Job’s 

Plot. The host concentration is then plotted as a function of the product of guest 

concentration multiplied by the chemical shift for each point. The Job plot can theoretically 

give three maximums, which correspond to the stoichiometry of the complex under 

examination. The theoretical, ideal maximums occur at the mole fraction 0.33 [H2G], 0.5 

[HG] and 0.66 [HG2] (Connors, 1987). 

Shown in figure 4.10, the plot was constructed for the case of K+, returning a non-ideal 

value with the maximum lying at an undefined region, most suggestive of a 2:1 complex at 

X = 0.33 Host.  

The collective data drawn from these experimental results suggests the crown ether 

mediates charge-salt formation more so than serving as a neutral host molecule for the two 
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ions examined. The multiple configurations and binding processes occurring simultaneously 

made it impossible to fit the data in figures 4.8 and 4.9 to a least squares regression model. 

With such uncertainty in the observations and the mode or mechanism of binding, 

further synthesis and characterization of this complex was not pursued. Chapter V discusses 

the possible models leading to the observed behavior in greater detail.  

1H NMR Characterization of AQ-18-C-6 Ether 

 The characterization of AQ-18-C-6 scaffold serves as an important focal point for 

which all other device characterization and observed phenomena rely upon. This next 

section provides detailed information on solid state and solution properties of the crown 

ether shown in figure 4.11.  

 

Figure 4.11 - 1H NMR shift assignments of uncomplexed AQ-18-C-6 in CDCl3. 

1H NMR Spectra of Alizarin(benzo)-18-C-6

1

2

3

4

5

6 7 8 9 10 11 12
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To deduce the assignments in figure 4.11, required the use of high-field 800 MHz 

NMR in the acquisition of HSQC and HMBC spectra (see supporting information) to make 

the proper C-H and C-C assignments. All carbons give their individual peaks and only 2 

peaks overlapped (assignment 10) in the proton spectra.  

 

Figure 4.12 (left) - 1H NMR titration of Crown 1 with Na+ triflate and Figure 4.13 (right) - 1H NMR titration 

with K+ triflate. 

  

 

 

Ether Proton Expansion of 

Alizarin(benzo)-18-C-6 Na(OTf) Salt Complex 

in CDCl3

Standard 
10mM

2.5mM

5mM

7.5mM

10mM

15mM

25mM

40mM

6             7      8    9     10           11     1210’
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Only after these assignments were made we were able to construct the titration stack 

plots for both K+ and Na+, shown in figures 4.12 and 4.13.  

 As can be observed from the stack plots in the above figures, beginning with figure 

4.12,  the peaks take a sharp swing upfield at very low concentration of guest and  

immediately return to the downfield position at a host concentration of 0.5. There are no 

crossing of peaks and the ovelapping proton 10 never completely seperates into 10 and 10’ 

through the entire concentration range. Peak 11 blends into these two peaks, creating a 

multiplett integrating for 6 protons from 1.5 to 4.0 equivalents of Na+ versus the host 

concentration.  

 The case for K+ is markedly different, with peak 10 immediately branching off to 

form 10 and 10’ and 8 individual peaks while retaining spin multiplicity. HSQC/HMBC of 

the 1:1 sample show unambiguous crossing of peaks 6 and 7, the two oxethylene peaks 

nearest the anthraquinone subunit. This inversion of chemical shift suggests a marked 

change in the conformation of the parent stucture. 

 To deduce the stoichiometry, we returned again to the method of Job’s to find a 

maximum at approximatetly 0.35 for K+ (2:1 stoichiometry) and 0.57 for Na+ (data not 

shown - 1:1 stoichiometry).  
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Figure 4.14 – Job´s plot for peak 9 in the titration of the anthraquinone parent crown ether with K+. 

 

 

The 2:1 binding model suggests a phenomenon known as co-opertivity playing a role in the 

binding of K+ by the two hosts. It is known theoretically that when fit correctly to a 2:1 

complex the following equation holds true for the value of the equilibrium constant: 

(Thordarson, 2010), (Connors, 1987) 

                               K2 = 4K1                       4.1 
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Figure 4.15 – Scatchard Plot of the Job´s plot samples produces a concave up hyperbola. 

 

Shown in the figure 4.15 is further evidence of 2:1 complexation mmode as the 

Scatchard Plot which when plotted with the parametrers [H] vs [H]/Δδ ppm should give a 

linear relationship. A concave up graph suggests higher order processes are occuring, in this 

case the upward concavity  suggests positive co-opertivity. At low host concentration, a 

relatively large response is given in terms of NMR shifts.  

The reasoning behind this phenomenon is rather complex, but it should suffice to say 

that if the binding sites are not identical in that they have differing binding affinities, each 

approach or equilibrium can be attained in 2 ways for K1 and 2 ways for K2 giving a 

possibility of 2 • 2 = 4 ways for binding to occur relative to a single-site receptor. This also 

introduces another descriptor: the co-opertivity factor α. Suppose each time a binding event 

K1 occurs, the affinity of the neighbooring site goes up or down in a defined manner leading 

to a series of microscopic binding constants for the host. This stepwise binding can 

accelerate or slow the rate of binding for the additional sites on the molecule. As a result, the 

co-opertivity factor α, can give an idea whether or not a system is positively co-opertive (α > 

1) or negatively co-opertive (α < 1) or neither (α = 1). For a 2:1 system, 
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Eq. 4.2 is valid: 

                                
2

14

K

K
                  4.2 

The value of the equilibrium constants K1 and K2 can be determined by the formula in 

equation 4.3 

 
2

20 1 0 1 2

2
1 2

2[ ] [ ] [ ] [ ]

1 1[ ] [ ]

HG H GG K H G K K H

K H K K H

 


 
 

 
             4.3 

Our expression for free host concentration follows from eq.’s 4.4-4.7 

  
3 2

0( ) (B) (( )) [H] 0H A H H C                   4.4 

   1 2( )A K K                  4.5 

   1 2 0 2 0{ (2 [G] [ ] 1)}B K K K H                 4.6 

1 0{ ([G] [ ]0) 1}C K H    4.7 

The binding isotherms for K+ in figure 4.14 and Na+ in figure 4.15 were found using 

the method of least squares, solving the quadratic for two shift values similtaneouly utilizing 

multi-model computational software suite Graphpad Prism® according to equations 4.2-4.6 

listed above where   represents the shift change due to complexation.  

Figure 4.16 – (left) The fitted 1H NMR binding isotherms for peak 9 in the case of K+ and Figure 4.17 - 

(right) the binding isotherm for Na+ 
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The best fit curves from the least squares method are shown in figures 4.16 and 4.17 

above and parameters summarized in figure 4.18 below. In the case of K+, positive co-

opertivity occurs with a calculated α = 6.75, suggesting strong binding to form the stable 2:1 

Host:Guest complex. Na+ was also fitted 2:1 for direct comparison and assessment of co-

opertive factors. The value for K2 was appreciable but the much larger value of K1 in this 

case gives an α = 0.62, suggesting negative co-opertivity effects are playing a role in the 

binding. 

 

Figure 4.18 – Summary of Stepwise binding constants for the 1H NMR titration of AQ-18-C-6 in CDCl3. 

 

Parameter K+ 

 Titration 

Na+ 

 Titration 

K1 3.0 X 104 4.0 X 104 

K2 8.1 X 105 1.2 X 104 

Keq 8.4 X 105 5.2 X 104 

α 6.75 0.83 

R2 0.92 0.94 

Std Dev 1.8 X 103 1.3 X 103 

 

To complement the titration conducted in the relatively non-polar CDCl3, a second 

NMR titration was carried out to examine the other extreme in polarity using d6DMSO with 

the initial equimolar stiochiometric complexes screened and resulting spectra stacked in 

figure 4.19. K+ was the only ion that produced any sort of shift in dDMSO, so a full titration 
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was not carried out, but it is worth noting that the dielectric of the mediums (CDCl3 or 

DMSOd6) as well as their viscosity are quite different leading to different solution-phase 

ordering. K+ must then still be able to complex even with the highly solvation competition 

from DMSO.  

Figure 4.19 – Results from initial 1:1 experiments in d6DMSO show very little shift at 10 mM concentration 

in the crown ether region, with the exception of K+, which differentiates 10 and 10’ producing 8 triplets in the 

ether region.  

 

Alizarin(benzo)-18-C-6 1:1 Salt Complexes 

in CDCl3

Standard

10mM Na(OTf) 

10mM K(OTf) 

 

13C NMR of the triflate complexed in CDCl3 

 The 13C NMR of the resulting 2:1 triflate/crown complex was acquired on a Bruker 

800 MHz spectrophotometer at ambient temperature. Note that one can account for all 28 

carbons present in the free host with each crown ether having its own characteristic signals 

between 68.43 and 73.09 ppm. In contrast, the complex spectra loses all but two of these 

crown ether carbon signals, retaining only the 73.10 and 68.08, signals respectively. Along 

with the complexed 13C NMR spectra of the crown, there should exist a quartet 
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corresponding to the triflate anion lone carbon with three fluorine atoms attached due to the 

spin-spin coupling of the 19F nuclei and its odd multiplicity. No signal attributed to the 

triflate anion were observed at 800 MHz, indicating the 2:1 complex may exist without a 

counter-anion in low-polarity solvents. This could be due to the concentration difference as 

well where the standard 13C NMR for the triflate anion was observed in dDMSO at 10 mM 

concentration where the 800 MHz spectra of the complex was taken at concentrations as low 

as 1.2 mM 

 

Figure 4.20 – 1H, 1H COSY enhancements as outlined in the diagram matching the theoretical models K+ 

(purple sphere), Na+ (yellow sphere)  

 

 

 

 

 

 

 

 

2D NMR Studies 

1H, 1H COSY Spectra of Triflate Complexes 

The resulting COSY enhancements are summarized in figure 4.20 with trajectories of the 

prominent interactions ranging from weak to very strong. Also shown in the figure is the 



 

149 

 

lowest energy conformer minimized by MMF94 force field (assuming no anion present for 

simplicity) to aid in the visualization of these interactions. In the case of Na+, cross-coupling 

of opposite face ethylene protons causes enhancements on opposite faces of the ether ring 

while the K+ structure is rather flat, with the catechol ring and ethylene protons lying in the 

same plane as one another, creating eclipsed conformers in the bound state.  

 These enhancements suggests a pocket too large for the binding of Na+, with a 

contorted structure dynamically trying to adjust to the smaller geometry. 

The 1:1 K+  structure suggests a stiffening of the ring upon binding of the ion, the K+ 

lying slightly out of the plane from the crown ether. Nonetheless, almost all of the adjacent 

protons in the bound structures had some sort of enhancement and a 4X coordination was 

determined to be the most probabilistic conformer. This 4X coordinated structure is 

hypothesized to be the driving force behind the formation of the 2:1 complex existing as the 

most energetically favorable state in order to form the preferred octahedral complex. 

A similar anthraquinone derivative prepared by Erk. Et al. (Erk, 2000), without the 

catechol moiety showed very low affinity for Na+, supporting the hypothesis of 4x 

coordination of the oxygen ethers and dimerization as an octahedral array of coordination 

sites organize.  

2D diffusion-ordered Spectroscopy (DOSY) characterization of K+- Crown Complex 

Diffusion-ordered spectroscopy effectively analyzes 1D peaks in the 1H NMR and 

correlates the peaks with points in the second dimension by analyzing the rate of exponential 

decay of a magnetic field pulse gradient. Substances that are diffusing quickly through the 
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medium respond to the field with very long decays while larger, slowly diffusing solutes 

decay rapidly.  

 Transforming the acquired data set into interruptible results, the number of expected 

components in the mixture is defined and the range of values of predicted diffusion 

coefficients is entered. The resolution and number of repetitions is entered until one obtains 

a transform that is well resolved with no overlapping peaks. This procedure is termed the 

“Bayesian” transformation of the data set where the 1D spectral encoding is transformed and 

aligned with the Z-dimension through the following relationship: 

 

S(f,z) = SA(f) exp(-dAz)                            4.8 

 

Where SA(f) is the spectral intensity of component A in zero gradient (‘normal’ spectrum of 

A) and dA is its diffusion coefficient. The 1D spectral encoding sequence is aligned with the 

generated points along the 2D diffusion axis and the diffusion line is integrated 

quantitatively to give the absolute integration along that particular diffusion trace.  

One may check that the 2D integration matches the integral ratio between the 1H NMR 

integral and calibration with standards that have known diffusion coefficients and are known 

to not interact with other solutes. A very good standard for this is tetramethylsilane (TMS).  

DOSY is not limited to just proton samples as many other elements with high natural 

abundance such as the 19F nuclei with 100% natural abundance and 11B nuclei, are amenable 

to the same method. In this manner, more complex mixtures of organic compounds can be 

analyzed for composition by following a broader range of peaks across a larger spectral 

width (Gerig, 2001), (Zhang, 2013), (Chapman, 2007), (Mouro, 2002). 2D DOSY can be 
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complementary to other methods of characterization when separation of compounds is not 

plausible by other methods.  

In the DOSY experiments, the strength of the diffusion-encoding gradient is arrayed and 

the diffusion coefficients are calculated according to the Stejskal-Tanner formula: 

 
2 2 2( ) (0)exp( ( ) ( / 3))zi i ziS G S D G                                                     4.9 

where ziG and (0)S are the signal intensities obtained with gradients strengths of ziG  and 0, 

respectively; D is the diffusion coefficient; γ is the gyromagnetic constant; δ is the gradient 

pulse duration; and Δ is the diffusion delay. 

Convection currents are caused by small temperature gradients in the sample and 

result in additional signal decay that can be mistaken for faster diffusion. The convection 

conditions are described by the Rayleigh-Bénard equation: 

4g R T
Ra

v z









                       4.10 

Where g is the gravitational acceleration, v is the viscosity, c the thermal diffusivity, b the 

expansion coefficient of the liquid, R the internal diameter of the NMR tube, and
T

z




, the 

temperature gradient along the sample axis. When the critical Rayleigh number (Ra) is 

exceeded, convection will occur.  
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Figure 4.21 – Proper gradient attenuation for 2D DOSY experiment collected on Sample F (2.0 Eq. Guest, 1.0 

Eq. Host) using K+(4-Cl)TPB-. Spectra recorded on a Varian 600 MHz with cryoprobe.  

 

 

 

To observe proper signal attenuation, the power of the gradient is adjusted until the 

highest peak decays down to 10% of its original strength, figure 4.21. Effectively capturing 

anything diffusing in the second dimension, as the shorter peaks will naturally decay before 

the largest signal. 

DOSY has not seen widespread use until present day because of the acquisition time 

and the relatively concentrated samples needed to obtain reliable spectra. If a mixture in 

which a particular component only made up 1% of a 10 mM sample, the sample will not 

produce a signal intense enough to generate the appearance of a cross peak. This problem 

arises because the spectral width is too wide and the probability of the z and x-y components 

of the vector space matrix is low, which in turn leads to a weak or poorly resolved signal due 

to the large space being sampled. To circumvent this problem, spectral width is narrowed 

down and only the peaks corresponding to decays of interest are recorded in a sequence 

called 2D HADAMARD Encoding (Steinbeck, 2005). In this method, the acquisition time is 
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roughly cut down 5X making the experiment much more feasible for routine use (Feliz, 

2007). 

Our studies utilizing the aforementioned method concentrated on deciphering the 

diffusion coefficients of complexes with the two anions used in this study, the triflate anion 

(-OTf) and the (4-Cl)TPB- anion. The triflate anion was analyzed for the symmetrical 19F 

spectrum since the carbon spectra produced 4 separate lines due to the odd spin multiplicity 

of the three 19F nuclei present in the triflate anion.  

The protons attached to the 4-ClTPB- anion were directly analyzed and this gave the 

most consistent result, as we could verify two distinguishing peaks by direct integration. The 

19F data for the triflate anion could only be obtained in dDMSO, where K+ (-OTf) is 

completely soluble and free to diffuse (Gerig, 2001), (Dalvit 2012). The standard spectra (10 

mM) gives a shift of -78.51 ppm and the complexed d6-DMSO spectra returned a substantial 

shift value of -74.57 ppm (Supporting Materials). This is a significant shift in terms of 

averaging over the 3 fluorine nuclei environments.   

 

DOSY NMR Experiments for individual complexes  

This next section will present DOSY data for complexes with a stoichiometry of 1.1:1.0 

G/H. The counter-anion to K+ will be examined in terms of the overall complex diffusion 

and differential self-assembly of the AQ-18-C-6.  

 

Figure 4.22 – Standard DOSY of the uncomplexed crown ether region of the novel crown quinone showing 

the 1H NMR as well as the 2D NMR with integrations within +/- 0.03 of their absolute value. A diffusion trace 

at 0.95 cm2 •sec-1 was observed as the single constant in CDCl3 
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The standard uncomplexed spectrum shown in figure 4.20 above shows all the 

characteristic data of an ideal DOSY acquisition. With the spectrum highly resolved one can 

make out: 

1. The integration of the 2D plane. 

2. The number of diffusing entities. 

3.  The splitting in the 2D plane as it corresponds to the 1D spectra.  
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Figure 4.23 – DOSY spectrum of the sample used to construct the JOB’s plot (1:1 overall ratio. Note there is 

an aromatic doublet signal hidden by the CDCl3 peak. The diffusion constant at this stoichiometry is 0.43 X 

10-5 m2 • sec-1 

 

 

 

With this, we set out to conduct a few different experiments on different complexes so that 

we could further  

1. Confirm the hypothesized 2:1 stoichiometry of the K+ triflate complex. 

2. Examine the effect of different anions present in organic solvents and the 

resulting stoichiometry. 

3. Deduce Keq by competition experiments utilizing 5 mM Crown, 5 mM guest and 

5 mM standard 18-crown-6. 

4. Examine the phase transfer capabilities of the Host toward 4-ClTPB salt 

(insoluble in CDCl3) at t = 3min and t = 72 hrs. 
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Figure 4.24 – Table of standard diffusion recorded in this work. 

 

Table of Standardized Diffusion Coefficients 

Compound  Solvent ξr** 
D (X 10-5 cm2 • 

sec-1) 
Method 

18-C-6 CDCl3 4.81 2.10 1H NMR 

18-C-6 DMSO 47.24 2.07 1H NMR 

AQ-18-C-6 CDCl3 - 1.42 1H NMR 

AQ-18-C-6 THF 7.52 6.00 1H NMR 

AQ-18-C-6 DMSO - 1.21 1H NMR 

Na(OTf) DMSO - 3.43 19F NMR 

K(OTf) DMSO - 3.65 19F NMR 

K(4-Cl)TPB THF - 1.26 11B NMR 

K(4-Cl)TPB THF - 1.28 1H NMR 

K(4-Cl)TPB CDCl3 - 0 - N/S 1H NMR 

K(4-Cl)TPB 2:1 CDCl3:THF - 0.85 11B NMR 

K(4-Cl)TPB 2:1 CDCl3:THF - 0.84 1H NMR 

K(4-Cl)TPB 3:1 CDCl3:THF - 0.32 11B NMR 

K(4-Cl)TPB 3:1 CDCl3:THF - 0.31 1H NMR 

 

*ξr = Dielectric Constant 

**CRC Handbook of Chemistry and Physics 2009/2010 edition Ed. 1990 Dacv 

Ed. 90 David R Lide (Editor in Chief) 
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Figure 4.25 – Bar graph of the diffusion coefficient of (4-Cl)TTB as a function of the volume fraction THF 

added. 

 
 

Figure 4.26 – Minimized structure of the (4-Cl) Tetraphenylborate salt showing potassium (purple), the 

borate (gold) and chlorine structures (green).  

 

 

Most often (4-Cl)TPB is used as a neutral cation exchanger in organic phospholipid 

membranes to aid in the phase transfer of hydrophilic salts through the hydrophobic 

membrane (Gehrig, 1990). The mechanism of phase-transfer catalysis hinges off the charge 
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at the central borate atom, which bears a highly delocalized charge calculated to be -0.11 

Hartree.The four chlorine atoms para to the borate do not have any substantial effect on the 

delocalized charge when compared to the regular potassium tetraphenylborate (Gehrig, 

1990).  

For the solubility and resulting diffusion complex measurements the insoluble neutral 

ion carrier K(4-Cl)-tetraphenylborate was utilized. This salt was chosen due to its M.W. 

being almost identical (S.D. 2 g/mol) to our parent crown ether. It was hoped that this would 

make determination of diffusion constant more predictable than using a salt of intermediary 

weight. Another aspect of the system that was to be examined was the effect of large and 

small anions on the self-assembly of the [K+: crown ether] complex. The rich aromatic 

system was also further reason for us to examine which effect was governing the assembly 

of structures in solution with this salt.  

 As pictured in figure 4.27, we obtained DOSY spectra for heavy metal anion 

complexes to observe any peculiar behavior of the aromatic system of our crown ether as 

well for the sake of completeness. In this particular case, a slight excess of K+ was used and 

peaks became quite broad when 1.1 Eq. guest to 1.0 Eq. host ratio was sampled in pure 

CDCl3. Although the peaks became broadened, the integration could be made out quite well, 

with some peaks merging into others.   
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Figure 4.27 – 2D DOSY spectra DONESHOT sequence measuring the diffusion of [K+Au-Cl4 - Crown Ether] 

Complex in a 1.1 Guest to 1.0 Host ratio. The diffusion trace returned a coefficient of 1.44 X 10-5 cm2 •sec-1  

 

 

Pre-diffusion Complexes of loose ion pairs 

Ion pairs have been studied for quite some time as well as their behavior in solution. 

From activity coefficients to molarity, molality as well as the many other physical properties 

of solutions with ions as solutes dissolved in mediums such as water is now well understood 

and quantified. What has lagged behind is our knowledge of the solution ordering of ionic 

species in organic mediums. Discussed in earlier chapters was the enthalpic cost to separate 

an ion from its counterpart in non-aqueous media, a force that many organic solvents cannot 
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overcome by themselves without the use of ionophores. What forces are predominant in 

exchanging an ionic bond for what one would consider to be a simple charge-dipole 

interaction? The answer must be accounted for in the form of some type of energy. This 

energy must come from the solvent or carrier molecule which must lower the free energy 

enough to induce ion-pair separation as well as maintain this ion-pair separation as the 

structure stabilizes itself into its lowest energy conformer.  

In the next study, the uptake of the insoluble K(4-Cl)TPB in CDCl3 is studied by 

diffusion NMR to examine the effects of this ion-pair separation and the implication it may 

have on the diffusion of the complex, anion or both. Furthermore, of most importance was to 

study the ion capture process and assess the binary diffusion coefficient of the anion-host-

cation complex.  

 

Figure 4.28 – Homogeneous pre-equilibrium Complex with free anion as the K+(4-ClTTB) is complexed and 

phase transferred into the CDCl3 solution at t = 3 min post-salt addition.  
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In figure 4.28 above, only one binary diffusion trace exists for the similar M.W. 

anion (M.W. 496.1) and host (M.W. 490.5). The stoichiometry at the time of addition was 

1.0 Eq. Host AQ-18-C-6 to 1.1 Eq. Guest (4-Cl)TPB in pure CDCl3 which formed a 

heterogeneous mixture. As shown in the spectra, the two peaks corresponding to the TPB 

anion can be observed at 6.95 and 6.74 along the diffusion trace of 1.00 X 10-5 cm2 • sec-1. 

Note that there is no residual TPB anion species found in the mixture. 

 

Figure 4.29 – Heterogeneous 2D COSY Spectra attained immediately after the acquisition of DOSY Spectra 

in Figure 4.23 (approximate t = 45 m. post-addition of K+) 

 

 

 

1 
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The COSY Spectra of the pre-equilibrium complex between K(4-Cl)TPB and AQ-

18-C-6 show strong  interaction, the first being the inversion of peaks 6 and 7. There are 

interactions among 4 crown ether proton sets, but none of these couple with any of the 

catechol or anthraquinone protons. Self-coupling between the free anion (Box 1, red drop 

lines) along with coupling of one adjacent TPB anion proton at the 2-position coupling to 

the 3-position on the anthraquinone subunit (Box 2, blue drop lines). Finally, there exists 

one interaction between the 3-sites on the TPB anion with either the 5 or 8 position on the 

TPB anion aromatic ring.  

