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Abstract 

This thesis explores why the conformational response of generation-0 polyamidoamine 

dendrimers end-labeled with four identical 1-pyrenealkanoyl groups (PyCX-PAMAM-G0 with 

X = 4, 6, 8, 10, and 12 for a butyroyl, hexanoyl, octanoyl, decanoyl, and dodecanoyl linker, 

respectively) to their local environment makes them excellent molecular probes to investigate 

surfactant aggregates. The conformation of the dendrimers was studied in polar organic 

solvents, spherical micelles, and non-spherical surfactant aggregates (NSSA) using pyrene 

excimer formation (PEF) and the model-free analysis (MFA) of the fluorescence decays. In 

N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) and in micelles of sodium 

dodecyl sulfate (SDS) or dodecyltrimethylammonium bromide (DTAB), the dendrimers with 

shorter (X = 4, 6, 8) alkanoyl linkers adopted an ideal conformation. In contrast, the PyC10- 

and PyC12-PAMAM-G0 dendrimers experienced a conformational inversion in pure surfactant 

micelles driven by the hydrophobicity gradient (HG) generated between the polar surface and 

the hydrophobic interior of the micelles. The conformational inversion of the PyC10- and 

PyC12-PAMAM-G0 dendrimers was further investigated with mixed micelles prepared from 

SDS and DTAB mixtures. The decrease in conformational inversion as the micellar shape 

evolved from a sphere to an elongated ellipsoid with increasing DTAB content led to the idea 

of the spatial partitioning theory (SPT). The SPT attributes changes in the average 

conformation of the dendrimers to the change in the volume fractions of the two regions found 

inside the mixed micelles, between which the dendrimers partition themselves. These two 

regions were the polar edge region, which was made of ~ 70 charged SDS molecules, and had 

a curved surface and a high HG, and a more hydrophobic middle region with a lower surface 

curvature and a low HG formed by the remaining neutralized surfactants. The SPT provided a 

robust fundamental framework to predict how the average rate constant (<k>) for PEF, obtained 

from the MFA of the fluorescence decays acquired with the PyCX-PAMAM-G0 samples, was 
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affected by the composition of the NSSA the dendrimers interacted with. The sensitivity of the 

conformational inversion of the PyC10- and PyC12-PAMAM-G0 dendrimers to their local 

environment shows the potential of these dendrimers as molecular probes for NSSA formed 

upon the addition of NaCl or DTAB to aqueous solutions of SDS micelles. Partitioning of the 

dendrimers with longer C10 and C12 linkers between the edge and middle regions rationalized 

the changes in <k> observed as a function of salt concentration, DTAB content, or both. The 

generality of the SPT, which applied to all surfactant systems investigated in this thesis, 

provided strong support for the two regions coexisting in the NSSA, with the edge region being 

constituted of the same number of charged surfactants as that found in a pure SDS micelle. 

This insight led to a proposal for the mechanism leading to the formation of NSSA, when salt 

or oppositely charged surfactants are added to an SDS aqueous solution. Together, the results 

presented in this thesis suggest that the PyCX-PAMAM-G0 dendrimers constitute outstanding 

molecular probes to study NSSA in solution. 
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1.0 Background 

Polyamidoamine (PAMAM) dendrimers are a class of monodisperse synthetic macromolecules 

with a well-defined and highly branched architecture.1,2 Due to their highly tunable structure 

and properties, they have seen great potential in a variety of applications for wastewater 

treatment or energy storage, and in drug delivery vehicle development. 3 - 5  Since native 

PAMAM dendrimers are highly water-soluble and possess tunable surface functionalities, their 

applications in hydrophobic environments can be limited. Moreover, the presence of free amine 

groups at the periphery of PAMAM dendrimers contributes significantly to their cytotoxicity, 

likely due to membrane disruption resulting from electrostatic interactions, which has hindered 

their development for pharmaceutical applications.6 To address these issues, the hydrophobic 

modification of PAMAM dendrimers has emerged as a powerful strategy to modulate their 

physicochemical properties, enhance their self-assembly behavior, and expand their utility in 

drug delivery, nanoreactors, and supramolecular chemistry.5,7,8 

Hydrophobic modifications of PAMAM dendrimers are commonly achieved via 

covalent attachment of (1) straight or branched alkyl chains onto the dendrimer surface to 

reduce solubility and promote micelle-like self-assembly,9  (2) aromatic moieties like the 

pyrene dye for π–π stacking and enhanced encapsulation of aromatic guests like drugs,10 or (3) 

biocompatible fatty acids or steroids, to facilitate membrane interactions or drug delivery.11 

These hydrophobically modified PAMAM dendrimers (HM-PAMAM) are especially useful in 

pharmaceutical applications due to their amphiphilic nature, which enables synergistical 

interactions with surfactants and penetration through lipid bilayers, enhancing their potential 

for transdermal or intracellular delivery. 12  The evaluation of their performance typically 

involves the characterization of their encapsulation efficiency and loading capacity.13  Cell 

culture and fluorescence imaging are also common practices to study the cytotoxicity of the 

HM-PAMAM.14 Although these characterization methods are the gold standard in identifying 
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interactions between HM-PAMAM and environments of interests such as a lipid cellular 

membrane, no molecular level information on the conformation of HM-PAMAM dendrimers 

within the lipid bilayers is provided. According to the literature, this molecular level 

understanding can be interpreted to reveal the location of PAMAM dendrimers inside the 

bilayers, how they interact with cell membranes, and possibly the mechanism of endocytosis.15 

As of today however, this understanding is exclusively obtained through molecular dynamics 

simulations (MDS) with little experimental backing.16 Therefore, it is crucial to gain molecular 

level information about the conformation of HM-PAMAM as they interact with hydrophobic 

restricted geometries such as lipid bilayers through experimental means to fully understand the 

interactions between HM-PAMAM and a cellular membrane. 

With the importance of HM-PAMAM conformation in bilayers and micelles having 

been clearly stated, it is also worth noting that their conformation and overall performance can 

be significantly affected by the nature of the hosting environment, as will be demonstrated in 

this thesis. Consequently, changes in the conformation of HM-PAMAM dendrimers can be 

used to describe the properties of its host, which in this thesis, are surfactant aggregates formed 

by sodium dodecyl sulfate (SDS) molecules or mixtures of SDS and 

dodecyltrimethylammonium bromide (DTAB). In effect, such studies lead to the dual 

characterization of both the conformation of HM-PAMAM dendrimers and the properties of 

their host, providing a synergistic approach to the study of these complex systems. 

Surfactants have been used widely for decades due to their ability to lower the surface 

tension of aqueous solutions and self-assemble into surfactant aggregates such as micelles 

when present at surfactant concentrations above the critical micelle concentration (CMC).17 

The large number of extensive studies conducted over this long period and the resulting insights 

gained about these systems support the claim that surfactants serve as suitable candidates for 

forming simple and idealized restricted domains in water, whose properties mimic those 
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encountered in cell membranes.18 Among synthetic surfactants, SDS and DTAB are classic 

representatives of anionic and cationic surfactants, respectively. Therefore, these surfactants 

were used in this thesis to study the conformation of HM-PAMAM dendrimers in various 

surfactant aggregates generated by SDS, DTAB, and their mixtures to provide different types 

of restricted hydrophobic microdomains in aqueous solution.  

The characterization of surfactant aggregates typically involves the determination of 

their CMC, shape, and size through their aggregation number (Nagg), which is the number of 

surfactants per aggregate. Since the volume occupied by a methyl (49 Å3) and methylene (28 

Å3) groups is known,19 the volume (Valkyl) of the alkyl tail of a surfactant can be determined, 

which yields the volume of the hydrophobic interior of a surfactant aggregate from the product 

Nagg×Valkyl.
20 Information about the size and shape of surfactant aggregates is obtained from 

scattering and spectroscopy techniques.21 The good agreement found between the volumes 

determined from both methods supports their use in the characterization of surfactant 

aggregates.20,21 

Despite the importance of the characterization of surfactant aggregates due to their 

multiple applications, our current understanding about surfactant aggregates is lacking in 

several aspects due to the limitations of conventional characterization methods. For instance, 

it is unclear how external parameters such as the addition of salt or oppositely charged 

surfactants affect the interior of surfactant aggregates as they grow in size in terms of the 

hydrophobicity gradient (HG) generated between the polar micellar surface and the 

hydrophobic interior. Therefore, the development of novel molecular probes to better 

characterize the interior of surfactant aggregates would represent a valuable achievement. In 

this context, this thesis aims to assess the value of pyrene end-labeled polyamidoamine 

(PAMAM) dendrimers as possible molecular probes in the study of surfactant aggregates.  

The above discussion provides the different elements that will be discussed in the 
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Introduction of my thesis. First, the conventional characterization techniques used to probe the 

size and shape of surfactant aggregates and the conformation of macromolecules like HM-

PAMAM dendrimers will be reviewed. For each characterization method, the type of 

information and how that information is obtained will be described, followed by a brief 

discussion on the reliability of the data and the limitations of these conventional techniques. 

Then the pyrene end-labeled PAMAM dendrimers used as molecular probes to characterize 

surfactant aggregates will be introduced followed by a brief review of the type of surfactant 

aggregates considered in this thesis. Finally, the outline of my thesis will be provided. 

 

1.1 Characterization Techniques Used to Probe the Size and Shape of Surfactant 

Aggregates and the Conformation of Macromolecules 

1.1.1 Scattering Techniques 

Often regarded as the classic techniques for structural analysis, scattering techniques continue 

to play a central role in the characterization of the size and shape of macromolecules and 

colloids in the nanoscale owing to their non-destructive nature and the extensive 

methodological expertise, that was developed over many years. All scattering techniques are 

based on determining the spatial distribution of a radiation (neutron, X-ray, visible light) 

scattered by a sample of interest expressed as a plot of the scattering intensity I as a function 

of the scattering vector q. The relation between q and the scattering detection angle  is given 

in Equation 1.1, where  is the wavelength of the incident radiation.22-24 

 

     q = 4×sin /                 (1.1) 

 

One advantage of scattering techniques is that they yield a direct measure of the radius 

of gyration (RG) of macromolecules and colloids by applying Guinier’s law to the low-q region 
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of a Ln[I(q)]-vs-q2 plot, which is linear with a slope equal to (−RG
2/3). In turn, RG provides a 

measure of the macromolecular or colloidal radius. A common application of the Guinier 

analysis is found in gel permeation chromatography (GPC), where a polydisperse polymer 

sample is separated into infinitely thin slices of monodisperse samples, which are passed 

through a multiangle laser light scattering (MALLS) detector to get RG for each slice allowing 

their averaging to obtain <RG> for the whole polymer sample.25 Beside RG obtained at low q 

values, information about macromolecular conformation or colloidal shape can be obtained by 

fitting the entire I(q)-vs-q profile according to an appropriate model by using small angle X-

ray (SAXS) or neutron (SANS) scattering.26  Specifically, SAXS is primarily sensitive to 

electron density differences, and SANS is sensitive to nuclear contrast, particularly between 

hydrogen and deuterium, making it ideal for contrast variation experiments and labeling 

studies. 27  Numerous examples can be found in the literature where the conformation of 

polymers, dendrimers, proteins, nucleic acids, and self-assembled systems like surfactant 

aggregates are characterized.28,29 

Apart from the above-mentioned static scattering techniques, dynamic light scattering 

(DLS) is also widely applied to characterize the size of macromolecules and colloids due to its 

simplicity, speed, and sensitivity to size over a wide range of length scales (1 nm – 10 m). 

