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ABSTRACT

PAMAM dendrimers are nanoparticles containing a series of branching units
emanating from an ethylene diamine initiator core. Control of the number of branching
units during synthesis results in monodisperse macromolecules with a specified, but
variable, number of terminal branches, to which various functionalities can be attached.
The ability to attach large numbers of functional groups, in controlled ratios, to the
dendrimer end-groups makes dendrimers attractive templates for a variety of
applications. For example, partially glycosylated dendrimers are being explored as
multivalent ligands for inhibitory and targeting purposes. In such applications the spatial
distribution of functional groups on the dendrimers must be understood. Analytical
studies aimed at elucidating the structure and dynamics of dendrimers have, to date, been
very limited.
In this dissertation, a spin-label electron paramagnetic resonance (EPR) approach
is developed and applied to solve this problem. The functionalization of dendrimers with
TEMPO spin-labels in varying degrees of loading is described. Trends in the dipolar
line-broadening of the EPR spectra in frozen solutions and spin exchange controlled lineshapes in fluid solutions are compared to structural models. New computational
techniques are developed for interpreting spin-spin broadening in these complex
molecular systems containing many spin-labels. The distribution of functional groups
was found to be random for all cases tested, and the dimensionality of the space occupied
by spin-labels was dependent on dendrimer size. Analysis of spin-spin broadening in the
fluid solution for samples with less than full spin-label loading required the inherent
heterogeneity of the spin environments to be explicitly taken into account.
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CHAPTER 1
INTRODUCTION
Dendrimers
The US National Nanotechnology Initiative (NNI) was inaugurated in October
2001 with the broad goal “…to create jobs and economic growth, to enhance national
security, and improve the quality of life for all citizens.” Since that time, its budget has
more than doubled to nearly one billion dollars in 2004. Nanoscience and
nanotechnology are terms used to describe the measurement and control of matter on a
scale of one to one hundred billionths of a meter; the size domain of many individual
molecules, and groups of atoms[1]. Ten of the potential research and development
targets for 2015 are listed in Table 1-1[2].
Table 1-1. NNI Potential R&D Targets by 2015.
•
•
•
•
•
•
•
•
•
•

Nanoscale visualization and simulation of 3-dimensional domains
Transistor beyond/integrated CMOS < 10 nm
New catalysts for chemical manufacturing
No suffering and death from cancer when treated
Control of nanoparticles in air, soils, and waters
Advanced materials and manufacturing: one half from molecular level
Pharmaceuticals synthesis and delivery: one half on nanoscale
Converging technologies from nanoscale
Life-cycle biocompatible/sustainable development
Education: nanoscale instead of microscale based

* Targets applicable to dendrimers are italicized.
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In order to achieve the potential targets listed in Table 1-1, it is fundamentally
important to understand structural characteristics of nanometer sized molecules, the
interactions between them, how they function, and how they can be modified to impart
desirable properties.
Dendrimers are synthetic nanoparticles ranging from two to ten nanometers in
size, whose unique structure gives them the potential to be used as catalysts[3, 4], redox
active species[5-7], gene transfer reagents[8, 9] targeted drug carriers[10], and binding
inhibitors [11]. These applications alone address six of the ten goals listed in Table 1-1.
Their name coming from the Greek word dendron, meaning tree, dendrimers are highly
branched, synthetic, globular polymers that have a highly ordered composition built upon
an initiator core[12].

In the divergent synthesis strategy, a molecule, known as the core,

with multiple functionalizable groups is built up in such a way that branches are created
with terminal groups convenient for doing further chemistry. This is done in at least two
steps, so the reaction does not continue to add layers of branches uncontrollably. The
branching process can then be repeated a number of times to increase the number of
terminal groups, until a steric threshold prevents further reaction. The number of
branching events is denoted by the generation number of the dendrimer. In the case of the
poly(amidoamine) (PAMAM) dendrimers which will be discussed in detail, the final
product has βG * κ terminal functional groups, where β is the degree of branching, G is
the generation and κ is the number of core reacted groups[13]. Convergent dendrimer
synthesis is also possible, where portions of the dendrimer are created separately, and
joined together in the final step.
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The composition of dendrimers can be varied by the “building blocks” used to
create them, and their size is easily controlled by their generation. Specific functionality
can be introduced at any of the distinct regions: the core, the branching units, or the
periphery[5, 13]. Non-covalent encapsulation of guest molecules is also possible[14, 15].
Thus, the amount of different possible dendrimer molecules is vast, and applications are
numerous.
This work will focus solely on the PAMAM dendrimer and additions of molecular
components to its end groups. The commercial availability and the ease with which their
terminal groups may be modified make PAMAM dendrimers an attractive system to
study. PAMAM dendrimer synthesis begins with an ethylene diamine (EDA) core,
presenting two functionalizable amine groups (κ=2), which are reacted exhaustively with
methyl acrylate by Michael addition. This is followed by amidation with large excesses
of ethylene diamine. After the first sequence of reactions, the molecule has four “arms”
each terminating with an amine. (NOTE: By convention the four terminal group
molecule is referred to as generation zero, not the EDA in this case.) The process can be
repeated again, doubling the number of end groups to 8. Each generation nominally has
twice as many terminal amines as the previous and has roughly double the molecular
weight[13]. A picture of a generation four dendrimer (G(4)) is shown in Figure 1-1 and
a list of idealized dendrimer properties are listed in Table 1-2.
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Figure 1-1. Generation 4 PAMAM dendrimer. Generations specified by color: G(0)- red,
G(1)- green, G(2)- black, G(3)-blue, and G(4)-pink.

5
Generation
0
1
2
3
4
5
6
7
8
9
10

Molecular Weight
(g/mol)
517
1,430
3,256
6,909
14,215
28,826
58,048
116,493
233,383
467,162
934,720

Measured Diameter (Å)
15
22
29
36
45
54
67
81
97
114
135

Surface
Amines
4
8
16
32
64
128
256
512
1,021
2,048
4,096

Table 1-2. Manufacturer’s specifications for PAMAM dendrimers.
Many of the above proposed dendrimer applications involve in vitro use and,
therefore, the biocompatibility of these nanoparticles needs to be addressed. Initial
studies of PAMAM dendrimers showed low toxicity in living systems[16]. However it
has been shown that the cytotoxicity, hemolytic activity, and biodistribution of
dendrimers varies widely between dendrimers of different generations and chemical
compositions- especially the nature of the surface. Furthermore, the effects of
dendrimers on living cells are dependent on cell type, dendrimer concentration, charge,
and method of administration. This makes it impossible to generalize the
biocompatibility of dendrimers, but necessitates the evaluation of each distinct system for
its specific use. Studies thus far do not exclude the use of dendrimers for biological
purposes. One product, VivagelTM, a topically applied virucide used in HIV prevention,
has already been shown to be safe for human use and many more dendrimer based
therapies are sure to emerge[17].
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One of the greatest advantages of dendrimers over traditional polymeric materials
is their low polydispersity. In drug design, it is ideal to produce substances that are easily
reproducible and composed of a single, well defined entity whose quality can be
monitored. Since each successive layer is added in a multi-step controlled manner,
adding mass exponentially, large numbers of molecules that are nearly identical can be
obtained. For low generations, G(0)-G(3) this is true, but as the generation increases,
errors are introduced into the structure, resulting in fewer than the idealized number of
end groups. Examples of errors are incomplete Michael addition of methyl acrylate,
retro-Michael reactions, dendrimer bridging and cross amidation- where one EDA links
two dendrimer arms together, instead of two EDA molecules being added. However, the
extent of these errors is small under suitable reaction conditions[13] and techniques are in
place to detect their influence[18].
Protein-Carbohydrate Interactions
One exciting use of the dendrimer’s unique structure is in probing, enhancing, or
inhibiting protein-carbohydrate interactions. Interactions between saccharides and
protein binding pockets are ubiquitous in biology, governing many cell-cell, virus-cell,
bacterium-cell, molecule-cell and molecule-molecule interactions [11](Figure 1-2). This
is not surprising since protein associated carbohydrates are among the most prominent
surface exposed structures on cells[19] along with glycolipids[20].
Possibly the most famous example of protein carbohydrate interactions is the
interaction of hemagglutinin on the influenza virus with sialic acid on the surface of
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erythrocytes[11]. Influenza is an enveloped virus containing two membrane
glycoproteins: hemagglutinin (HA) and neuraminidase (NA). HA, the protein
responsible for virus-cell interactions, is synthesized as a single polypeptide chain which
is then cleaved into two smaller fragments, subsequently rejoined by a disulfide bridge.
The covalently bound monomers contain a globular region located at the periphery of the
capsid which includes the receptor binding site. Each monomer associates noncovalently to two others to form trimers on the surface of the membrane[21]. HA trimers
are densely packed on the surface of the virus and interact strongly with multiple copies
of N-acetylneuraminic acid, which are located in high concentration on bronchial
epithelial cell glycoproteins[11].

Figure1-2. Protein-carbohydrate interactions play a key roll in many intercellular
recognition events.

Other prominent examples of protein carbohydrate interactions are the trafficking
of leukocytes to pathogen or injury affected regions through the attraction of leukocyte
carbohydrates to selectins on the endothelium surface that create the initial low affinity
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attraction in inflammatory response[22, 23], the binding of AB5 homopentamer toxins to
glycolipids on cell surfaces[24], and in cancer metastasis and tumor growth[25].
Cancer cells present a different sugar display than healthy cells. This abnormal
glycosylation is primarily represented by heightened levels of sialic acid-rich
carbohydrates, known as sialyl Lewis X and sialyl Lewis A. The increase of these
specific sugars on the cell surface aids in hematogenous metastasis by enabling cells to
interact more strongly with E-selectin, an endothelial protein that binds sialyl Lewis X
and sialyl Lewis A selectively. Basal levels E-selectin on endothelial cells are low but
are significantly raised by inflammatory stimuli such as interleukin-1. Cancer cells are
able to elevate E-selectin levels directly, by releasing the cytokine IL-1α, or indirectly, by
releasing an unidentified humoral factor which stimulates mononuclear leukocytes to
manufacture IL-1β. This two front strategy- increasing carbohydrate density and the
number of available receptors for them- enables cancer cells to proliferate past their point
of origin[26, 27].
Proteins that bind saccharides such as HA and selectins are broadly known as
lectins. Since they are typically di- or polyvalent, lectins are able to cross-link structures
that contain sugars on their surfaces and were, in fact, originally classified by their ability
to agglutinate erythrocytes[28, 29]. Single interactions between monomer saccharides
and lectins are known to be weak, and not physiologically relevant, having association
constants on the order of 103 M-1[30]. Binding enhancements are considerably increased
by using ligands that display more than one copy of the appropriate carbohydrate, a
phenomenon known as the cluster glycoside effect[11, 30, 31]. Carbohydrates tethered to
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a polyacrylamide backbone have been shown to inhibit the agglutination of erythrocytes
by virus particles at a concentration of 108 less than that of unbound carbohydrate on a
monomeric carbohydrate inhibition basis.
The ability to create molecules with high affinities towards specific receptor sites
through protein carbohydrate interactions has huge potential for drug delivery
applications, and development of inhibitors for harmful antigens. Targeting drugs to
specific cells using nanostructures such as dendrimers hold promise to enhance
bioavailability, reduce side effects (increasing patient compliance), and revive promising
drug candidates that did not pass initial trial phases. Indeed, it is predicted that drug
delivery will soon account for 40% of all pharmaceutical sales [10]. Development of
high affinity inhibitors has great potential to prevent initial binding of viruses, toxins, and
bacteria to host cells.
Despite the observation of the glycoside cluster effect, the design of high affinity
ligands for specific receptors has proven to be difficult, since the exact process(es) by
which the glycoside clustering effect functions is poorly understood. Some major
barriers to comprehension of the interactions of lectins with carbohydrates are the
following: the immense number of structures that carbohydrates can assume- they can be
highly branched and connected through different linkage types; the importance of
oligosaccharide orientation relative to the receptor- if the correct geometry cannot be
obtained, binding will not occur; and the large number of possible glycoforms- proteins
with the same primary sequence may have different glycosylation site occupancy and
different glycans depending on tissue type, stage of cell development, and pathological
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conditions.[20] Furthermore, the number of discrete ligand receptor interactions in most
processes is not constant or known, which negates the quantification of binding
parameters [32].
Attempts to describe the thermodynamics of the interaction qualitatively however,
have provided some insight[11, 31, 33]. One important consideration is the ligand size.
If carbohydrates are attached to a scaffold that is large enough to span more than one
protein binding site, on a homodimer lectin for example, then two carbohydrate groups
may be able to bind simultaneously, decreasing the enthalpy of the interaction by a factor
of two over a single interaction, and paying the entropic costs of losing translational
degrees of freedom only once. This multivalent interaction is analogous to the well
known chelate effect[34]. The flexibility of the ligand is another important consideration.
Designing a rigid ligand that would precisely span binding sights would necessitate
saccharide distance separation to picometer accuracy, an extremely demanding
requirement. Ligand flexibility, however, allows for proper distance separation and
orientation of carbohydrate groups to be obtained without rigorous control over the ligand
framework and also enables the ability to avoid unfavorable interactions between the
carbohydrate linker and non-binding site protein residues. This ordering of the ligand
structure comes with an entropic penalty, ΔSconf, in the attempt to lower the Gibbs
energy, but it is reasonable to assume that this is small compared to the benefit gained in
the enthalpy term[11, 33].
In addition to the enhanced binding strength of multivalent ligands obtained by
interacting with multiple binding sites, binding enhancement is increased through a
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proximity effect. Ligands possessing dimensions smaller than the distance between
saccharide binding sites and multiple copies of the monovalent binding partners still see
an enhanced binding strength that is greater than would be seen by an equivalent
monovalent ligand concentration. This effect arises since the initial on and off rates of
binding are similar to what would be seen by a monovalent ligand but once a multivalent
ligand is bound, the on rate is significantly increased due to many carbohydrate residues
being near the binding site[32]. A larger ligand would also take longer to diffuse away
from the binding site, increasing contact times. Figure 1-3 shows three types of binding,
resulting in increased binding strengths.

Figure 1-3. Binding regimes for monovalent and multivalent ligands.

There are many strategies to create carbohydrate clusters that contain multiple
copies of appropriate monovalent ligands [33]. Saccharide residues can be linked
together directly, with varying degrees of branching and chain length [35], or they may
be attached covalently to another structure, or a combination of the two. PAMAM
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dendrimers offer an attractive template on which to attach carbohydrates and study the
interactions of proteins with carbohydrates. Due to the dendrimer’s many arms, the
number of sugar groups that can be attached can be varied from a few to many. The
ability to easily change loading percentages allows for corresponding changes in sugar
density, leading to alteration of binding strength. Dendrimers also offer the ability to be
loaded heterogeneously, functionalization with two or more distinct groups. It has been
shown that binding strengths can be “tuned” by functionalizing dendrimers with varying
percentages of different saccharide residues that have different monovalent affinities[36].
Sites unoccupied by binding partners can be used to attach other groups which impart
desirable traits to the dendrimer, such as increased solubility in a particular solvent.
Terminal groups can also be used to attach a payload such as a prodrug, as well as
imaging agents. By varying their size, through generation, dendrimers can be created that
span the distance between protein binding sights, or fall short of being able to reach from
one site to another. Each generation’s binding strength for a particular lectin can be
looked at as a function of the percentage of carbohydrate loading. Only the proximity
effect is possible for low generations and multivalent binding becomes relevant as the
size of the dendrimer is increased[37]. At less than complete carbohydrate loadings, the
distribution of residues on the dendrimer is another important consideration. For
example, at low loadings, where there are only a few carbohydrate groups, multivalent
binding may not be able to occur. Even if the dendrimer itself can span multiple sites, the
individual saccharide residues may not. If the saccharide separation is such that multiple
sites can be reached, the statistical effect will not contribute significantly to the binding.
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Hence, to understand the binding properties of saccharide functionalized dendrimers or
any other glycopolymer, one must have knowledge of the distribution of distances
between functional groups that are bound to the scaffold. Whitesides et al. hypothesize
that large differences in dissociation constants for their sialic acid functionalized
polyacrylamide ligands with influenza virus A-X31, which were prepared by two distinct
methods, may be due to differing distributions of sialic acid groups on the backbone of
the polymer[38]. In reference to dendrimers, Lundquist and Toone state, “The rational
design of multivalent ligands requires predictable placement of the saccharide epitopes.
As the dendrimer frame is modified, with respect to both size and composition, the
position of saccharide epitopes in space and flexibility become more difficult to
predict.”[31]
Understanding the fundamental requirements for strong association between
lectins and binding partners can be used as a guide for the design of strong inhibitors and
for the development of targeted drug delivery systems.
Dendrimer Characterization
The central issues in the characterization of bare dendrimers are determining the
extent of errors in synthesis as previously discussed, and the distribution of the monomer
units throughout the molecule. Many experimental and theoretical techniques have been
used in dendrimer structure determination[39]; however, these will not be discussed in
detail here.
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Monte Carlo and molecular dynamics simulations overwhelmingly support the so
called “dense core” model in which the monomer density decreases monotonically from
the core of the dendrimer to the periphery[40]. This model predicts that the end groups
will be distributed throughout the entire dendrimer volume in the absence of electrostatic
interactions and do not confine themselves to the surface as originally thought[41]. Boris
and Rubinstein assert that a dendrimer’s configuration is determined by a repulsive
monomer-monomer excluded volume interaction and an entropy term- both of which
prefer the dense core model structure[42].
Although many scattering experiments agree with the theoretical dense core
evidence[40], the debate is far from settled. Small-angle neutron scattering (SANS)
experiments of partially deuterated PAMAM dendrimers show that the terminal amines
are consolidated near the surface of the dendrimer, supporting the “dense shell” model.
Meijer et al. showed that polypropyleneimene dendrimers functionalized with amino
acids form a solid-like dense shell on the surface, leaving open spaces which can be used
to encapsulate guest molecules [15]. This “dendritic box” or “unimolecular micelle”[43]
concept has since been used to encapsulate stoichiometric amounts of many types of
molecules within a wide variety of dendrimers designed to host a specific guest[44, 45], a
feat that would not be possible if the space inside the dendrimer was occupied by its own
building blocks.
It appears that the conformation a dendrimer takes may in fact be a subtle balance
between several factors including the dendrimer composition and concentration, pH,
ionic strength, temperature, and presence of other species.
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On top of the challenges to characterize dendrimers themselves, the addition of
functional groups in sub-stoichiometric quantities adds another layer of complexity to the
problem. When fewer than 100% of dendrimer end groups are functionalized, the
average number of bound groups, the distribution of numbers of bound groups and their
spatial relationships to each other needs to be included in a full characterization. The
average number of bound groups and the distribution of numbers of bound groups can be
determined using mass spectrometry methods [46] and will be discussed in Chapter 2.
Determining the spatial relationship between bound groups can be found from knowledge
of the distances between the groups as the average number of groups is changed.
Understanding the distribution of distances in multivalent systems is imperative for
comprehending the glycoside cluster effect and designing high affinity molecules to take
advantage of it.
Spin-Label Electron Paramagnetic Resonance
Spin-labeling is the attachment of a paramagnetic functional group to a molecule
or structure of interest. Typically, the chosen label is a nitroxide containing molecule
which has a single unpaired electron (S=1/2) and other bulky functional groups which
shield the electron from redox chemistry. An example of the general structure of a
nitroxide spin-label is shown in Figure 1-4. The environment of the label can then be
monitored by electron paramagnetic resonance (EPR) spectroscopy. Among the pieces of
information that can be obtained from the spectrum of the spin-label are the correlation
time (τc), which gives information about the mobility of the label [47]; the local dielectric
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field [48]; and the accessibility of the label to the bulk solvent through the use of
paramagnetic broadening agents of various sizes and polarities [49, 50]. Spin-labels have
been incorporated into a variety of biological and synthetic systems including nucleic
acids, proteins, lipids, polymers and metallic nanoparticles. For the sake of discussion,
principles of spin-label EPR will be presented as applied to proteins.