 

Figure 4.30 – NOESY Spectrum of 1:1 pre-diffusion complex of Crown with K+4-ClTPB- recorded in 

sequence after completion of a DOSY acquisition (t = 22 m). The most intense cross-peaks occur in the 

uppermost left-hand corner between the TPB aromatic protons interacting strongly with the crown ether region. 
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The NOESY spectra along with the interaction map is given in the above figure. It 

should suffice to say that the main information obtained from this spectrum is the 

conformation of aromatic-aromatic couplings due to the hypothesized Π-stacking effects of 

the borate with the anthraquinone subunit. The secondary interactions with the crown ether 

protons themselves which suggests flattening out effects of the ring skeleton as well as the 

coupling between planes of the crown ether and TPB anion.  

The best analogy to what is happening can be related back to the problem of a pill 

dissolving into a medium until it is saturated. The concentration of the pill rises 

exponentially in the liquid phase and decreases exponentially in the solid phase until some 

equilibrium is reached. Our next set of spectra shows just how much dissolves and diffuses 

with the carrier present and also shows a unique phenomenon which is a reversal of the 

common ion effect.  

 

 

 

 

 

 

 

 

 

 

 

 



 

164 

 

Figure 4.31 – DOSY spectra of the same complex recorded at t = 3 h post-addition of the guest. The 

integration at t = 3 h matches the theoretical integration of a 1:1 complex 18C6-K+ complex. 16 aromatic 

protons (Guest) + 6 aromatic host + 16 crown ether protons. A slight residual of the free TPB anion integrates 

for 5 protons due to the slight excess present in solution. See text for details. 

 

 

Instead of ions precipitating ions out of solution due to concentration, we noticed a 

marked increase in the solubility over the first five minutes post-addition of the K+ source in 

a qualitative manner. As can be seen in Figure 4.31 above, the integration in the 2D plane 

leaves what is believed to be the solvent-separated anion co-existing in solution with the 

bound anion. A signal downfield from the standard (4-Cl)TPB integrates for 5 protons, but 

is not bound to the crown ether a t = 3 h when the spectra was acquired. There should 

theoretically be 10 aromatic protons for the crown and sixteen (17 due to the 1.1 Eq. to 1.0 

ratio) for the TPB anion for a total of 26 aromatics and 16 crown ether protons which are all 



 

165 

 

accounted for in the spectra at t = 3 h. This means that there exists 4/5 unbound TPB protons 

for the crown to bind to, and instead, only 22/26 aromatics are occupied at the 3 h mark. The 

complex formation thus helps to solubilize the remaining K(4-Cl)TPB as more and more of 

the binding sites become occupied. There are two possible hypothesis for this occurrence: 

 The solution is becoming more ionic in nature, providing “hopping” sites 

where anions and cations can exist as solubilized ion pairs. 

 The Π-character of the TPB anion is promoting solubility by creating a Π-

stacked network of organic anions/cations able to solubilize. 

 

Figure 4.32 – Homogeneous equilibrium 1:1 complex diffusing with a single binary coefficient of 1.02 X 10-5 

cm2 • sec-1 at t = 72 h. HADAMARAND encoding was used to narrow the spectral window and increased the 

spectral resolution while decreasing acquisition time  
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A piece of evidence that cannot be overlooked is the 19F NMR figure 4.33 below which 

clearly shows two distinct peaks. Gehrig Et al. and others have shown that minor 

fluctuations can mean the difference between a compound being encapsulated within a 

complex as opposed to being free in solution in terms of interpreting 19F spectra.  

 

Figure 4.33 – 19F spectra of the AQ-18-C-6 crown ether complexed with the triflate anion in CDCl3 at 298 K 
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Figure 4.34– 2D DOSY spectra recorded for the 24 h equilibrium complex of the (4-Cl)TPB anion diffusing 

with the rest of the supramolecular peaks. 

 

 

 

Pre-equilibrium complexes or encounter complexes have been demonstrated in the 

Literature before by Hirose Et al. who devised the equation (Hirose, 2009).   

   
1 2

2

1

obs
k k

K K k
k 

                4.11 

This equation states that the overall rate constant is the product of the forward rate 

constants divided by the rate of the backward reaction, which is also equal to the equilibrium 

constant as k1/k -1 is the definition of the equilibrium process for the first association event.  

Examining the same experimental parameters as in the previous example, a spectra of a 1.07 

Eq. /1.00 Eq. guest stoichiometry was observed to immediately bind the ligand K+ when 

K(4-Cl)TPB was added to the NMR tube creating a resulting homogeneous mixture. The 

homogeneity of the diffusing species and the immediate chemical shifts further strengthens 

our hypothesis of faster diffusion of ions as a function of increasing solvent polarity.  
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Most often one finds in the literature the aforementioned salt used in artificial 

membranes during electrochemical cell testing as a “neutral ion carrier” that helps to 

perform the reverse effect and mediate ion exchange while maintaining charge neutrality to 

prevent polarization of the membrane. In this case  (figure 4.35) we see that the crown ether 

is actually solubilizing the K+(4-chloro)TTPB. 

 

Figure 4.35 – 2D DOSY Spectra at t= 3 m showing ithe presence of the solvent-seperated ion pair when the 

instantaneous titration is performed in pure CDCl3 

 

 

The same sample after 72 h. at ambient temperature with no stirring produced the spectra 

observed in figure 4.36, with all the diffusion traces corresponding now to the 1:1 complex 

spectra along with 0.1 Eq. of leftover excess free ion pairs diffusing at a faster rate than the 

complex. This phenomena is unique because the entire self-assembly process of ion-pair 



 

169 

 

formation, complexation and equilibrium and excess salt can all be monitored as a function 

of time. 

 

 

 

Figure 4.36 – The now homogenous equilibrium complex shown in fig. 4.37 but 72 h. after addition of the K+ 
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Figure 4.37 – Table of diffusion constants obtained for titration results of AQ-18-C-6 with K(4-Cl)TPB in 3:1 

CDCl3:THF 

 

Stoichiometry 

G/H 

Ratio 

Time to 

Eq.** 

Dfree(salt) X 

10-5 

Dbound (AQ-18-C-6) X 

10-5 

0 0 0 0.85 1.42 

1:1 0.11 72 h. N/O 1.48 

1:1 0.33 72 h. N/O 1.53 

1:1 0.66 72 h. N/O 1.58 

1:1 0.88 72 h. N/O 1.61 

1:1 1.00 76 h. N/O 1.63 

1:1 1.50 76 h. 1.1 1.63 

1:1 2.00 76 h. 0.89 1.62 

*N/O = Not observed 

** The difference in time is due to spectrophotometer time required to collect data 

sets from each diffusion experiment 
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Figure 4.38 – Plot of the binary diffusion coefficient as a function of the ratio of guest to host with units of 

cm2 • sec-1. The free salt (red squares) and co-complex (blue diamonds) diffusion coefficients are plotted as a 

function of increasing G/H ratio. 
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*For 0.0 to 1.0 Eq. K+, there existed only a binary diffusion coefficient only. Diffusion traces for the 

excess guest could only be made out at greater than 1.0 Eq. K+ 

 

In figure 4.38, a large increase in the value of DHG is observed between 0.11 and 

0.88 equivalents of added K+ that could be considered linear. Where a decrease in the value 

of DHG should be expected due to the doubling of molecular weight, the value of DHG 

actually increases through the entire titration (Cameron, 2001). In diffusion, anions travel 

much faster than cations and the complex diffusion could be governed by the large anion’s 

contribution to the M.W. The maximum rate of change occurs at around X=0.5 equivalents 

of K+ added, supporting the formation of a strong 1:1 complex (Chang, 2004). Through the 
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titration, a 1:1 stoichiometry is confirmed as the cross peaks return for the separate anion 

species, signifying an excess amount of reagent added. The excess 8 protons at a ratio of 

1.5:1 and 16 protons at a ratio of 2:1 are observed in the 2D plane.  

Figure 4.39– 2D DOSY integration along the 2D plane showing that the majority species is the 1:1 complex 

with the (4-Cl)TPB salts. 

 

 

 

Although not much literature exists for ionic species or their respective behaviors in 

diffusion NMR, some studies support the speeding up of an ionic complex upon binding. As 

discussed before, the diffusion coefficient of the TPB anion is assumed because the salt is 

not soluble in chloroform. This effectively means that at [Host] =0, the salt does not have an 

effective diffusion coefficients because it is by definition not in solution. By creating a 

carrier-salt complex, diffusion becomes facilitative by the crown ether and should be 
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governed by the faster moving particle in the complex, the anion. In effect, a ditopic 

receptor is created that hosts both the cation and anion as will be discussed in the context of 

molecular modeling results in Chapter 6 (Gargiulli, 2009).    

2D Competition Experiments with Co-Hosts 18-C-6, AQ-18-C-6 

As discussed in Chapter 2, the primary effect of diffusion and the implications on 

reactive-flux can drastically alter membrane property and speed processes that in the past 

have proven to be the most rate limiting.  A series of NMR experiments was set up to 

analyze the binding of AQ-18-C-6 with equimolar amounts of 18-Crown-6 was chosen as an 

internal reference as it is by far the most studied and well characterized crown ether. 

Physical properties have been recorded and stability constants measured in a variety of 

organic solvents using differing salts and multiple different characterization techniques such 

as ion-selective electrodes, electrochemical measurements, calorimetry, fluorescence, 

extraction and UV/Vis; all which of produce different values of the binding constant for the 

same crown. Like properties such as the diffusion constant, can also show different 

behaviors, even complete selectivity reversal behavior from liquid behavior when 

transitioning to the solid state (Yajima, 2010). 

 

Basic 2D DOSY Methodology: 

In this series of experiments, 18-C-6 ether along with AQ-18-C-6 ether are loaded into 

an NMR tube at the same concentration (ex. 5mM each = 10 mM total crown concentration) 

along with the guest salt at the same concentration as the crown ethers (5 mM). This  

effectively sets up is a competition between a well-known ionophore with a known binding 
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constant to aid in standardizing the unknown compound relative to 18-C-6. The diffusion 

constant of the equilibrating system is measured at each 24 h interval and recorded along 

with the 2D integration along the free/complexed diffusion lines. The relative K value 

between the 18-C-6 and AQ-18-C-6 is calculated as the ratio of the complexed diffusion 

integrals relative to the number protons present in the uncomplexed molecular integrals; 

normalized to the total uncomplexed carrier proton concentration.  

Different surface tensions at interfaces in concentrated gradients causes convective 

instability due to Marangoni convection. 

The type of the hydrodynamic instability is governed by the alkali metal expressed via 

its stability constants for the complex formed. More stable complexes trigger a higher 

precipitation, thereby favoring a Raleigh−Taylor instability. Complexes with a lower 

stability constant induce Marangoni cells which show disorder at the interface. Depending 

on the confinement of the experiment cell, the fluid motion can also follow a back-and-forth 

movement. 

As shown in figure are the recorded values for the aforementioned procedure using 

triflate salts of both Na+ and K+ in isolated experiments. In the recording of the diffusion-

constant measurements from the competitive experiments, the diffusion constant of the AQ-

18-C-6 changes markedly while the diffusion constant of the 18-C-6 complex exhibits 

hardly any change at all in the presence of K+ or Na+ triflate in d6DMSO. The integrals over 

time also begin to favor K+ and the complex begins to speed up with increasing integration.  
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Figure 4.40 – 2D DOSY of equimolar AQ-18-C-6, 18-C-6 and K(4-Cl)TPB (5mM) 

 

Potassium 4-Chlorotetraphenylborate 

In the experiment where K(4-Cl)TPB is used as the K+ source, all recordable traces 

correspond to strict formation of a 1:1 structure with the diffusion line running along the 

AQ-18-C-6 diffusion line, indicating with ≤105 M-1(limit of detection) certainty value that 

none of the standard 18-C-6 is bound to the large tetraphenylborate in any stable complexing 

mode.  

The spectra for these experiments could be clearly deciphered. The ensuing experimental 

methodology could be used to qualitatively describe molecular recognition events and to 

calculate general affinity ratios for unknown complexes by using the integration ratios 

against a standardized complex (18-C-6).   
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 Utilizing 2D DOSY spectroscopy, spectra were recorded immediately (≈3min),  

followed by acquisition of the same complex after allowing the NMR tube to equilibrate in a 

desiccator under Argon for 72 h. 3.48E-07 and 3.42 E-06 for the borate salt 

Mass Spectroscopy Studies  

Gas-phase affinities are generally used as qualitative markers of complex 

stoichiometry. In addition, much can be learned about the stability and structure of the 

complex in the solution phase (Frański, 2010). Taking into account the mixed-ligand effect 

from the source ion (Na+), we took extra precaution by preconditioning the Electrospray 

Ionization (ESI) with pure acetonitrile for 1 h. This proved effective for removing Na+ and 

Cs+ from the detector and spray lines. Competing in the gas phase and assuming  M/Z 

counts per second (CPS) ratios correspond to the quantitative amounts of 1:1 and 2:1 

stoichiometric K+ and Na+ structures, one can deduce the relative selectivity  and stability of 

the complex. 

ESI-MS is the preferred method for samples that are volatile enough to become 

vaporized under high vacuum in the gas phase once bound to a cation. The stability of the 

solution structure of the complex in the organic phase can be assessed by performing 

dilutions prior to sample injections, varying the solvent polarity to determine the 

lipophilicity of the complex and lastly, running competition experiments with known 

standards as mentioned before.  
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General procedure for Mass Spec Analysis 

To confirm the predominant stoichiometry of the 1:1 mole ratio studied utilizing Job’s 

Method, crystals of the AQ-18-C-6 complex stoichiometric ratio (7 mg) were recovered by 

slow evaporation of the solvent over three days and washed 3X(1mL) cold, dry CHCl3.  

The crystals were then dried under high vacuum for 48 h. to remove all potential solvent. 

The highly chromogenic bright yellow K+∙H2 complex dissolved readily in methylene 

chloride, a solvent that which the uncomplexed crown ether has very little to no solubility. 

This allowed for ease of obtaining high-resolution ESI-MS due to the high volatility of this 

particular solvent. The flight efficiency of the sample was calibrated and the results 

tabulated and interpreted by high resolution Mass Spec Integration counts per second (CPS) 

versus the control matrix ion, Na+ which was checked and found to have the same flight 

efficiency as the K+ sample. 
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Figure 4.41 – Table of calculated affinities of cooperative versus uncooperative self-assembly equilibrium 

processes analyzed by ESI-MS+ (Frański, 2010) 

 

Stoichiometry G/H 

by Mass    

Concentration 

(μM) 

 *K2+K3/K1 (α) 

    

1:1 L1:K(OTf) 8.0 μM  3.28 

2:1 L1:K(OTf) 0.8 μM  8.17 

3:1 L1:K(OTf) 80 nM  0.14 

*Calculated by integration of counts per second (CPS) of the absolute ion count 

 

**ESI-MS was recorded on a Waters Micromass QTOF II. Parameters: Capillary: 2.00 kV, cone: 2.0 V, 

coil volt 2.00 V, source T: 80˚C, desolv T: 100˚C, flow 10µL/min. Data was processed with MassLinks V 

4.1. 

 

Figure 4.42 - Spectra 1 of 3 – Mass spectrometer analysis of Crown 1:2 complex in CH2Cl2 at 8 μM. 
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Figure 4.43 - Spectra 2 of 3 – Mass spectrometer analysis of Crown 1:2 complex in CH2Cl2 at 0.8 μM 

 

 

Figure 4.44 - Spectra 3 of 3 – Mass spectrometer analysis of Crown 1:2 complex in CH2Cl2 at 8 nM 
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Shown in the following three sets of spectra are the existence of at least three 

equilibrium states in CH2Cl2; a 1:1, 2:1 and a scarce amount of 3:1 complex observed at 

higher sample concentrations (8 μM). Access to these equilibrium states has been shown in 

groundbreaking work to function as NAND logic gates (a NAND gate is one that produces a 

“false” response only when all inputs are true) which can be controlled by different inputs; 

in our case by K+ salts with different size anions (Kim, 2013).   

Electrochemistry 

  The cyclic voltammetry (CV) measurements conducted with 5 mM AQ-18-C-6 in 

anhydrous Dimethylformamide show three distinct redox processes occurring at -0.54 V, -

1.30 V and -1.46 V as measured as a function of the half wave potential versus standard 

ferrocene. Upon the addition of potassium hexafluorophosphate, the first reduction of the 

crown shifted to -0.27 V and the second reduction increased to -1.36 with no tertiary processes 

observed, most likely a result of 2:1 and I max -18.6 µA.  
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Figure 4.45 – Current/voltage of uncomplexed Host Crown AN-B-18-C-6 in anhydrous DMF acquired at a scan 

rate of 10 mV/sec with 100 mM tetrabutylammonium sulphate (TBAS) supporting electrolyte.  

 

-2 .0 -1 .5 -1 .0 -0 .5 0 .0
-5 0

-4 0

-3 0

-2 0

-1 0

0

1 0

2 0

 

C
u

r
r
e

n
t
 
(


A

)

P o t e n t ia l  ( V )

C V  S p e c t ra  o f  1

V
in

( - )  

 

 

Figure 4.46 – Tabulated Reduction/Oxidation wave location from figure 4.34 above. 

ERED EOX E1/2 

   

        -0.59 -0.81 -0.70 

-1.21 -1.51 -1.36 

-1.40 -1.76 -1.58 

 

 Although the pH was not controlled in this experiment, Batchelor-McAuley did a 

number of pH dependent studies which showed that a 0.3 mM HCl solution was needed to 

observe a fully reversible oxidation/reduction peak and found that an increase in pH shifted 

the redox peaks to a more negative potential (Batchelor-McAuley, 2011). Although acid was 

not used in our experiment, one can clearly see three distinct reduction peaks corresponding 
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to the semiquinone along with reduction to the monoprotonated quinol form. The peak trace 

duration was 20 scans with 3 prescans and was highly reproducible. Refer to figure 4.46 for 

the peak data and figure 4.45 for the C/V diagram. 

 

Figure 4.47 - Determination of the Equilibrium Constant for the 2:1 system utilizing triflate salts and 1:1 

system using the tetraphenylborate salts.  

 

Host/Guest Ratio Method Log K1 Log K2 

1:1 Computational 2.45  

1:1 Computational 3.13  

1:1 1H NMR 2.11  

2:1 1H NMR 

ESI-MS 

3.28 

3.28 

 

8.17 

1:1 DOSY 7.14  
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Absorbance Spectroscopy 

Figure 4.48 – Graph of the absorbance of the found complex at 303 nm as a function of K+ concentration 

 

 

 

Shown in figure 4.48 above, the absorbance band at 303 nm was monitored as a function of 

guest concentration showing the maximum as a blue dot corresponding to the standard 

response at that wavelength. The plot rises steeply and then levels out at 0.08 ABS units 

with non-specific absorption attributed to excess K (4-Cl)TPB present in the solution. This 

would suggest that the complex is 1:1 in stoichiometry as the molecular weights of the 

crown and borate are within 4 g/mol of each other and their extinction coefficients are also 

comparatively similar (See supporting for extinction coefficient standard curve) 
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Figure 4.49 – Absorbance of the newly formed complex corrected for excess salt to give the new pure spectra 

of the complex. The absorbance at 303 nm was followed and deciphered to correspond to the newly formed 

complex.  

 

 

 

Figure 4.49 above shows the change in the absorbance (with the background due to salt 

subtracted) and is also modeled on the next page as a 3D mesh graph for clarity. What is 

observed is a higher value of the extinction coefficient of the newly formed complex which 

may be a result of charge-transfer complex formation (Conners, 1987). Charge-transfer 

complexes tend to photo bleach the spectra, which may account for the initial drop in 

absorbance through the addition of 1 Eq. of the K(4-ClTPB) salt as shown more clearly in 

figure 4.50.  
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Figure 4.50 – 3D absorbance spectra with the relative peak shifts from the standard indicated by the colored 

arrows. The standard borate and AQ-18-C-6 are not included in this mesh plot for clarity.  

 

 

 

When fit to a global regression model (figure 4.51) using the least squares method as 

before for the calculation of the binding constants for the 1H NMR titration data, the binding 

constant was found to be K1 = 48 •103 M-1 and K2 = 21 •103 M-1. We observe now that K1 > 

K2, reinforcing the hypothesis of differential self-assembly due to anion size.  
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Figure 4.51 – Least squares fit of data from figures 4.47, 4.48  

 

 

 

Upon substitution of the two hydroxyl groups in the 1,2-dihydroxyquinone framework, a 

large blue shift in the absorbance maximum is observed. The absorption maximum as 

measured for 1,2-dihydroxyquinone in methanol is 431.6 nm and when substituted blue 

shifts to a lower wavelength of 249.0 nm (Cysewski, 2012). Baram Et al. observed 

reversible charging of aromatic building blocks in photo functional supramolecular fibers 

that was postulated to be a result of Π-anion back bonding which could be the case with our 

anthraquinone (Baram, 2008). 

XPS Spectroscopy of Alumina nanopores, functionalized SiO2 substrates 

One of the most prolific methods of surface analysis of thin films, functionalized 

materials including organic and inorganic coatings, dyes, metals, etc. can be analyzed by a 

technique called X-Ray photoelectron spectroscopy (XPS). Each bond has a characteristic 
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binding energy and when excited by X-ray radiation, promotes electrons to the excited state 

where their resonance peaks are detected and composition analyzed. Another benefit of this 

method is that with use of the Thickogram, one can calculate the thickness of their 

respective samples very accurately. (Cumpson, 2000).    

  

Figure 4.52 – Top 10 nm XPS spectra of functionalized substrate elemental composition showing an overall 

increase in organic material deposited. 

 

XPS Spectra of Functionalized SiO2

Surface

Plain Oxide 

O1s      71.78%

C1s        4.97%

Si2p     23.25%

Func. Oxide 

O1s      65.67%

C1s      12.26%

Si2p     22.07%

 

The main detail to look for in an XPS spectrum are the percent compositions that each 

element makes up and to compare these numbers with a control sample such as the plain 

oxide used in figure 4.52. The main elements are silicon and oxygen in an inorganic 

framework of pure SiO2 lattice. The C1S peak in the control sample arises from thin films 

of grease that were not removed after the detailed cleaning process or from inherent organic 

contaminants that have gained access to the structure.  

The difference between the control oxide elemental composition and the functionalized 

oxide are +7.29% C1s, -1.18 Si2p and -6.15 O1s, exactly as we would expect for our test 
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molecule shown in figure 4.53 below. The carbon content is increasing due to organic 

carbon framework of the molecule, oxygen dropping because the monolayer is not packed as 

densely with oxygen as it would be in a cubic lattice of SiO2 and silicon showing a slight 

decrease for the same aforementioned reason.  

 

Figure 4.53 – Detailed expansion of C1s region of the functionalized substrate 

XPS Spectra of Functionalized SiO2

Surface
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Figure 4.54 – IR spectra of functionalized quartz substrate 

 

IR Spectra of Functionalized SiO2 

Surface
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The functionalization procedure was followed with slight modification (see 

experimental) and was carried out successfully with the homemade 4-methylcoumarin 

mono-ethoxy silane with the confirmed XPS spectra showing which demonstrated 

monolayer formation in accordance with the Thickogram of 1.42 Å  (Cumpson, 2000).    

  

In figures 4.52 and 4.53, the overall increase in carbon content versus the control 

cleaned slide are shown. The quality of the SiO2 substrate and whether sodium borosilicate 

glass or pure quartz crystal is used determines the baseline for comparison of substrate 

functionalization. Whereas quartz has minor amounts of intrinsic defects, borosilicate glass 

is rich in the minerals Na+, Ca2+ and Cl-, contributing to a low melting point and higher 

amounts of defects during the etch process due to “pitting” of regions where the 

concentration of these ions is high.  
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Molecular Vapor Deposition of APTES, CPTES 

In the case that our molecules using the homogeneous method discussed earlier failed 

while trying to functionalize the 3D porous array; we would use the approach in which the 

substrates is first functionalized with non-sterically hindering reactive nucleophiles or 

electrophiles and later post functionalize the substrates with the appropriate coupling 

partner. Using the method of Dorvel Et al., the depositions were performed in an MVD 

machine at UCSB nanofabrication facility. Since both of these were volatile substrates, the 

gas phase transport should be high and the resulting XPS spectra showed even coatings with 

the desired molecular dimensions according to Thickogram measurements of the N1S peak 

before and after post-functionalization. The functionalization within the pore was assumed 

to be validated as the N1S peak was more intense than reported for non-porous, flat 

substrate materials. 