DLS is particularly well-suited for characterizing macromolecules, polymers, proteins, 

surfactant aggregates, and nanoparticles in dilute to moderately concentrated solutions.30 ,31 

DLS operates by analyzing the temporal fluctuations in scattered light intensity resulting from 

the Brownian motion of particles. These fluctuations are mathematically related to the 

translational diffusion coefficient (D), which in turn yields the hydrodynamic radius Rh using 

the Stokes–Einstein equation shown as Equation 1.2.32  in Equation 1.2 represents the solvent 

viscosity. 
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Besides having the advantage of being non-invasive, application of scattering 

techniques to macromolecular or colloidal characterization has its requirements and limitations. 

For instance, the entity of interest must have a narrow size distribution, since large entities 

dominate the scattering signal, and broad or multimodal distributions are difficult to resolve 

accurately.33,34 On this issue, SAXS and SANS do show better tolerance, but still suffer from 

structural blurring and parameters averaging to some extent during the analysis of scattering 

data obtained with polydisperse samples. 35  More importantly, all scattering techniques 

typically require sample concentrations above 1 g/L due to poor sensitivity.26-29 This condition 

requires larger sample quantities for scattering studies, which can become costly when 

characterizing biomacromolecules like antibodies. Meanwhile, characterization of isolated 

macromolecules, that tend to concentrate in restricted domains like those generated by 

surfactant aggregates, is challenging even with isotope labeling, as the further elevated sample 

concentrations required in scattering experiments induce intermolecular interactions in the 

restricted domains, that are likely to alter macromolecular conformations.  

 

1.1.2 Microscopy 

Microscopy techniques provide essential insights into the morphology, size, and structure of 

materials at the micro-to-nanoscale. Among these, Atomic Force Microscopy (AFM),36 ,37 

Scanning Electron Microscopy (SEM),38,39 and Transmission Electron Microscopy (TEM)40,41 

are most widely applied in nanoscience, materials science, and biophysics for their ability to 

resolve features from the micron scale down to the atomic level. Each technique operates on 

different physical principles. AFM is based on mechanical surface sensing as it measures forces 

between a sharp tip mounted on a flexible cantilever and the sample surface. As the tip raster-
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scans over the surface, interactions induced by van der Waals, electrostatic, or mechanical 

forces cause deflections in the cantilever, which are monitored by a laser beam reflected onto 

a position-sensing photodetector.42  SEM exploits electron-surface interactions by using a 

focused beam of high-energy electrons that scans across the sample surface. Interactions 

between electrons and atoms generate secondary electrons, backscattered electrons, and X-rays, 

which are collected to produce high-resolution images and provide compositional 

information.43 Apart from surface interaction, nanoscale objects can also be probed by TEM 

where a beam of electrons is transmitted through an ultra-thin sample.44  The transmitted 

electrons are scattered by the internal structure, producing an image with contrast based on 

density and atomic number. Modern TEMs also include diffraction and spectroscopy modes 

designed for different sample types and research goals. Collectively, these methods form a 

complementary suite of tools for investigating the size, shape, surface texture, and internal 

architecture of nanomaterials, thin films, polymers, and biological macromolecules. 45 , 46 

However, the different sample preparations applied in these methods can lead to distortions of 

the macromolecule under study resulting in images that might not reflect the actual 

conformation of macromolecules in solution. In AFM, such distortions can be induced by the 

adsorption of the macromolecule onto the substrate, which can lead to flattening, or during the 

drying of macromolecules on the substrate surface. In SEM and TEM, samples are 

characterized in vacuum, which represents an even harsher condition that is likely to alter 

macromolecular conformations as the water molecules that stabilize the macromolecule are 

evacuated from the apparatus.47 Other artefacts encountered in SEM and TEM are induced by 

the heavy metal stains used to enhance contrast, that can potentially interfere with the 

conformation of the macromolecule of interest.48 This is especially challenging for colloids 

and biological samples as they typically provide little contrast. More advanced techniques like 

Cyro-SEM and Cryo-TEM can be applied to avoid the complications induced by the drying 
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and staining process.49,50 However, since both techniques provide 2D projections, overlapping 

features or particles at different depths can obscure structural details, unless a tilt-series of 

images are acquired to reconstruct the tomography of the soft material under study.51 Despite 

the investigative power of Cyro-TEM, this technique would struggle to characterize the 

conformation of small organic molecules such as the generation-0 PAMAM (PAMAM-G0) 

dendrimers investigated in this thesis due to resolution limit and the low contrast of organic 

molecules on their own and embedded inside surfactant aggregates. Information about the 

conformation of PAMAM-G0 dendrimers would also be difficult to obtain by SEM since it 

focuses on surface morphology and provides little information about the interior of restricted 

domains, such as the surfactant aggregates where the PAMAM-G0 dendrimers investigated in 

this thesis would reside.  

 

1.1.3 Viscometry and Rheology 

While scattering and microscopy methods offer a direct experimental means for measuring the 

size and shape of macromolecules and colloids, viscosity measurements can provide 

complementary information about bulk flow behavior, which reflects similar molecular-level 

features. Like scattering and microscopy, these techniques are non-invasive, scalable, and 

sensitive to changes in molecular architecture, making them valuable tools for characterizing 

polymer size and conformation, network formation, and aggregation phenomena. Perhaps the 

most useful parameter for characterizing size and shapes obtained by viscometry is the intrinsic 

viscosity ([), which yields the hydrodynamic radius of a macromolecule according to 

Equation 1.3, where NA is the Avogadro number and M is the molecular weight of the 

macromolecule. 
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 Furthermore, the parameters K and  obtained for the Mark-Houwink-Sakurada (MHS) 

relationship given in Equation 1.4 are related to the macromolecular conformation in solution. 

In Equation 1.4, Mv represents the viscosity-average molecular weight. For instance,  takes a 

value of 0.50 or 076 for a polymer in a − or a good solvent, where the chain takes an ideal or 

extended conformation, respectively. Moreover, the dependence of [ on the nature of the 

macromolecule can be used to obtain conformational information such as branching,52 ,53 

rigidity,54 or solvent quality reflecting chain extension.55 

 

     [] = K×Mv
              (1.4) 

 

As for rheology measurement, entanglements of macromolecules or aggregates in the 

sample solution can be revealed by the shear-thinning effect.56 Such behavior is also observed 

in surfactant solutions as a network form between surfactant aggregates, which can be enabled 

by the presence of hydrophilic chains like poly(ethylene oxide) modified at both ends with 

hydrophobic groups.57,58 

Similar to scattering experiments, viscosity and rheology measurements are non-

invasive, but a sample concentration higher than 1 g/L is also typically necessary for the bulk 

phase to show detectable changes from the solvent. Intermolecular interactions can be an issue 

at such high concentration. Another major limitation for scattering and viscosity measurements 

is that the sample characterization is conducted on the bulk phase and is therefore indirect. It 

requires further modeling to extract the information relevant to study the size and shape of 

macromolecules and colloids and leads to complications when dealing with heterogeneous 

samples.  
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1.1.4 Spectroscopy Based Characterization Methods 

Other useful tools for characterizing the size and shape of macromolecules and colloids are 

based on spectroscopic techniques. Most applied examples include nuclear magnetic resonance 

(NMR), circular dichroism (CD), and fluorescence spectroscopy. 

 

1.1.4.1 Nuclear Magnetic Resonance (NMR) and Circular Dichroism (CD) 

NMR and CD are especially useful for investigating the secondary structures of 

macromolecules,59 particularly proteins, peptides, nucleic acids, and synthetic polymers such 

as polypeptides.60-62 NMR exploits the magnetic properties of certain atomic nuclei like ¹H, 

¹³C, and ¹⁵N that possess a non-zero nuclear spin. In a magnetic field, these nuclei absorb energy 

and transition between states having different spins. The subsequent relaxation and emission 

of energy by the nuclei generate detectable signals resulting in a free induction decay (FID), 

which is Fourier-transformed to yield an NMR spectrum.63  1D NMR has been the gold 

standard to probe the chemical environment of nuclei and the chemical structure of small 

organic molecules, while 2D and 3D NMR can provide further information such as the coupling 

between non-zero spin nuclei, sequence information for peptides, and through space distances, 

which can ultimately be translated into the 3D structure of a macromolecule.64,65 

CD measurements are based on the differential absorption of left-handed and right-

handed circularly polarized light by optically active substances. Therefore, molecules that 

possess chiral centers or adopt asymmetric conformations, which are common in biological 

macromolecules, can be clearly identified using CD. CD spectra are typically recorded in the 

far-UV (180–250 nm)66,67 and near-UV (250–320 nm) regions.68 CD in the far-UV is sensitive 

to peptide bond transitions and is used to assess secondary structure (α-helix, β-sheet, random 

coil). Specifically, -helices show characteristic double minima at ~208 and 222 nm, -sheets 

exhibit a single minimum around 216–218 nm, and random coils show a minimum near 198 
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nm. Deconvolution of CD spectra using reference datasets yields the relative content of each 

secondary structure.69 On the other hand, near-UV CD probes the environment of aromatic 

side chains and disulfide bonds, providing insights into tertiary structure. It can be used to 

monitor protein folding, thermal denaturation, and ligand-induced conformational 

changes.70,71,72 

NMR and CD measurements bear the advantage of being non-destructive and are 

performed in aqueous or physiological conditions, which reflects the natural state of the 

macromolecule under characterization. Nevertheless, NMR requires the sample to tumble 

reasonably fast in solution while CD measurements have relatively low-resolution.70 Both 

techniques can also be affected by the presence of solvent, whose signal can overlap that from 

the macromolecule of interest in the CD or NMR spectra. This is a particularly challenging 

problem for CD measurements with solvents that absorb in the far UV region such as DMF or 

DMSO. The problems associated with the presence of residual solvents in a sample are 

typically due to the sample purification process with some solvents remaining bound to a 

macromolecule through strong interactions. Meanwhile, both techniques also require sample 

concentrations that are typically above 1 g/L, which leads to the same issues encountered with 

scattering techniques for the determination of macromolecular conformation with potential 

intermolecular interactions resulting in conformational changes. 