R

R’
N
O

Figure 1-4. The structure of a typical nitroxide spin-label, and MTSSL attached to a
cysteine via a disulfide bridge.

Modern molecular biology techniques now make the substitution of native amino
acid residues in proteins with cysteines a routine process. Attachment of
methanethiosulfonate spin-label (MTSSL) to introduced cysteine residues via a disulfide
bond (Figure 1-4) enables the incorporation of labels at any amino acid location in the
protein, a process known as site-directed spin-labeling (SDSL). One of the earliest
applications of SDSL was in a study of the transmembrane region of bacteriorhodpsin
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[51, 52]. Structures of membrane bound proteins are often difficult to examine with more
traditional techniques such as X-ray diffraction and NMR spectroscopy, which makes
them extremely attractive specimens for EPR experiments. In one bacteriorhodopsin
study[52], eighteen different cysteine mutants in consecutive positions on an α-helix were
created and spin-labeled, a process known as nitroxide scanning[53]. Each mutant was
reconstituted into vesicles and shown to retain function. The EPR spectra of all the
samples were taken in the presence of oxygen and again with chromium oxalate. Both of
these species are paramagnetic but partition differently in membranes. Oxygen collects
in the membrane and collides preferentially with labels that are embedded in it.
Chromium oxalate on the other hand is a nitroxide broadening agent that is membrane
impermeable and is only able to collide with labels exposed on the exterior of the vesicle.
Collisions with broadening agents increase the relaxation rates of the nitroxide radicals
which is detectable by power saturation continuous wave (cw) EPR. By observing which
broadening agents affected the spectrum at all nitroxide positions, the orientation of the
helix was revealed.
In addition to MTSSL, an unnatural amino acid spin-label, 2,2,6,6tetramethylpiperdine-1-oxyl-4-amino-4-carboxylic acid (TOAC) has been created to
study polypeptide structure [54]. The position of this “rigid” spin-label is more
accurately known than the “floppy” MTSSL attached to a cysteine, so the EPR spectrum
is not dependent on distributions of cysteine side chain orientations. Incorporation of
TOAC into intermediate protein positions is challenging and has been limited to
synthesized polypeptide systems and terminal protein positions and is, therefore, not as
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widely utilized in SDSL[54], but has shown to be useful in elucidating the formation of
secondary polypeptide structural features[55].
As techniques for attaching spin-labels to biological molecules in a controlled
fashion have progressed and become commonplace, EPR experimental and spectral
analysis methodologies for spin-labeled samples have become more numerous and
advanced. Nowhere is this more true than in the topic of distance measurements.
Distance Measurement
When a paramagnetic group is in the proximity of another, the distance dependent
effects can be observed in the EPR spectrum. For short distances (< 5Å), the wave
functions of two S=1/2 centers can be written in terms of total spin quantum numbers for
the two electrons resulting in singlet and triplet states (the coupled representation). For
this situation, the ratio of the intensity of the forbidden ΔMs=2 transition to the allowed
ΔMs=1 transition intensity can be measured. The ratio is a function of r-6 where r is the
inter-spin distance[56].
More commonly, distances are determined from measurement of the spin-spin
dipole-dipole interaction. The strength of this interaction for a system of two spins is
given by Equation 1-1.

H dipole

(g
= S (S + 1)

2

r

β2)
3

(1 − 3 cos θ )
2

[1-1]

Here, S is the spin quantum number, g is the effective electron g factor, β is the
electronic Bohr magneton, r is the interspin distance and θ is the angle between the
interspin vector and the applied magnetic field vector.
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With the use of SDSL, it is usually trivial to introduce two spin-labels into a
protein. Limitations arise when mutagenesis of natural amino acids to cysteines disrupts
normal protein function, a protein contains several naturally occurring cysteines which
cannot be removed without disturbing protein structure, or mutated sites are buried within
protein structure and cannot be appreciably reacted with spin label. Nonetheless, SDSL
is often a powerful tool for exposing both protein structure and dynamics through interlabel distance measurements.
Many analytical and experimental techniques have been developed to extract
distance information from systems containing two paramagnetic entities. Pulsed
techniques have been developed to measure distances between paramagnetic centers [5761] up to 35Å [58] and further [59] by direct measurement of the dipolar interaction.
More commonly, distances are determined from analysis of the dipolar line-broadening
of field swept cw EPR spectra. Quantification of the line-broadening has been evaluated
through the analysis of peak-height ratios[62], deconvolution, reconvolution, and
simulation of the spectrum[63]. Methods to expose the extent and nature of line
broadening will be discussed in subsequent chapters.
The focus of the research presented here is to apply spin-label EPR distance
measurements to PAMAM dendrimer systems. In contrast to the systems discussed thus
far, dendrimer samples were prepared which contained many spins, not only two.
Samples were made with 5%-100% of the dendrimer terminal amines reacted with
nitroxide spin-labels (hereafter the percentage of sites occupied by a particular functional
group will be referred to as the loading). Patterns of the dipolar line-broadening of EPR
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spectra as a function of nitroxide loading were examined to reveal how functional groups
attached to dendrimers are distributed throughout the molecule. The importance of
understanding this distribution as it relates to the distribution of sugars in partially
glycosylated dendrimer samples for the development of high affinity ligands is obvious.
New techniques to handle many spins attached to a disordered finite lattice will need to
be developed.
Previous Spin-labeled Dendrimer Studies
EPR has been used to study dendrimer systems labeled with small amounts (<5%
of terminal groups are labeled) of nitroxide radicals to monitor dendrimer interactions
with various entities. Dendrimer bound nitroxides have a characteristic correlation time
of ~1ns in water[64]. The correlation time of the nitroxide increases as the dendrimers
form complexes, immobilizing the spin-label further and giving rise to observable
changes in the EPR line. This technique has been used to study dendrimer interactions
with vesicles[65, 66], amino acids[64], proteins[64], polynucleotides[67], DNA[68],
surfaces[69], and neighboring dendrimers[70]. Quantitation of the amounts of bound and
unbound dendrimers was obtained from the ratio of mobile and immobilized components
in the spectrum through spectrum simulation. It was found that the strengths of the
interactions were dependent on dendrimer sizes, pH of the solutions, and the isoelectric
points of the interacting species.
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Spin-labeled PAMAM dendrimers have been proposed as useful EPR imaging
agents[71] and fully labeled polypropylene imine dendrimers were studied by EPR to
show that strong exchange interactions take place between the terminal
functionalities[72].
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF LOADINGS
Dendrimer Functionalization
Generations 0-4 (G(0)-G(4)) and 6 (G(6)) PAMAM dendrimers were purchased
from either Dendritech or Aldrich as solutions in water or methanol. For dendrimers
received in methanol, the solvent was removed by rotary evaporation followed by redissolution in water and lyophilization. Samples already in water required only
lyophilization. Dendrimers were redissolved in DMSO to a concentration of 25mM in
terminal amines. For generations greater than 3, errors are introduced during synthesis
and the average number of terminal amines is less than the idealized numbers given in
Table 1-2. The average number of terminal groups used to calculate the amount of
solvent needed to make 25mM solutions for generations 0-4 and 6 were 4, 8, 16, 32, 55,
and 180 having molecular weights of 517, 1,430, 3,256, 6,909, 13,170 and 53,035
g/mole, respectively.
Several types of functionalized dendrimers were made, falling into two
categories: partially functionalized dendrimers containing various amounts of spin-label
and heterogeneously functionalized dendrimers where the number of sites occupied by
spin-labels is once again varied and the remaining sites are functionalized with other
functional groups which are EPR silent.
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Partially Loaded Dendrimers
The spin-label 4-amino-tetramethlypiperdinooxyl (4-amino-TEMPO) free radical
was obtained from Aldrich and was converted to the isothiocyanate form, 1 in Figure 2-1,

Figure 2-1. General reaction scheme for dendrimer functionalization using G(4) as an
example.
by members of Dr. Mary Cloninger’s research group by reaction with thiophosgene under
basic conditions. Conservation of the free radical was monitored by EPR by comparing
the double integral values of EPR spectra of solutions of isothiocyanato-TEMPO and the
4-amino-TEMPO starting material prepared to have equal concentrations. Reduction of
the free radical was never observed.
Stock solutions of 1, were made in DMSO at 25mM. Dendrimer amines and 1
were found to react quantitatively. Since dendrimer and spin-label solutions were at the
same concentration, the stoichiometry of the reaction was proportional to volume. Spinlabel solution and a complement amount of DMSO were added to dendrimer samples in
the ratios of 5/95, 10/90, 25/75, 50/50, 75/25, 90/10, 95/5 and 100/0 with the total volume
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equaling the volume of the dendrimer samples (usually 250μL). Adding complement
volumes of DMSO kept the dendrimer concentration constant for all samples. The
mixtures were allowed to react with the dendrimers for a period of at least 48 hours. The
amount of spin-label that did not react with dendrimers was found to be small, not
affecting the average loadings. Small amounts of unbound label do, however, have a
noticeable effect on broadened EPR lines. Free label was removed from G(4) and G(6)
samples by passing them through a G-25 fine Sephadex column (5mL in volume).
Removal of the unbound label was monitored by EPR at room temperature. Due to the
short correlation time of unbound label, its EPR signal is easily distinguished from bound
label in fluid solution. The contribution of free label to the EPR spectra of lower
generations of spin-labeled dendrimers was found to be insignificant due to the sharper
lines of these spectra.
Heterogeneously Loaded Dendrimers
Although understanding the distribution of spin-labels throughout a dendrimer is
an interesting problem, even more interesting is the distribution of other attached
functional groups. It was therefore undertaken to study G(4) dendrimers that were
functionalized with two groups, one of them being a spin-label and the others being the
isothiocyanates of the species depicted as B in Figure 2-1. These groups were chosen as
representatives of primary, secondary, tertiary, and aromatic structures. With the
exception of 5, which was purchased directly from Aldrich, all isothiocyatates were
synthesized in Dr. Mary Cloninger’s laboratory.
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Heterogeneously loaded dendrimers were created in three different ways. All
reactants were dissolved in DMSO at a concentration of 25mM (except for 5 which
required a three-fold dilution in all stock solutions involved in the reaction to overcome
solubility issues) and attached to the dendrimer in the same ratios given in the partially
loaded dendrimer section. The reactants B were used instead of the complement amount
of DMSO being added.
Firstly, samples were created by reacting spin-label with the same stoichiometric
(volumetric) ratios used in creating partially loaded dendrimers with G(4) dendrimer for a
period of 48 hours followed by reaction with the complement amount of B needed to
occupy all dendrimer amine sites for another 48 hours. Secondly, the order of reaction
was reversed. The dendrimer was allowed to react with varying amounts of B for 48
hours followed by reaction with spin label for another 48 hours. Thirdly, the two
reactants, spin-label and B, were pre-mixed and added simultaneously to the dendrimer
solutions in ratios previously mentioned. All high generation samples were passed
through a G-25 fine Sephadex column to remove un-reacted constituents.
Analyzing Dendrimer Loadings
Several techniques including NMR, EPR, UV-Vis, and mass spectrometry are
useful to analyze the average number and distribution of numbers of functional groups
attached to dendrimers as a function of the stoichiometric ratio of functional groups to
dendrimer end groups. We found MALDI-TOF mass spectrometry to be the most useful
for the wide range of dendrimer systems studied.
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MALDI-TOF Mass Spectrometry
MALDI spectra were obtained on a Bruker Biflex III in linear mode.
Trypsinogen, bovine serum albumin, and bradykinin were used as external standards
depending on the mass range (generation) being studied. Functionalized and bare
dendrimer solutions were prepared at a concentration of 12mM in DMSO. The matrix
trans-indole acetic acid (IAA) was prepared as a 35mg/mL solution in DMF. One μL of
dendrimer solution was mixed with 9 μL of matrix solution. Two or more 1μL aliquots
of the mixture were spotted on the plate near the standard spots for each sample and
allowed to dry for a minimum of 45 minutes. For heterogeneously loaded dendrimers
created by sequential addition of substituents, MALDI spectra were obtained after each
substituent was added.
Loading Characterization
Average Loadings Average loadings were determined by the MALDI mass shift
between bare dendrimers and functionalized dendrimers measured at the peak maxima.
MALDI spectra for the dendrimers made for this study can be viewed in reference [73].
The mass shift divided by the molecular weight of the bound functional group gave the
average number of bound substituents. Comparison of the theoretical average loading
from the stoichiometric ratios to the actual average loading from the MALDI spectra
gave excellent agreement as displayed in Figure 2-2. The small deviations can be
attributed to difficulty in calculating exact mass shifts and limits in accurately measuring
volumes.

27

Figure 2-2. Comparison of theoretical and experimentally obtained averaged
loadings for TEMPO functionalized G(4) dendrimers.
Distribution of Loadings For generations 0 and 1, the distributions of numbers
of functional groups are simple to ascertain since the peaks corresponding to dendrimers
having different numbers of functional groups are clearly resolved. The intensity
(integrated area) of a peak divided by the sum of all peak intensities correlates to the
fraction of molecules having that number of functional groups. For higher generations,
the deviation from average loading needs to be determined by an analysis of the MALDI
spectral line-widths, since the individual peaks corresponding to specific numbers of
functional groups are not resolved. In fact, already at G(4), the full-width at half-max of
the MALDI line for an unfunctionalized dendrimer is roughly ten times the mass of a
TEMPO spin-label group (Figure 2-3).
Two effects need to be considered when looking at MALDI line-widths for
functionalized dendrimers. Generation 4 dendrimers will be used as an example to
illustrate these effects. The first is a linear effect in loading due to the polydispersity of
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the starting material deviating from unity. As stated earlier in the dendrimer
functionalization section, the average number of terminal sites for G(4) is 55. An
ensemble of molecules, however, will include some dendrimers that contain fewer sites
and some that contain more (up to 64 for a perfect dendrimer). Consider two separate
G(4) dendrimers, one that has 46 amines and the other 64. At 100% loading, the MALDI
signal associated with the dendrimer with 46 amines will have shifted by a mass of
46*Msub, while the one with 64 will have shifted by a mass of 64*Msub, where Msub is the
mass of the substituent loaded on the dendrimer. This will increase the line-width by an
amount of (64-46)*Msub, as shown in Figure 2-4. Of course, in a real experiment the
distribution is not bimodal and discrete differences in dendrimers are not resolved,
causing spectral broadening instead of increased spitting. As loadings decrease from

MALDI Signal

100%, the broadening from this effect will linearly decrease as well.

M/Z
Figure 2-3. Maldi spectra for TEMPO functionalized G(4) dendrimers. 0%
(black), 5% (red), 10% (orange), 25% (chartreuse), 50% (green), 75% (light blue),
90% (blue), 95% (purple).
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Figure 2-4. Linear line-width increase at full loading due to heterogeneity of
dendrimer starting material.
Broadening is also caused by the distribution in loading percentages for a sample
prepared with a particular stoichiometry. This effect is of primary interest for the
application of EPR to spin-labeled samples. If a large fraction of the dendrimer
population has significantly more or less labels than the average, it is possible for these
populations to dominate the characteristic features of the EPR spectrum.
As an initial guess, it was assumed the loading distribution followed a normal
distribution law as given in Equation 2-1,

X g = {LN r (1 − L)( N − N r ) N!} /{N r !( N − N r )!}

[2-1]

where Xg is the fraction of molecules with Nr reacted sites out of N total sites (55 for
G(4) case), and L is the loading, having values ranging from 0-1. Xg as a function of Nr
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is plotted in Figure 2-5 for loadings of 0.05, 0.10, 0.25, 0.50, 0.75, 0.90 and 0.95. When
N is sufficiently large Xg approaches a Gaussian line-shape as can be perceived in Figure

Fraction of Molecules with Nr Reacted Sites
(XL)

2-5.

0.25
0.2

0.15
0.1

0.05
0
0

10
20
30
40
Number of Attached Spins (Nr)

50

Figure 2-5. The loading distribution described by a normal distribution law
(Equation 2-1) for a system of 55 spins. 5% (black), 10% (red), 25% (orange),
50% (green), 75% (blue), 90% (purple), 95% (dashed-black).

Line-Width Simulation To calculate expected MALDI line-widths for a normal
distribution model, effects from both sources of broadening need to be considered. Since
broadening due to differences in the number of dendrimer end groups is linear and
dendrimers at zero and one hundred percent loading contain no broadening due to
distributions in loading percentages, a straight line can be drawn between the zero and
one hundred percent points on a width vs. loading plot as shown by the solid line in
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Figure 2-6, representing the width that the MALDI would have in the absence of loading
percentage distributions.
By simulation it was observed that a Gaussian function convolved with a MALDI
peak will increase the peak width according to Equation 2-2.

W = (WMS

3/ 2

+ WG

3/ 2 2 / 3

)

[2-2]

The width of the MALDI line un-broadened by loading percentage distributions is
denoted WMS (taken from solid line in Figure 2-6), and WG is the width due to the normal
distribution of loading percentages taken from Figure 2-5. W is calculated as a function
of loading and is shown by the dashed line in Figure 2-6. Comparison to experimental
widths, shown as open circles, is satisfactory and negates the likelihood of substantial
populations of dendrimers deviating far from average loadings.