The significance of these functionalization method and provides a novel use for the 

aforementioned methodology. Further, it achieved another goal in that a monolayer of 

thickness 1.42 A was calculated using the Thickogram (Cumpson, 2000) from the XPS 

which was to be essential to ensuring a uniform pore coating of a single layer in thickness 

with a controllable tether length of perhaps, alkyl type-spacers. 
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Kinetics 

Figure 4.55 – Simple one-step complexation and resulting electrostatic potential map showing almost 

complete encapsulation of the target ion. 

 

 

 

The kinetics of K+ ion uptake with the (4-Cl)TPB anion that is most consistent with the 

COSY, HSQC, HMBC, NOESY and DOSY data presented thus far is shown in figure 4.55 

above and consists of: 1) Breaking of the face-to-face intramolecular Π-stacking by 

formation of new face to edge Π-stack with the borate 2.) Unfolding to the planar 

confirmation while the TPB anion strengthens its interaction with the Π-system as the 

unfolding proceeds and exposes more aromatic surface topology for the TPB anion to 

interact with.  

In order to better understand the kinetics of this system, varying amounts of K+ (4-

Cl)TTPB dissolved in pure THF were added at once in a single, microliter portion to a 

cuvette containing 25 μM Host complex and the signal immediately recorded. and 

monitored for initial rate constants. The first linear section of each abs/time trace was 

extracted and slope calculated and plotted in figure 4.56 below. The formation of the 1:1 
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H/G complex at 302 nm was monitored for kinetic analyses, corresponding to the isobestic 

point where the complex forms.  

 

Figure 4.56 – Absorbance kinetic plot of [K+] vs. initial rate constants for the K(4-Cl)TPB/AQ-18-C-6 system 

 

  

 

 The first point of attention is the linearity of the points through two equivalents of 

the borate salt, shifting to a concave up graph which would indicate positive co-opertivity 

(Fielding, 2000), (Connors, 1987). Between zero and two equivalents of salt, the initial rate 

depends slightly on the amount of salt because therre exists a non-zero slope traversing these 

points. As you move through five equivalents up to ten, the graph rises sharply due to the 

excess overlap of the absorbance specturm of the excess borate titrated and the formed 

complex, increasing the initial absorbtion upon spiking the solution with the solution of 
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K+(4-Cl)TPB. This was avoided as much as possible by deducing the complex spectrum by 

subtration of contributions from free salt and using the molar extinction coefficient (see 

Supporting Information for more information) Using this method, an isobestetic point was 

found at 302 nm.   

Characterization of Alumina Nanoporous Membranes and Matrix Material 

Characterization of Thin Films 

The thin films deposited on the nanopore arrays were profiled using Dektak profilometry 

(see supporting for depth profiles) to test the surface roughness and thickness along a narrow 

scratch path. This provided information about the relative average thickness of the thin films 

above the plane of the pore, their shrink volume after curing, as well as their average 

thickness along the plane perpendicular to the pore axis.  

Also these membranes were subjected to a number of mechanical tests which were of 

overall importance. Ideally, the goal was to have a flexible material that would hydrate upon 

exposure to water, selectively pulling out K+ ions by supramolecular ion capture utilizing 

18-C-6 cross-linked copolymer hydrogels polymerized by radical polymerization. Also of 

importance due to the biological aspect of the device was that the gel transition, Tgel, remain 

above 40˚C to avoid any potential melting.   

Single Nanopores 

Single nanopores were drilled by E-beam lithography by the author's co-workers at the 

nanofabrication facility at UCSB. The pores were anywhere from 5-10 nm (smaller pores if 

desired were filled in by atomic layer deposition (ALD)) in diameter and were used in 

https://www.google.com/search?client=firefox-a&hs=1Nc&rls=org.mozilla:en-US:official&channel=sb&q=dektak+profilometry&sa=X&ei=CRGqU8L2LdXtoATonIDQDg&ved=0CBoQ7xYoAA&biw=1600&bih=742
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chapter 5 for transport experiments in the context of phospholipid bilayers for interpretable 

results.  

This section aims to examine the resulting anodized alumina nanoporous membranes 

before and after the anodization processing step. The critical dimensions, periodicity, and 

density will be examined.  Also discussed will be the characteristics of the thin films and 

their physical properties such as degree of swelling, Dektak profiling, as well as the 

consequence of defects on electrochemical pore sensitivity will be discussed. 

Characterization of the resulting nanopores in terms of their morphology, size, pore density 

as well as post-functionalization with the filler PEO matrix material synthesized in Chapter 

III.  

 

Figure 4.57 – A silicon wafer freshly coated by E-beam vaporization of aluminum. The highly blue color of 

the Si wafer has disappeared and a mirrored finish of Al(s) has been deposited.   

 

 

 

The deposition of aluminum can be performed by many different methods including 

sputtering, thermal evaporation and E-beam deposition, with the latter being the preferred 
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method of choice for simplicity of processing and maintenance of sample purity. The highly 

polished aluminum-coated Si wafer shown in figure 4.57 is an example of an ideal E-beam 

deposition of aluminum for our process.  

 After the deposition, the anodization process is carried out with the best results 

eliciting from the use of 6% H2SO4 at 1˚C for 1.5 h. with a working voltage of 10 V and 

Imax of 100 mA.  

 

Figure 4.58 - A diced chip with a nanoporous array formed from the anodization of Aluminum to form 

alumina (Al2O3) embedded with nanopores.  

 

 

 

Comparing this method  against using phosphoric (Wolfrum, 2006) or oxalic acids (Sulka, 

2009), this method proved to produce the smallest pores (8-15 nm random) but also formed 

the most chaotic metallurgic characteristics with pore spacing characterized as random 

instead of the ideal ordered domains we were looking for. Upon backside etching to open 

the pores with phosphoric acid in a custom-fabricated chip holder, the anodized pores tensile 

strength went down markedly due to the loss of Si (s) from the supporting wafer. This made 
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for very delicate handling of the chips and many were found to have cracked due to the 

stress of the backside opening and loss of material upon etching. This really was not that big 

of an issue as only a small cross-section of the alumina chip would be used in the testing.    

 

Figure 4.59 – XPS Spectra of APTES functionalized alumina nanoporous membranes  
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Figure 4.60 – XPS spectra of Spin-Coated nanoporous array with PEDOT:PSS semiconductor. 

 

 

Figure 4.61 – XPS (C1S) Spectra of cyanoacrylate functionalized alumina nanoporous membrane 
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Figure 4.62 – Electron microscopy image of the nanoporous membrane showing pore sizes to be around 90-

100 nm in diameter.   

 

 

 

 

Figures 4.63 – Cut away profile of AAO nanopore showing the conical etching along with a crack through the 

membrane layer  
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Figure 4.64 - The surface roughness and grain boundaries are clearly visible. 

 

Figure 4.65 – Single nanopore filled with the material described in the experimental section of this manuscript. 

The filler consists of 25-30 PEO units terminated with triethoxysilane end groups. The cross linking agent is a 

photo acid generator which produces a smooth glass hydrogel membrane that fills the pore and the window 

down into the pore.  
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Chapter V - Molecular Modeling of Complexes and 

Biological Transduction cascades 

Objective  

This chapter will present the results of the computational simulations that guided the 

design of the AQ-18-C-6 ether by examining the monomeric precursors and their properties. 

These results helped elucidate the physical properties that led to a hypothesized positive co-

operative binding affinity by the anthraquinone crown ether in the case of K+ by an allosteric 

transition from the unbound state.  

First, we will examine the structures of the neutral triflate complexes of HQ-18-C-5 to 

aid in the explanation of the unusual NMR shifts. NMR and Job’s plots presented in Chapter 

IV. Next, the semiquinone radical anion as well as the fully reduced hydroquinone diradical 

are modeled and results compared energetically to the neutral structures. Lastly, the 

condition where one of the phenols has been deprotonated is compared to the radical ion 

case to observe any new behaviors and test our hypothesis that radical ion-pairing will 

increase the KD of the complex.  

Additionally, a model for the self-assembly of synthesized and to be synthesized 

polymer strands of the synthesized end-blocked 2-propyl-1,8-

dihydroxyanthraquinonedimethyl/methyl silyl ether copolymer, the 3-propylbenyl-1,2-

anthaquinonedimethyl/methylsilyl crown ether copolymer. Versions of these were also 

examined with a hypothetical “A” block of polyoxazoline comprising 100% of the “B” 

block chain length in order to visualize how this assembly would aggregate and self-

assemble in-silico. 
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Molecular transport was modeled in rigorous simulations involving a 30 Å model bilayer 

under a -0.50 V electrochemical bias at 37°C to elucidate the behavior of our complex in a 

model lipid membrane under aqueous physiological conditions to mimic our potassium 

pump.  

Empiracally, ultra-thin membranes constructed of phospholipid POPC were utilized in 

ultra-small nanopores to examine transport of K+ by the mobile crown ether receptor across 

a span of 30-40 nM. Lastly, ABA polymer was used in a likewise manner in examining the 

kinetics of self-assembly of the bilayer. Membrane fusion experiments with the formed 

ABA membrane (d=10-12 nM) were conducted and results presented herein.  

 

Computational Modeling of Host - Receptor Interactions 

Molecular modeling is the visualization of macromolecular mechanics that predicts a 

lowest energy model using imposed physical constraints of chemistry. One of the most 

extensive areas explored by this idea is the modeling of ion channels (Garofoli, 2003), 

(Noskov, 2007), (Shrivastava, 2002) and their gating mechanisms (Bernèche, 2005), (Durell, 

1998). The field began studying artificial ion channels through nanopores as early as a 

decade ago (Peter, 2005). While the idea is nothing new of utilizing modeling for the 

purpose of predicting reaction trajectories, quantum calculations of the reduction of 

quinones (Wass, 2006) supramolecular assembly processes (Zhou, 2011), predicting NMR 

spectra from structure, etc.; within the last decade, the computational community is 

becoming more recognized for its contribution to chemistry with the Nobel Prize in 

Chemistry awarded in the field of computational chemistry for the first time this past year. 
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This award acknowledged the significance of the science of computational chemistry by 

awarding Karplus and colleagues whom which were responsible for development of the 

underlying physics of the models as well as the basis sets used in the simulations. 

These advances in computational computing led to more plausible hypothesis as far as 

how transport occurs in real biological systems. For instance, in figure 5.1 shown below, 

transport of a proton and a potassium ion are coupled together through active transport 

across the membrane in the H+/K+ symporter. This is used in the cells of the stomach to 

generate H+ ions to make for an acidic environment. The process produces no energy and in 

fact is coupled to ATP hydrolyses, which uses energy. The energy cost then makes up for 

itself by generating a proton gradient producing chemical potential energy which provides 

the means to regulate further ion influx or efflux from the cell. 

 

Figure 5.1 – Transport by “hopping mechanism” in the H+/K+ symporter. 
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Practical Aspects of Computational Chemistry 

In the biological context, devices developed and optimized at ambient laboratory cannot 

be extrapolated to real biological systems as the increase in temperature decrease in 

thermodynamic selectivity.  As our objective is to design a system that is amenable to 

various polymeric systems as previously described. Systems that work well at room 

temperature are not representative of the conditions in the body. It should be understood that 

transport experiments carried out at 25°C will not give the same result as a transport 

experiment carried out at 37°C due to the increase in diffusion of all reacting species as a 

function of increasing T.  

One area that we can learn much from in terms of self-assembly at varied temperatures is 

through computational chemistry. One can minimize the energy of a co-complex at a 

specific temperature and overlay the least energetic conformers to see how the tertiary 

structure assembles with increased heat at the press of a button.  

 The error of carrying out such an experiment becomes much higher when you must 

control the temperature. The computational method only adds preliminary results that 

convince or refute the scientist to investigate the property empirically. If one chooses to do 

the experiment first and is not biased toward the data generated from the experiment, 

computational chemistry can help back theories of what type of phenomenon is actually 

occurring.   
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Experimental Methodology 

The Monte Carlo Method has been one of the most widely used methods in multi-

variable problems where multiple degrees of freedom are available to a particular solution 

(Stroganov, 2008). It has also found widespread use in predicting tertiary polymer structures 

(Darling, 2007), ion transport through nanopores (Peter, 2005), the supramolecular assembly 

of pie-conjugated systems (Hoeben, 2005), drug discovery (Jorgensen, 2004) and in multi-

step binding processes (Tochtrop, 2002). Monte Carlo Energy Minimization was used to fix 

and globally minimize both K+ and Na+ interaction with the crown ethers both with and 

without their respective anions. The aim of doing so was to be able to compare the structures 

and see what role, if any, the anion had on the self-assembly of the crown supramolecular 

structures as was performed in the case of the 1,4-benzoquinone crown examined earlier. 

  

Modeling of individual Complexes  

With the advent of modern supercomputers with upgraded processors and visual effects, 

it has become possible to model chemical systems from home desktop computers. Recent 

computational chemistry has been considered to be one of the most important tools across 

all fields of chemistry, as is CAD design in engineering and architecture.  

Perhaps the most complicated model used in our system was the simulation of ion flux 

through a lipid bilayer, completed using ICM Molsoft LLC Software package. Due to the 

ordering of the membrane, self-assembly process and monitoring the flux of ions through 

the defined special coordinates simultaneously, multi-processor computer resources were 

utilized to speed up the simulation.  
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Main objectives: 

1. Analyze the Pseudo BQ-18-C-5 uncomplexed and complexed with Na+ and K+  

2. Analyze the AQ-18-C-6 in it’s lowest energy state unbound and provide insight into 

the mechanism triggering the allosteric shift upon binding of K+ but not Na+ 

3. Analyze Tosylated “B” block redox-active anthraquinone polymer brush for 

secondary structure characteristics 

4. Analyze a hypothetical polymer system comprising siloxanes with pendant AQ-18-

C-6 side chains for self-assembly properties and π-stacking. 

5. Model the AQ-18-C-6 complex using the biological simulation program ICM 

molecular to elucidate the transport mechanism though lipid bilayers.  

 

Modeling of the complex in its reduced form without anion 

The energies obtained from the 1,4-HQ-18-C-5 crown are much more negative than that 

of the benzoquinone form. The total energy of the complex (figure 5.6) is -2.9 kcal/mol for 

Na+ and -3.2 kcal/mol for K+ and even lower for the 2:1 (figure 5.7) structure observed with 

K+. The case of K+ when modeled had lower energetic conformers of the series; proving to 

elicit less ring strain while effectively forming a Π-cation interaction. In Chapter IV, the 

NMR and UV-Vis titration of both of these complexes was presented and showed almost an 

entire parts per million (PPM) shift of the phenolic protons by 1H NMR indicating strong 

shielding and deshielding of the hydroquinone protons.  
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Models obtained without the presence of the anion using MM2 minimization followed 

by optimization with the CONFLEX interface.  

 

Figures 5.2 – Top left – K+ bound slightly above the plane drawn in by charge-charge interactions with 

the phenoxides form of the 1,4-hydroquinone Figure 5.3 – Top Right – same but out of the plane of the ring 

when protonated. Figure 5.4 bottom left – Na+ sits much better within the ring when deprotonated and Figure 

5.5 – bottom right – sodium bound to the phenoxide or protonated form forms a stable salt/neutral crown 

complex in the case of sodium.  

 

  

  

 

pKa exploitation in dihydroquinones  

The pKa1 of 1,4-hydroquinone ranges between 9-11 and is elevated by 2 pKa units for 

the loss of the second proton to form the di-anion species (Song, 2011). Thus, under 

physiological conditions at a pH of 7.4, we would not expect the hydroquinone functionality 

to exist in its anionic form. Furthermore, sources of alkalinity in the body are scarce as most 
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disease states are associated with an acidic environment due to increase in metabolic 

processes which release protons into solution, increasing the pH.  

 

Modeling of the complexes in their radical and di-radical anion states 

The BQ-18-C-5 was modeled after undergoing a single electron transfer to the radical anion 

form (1•,4-SQ-18-C-5) where 1• represents the position of the radical. Comparatively, there is 

a large change in energy when compared with the hydroquinone forms (figure 5.11) and this 

is especially prominent for the Na+ case. Upon the second reduction, there is only a small 

increase in binding affinity of the receptor. This would tend to suggest that it is sufficient for 

the quinone to undergo a one electron reduction in conferring increased binding affinity 

instead of the much more unfavorable two-electron transfer.  

 

 
Figure 5.6 - Table of binding energies of complexes showing selectivity for Na+ over K+ in each category.  

 

Complex 
Binding Energy 

(kJ/mol) – K+ 
Log Keq 

Binding Energy 

(kJ/mol) – Na+ 
 Log Keq 

 

1,4-BQ-18-C-5 

 

 

-1.3 1.69 -3.7 4.45 

1,4-HQ-18-C-5  

 

(2:1) 1,4-HQ-18-C-5  

 

-3.2 

 

-4.3 

3.64 

 

5.67 

-2.9 

 

N/A 

3.22 

 

N/A 

1•,4-SQ-18-C-5 

 
-3.9 4.83 -5.6 9.59 

1•,4•-HQ-18-C-5 -4.0 5.03 -5.8 10.4 
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Figure 5.7 – Space filling model of K+ inside the cavity of the 1,4-18-C-5 with the intraannular phenol 

deprotonated. Appreciable Π-cation interactions as well as charge dipole interactions dominate the binding 

interaction. 

 

 

The former results modeled without the presence of the anion gives entirely different 

results due to the charge density increase on the cation in the simulation. There is no 

negative charge field to partially shield the positive formal charge of the cation. The most 

energetically favorable situation arises when the cation binds to the electron-rich crown 

ether cavity and that is the result observed in figures 5.2 – 5.6 above for 1,4-HQ-18-C-6.  
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Figure 5.8 – The lowest energy conformers without the presence of the anion is shown as a 2:1 complex in the 

case of K+ and figure 5.9 -1:1 complexation in the case of Na+ 

 

 

 

 

In addition to this stabilization is an appreciable π-cation interaction that further shields 

charge from the solvent giving an increase stability of this type of carrier, highlighted in 

figure 5.7. In figures 5.8 and 5.9 are models of the lowest energetic conformers of both the 

sodium and potassium compounds modeled as their 2:1 and 1:1 complexes. The potassium 

complex prefers a staggered 2:1 sandwich conformation with the protons of the phenolic 

oxygen pointed away and the potassium atom hovering between both planes of the complex 

(figure 5.8).    
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Figure 5.10 – Results from a simulation with 1:1 stoichiometry in the presence of an anion for the case of K+. 

 

 

 

When the anion is included in the simulation, it is observed to play a pivotal role with 

the lone pair phenoxide anion and anion radicals as shown in figure 5.9 above. This may 

help to explain the NMR titration results for these compounds, and the large downfield and 

upfield shifts of the bound proton in each case. Refer to figure 5.9 for a physical description 

of the phenomenon.  

 

1:1 and 2:1 potassium and sodium triflate complexes with AQ-18-C-6 

The anthraquinone crown differed markedly in its 3D structure from the benzoquinone 

crown ether we just examined. In its uncomplexed form, the crown is folded over on itself to 

form a strong intramolecular face to face π-interaction between the electron rich 

diethoxybenzene ring and the electron-poor anthraquinone central ring. The bond distances 

are 3.43 Å and 3.26 Å, respectively. 
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Figure 5.11 – MMF94 minimized structure of the anthraquinone crown. The crown makes a very tight 

intramolecular face to face Π-bond between the electron rich diethoxy benzene group and the electron poor 

central anthraquinone ring.  

 

 

The computational studies carried out on the crown anthraquinone consists of the following 

simulations and models: 

 Model the unbound structure to find the least energetic conformer. 

 Simulate the minimization in the presence of K+/Na+. 

 Repeat the simulations with anion present to examine the influence on 

supramolecular assembly. 

 Model AQ-18-C-6 incorporated into an “ABA” triblock copolymer and examine self-

aggregation effects and the formation of bis-crown complexes. 

 Design and execute a Monte Carlo simulation of ion permeation with mobile ion 

carriers through a 30 Å model bio membrane with mobile AQ-18-C-6.  

 

In the modeling of the uncomplexed structure shown in figure 5.12 above we can see 

that there is a propensity to fold over on itself to form an intramolecular Π network. This is 
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further promoted by the unfavorable overlap of the lone pairs of the ether oxygen at position 

1 with the carbonyl oxygen lone pairs.  

 

Figure 5.12 – Overlay of the positions of the bound sodium and potassium cations in the presence of no 

anions. The sodium (blue outline) structure is rather contorted whereas the potassium structure is spread out 

flat, maintaining the expected geometry of a di-benzo type crown. 

  

 

 

 

 

 

 

 

Modeling with Triflate Salts 

Molecular modeling of our parent crown quinone was performed to understand the 

physical properties governing the selectivity for K+ in the assembly of the complex. With 

knowledge from chapter IV which deduced the stoichiometry of the complex to be 2:1 for 

small anions in the case of K+, we concentrated on this model for the majority of our 

computational studies.  
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Figures 5.13 (left) – Figure of the 2:1 complex in its most stable form without the anion present and figure 

5.14 - (right) with the anion present.  

 

 

 

 

Figure 5.15– Prominent mode of complexation with Triflate salts. 

 

 

When modeled without the anion present initially; as shown in figure 5.13 above, the 

comparative overlay of the minimized structures shows the relative positions of Na+ and K+ 

within the ring cavity. Although K+ does not fit entirely within the plain of the ring, it binds 

much lower than in the case of the 1,4-benzoquinone examined earlier and more importantly 

occupies a 4-point coordination with all but two of the six crown ether oxygen’s. The 

propensity for the crown to dimerize to the bis complex once the ligand has bound is further 
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potentiated by the formation of a 2-fold semi-symmetrical octahedral array, the preferred 

coordination for K+ in solution figure 5.14.  In the case of sodium, the coordination is two-

fold and contorted, twisting the ring which appears to be too large for Na+ to make these 

contacts as can be seen in figure 5.13. No 2:1 structure was observed computationally for 

Na+ with or without the anion present.  

Modeling with 4-Cl-tetraphenylborate salts (4-ClTPB) 

After many iterations, it became clear that a 1:1 structure dominated in this particular 

case due to the stability of the initial complex formed (-16.4 kcal/mol) and the steric 

hindrance the TPB anion imposed as seated above the entire receptor. The 4-ClTPB anion is 

tetrahedral in nature and quite lipophilic, contributing to its popular use as a neutral cation 

exchanger in lipid membrane experiments. The molecule itself has been shown to lower the 

barrier of activation for the rate limiting step in lipid membranes that is the solubilizing 

metal cations by ion-exchange mechanisms. The boron in the 4-ClTPB anion is essentially 

neutral, having an effective charge of -0.11 Hartree when electron delocalization is taken 

into account. This low charge density allows the anion to separate into a solvent-separated 

ion pair which can repair with other common cations making it an effective ion-exchange 

catalysts without altering the native electrochemistry of the membrane or system under 

study. 

When the parent crown was modeled with the lipophilic neutral anion exchanger K(4-

Cl)TPB, a new mode of binding became prominent and novel interactions including π-

stacking interactions along with charge-charge and cation-dipole forces became the critical 

interactions. The complex shows a face on edge pi-stacking distance of 3.49 Å, in agreement 
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with other similar complexes which report face to face Π-stacking values of 3.32 Å (Hirose, 

2007), (Langton, 2014).  

The complex was modeled first as a 1:1 complex and then as a 2:1 complex since that 

was the predominant mode of binding with the triflate salts. Triflate salts do not have an 

extended π-system that can interact with the anthraquinone moiety that the 4-ClTPB anion 

possesses, therefore this mode of binding was quite different from the experiments handled 

with triflates.   