 

1.1.4.2 Fluorescence Techniques 

The only meaningful way for preventing intermolecular interactions and probing isolated 

macromolecules involves lowering the sample concentration and amplifying the signal 

emanating from the macromolecule. In this context, fluorescence with its high sensitivity and 

ability to determine intramolecular distances is ideally suited to characterize macromolecular 

conformations. The most prominent fluorescence technique is fluorescence resonance energy 
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transfer (FRET) due to its ability to act as a “spectroscopic ruler” and determine distances 

between 1 and 10 nm, 73  which is ideal for tracking conformational changes in 

macromolecules.74 FRET describes a highly distance-dependent transfer of energy from an 

excited donor to a nearby energy acceptor via dipole-dipole coupling. The transfer requires 

spectral overlap between the donor emission and the acceptor absorption, and the FRET 

efficiency is given in Equation 1.5. In Equation 1.5, r is the distance between the donor and 

acceptor, and R0 is the Förster radius, which is specific for a given donor/acceptor pair. 
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Analysis of the fluorescence spectrum of a macromolecule doubly labeled with an 

energy donor and acceptor yields E, whose expression can be rearranged to give r, enabling the 

study of macromolecular conformation. A representative example can be found in a recent 

study on DNA aptamers where FRET was applied to detect the ligand and provide structural 

information about the aptamer.75 Despite its widespread use, FRET can only be quantitatively 

applied to obtain intramolecular distances for structured macromolecules that were labeled at 

two specific positions, typically the chain ends. Since backbone dynamics for unstructured 

macromolecules affect the donor/acceptor distance and thus E, FRET is mostly applied to probe 

chain dynamics for linear chains whose conformation is already known. Furthermore, labeling 

of a macromolecule with multiple donors and acceptors results in an intractable distribution of 

intramolecular distances greatly complicating the quantitative analysis of the fluorescence 

signal. The restriction of working with a doubly labeled structured macromolecule seriously 

limits the applicability of FRET to the study of more complex colloidal systems such as those 

involving the interactions between HM-PAMAM dendrimers and surfactant aggregates 

investigated in this thesis. 
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Beside FRET, fluorescence collisional quenching (FCQ) can also be used for probing 

macromolecular conformations by labeling a macromolecule with a dye/quencher pair, where 

quenching of the excited dye occurs strictly upon contact with the quencher instead of over 

distance as with FRET. Like FRET, early FCQ experiments focused on macromolecules labeled 

at two specific positions, typically the chain ends of a monodisperse chain, to gain information 

about macromolecular conformation from the quenching efficiency determined form the 

intramolecular quenching rate constant (kq).
76 - 78  Recognizing the conceptual difficulty of 

measuring the volume (VM) of a macromolecule, kq represented a pseudo-unimolecular rate 

constant equal to the product kdiff×(1/VM), where kdiff is the bimolecular rate constant for 

diffusive encounters between the dye and quencher and (1/VM) is the local quencher 

concentration equivalent to one quencher molecule inside VM. In these experiments, a large or 

small kq reflected a small or large VM associated with a compact or expanded macromolecule. 

Unfortunately, these early FCQ experiments on macromolecules were plagued by the 

similar requirement of dealing with well-defined macromolecules labeled at two specific 

positions as for FRET, without the benefit of determining intramolecular distances like FRET. 

As for FRET, the multiple labeling of macromolecule with dyes and quenchers would result in 

an intractable distribution of rate constants preventing quantitative analysis of the fluorescence 

data.79 A solution to this problem was recently introduced, when the average rate constant (<k>) 

for the quenching of a macromolecule labeled with multiple dyes and quenchers was found to 

be directly proportional to the product kdiff×[Q]loc, where [Q]loc is the local quencher 

concentration in the fluorescently labeled macromolecule.80 A mathematical expression for 

[Q]loc was derived by dividing the known number of quenchers in a macromolecule by the cube 

of the square root of the squared end-to-end distance between all dyes and quencher calculated 

by assuming that the oligomeric segments linking every dye/quencher pair in a macromolecule 

obeyed Gaussian statistics. Using series of pyrene end-labeled monodisperse oligomers and 
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dendrimers and polydisperse linear chains randomly labeled with pyrene, a 1:1 direct 

relationship was found between <k> for pyrene excimer formation (PEF), a classic FCQ 

example, and the local concentration ([Py]loc) of ground-state pyrenes in the macromolecules.80 

Since the location of the pyrenyl labels on the macromolecules was known, [Py]loc determined 

from the observable <k> obtained from the analysis of the fluorescence decays of the pyrene-

labeled macromolecules (PyLM) reflected the local density of the macromolecule, which could 

be used in a quantitative manner to determine its conformation.  

Apart from macromolecular conformation, fluorescence is also well suited for the 

characterization of surfactant assemblies. FCQ experiments can be adapted to measure the 

critical micelle concentration (CMC),81,82 above which surfactant micelles start to form, as 

well as the micelle size from the aggregation number (Nagg),
81,83,84 which is the number of 

surfactant molecules per micelle. The calculation of Nagg from FCQ experiments involves the 

use of a fluorescent probe such as pyrene that preferentially interacts with the surfactant 

aggregates, and a fluorescence quencher like cetyl- (CPC) or dodecyl- (DPC) pyridinium 

chloride or dinitrotoluene that similarly associates with the surfactant aggregates. The 

determination of the CMC is often achieved with a dye whose fluorescence signal changes with 

the polarity of its environment. The pyrene dye is particularly suitable for Nagg and CMC 

measurements as it acts as its own quencher by forming a pyrene excimer and responds to the 

polarity of its local environment.85,86 Figure 1.1 shows the fluorescence spectrum of an 8 mM 

aqueous solution of SDS with 0.6 M pyrene, where the pyrene monomer emits sharp bands 

between 370 and 410 nm and the excimer fluoresces with a broad structureless emission 

centered at 480 nm.  

 The fact that pyrene self-quenches to form an excimer is a main advantage for using 

pyrene as a dye since no additional quencher is required, which simplifies the experimental 

design and procedure. The determination of the CMC of the surfactant involves the use of a 
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low pyrene concentration due to its poor solubility in water (0.7 M)87 to prevent PEF between 

excited and ground-state pyrenes. As the surfactant concentration is increased above the CMC 

and micelles start to form, the pyrene molecules are concentrated in the micellar hydrophobic 

interior and PEF occurs. As the surfactant concentration is further increased, more micelles 

form and the pyrene molecules distribute themselves into the micelles, where they are isolated 

and can no longer undergo PEF resulting in a decrease in excimer fluorescence. An example of 

this type of experiment can be found in a previous study.88 

 

 

Figure 1.1 Example of a pyrene fluorescence spectrum obtained for an aqueous solution of 0.6 

M pyrene in the presence of 8 mM SDS.  

 

Since the transfer of a pyrene molecule from the polar water phase to the hydrophobic 

interior of surfactant micelles is accompanied by a change in the polarity of the local 

environment probed by an excited pyrene molecule, it is accompanied by changes in the pyrene 

fluorescence spectrum. The partitioning of pyrene between water and micelles can be 

monitored from changes in the relative fluorescence intensity of the first (I1) and third (I3) in 

the pyrene fluorescence spectrum.85,86 The I1/I3 ratio has been reported to take a value of 1.8786 

and 1.0485 for pyrene in water and inside SDS micelles, respectively, with a I1/I3-vs-[Surfactant] 
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plot showing a sharp transition at a surfactant concentration equal to the CMC.88 Consequently, 

changes in the I1/I3 and IE/IM ratios can be used effectively to determine the CMC of surfactants. 

FCQ experiments have also been used extensively to determine Nagg. These experiments 

are conducted with a dye and quencher having a strong affinity for the surfactant micelles 

induced by hydrophobicity or electrostatic attraction. A very low dye concentration is used to 

ensure that the probability of having more than one dye per surfactant aggregate is negligible. 

The surfactant aggregates are then populated by the quenchers, which distribute themselves 

among the surfactant aggregates according to a Poisson distribution. The quenching of the dye 

is then described by Equation 1.6 derived by Tachiya,89 which is used to fit the fluorescence 

decays.83,84  

 

   ( ) exp( / [1 exp( )])o o qI t I t n k t=  − −   − −            (1.6) 

 

In Equation 1.6, I0 and I(t) are the fluorescence intensities at time 0 and t, respectively, 

while o is the lifetime of the unquenched dye, kq is the quenching rate constant, and <n> 

represents the average number of quenchers per micelle. A mathematical expression of <n> is 

given in Equation 1.7. Since the CMC is determined earlier, <n> can be obtained from the decay 

fit with Equation 1.6, and since the quencher and surfactant concentrations are known, Equation 

1.7 can be rearranged to yield Nagg.
83,84,90 While Equation 1.7 works extremely well to determine 

Nagg for many surfactant micelles, it failed for surfactant aggregates and vesicles.83 The high 

viscosity found in surfactant aggregates and vesicles results in a time dependent quenching rate 

constant (kq(t)), which is not accounted for by Tachiya’s equation.89 Furthermore, isolation of 

dyes without quencher would be impossible to achieve with the much larger vesicles, which 

would prevent application of the Poisson distribution of quenchers associated with the failure 

of Equation 1.6. 
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For the many surfactant micelles where the micellar volume is small, kq is large, 

so that for long-lived dyes like ruthenium complexes, 90  Equation 1.6 simplifies to 

Io×exp(−t/o)exp(−<n>), which can be used to calculate the fluorescence intensity ratio 

I([Q]=0)/I([Q]) of a micellar solution without and with quencher, whose expression is 

given in Equation 1.8. According to Equation 1.8, a plot of Ln[(I([Q]=0)/I([Q])] as a 

function of quencher concentration gives a straight line whose slope equals 

Nagg/([Surfactant] – CMC) according to Equation 1.7 and can be used to determine Nagg.
90 
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1.2 Model Free Analysis (MFA) 

The phenomenological analysis of FCQ experiments conducted with dyes and quenchers 

interacting within confined microdomains such as the interior of surfactant micelles89,90 or 

when attached to a macromolecule76-78 have led to the application of physical models leading 

to the derivation of equations, that can be applied to fit fluorescence decays. The equations 

derived by Tachiya90 or Birks 91  to describe FCQ in surfactant micelles81,82 or linear 

monodisperse chains end-labeled with two pyrenyl dyes76-78 are classic illustrations of such 

theoretical investigations. The problem with this modus operandi however is that slight changes 

to the original conditions for which those phenomenological equations were derived typically 
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blocks their usage, which is a major scientific hurdle. The introduction of the model free 

analysis (MFA) was meant to circumvent these deficiencies by providing an analytical method 

that would always provide some quantitative information about the system under study.92 The 

MFA is designed for FCQ experiments involving PEF with the pyrene dye, whereby the 

fluorescence decays of the pyrene monomer and excimer are fitted globally to enhance the 

accuracy on the kinetic parameters retrieved from the analysis.7979 Moreover, the versatility of 

the MFA enables its application to problems as varied as the determination of Nagg for surfactant 

aggregates or characterization of macromolecular conformation.93-95 

 

1.2.1 Probing the Conformation of Macromolecules with the MFA  

Application of the MFA for the characterization of macromolecular conformations requires that 

the macromolecule be labeled with a pyrene derivative, and the fluorescence decays of the 

pyrene monomer and excimer obtained for the pyrene-labeled macromolecule (PyLM) be fitted 

globally with Equations 1.9 and 1.10, respectively.96 ,97  The sum of exponentials used in 

Equation 1.9 to fit the pyrene monomer fluorescence decay reflects the fact that any 

fluorescence decay can be fitted with a sum of exponentials. An example of global fit according 

to the MFA can be found in Figure 2. 
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In Equations 1.9 and 1.10, M represents the lifetime of the pyrene monomer, and it is 

fixed during the MFA of fluorescence decays. Equation 1.9 is split into two contributions 

depending on whether an excited pyrene forms (Pydiff*) or does not form (Pyfree*) an excimer 

by diffusive encounter with a ground-state pyrene. The pre-exponential factors (ai) and decay 

times (i) can be used to derive Equation 1.10 providing a mathematical expression for the 

fluorescence decay of the pyrene excimer assuming that an encounter between an excited and 

a ground-state pyrene results into an excimer E0* or D* where the two pyrenyl moieties are 

well or poorly stacked, respectively. The pyrene moieties involved in an excimer E0* or D* 

emit with the excimer lifetimes E0 or D, respectively. An excimer E0* or D* can also be 

generated through the direct excitation of a pyrene aggregate. In some cases, the presence of 

short-lived pyrene excimer (ES*) has been detected but their contribution to the excimer 

fluorescence decays is typically ignored due to their short decay time (~ 3-4 ns).98  

The pre-exponential factors (ai) and decay times (i) in Equation 1.9 can be combined 

in Equation 1.11 to yield the average decay time (<>), which is then used to determine the 

average rate constant (<k>) for PEF. <k> has been shown to be directly proportional to the local 

concentration ([Py]loc) of ground-state pyrenyl labels experienced by an excited pyrenyl label 

in a PyLM.80 Since [Py]loc is proportional to the local density of a macromolecule, which 

reflects its conformation, <k> is an observable determined experimentally that can be used to 

probe macromolecular conformations. 