Figure 2-6. Comparison of simulated line-widths: experimental widths (open
circles), linear increase in line-width due to starting material heterogeneity (solid
line) and, calculated line-width with heterogeneity and loading distribution
(dashed line).
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CHAPTER 3
EPR OF SPIN-LABELED G(4) DENDRIMERS IN THE SOLID STATE
Experimental Conditions
EPR spectra were obtained on a Varian E-109 X-band spectrometer with a lab
built computer interface. Low temperature spectra were taken with a 3mm ID quartz EPR
tube in a liquid nitrogen filled finger dewar. A 3:1 ratio of DMSO/glycerol was used as a
solvent and dendrimer concentration was approximately 100μM. The highest power
attenuation (60 dB, which corresponds to a power of .0002mW) was used to avoid power
saturation effects. The amount of saturation was gauged by the linearity of the ratio of the
double integral of the EPR spectrum vs. the concentration of TEMPO standards (47μM –
300mM). The field was typically scanned over a range of 200G with 100kHz modulation
at an amplitude of 1G. Scan rate was 100G/min and a time constant of 250ms was
employed.
Peak-Height Ratios
A useful empirical parameter for quantifying the amount of dipolar broadening in
an EPR spectrum is the change in peak-height ratios. Particularly, the parameter d1/d,
demonstrated in Figure 3-1 has shown to be sensitive to changes in spin-label
concentrations and compares well to other empirical and theoretical spectral parameters
including the width of the central line [74]. It has been noted that the selection of d1/d is
arbitrary and we therefore chose to use simplified peak-height ratio A/B shown in Figure
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3-1. This parameter has the useful property that it is linear with respect to concentration
as displayed in Figure 3-2.
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Figure 3-1. Spectral points for calculating peak-height ratios.
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Figure 3-2. The peak-height ratio A/B is linear in concentration.
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The use of peak-height ratios as an informative parameter for EPR spectra of spinlabeled dendrimers has deficiencies not present in spectra of free spin-labels in solution.
Although care was used in the removal of unbound spin-label from dendrimer samples,
any remaining un-reacted labels would have a narrow spectrum, contributing
misleadingly to the peak-heights of the compound spectrum. In the same fashion, if a
minority population of labels exist that are attached to the dendrimer but isolated from
other labels, these spins can dominate the central features of the spectrum from which the
peak-height ratios are obtained, giving the appearance of a more dilute spin arrangement,
despite the spin density profile taken by the majority of the spins. The possibility of some
dendrimers containing a few spins with narrow spectra and others containing large
numbers of spins with broader spectra was ruled out from the MALDI line-width analysis
discussed earlier. In addition to the excessive weighting given to spins with a narrower
spectrum to peak-heights in systems with heterogeneous distributions of spins, the use of
peak-height ratios does not take into account changes in the shape of EPR lines and,
therefore, does not give a complete description of the spectra. Notwithstanding the
drawbacks listed above, the peak-height ratio A/B will be employed as a starting point for
characterizing the amount of dipolar line-broadening.
Spectra were taken of unbound TEMPO at various concentrations. TEMPO only
spectra are shown in Figure 3-3 and are normalized to peak “A” for visual comparison.
As predicted by theory[75], the trend in the peak-height ratio A/B as a function of
concentration is linear.
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Figure 3-3. EPR spectra of unbound TEMPO. 5mM (black), 10mM (red),
25mM (orange), 50mM (green), 75mM (light blue), 100mM (dark blue), 125mM
(purple).
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Figure 3-4. EPR spectra of G(4) dendrimer functionalized with TEMPO. 5%
(black), 10% (red), 25%, (orange), 50% (green), 75% (light blue), 90% (blue),
95% (purple), 100% (dashed black).
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Spin-Labeled G(4)
Spectra for partially loaded and heterogeneously functionalized G(4) dendrimers
were taken for all the samples described in Chapter 2. The spectra for spin-label only
functionalized dendrimers are shown in Figure 3-4. Complete data for all samples is
tabulated in Appendix A of reference [73]. Once again the spectra are normalized to
peak “A” for clarity.
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Figure 3-5. A/B ratios for partially and heterogeneously loaded G(4) dendrimers.
Circles represent products when TEMPO was added first, x’s for TEMPO added
second. Colors indicate the second isothiocyanate: none (black), propanol (red),
2,2,6,6-tetramethyl piperdine (orange), t-butly (green) and phenol (blue).

The peak-height ratios for all of the G(4) samples are shown in Figure 3-5.
Although the slopes in this plot for different samples vary slightly, the trend is consistent
through 100% TEMPO loading where all samples are prepared in the same way.
Therefore, this difference is attributed to inaccuracies in concentrations of the stock
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solutions. From this plot it is highly suggestive that neither the nature of the
complimentary substituent, nor the order of reaction, affects the distribution of functional
groups. It is also suggestive that the loading distributions for all functional groups are
random. If functional groups tended to cluster, we would expect to see a rapid rise in
line-broadening that followed a saturation type curve. If functional groups tended to
avoid one another, we would expect to see very little broadening until a critical spin-label
loading was reached where significant spin-spin interactions became necessary. These
ideas will be confirmed in the next chapter.
Mulitgenerational Peak-Height Ratio Trends
Spin-labeled dendrimers were prepared for multiple generations as described in
the previous chapter. No complementary functional groups were bound, as G(4) spectra
indicated tha thet addition of functional groups to non spin-labeled sites did not affect the
arrangement of spins. Stack plots of the spectra for all generations are in Figures 3-6
through 3-10 and are once again normalized to the first peak for visual comparison. The
A/B ratios are displayed in Figure 3-11.

EPR Signal Normalized to First Peak

38

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal Normalized to First Peak

Figure 3-6. . EPR spectra of G(0) dendrimer functionalized with TEMPO. 5%
(black), 10% (red), 25%, (orange), 50% (green), 75% (light blue), 90% (blue),
95% (purple), 100% (dashed black).
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Figure 3-7. . EPR spectra of G(1) dendrimer functionalized with TEMPO. 5%
(black), 10% (red), 25%, (orange), 50% (green), 75% (light blue), 90% (blue),
95% (purple), 100% (dashed black).
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Figure 3-8. EPR spectra of G(2) dendrimer functionalized with TEMPO. 5%
(black), 10% (red), 25%, (orange), 50% (green), 75% (light blue), 90% (blue),
95% (purple), 100% (dashed black).
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Figure 3-9. . EPR spectra of G(3) dendrimer functionalized with TEMPO. 5%
(black), 10% (red), 25%, (orange), 50% (green), 75% (light blue), 90% (blue),
95% (purple), 100% (dashed black).
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Figure 3-10. . EPR spectra of G(6) dendrimer functionalized with TEMPO. 5%
(black), 10% (red), 25%, (orange), 50% (green), 75% (light blue), 90% (blue),
95% (purple), 100% (dashed black).
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Figure 3-11. Peak-height ratios for G(0) (black), G(1) (red), G(2) (orange), G(3),
(green), G(4) (light blue) and G(6) (blue).
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CHAPTER 4
CONVOLUTION TECHNIQUES
Peak-height ratios, while a simple qualitative tool for detecting changes in linebroadening, are not ideal for comparison to theoretical models due to the shortcomings
described previously in measuring systems with heterogeneously distributed spin-labelsgiving spins with less broadening a higher weighting- and the inability to describe the
entire spectrum. This neglects the spectral shapes. A demonstration of the importance of
a spectrum’s shape is seen when comparing a spectrum of a spin-labeled dendrimer to a
spectrum of free spin-label in solution, shown in Figure 4-1. Ultimately, it is desirable to
have parameters which describe both the shape and the width of experimental spectra that

EPR Signal

can be compared to theoretical models.

3160

3200
3240
3280
Magnetic Field (Gauss)

3320

Figure 4-1. EPR spectra of 50% TEMPO loaded G(4) dendrimer (black) and
100mM TEMPO solution (red).
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For systems where θ in Equation 1-1 is isotropic (a reasonable assumption for
most spin-labeled molecules in solution) [74], a nitroxide EPR spectrum broadened by
dipolar interactions can be treated as a convolution of an unbroadened spectrum, Siso, and
an appropriate line-broadening function (LBF). The convolution integral given in
Equation 4-1 describes the amplitude of the broadened experimental spectrum, Sexp, at a
field value B. The determination of inter-spin distances arises from the LBF’s
dependence on r. Calculation of Sexp over an appropriate range and step size of B allows
for the simulation of broadened spectra if the LBF is known from calculation or an LBF
can be found with knowledge of Siso and Sexp. Comparison of a calculated LBF from a
model and an LBF obtained from measured spectra can be used to validate hypothetical
models.

∞

S exp ( B ) =

∫S

iso

( B ' ) ∗ LBF (r , B '− B ) ∗ dB '

[4-1]

−∞

Deconvolution
In 1995, Rabenstein and Shin demonstrated the power of the convolution
technique by the development of an EPR “spectroscopic ruler” [76]. Using an α-helical
polypeptide sequence of alanines and lysines they substituted pairs and individual amino
acid residues with cysteines and spin-labeled them. Amino acid positions in doubly
substituted peptides were chosen to represent a range of inter-cysteine distances. They

43
were then able to compare EPR distance measurements with model distances. In this
case, S and Sexp were measured and the LBF obtained by Fourier deconvolution.
The integral in Equation 4-1 is greatly simplified by using Fourier transform
techniques. Using the convolution theorem, the broadened spectrum can be calculated by
multiplying the narrow spectrum and the LBF in Fourier space and back transforming to
real space.

Sexp = Ft −1 [Ft (Siso )* Ft (LBF )] [4-2]

Since Sexp and S are obtained experimentally and knowledge of the LBF is the goal,
Equation 4-2 can be rearranged to solve for the LBF (Equation 4-3).

[

]

LBF = Ft −1 Ft (S exp )/ Ft (S iso )

[4-3]

High amplitude noise can cause Ft(Siso) to approach zero, causing Ft(Sexp)/Ft(Siso) to
diverge to infinity. These noise components were suppressed by the application of a
square filter function.
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Figure 4-2. Comparison of distances from deconvolved LBF and a simple αhelix model.
Rabenstein and Shin’s distance calculations from the deconvolved LBF’s
produced excellent agreement to distances calculated from a simple α-helical model in
the distance range of 8-25Å. These results are shown in Figure 4-2.
Deconvolution Methods Applied to
Spin-Labeled PAMAM Dendrimers
In our laboratory, the Fourier deconvolution method was applied to spin-labeled
G(4) dendrimers, by Eric Walter[73]. A Labview program was written to extract an LBF
from our experimental data. The intrinsic user interactivity provided by Labview created
the necessary environment to monitor the effects of noise from Siso- the unbroadened
spectrum. A 1mM unbound TEMPO spectrum was chosen for Siso. The application of a
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square filter can regrettably distort the deconvolved LBF. An alternative method for
preventing Ft(Siso) from tending towards zero involves adding a constant to Ft(Siso).

[

]

LBF + α * Sinθ / θ ≅ Ft −1 Ft (S exp )/ Ft (S iso + a )

[4-4]

This is equivalent to adding a square pulse, Sin(x)/x, to the deconvoluted LBF. This
constrains the use of this technique to cases where the LBF is wider than the added
function, a condition that is not met for low levels of broadening, i.e., low spin loading
levels. Further details can be found in Eric Walter’s thesis[73].
Reconvolution
To avoid the problems associated with deconvolution, it is also feasible to
convolve Siso with an LBF that is calculated from theory, or with a reasonable LBF which
has variable parameters that can be adjusted. The resulting broadened spectra can be
compared to experimental spectra, Sexp, to determine the validity of the assumed LBF.
Fitting an LBF
The Pearson VII The functional form of the LBF chosen for convolution fitting
is the Pearson VII whose functional form is shown in Equation 4-5. The Pearson VII
function has only two variable parameters, M and W, which describe the shape and width
of the LBF, respectively.
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A( x) =

1
2
⎡ ⎛
⎤
(1 / M )
⎞
−1 ⎟ ⎥
⎢1 + ⎜ 2( x − x0 ) 2
⎟ ⎥
⎢ ⎜
W
⎝
⎠ ⎦
⎣

M

[4-5]

As shown in Figure 4-3, for functions having the same full-width at half max, W,
the effect of M is to change the amplitude of the “wings” of the function. The Pearson
VII function is super-Lorentzian at M values of less than one, Lorentzian at one, and is a
Gaussian at M = ∞. By observing the wings of the function, it is evident that the majority
of the change in the function’s shape occurs between M values of 0-2. The function is a
straight line, A(x)=1, for M = 0, and is already a good approximation of a Gaussian lineshape at M = 2.

M = .5
M=0.75
M=1
M=2
M=5
M= 1000

Figure 4-3. The shape of the Pearson VII function for various values of M.
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Convolution Fitting Spectra of G(0)-G(4) and G(6) for spin-label loadings of 5,
10, 25, 50, 75, 90, 95 and 100% were fit by the following re-convolution method.
A program with a graphical user interface, Renorm.vi, was written in Labview
(original code by Robert Usselman, modifications by Karl Sebby), which accepts as input
files a narrow spectrum (1mM unbound TEMPO) and a broadened spectrum (TEMPO
functionalized dendrimer). The previously baseline corrected spectra are normalized to
have a double integral value of one. The user selects initial M and W Pearson VII values,
as well as the step size and number of steps for each parameter to generate the Pearson
VII functions to convolve with the narrow spectrum. Multiplying the narrow spectrum
by the Pearson VII function with the chosen M and W parameters in Fourier space and
back transforming results in the convolved, broaden spectrum. The simulated spectrum is
then renormalized. Every convolved spectrum is compared to the experimental spectrum,
Sexp, by the calculation of the reduced chi squared value, a goodness of fit parameter
defined by:

1 N tot ( fi − si ) 2
χr =
∑
Ntot i =1 σ 2
2

[4-6]

where Ntot is the number of points in the spectrum minus the number of parameters (2), fi
are the points of the fit spectrum, si are the points of the experimental spectrum and σ is
the standard deviation, taken from the noise of the experimental spectrum.
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The program outputs an n×m array of χr2 values, where n is the number of W
values in the loop and m is the number of M values. The M and W values that result in
the lowest χr2 value generate the Pearson VII that is the best representation of the LBF
obtainable by this model. Since σ is constant throughout the fitting routing, the minimum
χr2 is the same minimum as would be found by a least squares fit. The reason for
choosing to take σ from the experimental data is discussed below.
Qualitatively, χr2 gives the average number of standard deviations of the points in
a fit from the experimental data, i.e. it not only finds the best fit, but also tells how good
that fit is. A χr2 value of one or less, is a considered a “perfect fit”. Using the χr2
parameter as a measure of the goodness of the fits in this setting is somewhat flawed.
Typically in fitting procedures, calculated lines-shapes contain no noise and the standard
deviation value (σ) is taken from the noise in the experimental data. In our case, there is
noise in both the fit line and the experimental data. Additionally, the amplitude of the
noise in the convolved spectrum changes as M and W change. One then has to make a
decision on how to determine σ. Three choices for determining σ were evaluated:
calculate σ from the noise in the simulated (convolved) spectrum, calculate σ from the
experimental spectrum being fit, or for each M and W value subtract the simulated
spectrum from the experimental spectrum in the baseline region and take σ from this
difference spectrum.
In the first case, as the narrow function is broadened by convolution, a smoothing
effect in the baseline occurs, causing σ to change rapidly for W values ranging from 0-4
Gauss and then changes in σ become more subtle as M and W are varied. This choice of
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determining σ would strongly bias widths narrower than the true widths at low spin-label
loadings in the calculation of χr2 due to the large values of σ at low W’s and small values
of σ at higher values of W. These deficiencies eliminate taking σ from the convolved
spectrum as an intelligent choice.
If σ is determined from the noise in the experimental spectrum, making σ constant
for all values of M and W for a particular fit, then convolved spectra having noise
components with amplitudes higher than the experimental spectrum will be incorrectly
disfavored in the calculation of χr2. Convolved spectra will only have low signal to noise
at narrow widths, just like the experimental spectra, so the errors associated with this
situation are not often realized. Moreover, as the width of the convolved spectrum is
increased, the noise becomes small compared to the experimental spectrum’s noise. If
this small noise is approximated as zero, the value of χr2 is representative of its original
meaning. In this case, any significant errors are localized to spectra of narrow widths,
where errors in calculating double integral values of convolved and experimental spectra
already may considerably affect the determination of best M and W values.
Upon initial examination, it would seem appropriate to choose the third option of
calculating σ from the noise of the difference between the baselines of the convolved and
experimental spectrum. The result in this method gives the standard deviation in the
baseline of one spectrum from the other. Once again the effects of noise in both spectra
at various widths need to be considered. In the limiting cases where the noise in either
the convolved or experimental spectrum approaches zero, this result is identical to the
meaning of the χr2 parameter in its original usage. One trouble with this approach is that
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the maximal σ will occur once again at low loadings (small W). Another effect to
consider is an increase in σ when the noise amplitudes of the spectra are near equal. To
demonstrate this result, consider an experimental spectrum having a “true” width of ζ
Gauss with baseline noise having a σ of ς. The desired outcome of the fit is to find W =
ζ. Finding the correct result however is dependent on the σ of the noise in the convolved
spectrum compared to the experimental. Suppose that the noise in the convolved
spectrum is small at W = ζ (i.e. σdifference spectrum ≈ ς), but at W = ζ - η, where η is a small
but physically significant width, the σ of the noise of the convolved spectrum is close or
equal to ς. Empirical calculations from computer generated noise indicated that σ
increases by a factor of √2 when the σ of the convolved spectrum equaled ς. The fit
would therefore favor a narrower width than the true width. Furthermore, since the noise
in experimental spectra change at different loadings, the effect of this error is inconsistent
from fit to fit and difficult to analyze. For this reason, this method for taking σ was
rejected and determining σ from the experimental spectrum was deemed the best choice,
although Pearson VII parameters acquired from spectra with widths less than 2 can be
viewed with some suspicion.
The discussion thus far has neglected the contribution of the shape parameter, M,
in the noise of the convolved spectrum. This parameter does not contribute to σ to any
appreciable extent at values greater than 0.6. Unlike W, which can smooth the convolved
spectrum’s baseline, M’s main contribution in this region is to add a linear slope. This
effect can easily be accounted for by fitting a line to the baseline and calculating the
standard deviation of the noise from the line. It was found that this made no
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improvements to the fits since the best fit M values were never less than 0.7 and
contributed very little to the baseline region. The importance of M is also questionable at
small widths. This is easily visualized by examining the limiting case of a Pearson VII of
zero width. Here, A(x) goes to zero for x ≠ x0 and goes to ∞ at x = x0. This is a δfunction for which M has no meaning at all. The M values for fits with widths of less
than 2 are not considered to be significant.
For each fit the χr2 values for every combination of M and W values within the
range specified by the user are stored in a two dimensional array. The Labview program,
Renorm.vi, was configured to read in experimental files sequentially, so all χr2 arrays
with a chosen range of M and W values could be generated without further user input.
Analysis of the χr2 arrays are considered in the next sections.
Error Surfaces A program, MWplotreadLoop.m, was written in Matlab (full
code in Appendix A) to plot the error surfaces for every fit. Parameters in the Labview
fitting program were chosen so that dendrimer samples of the same generation had the
same initial M and W values, step sizes, and number of steps for all loadings. The set of
χr2 array files to be read, encompassing all loadings for a specific generation, is specified
by the user and read by the program sequentially. Once the first file is read,
MWplotreadLoop.m generates two vectors containing the M and W values sampled in
the original fit. The minimum χr2 value is output to the screen along with the M and W
values that minimized χr2. χr2 indicates how good the fit compares to the original
spectrum. This is a good qualitative result, but should not be used as a quantitative
measure to compare the goodness of fits for different experimental spectra. The reason
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for this, once again arises from considering the value of σ. At low loadings the signal to
noise is smaller than at higher loadings. This suggests that the χr2 value for lower
loadings will be innately less than those of higher loadings. Indeed this is what is
observed. At minimal loadings, χr2 is in the range of 1-10 and higher loadings can reach
values of 70 for higher generations.
To put all error surfaces on equal footing, the entire χr2 array is normalized by
dividing by the minimum element of χr2. This normalized array will be referred to as Χr2.
MWplotreadLoop.m outputs a contour plot showing Χr2 as a function of M and W, with a
contour step size of 0.1. The program then repeats the process for the number of χr2
arrays specified in the number of files loop. A 3-D contour plot of the 50% TEMPO