On the other hand, Na+ with a much higher charge density does not undergo exchange as 

K+ does. When Na+ was subjected to the same computational binding experiment it failed to 

bind to the crown ether oxygen as the stronger borate-sodium ionic bond failed to separate. 

The energy gained by the π-stacking of the borate with the sodium still bound to the TPB 

anion was not strong enough in magnitude to hold the complex together when modeled 

either with or without solvent.    

 

 

Figure 5.16 – Close up of one of one of the phenyls of the (4-Cl)TPB- anion (Cl green) forming a strong face 

on edge Π-stacking interaction with the anthraquinone ring.  
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 In figure 5.16 above is a close up of the face-on-edge interaction and the relative 

centroid atom positions including orbital overlap effects. The propensity to form a strong 

interaction between electron-rich diethoxybenzene and electron poor 9,10- anthraquinones is 

energetically favorable in minimizing the global free energy of the system. High-energy 

electrons have the tendency to try to occupy lower energy levels when available. This can be 

influenced by the relative permittivity of the medium, steric interactions and relative acidity 

of different functionality as described by hard/soft acid base theory.  

 

Figure 5.17 – One-step complexation and resulting electrostatic potential map showing almost complete 

encapsulation of the target ion. 

 

 

 

The significance of this interaction is manifested in the figure 5.17 above; modeling a 

two-step process of activation followed by complexation. In the model, derived 

computationally, the TPB anion disassociates with K+. The anion immediately forms 

contacts with the electron-poor anthraquinone ring system of AQ-18-C-6. This causes a 

conformational change by breaking the intramolecular π-stacking network, replacing it with 
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the formation of an intermolecular π-stacking network. By this mechanism it is postulated 

that the crown ether becomes “unhinged”, causing it to flip the crown ether oxygen ring up 

level with the plane of the anthraquinone subunit. Most of the charge is then encapsulated by 

charge-charge interactions along with ion-dipole, Van der Waals interactions and dispersion 

forces (figure 5.18).  

 

Figure 5.18 - Space-filling model showing the proximity of labeled atoms and the tight formation of the π-

stack (Orange aromatic carbons). The K+ atom (purple) is lodged in the molecular cavity, separated from the 

TPB anion. 

 

 

Procedure for Multi-variable Simulations  

Formal charges were assigned and the structure minimized with a total of N components 

(anion, cation, ligand X N, N = 1(1:1 complex, N = 2 2:1 COMPLEXES) modeled as 1:1 

stoichiometry. Calculations were performed at a constant temperature of 298 K with s step 
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size of 0.5 and frame size of 20-25. Table S shows the relative gas phase energies of the 

complexes and the calculated equilibrium constants, K1 and K2 along with the calculated 

selectivity coefficient. MM2 dynamic simulations were carried out utilizing CHEM 3D and 

Monte Carlo method using ICM Molecular Modeling Browser Pro.  

  

Self-assembling “B” block with pendant anthraquinone subunits. 

Siloxane polymers are used in everyday products such as shampoos and demonstrate 

remarkable biocompatibility. Siloxanes have been used in scar repair gels in such products 

such as Scar away® along with inorganic supporting materials such as SiO2 to aid in 

reducing scaring.  

 

Figure 5.19 – Actual Polymer formed from the hydrosilyation reaction of the Claisen-rearranged quinone. 
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Figure 5.20 – 3D packing arrangement (can be viewed with R/B 3D glasses) of the anthraquinone “brush” 

with numerous π-stacking and intramolecular H-bonding interactions. The polymer is a gel with a Tglass of 

40°C. 

 

 

To mimic the crown ethers at approximately a 36% loading by polymer weight of the 

DNA interchelating polymer derived from the hydrosilylation of 2-allyl-1,8-

dihydroxyanthraquinone(figures 5.21 and 5.22); the structure was first built in 

ChemBioOffice v. 13 using Chemdraw and converted to the minimized conformer utilizing 

an unlimited amount of iterations to refine the bond angles, distances and close contacts. 

The minimized structures were then subjected to MMF94 simulation to observe the effects 

of the siloxane backbone and Π-systems behaved with one of two types of groups R=Me, 

Me (PDMS/PDHMS), R=Ph, R=Me (PMPS/PHPS). The intermolecular π-stacking observed 

in the 2:1 complex and the 1:1 complex with the TTPB anion would be a predominant self-

assembly force in a polymeric system. 
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The results of the simulation state otherwise. The structure in figure 5.22 below shows 

an unorganized network of subunits trying to make any interaction possible including 

hydrogen and salt bonds as the pH was controlled at pH 7.4, the physiological pH of human 

blood. The reason this occurs looks to be the restricted radius of gyration about the propyl 

linker suggesting a much longer saturated hydrocarbon linker may be necessary to observe a 

higher degree of freedom and resulting translational flux.  

 

Figure 5.21 – MMF94 minimization of Crown-Phenylsiloxane “B” block result after 72 hrs. convergence 

predicts a bi-phasic structure with the crown ether occupying a hydrophilic face and phenyl-substituted 

siloxane groups pointed down to form a hydrophobic face. 

 

 

With the Phenyl-methyl-Crown “B” block a large degree of Π-stacking was observed 

between the phenyl rings of the polymer, the anthraquinone subunits of the crown ethers and 

the phenyl-anthraquinone interactions. The excess phenyl rings lie below the plane as shown 

in figure 5.21 above, forming a hydrophobic bubble while the more hydrophilic ether 

oxygen’s are perched upward to avoid this hydrophobic effect.  
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Modeling of “ABA” triblock copolymer 

The same preparation of polymers were made with six anthraquinone subunits but in this 

simulation, a polyoxazoline strand comprising the “A” block was extended 23 atoms (1/2 

the length of the “B” block) giving 46 atoms of peptide total for each strand and 

approximately the same overall length as the “B” block.  

 

Figure 5.22 – Close up of the packing of crown ethers in the “B” block of the ABA triblock copolymer system 

where block length B = 2 X A. 

 

 

Three strands of ABA where the total length of the A block (hydrophilic) is 

approximately the same as the B block.  A second preparation of polymer was prepared and 

built with 46 atoms of the peptide polyoxazoline flanking each end of the “B” block. A total 

of three strands were built and placed within diffusional proximity to one another so they 

would converge quickly for the lengthy simulation. Figure 5.24 shows the detail. 
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Figure 5.23 – Three strands of ABA triblock copolymer with pendant anthraquinone crown ethers 

(pointed out in green) aggregating near the center PDMS block. Blue = N, Red = O, Yellow = Si. 
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Figure 5.24 – Intramolecular face to face Π-stacking along the siloxane backbone of a single strand of ABA 

polymer (Highlighted white hashed box). 

 

 

 

Concluding the studies with computational polymeric simulations it is quite clear that 

the siloxane backbone imparts a native curvature to the polymer structure; both in the case 

of the individual strand and multiple strands. One reason for this may be the β-silyl hyper 
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conjugation effect where an empty p-orbital of the silicon overlaps with the lone pair of the 

silyl ether. This section examined each of the building blocks individually as the polymer 

was built up from the “B” block, assembled into an ABA triblock with a short peptide, long 

peptide and finally concluded with multiple-strand interaction analysis.  

 

Transport Properties 

Computer Assisted Design (CAD) and molecular modeling have become an essential 

tool across the sciences, with recognition of a Nobel Prize awarded to Karplus and 

colleagues for their role in developing the fundamental conception of these computer 

programs. 2013 was the first year the Nobel has been awarded in the field of computational 

modeling.  

In this study, many trials were performed of each type of simulation and programs were 

used to cross-verify each other to see if the same result could be repeated.  

 

Simulation of Anthraquinone crown ether translocation   

In order to mimic the cellular membrane environment, ICM Molsoft Browser Pro was 

utilized and the dielectrics of the hydrophilic portion of the membrane was modeled as 

having a log (P) (water/octanol scale) and hydrophobic portions of the membrane were 

defined as logP(2) for the hydrophobic region accordingly. Water channels or other 

computationally demanding effects were ignored through the membrane region. A GRID 

map was set up to mimic the local concentration of Na+, K+ and Ca2+, all present to a great 

extent in the extracellular fluid. The ions were placed on one side of the trans reservoir and 



 

225 

 

contained inside the purple grid box that defines the xyz-plane to be examined. Molecular 

mechanics simulations were then carried out with the ionophore AQ-18-C-6 free to diffuse 

along set boundaries, extending 8 Å into the aqueous environment to mimic the ion capture 

processes. The counter ion, in this case used was a triflate in accordance with our actual 

membrane studies.  

To summarize the three day simulation, we can see that K+ ions are in fact selectively 

transported while no appreciable amounts of Ca2+ or Na+ is permitted to leak through the 

channel. The crown ether 1 tends to stack on itself as determined in other independent 

experiments determined from Job’s method of continuous variation and mass spectral data. 

This is in contrast to an ion-capture event followed by a longitudinal diffusion to the trans 

side of the membrane. In this method, the extreme stability gained by the effects of π-stack 

and the hopping transport due to diffusion and Brownian motion are suggested to be the 

dominant mechanism. Without an applied potential the neutral form of the anthraquinone 

moiety is able to bind selectively K+ over Na+, Ca2+ in a defined aqueous environment. 
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Figure 5.25 - Capped-clipped membrane model for transport across a computationally simulated lipid bilayer 

of 30Å, comprised of two hydrophilic regions (teal) representing the receiving and feed boundaries 

sandwiching the hydrophobic (gray regions)  

 

Monomeric Crown Transport Properties 

To help summarize the section, we first examined the HQ-18-C-5 in terms of self-

assembly properties and the effects of modeling the complex with or without the anion 

present. Also examined were the conditions where the crown phenolic proton is 

deprotonated or in the semiquinone radical form, both putting formal negative charges on 

the quinone. The result for both cases was alkali metal salt formation which lowered the 
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overall energy of both the K+ and Na+ structures, with the Na+ being significantly lower in 

energy. Due to its charge density being higher than that of K+, forming a stronger radical 

ion-cation pair. Also found was the preference for a 2:1 structure in the case of K+, whereas 

a 1:1 complexation was favored for the Na+ structure.  

The same analysis was carried out for our AQ-18-C-6 molecule and the same 2:1 

complexation was observed with or without the anion present (figures 5.14 and 5.15) in the 

potassium case using triflate salts. Sodium showed no appreciable binding, this more than 

likely is a result of the lack of coordination preference. Where the K+ was found to be 

complexed in a tetrahedral array in the 1:1 complex, rapidly interconverting to the 2:1 

complex to complete the favored octahedral coordination.  

In the case of computational simulations with (4-Cl)TPB salts, the dominating force was 

the establishment of two face on edge Π-interactions and the steric bulk of the anion 

blocking any other higher order structure from forming.  

Polymeric Assemblies 

For models of the synthesized pendant 2-propenyl-1,8-dihydroxyanthraquinone “B” 

block, a disordered structure that resembled a polymer brush formed. This could have arisen 

from the uneven distribution of hydrogen bond donors (2) and acceptors (1) having opposing 

charge interactions. A similar situation arose when six AQ-18-C-6 pendant side chains were 

modeled (figure 5.21) attached to the “B” block. In this case a self-assembled bilayer of 

hydrophilic crown oxygen are found atop hydrophobic phenyl present on the chain in lieu of 

methyl. The polymer segments are single stranded and thus have maximum entropy, that is, 
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there is no “A” block to encompass or compress the monomeric subunits allowing for many 

degrees of freedom.  

Examining the extended ABA assemblies (Isaacman, 2012), in figures 5.24-5.26 a more 

conformationally restricted structure takes shape due to the fact it cannot rotate about amide 

bonds as they have 40% π-character in conjugation with the carbonyl. This leads to further 

close packing and ordering of the “B” block domains. Clustering the crown ethers with other 

crown ethers as well as the creation of large face to face π-stacking networks exemplified in 

figure 5.26.  

    

Nanopore Transport Experiments utilizing POPC, ABA triblock copolymer (PMOXA-

PDMS-PMOXA) 

In our transport experiment, the anion was sure to be included to examine its fate in the 

transport process. Transport of Valinomycin with Picrate Anion is essential. Taking away 

the anion and replacing it with chloride leads to no transport at all (Hamilton, JACS). 

 

Electrophysiological Characterization 

As this was our first time  we characterized transport through free standing membranes 

with mobile ionophores; testing of the transport matrices themselves in terms of stability 

(short and long term), thickness, kinetics of self-assembly and membrane resistance under a 

constant -50 mV potential was necessary.  
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The function of purified channels or channels in native membrane vesicles can be 

studied under voltage clamp conditions following their incorporation into an artificial 

membrane. For simplicity, these approaches can be divided into two themes: planar 

phospholipid bilayers and patch-clamped liposomes. 

  

Figure 5.26 – Experimental setup for addition of solution of carrier in CHCl3 by micropipette to formed POPC 

bilayer/ABA triblock copolymer.  

 

Phospholipid bilayers can be formed using two approaches: 

 Planar Phospholipid Bilayers - In this technique, ion channels are incorporated into 

a membrane formed on a hole in a partition that separates two fluid-filled chambers. 

The material from which the partition is made, its orientation (vertical or horizontal), 

the size of the hole, and the method of its manufacture can vary as well as the 

method used to form the phospholipid bilayer and the composition of the bilayer. For 

instance, pre-cleaning of the nanoporous inorganic membrane with detergent, baking 

and final clean with piranha solution prior to formation of the bilayer leads to a 3x 
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fold increase in lateral diffusion of the membrane with high propensity for the 

formation of water domains or channels (Seu, 2007).  

 

 Painted bilayers- Individual or mixtures of pure phospholipids are dispersed in the 

nonpolar solvent. n-decane (phospholipids are mixed in chloroform, dried with a 

stream of N2, and suspended in n-decane at 20–50 mM). For a stable bilayer to form, 

the area surrounding the hole in the partition must be primed with a small volume of 

the n-decane phospholipid dispersion. Once the priming dispersion has dried the 

chambers on either side of the partition can be filled with an appropriate electrolyte 

solution and the bilayer can be formed. This is done by drawing a small quantity of 

phospholipid dispersion across the hole using some sort of implement; for example, a 

small plastic or glass rod, a pipette tip, or a small paintbrush with most bristles 

removed. Using this method the hole joining the two chambers is occluded with a 

thick layer of phospholipid. 

  

Whether we model, characterize or hypothesize what a transporter may do in solution, 

the transport phenomena observed experimentally ultimately is the true test of device 

functionality. Transport phenomena may be measured by a variety of different methods 

including U-tube experiments, black lipid membrane transport, lipid bilayer insertion and 

translocation experiments, diffusion cells, chromatographic by electrophoresis. Naumann Et 

al. demonstrated the transport kinetics of Valinomycin in terms of a circuit using simulations 

and experiments to rationalize the complex (Naumann, 2003).  
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The aforementioned methods have all proved to be very time-consuming and only 

somewhat reproducible. Often times, bulk liquid membrane studies can take up to 72 hours 

to complete until equilibrium is reached. Conducting a transport experiment for three days 

requires the refilling of reservoirs due to evaporation of water and organic solvent along 

with other parameters that one must take into account when running experiments of this 

duration.  

One of the goals of this thesis was to develop a method for testing transport that was 

practical on the laboratory time scale. By conducting our experiments through nanoporous 

membranes that are microns in thickness with a transport layer nanometers in thickness. The 

length and scaling of the experiment is greatly reduced to mere seconds in lieu of hours. As 

well as saving time this also greatly improving reproducibility and validity of results. 

Obtaining the transport results faster allowed for the screening of more potential receptors 

for their complexation ability.  

To complement the findings to ultimately show selectivity for K+ in aqueous solution, a 

series of tests were performed to verify transporter ability under electrochemical bias.  

In a pre-drilled single nanopore with a diameter of 10 nm inset inside a10 mm X 10 mm 

wafer of SiO2, free standing membranes were constructed from POPC. The membranes were 

on the order of nanometers (36-42 nm reproducibility) in thickness and were cast unloaded 

or loaded with carrier.  

The same method was utilized with ABA triblock copolymer prepared by co-scientist 

Michael Isaacman (Isaacman, 2012). The ABA blocks were unfunctionalized in this case 

and had poldispersity indices ranging from 2.3-3.1. They formed self-assembling 

membranes, but not without much difficulty.  
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Procedure for free standing membranes without carrier 1 

Single nanopores prepared by Ashfaque Uddin/Sukru Yemenhi via electron-beam 

lithography (EBL) were painted with POPC in anhydrous decane or chloroform. Chloroform 

was preferable due to the relative volatility whereas n-decane was advantageous for this 

preparation due to the high solubility of the POPC in this organic solvent. The POPC 

concentration was fifty percent by volume in a solution of CHCl3. Approximately 100 μL of 

this stock solution was used to prepare the membrane as the drop was placed over the 

nanopore, which was outlined in gold etchant with a larger feature size for easy locating. 

The membranes were evaporated in a fume cupboard until a nanometer thick film developed 

(ca. time 1-2 h.).   

 

Procedure for free standing membranes with carrier 1 

Single nanopores courtesy of the former were painted with a solution of the composition 

shown in figure 5.28. To ensure complete solubility, plenty of solvent (relative to the 

substrate) was used with the solvent being n-decane or chloroform respectively. The stock 

solutions were generally 100 μM. 

All ABA formed membranes were first characterized in real time (figures 5.27-5.32) to 

observe the kinetics of the ABA bilayer formation process and examine such properties such 

as background current leak and capacitance buildup across the membrane.  We went through 

rigorous current/voltage testing to ensure reliability of the data. 
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Figure 5.27 – Instantaneous I/V plot for Crown Ether 1 in POPC membranes as a function of time 

 

CV membrane resistance studies

 KLV leaches out of the 

membrane within 2 

minutes.

 Initial membrane 

resistance is decreased 

by 60%

 

From figure 5.31, one can see that the entire fusion and transport event for this bulk 

experiment plateaus at t = 30 sec and is stable for a total duration of 2 min before transport 

equilibria is attained when the carrier is directly inserted into the membrane. 
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Figure 5.28 - I/V sweep after formation of ABA bilayer shows slight increase in current across the membrane 

over time. The mustard color trace is initial trace one, fading to light yellow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

-4

-3

-2

-1

0

1

2

3

4

-40 -20 0 20 40

ABA MEMBRANE FORMATION
1 2 3 4 5 6 7

Voltage (mV) 

I 

pA

A

A

A)

A) 



 

235 

 

 

 

Figure 5.29 – Capacitance across the ABA membrane as a function of time 

 

 

 

Figure 5.30 – ABA kinetics of stable bilayer formation shows ≈ 6 m. to self-assemble under an applied potential 

of -50 mV.  t = 0-10 m.  
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Figure 5.31 – ABA bilayer stability test current time trace for the last 55 minutes from above figure. t = 10 – 

55 m. 

  

 

Pre-transport Studies 

Figure 5.32 shows the average results from 3 independent trials for each entry. If a 

membrane broke prematurely or the data point was bad, the data point was thrown out. The 

standard deviation of peaks observed are calculated from the deviations of the three runs for 

most cases. 
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Figure 5.32 – Experimental results from free bilayer standing materials containing crown ether 1. 

Membrane Composition ΔI 

(pA) 

SD* Notes 

PMOXA-PDMS-PMOXA 201 32 Carrier injected at 2.5 wt. % in 

CHCl3 

PMOXA-PDMS-PMOXA 329 34 Carrier injected at 5.0 wt. % in 

CHCl3 

PMOXA-PDMS-PMOXA, 

1% wt. carrier 

87 23 Stable membrane formed from CHCl3 

PMOXA-PDMS-PMOXA, 

5% wt. carrier 

439 29 Stable membrane formed from CHCl3 

POPC 89 14 Carrier dissolved in chloroform 

POPC 323 27 Carrier dissolved in decane 

POPC, 1% wt. carrier 110 13 POPC stable films formed from 

CHCl3 

POPC, 5% wt. carrier 634 18 Almost 5X change in flux across 

membrane compared to 1% loading 

by wt. 

 

*Results calculated from three independent trials 
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Figure 5.33 – Addition of AQ-18-C-6 produces fast K+ spikes across ABA triblock membranes. Aliquots of 32 

nM AQ-18-C-6 in CHCl3 to the cis chamber (green arrow) produce stable current spike events through the 

membrane.  

 

 

 

As shown in the table above, the most reliable transport data was recorded with 

membranes formed from POPC, although both ABA and POPC membranes did show 

transport behavior. As one can see from the CV vs. time plots, each of the injection-

membrane fusion transport experiments happens in just seconds as recorded by potentiostat. 

With a sensitive potentiostat, it was possible to accurately record the peak currents and to do 

so in just a few seconds rather than days with the classical U-tube or bulk liquid membrane 

experiments. With this procedure, one can now judge whether they have an actively 

transporting molecule in real time.  
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From the linearity of the spikes in the plot, one can also see that fusion of the bulk liquid 

with carrier near the periphery of the membrane happens very quickly or that the solvent 

plays some sort of detergent effect, causing leakage of the electrolyte and current to pass 

through the membrane. The latter may be an effect of Marangoni convection, where 

different surface tensions at the interface lead to convective instability as new complexes 

form while others dissociate apart from one another (Cai, 2008). Precipitation of the co-

complex due to the formation of a strong interaction at the interface could also elicit a 

convective instability which would be more characteristic of Raleigh-Taylor instability 

(Sczech, 2008). During experimental trials, we observed this phenomenon when the 

concentration of the carrier dissolved in CHCl3 was too high upon addition of the aliquots to 

the formed membranes. Aggregation at the membrane interface was consistently a problem 

due to the scaling of the experiment. Several iterations of titrations were needed to attain the 

appropriate amount of carrier as well as its molarity in the CHCl3 solution. This type of 

instability could manifest itself with weak complexes with low Keq leading to formation of 

Marangoni cells which show pulsating character at the interface due to their amphiphilic 

nature (Cai, 2008).  The latter explanation is not as likely since the standard deviations (table 

5.28) recorded are relatively small between the trials and the Keq value rather high for this 

complex. The more appropriate mechanism of action is fusion with the membrane, with the 

solubilized ion diffusing with the carrier across the membrane. There was no unexplainable 

observations during these trials and were all highly reproducible.  

To assess the qualitative kinetics of bilayer formation within the pore a prepared 

membrane comprising a resulting 10-12 nm film of ABA triblock copolymer was painted 

onto a 10 nM pore diameter nanopore in a solution of 50:50 EtOH:H2O. A stream of N2 was 
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blown perpendicular to the plane of the pore to aid in drying and formation of the membrane 

in nanometer dimensions. After 1 hr., the pore was determined to have dried as there was no 

excess residue on the sides of the chip. The pore was immersed in a 1.0 M solution of KCl 

and the C/V diagrams figures 5.33 and 5.34 showing the variation in the current across the 

membranes were recorded, with the membrane lasting for a total of 55 minutes under the -50 

mV potential.  

 

ABA Copolymer Transport Studies 

 Before the studies with the carrier AQ-18-C-6 were executed, it was imperative that 

we start by utilizing classic transport experiments to observe the behavior of the carrier in its 

free state to assess the relative efficacy of translocation and carrier transport without 

imposing the restricted movement of surface-bound ionophores. Translational movement of 

ionophores bound to a polymer backbone, for instance, imposes additional constraints that 

can only be predicted computationally or examined physically by electron microscopy if the 

conditions permit clear imaging.  For reference, the transport behavior is summarized in 

table 5.28 for all experiments carried out in this thesis.  

With reference to figure 5.28 above, upon addition of a 32 nM aliquot of AQ-18-C-6 in 

CHCl3 an initial peak spiking to just over 200 mV is noticed with the membrane resistance 

returning to the initial value. As more 32 nM aliquots are added in sequence, the peaks grow 

larger and larger as well as asymmetric about the y-axis, reflecting the effect of osmotic 

imbalance and disturbed electrochemical neutrality due to the capacitance buildup on the 

membrane as more and more carrier is added. The membrane proved to be very stable up to 
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a concentration of 128 nM carrier in chloroform, only to rupture after the fifth (160 nM) 

aliquot was added. This rupture occurs well after the addition of the final aliquot, which 

indicates an inherent lag-time/threshold of activation before the triggering of the 

disassembly process.  