 

   1

1

1 1 1
[ ]

n

i

i
diff locn

M M
i i

i

a

k k Py

a
  



=

=

  = − = − = 
 




          (1.11) 

 



 
21 

 

The pre-exponential factors retrieved from the global MFA of the fluorescence decays 

yield the molar fractions ffree, fdiffE0, fdiffD, fE0, and fD of the pyrene species Pyfree*, the pyrene 

species PydiffE0* and PydiffD* producing the excimers E0* and D* by diffusive encounters, and 

the pyrene species involved in the formation of the excimers E0* and D* by direct excitation 

of a pyrene aggregate, respectively. Summing fdiffE0 and fdiffD on the one hand and fE0 and fD on 

the other hand yields the molar fractions fdiff and fagg of pyrene species forming excimer by 

diffusive encounters or direct excitation of a pyrene aggregate, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Monomer (top left) and excimer decay (bottom left) obtained from 

polyamidoamine dendrimers labeled with pyrene octanoic acid in an aqueous solution of 50 

mM SDS and 10 mM NaCl. Residuals and autocorrelation of the residuals are shown in the 

right panels. They are randomly distributed around zero indicating that the quality of the fit is 

satisfactory. Fluorescence decay times i and their pre-exponential factors ɑi are listed at the 

bottom left. Excimer lifetimes and molar fractions of the pyrene species are presented in the 

 fdiffD 
 E0 
 D 

 fEE0 
 fED 

 fdiffE0 
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bottom right. χ2 = 1.11. 

 

The parameters retrieved from the MFA can be rearranged into Equation 1.12 to yield 

the absolute IE/IM(MFA) ratio which is expected to be proportional to the relative IE/IM ratio 

obtained through the analysis of the fluorescence spectrum of a system undergoing PEF (see 

Figure 1.1).99,100 
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1.2.2 Determining Nagg for Surfactant Aggregates with the MFA  

One advantage of the MFA is that it can use the ratio [Pyfree*]o/([Pydiff*]o + [Pyfree*]o) retrieved 

from the monomer fluorescence decays (see Equation 1.9) to yield the molar fraction (fMfree) of 

pyrene moieties that do not form excimer. In the case of pyrene molecules distributed inside 

surfactant micelles, fMfree has been shown to be related to the average number (<n>) of pyrene 

molecules per surfactant micelle as shown in Equation 1.13.101 Equation 1.13 thus provides a 

means for determining Nagg by introducing <n> into Equation 1.7, which was presented earlier.  

 

     <n> = −Ln(fMfree)                   (1.13) 

  

1.3 Goal of the Thesis 

The ability of the MFA to retrieve <k>, which is an experimental observable that reports on the 

macromolecular conformation of a PyLM in solution, opens the path for taking advantage of 

the outstanding sensitivity of fluorescence in general and PEF in particular to probe the 

conformation of PyLM in the nooks and crannies of soft matter. It is applied in my thesis to 

characterize the conformation of a series of pyrene end-labeled generation-0 polyamidoamine 
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(PyCX-PAMAM-G0) dendrimers as they interact with surfactant aggregates generated with 

aqueous solutions of SDS to which NaCl, DTAB, or a mixture of both are added.  

 

1.3.1 PyCX-PAMAM-G0 Dendrimers 

A generation 0 PAMAM dendrimer had its four amine terminals modified with either 1-

pyrenebutyric acid (PyC4), 1-pyrenehexanoic acid (PyC6), 1-pyreneoctanoic acid (PyC8), 1-

pyrenedecanoic acid (PyC10), and 1-pyrenedodecanoic acid (PyC12) to yield the PyCX-

PAMAM-G0 dendrimers with X equal to 4, 6, 8, 10, and 12, respectively.94,100 The chemical 

structure of the PyCX-PAMAM-G0 samples is given in Figure 1.3. The PAMAM dendrimer in 

red is soluble in water but not in the hydrophobic interior of the surfactant aggregates but the 

pyrene moiety in blue together with the alkanoyl linker in green is insoluble in water and 

interacts with the micellar interior. The PyCX-PAMAM-G0 samples are thus macromolecular 

probes, whose pyrenyl labels will undergo PEF as they interact with surfactant aggregates, and 

the observable <k> will be determined to probe the conformation of the PyCX-PAMAM-G0 

dendrimers interacting with surfactant aggregates. 

 

 

Figure 1.3. Chemical structure of the PyCX-PAMAM-G0 dendrimers. (red) PAMAM-G0 core, 

(green) alkanoyl linker with X = 4, 6, 8, 10, and 12, and (blue) pyrenyl moiety. 
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1.3.1 SDS Micelles 

SDS is probably the most applied, and as such, most studied surfactant. SDS molecules are 

constituted of a charged sulfate headgroup and a hydrophobic dodecyl tail. In aqueous solutions, 

their amphiphilic nature induces them to locate themselves at the water/air interface, which 

lowers the surface tension, and to self-assemble into micelles at concentrations above its CMC 

in water, which is around 8 mM.102-104 The formation of SDS micelles has been exploited in 

the production of food,105 detergent, pesticides,106 and numerous other applications, where an 

homogeneous mixing between an organic or oily phase and water is needed. The numerous 

studies, that were conducted on SDS micelles using the characterization methods that were 

reviewed in Section 1.1, have revealed that SDS micelles can be approximated as spheres with 

a diameter of about 3.6 nm107,108 made of a number (Nagg) of about 70 SDS molecules.90 Further 

studies with NaCl suggested that the spherical SDS micelles morphed into non-spherical 

surfactant aggregates (NSSA) taking a rod-like shape at high NaCl concentrations.109,110 This 

conclusion was drawn from the increase in their Nagg and hydrodynamic diameter (Dh) and was 

attributed to the screening effect where the sodium ions partially neutralize the negative charge 

of the SDS headgroup, and reduce the repulsion between them.111,112 The headgroup of those 

partially neutralized SDS will thus have a smaller cross-section a, and a larger critical packing 

parameter (cpp), which equals v/(a×l), with v and l being the volume and extended length of 

the surfactant alkyl tail. Partially neutralized SDS pack more closely due to their larger cpp 

resulting in smaller surface curvature as well as bigger micelle size.111 

 

1.3.2 SDS and DTAB Mixed Micelles 

Besides adding NaCl to an SDS aqueous solution, the size of SDS micelles can also be adjusted 

by introducing a surfactant with an oppositely charged headgroup, which reduces the cross-

section of the SDS sulfate headgroup, increases the cpp, and leads to the formation of larger 
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mixed micelles. In this regard, surfactant aggregates made of SDS/DTAB mixtures have been 

intensively studied. It has been shown through SAXS,113 Cryo-TEM,114 and FCQ,81,82 that the 

size of SDS/DTAB mixed micelles increases as the molar fraction of DTAB in the SDS/DTAB 

mixture increases from 0 to 0.32 and they morph from spheres for pure SDS micelles to 

elongated triaxial ellipsoids.115 Moreover, at 0.32 DTAB, the surfactant aggregates transform 

into much larger structures like vesicles, which can be used as templates to grow nanoparticles 

or biological membrane mimics for drug delivery studies.81 

 

1.4 Research Objective and Thesis Outline 

As discussed in the Introduction, the goal of this project is to illustrate how PEF can be applied 

to probe the conformation of macromolecules in restricted microdomains. This is accomplished 

with a series of pyrene end-labeled generation-0 PAMAM dendrimers interacting with the 

surfactant aggregates generated in aqueous solutions of SDS to which NaCl, DTAB, or 

mixtures of both were added. In the second chapter, the five PyCX-PAMAM-G0 dendrimers 

were first studied in two homogeneous organic solvents, namely DMF and DMSO, before 

being probed in pure SDS and pure DTAB micelles to demonstrate the validity of the 

methodology.100 The global MFA of the fluorescence decays of the pyrene-labeled dendrimers 

dissolved in homogeneous solvents or interacting with surfactant micelles yielded <k>, which 

was plotted against [Py]loc calculated with the assumption that the internal segments of the 

dendrimers obeyed Gaussian statistics. The <k>-vs-[Py]loc plots yielded straight lines passing 

through the origin for all the dendrimers in DMF and DMSO and for the PyC4-, PyC6-, and 

PyC8-PAMAM-G0 dendrimers with the surfactant micelles. This result demonstrated that the 

internal segments of PyC4-, PyC6-, and PyC8-PAMAM-G0 obeyed Gaussian statistics in DMF, 

DMSO and the SDS and DTAB micelles. However, a much larger than expected <k> value was 

obtained for the PyC10- and PyC12-PAMAM-G0 dendrimers in pure SDS and DTAB aqueous 
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solutions resulting in a characteristic checkmark pattern in the <k>-vs-[Py]loc plot. This 

checkmark pattern was attributed to the strong interactions between the decanoyl and 

dodecanoyl linkers of the PyC10- and PyC12-PAMAM-G0 dendrimers, which induced a 

conformational inversion in the dendrimers that brought the pyrenyl groups closer resulting in 

the increased [Py]loc and <k>.100 

To assess whether this conformational inversion experienced by the dendrimers with a 

decanoyl and dodecanoyl linker would be sensitive to the size of the surfactant aggregates, the 

interactions of the PyCX-PAMAM-G0 dendrimers with non-spherical surfactant aggregates 

(NSSA) composed of SDS/DTAB mixtures were studied in Chapter 3.116 The checkmark 

pattern became less pronounced as the molar fraction of DTAB in the surfactant mixtures 

increased from 0 to 0.3 suggesting that the conformational inversion experienced by the 

dendrimers with a longer linker became weaker with increasing DTAB content. Since adding 

DTAB to the SDS solution resulted in larger and more elongated cylinders, we tried to relate 

the weakening of the conformational inversion of the PyC10- and PyC12-PAMAM-G0 

dendrimers with the composition of the NSSA, whose prolate shape was approximated as the 

elongated cylinder shown in Figure 4 assumed to be made of two regions. 