Figure 4-4. Χr2 error surface for 50% TEMPO functionalized G(4) dendrimer.
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loaded G(4) (made with MWplotread_3D.m, Appendix B) array is displayed in Figure 44. All Χr2 2-D contour plots are in Appendices C- G.
Errors in M and W Error bars for M and W values are calculated from the Χr2
error surfaces generated by MWplotreadLoop.m. The allowable variation in Χr2 was
chosen empirically by observing the behavior in the residual between the convolved and
experimental spectrum.
A program, MWview.vi, was written in Labview that accepts an experimental
spectrum and a 1mM narrow spectrum as input files. The user can choose the M and W
values of the Pearson VII that the narrow spectrum is convolved with. The screen
displays a plot window with the experimental spectrum, the convolved spectrum and the
difference spectrum; input boxes for M and W, which update the convolved spectrum in
real time; and an output box displaying χr2. M and W were originally set to the optimal
values output by MWplotreadLoop.m, and then varied by small increments while
observing the features of the residual line. Changes in M and W were made until the
features of the residual changed systematically, i.e., only the amplitudes of residual
components changed, no new features appeared and none diminished. For the wide range
of fits examined, the systematic residual changes appeared before χr2 increased by 5% of
its minimum value. MWview.vi was also used to output the best fit convolved spectra
for every sample. Examples of best fit spectra for G(4) are plotted with the experimental
spectra in Figure 4-5 and the complete set of fits and experimental spectra are in
Appendices H-M.
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Figure 4-5. Convolved fits with experimental spectra for selected TEMPO loadings of
G(4).
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A new program was written in Matlab, MWplotreadloop_error.m (Appendix N),
which once again generated Χr2 from χr2. The constant 1.05 was subtracted from Χr2
making all negative values of the array within the error of the fits, as determined by
inspection of the residuals. The error limits are now set by the Χr2(M,W) = 0 plane of the
surface which can be found simply by locating the Χr2 intercepts of the surface. To
accomplish this, two vectors, min_w and min_m, were found which contain the minimum
Χr2 values possible for each W in the fitting loop (allowing M to take any value) and the
minimum Χr2 values possible for each M in the fitting loop (allowing W to take any
value), respectively. Graphically, these vectors represent two curves, min_w(W) and
min_m(M), on the Χr2 surface. The first represents the lowest possible path to travel
across the surface from the initial W to the final W in increments of the W step size. The
other vector is analogous except the path leads from the lowest M sampled to the highest.
The roots of these vectors, therefore, represent the extremes of the allowable error in the
W and M directions, respectively.
To find the roots of min_w(W) and min_m(M), the vectors were truncated to
contain 201 elements each; both vectors contain the global Χr2 minimum plus 100
elements above and below the minimum element. A 10th degree polynomial was then fit
to these points and the roots of that polynomial found. All roots other than the two real
roots near the minimum were discarded. The plots of the vectors and fits were output to
the screen to ensure realistic fits were obtained. An example of these plots is shown in
Figure 4-6. The program was written to read χr2 files for all TEMPO loadings in a
particular generation sequentially and output an array containing 8 rows and 6 columns.
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Each row contained the lower W error limit, best W, upper W error limit, lower M error
limit, best M, and upper M error limit. The eight rows contained the information for
loadings of 5, 10, 25, 50, 75, 90, 95 and 100% TEMPO. The results are displayed in a
further section.

Figure 4-6. Plots of min_w(W) and min_m(M) for 95% TEMPO loaded G(4)
(top two panels) and 50% TEMPO loaded G(4) (bottom two panels).

Calculating an LBF
Neglecting exchange effects, the width of a resonance line is governed by the
dipolar Hamiltonian

⎡ S j • Sk
(r jk • S j )(r jk • S k )⎤
H Diplole = g 2 β 2 ∑ ⎢ 3 − 3
⎥ [4-7]
5
r
r
k> j ⎢
⎥⎦
jk
⎣ jk
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Traditionally, the use of spin-labels for distance measurements is done in the
limiting case of two spins. The increase in line-width due to dipolar line-broadening is
measured and the distance, r, is calculated using Equation 1-1. For many spin systems,
different techniques need to be used. For spins distributed randomly in an infinite lattice,
the dipolar line-broadening can be described by the strength of a dipolar field that is
proportional to the spin density, ρ.

H dipole = 2.3( gβρ )[ S ( S + 1)]1 / 2 [4-8]

Magnetic Resonance Moments
The nth moment of a magnetic resonance absorbance line is given by,

H

n

=

H j − H j −1
A

∑ (H
m

j =1

− H0 ) y j
n

j

[4-9]

where m is the number of field intervals of width Hj-Hj-1 selected, A is the area under the
resonance absorbance curve, H0 is the field at the center of the resonance line and yj is the
amplitude of the spectrum at position j.
When spins of the same species are in an infinite lattice and the exact position of
each spin is known (i.e. crystals), VanVleck showed that the second moment, < H2 >, of
the dipolar interaction could be calculated by Equation 4-10.

H2

⎛ 1
3
= g 2 β 2 S ( S + 1) ∑ ⎜
⎜
5
j , j ≠ k ⎝ r jk

⎞
⎟
⎟
⎠

6

[4-10]
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Usually for a paramagnetic species with many neighboring spins, the summation
term in Equation 4-10 is too large and the summation is only used for spins near the spin
being evaluated, and the remaining spins are treated approximately by integrating their
density over the volume occupied. In Equation 4-11, a0 is the distance to the nearest spin
that is not included in the summation.

H

2

⎡
⎛ 1
3 2 2
≈ g β S ( S + 1) ⎢ ∑ ⎜
5
⎢ j , j ≠ k ⎜⎝ r jk
⎣

6

⎞ 4 ⎛ 1 ⎞
⎟ + πρ ⎜ ⎟
⎟ 3 ⎜a ⎟
⎝ 0⎠
⎠

3

⎤
⎥ [4-11]
⎥
⎦

The dendrimer case is different from these limiting cases. The system (typically)
has more than two spins; the system is finite; and the position of the spins is unknown.
To interpret the trends in M and W as a function of loading and generation,
theoretical loading models were developed by Eric Walter for spin-labeled G(4)
PAMAM dendrimers. As a starting point, it was assumed that spins occupied sites on the
surface of a sphere, and the spins could bind sequentially in three distinct patterns: attach
to the sites randomly, attach in such a way to minimize their separation (clustered), or

Random

Clustering

Avoidance

Figure 4-7. Three loading models for dendrimer functionalization. The blue
spheres represent sites occupied by spins and yellow spheres represent unoccupied
sites or sites occupied by non-paramagnetic groups.
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attach to maximize inter-spin distances (avoidance). It is important to note that all three
of these models, depicted in Figure 4-7, are identical at zero and complete TEMPO
loading.
Calculating Spin-Labeled Dendrimer LBFs
Programs were written to create spin coordinates for all three loading models.
Since the generation of these coordinates for any one of the models is certainly not
unique, a sufficiently abundant number of conformations were created for each model.
The logic of this is easily grasped by imagining a real collection of molecules in solution.
For spin-labeled G(4) dendrimers, a LBF was created by the using the following
“rules”:
1. Every spin has an LBF.
2. The area of each spin’s LBF is equal.
3. The LBF of each spin assumes a Gaussian shape.
4. The width of each Gaussian is calculated from <H2>, in the method of
VanVleck and is given by

W = 1.95 * 10 4

∑ rij

−6 1 / 2

[4-12]

5. LBFs are summed together to get an LBF for the system.
6. A Pearson VII function is fit to the calculated LBF by a least squares
minimization.
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Figure 4-8. Computer simulated trends in M and W for random (red), clustered
(blue), and avoidance (green) models. Experimental values are shown with open
circles.
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These steps required the use of several programs and scripts which were written in C,
C++, and awk. The full code for all of these programs is in the appendices of reference
[73].
The calculated trends in W and M for the three models are shown in Figure 4-8.
The width of the Gaussian from Equation 4-12 for distances of 8-25Å and up to 8
neighbors (max j=8) is tabulated in Table 4-1.

Distance Ǻ
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Max j=1
38.09
26.75
19.50
14.65
11.29
8.88
7.11
5.78
4.76
3.97
3.34
2.84
2.44
2.11
1.83
1.60
1.41
1.25

2
53.86
37.83
27.58
20.72
15.96
12.55
10.05
8.17
6.73
5.61
4.73
4.02
3.45
2.98
2.59
2.27
1.99
1.76

3
65.97
46.33
33.78
25.38
19.55
15.37
12.31
10.01
8.25
6.87
5.79
4.92
4.22
3.65
3.17
2.78
2.44
2.16

Width (Gauss)
4
5
76.17
85.16
53.50
59.81
39.00
43.60
29.30
32.76
22.57
25.23
17.75
19.85
14.21
15.89
11.56
12.92
9.52
10.65
7.94
8.88
6.69
7.48
5.69
6.36
4.88
5.45
4.21
4.71
3.66
4.10
3.21
3.58
2.82
3.15
2.50
2.79

6
93.29
65.52
47.77
35.89
27.64
21.74
17.41
14.15
11.66
9.72
8.19
6.96
5.97
5.16
4.49
3.93
3.46
3.06

7
100.77
70.77
51.59
38.76
29.86
23.48
18.80
15.29
12.60
10.50
8.85
7.52
6.45
5.57
4.85
4.24
3.73
3.30

8
107.72
75.66
55.15
41.44
31.92
25.10
20.10
16.34
13.47
11.23
9.46
8.04
6.89
5.96
5.18
4.53
3.99
3.53

Table 4-1. Width of line-broadening functions for spins having up to eight neighbors.
Tabulated values are for spins having neighbors which are all equal distances away.

Refinements to Models
Several refinements to the models were considered to investigate their effects on
dipolar line-broadening trends. The alterations considered were ellipsoidal distortions to
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the dendrimer sphere, permitting spin positions to occupy space inside of the sphere,
accounting for distributions in loadings, and allowing the width of the LBF to differ
depending on spectral position. Among these enhancements, the most profound result
was seen for relaxing the requirement restraining spins to the sphere’s surface.
To demonstrate the effects of dimensionality on line-broadening as spin density is
increased, calculations analogous to those for determining LBFs for dendrimers were
performed for spins constrained to a line, constrained to a surface, and unconstrained.
The results of these calculations are shown in Figure 4-9. Empirically, for a onedimensional system the trend is cubic, for a two dimensional system it is quadratic, and
for a three dimensional system it is linear.
Repeated Splittings
For low generations where there are few sites, and therefore few spins, the LBF
cannot be assumed to take a Gaussian profile. For two spins, the shape of the LBF arises
from the (1-3Cos2θ) term and is widely known as a “Pake” pattern. For a specific
orientation θ, the change in the spectrum due to the spin-spin interaction is described by a
shift in resonant field, not a function. Additional spins shift the fields further. A lineshape is, therefore, arrived at by calculating the splittings for all angles and summing the
splittings into a LBF. Even for a homogeneous 50% loaded G(0) sample, there will also
be a distribution of distances arising from the flexibility of the dendrimer itself and the
spin-label linker. Hence, inclusion of a distribution of distances, rij is also necessary.
Although this method may be more accurate than the VanVleck calculation for
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Figure 4-9. Line-broadening trends for spin systems of varying dimensionality.
1D (top), 2D (middle), and 3D (bottom).
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calculating LBFs, it becomes too computationally expensive for many spins and results
for the two methods converge as the number of spins becomes sufficiently large.
Comparison of Experimental Data and Theory
Results from calculations for all three models for G(4) plotted with results from
fitting for M and W are displayed in Figure 4-8. Taking both M and W into
consideration, the random loading model is the only plausible match to experimental
data. The trends in M clearly rule out the avoidance model, and the trends in W clearly
eliminate the cluster model. This is what was qualitatively suggested by an analysis of
peak-height ratios, although the sensitivity to different spin arrangements was unknown.
While the random model is undoubtedly the best selection of the three choices,
the deviation in the trends in width from the experimental results from the calculated is
disconcerting. Examination of the effects of dimensionality on line-broadening trends
provides a solution to the inadequacy of the calculated width values.
It was decided to add some surface roughness to the sphere by allowing spins to
occupy a shell of space of varying thickness. The effects of adding a shell of various
widths to the calculated Ws of the LBFs is shown in Figure 4-10. A shell of at least 16Å
was required to bring the experimental and theoretical values into agreement. Adding
additional shell volume did not affect the trend. Thus, observation of patterns in linebroadening parameters not only reveals whether spins attach in random or non-random
fashions, but also exposes the dimensionality of the system. The power of this result in
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describing macromolecular structure, and changes thereof, is demonstrated by looking at
trends in M and W for various generations.
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Figure 4-10. Trends in W for spherical dendrimers with spins occupying shells
of varying thicknesses. No shell (black), 10Å shell (red), 20Å shell (orange), 35Å
shell (spherical volume, green), and experimental points (black circles).
Trends in W and M
Results from MWplotreadloop_error.m are shown in Figures 4-11 through 4-14.
The most revealing demonstration of differences between generational trends in widths as
a function of loading is shown in Figure 4-12, which shows the line-broadening trends for
all generations where the widths are normalized to the maximum width of each
generation. Surprisingly, a major shift is seen between generations three and four in the
curvature of the best fit lines. This curvature shift is attributed to a change in the
dimensionality of the distribution of functional groups on the dendrimer. Whereas G(0)-
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G(3) seem to be open structures with spins localized to the perimeter of the molecule,
G(4) and G(6) are more three dimensional, allowing spins to occupy open regions within
the center of the molecule through back folding of the arms as predicted by computer
simulations as discussed in Chapter 1. These data therefore support the dense core model
for generations four and above and the dense shell model for generations three and
below. G(0) is a special case, since at 25% loading, it still only has one spin on average
and, at 50% loading, it only has two spins. Nothing can be said about the dimensionality
of a system if only two points are known. At 75% loading, where G(0) has three spins
on average, the points in Figure 4-12 match nicely with generations 1-3. The differences
in the slopes of the lines for G(4) and G(6) in Figure 4-12 can be attributed to the final
points which were used to normalize the lines. The 95% and 100% loading points for
G(6) seem to be conspicuously low. This is most likely due to incomplete labeling and/or
some free spins in the sample, which seems extremely plausible especially for this
generation. If the points had been higher, the normalization constant would have been
bigger, decreasing the slope to match more closely to the slope of the line fit to the G(4)
data.
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Figure 4-11. Trends in experimentally obtained widths for all generations studied.
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Figure 4-12. Trends in widths for all generations normalized to the 100%
loading points. G(0) (black), G(1) (red), G(2) (orange), G(3) (green), G(4) (blue),
and G(6) (purple). The lines are quadratic fits with no constant term to help guide
the eye.
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Figure 4-13. Pearson VII M values for all generations for EPR lines with widths
greater than two. G(0) (black circles), G(1) (red squares), G(2) (orange
diamonds), G(3) (green triangles), G(4) (blue inverted triangles), and G(6) (purple
crosses). Error bars are not shown for clarity.
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Figure 4-14. Average M values for all generations. Error bars show the standard
deviation from the average.
Trends in M with loading across generations are a little less certain due to the
smaller effect M has on the Pearson VII function and hence the Χr2 surface. This is
clearly seen by examining Figure 4-4. In addition to this, the effect of M is non-linear;
most of the changes that M induces in the Pearson VII function occur between M values
of 0 and 2, with more dramatic effects occurring at the lower end of this range.
Nonetheless, some qualitative trends will be examined. Figure 4-13 shows the best fit M
values for all generations studied for samples with widths greater than 2. As mentioned
earlier, the meaning of M is absent at narrow widths. A few overall trends are observed:
at low spin densities, M decreases with loading; at higher spin densities, M increases with
loading; and as shown in Figure 4-14, the average M increases with generation.
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Insight into these trends follows from consideration of the way line-shapes are
built up by summing together Gaussian functions. When Gaussian functions of the same
width (all functions have the same integrated area) are summed together, the resultant
line shape is a Gaussian. This situation arises when neighboring spins are all equal
distances from the spin whose spectrum is being considered. Since the nearest neighbors
correspond to the broadest functions, these spins dominate the effects of the linebroadening function when it is convolved with the non-interacting spectrum.
Therefore, M values give a qualitative gauge of the heterogeneity of neighbor distance
distributions.
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CHAPTER 5
DENDRIMER FUNCTIONAL GROUP ORDERING
The previous chapter showed that functional groups attach randomly to terminal
dendrimer amine sites. This result was in no way surprising but was necessary to justify
any assumptions that often need made about the lack of ordering of bound functional
groups when dendrimers are partially loaded. The techniques developed to reach this
result are now in place to analyze dendrimer systems whose functional group
distributions could be presumed or designed to be nonrandom. This chapter will discuss
two types of systems that were studied in collaboration with Dr. Mary Cloninger’s
laboratory. The first was a set of G(4) dendrimers heterogeneously functionalized with
TEMPO and mannose, with and without acetyl protected hydroxyl groups[77]. All work
other than the EPR was completed by Lynn Samuelson [78]. The second system studied
was G(4) dendrimers which had clusters of end groups covalently tethered together and
then selectively spin-labeled upon removal of the tether [79]. Synthesis and
characterization of this system, excluding EPR, was done by Dr. Hye Jung Han.
TEMPO-Mannose Functionalized Dendrimers
Since the incentive for this work was provided by the desire to use dendrimers to
understand and exploit protein-carbohydrate interactions, it is appropriate to study how
and if the H-bonding capable groups on carbohydrates affects their distribution
throughout the molecule. Dendrimers were synthesized with either mannose groups or
peracetylated mannose groups, which are unable to form H-bonding networks.
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TEMPO-peracetylated mannose functionalized dendrimers were synthesized as
shown in Figure 5-1. All dendrimers were completely functionalized using ratios in 1/5
of 5/95, 10/90, 25/75, 50/50, 75/25, 90/10 and 95/5. The distribution of these groups is
almost certainly random. The EPR spectra for TEMPO-peracetylated mannose
functionalized dendrimers are shown in Figure 5-2. All EPR experimental procedures are
the same as those described for other spin-labeled dendrimers in Chapter 3. The acetyl
groups were then removed with NaOMe-MeOH, and the EPR spectra are shown in
Figure 5-3.

Figure 5-1. Reaction scheme for creating peracetylated mannose-TEMPO
functionalized dendrimers.
When doing a comparison of line-broadening trends of two systems so closely
related, it is not imprudent to use a simple measure of the dipolar line-width such as the
peak-height ratio A/B. The ratio A/B for both systems is shown in Figure 5-4. In
addition not observing any qualitative differences directly from the spectra, the peakheight ratios do not indicate any differences in the spatial arrangements of spins either.
We conclude that the H-bonding forces between mannose residues are not strong enough
to influence their distribution on the dendrimer.
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Figure 5-3. Spectra of TEMPO and mannose functionalized dendrimers. In
TEMPO loading: 5% (black), 10% (red), 25%, (orange), 50% (green), 75% (light
blue), 90% (blue), 95% (purple).