 

Figure 5.34 - Summary of Electrochemical Results obtained utilizing PMOXA-PDMS-PMOXA self-

assembling bilayer 

 

 When the carrier is added to the membrane suspension after the initial formation of 

the POPC or ABA membrane (figure 5.31), the time duration is on the order of 4 seconds for 

the initial events and cause current spikes up to 634 pA. Examining the graph closely, the 
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membrane resistance begins to decrease after the second addition of the ionophore quite 

rapidly, leaking to almost -14 pA at 400 seconds.  

 To summarize this chapter, we fit the HQ-18-C-6 to the best model under neutral, 

semiquinone radical, hydroquinone diradical as well as the intraannular phenol as 

deprotonated sets of conditions. Radical ion pairing within the ring did increase the binding 

affinity quite significantly and the deprotonated anion form almost as well as the radical 

more the result of charge rather than structural changes.  

 Utilizing large computational resources, we effectively modeled polymeric systems 

which were synthesized in this work, or were modeled as prototypes for future work and 

presented the results herein.  

 Utilizing ultra-thin “nanomembranes” comprised of POPC or ABA triblock 

copolymer, the self-assembly and ion translocation events were effectively shown by 

current-voltage diagrams  we effectively carried out selective ion translocation experiments 

by measuring the increase in current across nM dimension  
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Chapter VI - Conclusion and Future Work 

Objective 

 Gather the characterization results from the computational design, synthesis, device 

fabrication and transport studies and devise potential routes and mechanism of action of 

the novel anthraquinone-based crown ether.  

 Propose further synthetic methodology based on our “parent template” crown ether with 

more complex architectures incorporating proton-exchanging carboxylic acids 

 Realize the significance in process improvement of synthetic methodology of the Claisen 

Rearrangement of mono-allyl quinones developed in Chapter 3 in comparison to the 

most recent published procedure in JACS. 

 Suggest novel uses for the hydrosilyated polymers containing 1,8-

dihydroxyanthraquinone subunits tethered at the 2-position to PDMS/PMS copolymer 

for use as ion-exchange membranes, ssDNA and nucleotide detection, as well as 

hydrophilic nature imparted by phenolic protons on what is normally a very hydrophobic 

“B” block.  

 

The dissertation has presented a communal problem being defined as deterioration of the 

retina and proposed a biomimetic strategy using selective K+ ionic gradients under redox 

control to generate and action potential. This action potential would normally be elicited 

through the perception and signal transduction of light produced by different wavelengths. 

The goal was to assemble a “prosthetic on a chip” that will hopefully restore a useful level 

of vision in patients who have suffered from macular degeneration. In this thesis, we 
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described a novel approach to the fabrication of this prosthetic utilizing ionic gradients of K+ 

to elicit and action potential.  

The main conclusion we can draw is that while the latter could not be functionalized 

further after learning of the relatively weak selectivity factor (6X) to (7X) between the K+ 

and Na+ titration, the new synthesis presented in the second scheme was indeed much more 

scripted and behavior predicted as each hypothesized model supported the rationale behind 

the existence of a 2:1 Crown Ether complex. 

A more interesting fact discovered during both our 1H NMR titration and combinations 

of COSY, NOESY, HMBC, HMQC analysis on a Bruker 800 MHz NMR was the complete 

inversion of a crown ether peak with a 1:1 stoichiometry. Without this resolution coupled 

with the use of a cryoprobe; data collection and determination of the 1:1 stoichiometry of the 

structure would never have been correctly deduced. Job Plots were reproducibly constructed 

for K+ and Na+ and the Na+ always had an equilibrium maximum  Keq <1, favoring a 1:1 

structure that shows significant strain by H,H-COSY when using triflate salts. The K+ 

always had preference for the 2:1 “sandwich-type” stoichiometry. Using the triflate but 

showed a differential mode of 1:1 self-assembly when the large aromatic and lipophilic (4-

Cl)TPB anion was introduced into the system.  

Although sometimes a 2:1 structure is present for 18-C-6 complexes, it is usually only 

prevalent for atoms with larger atomic radii such as Rb+ and Cs+. Sandwich complexes are 

sometimes observed for 15-C-5/K+ complexes as K+ is too large to completely fit within the 

plane of the ring. The one commonality between the two above situations is the fact that 

each cation seems to form a sandwich when much of its non-polar surface is exposed and 

slightly sits above the pane of the ring as in our case. To compensate for this, if there is an 
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excess of free Host in solution, it is favorable for that Host to couple with the 1:1 complex 

cooperatively to completely shield the charge in the low dielectric medium. 

In another case where the anion is about the same size as the Host and it too is lipophilic 

in nature, a 1:1 structure is formed and does not progress on to the 1:2 structure as a 

consequence of the hydrophobic “shielding” effect requirement being met by the neutral ion 

pair in addition to very strong face on edge pi-pi interaction, modeled to be 3.51 Å (Char 

code 212B) approaching the theoretical limit this interaction can attain before the VDW 

repulsive term dominates. 

NMR new insights 

There have been many reported titrations, Job Plot’s along with myriads of COSY and 

NOESY data presented in the literature. Although the converse is true for 2D DOSY 

diffusion data of charged molecular complexes. It is possible that DOSY is a very time 

consuming endeavor and often times planning a good study takes much NMR time and 

expense. The value of the data attained depending on the relative R2 value however can be 

very enticing. In this study we used DOSY to confirm the stoichiometry of both of our 

complexes and to see how the behavior of the complexes interacting with each other over 

time changed with NMR peak shifts along with 2D diffusion traces and 2D plane integration 

to deduce the 2:1 Host:Guest complex with triflate salts. 

 

Much fundamental work to the understanding of engineering effective devices like the 

final device shown in figure 6.1 was accomplished, albeit ongoing work has been passed off 

to this authors colleagues for further development.  
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Figure 6.1 – Final stack blueprint of the pre-selective hydrogel layer atop PEDOT electrodes sandwiching a 

nanoporous membrane of Al2O3 contains a novel redox-active crown ether as developed in this work. The 

pump is shown in its active state with the resulting action potential traveling down the dendrites toward the 

axon where it will be perceived by the brain. 
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Figure 6.2 – Reaction kinetics of this 2:1 Substrate: Ligand Complex formation. 

 

List of accomplishments toward overall device fabrication: 

1. Showed a differential self-assemly of a novel redox-active crown ether based upon 

the counter-anion to potassium used in a particular complexation experiment. 

2. Showed that the rate limiting step for ion uptake by AQ-18-C-6 as in Figure 6.2 

involves the allosteric shift and the establishment of π-stacking interactions leading 

to an increase in Ksp of the salt 

3. The rate of ion uptake is not instantaneous in non-homogenous systems such as 

mixtures of (4-Cl)TPB/AQ-18-C-6. By 2D DOSY NMR presented in Chapter IV, 

the mechanism of ion pair disassociation followed by capture by the crown ether is 

the predominant  

4. Showed that the carrier AQ-18-C-6 is superior in its ability to capture potassium salts 

with aromatic anions versus the traditional 18-C-6 ether by a 2D DOSY competition 

experiment. 

5. Using Job’s Method of Continuous Variation, we were able to deduce the 

stoichiometry of both the BQ-18-C-5 and AQ-18-C-6 as 2:1 Host / Guest which was 
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then verified further by competitive ion bombardment experiments using Na+ as the 

positive ion source. 

6. With a selectivity factor of 7x over that of sodium as shown by Mass Spec, we can 

comfortably conclude that the crown will selectively complex K+ in the blood over 

the much higher concentrated Na+. 

7. Several novel polymers with Tgel around 40°C containing 1,4-hydroquinone and 1,8-

dihydroxyanthraquinone  were synthesized and modeled computationally and could 

have potential novel uses as proton exchange membranes and DNA interchelators 

due to the low pKa of the 1,8-dihydroxyanthraquinone and extended π-system.  

8. 2D DOSY experiments provide insight into the equilibrium of ion-pairs and 

molecular complexes and can give detailed structural integrations in the 2D plane as 

well as the 1D plane to deduce the relative number of diffusing species and the 

amount of each present. 

9. 19F spectra and accompanying DOSY show that bis-complexes such as the one 

formed between AQ-18-C-6 / K(OTf) tend to diffuse with their anions while 1:1 

strucutres diffuse with the bulk solution unless another force such as intermolecular 

π-stacking is available to keep the anion proximal to the site of the crown.  

10. Novel ionophoric matrix material to fill voids in the nanoporous membranes and 

maintain structural integrity of the brittle anondized alumina were developed. 

11. Covalent functionalization of the alumina membrane using the small molecule 

nucleophile APTES and electrophile CPTES was achieved by MVD deposition 

method, leading to high grafting densities as shown in the XPS spectra (supporting 

information). 
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12. Computational simulations using the Monte Carlo method of a model biomembrane 

biased at -0.5 V with the developed crown ether embedded inside showed transport 

behavior through the combination of electrodiffusion and Brownian motion. 

13.  Although binding enhancement by redox processes were not attempted due to time 

constraints, the threshold for redox activation of the crown transporter was 

determined to be -0.57 V and completely reversible eliminating the concerns of 

overheating of the retina environment and device failure due to overoxidized carriers 

molecules.  

Future Work 

Carboxylic acid containing ionophores  

Self-assembly is just part of the grand scheme of what can be done with modern-day 

supramolecular chemistry. As we discussed before, selective binding is the key objective of 

this study but it can be extended into a new area of functional materials that respond under 

an applied electrical potential termed supramolecular machines. Supramolecular machines 

are different than static supramolecular assemblies in that they actually use an input of work 

to provide a secondary transition or catalytic behavior. 
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Figure 6.3 – Hypothetical 24-C-8 derivative showing that there is just too much room in the cavity for an 

appreciable koff rate.  

 

Computational Improvements included modeling of the following complexes  

 Synthesis of a 24-C-8 molecule shown in figure 6.3 above. 

 Synthesis of a crown carboxylic ether containing crown for symport in building the 

potential energy gradient. 

 Incoorporrate a leading crown alkyl tether with the (Z)-alkene orientaiton to promote 

transport through carboxylic acid salt ion pairing/ H+ exchanges.  

 Replacement of the benzene subunit of the crown with chirl cyclohexane derivatives 

to generate 4 enantiomers that would posses different affinities toward cation 

binding. 

1. Polymeric/Monomeric Substrates for ion and DNA interaction  

 Hydrosilyation of the completed crown ether derived from Eugenol into the 

backbone of a OTs-PDMS-PDHMS-PDMS-OTs. 
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 Interfacing the DNA interchelators synthesized in Chapter III to the inner portion of 

the inorgnic porous substrate.   

Figure 6.4 - Extension of the crown structure to a 24-C-8 molecule shows that any type of extension of the 

ethylene units is unfavorable and lead to a net decrease in affinity for forming a separate ion pair as shown by 

the cation K+ with Cl- as the counterion.  

 

 

 

Figure 6.5 - Substitution of a trans-cyclohexane enables the ethlene bridge O1 to adopt the proper ethylene 

configuration of 120° nearest the quinone. Top - 2 D structure Bottom - Energy minimized structure (MMF94). 
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Figure 6.6 – Extending just one arm of the ether contorts the structure, leading to no formation of any K+ 

complex. 

 

 

Acyclic-Phenol containing ionophores 

 Although not a direct intention of this study some byproducts were recycled in the 

form of acyclic crown ethers. That is to say, the Anthraquinone subunit was substituted at 

the 2-hydroxy-position in many cases and was found stripped of the tosylate end group after 

acid-based workup. These acyclic ionophores suffer from lack of preorganization but can 

form very strong complexes given enough time.  
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Figure 6.7 – Synthtic  routes toward higher level archetectures and useful reactions developed during this 

work.  

 

 

Several new key reactions and intermediates were developed in this work that were not 

exploited during the synthesis of crown ether presented herein.  

 The first method involves developing a facile way to access a variety of derivitives 

by converting then 1,2-dihydroxyanthraquinone starting material to the bisallylated 
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compound 66 followed by subsequent oxidative cleavage of the double bonds to aldehydes 

to give 67 in moderate yield. Careful reduction of 67 using potassium borohydride gave 

good yields of the diol 29 after recrystallization.  

Two redox systems were examined computationally, synthetically and the theory of 

transporting K+ selectively discussed of these molecules examined under redox control. ; a 

previously reported system with  1,4-benzoquinone/quinol-18-C-5 in which characterization 

such as Job’s method of Titration, 1 HNMR titration of the 1,4-benzoquiol form of the 

crown, complementing the previous extraction coefficients obtained by Sugihara Et al.  

 Depicted in figure 6.11 is the prototype to a new type of transporter derived from the 

parent compound 1,2,7-trihydroxyanthraquinone and the envisioned synthesis of such 

transporter is shown in Scheme 6.10. The synthesis begins with the relatively low yielding 

cyclization of the 1,2-diol in a cyclic orthoester type dehydrative cyclization which was 

achieved in this study in 56-64% yield on a small scale. The second step would involve 

concentration of installing the nonyl (Z) chain using the Sonogashira method with the 

protected triflate and methyl ester chain terminated at the alkyne. Regioselective Lindlar-

catalyzed reduction gives the (Z)-methyl ester. Next the quinone would be deprotected and 

cyclized with the respective ditosylated catechol-containing partner to give the protected 

ester macrocycle and finally after deprotection with NaOH and heat, the free (Z)-oriented 

acid is obtained.  
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Figure 6.8 – The first reactin to install the long chain olefin in the scheme below fails in acetone  

 

 

Figure 6.9 – Hypothetical “B” block with appended propyl tethers  
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Figure 6.10 - Proposed synthesis of the carbocyclic acid from 1,2,7-trihydroxyanthaquinone.  
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 In this computation, we can examine the dynamic nature of the role of the intra-annular 

phenolic protons and the stabilization of the negative charge upon cation binding in both 

Acetonitrile and DMSO, both polar-aprotic solvents.  

Figure 6.11  – (E)- 1,2,7-trihydroxyanthraquinone derivative with a nonyl - H+/counterion designed to 

increase the koff rate by “pulling” the cation out of the pocket and translocating it to the next acid in the chain. 

Shown below is the MMF94 simulation of the process with the critical bond having the (E) rather than (Z) 

orientation. 

 

 

 

DNA interchelators 

 

A variety of mono and dihydroxy anthraquinones underwent smooth regioselective 

allylation presumably due to their phenolic pKa differences and chelation-effect of the 

carbonyl-oxygen. The resulting mono-allylated derivatives underwent a smooth 

rearrangement to the corresponding ortho-substituted of dihydroxyanthraquinone 

derivatives. Upon heating in the melt under an inert atmosphere, solid allyloxyanthraquione 



 

258 

 

derivatives underwent a facile, quantitative and regioselective thermally induced 1-3,-

ClaisenRearrangement yielding terminal substituted alkenel functional handles that has 

proven can further be carried on to derivatives such as phenaldehydes, phenol acetic-acids 

and precursors to doxorubicin-type drugs. This two-step green process flow hinges on the 

selective monoalkylations of di-phenolic anthracenediones utilizing group I alkali metal 

carbonates to give what is usually always a bright orange, low melting point solid. The 

second stage takes place with no reactants at all, just the solid monoallylether in the  

case of the anthraquinones, and neat oils in the case of the allyloxy-substituted benzenes.   

 

Figure 6.12 – Table summarizing the alkylation and resulting Claisen Rearrangement of Anthraquinones 

discussed in this thesis. 

 

 

The Claisen rearrangement is a convenient method for the introduction of terminal 

alkenyl subunits for further functionalization including epoxidation, cleavage by 

OsO4/NaIO4 to the aldehyde and hydrosilylation as well as many coupling reactions such as 
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the Suzuki and reaction with Grubbs catalysts. Most often the Claisen rearrangement of 

allyloxy-phenolic ethers is carried out under acidic catalysis AcOH/Ag+ and in the case of 

liquid compounds the rearrangement is carried out thermally under solvent-free conditions. 

To the best of our knowledge, quantitative, regioselective Claisen rearrangements of solid 

high M.P. anthraquinone derivatives has yet to be reported. We herein report the facile 

rearrangement of solid allyoxyanthraquinones in the melt in sealed tubes to give the ortho-

directed propeneyl group in excellent to quantitative yield as a new solid derivative.   

Claisen Rearrangement of Anthraquinone derivatives. 

Anthraquinones are known interchelators due to their extended electron rich π-systems 

interacting with DNA base pairs through this very route. Although this project is not the 

focus of this thesis, it did contribute to our understanding of which reactions would work 

using intermediates as precursors to test reactions on. One example discussed was the 

hydrosilyation of olefins containing different types of quinone functional groups. The 

surprising result we obtained prompted us to investigate 1,4-benzoquinones as these 

substrates did not hydrosilyate well, while their precursor compounds 1-hydroxy-4anisole’s 

readily underwent hydrosilyation. Anthraquinones, as rigid as their stiff ring systems are 

compared to flexible hydrosiloxane, underwent facile hydrosilyation using Karstedt’s 

catalysts in toluene. Thus, it was deduced that the 1,4-diene system in conjugation with the 

hyper conjugation of the quinone contributes to catalyst poisoning under standard reaction 

conditions. 
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Carrier Transport Mechanism  

For the thin layer experiments using POPC and ABA triblock copolymer, both were 

found to assemble into nanometer-thick films that were stable for several hours after drying. 

Experiments conducted showed that carrier molecule AQ-18-C-6, when first embedded into 

the membrane before the start of electro diffusion showed s much smaller standard deviation 

compared with runs where a mixture of crown was injected adjacent to the membrane in 

close proximity as expected.  

In a set of carefully controlled diffusion competition experiments described earlier in 

Chapter III, the qualitative effect of a Macromolecular encounter complex was observed for 

the first time when 1.0 Eq. of the solid (4-chloro)-TTPPB-K+ salt (Tested for Ksp in CDCl3, 

deter. Solubility<0.2 mg/mL) complex was added to a solution of 0.5 mL 7 mM DB-AQ-

18C6. At first observation, the K+ salt underwent complete dissolution in the low dielectric 

medium in the presence of the crown within 3 min (repeated 3X) (S.E. +/- 7 s) and 2D 

DOSY One-shot sequence recorded immediately. The spectra revealed 3 separate measures 

of D that could be resolved, the free anion TTPB, the HOST-Guest complex and the free 

Host. After 24hrs at static equilibrium under Argon, the structure was again analyzed by the 

previous method. The spectra revealed a single major diffusive peak with trace amounts of 

the TTPB anion, perhaps solubilized by the common ion effect and overall increase in pi-

character of the solution under study. 

    Perhaps a more interesting result is the same concentration of Host as above but also 

added to the solution is >99.9% 18-C-6 at a concentration of 7mM, with the concentration 

of K+(4-Chloro-TTPPB) being increased to 14 mM in the test solution. After 24hrs under 

convective stirring (magnetic stir bar) the solution was analyzed by 2D DOSY in dDMSO 
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and the peak corresponding to the 18-C-6 was practically un-shifted from its initial position 

and did not show any peaks along the 2D plane whereas the two peaks corresponding to the 

two types of aromatics of the TPB were observed to diffuse tightly along the averaged 

diffusion peak corresponding to the Host [AQ-18-C-6: K+TTPB-] complex. This further 

validates the hypothesis that the π-stacking interactions in the intramolecular complex are 

lower in energy than the ion-solvent pair separation energy. dDMSO is known to be 

extremely competitive for ion pairs in general and especially for K+ as it can align itself in 

an octahedral coordination mode. Often in the literature Keq is reported in such high 

polarity solvents such as dDMSO and the resulting equilibrium constant of the complex 

analyzed is usually weaker than other common solvents.  

    In this case of Crown Ether 1, the formed complex is overall lower in energy than the 

uncomplexed 1 with contributions of around 5-6 kcal/mol for the face on edge π-stacking. 
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Figure 6.13 – ssDNA make its way through a polymer “brush” of echangable protons forming ammonium 

salts, phosphonium salts and hydrogen bond formation to slow DNA through different types of sensor 

platforms for use in DNA sequencing. 
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Electrochemically Controlled H-bonding Polymeric Materials for DNA capture 

 

Today’s day and age has attracted much attention to the sequencing of the human 

genome. Companies are battling for the latest on-chip detection of individual DNA base 

pairs and ssDNA. The latter has proven thus far the most robust and is prone to the least 

amount of errors in reading the DNA sequence, just as DNA polymerase reads the template 

strand from a ssDNA molecule in order to generate a new complementary strand. 

Sequencing individual base pairs relies on the theory that either an enzyme or molecular 

machine will severe the phosphodiester bond linkage and the resulting nucleotide will enter 

the sequencer as it is cleaved. This is not always been the case though as some nucleotides 

are not captured sequentially, leading to major errors in the reading of the nucleotide 

sequence.  

As the term sequencer was used, we should spend some time to introduce the concept 

concerned in this thesis and that involves DNA sequencing through an on-chip-nanopore 

that is anywhere from 3-5 nm in diameter. As different size DNA passes through the pore, 

the current increases with a characteristic signature for each base pair; ideally in a stepwise 

manner. The major drawbacks are that nucleotides are very close in size and nanopore 

heights range from nanometer to micron size. This effectively reduces the residence time 

each nucleotide spends in the pore. The dwell time is on the order of microseconds to 

milliseconds as the negatively charged DNA is being pulled by electrodiffusion by a positive 

charge. All of these drawbacks often leave scientist wondering if a DNA translocation event 

has actually occurred because the resulting current change across the pore is very small and 

the CV step curve in turn – very noisy. 
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Many approaches are currently being undertaken to slow DNA down and increase the 

residence time in the pore. Most of these efforts involve functionalizing the pores with 

organic molecules, creating polymer “brushes” and even binding DNA base pairs 

themselves to the pore to make specific complementary base pairing schemes such as G-C 

and A-T.  

In this thesis, the concentration was not so much on the DNA base pairs themselves, but 

the class of molecules we were in fact using were known DNA interchelators. Danthron, 

Alizarin Red , Purpurin all possessing a very rich tricyclic π-electron systems and are found 

in some studies to be beneficial to your health, sometimes harmful as they both potentially 

cause or effectively treat cancer. The mechanism by which these molecules produce there 

effect is by lodging (or interchelating) themselves between base pairs by π-stacking and not 

so much by hydrogen bonding as one may think. 

With the materials already in hand, we decided to synthesize a variety of DNA base pair 

interchelators. These included derivatives from tri, di and mono hydroxyquinones with 

different substitution patterns. Brief analysis by our post-doc Ellie Corrigliano in solution 

gave Zetasizer measurements that pointed toward decreased zeta potential and hence 

decreased mobility; suggesting that the dsDNA had become more rigid and charges possibly 

masked by hydrogen bonding of the phenolic protons to the negatively charged phosphate 

backbone of DNA.  The materials were characterized spectroscopically but characterization 

by functionalizing the pore was not successfully carried out. The synthesis of these 

molecules is presented in the following scheme and preparation of the materials in the 

experimental section. 
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Successful Contribution to the Green Chemistry Community 

1. A process for the selective monoallylation of Alizarin is described. 

2. A process for Claisen Rearrangement of the allyl group in the melt (thermal Claisen 

Rearrangement quantitative, regioselective, 1 (Z)-stereoisomer by 1 HNMR and 13 

C NMR). 

As our University strives to keep green, an approach to Claisen Rearrangements was 

developed that improves upon the state of the art for the molecules 1, 2-

dihydroxyanthraquinone and 1,8-Dihydroxyanthraquinone. The use of heat to first melt the 

orange ally ether, holding the ether under rapidly stirred molten conditions for 18 under 

sealed vial conditions lead to quantitative yield of the ortho 3-allyl substituted 

Anthraquinones. These Anthraquinones in addition to the simple 2-allyl-1,4benzoquinone 

synthesized as in Chapter II were used as monomers and subsequently hydrosilyated under 

Karstedt’s Pt. catalyst conditions in Toluene at 60 °C for 48 hrs. The properties of these new 

polymers were very much desirable over the Anthraquinones themselves (CHCl3, Biphasic 

solvents) as they were soluble in almost all the different solvents tried, especially the 

aromatic and halogenated solvents. Perhaps for use with other acceptor-type molecules, a 

conducting proton-exchange membrane could be synthesized. 