 

Figure 1.4. Illustration of a cylindrical NSSA with two edges mainly constituted of charged 

SDS molecules and a middle region constituted of an SDS/DTAB mixture. (blue) SDS, (red) 

DTAB. 
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The first region is the edge region representing the two hemispheres capping the 

elongated body of the NSSA prolate. Brought together, the two hemispheres would be similar 

to a pure SDS micelle constituted of about 70 SDS molecules, that would be charged and would 

thus be associated with a large cpp resulting in a large surface curvature. In contrast, the middle 

region would represent the location of the SDS molecules that are partially neutralized by 

DTAB. The middle region would thus be relatively more hydrophobic and have a lower surface 

curvature than the edge region. Since the edge region spans from the charged SDS headgroups 

to the interface with the hydrophobic middle region, the edge region would thus be subjected 

to a hydrophobicity gradient (HG) induced by the hydrophobicity difference between its 

surface and the interface with the middle region. In contrast, the more hydrophobic middle 

region would generate a small HG. Following this line of thoughts, <k> should equal the 

average of <k> Edge and <k> Mid, which would be the <k> value taken by the dendrimer in the 

edge and in the middle region of the NSSA, respectively, weighed by the corresponding volume 

fractions of the edge and the middle regions. This assumption was validated in Chapter 3 which 

demonstrated that the change in <k> with DTAB content was therefore the result of the spatial 

partitioning of the PAMAM dendrimers between the two regions found in the NSSA. This 

study led to the introduction of the Spatial Partitioning Theory (SPT) to explain the changes in 

<k>.116 

After illustrating the potential use of the PyCX-PAMAM-G0 dendrimers as molecular 

probes, the dendrimers were employed in Chapter 4 to characterize the interior of NSSA 

generated by the addition of NaCl to aqueous solutions of SDS. To account for changes in 

aggregation experienced by the pyrenyl labels as the dendrimers interacted with the NSSA, the 

experimentally determined ratio [<k>/fdiff]
exp was used. Using the SPT developed in Chapter 3, 

a theoretical expression of [<k>/fdiff]
exp was developed and the excellent agreement found 

between [<k>/fdiff]
th and [<k>/fdiff]

exp further validated the heterogeneous nature of NSSA made 
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of a polar edge and hydrophobic middle regions, where the PyCX-PAMAM-G0 dendrimers 

would partition. This conclusion also led to the proposal of a general mechanism for the 

formation of NSSA. 

In the fifth chapter, the SPT was extended to all the systems studied in this thesis. The 

SPT based on the [<k>/fdiff]
exp ratio appeared to be universal once the correction factor 

[<k>/fdiff]
A-C was included to account for changes in [<k>/fdiff]

exp due to the cationic-aromatic 

interactions between DTAB and pyrene. The generality of the SPT suggests that it can be 

applied to represent the partitioning of pyrene-labeled PAMAM-dendrimers in all types of 

NSSA prepared from mixtures of oppositely charged surfactants and the addition of salt. 

In summary, my thesis has established the feasibility of probing the conformation of 

macromolecules embedded in surfactant aggregates by using the combination of PEF, global 

MFA of fluorescence decays, and the direct relationship between <k> and [Py]loc. This 

combination led to the identification of the conformational inversion experienced by the PyCX-

PAMAM-G0 dendrimers with the decanoyl and dodecanoyl linkers as they interacted with 

surfactant micelles. In turn, changes in the conformational inversion for these dendrimers were 

employed to probe the heterogeneous nature of NSSA resulting in the conclusion that NSSA 

are composed of a polar edge and hydrophobic middle regions among which the dendrimers 

partition themselves according to the SPT. In so doing, this thesis lays the path toward using 

the PyCX-PAMAM-G0 dendrimers as an important family of molecular probes for the study 

of complex colloidal systems involving surfactants, whereby the conformation of the 

dendrimers can be monitored with the observable <k> which will report on the nature of the 

microdomains they interact with.
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Chapter 2: Probing Macromolecular Conformation in 

Restricted Geometry by PEF: Application to 

Hydrophobically Modified PAMAM Dendrimers Isolated 

Inside Surfactant Micelles 

 

 

Reproduced with permission from Liu, D.; Patel, S.; Xie, Y.; Zhang, H.; Duhamel, J. Probing 

Macromolecular Conformation in Restricted Geometry by PEF: Application to Hydrophobically 

Modified PAMAM Dendrimers Isolated Inside Surfactant Micelles. J. Phys. Chem. B 2025, 129, 

1144–1153, Copyright 2025 American Chemical Society. 
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2.1 OVERVIEW 

The conformation of a series of zero-generation polyamidoamine dendrimers end-labeled with 

four 1-pyrene-butyroyl, -hexanoyl, -octanoyl, -decanoyl, and -dodecanoyl derivatives, referred 

to as the PyCX-PAMAM-G0 samples with X = 4, 6, 8, 10, and 12, respectively, was 

characterized in N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and aqueous 

solutions of 50 mM sodium dodecyl sulfate (SDS) or 50 mM dodecyltrimethylammonium 

bromide (DTAB). The conformation of the PyCX-PAMAM-G0 samples was determined from 

the global model free analysis (MFA) of the fluorescence decays, which yielded the average 

rate constant (<k>) for pyrene excimer formation (PEF) between an excited and a ground-state 

pyrenyl labels. <k> being proportional to the local concentration ([Py]loc) of the pyrenyl labels 

within the macromolecular volume, <k>-vs.-[Py]loc plots yielded straight lines passing through 

the origin in DMF and DMSO, demonstrating that the internal segments of the dendrimers 

obeyed Gaussian statistics in these two solvents. In aqueous surfactant solutions, the 

hydrophobic pyrenyl labels induced the interactions of the PyCX-PAMAM-G0 dendrimers 

with the SDS and DTAB micelles. Plots of <k> as a function of [Py]loc yielded straight lines 

passing through the origin for the PyCX-PAMAM-G0 samples with X equal to 4, 6, and 8 

indicating that the internal segments of these three dendrimers obeyed Gaussian statistics 

within the surfactant micelles. However, <k> departed from the straight lines for the PyCX-

PAMAM-G0 samples with X = 10 and 12 associated with the SDS and DTAB micelles. This 

behavior indicated that [Py]loc was much larger than expected for the dendrimers prepared with 

the longer alkanoyl linkers. This behavior was attributed to strong hydrophobic interactions 

between the longer linkers and the dodecyl tails of the surfactants in the hydrophobic core of 

the micelles, which induced a conformational change for the dendrimers inside the micelles, 

which could be probed at the molecular level by PEF.   



 
31 

 

2.2 INTRODUCTION 

Macromolecular conformation is an important element in the molecular-level characterization 

of a macromolecule as it relates to its macroscopic properties. For instance, flexible 

polypeptides containing more glycine 1  and alanine 2  yield longer folding times 3  and 

hydrogels produced from solutions of entangled linear chains yield larger moduli for stiffer 

polymers. 4 - 6  All experimental techniques aiming to characterize the conformation of 

macromolecules in solution share the ability to probe their local macromolecular density due 

to the inherent link existing between the local density of a macromolecule in solution and its 

conformation. Among the most intensively used techniques in macromolecular science, static 

light (SLS) and small angle X-ray (SAXS) and neutron (SANS) scattering yield the radius of 

gyration (RG) of a macromolecule, 7 - 9  which describes the mass distribution of the 

macromolecule with respect to its center of gravity; viscometry measurements yield the 

intrinsic viscosity ([]) representing the ratio of the hydrodynamic volume of the 

macromolecule over its molar mass;10,11  nuclear magnetic resonance (NMR) experiments 

employ the nuclear Overhauser effect (NOE) to probe interatomic distances.12,13 The direct 

relationship between the local macromolecular density and RG, [], and NOE explains why 

scattering, viscometry, and NMR all play a predominant role to characterize the conformation 

of macromolecules in solution.7- 13 

In this context, pyrene excimer formation (PEF) between pyrenyl labels covalently 

attached to a macromolecule provides an appealing alternative to these classic techniques. 

Since the average rate constant (<k>) for PEF was recently demonstrated to equal the product 

kdiff[Py]loc (see Equation 2.1),14 where kdiff is the bimolecular rate constant for diffusive 

encounters between dyes and quenchers and [Py]loc is the local quencher concentration 

experienced by an excited dye, <k> is a direct measure of [Py]loc and thus the local density of 

the macromolecule onto which the pyrenyl labels are attached. Consequently, <k> reflects 
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macromolecular conformation15 in the same manner as RG, [], and NOE do. Like any other 

techniques used to probe macromolecular conformations, PEF experiments yield the 

persistence length of linear polymers16-18 and the end-to-end distance of both monodisperse 

linear chains,14 polymeric bottlebrushes,19 and low generation dendrimers.20,21 But in contrast 

to any other techniques, that typically operate with polymer concentrations in the 1 – 50 g/L 

range, PEF experiments use polymer concentrations that are between 2 and 4 orders of 

magnitude lower. For instance, the conformation of low generation pyrene end-labeled 

dendrimers made of a bis(hydroxymethyl)propionic acid (HMPA) and polyamidoamine 

(PAMAM) backbone was characterized at concentrations as low as 1 mg/L.20,21 The impressive 

sensitivity of PEF experiments combined with their recently discovered ability to probe 

macromolecular conformations14,15,19-21 unlocks the path toward characterizing the 

conformation of isolated macromolecules in restricted geometries, conditions requiring 

extremely low polymer concentrations that traditional techniques cannot meet due to their well-

known lack of sensitivity. 

 

                  <k> = kdiff[Py]loc               (2.1) 

 

These features are captured in the present report where PEF was applied to probe the 

large conformational changes undergone by hydrophobically modified zero-generation 

PAMAM dendrimers (HM-PAMAM-G0) as they interacted with surfactant micelles. HM-

PAMAM dendrimers have found interesting applications as potential drug delivery vehicles 

since capping the terminal amines with hydrophobic moieties promotes their interactions with 

cell membranes while significantly reducing their otherwise cytotoxic response. 22 - 30  The 

interactions between HM-PAMAM dendrimers and cell membranes are typically assessed 

through microscopy images of transfected cells and cell viability measurements but no 
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experimental technique provides molecular-level conformational information about the 

hydrophobically modified dendrimers as they interact with cell membranes. Currently, such 

information can only be obtained from molecular dynamics simulations.31-33 To address this 

dearth of experimental studies, this report describes how the length of an alkyl linker 

connecting the dye pyrene to a PAMAM-G0 dendrimer affects the conformation of these HM-

PAMAM-G0 dendrimers as they interact with surfactant micelles selected as micellar 

membrane models. 

 The HM-PAMAM-G0 samples investigated in this report were PAMAM-G0 

dendrimer end-labeled with four 1-pyrene-butyroyl, hexanoyl, octanoyl, decanoyl, and 

dodecanoyl derivatives to yield the samples PyCX-PAMAM-G0 with X equal to 4, 6, 8, 10, 

and 12, respectively. To ensure that the surfactant micelles would remain spherical, the PEF 

experiments were conducted at a low 50 mM surfactant concentration, where the surfactant 

was either anionic sodium dodecyl sulfate (SDS) or cationic dodecyltrimethylammonium 

bromide (DTAB). Due to the poor solubility of the PyCX-PAMAM-G0 samples in water, 

aqueous 50 mM surfactant solutions were prepared with dendrimer concentrations between 0.5 

and 1.5 mol/L, a dendrimer concentration so low as to make it physically impossible to have 

more than one dendrimer per micelle. As described in Figure 2.1A, the PyCX-PAMAM-G0 

samples are constituted of the polar and most likely charged PAMAM dendrimer core, four 

pyrenyl labels, and the alkyl apolar spacer shown in red, blue, and green, respectively. Earlier 

reports describing the interactions of PAMAM dendrimers and surfactant membranes have 

established that the polar polyamidoamine core is located at or near the micellar surface27,32,33 

and that the pyrene moieties prefer to reside in the micellar palisade separating the polar outer 

shell of the micelle from its apolar aliphatic core.34-38  
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Chemical structure of PyCX-PAMAM-G0 samples 
Schematic representation for PyCX-

PAMAM-G0 in organic solvents 

 
 

Conformation of PyCX-PAMAM-G0 in micelles 

for X=4, 6, 8 
Conformation of PyCX-PAMAM-

G0 in micelles for X=10, 12 

 

 

Figure 2.1. Chemical structure of the PyCX-PAMAM-G0 dendrimers and their schematic 

representation with the aromatic pyrenes in blue, the apolar alkoxy linkers with X = 4, 6, 8, 10, 

and 12 in green, and the polar PAMAM core in red. 