75

1.4

A/B Peak Height Ratio

1.3
1.2
1.1
1
0.9
0.8
0.7

0

20

40

60

80

100

TEMPO Loading (%)

Figure 5-4. Peak-height ratios for dendrimers functionalized with TEMPO and
either peracetylated mannose (black) and mannose (red).
To see if the random arrangement of mannose residues truly represents the
arrangement of residues when no spin-label is present, a hemagglutination inhibition
assay (HIA) was performed and compared to the results of the assay when there was no
spin-label bound to the dendrimer. The HIA used is described pictorially in Figure 5-5
and works in the following way: concanavalin A (ConA), a lectin that binds mannose,
cross-links erythrocytes creating a gelatinous phase throughout the solution. Addition of
mannose functionalized dendrimers to the solution inhibits the cross linking of the red
blood cells by binding to ConA, allowing the cells to form a precipitate rather than a
gelatinous network. The minimum concentration of dendrimer required to completely
inhibit agglutination is the reported value. The activities of the TEMPO-mannose
functionalized dendrimers were found to be comparable to mannose-hydroxyl
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functionalized dendrimers with similar saccharide loadings [78, 80]. Consequently, we
conclude that spin-labels did not affect the arrangement of mannose on the dendrimer.
To ensure that the HIA activity was a result of a the bulk population of
dendrimers and not a small sub-population, such as dendrimers whose mannose groups
were clustered, the dendrimer samples were passed through a ConA-sepharose column
and EPR spectra taken of all the eluted fractions. For all samples tested, the spin-labeled

Figure 5-5. The hemagglutination inhibition assay (HIA).
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dendrimers were retrieved from the column in a single fraction and EPR A/B ratios
matched the ratios obtained from the sample before it was passed through the column.
Mobility of Dendrimer End Groups
In the design of heterogeneously functionalized dendrimers for specific purposes,
it is desirable to place functional groups at specific locations on the molecule. For
instance, in targeted drug delivery where a prodrug, a solubilizing agent, an imaging
group, and targeting functionalities may all be tethered to the dendrimer, it would be best
to place targeting functionalities in small clusters at distances that match the distances
between the targeted receptors, thereby allowing multivalent binding, enhanced by the
statistical effect, to occur with a minimal number of targeting groups. This leaves a
maximum number of dendrimer end groups open to carry other functionalities.
The question remains however, whether any ordering of the functional groups
imparted during synthesis remains over a practical time interval. To address this issue,
dendrimer arms were linked together and selectively spin-labeled by the method shown in
Figure 5-6. All the dendrimer end groups are functionalized with propanol via a thiourea
linkage to make the hydroxyl functionalized dendrimer 6. Groups of three arms are then
tethered together by addition of methyl borate, forming the triborate ester 7, where there
are anywhere from one to three tethered clusters per dendrimer. Confirmation that the
triborate ester was formed, rather than mono- or diborate, was obtained by 11B NMR.
The remaining hydroxyl groups were then reacted with ethyl chloroformate to form 8.
After hydrolysis of the borate ester, the previously tethered end groups were spin labeled
by addition of 1-Oxyl-2,2,5,5-tetramethylpyrrolin-3-carboxylate N-hydroxy succinimide
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ester to form 9 containing 3, 6, or 9 spin labels. Fully described synthetic details are in
reference [79].

Figure 5-6. Reaction scheme for creating clustered TEMPO functionalized dendrimers.

No observable line-broadening was seen in the EPR spectra of 9 containing either
3, 6, or 9 spin-labels. All spectra were indiscernible from each other and from a 20%
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randomly functionalized dendrimer. The lack of any observable dipolar line-broadening
indicates that upon release of the tether, the dynamic and highly flexible nature of the
dendrimer scaffold determines the end group distribution, and that initial end group
proximity is not enough to appreciably alter the displayed arrangement of functional
groups on the molecule.
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CHAPTER 6
DENDRIMER END GROUP DYNAMICS IN FLUID SOLUTION
All EPR experiments described thus far have been on frozen solution samples. In
this chapter, we examine EPR spectra of the same materials in fluid solution. Analysis
of EPR spectra of spin-labels in fluid solution is an extensive field of research for
primarily monitoring local chemical and molecular dynamics. Typically, dynamic
properties are revealed by residual broadening from incomplete averaging of anisotropic
Zeeman and hyperfine interactions. In multi-spin systems, there can be additional
broadening by dipolar and exchange interactions that are convoluted with the single spin
EPR spectrum. Spin-spin interactions in fluid solution lead to broadening by two distinct
mechanisms. If a label is tightly tethered to a template and the distance between the labels
is appreciable, then the dipolar interaction will be averaged primarily by the motion of
the template rather than faster, local motion. In this situation the EPR spectrum is
broadened by the residual (essentially un-averaged) through-space dipolar interactions
[81]. More commonly, floppy tethers allow local motion of sufficient amplitude that
nearby spins can collide with each other. In this situation, the EPR line is broadened by
the collision of the spins, and the line-broadening is determined by the inter-spin collision
rate. For spins randomly loaded onto a starburst dendrimer template, we expect that
collisional broadening will dominate the spin-spin broadening of the EPR lines. This
expectation, which follows from the tight packing and local mobility of the end-groups is
consistent with a high degree of motional averaging, exhibited in sparsely labeled
dendrimer spectra.
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In previous studies of collisional broadening of spin-labels in fluid solution,
simple relationships between line-broadening and collision rate have been elucidated.
Typically, the EPR lines are observed to have a Lorentizian line-shape whose width is the
sum of an intrinsic width, W0, determined by motional dynamics, and a collision-induced
broadening width, Wcoll, which scales linearly with the collision rate. In the dendrimer
system the situation is slightly more complex. While one might postulate a fundamental
collision rate between a given end-group and its neighbors, such collisions will only
induce line-broadening if both end-groups are labeled. In a partially labeled dendrimer,
the probability that a collision of a spin with a neighboring end-group will induce
broadening is dependent on the probability that the neighbor itself is also a spin. This
probability is a function of the total number of neighbors each spin has, the degree of
labeling, and the nature of the loading (e.g., random loading model). As with distance
distributions, neighbor occupancy is intrinsically heterogeneous.
In this chapter we develop a simple model to describe the fluid solution EPR
spectra of spin-labeled dendrimers. The model expresses the spectrum as a linear
combination of Lorentzians line-shapes: the width of each Lorentzian is determined by a
width arising from the spin-spin collision rate, Wcoll, and an intrinsic line width, W0; the
weight of each component in the linear combination is determined by the heterogeneous
neighbor spin occupancy. W0 and Wcoll are variable parameters which are fit using only
the spectra from 5% and 100% TEMPO functionalized dendrimers, and the weights are
governed by the random loading model that was used to describe the frozen solution
spectra. We obtain an excellent agreement for all intermediate loadings with no further
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adjustment of the width parameters. This result validates the working hypothesis of the
predominance of collision induce broadening and also provides confirmation for the
random loading model.
Materials and Methods
Dendrimer Synthesis
A series of partially functionalized spin-labeled G(4) PAMAM dendrimer was
synthesized according to the procedure described in chapter 2. The representative set of
spin-label loadings were again chosen to be 5, 10 25, 50, 75, 90, 95, and 100% TEMPO
functionalization.
EPR Experimental Conditions
EPR spectra were obtained on a Varian E-109 X-band spectrometer with a lab
built computer interface. Room temperature spectra were taken with a 0.6mm ID TPX
capillary EPR sample tube placed in a 3mm ID quartz EPR tube sealed with a septum and
flushed with N2 gas. A finger dewar was used to hold the quartz tube in the correct
position in the cavity. DMSO was used as a solvent and dendrimer concentration was
approximately 100uM. The incident microwave power level was 1mW to avoid
saturation effects. The amount of saturation was gauged by the linearity of the ratio of
the double integral of the EPR spectrum vs. the concentration of TEMPO standards (47
μM – 300 mM). The field was scanned over a range of 100 G with a 100 kHz modulation
at an amplitude of 1 G. The scan rate was 12.5 G/min. and a time constant of 128ms was
employed. Spectra are shown if Figure 6-1.
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Figure 6-1. Room temperature EPR Spectra of TEMPO functionalized
dendrimers. From top to bottom: 5, 10, 25 50, 75, 90, 95 and 100% TEMPO
loading.
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Treatment of Spin-Labels in Fluid Solution
EPR spectra of spin-labels in fluid solution differ appreciably from low
temperature spectra. Due to rapid tumbling of the spin-label the angle θ, between the
vector joining the nitrogen nucleus and unpaired electron and the static magnetic field
vector changing much faster than the oscillating excitation magnetic field. The result is
that the hyperfine splitting is time averaged over all orientations as opposed to the
spatially averaged splittings for frozen samples. The spectra show three equally spaced
lines split by one third of the trace of the hyperfine tensor A [82]. Whereas spin-spin
broadening in frozen solutions is primarily dictated by dipolar through space interactions,
line-widths in fluid solution spectra are controlled by lifetime broadening dictated by
exchange interactions [82].
When spin labels approach closely enough that their electron wave functions
significantly overlap, the exchange interaction can be described by the Hamiltonian in
Equation 6-1, where Ãjk is proportional to the exchange integral, which decreases rapidly
with the distance rjk [75].

~
H = ∑ A jk S j • S k
k> j

[6-1]

In fluid solution the exchange interaction is typically much smaller than the
energy of thermal motion and therefore does not perturb the translational motion of
interacting molecules. Furthermore, since the exchange interaction is only significant at
Van der Waals distances, the effect of the exchange energy is only perceivable when
collisions between spin-labels occur. When solutions are reasonably dilute, collisions are
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bi-molecular and Equation 6-1 reduces to Equation 6-2. The Hamiltonian 6-2 has two
eigenstates corresponding to the S=0 (singlet) and S=1 (triplet) states, with an energy
splitting of Ã1,2.

~
H = A1, 2 S1 S 2

[6-2]

Although the interaction due to the spin exchange is small, collisions can change
the spin states of the molecules. This simple description shown in Equation 6-3, can be
used to create an exchange rate constant analogous to chemical reaction rate constants.
Collisions resulting in spin exchange therefore decrease the lifetime of spin states, which
is discernable by an increase in the EPR line-width in concurrence with the uncertainty
principle [83].

↑ A + ↓B ←
⎯→ ↑ B + ↓ A [6-3]
Rate = k e C AC B
Unbound Spin Labels
Free spin-labels in solution show exchange induced line-broadening as a function
of spin concentration, temperature, and viscosity [83, 84]. In all cases discussed here the
temperature and viscosity will be held effectively constant. At low concentrations, spinlabel spectra show three narrow lines which become broadened as the concentration is
increased due to exchange interactions. As the concentration rises further the hyperfine
structure collapses and the three peaks coalesce into one broad peak which then narrows
upon further concentration increases. All of the spectra discussed in this chapter are in
the lower exchange regime, meaning that line-broadening will be the only manifestation
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of spin-exchange observed. Within the lower concentration limit the line-broadening,
measured by the peak to peak width of a single hyperfine line is linear in concentration
[83, 84].
Isolated Spin Labels With Broadening Agents
The EPR line-widths of spin-labels bound to a scaffold, where inter-spin distances
are too large for the exchange interaction to be noticeable, may governed by a
combination of the correlation time, dipolar interactions, and relaxation rates. These
factors determine the intrinsic width of the EPR lines, which can then be broadened by
introducing external paramagnetic atoms or molecules that can collide with the label to
induce exchange. These broadening agents may be molecular oxygen, metal ions, or
other spin-labels. In this situation the line width, W, is modeled as a sum of the intrinsic
line-width, W0, and the increase in line-width due to collisional broadening Wcoll, which
is a function of the concentration of the external broadening agent [85].

W = W0 + WColl ([C ])

[6-4]

Spin-Labeled Dendrimer Exchange
The above two examples deal with spin-labels that are exposed to a homogeneous
environment. That is, over a short time period each label will interact with roughly the
same number of other paramagnetic groups as all the other labels and they will all have
the same line-width resulting from equal collision frequencies. Hence, spectra of spinlabels in solution, and isolated labels exposed to broadening agents, the line shape of the
EPR spectrum can be described by a single Lorentzian.
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Spin-labels attached to dendrimer amines in sub-stoichiometric quantities are in
heterogeneous environments. To account for EPR spectra of spin-labeled dendrimers, an
extension of the above model for exchange broadened EPR lines for collections of spin-

35.6

labels in different environments was needed.

2

3
i

0.0244

1

0.439

0

3.3

13.2

17.8

P

i

29.7

L=0.25

4

5

6

Figure 6-2. Distributions of number of spin neighbors for a 25% loaded
dendrimer, assuming each terminal end-group has six neighboring end-groups.

As a starting point, each dendrimer end group was assumed to have six
neighboring end groups. For any percentage of spin-label loading, the probability for a
spin having zero to six neighboring arms which are also spin-labeled can be calculated by
assuming a Poisson distribution of site occupancy. In Equation 6-5, Pi is the probability
of a spin having i spin neighbors with a total spin-label loading of L (ranging from 0-1).

Pi = [ Li ∗ (1 − L) ( 6−i ) ∗ 6!] /[i!∗(6 − i )!]

[6-5]
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Pi can be plotted as a histogram for any chosen L. The histogram for a 25%
loaded dendrimer (14 labels) is shown in Figure 6-2. Of course, or any average loading
there is a distribution of the numbers of spin labels as described in Figure 2-5. To create
histograms that take into account the distribution of loadings, L= Nr/55 for Nr= 1 through
55 in integer steps was calculated and the Pi’s determined for each value of L, creating a
set of 55 1×6 arrays corresponding to the histograms values for all L’s. For each average
loading the arrays were weighted according to XL (Figure 2-5) and added to obtain
histogram values that account for loading distributions. The results are in Figure 6-3.
Each dendrimer end-group is assumed to have an intrinsic collision rate with other
end groups. At 100% loading, when all collisions are between spin-labeled end-groups,
these collisions will add a collisional width, Wcoll, to the intrinsic spin-label line width as
described by Equation 6-4. At full loading the EPR lines should therefore be describable
by a single Lorentzian. At sub-stoichiometric label loadings, however, each label will
have a different collisional width depending on the number of its neighbors that are spins.
The line-width from a label with i spin neighbors can then be described by Equation 6-6,
and the spectrum simulated by use of Equation 6-7, where the Pi’s are the values from the
histograms based on the random loading model in Figure 6-3 and L(Wi) is a Lorentzian
with a FWHM value of Wi.

Wi = W0 + (i / 6 )WColl

[6-6]

S L = ∑ Pi L (Wi ) [6-7]
i
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Figure 6-3. Distributions of number of spin neighbors for all experimental average loadings,
assuming each terminal end-group has six neighboring end-groups.
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This model has only two parameters, W0 and Wcoll, which are unknown. W0 is most
sensitive at the lowest loadings and Wi at full loading. A Labview program,
SumLorentzians.vi was written to fit the two width parameters. The program reads in a
spectrum file that is displayed on the screen and allows the user to enter the six histogram
values and values for W0 and Wi. Six Lorentzians of unit area and widths Wi are
generated, multiplied by the Pi ‘s, summed together, and the derivative taken. This lineshape is output to the screen and is forced to have the same amplitude as whichever peak
or point in the spectrum the user selects. The resonant frequency is also chosen. For all
fits the high frequency line was picked since it is the most sensitive to exchange
broadening and the high field side of the line is least affected by overlap from the MI=0
hyperfine line [85]. The larger width of this line is due to the way Zeeman and hyperfine
terms add, resulting in less motional averaging.
To obtain the best values of Wi and W0, the two parameters were adjusted to
provide a least squares best fit to the 5% TEMPO loaded dendrimer spectra in
SumLorentzians.vi. The 100% functionalized spectrum was then read into the program
and only Wi was adjusted to minimize the square root of the sum of the squares. The 5%
and 100% spectra were toggled back and forth, adjusting only W0 for the 5% spectrum
and Wi for the 100% spectrum, until the consistent result of W0=2.28G and Wi=8.01G
was attained. The full field swept spectrum and fit for 5% TEMPO functionalized
dendrimer is shown in Figure 6-4 and the fits for all other loadings in Figure 6-5,
zooming in on the outer edge of the high field line. With this technique there are no
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Figure 6-4. Room temperature 5% TEMPO loaded dendrimer spectrum (solid line)
with fit (dashed line).

variable parameters in the fits for 10%-95% TEMPO loadings. To show how widths
change with TEMPO loading, the outer edge of the high field lines for all loadings is
plotted in Figure 6-6. The fits are in excellent agreement with the experimental data and
are superior to fitting a single Lorentzian.
It is worth mentioning that this model could not have been implemented without
prior knowledge that the distribution of functional groups is random. This emphasizes
the importance of the solid state results for developing techniques for following
dendrimer end-group distributions in solution. Furthermore, the success of this model
reinforces the correctness of the results from the solid state.
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Figure 6-5. Room temperature TEMPO loaded dendrimer spectra (solid line) with
fits (dashed line, red).
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Figure 6-6. Comparison of line-widths for spin-labeled G(4) dendrimers.
TEMPO loading: 5% (black), 10% (red), 25% (orange), 50% (green), 75% (light
blue), 90% (blue), 95% (lilac), and 100% (purple).