As we serendipitously discovered the value of this rearrangement and improved 

solubility of the new PDMS-AQ copolymer, we envisioned it to serve as an interesting low 

MP highly porous gel matrix that could swell to quite possibly accommodate 10X its weight 

in water due the hydrophobic/hydrophilic properties of the redox active, pH sensitive 

hydrogel-like material with a high degree of swelling and diffusivity for ions passing 

through it. Depending on the applied voltage, we could also potentially control whether the 
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cations would stay bound within the hydrogel layer under electrochemical reduction by 

metal-ion pairing, or be shunted along by breaking this ion-pairing interaction by 

electrochemical oxidation. 

Finally, many other anthraquinone monomers were prepared as well as neutral crown 

ethers for storage of the intended cations. Some of these were acyclic versions of the 

Anthraquinones that had not cyclized as discussed earlier at the one position and others were 

protected acyclics intended to be utilized in a half and half cyclization with stronger 

nucleophiles such as the alkoxide of monoethylene-extended (via the extended alizarin bis-

diol) and decreased reaction times. Procedures for the preparation of these derivatives can be 

found in the appendices along with the corresponding 1H NMR spectra. 
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Appendices 

Experimental Procedures - Synthesis 

 

 

Synthesis of 1 - To a stirred solution of 0.34 g Retinyl propionate ester (1 mmol, 1.0 

Eq.) in 2 mL anhydrous methanol at 0°C was added 0.14 g anhydrous potassium carbonate 

(1 mmol, 1.0 Eq.). The mixture was stirred vigorously for 5 min at 0°C,  where by TLC 20% 

EtOAc:Hexanes the reaction was complete. The crude mixture was partitioned between 

10mL diH2O/10 mL hexanes and aqueous phase extracted an additional 2 X (5 mL) hexanes, 

organic layers combined, dried over Na2SO4 and filtered through a fritted glass funnel. The 

solvent was removed under reduced pressure to yield 1 (0.28 g, 98% yield) as a pure light 

yellow oil. 1H NMR (600 MHz, Chloroform-d) δ 6.61 (m, 1H), 6.29 (d, 1H), 6.15 (d, 1H), 

6.12 (m, 1H), 6.10 (m, 1H), 5.69 (t, 2H), 4.31(m, 2H), 2.01 (t, 2H), 1.90 (s, 6H), 1.71 (s, 

3H), 1.61 (m, 2H), 1.46 (m, 2H), 1.00 (m, 6H, gem-CH3) 
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Synthesis of 2 - 1,4-Benzoquinone-2,6-18crown5. A solution of 5.00 g 13 (14.04 rnmol) 

in 60 mL acetonitrile and a solution of 19.45 ceric ammonium nitrate in 60 mL diH2O were 

mixed and stirred for 45 minutes at 50°C. After cooling to room temperature, 200 mL 

dichloromethane and 100 mL diH20 was added to the mixture in a 1L seperatory funnel. 

The organic phase was separated, dried over anhydrous MgSO4, and concentrated to yield a 

bright orange syrup. Column chromatography using EtOAc as eluent gave 4.4 g, 96% as 

solid yellow crystals.  M.P.  76.5°C. 1H NMR (600 MHz, Chloroform-d) δ 3.54 (m, 8H), 

3.62 (m, 4H), 3.75 (m, 4H), 4.53 (s, 4H), 6.72 (s, 2H) 

 

Synthesis of 3 – Method A) 0.7 g 1,4-benzoquinone-2,6,-18-crown-5 (2.2 mmoL, 1.0 

Eq.) is added to a 250-mL separatory funnel containing 65 mL CHCl3 and 65 mL of a 5% 

w/w solution of sodium dithionate in diH20 at 19°C. The flask was shaken until no more 

orange color could be seen visually (ca time 3 m.) and allowed to stand for an additional 5 m 

to let the layers separate. The organic layer was dried over anhydrous Na2SO4, filtered and 

concentrated to yield 0.71 g, 100% of a white solid which was pure by 1H NMR.  
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Method B) The same general procedure and scale was utilized as in the synthesis of 13, 

Method B for preparing the sodium hydride and tetraethyleneglycol. When the cyclization 

had gone to completion by TLC (8 h.), 6.5 mL (6.5 mmoL, 2.1 Eq.) of a 1.0 M solution of 

tetrabutylammonium fluoride in THF was added at 19°C and the mixture stirred overnight 

for 12 h. where TLC indicated the reaction had gone to completion. The reaction was 

worked up by partitioning between 50 mL CH2Cl2/ 50 mL 0.1 M citric acid, organic layer 

dried over MgSO4, filtered and concentrated. Elution on SiO2 using 100% CH2Cl2 yielded 

0.49 g of the hydroquinone crown ether, 48% yield. 

 

Method C) 0.1 g 13 (0.28 mmol, 1.0 Eq.) is added to a 5 mL pear shaped falsk with small 

Teflon stir bar and fitted with a reaction inlet joint and rubber septum. 0.84 mL anhydrous 

distilled dichloromethane is then added to the solid under Ar (g) and reaction flask cooled to 

-78°C in an acetone/dry ice bath. Next, 0.56 mL of a 1.0 M solution of BBr3 (2.0 Eq., 0.56 
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mmoL) in CH2Cl2 is added SLOWLY over the course of 10 m and reaction stirred for 1 h at 

-78°C. The reaction is then removed from the ice bath and allowed to come to 19°C, where 

the mixture us stirred for an additional 12 h. The mixture is then cooled to 0°C in a water/ice 

bath and 50 mg (6 Eq., 63μL) anhydrous MeOH is added at once to quench the reaction. The 

reaction is stirred for 1 h at 0°C. A small amount of activated carbon (≈10-15mg) is then 

added and the mixture stirred at room temperature overnight for 12 h. The mixture is then 

taken up in a pipette and eluted through a separate pipette with a small plug of glass wool, 

celite 545 and a small amount of sand. The celite pad is washed 3 X (2mL) CH2Cl2 to yield 

90 mg, 98% yield of the hydroquinone.   

 

Synthesis of 4 - 62.0 g 4-methoxyphenol (0.5 mol, 1.0 Eq.) was added to a 3-neck 1000 mL 

round bottom flask equipped with a large stir bar. 400 mL diH2O was then added under an 

atmosphere of argon. Argon was also bubbled at a moderately vigorous rate as the solution 

was stirred for an additional 20 m. 97.4 mL of a 37 wt % solution of formaldehyde (1.2 

mols, 2.1 Eq.) in H2O was added, followed by the immediate addition of 14.0 g calcium 

oxide (0.25 mol, 0.5 Eq.) in portions over 15 minutes via powder funnel (Ar atmosphere 

maintained). The mixture was stirred as vigoursly as possible at 1600 RPM at 19 ˚C until all 

solids dissolved (ca time = 45 m.) and the solution was a pale yellow color. The flask was 

then stored in a dark, undisturbed cabinet for 3 days where upon return, bright white crystals 

in a supertanant of deeper yellow solution deposited in a large mass. The crystals were 
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broken with ½” stir rod and stirring commenced as 40 mL anhy. glacial acetic acid was 

added in 10 mL portions and the solution slowly heated to approximately 80 ˚C until no 

more solids were present. 30 grams activated carbon was added and the mixture stirred for 2 

h at 80 ˚C, then poured hot through a pad of fresh activated carbon/celite/sand/M fritted 

funnel into a vacuum flask where crystals began to crash out of solution immediately. The 

solution was allowed to cool to 19 ˚C, stand for an additional h and then placed in 4 ˚C 

fridge for an additional 2 h. The white crystals were filtered off in a course fritted funnel and 

washed 4X 200 mL di H2O and allowed to air dry. The crystals were then washed with 

3X100 mL EtOAc, dried in a vacuum desiccator overnight to yield 91% as white granular 

crystals. 1H NMR  

 

Synthesis of 5 - To a 50-mL round bottom flask is first added 1.84 g of triol 4 (10 mmol, 1 

Eq.) followed by addition of 3.42 g solid Cs2CO3 (10.5 mmoL, 1.05 Eq.). The flask is put 

under inert atmosphere and 20 mL distilled 2-butanone added via syringe. The mixture is 

stirred vigorously and 4.26 g methyl iodide (3 Eq. 30 mmoL) added through the septum and 

mixture brought to reflux. Every 24 h. for a total of 3 repetitions, another 4.26 g methyl 

iodide is added after cooling the mixture to room temperature for a total of 9 Eq. methyl 

iodide. After 72 h, TLC shows completion of the reaction, the reaction is then cooled to 

room temperature and filtered through ½” pad of celite 545 topped with quartz wool to give 
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a clear solution. The celite pad was washed with an additional 2 X 20 mL 2-butanone and 

the mixture concentrated in vacuo to give 1.98 g of pure 5 (2,5-dimethoxy-1,3-phenylene) 

dimethanol, 100% yield.  

 

Synthesis of 6 - In a small 10 ml conical flask with triangular stirbar is first added 3.0 ml 

anhydrous acetic acid followed by 2.3 ml of a 35 wt.% solution of HBr in AcOH (1.07 g, 

13.2 mmol) and flask cooled to 10-15°C under argon. Next, 1.00 g (5.4 mmol, 1.0 Eq.) 

crystalline (2-hydroxy-5-methoxy-1,3-phenylene)dimethanol is added via powder funnel 

and the solid completely dissolves. With rapid stirring, the product begins to crash out at t = 

3 m. and at once solidifies the entire reaction mass with crystalline product. The flask is 

immediately dumped out with aid of a teflon scoopula onto a fine scintered glass filter 

funnel and vacuum applied to remove AcOH. The product is then washed 2 X 1 ml cold 

AcOH followed by 3 X 2 ml pentane and dreid in a scintillation vial under high vacuum 

overnight to yield 1.5 g of a yellowish solid, 89%. The product was purified by 

recrystallization from cyclohexane and melted at 113-114'. 
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Synthesis of 7 – The same procedure for the preparation of 6 was followed from substrate 5 

to give 7 to give a yield of 72%. 

 

 

 

 

Synthesis of 8 – Method A) 0.5 g 2,6-bis(bromomethyl)-4-methoxyphenol (1.6 mmol, 1.0 

Eq.) was added to a 15-ml RBF with teflon coated stir bar, stoppered under Argon and 6 ml 

acetonitrile added and stirring commenced. After complete dissolution, the reaction was 

cooled to 0°C, and a solution of ceric ammonium nitrate (1.86 g, 3.4 mmol, 2.1 Eq.) in 6 ml 

diH2O (prepared in a 10 ml Flacon tube) was taken up via 10-ml syringe and added to the 

solution of phenol. TLC's at 15 and 45 min in 20% EtOAc:Hex confirmed the formation of a 

single non-polar spot Rf: 0.40 whereas the starting material resided at Rf: 0.32. The mixture 

was then poured into 6 ml H2O/ 25 ml CH2Cl2 and aqueous layer extracted an additional 2 X 

10 ml CH2Cl2, organic layers combined and dried over anhy. MgSO4, filtered and 

concentrated to yield a crude brown solid. Immediate column chromatography over silica 

gel using 3:2 CH2Cl2/Hexanes afforded 77% of pure product in the first row of fractions. 

The product was stored in the -20°C freezer, covered in foil. 'H NMR (CDCl3,) 6 4.28 (s, 4 

H, CH2Br), 6.91 (s, 2 H, =CH). 

Method B) Starting from 1,3-bis(bromomethyl)-2,5-dimethoxybenzene (7) the same 

procedure was followed and yielded 82% of 8. 
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Synthesis of 9 - In a 50 ml pear bottom flask, 6.0 g dry imidazole (vacuum desiccator) (90 

mmoL, 2.5 Eq.) is added and the flask is stoppered. The imidazole is solvated in 20 ml 

anhydrous DMF and stirring is started. 5.00 g (36 mmol, 2.1 Eq.)  2,6-dimethyl-1,4-

hydroquinone is added to this mixture via powder funnel, followed by dropwise addition of  

a solution of 11.45 g tert-butyldimethylsilylchloride (76 mmoL, 2.1 Eq.) in 10 mL DMF 

over 5 min.  The mixture is stirrred for 10 min at 19 °C and then elevated to 40 °C for an 

additional 14 hrs to ensure complete protection of the hindered phenol. The mixture is then 

poured directly into a 500 ml separatory funnel containing 75 mL hexane/75 ml NaHCO3 

and aqueous phase extracted 2 X 50 ml hexane, organic layers combined, dried over anhy 

Na2SO4, filtered and concentrated to yield a clear oil. The crude mixture is subjected to 

column chromatography, 2% EtOAc/Hexanes to give 12.9 g of a clear oil.   

 

Synthesis of 10 – The procedure is analogous to the preparation of 9, with exception of the 

amount of equivalents of the volatile silyl chloride and imidazole used (indicated in reaction 

scheme). Yield, 95% on a 5 g scale.  
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Synthesis of 11 - 2.0 g (5.5 mmol, 1.0 Eq.) of the disilyether of 1,4-hydroquinone was 

added to a 50 mL Schlenk flask along with Teflon-coated stirbar. The flask was evacuated, 

filled with nitrogen and 5 mL CCl4 was added via syringe. The stopper was removed and 

2.14 g (12 mmol, 2.2 Eq.) N-bromosuccinamide was added in one portion via powder 

funnel, followed immediately by 90 mg Azobisazobutyrlnitrile (AIBN) (0.55 mmol, 

0.01Eq.) The flask was washed down with the remaining 6 mL CCl4 and stirring started 

cautiously. The reation is heated to 75 C and irradiated with a 250-watt tungsten lamp for 12 

h. TLC shows evolution of mono-bromo, di-bromo products at 12 hrs TLC indicates about 

80% converstion to the di-brominated product along with mono and unbromonated trace 

spots. The reaction is cooled to 19 C and washed by adding 30 mL CH2Cl2 and washing the 

organic layer 3 X 20 mL diH2O. The organic layers are dried with MgSO4 and filtered 

through a fritted glass funnel, concentrated to yield a crude light brown oil. The oil was 

columned on silica (10% EtOAc:90 % hexane) to yield 2.22 g, 77% of a clear oil.  
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Synthesis of 12 - General Tosylation Procedure: To a solution of diol (5.0 g, 18 mmoL, 1 

Eq.) in 15 mL NaOH (2.9 Eq based on NaOH M.W.)/5 mL THF is added (2.2 Eq., 39 mmol) 

p-toluenesulfonylchloride dissolved in 10 mL THF over 1 hr, maintaining the reaction 

mixture at 0 C under vigorously stirred conditions. The reaction is stirred vigorously until no 

starting material is present (t=4hrs) by TLC 80:20 Hexanes: EtOAc and the solution 

evaporated at ambient temperature under high vacuum to remove the THF. The mixture is 

then back-extracted into 100 mL H2O/ 100 mL CH2Cl2, extracting the water layer 2X50 

mL additional CH2Cl2 and finally washed gently with 100 mL sat. NaCl solution. The 

organic layer is separated, dried over anhy. Na2SO4 and concentrated to give the di-

tosylated derivative in essentially quantative yield, 4.14 g, >99% yield. 

 

Synthesis of 13 - Method A) To a 1 L RBF with large Teflon stir bar was added 8.6 g (2-

hydroxy-5-methoxy-1,3-phenylene)dimethanol (1.0 Eq., 46.7 mmoL) followed by cannula 

transfer of 400 mL freshly distilled 1,4-dioxane (from Na/benzophenone). Next, 14.5 g (0.36 

mol, 7.8 Eq.) finely ground freshly prepared sodium hydroxide was added to the stirred 

solution via powder funnel and the solution stirred for 5 minutes at 19°C. In a separate 100 

mL pear shaped flask, 23.5 g tertraethyleneglycolditosylate 12 (46.7 mmol, 1.0 Eq.) was 
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dissolved in 70 mL dioxane and transferred via cannula at once to the 1 L reaction flask. The 

flask was heated to reflux for 12 hrs, cooled to room temperature, filtered to remove any 

solids and concentrated to yield a crude white solid/oil mixture. The mixture was taken up in 

dichloromethane (100 mL) and washed with 100 mL diH2O, dried over anhy. MgSO4, 

filtered and concentrated to yield 19 g crude crown mixture. The mixture was then columned 

on silica gel 2% MeOH/CH2Cl2 to give 8.49 g 13 as pure white crystals, 51% yield.  

Method B) To a flame-dried 100 mL RBF flask is added a 0.31 g sodium hydride (60% w/w 

in mineral oil) (2.5 Eq., 7.7 mmoL) and the solid washed with hexanes 3 X 5 mL. The flask 

is evacuated and put under Ar(g) and a solution of 0.6 g anhydrous Tetraethyleneglycol (1.0 

Eq., 3.1 mmoL) in 10 mL THF is slowly added drop wise to the neat sodium hydride with 

rapid stirring at 0°C and allowed to come to 19°C after 10 m. at 0°C. 1.0 g of the dibromide 

9 (1.0 eq., 3.1 mmoL) is dissolved in 20 mL THF and added at once to the rapidly stirring 

mixture. The mixture is refluxed for 8 h, being worked up and purified as in method A 

above to yield 0.69 g of a white crystalline solid, 63% yield. 

 

Synthesis of 14 -To a stirred solution at 19 °C containing 2.00 g (16.36 mmol) of 2,6-

dimethylphenol (31) in 20mL of diethyl ether was added dropwise a solution containing 

11.0 g (36.9 mmol) of sodium dichromate-dihydrate and 7 mL of sulfuric acid in 20 mL of 

water (Jones reagent). The reaction mixture was stirred at 19 °C for 16 h, and was then 

poured into 150 mL of water. The product was extracted using three 150-mL portions of 
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ether. The combined organic layer was washed with 150mL of water, then with 150mL of 

brine, and was then dried (MgSO4) and concentrated under reduced pressure to afford 2,6-

dimethyl-p-benzoquinone (14) as a yellow solid; yield 2.10 g (94%); mp: 65–66 °C; silica 

gel TLC 0.60 (5:1 hexanes/ethyl acetate); 1H NMR (600 MHz, CDCl3) δ 2.05 (s, 6H) and 

6.55 (s, 2H) 

 

Synthesis of 15 - A mixture of 0.27 g 2,6-dimethyl-1,4benzoquinone (14) (1 Eq., 2 mmol), 

33 mg Bi(OTf)3 (0.025 Eq., 0.05 mmol) and 0.46 g allyltrimethylsilane (2 Eq.,4 mmol, 

0.64mL) in dichloromethane (10 mL) was stirred at room temperature for 12 m. After 

completion of the reaction as indicated by TLC, the reaction mixture was quenched with 

water (15 mL) and extracted with dichloromethane (2×10 mL). Evaporation of the solvent 

followed by purification on silica gel using 5% ethyl acetate-hexanes afforded 0.32 g, 89% 

yield of the pure allyl derivative. 1H NMR (CDCl3) ?: 3.30 (d, 2H, J=6.5 Hz), 4.35 (brs, 1H), 

4.40 (brs, 1H), 5.09 (dd, 2H, J=1.7, 17.3 Hz), 5.95–6.0 (ddt, 1H, J=6.5, 10.2, 17.3 Hz), 6.57–

6.75 (m,3H). 
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Synthesis of 16 – General Procedure: 1 Eq. of the above carbonate salts was added to a 0.2 

M solution of 3 in anhydrous DMF at room temperature and the reaction was stirred for 1 h. 

at room temperature. 1.0 Eq. freshly distilled allyl bromide was then added and the mixture 

stirred until no more progress was seen by TLC. Crude 1H NMR were taken to determine the 

ratio of intraannular to peripheral substitution See S-16. The ratio of products was nearly 

almost 50:50 and both products had an Rf value of 0.6 using 10% MeOH/CH2Cl2 which 

made the solid white product impossible to separate by chromatography.  

 

Synthesis of 17 - To a flame-dried 50 mL RBF flask is added a 0.12 g sodium hydride (60% 

w/w in mineral oil) (1.5 Eq., 3 mmoL) and the solid washed with hexanes 3 X 2 mL. The 

flask is evacuated and put under Ar(g) and a solution of 0.5 g anhydrous 2-hydroxymethyl-

15-crown-5 (1.0 Eq., 2.0 mmoL) in 10 mL THF is slowly added drop wise to the neat 

sodium hydride with rapid stirring at 0°C and allowed to come to 19°C after 10 m. at 0°C. 
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0.36 g of 5-bromopentene (1.2 Eq., 2.4 mmoL, 0.28 mL) is then added and the reaction 

mixture brought to a gentle reflux for 24 h. The mixture is then hydrolyzed by the addition 

of 0.12 mL diH20, 0.24 mL of 2M NaOH and finally 0.24 mL diH2O. 50 mg activated 

carbon, anhy Na2SO4 are added to the mixture and stirred for 2 h. The reaction is then 

filtered through a plug of celite 545 with additional Na2SO4 atop the pad and washed 

thouroughly 3 X 5 mL anhy THF. The crude mixture is concentrated in vacuo to yield a 

yellowish oil that upon purification using 15% EtOAc:Hexanes on SiO2 furnished 0.58 g of 

a clear, viscous oil, 91% yield. 

Synthesis of 18 – The procedure was followed as outlined in 17. Yield, 96% of a clear 

viscous oil.  

 

 

 

Synthesis of 19 and 20 – Procedure was followed as in 17 above but required no heating 

and only 12 h. to go to completion. Elution on SiO2 using a slightly more polar mobile phase 

of 5% MeOH:CH2Cl2 furnished  
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Synthesis of 21 – To a chilled solution at 0°C of 16.1 mL distilled 2-chloroethanol (from 

Drierite) (1.0 Eq., 19.4 g, 0.16 mol) and 21.9 mL (1.0 Eq., 20.3 g, 0.16 mol) freshly distilled 

dihydropyran (from Na) in a 250 mL RBF is added 1 drop concentrated hydrochloric acid 

and the mixture stirred for 1 h. at 0°C followed by 12 h at 19°C. After the reaction went to 

completion, 0.46 g tribenylamine (0.01 Eq. 1.6 mmoL) is added and the mixture is 

fractionally distilled at 1-2 torr, 39°C with one bulk fraction coming after the forrun of 

unreacted dihydropyran to yield 26.18 g, 99% of a clear oil.  

 

Synthesis of 22 - A solution of 15 g of 2-chloroethanol (1.0 Eq. 0.19 mol) in 130 mL of dry 

pyridine was cooled to 0°C, and a solution of 36.2 g (1.02 Eq. 0.19 mol) of tosyl chloride in 

60 mL of dry pyridine was added with stirring at a rate so that the temperature of the 

reaction mixture never exceeded 2°C (ca. time 2 h.). The mixture was then placed in the 

refrigerator for 18 h. After 18 h at 4°C, the reaction mixture was poured over crushed ice, 

and the resulting aqueous solution was extracted with CH2C12. The organic layer was 

washed (0°C) with 6 N HCI solution, with brine, dried, and evaporated at 25°C to give a 

viscous oil which was chromatographed on silica gel (2% MeOH in CH2C12) to give 41.5 

g, 93% yield of the tosylate as a low viscosity clear oil. 

 

Synthesis of 23 – Method A) To a suspension of NaHCO3 and NaI in anhydrous distilled 

acetonitrile is added via syringe dissolved in acetonitrile compound 21 and the mixture 
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brought to reflux under Ar (g) and covered in aluminum foil to avoid exposure to ambient 

light (fast discoloration occurs). The THP ether was distilled under reduced pressure (0.1-1 

torr, 49-65°C) fractions B and C were carried onto the next step.  

Method B) General Procedure for THP protection of primary alcohols: A 250-mL 

2-neck RBF containing (0.1 Eq, 5.8 mmol) pyridinium-p-toluenesulfonate is charged with 

24 mL anhydrous dichloromethane and 10 g (58 mmol, 1 Eq.) 2-iodoethanol is added at 

once. The flask is cooled  in an acetone/crushed ice bath at -10 C and freshly distilled 

tetrhydropyran ( 1.5 Eq.) is added over 30 minutes via syringe pump.with vigourous stirring. 