 

 The alkyl spacers used to link the pyrenyl moieties to the PAMAM core will interact with 

the apolar micellar core and the strength of this interaction will increase with increasing alkyl 

spacer length. The effect that the strength of this hydrophobic interaction had on the 

conformation of the PyCX-PAMAM-G0 samples, as they interacted with surfactant micelles, 

was characterized in the present report by using the direct relationship existing between <k> 

and [Py]loc as defined in Equation 2.1.14 

A) 
B) 

C) D) 
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The fluorescence results based on the <k>-vs.-[Py]loc relationship14 indicated that 

dendrimers with X = 4, 6, and 8 adopted an ideal conformation inside the micelles with the 

dendrimer internal segments obeying Gaussian statistics, but that the PyC10- and PyC12-

PAMAM-G0 samples underwent a significant conformational change. This conformational 

change was induced by strong interactions between the longer alkyl spacers and the apolar 

micellar core, which brought the pyrenyl labels closer to each other. Such a conformational 

rearrangement could only occur if the pyrenyl moieties pointed outwards toward the micellar 

surface and thus facing the aqueous phase (Figure 2.1D) contrary to their orientation for the 

shorter alkyl linkers with the pyrenyl moieties pointing inward toward the interior of the 

micelles (Figure 2.1C). 

Considering that many drugs in current use and being developed are hydrophobic and 

contain aromatic elements,39-41 control over the spatial arrangements inside surfactant micelles 

of dendrimer end-groups decorated with hydrophobic and aromatic moieties, represented in 

this study by the pyrenyl moieties, could guide the design of new drug delivery systems. The 

PEF experiments described herein also illustrate how their extreme sensitivity can be combined 

with the newly established <k>-vs.-[Py]loc relationship14 to offer a new means for probing 

macromolecular conformations under extremely dilute conditions such as those found in the 

restricted geometries generated by surfactant micelles. 

 

2.3 EXPERIMENTAL 

Chemicals: The surfactants sodium dodecyl sulfate (SDS) and dodecyltrimethylammonium 

bromide (DTAB) and the solvents N,N-dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), and chloroform were purchased from Sigma-Aldrich and used as received. The 

synthesis and characterization of the samples PyC4-, PyC8-, and PyC12-PAMAM-G0 were 

described earlier,20,21 and the same procedure was employed to prepare the samples PyC6-, 
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PyC10-PAMAM-G0, and a PAMAM-G0 end-labeled with 1-naphthaleneacetic acid (NpC2-

PAMAM-G0), whose 1H NMR and MS spectra are presented in Supporting Information (SI). 

UV-Vis absorption measurements: The absorption spectra were acquired on a Cary 100 UV-

Visible spectrophotometer with a 5.0 cm pathlength quartz cuvette. Compared to a traditional 

cuvette with a 1.0 cm pathlength, the longer 5.0 cm pathlength yielded a larger absorbance for 

the very dilute aqueous PyCX-PAMAM-G0 solutions. The detection of sharp peaks in the 

absorption spectra was taken as evidence that the highly hydrophobic 1-pyrenealkanoyl 

derivatives used for the PyCX-PAMAM-G0 dendrimers were solvated inside the surfactant 

micelles. 

Steady-state fluorescence: A HORIBA QM-400 spectrofluorometer equipped with a xenon arc-

lamp as an excitation source was used to obtain the fluorescence spectra of the PyCX-

PAMAM-G0 solutions. The PyCX-PAMAM-G0 solutions in DMF and DMSO were degassed 

with a gentle flow of nitrogen for 35 minutes while aerated aqueous solutions were used for 

the fluorescence measurements. The fluorescence spectra were acquired with a 1 nm slit width 

for the excitation and emission monochromators. The PEF efficiency was determined from the 

IE/IM fluorescence intensity ratio calculated from the fluorescence intensities of the pyrene 

monomer (IM) and excimer (IE) obtained by integrating the first sharp peak of the pyrene 

monomer fluorescence spectrum from 376 to 382 nm and the broad structureless emission of 

the pyrene excimer from 500 to 530 nm in the fluorescence spectra of the PyCX-PAMAM-G0 

solutions, respectively. 

Time-resolved fluorescence: A FluoroHub time-resolved fluorometer from HORIBA equipped 

with a 336 nm DeltaDiode laser was used to acquire the fluorescence decays of the PyCX-

PAMAM-G0 solutions with a minimum of 20,000 counts at the decay maximum and over 

1,024 channels. A 379 and 510 nm wavelength were selected to collect the fluorescence decays 

of the pyrene monomer and excimer with a time-per-channel of 0.44 and 0.87 ns and a 370 and 
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495 nm cut off filter, respectively. The cut off filters were inserted between the sample chamber 

and the emission monochromator to minimize stray light from reaching the detector. The 

instrument response function (IRF) used in the analysis of the fluorescence decays was 

obtained from the reflection of a triangular aluminium monolith acquired under the same 

condition as a fluorescence decay but with the wavelength of the emission monochromator set 

at 336 nm. Fluorescence decay analysis was conducted globally for both the pyrene monomer 

and excimer by convoluting the IRF with the sums of exponentials used in the model free 

analysis (MFA) and comparing the convoluted product with the experimental decays while 

optimizing the pre-exponential factors and decay times in the sums of exponentials with the 

Marquardt-Levenberg algorithm. 42  The global fit of the pyrene monomer and excimer 

fluorescence decays for a given PyCX-PAMAM-G0 solution was deemed satisfactory if the 2 

was smaller than 1.3 and the residuals and autocorrelation of the residuals were randomly 

distributed around zero. 

Model free analysis of the fluorescence decays: The MFA acknowledges that any fluorescence 

decay can be fitted with a sum of exponentials, which is used to describe the monomer 

fluorescence decays as shown in 2.1 in SI.43,44 One exponential in Equation S2.1 has its decay 

time fixed to equal M, which is the lifetime of the isolated pyrenyl labels Pyfree*, that do not 

form excimer and emit as if they were free in solution. The other exponentials represent the 

pyrenyl species PydiffE0* and PydiffD*, which form one of the two excimers E0* or D* by 

diffusive encounters, respectively. The excimer E0* and D* can also be formed instantaneously 

upon direct excitation and they emit with their lifetime E0 and D, respectively. For a few 

pyrene excimer fluorescence decays acquired with the PyCX-PAMAM-G0 samples, a fast 

decay could be detected, that was attributed to a short-lived excimer species (ES*) with a ES 

lifetime. Such a short decay time has been reported in the pyrene excimer fluorescence decays 

for PEF in restricted geometries 45  as observed for the PyCX-PAMAM-G0 samples. The 
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contributions of the short-lived ES* species was not included, when calculating the contribution 

of the different pyrenyl species as done in earlier reports due to its short-lived presence in the 

fluorescence decay.20,21 The MFA yielded the molar fractions fdiffE0, fdiffD, ffree, fE0, and fD 

representing the pyrenyl species PydiffE0*, PydiffD*, Pyfree*, E0*, and D*, respectively. fdiffE0 and 

fdiffD were summed to yield the molar fraction (fdiff) of pyrenyl species (Pydiff*) forming excimer 

by diffusive encounters and fE0 and fD were similarly summed to yield the molar fraction (fagg) 

of aggregated pyrenyl labels (Pyagg*) that formed excimer instantaneously upon direct 

excitation. The decay times (i) and pre-exponential factors (ai) used to represent PydiffE0* and 

PydiffD* in Equation S1 are conserved in Equation S2 used to fit the excimer decay globally 

with the monomer decay. This procedure ensures much better accuracy in the recovery of the 

different parameters retrieved from the global MFA of the pyrene monomer and excimer 

fluorescence decays. The pre-exponential factors (ai) and decay times (i) were then combined 

to determine the number average lifetime (<>), which is used in Equation 2.2 to calculate <k>. 

The experimentally determined <k> can then be related to [Py]loc through Equation 2.1. 
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The parameters retrieved from the MFA of the fluorescence decays could also be recombined 

to yield the absolute IE/IM(TRF) ratio as presented in Equation 2.3. 
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Local concentration of pyrenyl labels for a PyCX-PAMAM-G0 sample: The local concentration 

([Py]loc) of pyrenyl labels within the macromolecular volume defined by the PyCX-PAMAM-

G0 samples was obtained by dividing the number (nPy) of ground-state pyrenyl labels by the 

cube of the average end-to-end distance (LPy) normalized by the bond length (l).20,21 For the 

PyCX-PAMAM-G0 samples with four pyrenyl labels, nPy equals 3 since one of the four pyrenyl 

labels must be excited to be detected for fluorescence measurements and is required for PEF. 

The expression of LPy has been derived mathematically for low generation PAMAM 

dendrimers earlier and is given in Equation 2.4.20,21 
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     (2.4) 

 

In Equation 2.4, N is the generation number equal to 0 for the PyCX-PAMAM-G0 

samples, a is the number of carbon atoms in the linker connecting the pyrene moiety to the 

PAMAM dendrimer and equals X (= 4, 6, 8, 10, and 12), b (= 7) represents the number of non-

hydrogen atoms in the aminoethyl propionamide building block of the PAMAM dendrimer, 

and c (= 4) is the number of non-hydrogen atoms in the ethylene diamine core of the dendrimer.  

 

2.4 RESULTS 

While the dissolution of the PyCX-PAMAM-G0 samples in DMF and DMSO was 

straightforward, their dissolution in the 50 mM surfactant aqueous solutions required special 

care. Numerous procedures were tried (see sample preparation section in Supporting 

Information (SI)). Most procedures resulted in aggregation of the pyrenyl labels with 

unresolved absorption spectra and no rise time in the fluorescence decays of the pyrene excimer 

(see Figure S2.7 in SI). These features reflected the presence of pyrene aggregates, which 
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indicated that the pyrenyl labels were not fully solvated in the surfactant micelles. One 

procedure resulting in strongly reduced pyrene aggregation consisted in suspending the 

dendrimers and surfactants in chloroform before evaporating the chloroform under a gentle 

flow of nitrogen to yield a film, which was dry for the samples with SDS but required that it 

be kept under vacuum overnight for the samples with DTAB to remove residual chloroform. 

After adding the required amount of water to the films, clear solutions of the PyCX-PAMAM-

G0 samples were obtained in 50 mM surfactant aqueous solutions that yielded the well-

resolved absorption bands expected from the pyrenyl labels and a well-defined rise time in the 

fluorescence decays of the pyrene excimer.46 Since the surfactant concentration of 50 mM was 

well above the critical micelle concentration of 8 mM for SDS47 and 15 mM for DTAB,48 the 

surfactants formed micelles that were hosting the PyCX-PAMAM-G0 samples. 