Counting Spin Neighbors From Computer Generated Coordinates
Despite the effectiveness of the previous simple model, it is desirable to simulate
line-shapes directly from a structural models similar to what was done for spin-labeled
dendrimers in frozen solutions in Chapter 4. This would provide a means to compare
trends in line-widths for different lattices in detail.
The present goal is to compute Pi’s directly from the coordinate files used to
predict M and W values for different loading models in frozen solutions. Here, there are
no upper restrictions on the magnitude of i as in the previous model.
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Computational Techniques
Coordinate Files Two sets of coordinate files were generated to represent the
locations of spins. These coordinates predicted the correct trends in dipolar linebroadening for solid state experiments in chapter 4. The first set was made from a
modified version of spsh.c (see reference [73], Appendix N). Each file in this set contain
coordinates of 55 points randomly distributed in the outer 16Å of a sphere having a
radius of 35Å, i.e. the distances of spins from the center of the sphere range from 19Å to
35Å. The points were not allowed to be within 7Å of each other. Twenty files were
created to represent a variety of possible coordinates that meet these constraints. Since
trends in dipolar line-broadening were not sensitive to addition of increased shell
thicknesses the second set contained 20 coordinate files with the same constraints as the
first set except that the points were allowed to occupy the entire volume of the sphere.
Additionally, coordinate files were generated using a modified version of ransol.c
(see reference [73], Appendix J), which created 200 coordinate files with 4000 randomly
distributed points in cubes having the volumes required to represent spin densities from
5mM to 1M in 5mM steps.
Matlab Counting and Weighting Programs Several programs with the following
names and functions were written to analyze these coordinate files.
1) spin_neighbors.m (Appendix O): This program reads the set of 20 files specified in
its code and outputs a series of 55 files corresponding to the number of spins, a.k.a. Nr, on
a G(4) dendrimer. The program prompts the user to input a minimum distance, min,
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which coordinates (spins) have to be within each other to be considered a neighbor
coordinate (spin). Each output files contains an m × 2 array which contains a column
for the number of neighbors a spin has, the index previously denoted by i, and a column
which contains a count of the number of spins which has i neighbor spins. This column
is divided by the number of files (20), so that the sum of the elements in the column
equals Nr for that file. The magnitude of m is determined by the maximum number of
neighbors a dendrimer has for a specific Nr. For example, the first output file generated
will result from 20 dendrimer configurations where each configuration has only one spin,
Nr =1. If there is only one spin on each dendrimer, the spin will have no spin neighbors
so the program will count 20 spins with zero neighbors. Since the second column of the
output file is divided by 20, the output will be a the 1×2 array [0, 1].
2)

neighbor_eclipse_final.m (Appendix P): In a random walk type of collision model,

only the nearest neighbors in any direction determine the collision frequency. This
program is equivalent to program 1) except that neighbor spins that are eclipsed by a
closer neighbor spin are subtracted from the count of spin neighbors. This is
demonstrated in Figure 6-7. The spins are given a radius of 3.5Å, and the angles ∠ac =
tan-1(3.5/|a|) and ∠ab = ( a · b )( |a| * |b| ) calculated. If ∠ab is less than ∠ac then point 3
is not considered to be a neighbor of point 1.
3) spin_neighbors_eclipse.m (Appendix Q): This program is the same as 2) except that
sites not occupied by spins can eclipse spins. This situation is realized for
heterogeneously functionalized dendrimers, and when unoccupied dendrimer arms can
prevent collisions between spins by acting as a spacer.
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4) solution_neighbors.m (Appendix R): This is a neighbor counting program for the
coordinate files generated by ransol.c. Since the points occupy a cube, it is important to
eliminate edge effects as these would cause the results to deviate from actual solution
spin neighbor distributions. The coordinates within the distance min from the edge of the

b

3

2

a
1

c

1

Figure 6-7. Eclipsing model. Spin 3 is not counted as a neighbor of 1 even if it is
within the minimum distance.
cube can be counted as neighbors of spins further away than min from the edge, but their
neighbor distributions are not calculated.
5) solution_neighbor_eclipse.m (Appendix S): This program is equivalent to program
4) except that the closest spin neighbors can eclipse further spin neighbors as in program
2).
6) clustsort.m (Appendix T): Clustsort.m reads the dendrimer spin coordinate files from
spsh.c which are in random order and calculates the distance from the first point in the
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file to every other point in the file and arranges the coordinates from the closest to the
farthest. The program reads in the 20 randomly arranged coordinate files and outputs 20
non-random coordinate files. Since programs 1), 2), and 3) read coordinates sequentially,
neighbor distributions from coordinate files passed through clustsort.m will show how the
spin neighbor environments change when sites occupied by spins are forced closer
together.
7) Poisson_Distribution.m (Appendix U): The 55 files, corresponding to 55 values of
the Nr created by programs 1), 2), and 3) are passed through Poisson_Distribution.m.
This program is a weighting program which calculates the histogram Pi’s for average
spin-label loadings of 0.05, 0.10, 0.25, 0.50, 0.75, 0.90, 0.95, and 1.00. Each of the 55
files is multiplied by the factors XL, from Figure 2-5 to account for the distributions in
loadings. Poisson_Distribution.m outputs two files every time it is run. Both files
contains 9 columns. The first column is the index i- the number of neighbors ranging
from zero to m and the additional eight columns contain data corresponding to the eight
different loadings. In the first file the eight columns include a count of the number of
points having i neighbors. In the second file all the columns excluding the first are
divided by the sum of the elements in the column. The result is the Pi’s.
Calculation Results
With all of the programming tools in place, the manner in which neighbor
distributions change with increasing spin densities for various lattices can be assessed.
Before reporting the results of the calculations, one additional detail must be addressed.
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In order to compare differences between spins on a template and the behavior in a 3dimensional solution, we need to transform loading percentages to a concentration scale.
This is done in Table 6-1 for dendrimers having functional groups located in an outer
shell having a thickness of 16Å and dendrimers with functional groups occupying the
molecule’s entire volume.

G(4)
Dendrimer
Loading
Concentration
16Å Shell
Concentration
Entire Sphere

100%

95%

90%

75%

50%

25%

10%

5%

562mM

533M

506mM

422mM

281mM

140mM

56mM

28mM

508mM

583mM

457mM

381mM

254mM

127mM

51mM

25mM

EPR Signal

Table 6-1. Equivalent concentrations for all dendrimer loadings.
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Figure 6-8. Spectra of unbound TEMPO in solution. 50mM (black), 150mM
(red) and 300mM(orange).
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Table 6-1, along with spectra of free TEMPO in solution (Figure 6-8)
immediately reveals distinct differences in exchange frequencies for free spin-labels in
solution and spin-labels attached to dendrimers. At 100% TEMPO loading, which
corresponds to a spin density greater than 500mM, the hyperfine lines in the spectrum are
still resolved. In contrast, the hyperfine structure is completely lost for unbound TEMPO
at a concentration of only 300mM. This is not a surprise, since the dendrimer scaffold
undoubtedly slows the motion of the spin-labels and the vast network of arms can
interfere with labels coming into contact with each other. This observation reveals
information regarding the intrinsic molecular viscosity of the dendrimer molecule.
The persistent nature of the hyperfine components for spin-labeled PAMAM
dendrimers is distinct from studies done on polypropylene imine (PPI) dendrimers, where
the hyperfine structure is lost even at lower dendrimer generations at full loadings [72].
A short aside is taken here to discuss the meaning of these differences and to ensure that
they do not arise from poor sample preparation.
Although MALDI confirmed that complete loading was obtained, and double
integration values of the EPR spectra showed no loss in free radical activity, the
difference in these results are somewhat disconcerting. An additional check that
complete spin loading was achieved comes from the solid state data. The average
distance between spin-labels in a 508mM solution is 14Å. The dipolar width for a 100%
TEMPO loaded dendrimer is ~16 gauss which corresponds to spin neighbors being
between 11Å and 15Å (see Table 4-1) which is in great agreement with ~500mM
solution distances. These data show that full spin-labeling was achieved and that the
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exchange interactions between unbound spin-labels and end-groups for PAMAM and PPI
dendrimers are fundamentally different. This is easily explainable by the shorter arm
units used to build PPI dendrimers and the lack of amide groups which could limit
mobility in PAMAM dendrimers.
Distributions in Neighbors
Distributions in neighbors for various models are shown in Figures 6-9 through 614 with the minimum inter-spin distance required for spins to be neighbors was 20Å.
These results are plotted as lines rather than histograms so various dendrimer TEMPO
loadings and unbound TEMPO concentrations can be easily compared. Results from
spin_neighbors_eclipse.m are not shown since they did not differ noticeably from the
neighbor_eclipse_final.m results. The reason for this is that at low loadings there are not
many neighbor spins to be eclipsed by non-spin neighbors and at high loadings the results
from the two programs become equivalent because all sites are occupied by spins.
Moreover, results from the coordinates occupying the entire molecular volume for the
clustering model are not shown since they are nearly identical to the results from the 16Å
shell model. As with frozen solution dipolar line-broadening trends, further increases in
shell thicknesses do not affect the trends in exchange broadening.
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Figure 6-9. Neighbor distributions for G(4) dendrimers with spins occupying a
16Ǻ shell and solution distributions of equivalent concentration with eclipsing not
taken into account. Solid lines are dendrimer Pi’s and dashed lines are solution
Pi’s. 5%(black), 10% (red), 25% (orange), 50% (green), 75% (light blue), 90%
(blue), 95% (lilac), 100% (purple).
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Figure 6-10. Neighbor distributions for G(4) dendrimers with spins occupying the
entire molecule’s volume and solution distributions of equivalent concentration
with eclipsing not taken into account. Solid lines are dendrimer Pi’s and dashed
lines are solution Pi’s. 5%(black), 10% (red), 25% (orange), 50% (green), 75%
(light blue), 90% (blue), 95% (lilac), 100% (purple).
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Figure 6-11. Neighbor distributions for G(4) dendrimers with spins occupying a
16Ǻ shell and solution distributions of equivalent concentration with eclipsing
taken into account. Solid lines are dendrimer Pi’s and dashed lines are solution
Pi’s. 5%(black), 10% (red), 25% (orange), 50% (green), 75% (light blue), 90%
(blue), 95% (lilac), 100% (purple).
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Figure 6-12. Neighbor distributions for G(4) dendrimers with spins occupying the
entire molecule’s volume and solution distributions of equivalent concentration
with eclipsing taken into account. Solid lines are dendrimer Pi’s and dashed lines
are solution Pi’s. 5%(black), 10% (red), 25% (orange), 50% (green), 75% (light
blue), 90% (blue), 95% (lilac), 100% (purple).
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Figure 6-13. Neighbor distributions for G(4) dendrimers with spins clustered in a
16Ǻ shell and solution distributions of equivalent concentration with eclipsing not
taken into account. Solid lines are dendrimer Pi’s and dashed lines are solution
Pi’s. 5%(black), 10% (red), 25% (orange), 50% (green), 75% (light blue), 90%
(blue), 95% (lilac), 100% (purple).
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Figure 6-14. Neighbor distributions for G(4) dendrimers with spins clustered in a
16Ǻ shell and solution distributions of equivalent concentration with eclipsing
taken into account. Solid lines are dendrimer Pi’s and dashed lines are solution
Pi’s. 5%(black), 10% (red), 25% (orange), 50% (green), 75% (light blue), 90%
(blue), 95% (lilac), 100% (purple).
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Figure 6-15. Experimental peak-to-peak widths from high field lines in the
spectra shown in Figure 1-1. A saturation curve is fit to the data to guide the eye.
On initial examination, it becomes obvious that the calculated Pi’s should not be
used in the same manner as the Pi’s calculated from Equation 6-7 for simulating the
specral line-shapes. Looking at the free spin-labels (dashed lines), the distribution of Pi’s
is broad, and it was already said that labels distributed randomly in a 3-dimensional
lattice can be described by a single Lorentzian. However, the differences in the trends in
neighbor distributions between dendrimer bound and unbound spin-labels reveal some
very nice qualitative results.
The results in Figures 6-9 through 6-12 reveal fundamental differences in the way
spins accumulate neighbor spins as the spin concentration is increased for randomly
distributed dendrimer bound labels and unbound labels in solution. The unbound
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neighbor distributions above a concentration equivalent to 25% loading show an increase
in the mode as concentration increases, where dendrimer bound labels quickly reach a
saturation mode and then the numbers of spin neighbors changes insignificantly. It is this
type of saturation behavior which differentiates the trends in line-shapes from bound and
unbound spin labels as spin densities change. Figure 6-15 shows the measured peak-topeak line-widths of the high field lines of the spectra in Figure 6-1, which shows this
saturation behavior. In contrast, for a random 3-dimensional solution, a linear increase in
line-width is observed. Had this trend been seen without prior knowledge of the
correctness of the random distribution models, and that randomly distributed labels result
in this type of behavior when they are attached to the dendrimer scaffold, it may have
been erroneously concluded that the spins bound to the dendrimer in a clustered
arrangement. However, as shown by Figures 6-13 and 6-14 a clustered spin binding
regime would reach a saturation threshold much faster than the random loading model
with the maximum line-width being observed at close to 25% loading. The rapid rise to
this wide width displays the great sensitivity of the EPR line-widths for spin-labeled
dendrimers to changes from non-random loadings. With only a few spin-labels bound to
the dendrimer scaffold, changes in the distribution of end-groups which forces them
closer together due to external driving forces should be readily detectable.
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CHAPTER 7
CONCLUSION
Summary
Novel techniques for describing spin-spin broadening of EPR spectra in complex
molecular systems containing many spins have been developed and applied to spinlabeled PAMAM dendrimers.
Calculations based on structural models and compared to experimental data for
partially and heterogeneously functionalized dendrimers in frozen solutions reveal that
functionalization of the terminal primary amines is random. Trends in the dipolar linewidths with loading reveal information not only about the relative locations of the spinlabels, but also about the dimensionality of the space that the spins occupy. These trends
show that the dimensionality of the distribution of spins changes as a function of
dendrimer generation. Functional groups attached to generation 1-3 dendrimers are
constrained to the surface of the molecule while functional groups attached to dendrimers
of generation 4 and higher are distributed throughout the entire molecular volume.
Attempts to observe label distributions that are not random were unsuccessful.
Neither attaching H-bonding capable functional groups, nor synthesizing dendrimers with
initial label ordering, was sufficient for line-broadening greater than was seen for random
distributions to be observed. These influences were unable to perturb the random
distribution of functional groups dictated by the dendrimer scaffold.
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The knowledge of a random distribution of functional groups was used to develop
a model for simulating the high field hyperfine lines for fluid solution spectra of the same
samples used for fluid solution studies. This model successfully determined the lineshapes for spin-label loadings of 5%-95%, with no variable parameters, and necessitated
that the heterogeneity of spin environments for partially loaded dendrimers be explicitly
taken into account. More detailed calculations from computer generated coordinates
showed how spin interactions are accumulated for spins in a 3-dimensional solution, and
spins attached to the dendrimer framework. Differences in the way spin neighbors are
accumulated explain the differences in the line-width trends between the two types of
systems, even when the distribution of spins is random for both cases.
Future Work
The spin-label EPR techniques developed here can be used to evaluate other
dendrimer systems with various functional groups and dendrimer compositions. Since
clustering of labels was never observed, the synthesis of a structure with order that
remains over a long timescale is desirable. With the methods in place for analyzing fluid
solution spectra, the ability to monitor the loss of imparted order over time seems
promising. EPR of carbohydrate-TEMPO functionalized dendrimers in fluid solution
could elucidate dendrimer conformational changes in the presence of lectins.
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Other Systems
Another system that is amenable to attachment of many spin-labels has already
been studied in our lab by Robert Usselman[86]. Chlorotic cowpea mottle virus (CCMV)
is a 180 subunit icosahedral capsid that undergoes pH and calcium dependent gating
(opening and closing), resulting in changed distances between certain amino acid residues
on neighboring subunits. Using site-directed mutagenesis to cysteines followed by spinlabeling, selected positions in the subunits can be labeled. Many choices of amino acids
to label will not result in changes in the spectrum upon conformational changes. The
sensitivity of the EPR spectra to variations in conformation was first calculated using
coordinate files for amino acid positions in both the open and closed conformations. The
expected change in dipolar line-broadening as a function of the amino acid positions was
calculated using the VanVleck method described in Chapter 4. In this manner, amino
acid positions were chosen to be spin-labeled that showed large changes in the amount of
dipolar line broadening in the EPR spectrum upon conformational change. CCMV gating
was successfully observed by EPR, and a model that described the spectra as a
superposition of two spectra arising from only two states (open and closed) was
employed.
Initial experiments have also begun on spin-labeled prion protein amyloid fibrils
in collaboration with Michele McGuirl at the University of Montana. Because of the
large size of these aggregates and their non-crystaline quality, information about their
molecular structure has been difficult to obtain[87]. SDSL-EPR is a technique that can
overcome these difficulties. Several structural models for amyloid fibrils already
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exist[88, 89]. Coordinate files can be made from these models and trends in dipolar linebroadening predicted for spin labels placed at various amino acid positions. Comparing
experimental line-broadening results with calculated predictions can help to verify or
nullify the validity of different models. Some hypothetical structures predict that misfolded prion proteins stack in a linear way; that is, the orientations of all the proteins are
the same and they are directly on top of each other. If this is the case, then proteins could
be selectively mutated to cysteines at a single position with spin-labeled in various
loading percentages. The curvature of a line fit to dipolar line widths at multiple loadings
should clarify the validity of the models.
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APPENDIX A
MWPLOTREADLOOP.M
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A Matlab program for making contour plots of χr2 surfaces:
function [c] = MWplotreadLoop
% This program reads in arrays of chi squared values for various Ms and Ws
% from convolution fitting, plots the surface and outputs the best M and W
% value.
infile_base = input('What is the name of the chi squared file to be read, without file
number?\n', 's');
numfiles = 8;
for g = 0:7
g = g+1;
h = num2str(g);
infile = strcat(infile_base,h);
array=load(infile); %Reading the chi squared array into 'array'
%m_init = input('What is the initial M value? \n');
%m_step = input('What is the step size of M? \n');
%w_init = input('What is the initial W value? \n');
%w_step = input('What is the step size of W? \n');
m_init = .5;
%For sequential plotting to work, all files must have the same initial
M,W values and stepsizes.
m_step = .05;
w_init = .01;
w_step = .05;
[m,w]=size(array);
m_vector= m_init:m_step:(m_init+(m-1)*(m_step));
w_vector= w_init:w_step:(w_init+(w-1)*(w_step));
array = array ./ 3998;
x = min(array);
x = min(x)

% array now contains reduced chi squared values.

% x is the minimum chi squared value.

[i,j] = find(array ==x);

% i and j are the indices of the min chi squared value
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array = (array ./ x) - 1;
% Make minimum chi squared value zero, by normalization of
min and subtraction of one.
y = max(array);
y = max(y)

% y is the value of the maximim element in array.

range_array = y; % This is the range of chi squared values in array.
contour_step = .1;
countour lines

% Contour_step is the chi squared difference value between

n = range_array / contour_step % n is the number of countour lines in the countour plot.
%n = 400;
min_m = min(array');
min_w = min(array);
a = min_m;
b = min_w;
best_m = m_vector(i)
best_w = w_vector(j)
%figure(1);
%plot(w_vector, min_w);
%figure(2);
%plot(m_vector, min_m);
figure(3);
Z=contour(w_vector, m_vector, array, n);
%clabel(Z, 'manual');
xlabel('Pearson VII W (Gauss)','FontSize', 16, 'FontName', 'TimesNewRoman');
ylabel('Pearson VII M','FontSize', 16, 'FontName', 'TimesNewRoman');
name = strcat('C:/MATLAB6p5\work\MWContourPlots\', infile, '.jpg');
print('-djpeg100', name)
end
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APPENDIX B
MWPLOTREAD_3D.M
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A Matlab program for generating 3-dimensional χr2 surfaces:
function [c] = MWplotread_3D.m
% This program reads in arrays of chi squared values for various Ms and Ws
% from convolution fitting, plots the surface and outputs the best M and W
% value.
infile = input('What is the name of the chi squared file to be read?\n', 's');
array=load(infile);

%Reading the chi squared array into 'array'

%m_init = input('What is the initial M value? \n');
%m_step = input('What is the step size of M? \n');
%w_init = input('What is the initial W value? \n');
%w_step = input('What is the step size of W? \n');
m_init = .5;
m_step = .05;
w_init = .01;
w_step = .05;
[m,w]=size(array);
m_vector= m_init:m_step:(m_init+(m-1)*(m_step));
w_vector= w_init:w_step:(w_init+(w-1)*(w_step));
array = array ./ 3998;
x = min(array);
x = min(x)

% array now contains reduced chi squared values.

% x is the minimum chi squared value.