The mixture is stirred for an additional 15 minutes on ice and temperature brought to 

ambient for an additional 2 hours. The stirbar was removed and mixture extracted in a 

seperatory funnnel containing sat. NaCHO3 (50mL)/CH2Cl2 (50ml), 3X, organic layers 

combined  and finally washed 1 X 50 mL sodium thiosulfate, followed by 50 mL of sat. 

NaCl soln. The organic layer was dried over anhy. Na2SO4, filtered and concentrated to 

give the title compound in nearly quantitative yield. The crude mixture was subject to 

distillation under high vacuum through a jacketed distillation head (water cooled) and 

collected in a flask sitting in a dry ice/Acetone bath. The yield after distillation was nearly 

quantitative (14.8 g, 99%). 

 

Synthesis of 24 – Refer to the procedure in synthesis 22. Slightly viscous clear oil.   
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Synthesis of 25 – Refer to the general procedure for THP protection of primary alcohols. 

(Synthesis 23, Method B) 

 

 

Synthesis of 26 – Refer to Synthesis 23, Method A. Yield, quantitative. Gives a non-viscous 

clear oil when freshly distilled, discoloration occurs upon prolonged exposure to light or air. 

All THP ethers containing iodide halogen functionality were stored in a -20°C freezer under 

Ar(g). No decomposition was noticed under these conditions.  

 

Synthesis of 27 – To a stirred suspension of 10.0 g (1.0 Eq., 72.4 mmoL) 3,4-

dihydroxybenzaldehyde, 58.6 g cesium carbonate (2.5 Eq. 0.18 mol) and 10 g potassium 

carbonate (1.0 Eq., 72.4 mmoL) in 240 mL anhydrous acetonitrile is added 50.0 g (3.3 Eq., 

0.24 mol) 2-(2-(2-chloroethoxy)ethoxy)tetrahydro-2H-pyran 21 under inert atmosphere. The 

mixture is brought to reflux under rapidly stirred conditions for a duration of 72 h., cooled to 

19°C, filtered through a 50mm sintered glass funnel containing ½” anhy. Na2SO4, topped 

with quartz wool, and concentrated to yield a crude non-viscous reddish oil. The mixture was 

pure by 1H NMR giving a yield of 35.0 g, 100%.  
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Synthesis of 28 – 1.0 g 1,2-dihydroxyanthraquinone (1.0 Eq., 4.2 mmol), 0.25 g cesium 

fluoride (0.4 Eq., 1.7 mmol) and 2.9 g cesium carbonate (2.1 Eq., 8.7 mmol) are dissolved in 

26 mL anhydrous DMF and the mixture is stirred for 2 h. at 19°C. Next, 3.3 g 2-(2-

iodoethoxy)tetrahydro-2H-pyran (3.1 Eq., 12.9 mmol) is added via syringe and the reaction 

vessel is covered in aluminum foil and the temperature is raised to 60°C monitoring the 

reaction by TLC 3:1 Hexanes/EtOAc for 3 days where the reaction was observed to go to 

completion. The mixture was cooled to 19°C, filtered through a 25mm sintered glass funnel 

and filter cake washed 3 X (10 mL) DMF. The flow through was distilled to remove the 

DMF and excess 2-(2-iodoethoxy)tetrahydro-2H-pyran, drying additionally under ultra-high 

vacuum at 50°C overnight. The solid mixture was then taken up in 50 mL dichloromethane, 

washed with 50 mL diH2O, followed by 50 mL sat. sodium thiosulfate and the organic layer 

dried over anhydrous MgSO4, filtered, concentrated to yield 1.94g, 94% yield pure 28 as a 

yellow solid.     
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Synthesis of 29 - 

 

Synthesis of 30  

 

Synthesis of 31 – See procedure S-9 

 

Synthesis of 32 and 33 - General Williamson Ether Synthesis Conditions: 

To a 300 mL suspension of 3,4-dihydroxybenzaldehyde (10 g, 91 mmoL) and potassium 

carbonate (3.5 Eq. 320 mmoL) (powdered) in anhy. acetonitrile in a 2-neck 500 mL round 

bottom flask with jacketed reflux condenser is added 3.3 Eq. freshly distilled ( ) 2-(2-

chloro)ethoxyethanol. The mixture is refluxed for 72 hours under argon until no starting 

material appears by TLC. The mixture is then filtered to remove salts, concentrated and 100 

mL distilled water added. The aqueous solution is extracted with EtOAc (3X100mL), dried 

over anhy Na2SO4, filtered and concentrated to give a yellow oil which was purified by 

column (50:50 Hex/EtOAc) to give the clear pure diol, 93-97% yield. 
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Synthesis of 34 To a stirred suspension of 1.0g of 2,2'-(((1,2-phenylenebis(oxy))bis(ethane-

2,1-diyl))bis(oxy))diethanol (3.49 mmol, 1 Eq.) in a 50mL schlenck tube in 17.45mL of 

dichloromethane 1.02mL of triethylamine (7.33 mmol, 2.1 Eq.). With extreme caution, 

0.568mL of methanesulfonylchloride (7.33 mmol, 2.1 Eq.) was added drop wise to the 

mixture over the course of twelve minutes at 0oC, and then stirred for an hour until room 

temperature was reached. Once the reaction was at room temperature it was stirred for an 

additional twelve hours. The mixture was filtered through a small plug column of silica gel. 

The solvent was removed under reduced pressure to yield 2 (1.429g, 93% yield) as a clear 

oil. The degree of isotope labeling was determined by 1H NMR ( > 99%): 1H NMR (600 

MHz, Chloroform-d) δ 7.03 – 6.78 (m, 1H), 4.42 – 4.39 (m, 1H), 4.17 – 4.14 (m, 1H), 3.92 – 

3.87 (m, 1H), 3.87 – 3.83 (m, 1H), 3.09 – 3.03 (m, 3H); 13C NMR (151 MHz, Chloroform-d) 

δ 148.67 , 121.73 , 114.43 , 76.79 , 69.90 , 69.40 , 69.21 , 68.63 , 37.69 , 29.68; HRMS 

(ESI+) calculated for C16H26O10S2Na (M+Na) 465.09; found 465.0840. 
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Synthesis of 35 - General Tosylation Procedure: 

To a solution of diol (5.0 g, 18 mmoL, 1 Eq.) in 15 mL NaOH (2.9 Eq based on NaOH 

M.W.)/5 mL THF is added (2.2 Eq., 39 mmol) p-toluenesulfonylchloride dissolved in 10 mL 

THF over 1 hr, mainaing the reaction mixture at 0 C under vigourously stirred conditions. 

The reaction is stirred vigoursly until no starting material is present (t=4hrs) by TLC 80:20 

Hexanes:EtOAc and the solution evaporated at ambient temperature under high vacuum to 

remove the THF. The mixture is then back-extracted into 100 mL H2O/ 100 mL CH2Cl2, 

extracting the water layer 2X50 mL additional CH2Cl2 and finally washed gently with 100 

mL sat. NaCl solution. The organic layer is seperated, dried over anhy. Na2SO4 and 

concentrated to give the di-tosylated derivative in essentially quantative yield, 4.14 g, >99% 

yield. 

 

Synthesis of 36 – See general Tosylation procedure for synthesis of 36. Clear, viscous 

oil, 98% yield. 

 

Synthesis of 37 - To 4 Eq. (64 mmoL) of anhydrous ammonium iodide in 150 mL anhy. 

DMF [0.09], was added the bisphenylenedioxoditosylate compound  glycol derivative 

dissolved in 30 mL anhy DMF via syringe at once at ambient temperature. The mixture was 

stirred vigoursly for 10 min at ambient, and temperature slowly raised to 60 C using a 
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heating block. The mixture was stirred for a total of 5 hours at 60 C and concentrated in 

vacuo to remove excess DMF. The mixture was taken up in equal volume hexane/1M HCl 

(200 mL tota), extracting additionally 2 X 50 mL hexane to give the pure iodide, 7.6 g, 95% 

yield. 

 

 

Synthesis of 38 – Procedure S37 was used to transform the bis-tosylate PEGDT into the 

diiodide in 97% yield. The substance was a clear fluid oil.  

 

 

Synthesis of 39 

 

 

 



 

324 

 

Synthesis of 40 – 70 mg Tris(pentafluorophenyl)borane (0.02 Eq., 0.14 mmol) along with 

1.0 g 5-allyl-2-methoxyphenol (1 Eq., 6.8 mmol) were added to a 2-neck 50-mL RBF with 

reflux condenser containing 17 mL anhydrous distilled dichloromethane and the mixture 

was cooled to 0°C. 2.5 g freshly distilled triethylsilane (3.2 Eq., 21.7 mmol) was added 

dropwise at first until bubbling was noticed in the reaction mixture, the addition was slowed 

to give a constant, controlled bubbling (ca. add. time 1h @ 0°C) and under careful 

supervision, the reaction was gradually warmed to 19°C by adding no more ice to the wet 

ice bath and finally ice bath removed and mixture stirred at 19°C for 24 h. to ensure 

complete hydrosilylation of the alcohol/ether functionality. At t=24 h., 3.44 g triethylamine 

(5.0 Eq., 34 mmol) is added along with 100 mg of activated carbon, and the mixture stirred 

for an additional 24 h. The entire reaction mixture is then poured through a tall 25 mm 

diameter sintered glass funnel containing the following layers from the bottom up: 

Brockman Grade I alumina (1 inch), activated carbon (1/8”), celite 545 (2 inch), quartz wool 

and sand (1 inch) giving 2.48 g, 97% yield of a clear, non-viscous oil.  

Method A) 

 

  

Method B) 
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Synthesis of 41 – Method A) To a degassed suspension of 4.8 g (4 Eq., 31.7 mmol) CsF 

and 5.4 g Cs2CO3 (2.1 Eq., 16.6 mmoL) in 24 mL anhydrous freshly distilled DMF 

contained under inert Ar (g) atmosphere (Crucial to reaction success) is added neat 3.0 g 

(1.0 Eq., 7.9 mmoL) of the bis-TES protected Eugenol 37 followed immediately by addition 

of 3.0 g (3.0 Eq., 23.8 mmol) freshly distilled 2-(chloroethoxy)ethanol and the reaction is 

covered in aluminum foil and slowly brought to a temperature of 50°C where by hour 36 

TLC analysis (via needle/capillary) indicates complete conversion of the starting material to 

the di-alkylated product. The mixture is filtered through a CLEAN sintered glass funnel to 

remove initial salts, washing with 3 X (5mL) fresh DMF. The flow-through is distilled under 

reduced pressure and inert atmosphere to remove excess DMF. The crude oil is dissolved in 

50 mL CH2Cl2/ 50 mL diH2O and allowed to separate. The organic layer is collected and 

dried over anhy. MgSO4, filtered and concentrated to yield 2.5 g, 97% of a pure clear viscous 

oil. 

Method B) - To a 2-neck 50-mL RBF with reflux condenser is added 1.5 g (10.1 mmol, 

1 Eq.) 4-allylbenzene-1,2-diol followed by 3X vac/purge cycles of Ar(g). 20 mL anhydrous 

DMF is added through the septum and stopper briefly removed as 7.2 g Cs2CO3 (2.2 Eq., 

22.2 mmoL) is added in one portion via powder funnel under positive Ar(g) pressure, 

rinsing down the sides with the reserved 10 ml DMF, replacing the septum stopper. After 10 

minutes of vigourous stirring, 2.8 g (2.2 Eq., 22.2 mmoL, 2.33 mL) 2-(chloroethoxy)ethanol 
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is added dropwise via syringe and the stopper is replaced with a greased glass plug. The 

temperature is increased to a gentle reflux and the mixture begins to darken to a yellowish 

color. Reflux is continued until at T=20 h, TLC (90:10) CH2Cl2:MeOH Rf: 0.43 (di-

alkylated product) indicates no starting material remains. The mixture is cooled to room 

temperature and filtered to remove solids. The solids are washed with 2 X (5 ml) DMF and 

concentrated to a minimal volume. The resulting oil is columned on Silica gel previously 

deactivated and dried with 10% Et3N in CH2Cl2 using a 90:10 mixture of CH2Cl2:MeOH to 

elute the pure product in the third row 2.1 g, 63% yield.   

 

 

Synthesis of 42 and 43 –  

To a three-neck, 1000mL, flask containing 700mL of anhydrous dimethylformamide and a 

medium teflon-coated, egg-shaped stir bar is added 1.68g of 1,2-dihydroxy-9,10-

anthracenedione (7.0 mmol, 1.0 Eq.). The solid is dissolved and 6.84 g of anhydrous cesium 

carbonate (21.0mmol, 1.0 Eq.) is added in one portion via powder funnel. Finally, 9.4mL 
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(140mmol, 20.0 Eq.) of freshly distilled 2-chloroethanol is added via syringe through the 

rubber septum at once. The reaction is then heated in an oil bath at 110oC for eighteen hours. 

The reaction was then further heated at 130oC for an additional eight hours. After eight 

hours at 130oC, the reaction was lowered to 120oC overnight for an additional ten hours. At 

the forty-six hour mark, no progress could be seen, an additional 2.28g of cesium carbonate 

(7.0mmol, 1.0 Eq.) for a total of 4 Eq., as well as 11.25g of 2-chloroethanol (140mmol, 20 

Eq.) for a total of 40 Eq. while the temperature was kept at a constant 120oC. At the seventy-

two hour mark the temperature was increased to 165oC with vigorous stirring for an 

additional eighteen hours. The reaction was then filtered through a medium sintered glass, 

fritted funnel into a 2L round bottom flask, and condensed under reduced pressure to yield a 

mustard colored semi-solid. The solid paste was extracted with three portions of boiling 9:1 

ethyl acetate ( EtOAC), 200p ethanol (EtOH). The remaining paste was dissolved in 50:50 

pyridine, EtOH, about 100mL, and 25mL of EtOAC was added to aid the dissolution of the 

crude paste. Both the EtOAC, EtOH and the pyridine, EtOH, and EtOAC solutions were 

treated with anhydrous sodium sulfate (Na2SO4) and activated carbon, just below their 

boiling points. They were then filtered through celite and Na2SO4 in a fritted funnel and 

concentrated down under reduced pressure to yield .606g, 45% yield of a light yellow solid. 

Spectral Info (Compound 43) The degree of isotope labeling was determined by 1H NMR ( 

> 99%): 1H NMR (800 MHz, Chloroform-d) δ 8.27 – 8.23 (m, 2H), 8.14 (d, J = 8.5 Hz, 1H), 

7.75 (td, J = 7.2, 1.7 Hz, 2H), 7.24 (d, J = 8.7 Hz, 1H), 6.95 – 6.90 (m, 4H), 4.36 (t, J = 4.8 

Hz, 2H), 4.28 (t, J = 5.2 Hz, 2H), 4.25 – 4.23 (m, 2H), 4.21 (dd, J = 5.1, 3.2 Hz, 2H), 4.16 

(q, J = 5.2 Hz, 4H), 4.08 – 4.07 (m, 2H), 4.03 (t, J = 4.6 Hz, 2H); 13C NMR (201 MHz, 

Chloroform-d) δ 182.66 , 182.37 , 158.37 , 149.23 , 148.69 (d, J = 3.1 Hz), 135.12 , 133.81 , 
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133.45 , 132.97 , 127.39 , 127.15 (d, J = 9.5 Hz), 126.65 , 125.16 , 121.81 , 121.27 , 116.80 , 

114.70 , 113.77 , 73.09 , 70.79 , 70.29 , 69.85 , 69.72 , 69.51 , 69.16 , 68.43 , 29.69; HRMS 

(ESI +) calculated for C28H26O8 Na (M+Na) 513.15; found 513.1505. 

 

Synthesis of 44- (Step 1 of 2) - 1.0 g 9,10-dioxo-9,10-dihydroanthracene-2-carboxylic acid 

(1 Eq., 4 mmoL) is added to a 50-mL pear-shaped flask with stirbar and the mixture is 

solvated in 20 mL anhydrous CH2Cl2 and cooled to 0°C. Next, 5.08 g oxalyl chloride is 

added and the suspension is stirred rapidly (does not dissolve) followed by catalytic distilled 

DMF (100μL). The heterogeneous mixture is stirred for 1 h. at 0°C and then gradually 

warmed to 19°C, where the mixture bubbled rapidly with evolution of CO2 gas becomeming 

homogenous and clear. After stirring for an additional 3 h. at 19°C, the stir bar is removed 

via oven-dried stirbar remover and the mixture distilled under slight vacuum to remove the 

solvent and excess oxalyl chloride and finally dried under high-vacuum overnight at 50°C to 

furnish a tan solid. The compound was used without further purification. An NMR was 

taken to confirm all carboxylic acid peaks had disappeared and compared with standard 

spectra (SDBS). 1.05 g of dried, 98% of pure material was obtained and used immediately in 

the next step. 
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Step 2 of 2: 1.05 g (1 Eq. 3.9 mmol) of the acid chloride was dissolved in 20 mL of a 50:50 

mixture of THF:PhMe at 0°C and 0.56 g 3-aminopropyldimethylethoxysilane (1.0 Eq., 3.9 

mmol) was added in one shot followed by the addition of 3.95 g triethylamine (10 Eq., 39 

mmoL) and the reaction allowed to come to room temperature.   

 

Synthesis of 45 1.0 g (1.0 Eq., 4.2 mmol) recrystallized, dry 2,3-dihydroxyanthracene-9,10-

dione is dissolved in 28 mL anhydrous DMF and 0.53 g (1.5 Eq., 6.2 mmol) sodium 

bicarbonate is added via powder funnel. The mixture is stirred for 30 m. at 19°C and 2.5 g 

freshly distilled allyl bromide is added to the mixture. The mixture is brought to a 

temperature of 50°C and stirred at this temperature for 48 h.. 8.1 g solid anhydrous citric 

acid (10 Eq., 42 mmol) is added to the cooled mixture, stirred for 20 minutes, and the 

mixture is poured into a 500 mL beaker containing 350 mL diH2O cooled to 0°C in a wet ice 

bath. The product immediately crashed out as a bright orange solid, refrigerated for an 

additional 4 hrs, filtered, washed 4 X (100mL) diH2O and dried under vacuum in a 

desiccator over Drierite for 48 hrs to give 1.07 g, 91% yield of the pure monoallylether as a 

bright orange solid.   
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Synthesis of 46 and S47 – See procedure 48 below. The  

 

 

Synthesis of 48 – 1.0 g (1.0 Eq., 4.2 mmol) recrystallized, dry 2,3-dihydroxyanthracene-

9,10-dione is dissolved in 28 mL anhydrous DMF and 0.53 g (1.5 Eq., 6.2 mmol) sodium 

bicarbonate is added via powder funnel. The mixture is stirred for 30 m. at 19°C and 2.5 g 

freshly distilled allyl bromide is added to the mixture. The mixture is brought to a 

temperature of 50°C and stirred at this temperature for 48 h.. 8.1 g solid anhydrous citric 

acid (10 Eq., 42 mmol) is added to the cooled mixture, stirred for 20 minutes, and the 

mixture is poured into a 500 mL beaker containing 350 mL diH2O cooled to 0°C in a wet ice 

bath. The product immediately crashed out as a bright orange solid, refrigerated for an 

additional 4 hrs, filtered, washed 4 X (100mL) diH2O and dried under vacuum in a 

desiccator over Drierite for 48 hrs to give 1.07 g, 91% yield of the pure monoallylether as a 

bright orange solid.   
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Synthesis of 49 – 1.0 g 1-allyoxy-8-hydroxy-9,10-anthracenedione (1 Eq. 3.6 mmoL) is 

dissolved in 45 mL glacial acetic acid and 2.95 g potassium iodide (5.0 Eq., 18 mmol) 

followed by 1.92 g of silver powder (5.0 Eq., 18 mmol) and the reaction brought to reflux 

for 17 h. where no more product formation was indicated by TLC. The mixture is then 

filtered hot (100°C) through a sintered glass funnel and the solids are washed with 20 mL 

hot glacial acetic acid. The recovery flask is distilled under reduced pressure to remove any 

glacial acetic acid remaining in the crude mixture. The crude solid is chromatographed on 

SiO2 2-5%MeOH:CHCl3 to give 0.6 g, 60% of the rearranged product 46.   

 

 

Synthesis of 50 and 51 – To a 50 mL low profile cylindrical pressure vessel with large egg-

shaped stir bar (3/4”) is added 5.0 g (1.0 Eq., 17.8 mmol) of the respective monoallylether 
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40 or 45. The flask is purged with Ar (g), sealed tightly and the bright orange substrate is 

heated in the dark slowly to 180°C, with melting occurring at T≈130°C. The melt is stirred 

at 180°C for 12 h., cooled to 19°C and solidified to give 5.0 g, 100% of the rearranged 2 and 

3-substituted propenyl dihydroxyanthraquinones 50 and 51.  

 

 

Synthesis of 52 and 53 – See procedure S64 for the preparation of 52, 99% yield. 

Preperation of 53 -  5.00 g of the crude pure 52 was added to a 15 mL round bottom flask 

with stir bar and reaction inlet with septum. The flask was evacuated/ backfilled with Ar(g) 

for a total of 3 times. The mixture is then heated to 180˚C on a heating bock with rapid 

stirring and at t=12 hrs, complete conversion to the rearranged phenol 53 was complete by 

TLC (10% EtOAc:hexanes) to give 4.95 g of 53, 99% yield.    

 . 

 

Synthesis of 54 – See procedure S-2. Red/orange oil.  
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Synthesis of 55 – See procedure S-64 for hydrosilyation procedure. Purification on SiO2 

using 2-5% EtOAc:Hexanes gradient elution to give 55 as a bright reddish-orange oil in 

quatitative yield.  

 

Synthesis of 56 - To a 100 mL 2 neck flask equipped with a Dean-Staark trap and reflux 

condenser is added 1.54 g 1,2,7-trihydroxy-9,10-anthracene (1.0 Eq., 6 mmol) dione, 30 mg 

Amberlyst 15 (dry) ion exchange resin, 2.9 g triethylorthoacetate (3.0 Eq., 18 mmol, 3.3 

mL) and 60 mL distilled benzene. The heterogeneous mixture is brought to reflux for a 

duration of 24 h. and cooled to room temperature. The heterogenous mixture is filtered 

through a sintered glass funnel, rinsed with 25 mL EtOAc, dried and was identified as 0.62 g 

of recovered starting material. The flow-though is added to a 250-mL separatory funnel, 

washed with 50 mL sat. NaCHO3, dried over anhy. Na2SO4, filtered and concentrated. The 

crude protected alcohol is columned on SiO2 10% EtOAc:PhMe to give 1.3 g, 67% of the 

orthoesther as a yellow solid.  
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Synthesis of 57 – To a 500 mL 2 neck round bottom flask equipped with a ¾ inch Teflon 

coated stir bar and water jacketed reflux condenser is first added stir bar is added potassium 

tert-butoxide (31.3 g, 0.28 mol, 2.8 Eq.) followed by 2-choroaceticacid sodium salt (31.3 g, 

0.27 mols, 2.7 Eq) to a stirred solution of 300 mL anhydrous t-butanol. The mixture is stirred 

vigoursely for 5 minutes at 19 C and 3-allyoxy-1,2-propane diol (13.2 g, 0.1 mol, 1.0 Eq.) is 

added in one portion to the rapidly stirred mixture. The mixture is heated to reflux for 40 hours 

where a check by TLC indicated all spots had disappeared and a polar spot RF:0.06 90:10 

CH2Cl2:MeOH was observed using KMNO4 dip. The mixture was  cooled, filtered, rinsed 

with 50 ml EtOAc and extracted 3 X 100 mL EtOAc from 100 mL 1 M HCl. The organic 

layers were combined, washed with 100 mL sat NaCl soln. and dried over anhydrous sodium 

sulfate, filtered and concentrated to yield a viscous brown oil which was distilled slowly to 

remove the light fraction (b.p. 135-145, 0.8-2.0 torr) which was discarded leaving the pure 

acid in the distillation flask. Yield:  
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Synthesis of 58 – To a suspension of lithium aluminum hydride (6.1 g, 0.16 mol, 4 Eq) in 

260 mL THF at 0 C was added the di-carboxylic acid (10 g, 40 mmol, 1.0 Eq.) dissolved in 

50 mL anhy. THF over 15 mminutes. The reaction was allowed to stir for 1 hour at 0 C, ice 

bath removed and stirred at 19 C for 3 hours and finally refluxed overnight for an additional 

12 hrs, cooled to 0 C and quenched with the following procedure: first added was 6.12 mL 

diH2O, 6.12 mL 15% NaOH, 18.3 mL diH20 until all evolution of H2(g) ceased. The 

mixture is then cautiously warmed to room temperature after 1 hour of stirring and additions 

of quenchers and filtered  through a 2” pad of anhydrous sodium sulfate padded with cotton 

to afford the pure diol in quantitative yield. 