 The dendrimer concentration in DMF and DMSO equaled 0.6 M but was adjusted from 

0.5 to 1.0 M in the surfactant solutions for the dendrimers with X decreasing from 12 to 4 

because the longer alkyl linkers connecting the pyrene moieties to the PAMAM dendrimers 

made the PyCX-PAMAM-G0 samples less soluble in water. Since the solubility limit of pyrene 

in water equals 0.7 M,49 pyrene is hardly soluble in water and the PyCX-PAMAM-G0 

samples with four pyrenyl labels cannot reside in water and must interact with the surfactant 

micelles. Since the number (Nagg) of surfactants per micelle equals 70 and 51 for SDS47 and 

DTAB,50 respectively, the surfactant micelles hosted an average number (<n>) of dendrimers 

per micelle given by the expression <n> = Nagg[PyCX-PAMAM-G0]/([Surf] – CMC) and 

equal to ~ 1.010−3. Such low <n> values meant that the ratio of the probability (Pr(i>1)) of 

finding more than one dendrimer per micelle divided by the probability (Pr(i=1)) of finding 

one dendrimer per micelle was minuscule and equaled [1 – exp(−<n>) − <n>exp(−<n>)]/[1- 

exp(−<n>)] = 5.010−4. While the low dendrimer concentration was required to dissolve the 

hardly soluble PyCX-PAMAM-G0 samples in the aqueous surfactant solutions, it also ensured 
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that the probability of finding more than two dendrimers per micelle was negligible and that 

the fluorescence signal was solely due to isolated dendrimers interacting with surfactant 

micelles. 

The fluorescence spectra of the five PyCX-PAMAM-G0 samples were acquired in 

DMF, DMSO, and 50 mM SDS or DTAB in water as shown in Figure 2.2 after normalization 

to the first peak at 379 nm corresponding to the 0-0 transition of pyrene. The fluorescence 

spectra showed the features expected for a pyrene-labeled macromolecule (PyLM), with sharp 

bands between 370 and 410 nm characteristic of the pyrene monomer and the broad 

structureless fluorescence of the pyrene excimer centered at 490 nm.46 Contrary to most PyLM, 

where an increase in [Py]loc yields stronger PEF, the amount of excimer produced by the series 

of PyCX-PAMAM-G0 molecules in Figures 2.2A-D showed no trend with increasing [Py]loc. 

Increasing the linker length (X) in the PyCX-PAMAM-G0 samples should reduce [Py]loc (see 

chemical structure of PyCX-PAMAM-G0 dendrimers in Figure 2.1A), which should yield 

fewer pyrene-pyrene encounters and weaker PEF for the PyLM. The absence of such a trend 

is clearly illustrated in Figure 2.2E, where the IE/IM ratio is plotted as a function of the number 

(X) of carbon atoms in the linker connecting the pyrene group to the dendrimer. This effect is 

a consequence of the outsized contribution of the fluorescence of unattached pyrenyl labels, 

referred to as Pyfree*, to the fluorescence signal of the pyrene monomer in PyCX-PAMAM-G0 

samples. Residual changes in the amount of Pyfree* species from sample to sample are known 

to strongly affect the IE/IM(SSF) ratio obtained from the analysis of the fluorescence spectra 

obtained with PyLM having a large [Py]loc as is the case for the PyCX-PAMAM-G0 

samples.51,52 For quantitative analysis of fluorescence data obtained with such PyLM, the 

Pyfree* species must be isolated. This isolation can only be done through the analysis of the 

fluorescence decays of the pyrene monomer by taking advantage of its long lifetime (M) 
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ranging from 127 to 132 ns depending on the pyrene derivative used to label the dendrimers in 

aerated 50 mM SDS and DTAB aqueous solutions.  

 

 
 

 

 

 

 

Figure 2.2. Fluorescence spectra of the PyCX-PAMAM-G0 samples normalized at 379 nm in 

A) DMF, B) DMSO, C) SDS, and D) DTAB for the PyCX-PAMAM-G0 samples with X equal 

to (red) 4, (orange) 6, (green) 8, (blue) 10, and (black) 12. Plots of E) IE/IM(TRF) as a function 

of the local pyrene concentration (nPy/(LPy/l)
3) and F) IE/IM(TRF) as a function of IE/IM(SSF) 

for the PyCX-PAMAM-G0 samples in ( ) DMF, ( ) DMSO, ( ) 50 mM SDS, and ( ) 

50 mM DTAB. 

 

To this end, the fluorescence decays of the pyrene monomer and excimer of the five 

PyCX-PAMAM-G0 samples were acquired in DMF, DMSO, and 50 mM surfactant aqueous 

solution and fitted globally according to the Model Free Analysis (MFA) to yield the molar 

fractions fdiff, ffree, and fagg of the pyrenyl species Pydiff*, Pyfree*, and Pyagg*, respectively, the 

average rate constant (<k>) for PEF with Equation 2.2, and the lifetimes E0 and D of the 

excimers E0* and D*, respectively.43,44 The MFA parameters were introduced into Equation 
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2.3 to obtain the IE/IM(TRF) ratio, which was compared to the IE/IM(SSF) ratio obtained from 

the analysis of the fluorescence spectra in Figure 2.2F. Interestingly, whereas the plot of 

IE/IM(SSF) as a function of linker length in Figure 2.2E showed an evident lack of trend, the 

data in the IE/IM(TRF)-vs.-IE/IM(SSF) plot shown in Figure 2.2F coalesced around two well 

defined straight lines, one for the PyCX-PAMAM-G0 samples in DMF and DMSO and another 

for the PyCX-PAMAM-G0 samples in the 50 mM surfactant aqueous solutions. 

The clear-cut correspondence between the IE/IM(TRF) and IE/IM(SSF) ratios indicated 

that the parameters retrieved from the global MFA of the pyrene monomer and excimer 

fluorescence decays were a good representation of the information contained in the 

fluorescence spectra shown in Figures 2.2A-D. The different slopes obtained for the two 

straight lines in Figure 2.2F are probably due to the difference in polarity experienced by the 

excited pyrenyl labels in the polar DMSO and DMF solvents and the less polar interior of the 

surfactant micelles.53,54 Solvent polarity is known to affect the intensity of the first peak at 379 

nm in the fluorescence spectrum of the pyrene monomer which was used to calculate the 

IE/IM(SSF) ratio.55-57 While it is strongly reduced for pyrenyl derivatives with an alkyl spacer 

without a nitrogen or oxygen heteroatom in the position  to the pyrene moiety as used for the 

PyCX-PAMAM-G0 samples, the pyrene moiety of such pyrene derivatives still retains some 

sensitivity to solvent polarity.58,59 In contrast, the IE/IM(TRF) ratio is impervious to changes in 

the polarity of the environment experienced by the pyrenyl labels since it is calculated from 

the MFA parameters, which only report on the kinetics of PEF and are thus insensitive to the 

polarity of the environment. 

 Since ffree represented residual pyrene derivatives, that were not successfully removed 

during the purification of the PyCX-PAMAM-G0 samples but were isolated in the MFA of the 

decays, the molar fractions fdiff and fagg (= 1 – fdiff) were calculated after excluding the 

contribution from the species Pyfree*. fdiff and fagg were plotted in Figure 2.3A as a function of 
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the linker length (X). They showed that PEF occurred mainly through diffusive encounters with 

fdiff being larger than 0.75 for all but one sample. This conclusion is consistent with the sharp 

bands in the absorbance spectra (Figures S2.7 and S2.9 in SI) and the rise time in the pyrene 

excimer fluorescence decays (Figures S2.8 and S2.10) observed in the 50 mM surfactant 

aqueous solutions of the PyCX-PAMAM samples that both confirmed that the pyrenyl labels 

were well solvated in the organic solvents and the surfactant aqueous solutions. The average 

rate constant (<k>) for PEF was then plotted in Figure 2.3B for the PyCX-PAMAM-G0 

samples in DMF and DMSO and in Figure 2.3C for the PyCX-PAMAM-G0 samples in the 50 

mM SDS and DTAB aqueous solutions as a function of [Py]loc taken as the ratio nPy/(LPy/l)
3, 

where nPy equals 3 and LPy/l is provided in Equation 2.4. Straight lines passing through the 

origin were obtained for the <k>-vs.-[Py]loc plots in Figure 2.3B. The linear trends shown in 

Figure 2.3B are a consequence of Equation 2.1, which was recently demonstrated 

experimentally to establish the correspondence between <k> and [Py]loc.
14,20,21 This 

relationship is general and has been demonstrated for other dendrimers with a 

bishydroxymethylpropionic acid backbone.60,61 The difference in slopes is a consequence of, 

in part, kdiff in Equation 2.1, which is larger in much less viscous DMF ( = 0.76 mPa·s at 

25 ºC)62 than DMSO ( = 1.99 mPa·s at 25 ºC),62 and thus yields larger <k> values in DMF. 

The difference in solvent viscosity and probability of forming an excimer,63 which both affect 

kdiff and thus <k> based on Equation 2.1, can be handled by using a pyrene model compound, 

which leads to the merger of the two trends.20,21,61 The straight lines passing through the origin 

shown in Figure 2.3B validate the assumption made in the derivation of LPy in Equation 2.4, 

namely that the internal segments of the PyCX-PAMAM-G0 samples obey Gaussian statistics 

in DMF and DMSO.20,21 
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Figure 2.3. Plots of A) the molar fractions (black) fdiff and (red) fagg as a function of linker 

length (X) and <k> for the PyCX-PAMAM-G0 samples in B) DMF and DMSO and 50 mM C) 

SDS and DTAB aqueous solutions. Symbols: (empty circles) DMF, (empty triangles) DMSO, 

(filled circles) SDS, (filled triangles) DTAB. 

 

In contrast to the linear <k>-vs.-[Py]loc plots obtained for the PyCX-PAMAM-G0 

samples in DMF and DMSO, the <k>-vs.-[Py]loc plots shown in Figure 2.3C for the PyCX-

PAMAM-G0 samples in 50 mM SDS and DTAB aqueous solutions were more intriguing as 

they showed a clear checkmark pattern. While <k> increased linearly with increasing [Py]loc 

for the PyCX-PAMAM-G0 samples with X equal to 4, 6, and 8, a clear deviation from linearity 

was found for the two PyCX-PAMAM-G0 samples with X equal to 10 and 12 in both the SDS 

and DTAB micelles. Such pronounced breaks in the <k>-vs.-[Py]loc plots suggest a significant 

conformational rearrangement for the PyCX-PAMAM-G0 samples with the longer spacers 

inside the surfactant micelles. 

To investigate if aggregation between the PyCX-PAMAM-G0 samples could be a 

factor for the unexpected checkmark patterns shown in Figure 2.3C despite the relatively low 

fagg values reported in Figure 2.3A, fluorescence resonance energy transfer (FRET) 

experiments were conducted. To this end, PAMAM-G0 was labeled with 1-naphthaleneacetic 
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acid to yield NpC2-PAMAM-G0. NpC2-PAMAM-G0 was mixed with the PyCX-PAMAM-

G0 samples with X = 10 and 12 in an about 80:20 molar ratio in the 50 mM SDS and DTAB 

aqueous solutions. The fluorescence spectra of the NpC2/PyCX-PAMAM-G0 mixtures were 

compared to the sum of the fluorescence spectra acquired for the 50 mM SDS and DTAB 

solutions with NpC2-PAMAM-G0 only and PyCX-PAMAM-G0 only. The identical 

fluorescence spectra obtained in Figures S2.11 – S2.16 in SI for the NpC2/PyCX-PAMAM-

G0 mixtures and the sum of the fluorescence spectra of the individual components of the 

mixtures ruled out FRET between the naphthalene- and pyrene-labeled dendrimers and 

confirmed that the surfactant micelles hosted isolated dendrimers. 