[i,j] = find(array ==x);

% i and j are the indices of the min chi squared value

array = (array ./ x) - 1;
% Make minimum chi squared value zero, by normalization of
min and subtraction of one.
y = max(array);
y = max(y)

% y is the value of the maximim element in array.
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range_array = y; % This is the range of chi squared values in array.
contour_step = 0.1;
countour lines

% Contour_step is the chi squared difference value between

n = range_array / contour_step % n is the number of countour lines in the countour plot.
%n = 400;
min_m = min(array');
min_w = min(array);
a = min_m;
b = min_w;
best_m = m_vector(i)
best_w = w_vector(j)

figure(1);
Z=Contour3(w_vector, m_vector, array, n);
%clabel(Z, 'manual');
xlabel('Pearson VII W (Gauss)','FontSize', 16, 'FontName', 'TimesNewRoman');
ylabel('Pearson VII M','FontSize', 16, 'FontName', 'TimesNewRoman');
%name = strcat('C:/MATLAB6p5\work\MWContourPlots\', infile, '.jpg');
%print('-djpeg100', name)
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APPENDIX C
G(1) χr2 SURFACES

131

G1 5% TEMPO Loaded

G1 10% TEMPO Loaded

G1 25% TEMPO Loaded

132

G1 50% TEMPO Loaded

G1 75% TEMPO Loaded

G1 90% TEMPO Loaded

133

G1 95% TEMPO Loaded

G1 100% TEMPO Loaded
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APPENDIX D
G(2) χr2 SURFACES
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G2 5% TEMPO Loaded

G2 10% TEMPO Loaded

G2 25% TEMPO Loaded

136

G2 50% TEMPO Loaded

G2 75% TEMPO Loaded

G2 90% TEMPO Loaded

137

G2 95% TEMPO Loaded

G2 100% TEMPO Loaded
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APPENDIX E
G(3) χr2 SURFACES
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G3 5% TEMPO Loaded

G3 10% TEMPO Loaded

G3 25% TEMPO Loaded

140

G3 50% TEMPO Loaded

G3 75% TEMPO Loaded

G3 90% TEMPO Loaded

141

G3 95% TEMPO Loaded

G3 100% TEMPO Loaded
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APPENDIX F
G(4) χr2 SURFACES
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G4 5% TEMPO Loaded

G4 10% TEMPO Loaded

G4 25% TEMPO Loaded

144

G4 50% TEMPO Loaded

G4 75% TEMPO Loaded

G4 90% TEMPO Loaded

145

G4 95% TEMPO Loaded

G4 100% TEMPO Loaded
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APPENDIX G
G(6) χr2 SURFACES
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G6 5% TEMPO Loaded

G6 10% TEMPO Loaded

G6 25% TEMPO Loaded

148

G6 50% TEMPO Loaded

G6 75% TEMPO Loaded

G6 90% TEMPO Loaded
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G6 95% TEMPO Loaded

G6 100% TEMPO Loaded
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APPENDIX H
G(0) EXPERIMENTAL SPECTRA WITH BEST FITS
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EPR Signal

G0 5% Experimental
G0 5% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G0 10% Experimental
G0 10% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350
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EPR Signal

G0 25% Experimental
G0 25% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G0 50% Experimental
G0 50% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350
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EPR Signal

G0 75% Experimental
G0 75% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G0 90% Experimental
G0 90% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350
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EPR Signal

G0 95% Experimental
G0 95% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G0 100% Experimental
G0 100% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350
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APPENDIX I
G(1) EXPERIMENTAL SPECTRA WITH BEST FITS
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EPR Signal

G1 5% Experimental
G1 5% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G1 10% Experimental
G1 10% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350
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EPR Signal

G1 25% Experimental
G1 25% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G1 50% Experimental
G1 50% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350
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EPR Signal

G1 75% Experimental
G1 75% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G1 90% Experimental
G1 90% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

159

EPR Signal

G1 95% Experimental
G1 95% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G1 100% Experimental
G1 100% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350
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APPENDIX J
G(2) EXPERIMENTAL SPECTRA WITH BEST FITS
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EPR Signal

G2 5% Experimental
G2 5% Fit
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3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G2 10% Experimental
G2 10% Fit
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3250
3300
Magnetic Field (Gauss)

3350
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EPR Signal

G2 25% Experimental
G2 25% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350

EPR Signal

G2 50% Experimental
G2 50% Fit

3150

3200
3250
3300
Magnetic Field (Gauss)

3350
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EPR Signal

G2 75% Experimental
G2 75% Fit
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3200
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Magnetic Field (Gauss)

3350

EPR Signal

G2 90% Experimental
G2 90% Fit
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3300
Magnetic Field (Gauss)

3350
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EPR Signal

G2 95% Experimental
G2 95% Fit
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Magnetic Field (Gauss)

3350

EPR Signal

G2 100% Experimental
G2 100% Fit
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Magnetic Field (Gauss)

3350
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APPENDIX K
G(3) EXPERIMENTAL SPECTRA WITH BEST FITS
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EPR Signal

G3 5% Experimental
G3 5% Fit
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Magnetic Field (Gauss)
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EPR Signal

G3 10% Experimental
G3 10% Fit
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3200
3250
3300
Magnetic Field (Gauss)
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EPR Signal

G3 25% Experimental
G3 25% Fit

3150

3200
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3300
Magnetic Field (Gauss)

3350

EPR Signal

G3 50% Experimental
G3 50% Fit
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3300
Magnetic Field (Gauss)

3350
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EPR Signal

G3 75% Experimental
G3 75% Fit
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Magnetic Field (Gauss)
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EPR Signal

G3 90% Experimental
G3 90% Fit
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Magnetic Field (Gauss)

3350
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EPR Signal

G3 95% Experimental
G3 95% Fit
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Magnetic Field (Gauss)

3350

EPR Signal

G3 100% Experimental
G3 100% Fit
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Magnetic Field (Gauss)

3350
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APPENDIX L
G(4) EXPERIMENTAL SPECTRA WITH BEST FITS
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EPR Signal

G4 5% Experimental
G4 5% Fit
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EPR Signal

G4 10% Experimental
G4 10% Fit
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EPR Signal

G4 25% Experimental
G4 25% Fit
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Magnetic Field (Gauss)
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EPR Signal

G4 50% Experimental
G4 50% Fit
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EPR Signal

G4 75% Experimental
G4 75% Fit
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Magnetic Field (Gauss)
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EPR Signal

G4 90% Experimental
G4 90% Fit
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Magnetic Field (Gauss)

3350
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EPR Signal

G4 95% Experimental
G4 95% Fit
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3350

EPR Signal

G4 100% Experimental
G4 100% Fit
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Magnetic Field (Gauss)

3350
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APPENDIX M
G(6) EXPERIMENTAL SPECTRA WITH BEST FITS
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EPR Signal

G6 5% Experimental
G6 5% Fit
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EPR Signal

G6 10% Experimental
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EPR Signal

G6 25% Experimental
G6 25% Fit
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Magnetic Field (Gauss)

3450

EPR Signal

G6 50% Experimental
G6 50% Fit
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Magnetic Field (Gauss)

3450
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EPR Signal

G6 75% Experimental
G6 75% Fit

3050

3150
3250
3350
Magnetic Field (Gauss)

3450

EPR Signal

G6 90% Experimental
G6 90% Fit

3050

3150
3250
3350
Magnetic Field (Gauss)

3450
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EPR Signal

G6 95% Experimental
G6 95% Fit

3050

3150
3250
3350
Magnetic Field (Gauss)

3450

EPR Signal

G6 100% Experimental
G6 100% Fit

3050

3150
3250
3350
Magnetic Field (Gauss)

3450
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A Matlab program for calculating error bars for best M and best W values.
function [c] = MWplotreadLoop_error
infile_base = input('What is the name of the chi squared file to be read, without file
number?\n', 's');
numfiles = 8;
for g = 0:7;
g = g+1;
h = num2str(g);
infile = strcat(infile_base,h);
array=load(infile);

%Reading the chi squared array into 'array'

%m_init = input('What is the initial M value? \n');
%m_step = input('What is the step size of M? \n');
%w_init = input('What is the initial W value? \n');
%w_step = input('What is the step size of W? \n');
m_init = .5;
m_step = .05;
w_init = .01;
w_step = .05;
[m,w]=size(array);
m_vector= m_init:m_step:(m_init+(m-1)*(m_step));
w_vector= w_init:w_step:(w_init+(w-1)*(w_step));
array = array ./ 3998;
x = min(array);
x = min(x);

% array now contains reduced chi squared values.

% x is the minimum chi squared value.

[i,j] = find(array ==x);

best_m = m_vector(i)
best_w = w_vector(j)

% i and j are the indices of the min chi squared value
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array = (array ./ x) - 1;
% Make minimum chi squared value zero, by normalization of
min and subtraction of one.
array = array -.03;
y = max(array);
y = max(y);

% y is the value of the maximim element in array.

range_array = y; % This is the range of chi squared values in array.
contour_step = 1;
countour lines

% Contour_step is the chi squared difference value between

n = range_array / contour_step % n is the number of countour lines in the countour plot.
%n = 400;
min_m = min(array');
min_w = min(array);
a = min_m;
b = min_w;
figure(2*g-1);
if j > 100
% j is the array index of the minimum w value. If the best w
is in the first 100 points it is assumed to be statistically indistinguishable from zero.
% If the best w is further away from zero then a polynomial can be fit around this value
and the roots found - the roots are the range of error.
% Do not need to worry about upper limit since w's are fit well above the best w.
polyrange = j-100:j+100;
trunc_min_w = b(j-100:j+100);
trunc_w_vector= w_vector(j-100:j+100);
q = polyfit(trunc_w_vector, trunc_min_w, 10); %Fit a 10th degree polynomial to data.
This generates best constants for the polynomial.
fine_x_w = trunc_w_vector(1):0.01:trunc_w_vector(end); % These two lines evaluate
the fit polynomial at more closely spaced points than the spacing of the w points. -Makes
the plot much nicer :).
pfit_w = polyval(q, fine_x_w);
plot(w_vector, min_w, 'o', fine_x_w, pfit_w, ':k', 'LineWidth', 2,
'MarkerFaceColor','r','MarkerEdgeColor','r', 'MarkerSize',2);
xlabel('Pearson VII W','FontSize',24, 'FontName', 'TimesNewRoman');
ylabel('X_{r}^{2}-1.05','FontSize',24, 'FontName', 'TimesNewRoman');
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ylim([-.1 .1]);
w_limits = roots(q);
% Find roots of polynomial and set imaginary roots to
zero.
Dimen_w = size(w_limits);
% w_limits are the roots of the polynomial fit to
w.
for K = 0:(Dimen_w(1,1)-1)
K = K + 1;
realroots_w(K) = isreal(w_limits(K));
end %End for K loop
realroots_w = realroots_w' .* w_limits; % realroots_w is the vector that contains only
real roots of the polynomial. All previous imaginary roots are now zero.
M =0;
for J =0:(Dimen_w(1,1)-1)
% Get rid of all non-physically reasonable roots,
including zeros and roots outside range of Ms.
J = J + 1;
if realroots_w(J) > trunc_w_vector(1) && realroots_w(J) < trunc_w_vector(end)
M = M +1;
w_range(M) = w_limits(J);
end %End if M loop
end %End J for loop
else
w_range = [2*best_w, 0];
% If the best w is indistinguishable from zero the
error range is set from zero to twice the value of the best w.
end %end if j loop.
figure(2*g);
%Since the lowest m is never the best (WAY to super lorentzian), the only limit that is
concerning is the upper. If the highest M is the best, the best lineshape is gaussian m =
infiniti.
%If the highest m is not the best, fit polynomial
if best_m == m_vector(end)
m_range = [best_m best_m];
else
p = polyfit(m_vector, min_m, 10); %Fit a 10th degree polynomial to data.
fine_x_m = m_vector(1):0.01:m_vector(end);
pfit_m = polyval(p, fine_x_m);
plot(m_vector, min_m, 'o', fine_x_m, pfit_m, ':k', 'LineWidth', 2,
'MarkerFaceColor','r','MarkerEdgeColor','r', 'MarkerSize',2);
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xlabel('Pearson VII M','FontSize',24, 'FontName', 'TimesNewRoman');
ylabel('X_{r}^{2}-1.05','FontSize',24, 'FontName', 'TimesNewRoman');
ylim([-.1 .1]);
m_limits = roots(p);
% Find roots of polynomial and set imaginary roots to
zero.
Dimen = size(m_limits);
for k = 0:(Dimen(1,1)-1)
k = k + 1;
realroots(k) = isreal(m_limits(k));
end %End for k loop
realroots = realroots' .* m_limits;
m =0;
for L =0:(Dimen(1,1)-1)
% Get rid of all non-physically reasonable roots,
including zeros and roots outside range of M's.
L = L + 1;
if realroots(L) > m_vector(1) && realroots(L) < m_vector(end)
m = m +1;
m_range(m) = m_limits(L);
end %End if m loop
end %End L for loop
end %end if best m loop
mw_array(g,1) = best_w - w_range(1,2);
range within previously defined error.
mw_array(g,2) = best_w;
mw_array(g,3) = w_range(1,1) - best_w;
mw_array(g,4) = best_m - m_range(1,2);
mw_array(g,5) = best_m;
mw_array(g,6) = m_range(1,1) - best_m;

%mw_array contains the best fits and the

clear q pfit_w w_limits realroots_w p pfit_m m_limits realroots

end %end g loop
mw_array
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name = strcat('C:/MATLAB6p5\work\MWContourPlots\', infile_base, '.txt');
dlmwrite(name, mw_array, '\t');
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A Matlab program for counting numbers of neighbor spins.
function [a,b] = spin_neighbors
%A program that counts how many points are within a distance min of each point. The
output is a column vector a(k) which is how many points are
%within a distance min.
min = input('How close must a spin be to be a neighbor?\n ');
loading = input('What percentage of sites are spins? (enter # 1-100) \n');
if ((loading >100) || (loading < 1))
error('This is not a valid percentage \n')
end
nsites = 55;
% How many terninal groups are on the dendrimer
loading = (loading/100)*nsites; % Turn percentage into a number of occupied spin sites.
loading = round(loading);

for i=0:19
r = i+1;
l=mat2str(i);

% Number of occupied sites must be an integer.

%i loop seqentially chooses files to open
%since first i is zero, and matrix position counting starts at one.
%convert numeric # to string

p='55-55sphereshell70-7-';
q = strcat(p,l);
array = load(q);
x = array(:,2);
y = array(:,3);
z = array(:,4);

%base name of file series

%concatenate base name with file index #
%open file and save contents to 'array'
%designate colums as x, y, and z coordinates
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for k = 1:loading
j = 0;
choosing a new k.

%k loop chooses points sequentially
%j is count of how many neighbors a point has, reset to zero after

for m = 1:loading

%m is index of points to compare to point k

if m ~= k
dist = sqrt(((x(k)-x(m))^2)+ ((y(k)-y(m))^2)+((z(k)-z(m))^2));
%calculate distance from point k to all
%points m, including distance to self (dist=0)
if ( dist < min)

%if distance is within min, count it as a neighbor.

j = j + 1;

end;

% end of dist, min comparison loop.

a(k,r) = j;

%Write number of neigbors to array.

end;

%End of conditional if statement

end;
b=mean(a);
b=mean(b);
end;

% end of m loop
% end of k loop

end;

% end of i loop
a = sort(a);
dlmwrite('karl.txt',a,'\t');
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A Matlab program for counting spin neighbors. The nearest spins can eclipse more
distant spins, eliminating them from the neighbor count.
function [a,b] = neighbor_eclipse_final
min = input('How close must a spin be to be a neighbor?\n ');
loading = input('What percentage of sites are spins? (enter # 1-100) \n');
if ((loading >100) || (loading < 1))
error('This is not a valid percentage \n')
end
nsites = 55;
% How many terninal groups are on the dendrimer
loading = (loading/100)*nsites; % Turn percentage into a number of occupied spin sites.
loading = round(loading);
for i=0:19
r = i+1;
l=mat2str(i);

%i loop seqentially chooses files to open
%since first i is zero, and matrix position counting starts at one.
%convert numeric # to string

p='55-55sphereshell70-7-';
q = strcat(p,l);
array = load(q);
x = array(:,2);
y = array(:,3);
z = array(:,4);

for k = 1:loading
j = 0;
choosing a new k.

%base name of file series

%concatenate base name with file index #
%open file and save contents to 'array'
%designate colums as x, y, and z coordinates

%k loop chooses points sequentially
%j is count of how many neighbors a point has, reset to zero after
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coord = 0;

for m = 1:loading

%m is index of points to compare to point k

if m ~= k
dist = sqrt(((x(k)-x(m))^2)+ ((y(k)-y(m))^2)+((z(k)-z(m))^2));
%calculate distance from point k to all
%points m, including distance to self (dist=0)

if ( dist < min)

%if distance is within min, count it as a neighbor.

j = j + 1;
coord_x = x(m);
coord_y = y(m);
coord_z = z(m);
coord(j,1) = dist; % First column of coord is distance from spin k, second,
third and fourth columns are are the coordinates of all the neighbors of spin k.
coord(j,2) = coord_x;
coord(j,3) = coord_y;
coord(j,4) = coord_z;

end;

% end of dist, min comparison loop.

a(k,r) = j;

%Write number of neigbors to array.
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end;

%End of conditional if statement

end;

% end of m loop

coord = sortrows(coord);
furthest
npoints = size(coord,1);
coord
if npoints > 1

%Put rows in order from closest neighbor to

% Find how many neighbor coordinates are stored in

%Check to see if there is more than one neigbor

for p = 1:npoints
%Create all interspin vectors
vx(p) = coord(p,2) - x(k);
vy(p) = coord(p,3) - y(k);
vz(p) = coord(p,4) - z(k);
end % End of for p loop
v = [ vx; vy; vz]';
count = 0;
for c = 1:(npoints-1) % Start with the vector between spin k the closest point
theta = (atan(3.5 / (coord(c,1)))); % Calculate angle of a cone that has its
tip at pt k and opening at closest neighbor. 3.5 is spin radius modeled as sphere.
for d = (c+1):(npoints)
phi = dot(v(c,:), v(d,:)) / (coord(c,1) * coord(d,1));
phi = abs(phi);
if phi < theta
count = count + 1;
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check(count) = d;

% Check stores values of d.

if count > 1
for f = 1:(count-1)
if check(f) == check(count)
[check(count)] with others previously stored
count = count -1;
subtract it out of the count

% Compare current value of d
% If that point has already been counted

end % End of if check loop
end

% End of for f loop

end % end of if count loop
end % End of phi theta comparison if loop
end

% end of d loop

end % end of c loop
a(k,r) = a(k,r)-count;
clear check count;
end
%end of if npoints loop
clear coord;
clear vx vy vz v;
% find average number of neighbors for a spin arrangement
%Find average over all 20 arrangements
end;
% end of k loop
b = mean(a);
end;
b = mean(b);
a = sort(a);

% end of i loop
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dlmwrite('Neighbors_eclipse_minIs20.txt',a,'\t');
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A Matlab program for counting spin neighbors. The nearest neighbors can eclipse more
distant neigbors, eliminating them from the neighbor count, even if the nearby sites are
unoccupied.
function [a,b] = spin_neighbors_eclipse
%A program that counts how many spin points are within a distance min of each spin
point. The output is a column vector a(k) which is how many spins are
%within a distance min of each spin. The percentage of spin loading is inputed
%and the remaining sites are assumed to be occupied with functional groups
%of like size which can block spin-spin exchange.
min = input('How close must a spin be to be a neighbor?\n ');
%p_loading = input('What percentage of sites are spins? (enter # 1-100) \n');
for loading = 1:55
% This loop calculates all loadings, to create files for input
into PoissonDistribution.m.
%if ((p_loading >100) || (p_loading < 1))
% error('This is not a valid percentage \n')
%end
nsites = 55;
% How many terninal groups are on the dendrimer
%loading = (p_loading/100)*nsites; % Turn percentage into a number of occupied spin
sites.
%loading = round(loading);
for i=0:19
r = i+1;
l=mat2str(i);

% Number of occupied sites must be an integer value.