 

 

Synthesis of 59 – In a 25 mL pear-shaped RBF with teflon-coated stirbar is added 1.0 g (4 

mmol, 1.0 Eq.) of bis-acid 54 in 11 mL freshly distilled CH2Cl2 followed by 2.5 g oxalyl 

chloride (5 Eq., 20 mmol, 1.7 mL) and the mixture is cooled to 0°C in a wet ice bath. After 5 

m. of stirring, 1 drop (10 μL, cat) dimethylformamide is added and the mixture brought to 
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20°C and stirred for an additional 3 h. to ensure completion of the reaction. The solvent is 

removed under reduced pressure and the crude bis-acid chloride is dried under high vacuum 

overnight to yield 1.15 g, 100%.  

 

Synthesis of 60 – To a 250 mL round bottom flask containing 0.33 g (1.0 Eq., 1 mmol) of 

the bis-anthracene diol dissolved in 80 mL anhy pyridine/20 mL anhy THF at 0°C is added 

at once, 0.29 g (1.0 Eq., 1 mmol) of bis-acid chloride 56 via syringe and the mixture is 

permitted to come to 19°C and stirred for 12 h total. The mixture is concentrated to dryness 

and chromatographed on SiO2 10-20 % gradient EtOAc:Hexanes to give 0.42 g, 77% of the 

bis-macrocyclic ester 57.     

 

Synthesis of 61 - To a flame-dired 2-neck 500 mL RBF is added 5.0 g of recrystallized 

(from ABS. EtOH) 4-methylumbeliferone (28.4 mmoL, 1.0 Eq.) The flask is evacuated and 

side inlet opened briefly to allow for the adddtion of 4.7 g anhy. potassium carbonate.  (34 

mmoL, 1.2 Eq.) followed by addition of 30 mL anhydrous DMSO. The mixture is stirred for 
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20 m at 19°C and temperature raised to 80°C for 12 hrs where TLC shows complete 

conversion to the monoallylether. The mixture is cooled, diluted with 170 mL diH20 and 

placed in the refrigerator for 4 h to induce crystallization. The precipitate was filtered and 

washed 5 X (50 mL) ice cold diH20, dried under high vacuum in a desiccator to yield 6.02 g 

of a white solid, 98%.   

 

 

 

 

Synthesis of 62 – To a desiccator dried 15 mL cylindrical high pressure flask is added a 

small teflon-coated stirbar and topped with a rubber septum. 0.5 g (2.3 mmol, 1.0 Eq.) 7-

(allyloxy)-4-methyl-2H-chromen-2-one is then added followed by 5 mL anhydrous freshly 

distilled toluene. With a long microliter syringe, 2 μL Karstedt’s catalysts is added under 

argon followed by dropwise addition of 0.27 g (1.1 Eq., 2.5 mmol) dimethylethoxysilane. 

The mixture becomes clear after 5 m. at 19°C, and the mixture is slowly heated to 50°C and 

stirred overnight for an additional 12 h. where is was determined by NMR that the reaction 

had gone to 75% conversion. Activated charcoal ≈50 mg was added to the stirred 

suspension along with 0.1 mL triethylamine and the mixture stirred for an additional 24 hrs 

at room temperature before being filtered through a 0.5” inch pad of Celite 545, 

concentrated in vacuo to yield a golden oil which was determined to be 70% by mass of the 

desired product along with remaining unreacted monomer. The mixture was used without 
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further purification since only the functionalized monomers would react in a manner 

consistent with SiO2 grafting. M/Z 320.13 ca. 320.14.  

 

 

Synthesis of 63 – See corresponding chapter for detailed description. The product on quartz 

substrate was characterized by IR spectroscopy as well as XPS with spectra given as S-57.  

 

 

 

 

 

Synthesis of 64 - To a 50-mL round bottom flask with Teflon stir bar is first added 1.00 

g ( # mmoL, 1.0 Eq.     M.W. ) hydrosiloxane copolymer (30% Si-H side chain density)  

followed by the addition of # g (45 Eq., mmol) 2-allyl-1,8-dihydroxy-9,10-

anthracenedione. Next, 30 mL freshly distilled toluene is added to the mixture and the 
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reaction is stirred for 30 m until homogenous. 10 μL Karstedts catalyst (2.5 % Pt in 

Xylenes) (cat.) is added under an argon matrix and the mixture is heated slowly to 60°C 

and stirred for 36 h. at this temperature. At t=36hrs, NMR analysis of the crude mixture 

showed no olefin protons and no residual Si-H peak, indicating 100% incorporation of 

the calculated monomer. The mixture was cooled to 19°C, transferred to a 250-mL 

separatory funnel and portioned between 100 mL 0.1M citric acid/ 70 mL toluene, 

organic layer separated, dried over Na2SO4, filtered and concentrated to yield the crude 

mixture as a dark red semi-solid syrup. The mixture was carefully transferred to a 

soxhlett extraction apparatus filled with diethyl ether and the crude mixture was 

extracted for 24 h. to give the pure polymer  g, 84% yield. . 1H NMR (600 MHz, 

Chloroform-d) δ 3.54 (m, 8H), 3.62 (m, 4H), 3.75 (m, 4H), 4.53 (s, 4H), 6.72 (s, 2H) 

 

Synthesis of 63 – To a 500 mL RBF with large egg-shaped Teflon stir bar is added 10.0 g 5-

hydroxyisophthalic acid (55 mmol, 1.0 Eq.) followed by the addition of 90 mL anhydrous n-

butanol / 180 mL anhydrous PhMe. The Dean-Staark trap was prefilled with distilled 

toluene. Next, under a positive pressure atmosphere of Ar(g), 1 drop (approx. 20 µL) 

concentrated H2SO4 is added and the RBF sealed with vacuum-greased joints secured with 

keck-clamps. The mixture is heated to reflux with the fume hood down until the azeotrope 

reaches the water-cooled reflux condenser, and the solvent begins to drop into the Dean-

Staark trap. After the reflux is stabilized, the reaction is stirred at reflux for 24 h. to ensure 
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complete esterification of the acid groups. The reaction is then briefly cooled to 50˚C, 

triethylamine is then added until litmus paper indicates yellow (pH 7.0) (approx. 5 drops or 

0.1 mL) and the mixture is stirred and brought to reflux once again. The Dean-Staark trap is 

then opened and solvent allowed to escape until the mixture begins to turn cloudy. 30 mL of 

hot distilled toluene is then added to resolubilize the mixture at reflux. With a heat-

protection glove the refluxing mixture is allowed to cool slightly and the grease is removed 

along with the stirbar and Dean-Staark trap. The hot mixture (appox 100˚C) is poured 

through a hot fritted glass funnel containing 1 inch of anhydrous sodium sulfate and allowed 

to cool to room temperature. As the solution cooled, crystallization gradually began and 

eventually one could no longer see the mother liquor. The crystals were cooled further in the 

refrigerator for 4 h. at 4˚C, filtered, rinsed with cold toluene and dried under high vacuum to 

yield 15.35 g of the pure bis-esther 63, 95% yield. 

 

 

Synthesis of 64 – To a suspension of 15.0 g of the phenol 63 (1.0 Eq. 51 mmol) and 8.4 g 

anhy. potassium carbonate  (1.2 Eq., 61 mmol) in 250 mL acetone is added with stirring, 

8.94 mL (12.34 g) distilled allyl bromide (2.0 Eq. 0.1 moles) and the mixture is brought to 

reflux for 14 h. where by TLC (5% EtOAc: Hexanes) all starting material had been 

consumed. The mixture was cooled, filtered and concentrated to yield 16.7 g, 98% yield of a 

clear, non-viscous oil which was pure by NMR.   
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 Synthesis of 66 – To a suspension of 1.0 g (4.1 mmol, 1 Eq.) Alizarin, 1.57 g anhydrous 

potassium carbonate (9.2 mmol, 2.2 Eq.) in 20 mL anhydrous acetone is added  1.45 g 

distilled allyl bromide (12.3 mmol, 1mL, 3 Eq.) via syringe and the bright red reaction is 

brought to reflux for 14 h., where the color changed from red to yellow upon completion, 

another 20 mL of acetone is added and the mixture is filtered hot through a fritted glass 

funnel and washed with 20 mL hot acetone. The mixture was concentrated until a slightly 

hazy appearance appeared. 10 mL acetone was added to bring the mixture to clear and the 

mixture was allowed to cool slowly on a hot plate that had just been turned offwith 

aluminum foil. After 10 h. cooling to ambient, crystallization had occurred and the mixture 

was filtered and washed with 20 mL cold acetone, dried under high vacuum overnight to 

give 1.26 g of a bright yellow solid, 96% yield.  
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S67 - To a mixture of 0.65 g of the bis-aldehyde anthraquinone (2 mmol, 1 Eq.), in a 

solution of 13 mL methanol was added in two portions 0.22 g potassium borohydride (4.1 

mmol, 2.05 Eq.) (contained in a small vial) and the solution began to bubble slightly. The 

reaction was stirred for 12 h. at 19°C, whereby TLC indicated the formation of a much more 

polar product. The reaction was cooled to 0°C and 15 mL 2N HCl was added. The reaction 

was permitted to stir for an additional hr at 19°C, stir bar removed (rinsed with MeOH (2 

mL) and mixture allowed to stand in the refrigerator for 4 h. Yellow hair-like fibers 

deposited throughout the flask and were immediately filtered off and washed 3 X (5mL 2N 

HCl) in a sintered glass funnel, followed by 3 X (5mL diH2O) to give 0.66 g of the diol in 

88% crystallized yield. 

  

In a 5-mL vial with teflon screw cap is added 100 mg solid 1,2-

bis(triethoxysilyl)polyethyleneglycol (25-30 EO units per strand) followed by 2 mL of a 10 

% aqueous solution of methanol. 10 mL concentrated HCl (aq.) is added and the mixture 

vortexed on a mini-vortexer for 1 minutes until the solution became clear. 200 mL of the 

prepared solution is deposited @ 500 RPM for 1 m on a cleaned, moistened substrate with 

contact angle <15° from the plane. The films are air dried at 19 °C for 24 hours and finally 

baked at 120°C for a duration of 4 h. A clear, semi-flexible layer was formed after the final 

cure. 
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Microfabrication  

Anodization of Aluminum (s) to form Alumina (Al2O3)  

The process of Alumina anodization begins with the addition of dielectric layers to prevent 

current path before etching to the silicon. The silicon substrates used were approximately 

300 microns in thickness and the dielectric used was SiO2 (deposited from TEOS) with a 

nominal thickness of 10-20 nm of SiO2 grown in 1 hr. E-beam deposition of metallic 

aluminum produced a layer of aluminum that was approximately 1.52 microns in thickness. 

The edge boundaries were masked off so as not to anodize the sides or back edge of the 

wafer.  Copper tape was connected to the aluminum layer on the topside of the wafer to 

form the anode(positive electrode) and a glassy carbon electrode served as the source 

electrode, both suspended in a 1 L beaker containing 6% H2SO4 at the same level so the 

electrodes were aligned parallel to one another. The solution is allowed to cool to 1°C for 10 

minutes with light stirring of a stir bar. The anodization begins rapidly once the initial DC 

current and voltage are switched on at 100 mA, 10 V, for 1.5 h which produced the smallest 

pores of any method being 8-15 nm average diameter. The ordering of the pores was regular 

under these controlled conditions. 

Electrochemistry 

The CV spectra of the crown Anthraquinone AQ-18-C-6 was taken in acetonitrile using 

tetrabutyl ammoniumhexafluorophosphate [0.1] with a Pt-working disk electrode, Ag 

reference electrode and Pt counter-electrode. The resulting onsets of reduction were at -0.54 

EV, 1.21 EV and -1.39 EV, respectively. Ferrocene was used as the internal standard giving 
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a standard reduction potential for the first wave as 1.3 EV. The procedure was repeated 3 

times with differing scan rates of 60, 100 and 200 scans/min and no differences were seen in 

the CV spectra with reference to onset of reduction or oxidation.   

Membrane Studies –  

Figure S? – ABA triblock copolymer films were the least robust, giving a new trace 

corresponding to decreased resistance for each scan represented in the diagram. After 5 

minutes of cycling through this equilibrium process, the copolymer became stable and 

current fixed. 

  

END SYNTHESIS 
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1H NMR Spectra 

Figure S1 - 1H NMR spectra of all (E)-retinol in CDCl3 at 298 K 
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Figure S2 – 1H NMR spectra BQ-18-C-6 in CDCl3 at 298 K. 
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Figure S3 – 1H NMR spectra of 2-allyl-3,5-dimethylbenzene-1,4-diol 

                       

Figure S4 – 1H NMR spectra of 2-allyl-3,5-dimethylbenzene-1,4-diol 
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Figure S5 – 1H NMR spectra of 2-allyl-3,5-dimethylbenzene-1,4-diol 
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Figure S7 – 1H NMR bis-2,5-dibromomethyl-1,4-dimethoxyanisole at 298 K 

 

Figure S9 – TBS protected 2,5-dimethyl-1,4bis-tert-butoxydimethylsilane 
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Figure S10 – 1,4-trimethoxysilyl-2,5-dimethyldehydroquinone 

 

 

Figure S11 – 1H NMR bis-2,5-dibromomethyl-1,4-dimethoxyanisole at 298 K 
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Figure S12 – 1H NMR spectra of tetraethyleneglycolditosylate in CDCl3 at 298 K 

 

 

Figure S13 – 1H NMR spectra of 1,4-dimethoxy-18-crown-5 in CDCl3 
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Figure S14 - 1H NMR spectra of 2,5-dimethylbenzoquinone in CDCl3 at 298 K 

 

 

Figure S15 – 1H NMR spectra of 2-allyl-3,5-dimethylbenzene-1,4-diol in CDCl3 at 298 K  
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Figure S16A – 1,4 – dialllyl-2-5-demthyphenylene-18-C-5 in CDCl3 at 298 K 

 

 

Figure S16B – Mixture of regioisomers 1.5:0 intraannular:peripheral in CDCl3 at 298 K 
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Figure S17 – 1H NMR spectra of 2-pentenyl-2methoxy-15-C-5 in CDCl3 at 298K  

 

 

Figure S18– 1H NMR spectra of pentenyl extended 2-hydroxymethyl 18-C-6 
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Figure S19 – 1H NMR spectra of 2-allyl-3,5-dimethylbenzene-1,4-diol 

 

 

 

Figure S20 – 1H NMR spectra of 2-allyl-ethoxymethyl-18-C-6 in CDCl3 at 298K 
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S22 – Tosylated 2-chloroethanol in CDCl3 at 298 K 
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S23 – 2-iodoethanoltetrahydropyranal ether in CDCl3 at 298 K. 

 

 

S25 – THP-protected 2-(chloroethoxy)ethanol  
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S26 – THP protected iodo(ethoxy)ethanol in CDCl3 at 298 K 

 

S27 – Bis-THP protected PEG extended benzyaldehyde in CDCl3 at 298 K 
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S28 – Bis-THP  extended ethylene glycols of Alizarin in CDCl3 at 298 K  
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S29 –   1H NMR (600 MHz, Chloroform-d) of 2,2'-(((1,2- phenylenebis(oxy)) bis(ethane-2,1-

diyl))bis(oxy))diethanol in CDCl3 at 298 K 

 

 

 

 

 

 

 

 

 

 

 

S30 – 1-

hydroxy-2-ethoxyethyleneglycolanthraquinone in CDCl3 at 298 K  
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S31-bis-TMS protected 7-octene-bis-1,2-triethoxysilane in CDCl3 at 298 K 

 

 

S33 – Extended benzyaldehyde ethoxyethanol extended bis-diol in CDCl3 at 298 K 
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S34A – bis dimeyslate in CDCl3 at 298 K  

 

S34B - – 13C NMR Spectra of dimesylate of extended catechol in CDCl3 at 298 K 
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S35- Tosylated benzyaldehyde glycol in CDCl3 at 298 K 

 

 

S37 – bisdiiodoethoxyethyleneglycol in CDCl3 at 298 K 
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S39 -  3-allyl-1,2-dihydroxybenzene in CDCl3 at 298 K 

 

S40 – 1H NMR Spectra of 4-allyl-1,2-bis-triethoxysilylbenzene in CDCl3 at 298 
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S41 – 1H NMR of Eugenol-derived ethoxyethanol extended aromatic glycol 

 

 

 

S44A –(800 MHz) 1H NMR of AQ-18-C-6 in CDCl3 at 298K  
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S44B - 13C NMR (800 MHz) of uncomplexed AQ-18-C-6 crown ether in CDCl3 at 298 K 

 

S42C - 13C NMR (800 MHz) of AQ-18-C-6 • K+(-OTf) complex (5mM) in CDCl3 at 298 K 
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Figure S42D – (800 MHz) 2D HMBC spectrum of AQ-18-C-6 in CDCl3 at 298.15K 

 

 

 

 

 

 

 

 

 

 

 

Spectra S42E - 2D HSQC  Standard spectrum of AQ-18-C-6 in CDCl3 at 298.15K (800 MHz) 
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Spectra S42F -  (800 MHz) 2D HMBC spectrum of AQ-18-C-6 • K(OTf) in CDCl3 at 298.15K 

 

 

 

 

 

 

 

 

 

Figure S43 – 3-allylappended AQ-18-C-6 in CDCl3 at 298 K 
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Figure S 44A – 1H NMR of 9,10-dioxo-9,10-dihydroanthracene-2-carbonyl chloride in CDCl3 at 298 K 

 

 

Figure S44B – 1H NMR spectra of 4-hydroxy-2-propenylanisole i in CDCl3 at 298 K 
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Figure S 45 – 1H NMR Spectra of 1-allyloxy-8-hydroxy-9,10-anthraquinone in CDCl3 at 298 K. 

 

Figure S46 - 1H NMR spectra of 2-allyl-3,5-dimethylbenzene-1,4-diol in CDCl3 at 298 K 
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Figure S53 – 1H NMR spectra of 4-hydroxy-2-propenylanisole in CDCl3 at 298 K 
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Figure S59 –Extended bis-acid chlorides in CDCl3 at 298 K 

 

 

Figure S51 – 4-propenyl-2,3-dihydroxy-9,10-anthraquinone in CDCl3 at 298 K 
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Figure S52 - 1H NMR spectra of 1-(allyloxy)-4-methoxybenzene in CDCl3 at 298 K 
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Figure S53– 1H NMR of 2-(allyl)-4-methoxyphenol in CDCl3 at 298 K 

 

Figure S54 – 2-propenyl-1,4-benzoquinone in CDCl3 at 298 K 
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Figure S55 – functionalized “B” block with pendant 1-hydroxy-2-propyl-4-methoxybenzene side chains at 

loading(fractional). 

 

 

Figure S57 – 1H NMR of bis-dicarboxylic acid olefin 57 in CDCl3 at 298 K 
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S58 - 2,2'-((3-(allyloxy)propane-1,2-diyl)bis(oxy))bis(ethan-1-ol) in CDCl3 at 298 K 
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Figure S62 – 1H NMR of coumarin mono-ethoxy dimethyl silane in CDCl3 at 298 K  

 

Figure S29 – 1 H NMR Spectra of bisethyloxyaldehyde anthraquinone in CDCl3 at 298 K. 
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Figure S60 – 1H NMR spectra of allylated crown esther 60 in CDCl3 at 298 K. 

 

 

Figure S62 – Dmiethylethoxysilane monomer in CDCl3 at 298 K 
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Figure S64 – Purifyied “B” block capped with Tosylate end-blockers with 2-propenyl-1,8-

dihydroxyanthraquinone pendant side chains in CDCl3 at 298 K 

 

 

Figure S64 –  3,5-Dibutylbenzoateallayoxybenzene in CDCl3 at298 K.   
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Figure S67 – 1H NMR of 2,2'-((9,10-dioxo-9,10-dihydroanthracene-1,2-diyl)bis(oxy))diacetaldehyde in in 

CDCl3 at 298 K  

 

Figure S68 – 2D DOSY of the AQ-18-C-6 • (4-Cl)TPB complex diffusing as a single entity 
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Figure S69  – 2D DOSY standard for DOSY titration of K+(4-Cl)TPB in 3:1 v/v CdCl3:d6THF 
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Figure S70 – 18-C-6 diffusion standard (10mM) in dDMSO at 298 K.  
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Figure S71 – 2D DOSY Spectra of AQ-18-C-6 complexed with K(4-ClTPB) in dDMSO at 298 K. 

 

 

 

 

Figure S72 – Integration of the 2D plane shows a selectivity factor of log K 7.13 for the 1:1 complex over all 

species present in the mixture  
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Figure S73 – 19F NMR of the JOB Plot Point G (1:1) mole ratio AQ-18-C-6 to K(OTf) showing 2:1 

complexation  
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Figure S74 – 1H NMR Spectra of extended allyl-catechol bisditosylate leaving group in CDCl3 at 298 K.  

 

 

 

Figure S75  – 1H NMR spectra of K+(4-Cl0TPB) complex in CDCl3 at 298 K, 72 h. post addition.  
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Figure S76 – Stacked 1H NMR plot of the standard (top spectra) and cold temperature (bottom spectra) NMR 

taken at 233 K (-40˚C) 

 

Figure S77– IR spectra of the uncomplexed crown ether AQ-18-C-6 (taken from CDCl3) on NaCl salt plate 
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Figure 78 – IR spectra of the complexed crown ether (1:1 stoichiometry) AQ-18-C-6 • K(OTf) compelx (taken 

from CDCl3) on NaCl salt plate 
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Figure S79 – Standard Molar Extinction Coefficient for the Anthraquinone Crown Ether  

 

 

 

Figure S80 – Standard Molar Extinction Coefficient for K(4-Cl)TPB in 3:1 CHCl3:THF 
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Figure S81 – Spin-coat images of the different formulations from Table 3.44 in the text. Pictures are of the 

intact film (left side) and track-etched DekTak profilometry photos on the right labeled with letters 

corresponding to the sample 
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Figure S82– Depth profile of film spun @ 5K for 1 min with 0.5% Benzoyl Peroxide with pure 

tetraethyleneglycoldiacrylate 
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Figure S83– Depth profile of film spun @ 5K for 1 min with 0.5% Benzoyl Peroxide with pure 

tetraethyleneglycoldiacrylate 
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Figure S84 - DekTak profile of a 50-70 nm film spun at 5K with 0.5% Benzoyl Peroxide initiator  
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Figure S85 - XPS spectra of the Oxygen Peak from the functionalized alumina membrane with APTES 
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Figure S86- XPS spectra for the functionalized alumina membrane with APTES  
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S87 – C1S Spectra of the PEDOT:PSS coated nanopore arrays functionalized with APTES. Multiple 

signals are present due to the PEDOT:PSS polymer, APTES carbon chain  

 

S88 – C1S Spectra of the nanopore arrays functionalized with ICPTES 
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S89 – N1S XPS peak showing the distribution of protonated amines to nuetral amines for the functionalized 

alumina nanopore with APTES. 

 

S90 – XPS close up of oxygen present as Al2O3 and O-Si-O oxygens 
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S91 – XPS spectra of PEDOT:PSS spin coated alumina nanoporous membrane  

 

S92 – C1S Spectra of the IPTES coated nanopore arrays. Interprutted by Dr. Tom Mates 
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Figure S93  – Custom Teflon chamber used during transport experiments as outlined in Chapter 5. 
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