%i loop seqentially chooses files to open
%since first i is zero, and matrix position counting starts at one.
%convert numeric # to string

p='clustsort_opensphere_70-7';
q = strcat(p,l,'.txt');

%base name of file series

%concatenate base name with file index #
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array = load(q);

%open file and save contents to 'array'

% Order of points should be random. If there is a problem with this,
% interchange rows here to scramble order of points.
x = array(:,2);
y = array(:,3);
z = array(:,4);

for k = 1:loading

%designate colums as x, y, and z coordinates

%k loop chooses each spin sequentially.

j = 0;
%j is count of how many spin neighbors a spin has, reset to zero
after choosing a new k.
u = 0;
%u is count of how many total neighbors a spin has, reset to zero
after choosing a new k.
coord = 0;

%reset coord for new m, same k

spincoord = 0;

for m = 1:nsites

%m is index of points to compare to point k

if m ~= k
dist = sqrt(((x(k)-x(m))^2)+ ((y(k)-y(m))^2)+((z(k)-z(m))^2));
%calculate distance from point k to all
%points m, including distance to self (dist=0)
if ( dist < min)
neighbors counted in u.

%if distance is within min, count it as a neighbor. All

u = u + 1;
if m <= loading % If m is a spin count it as a spin neighbor. Spin neighbors
counted in j.
j = j + 1;
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spincoord_x = x(m);
stored in spincoord_(x,y,z).
spincoord_y = y(m);
spincoord_z = z(m);

% The coordinates of the current spin neigbor is

spincoord(j,1) = dist; % First column of spincoord is distance from spin k,
second, third and fourth columns are are the coordinates of all the spin neighbors of spin
k.
spincoord(j,2) = spincoord_x;
spincoord(j,3) = spincoord_y;
spincoord(j,4) = spincoord_z;
end % end of if m < loading loop.
coord_x = x(m);
coord_(x,y,z).
coord_y = y(m);
coord_z = z(m);

% The coordinates of the current neigbor is stored in

coord(u,1) = dist;
% First column of coord is distance from spin k, second,
third and fourth columns are are the coordinates of all the neighbors of spin k.
coord(u,2) = coord_x;
coord(u,3) = coord_y;
coord(u,4) = coord_z;

end;
a(k,r) = j;
program.

end;
end;

% end of dist, min comparison loop.
%Write number of spin neigbors to array 'a'; the output of the

%End of conditional if statement
% end of m loop
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coord = sortrows(coord);
%Put rows in order from closest neighbor to
furthest
spincoord = sortrows(spincoord);
nspinpoints = size(spincoord,1);
% Find how many spin neighbor coordinates are
stored in spincoord
npoints = size(coord,1);
% Find how many total neighbors there are
if npoints > 1 && nspinpoints > 0
%Check to see if there is more than one
neigbor & Make sure there is at least one spin neighbor.
for p = 1:npoints
%Create vectors from point k to all neighbors.
vx(p) = coord(p,2) - x(k);
% x components of vectors
vy(p) = coord(p,3) - y(k);
% y components of vectors
vz(p) = coord(p,4) - z(k);
% z components of vectors
end % End of for p loop
v = [ vx; vy; vz]';

%combine vectors components into single array.

count = 0;
for c = 1:(npoints-1) % Start with the vector between spin k the closest point
theta = (atan(3.5 / (coord(c,1)))); % Calculate angle of a cone that has its
tip at pt k and opening at closest neighbor (neighbor has radius of 3.5 angstroms)
for d = 1:(nspinpoints)
% Calculate the angle phi between the two vectors.
Only need to calculate phi's of spin points and compare to points that have a smaller
distance to spin k.
if spincoord(d,1) > coord(c,1) % Only calculate a phi if the spin point is further
away than the point it is being checked against for eclipsing.
phi = dot(v(c,:), v(d,:)) / (coord(c,1) * coord(d,1));
phi = abs(phi);
if phi < theta

% if phi < theta and the point at angle phi is a spin
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count = count + 1;
% Count counts how many neighbors are eclipsed by
a nearer neighbor. This number will be subtracted from the total number of neighbors.
check(count) = d;

% Check stores values of d, if point is considered to

be eclipsed.
if count > 1
% Make sure point being rejected as a neighbor due to
eclipsing has not previously been rejected.
for f = 1:(count-1)
if check(f) == check(count)
[check(count)] with others previously stored
count = count -1;
subtract it out of the count

% Compare current value of d
% If that point has already been counted

end % End of if check loop
end

% End of for f loop

end % end of if count loop
end % End of phi theta comparison if loop
end

% End of if spincoord > coord loop

end

% end of d loop

end % end of c loop
a(k,r) = a(k,r)-count;
clear check count;
end
%end of if npoints loop
clear coord;
clear spincoord;
clear vx vy vz v;
% find average number of neighbors for a spin arrangement
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b=mean(a);
b=mean(b);
end;

% end of k loop

end;

% end of i loop
a = sort(a);

mint = mat2str(min);
p_loadingt = mat2str(loading);
%name = strcat('C:/MATLAB6p5\work\Coordinate Data\',
'SpinNeighborsEclipse_', 'loading_', p_loadingt, '_CutoffDistance_', mint, '.txt');
%dlmwrite(name,a,'\t');
% Counting values for histogram.
maximum = max(a);
maximum = max(maximum);
for alpha = 0:maximum
alpha_ind = alpha +1;
hist_count(alpha_ind) = 0;
[beta, gamma] = size(a);
for delta = 1:beta
for epsilon = 1:gamma
if a(delta,epsilon) == alpha
hist_count(alpha_ind) = hist_count(alpha_ind) + 1;

end %end of if loop
end % end of for epsilon loop
end % end of for delta loop
histmat(alpha_ind,1) = alpha;
histmat(alpha_ind,2) = hist_count(alpha_ind) ./ 20;
end % end for alpha loop.

name = strcat('C:/MATLAB6p5\work\ClusteredPoints\',
'SpinNeighborsEclipse_opensphere_clust_hist_', p_loadingt, '_spins', '_CutoffDistance_',
mint, '.txt');
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dlmwrite(name,histmat,'\t');
end % End for loading loop.
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A Matlab program for counting spin neighbors in a 3-D solution.
function [a,b] = solution_neighbors
%A program that counts how many points are within a distance mindist of each point.
The output is a column vector a(k) which is how many points are
%within a distance mindist.
%mindist = input('How close must a spin be to be a neighbor?\n ');
mindist=20;
nsites = 4000;

% How many points were generated for the solution.

q = input('What is the file name to read? \n', 's');
array = load(q);

%open file and save contents to 'array'

x = array(:,2);
y = array(:,3);
z = array(:,4);

%designate colums as x, y, and z coordinates

maximum(1,1) = max(x);
% Find the size of the cube enclosing the coordinates
by finding the point with the largest distance from the origin in any principle direction.
maximum(2,1) = max(y);
maximum(3,1) = max(z);
minimum(1,1) = min(y);
minimum(2,1) = min(y);
minimum(3,1) = min(z);
max_box(1,1) = max(maximum);
max_box(2,1) = abs(min(minimum));
size_box = max(max_box);
% size_box is the value of the dimension that has the
highest absolute value in array.
g = 0;
for k = 1:nsites;

% Initialize g.
%k loop chooses points sequentially
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% eliminate point if it is within a certain distance of
% the 'edge of the solution' to eliminate edge effects.
% 1) Eliminate point if within 'mindist' of any edge.
% 2) Keep count of how many points are kept (or discarded).
if abs(x(k)) < (size_box - mindist) && abs(y(k)) < (size_box - mindist) && abs(z(k)) <
(size_box - mindist) % If the point is within mindist of the box wall, keep it.
g = g+1;
% g replaces k in keeping track of spin numbers. Some k's are
eliminated (outside the box) - don't want spaces in final array.
j = 0;
choosing a new k.

%j is count of how many neighbors a point has, reset to zero after

coord = 0;

for m = 1:nsites
%m is index of points to compare to point k. Include all
points in this count: any point can be neighbor.
if m ~= k
dist = sqrt(((x(k)-x(m))^2)+ ((y(k)-y(m))^2)+((z(k)-z(m))^2));
%calculate distance from point k to all
%points m, including distance to self (dist=0)

if ( dist < mindist)

j = j + 1;

%if distance is within mindist, count it as a neighbor.
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end;

a(g) = j;
end;
end;

% end of dist, mindist comparison loop.

%Write number of neigbors to array.
%End of conditional if statement
% end of m loop

end; % end if abs(x(k)) < (size_box - mindist) && abs(y(k)) <
(size_box - mindist) && abs(z(k)) < (size_box - mindist)
end;
b = mean(a);

% end of k loop

end;
b = mean(b);
a = sort(a);
a = a';

% end of i loop

max_neighbors = max(a)

for alpha = 0:max_neighbors
% alpha is the number of neighbors. Start
counting with spins that have zero neigbors.
alpha_ind = alpha +1;
% zero neigbors is first element, etc.
hist_count(alpha_ind) = 0;
% Initialize hist_count for each alpha to zero
[beta, gamma] = size(a);
% in this case beta is the dimension of a, gamma is just
one since a is a column vector.
for delta = 1:beta
if a(delta) == alpha
hist_count(alpha_ind) = hist_count(alpha_ind) + 1;
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end %end of if loop
end % end of for delta loop
histmat(alpha_ind,1) = alpha;
histmat(alpha_ind,2) = hist_count(alpha_ind);
end % end for alpha loop.
figure(3);
bar(histmat(:,1), histmat(:,2));
histmat(:,2)
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A Matlab program for counting spin neighbors in a solution. The nearest spins can
eclipse more distant spins, eliminating them from the neighbor count.
function [a,b] = solution_neighbor_eclipse

%mindist = input('How close must a spin be to be a neighbor?\n ');
mindist=20;
nsites = 4000;

% How many points were generated for the solution.

q = input('What is the file name to read? \n', 's');
array = load(q);

%open file and save contents to 'array'

x = array(:,2);
y = array(:,3);
z = array(:,4);

%designate colums as x, y, and z coordinates

maximum(1,1) = max(x);
% Find the size of the cube enclosing the coordinates
by finding the point with the largest distance from the origin in any principle direction.
maximum(2,1) = max(y);
maximum(3,1) = max(z);
minimum(1,1) = min(x);
minimum(2,1) = min(y);
minimum(3,1) = min(z);
max_box(1,1) = max(maximum);
max_box(2,1) = abs(min(minimum));
size_box = max(max_box);
% size_box is the value of the dimension that has the
highest absolute value in array.
g = 0;
for k = 1:nsites;

% Initialize g.
%k loop chooses points sequentially

% here need to eliminate point if it is within a certain distance of
% the 'edge of the solution' to eliminate edge effects.
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% 1) Eliminate point if within 'mindist' of any edge.
% 2) Keep count of how many points are kept (or discarded).
if abs(x(k)) < (size_box - mindist) && abs(y(k)) < (size_box - mindist) && abs(z(k)) <
(size_box - mindist)
g = g+1;
% g replaces k in keeping track of spin numbers. Some k's are
eliminated - don't want spaces in final array.
j = 0;
choosing a new k.

%j is count of how many neighbors a point has, reset to zero after

coord = 0;

for m = 1:nsites
%m is index of points to compare to point k. Include all
points in this count: any point can be neighbor.
if m ~= k
dist = sqrt(((x(k)-x(m))^2)+ ((y(k)-y(m))^2)+((z(k)-z(m))^2));
%calculate distance from point k to all
%points m, including distance to self (dist=0)

if ( dist < mindist)

%if distance is within mindist, count it as a neighbor.

j = j + 1;
coord_x = x(m);
coord_y = y(m);
coord_z = z(m);

% Store coordinates of neigbors in coord_x/y/z

coord(j,1) = dist;
% First column of coord is distance from spin k, second,
third and fourth columns are are the coordinates of all the neighbors of spin k.
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coord(j,2) = coord_x; % coord contains all the coordinates of the neighbors of
spin k.
coord(j,3) = coord_y;
coord(j,4) = coord_z;

end;

a(g) = j;

% end of dist, mindist comparison loop.

%Write number of neigbors to array.

end;
end;

%End of conditional if statement
% end of m loop

coord = sortrows(coord);
furthest
npoints = size(coord,1);
coord
if npoints > 1

%Put rows in order from closest neighbor to

% Find how many neighbor coordinates are stored in

%Check to see if there is more than one neigbor

for p = 1:npoints
%Create all interspin vectors between spin k and neighbor
spins.
vx(p) = coord(p,2) - x(k);
vy(p) = coord(p,3) - y(k);
vz(p) = coord(p,4) - z(k);
end % End of for p loop
v = [ vx; vy; vz]';
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count = 0;
for c = 1:(npoints-1) % Start with the vector between spin k the closest point
theta = (atan(3.5 / (coord(c,1)))); % Calculate angle of a cone that has its
tip at pt k and opening at closest neighbor
for d = (c+1):(npoints)
phi = dot(v(c,:), v(d,:)) / (coord(c,1) * coord(d,1));
phi = abs(phi);
if phi < theta
count = count + 1;
check(count) = d;

% Check stores values of d.

if count > 2
for f = 1:(count-1)
if check(f) == check(count)
[check(count)] with others previously stored
count = count -1;
subtract it out of the count

% Compare current value of d
% If that point has already been counted

end % End of if check loop
end

% End of for f loop

end % end of if count loop
end % End of phi theta comparison if loop
end

% end of d loop

end % end of c loop
a(g) = a(g)-count;
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clear check count;
end
%end of if npoints loop
clear coord;
clear vx vy vz v;
% find average number of neighbors for a spin arrangement
%Find average over all 20 arrangements
end; % end if abs(x(k)) < (size_box - mindist) && abs(y(k)) <
(size_box - mindist) && abs(z(k)) < (size_box - mindist)
end;
b = mean(a);

% end of k loop

end;
b = mean(b);
a = sort(a);
a = a';

% end of i loop

max_neighbors = max(a)

for alpha = 0:max_neighbors
% alpha is the number of neighbors. Start
counting with spins that have zero neigbors.
alpha_ind = alpha +1;
% zero neigbors is first element, etc.
hist_count(alpha_ind) = 0;
% Initialize hist_count for each alpha to zero
[beta, gamma] = size(a);
% in this case beta is the dimension of a, gamma is just
one since a is a column vector.
for delta = 1:beta
if a(delta) == alpha
hist_count(alpha_ind) = hist_count(alpha_ind) + 1;

end %end of if loop
end % end of for delta loop
histmat(alpha_ind,1) = alpha;
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histmat(alpha_ind,2) = hist_count(alpha_ind);
end % end for alpha loop.
figure(1);
bar(histmat(:,1), histmat(:,2));
histmat(:,2)
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APPENDIX T
CLUSTSORT.M
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A Matlab program that opens a coordinate file, finds the distance from the first point to
every other point, and sorts the points from the shortest distance to the longest.
function [a] = clustsort
%A program that opens a coordinate file, finds the distance from the first
%point to every other point, and sorts the points from the shortest
%distance to the longest.
for i=0:19
l=mat2str(i);

%i loop seqentially chooses files to open
%convert numeric # to string

p='55-55sphereshell70-7-';
q = strcat(p,l);
array = load(q);
x = array(:,2);
y = array(:,3);
z = array(:,4);

%base name of file series

%concatenate base name with file index #
%open file and save contents to 'array'
%designate colums as x, y, and z coordinates

npoints=size(x);
npoints=npoints(1,1);
for k=1:npoints
neighbor_dist(k) = sqrt( (x(k)-x(1))^2 + (y(k)-y(1))^2 + (z(k)-z(1))^2);
dist_columns(k,1)=neighbor_dist(k);
dist_columns(k,2)=x(k);
dist_columns(k,3)=y(k);
dist_columns(k,4)=z(k);
end %end of for k loop.
dist_sort=sortrows(dist_columns);
name = strcat('C:/MATLAB6p5\work\ClusteredPoints\',
'clustsort_16ang_sphereshell_70-7',l,'.txt');
dlmwrite(name,dist_sort,'\t');
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end %end of for i loop. i is file name index.
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APPENDIX U
POISSONDISTRIBUTION.M

219
A Matlab program that adds together histogram values as a weighted linear combination.
function [a] = PoissonDistribution
c=0;
%loading = input('What is average loading? (enter # 1-100)\n');
%loading = loading / 100;
h=20; %h is number of rows of the eventual output array.
loading_array=55*[0.05*ones(h,1), 0.10*ones(h,1), 0.25*ones(h,1), 0.50*ones(h,1),
0.75*ones(h,1), 0.90*ones(h,1), 0.95*ones(h,1), 1.00*ones(h,1)];
for loading = [0.05, 0.10, 0.25, 0.50, 0.75, 0.90, 0.95, 1.00]
c=c+1;
sum_hist = zeros(h,1); %Initialize sum_hist
for N = 1:55
X(N) = ( loading^N * (1 - loading)^(55-N) * factorial(55) ) / ( factorial(N) * factorial(55
-N) );
% X(N) is the fraction of dendrimers with N spins.
OutMat(N,1) = N;
OutMat(N,2) = X(N);
hist = zeros(h, 1); % initialize hist. h row column vector
Nt = mat2str(N);

%creates N as a text variable.

file_name =
strcat('spin_neighbors_opensphere_clust_loop_hist_',Nt,'_spins_CutoffDistance_20.txt');
hist_file = load(file_name); %Reads in files from Spin_neighbors_eclipse_final
dim = size(hist_file);
xtra_zeros = h - dim(1);
% Subtract the number of rows in hist file from h. This is
the number of rows of zeros that will be needed to make the dimensions of the hist array
h rows.
xtra_zeros = zeros(xtra_zeros, 1);
hist = [hist_file(:,2) ; xtra_zeros];
%concatenate the correct number of zeros here.
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sum_hist = sum_hist + X(N) * hist;
end
%bar(0:19, sum_hist );
a(:,c) = sum_hist;
clear sum_list;
end %end of for loading loop
a
q=100 * (a./loading_array)
name = strcat('C:\Documents and Settings\Karl Sebby\My
Documents\Thesis\MatlabResults\',
'Histograms_Spin_neighbors_loop_Poisson_clust_opensphere_numspins');
dlmwrite(name,a,'\t');
name2 = strcat('C:\Documents and Settings\Karl Sebby\My
Documents\Thesis\MatlabResults\',
'Histograms_Spin_neighbors_loop_Poisson_clust_opensphere_percentages');
dlmwrite(name2,q,'\t');