 One reason for the increased <k> values obtained in the surfactant micelles with the longer 

linkers could simply be due to the larger size of the PyCX-PAMAM-G0 dendrimers with X = 

10 and 12, that might not be accommodated inside the surfactant micelles. However, this 

possibility is highly unlikely considering the size of the dendrimers relative to the interior of 

the SDS and DTAB micelles. Based on the expression of LPy in Equation 2.4 and the fact that 

l was determined to equal 0.241 nm for the PAMAM dendrimers,20 LPy would equal 1.47 and 

1.54 nm for the PyCX-PAMAM-G0 dendrimers with X equal to 10 and 12, respectively.20 

These LPy values needed to be compared to the diameter of the hydrophobic interior of the 

surfactant micelles found to equal 3.7 and 3.3 nm by considering that Nagg equals 70 and 51 for 

SDS and DTAB, respectively, and that the volume of a methylene and methyl groups equals 

0.028 and 0.049 nm3,64 respectively. Based on this comparison of the respective dimensions 

of the dendrimers and the interior of the SDS micelles, all PyCX-PAMAM-G0 dendrimers 

were expected to be well accommodated inside the micelles regardless of their linker length 

(X). 

 Having ruled out the effects of dendrimer size and aggregation to rationalize the check 

mark pattern observed in Figure 2.3C for the PyCX-PAMAM-G0 samples with X equal to 10 
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and 12, another effect was considered, namely the strength of the hydrophobic interactions that 

were likely to occur between the longer alkyl segments connecting pyrene to the PAMAM 

dendrimers and the dodecyl chains constituting the interior of the surfactant micelles. PAMAM 

dendrimers are highly polar macromolecules that dissolve in polar solvents like water, 

methanol, DMF, or DMSO but are insoluble in apolar solvents like dodecane and thus, are 

incapable of penetrating the apolar interior of surfactant micelles. Consequently, the main 

reason for the PyCX-PAMAM-G0 samples to interact with the surfactant micelles in this study 

was the four hydrophobic 1-pyrenealkanoyl derivatives used to label the dendrimers that 

anchored the PAMAM dendrimers among the surfactant headgroups of the micelles. With the 

PAMAM dendrimers located at the surface of the micelles27,32,33 and the pyrene moieties 

located either in the palisade between the hydrophobic core and the polar shell of the SDS 

micelles34-38 or closer to the trimethylammonium headgroups due to aromatic-cationic 

interactions in the DTAB micelles,65-68 the alkanoyl linker connecting the pyrene groups to the 

PAMAM dendrimers seem to offer a powerful experimental means for controlling the 

conformation of the PyCX-PAMAM-G0 samples in the micelles. Based on the checkmark 

pattern shown in Figure 2.3C, the short linkers with X equal to 4, 6, and 8 were not sufficiently 

hydrophobic to induce significant hydrophobic interactions with the hydrophobic core of the 

surfactant micelles. Since the linear trends shown in Figure 2.3C passed through the origin for 

the PyCX-PAMAM-G0 samples with a shorter alkanoyl linker, the internal segments of these 

dendrimers appeared to adopt a random conformation based on Gaussian statistics, which was 

used to calculate [Py]loc based on LPy determined with Equation 2.1.20,21 In contrast, the higher 

than expected <k> values found in the surfactant micelles for the PyCX-PAMAM-G0 samples 

with X equal to 10 and 12 were most likely the result of strong hydrophobic interactions 

between the decanoyl and dodecanoyl linkers and the dodecyl chains of the surfactants in the 

micellar core. With the pyrene moieties and the PAMAM-G0 dendrimer located close to the 
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headgroups, stronger interactions between the longer linkers and the hydrophobic micellar core 

would bring the pyrenyl labels closer to each other, as described in Figure 2.1D in a manner 

that would increase [Py]loc and thus <k> according to Equation 2.1. Contrary to organic solvents, 

where increasing the linker length connecting the pyrenyl moieties to the PAMAM dendrimers 

results in a decrease in [Py]loc (see Figure 2.3B and references 20 and 21), strong hydrophobic 

interactions between the longer alkanoyl linkers and the dodecyl chains of the surfactant 

micelles would lead to the opposite outcome with [Py]loc showing a significant increase with 

longer linkers. 

 Another interesting feature of Figure 2.3C is the consistently lower <k> values obtained 

for the PyCX-PAMAM-G0 samples interacting with the DTAB compared to the SDS micelles. 

This effect cannot be due to the difference in size between the smaller DTAB micelles and 

larger SDS micelles with Nagg equal to 50 and 70, respectively, since LPy for the PyCX-

PAMAM-G0 dendrimers has been found to be significantly smaller than the micellar diameters. 

Thus, the size of the micelle cannot influence the conformation of the PyCX-PAMAM-G0 

sample. Rather, the well-reported aromatic-cationic interactions between the pyrenyl labels and 

the trimethylammonium headgroups of the DTAB surfactants64-68 are probably responsible for 

this effect. The main outcome would be a slowing down of the diffusive motions of the pyrenyl 

end groups associated with a decrease in kdiff and an interaction holding the pyrenyl labels 

closer the micellar surface counteracting the hydrophobic pull toward the micellar core, both 

effects contributing to a reduced change in [Py]loc for the longer alkanoyl linkers in DTAB 

compared to SDS micelles. 

 

2.5 DISCUSSION 

The expression for LPy given in Equation 2.4 assumes that the internal segments constituting 

the PyCX-PAMAM-G0 dendrimers obey Gaussian statistics.20,21 LPy could then be used to 
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calculate [Py]loc taken as nPy/(LPy/l)
3 for nine different PyCX-PAMAM-GY, with X = 4, 8, and 

12, and generation number Y = 0, 1, and 2.20,21 Since plotting <k> obtained in DMF and DMSO 

as a function of [Py]loc in Figure 2.3B yielded a straight line that passed through the origin, it 

demonstrated the validity of the <k>-vs.-[Py]loc relationship and confirmed that the internal 

segments of the low generation PyCX-PAMAM-GY dendrimers obeyed Gaussian statistics. 

The validity of the <k>-vs.-[Py]loc relationship was further extended in this study by adding the 

PyCX-PAMAM-G0 samples with X = 6 and 10 whose <k> and [Py]loc data sets nicely aligned 

with the other data points in DMF and DMSO as shown in Figure 2.3B. 

The similar linear relationship obtained between <k> and [Py]loc in Figure 2.3C for the 

PyCX-PAMAM-G0 samples with X = 4, 6, and 8 indicates that the internal segments of the 

dendrimers obey Gaussian statistics as they interact with the surfactant micelles as described 

in Figure 2.1C. Yet, contrary to the conditions in the organic solvents DMF and DMSO where 

the pyrenyl moieties can sample the entire macromolecular volume as described in Figure 2.1B, 

less than half of that space is available to the pyrenyl groups in the surfactant micelles as 

described in Figure 2.1C since their strong hydrophobicity prevents them from venturing into 

the aqueous phase. The linear relationship between <k> and [Py]loc passing through the origin 

for the PyCX-PAMAM-G0 samples with a shorter linker is thus interesting as it suggests that 

despite occupying the restricted volume defined by the intersection between the dendrimer and 

micellar volumes, the internal segments of these dendrimers appear to retain sufficient 

randomness for the Gaussian statistics to hold with Equation 2.4. Departure of the <k> and 

[Py]loc values from this linear relationship in Figure 2.3C for the dendrimers with the longer 

linkers with X = 10 and 12 indicates that the pyrenyl end groups are no longer randomly 

distributed in the macromolecular volume and are located much closer to each other than 

expected. Analysis of the location of the different constituting parts of the PyCX-PAMAM-G0 

dendrimers led to the conclusion that the unexpected <k>-vs.-[Py]loc behavior identified by the 



 
50 

 

checkmark pattern in Figure 2.3C for the samples with X = 10 and 12 was due to stronger 

hydrophobic interactions between the alkanoyl linkers and the dodecyl chains constituting the 

micellar core. The folding of the longer alkyl linkers into the hydrophobic core of the surfactant 

micelles and the local inversion in the pyrenyl end groups, that would appear to point out 

toward the aqueous phase as shown in Figure 2.1D, could be important factors in the design of 

drug delivery vehicles. This effect might facilitate the transduction of a hydrophobically 

modified water-soluble macromolecule (HM-WSM) across a cell membrane to promote the 

translocation of a hydrophobic cargo bound to the HM-WSM of interest. 

 Be it for the transduction of a hydrophobic cargo by amphipathic cell penetrating 

peptides 69 - 72  or the delivery of hydrophobic drugs with a hydrophobically modified 

dendrimer,22-30 the interactions between HM-WSM and a cell membrane are under intense 

scrutiny. Of particular interest is the development of a molecular level understanding of how 

HM-WSM adjust their conformation as they transition from the polar water medium to the 

hydrophobic environment of a lipid bilayer. While such interactions are clearly demonstrated 

through microscopy or cytotoxicity experiments that show the location of a fluorescently 

labeled HM-WSM in the different compartments of a cell or how efficient the loaded drug 

delivery vehicle is at killing targeted cells,22-30 experimental techniques capable of probing 

these macromolecular conformational changes at the molecular level are dearly lacking. The 

main reason for this dearth of experimental techniques is that the classic techniques like NMR, 

scattering, or viscometry capable of characterizing macromolecular conformations in solution 

are usually not sensitive enough and require relatively large concentrations (~ g/L) of 

macromolecules. Such conditions are poorly suited to study isolated macromolecules 

embedded in dilute nanostructures generated by amphiphilic molecules like lipid bilayers or 

surfactant micelles. If the formation of such nanostructures requires lipid or surfactant 

concentrations in the ~ g/L range, macromolecule concentrations must be orders of magnitude 
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lower, in the ~ mg/L range, to ensure that isolated macromolecules are interacting with these 

nanostructures. Such conditions impose enhancing the signal from the macromolecule of 

interest by using isotope labeling for NMR or scattering techniques, but these procedures are 

often costly and cannot be done routinely. Fluorescence collisional quenching experiments 

offer an interesting alternative to these other experimental and simulation studies by taking 

advantage of the inherently high sensitivity of fluorescence and the response of <k> to the local 

quencher concentration.14 Although fluorescent labels are pricey, the high sensitivity of 

fluorescence allows the use of little material, which helps keep costs down, while still providing 

conformational information about fluorescently labeled HM-WSM that are isolated as single 

macromolecules in a given colloidal entity like SDS and DTAB micelles. These principles were 

illustrated in the present study with the PyCX-PAMAM-G0 samples.  

 

2.6 CONCLUSION 

This study represents the first example in the literature where the conformation of a series of 

hydrophobically modified PAMAM dendrimers (HM-PAMAM) was characterized 

experimentally as they interacted with surfactant micelles used as lipid membrane mimics. It 

was enabled by leveraging the high sensitivity of PEF with its ability to report on [Py]loc and 

the local density of a pyrene-labeled macromolecule through the parameter <k> obtained from 

the global MFA of the fluorescence decays acquired with the PyCX-PAMAM-G0 samples. 

While linear trends of <k>-vs.-[Py]loc passing through the origin were obtained for the five 

PyCX-PAMAM-G0 samples in DMF and DMSO, the same behavior held in aqueous solutions 

of surfactant micelles for the dendrimers prepared with short linkers with X equal to 4, 6, and 

8 but not for the dendrimers prepared with linkers having larger X values of 10 and 12. The 

checkmark patterns observed for the series of PyCX-PAMAM-G0 dendrimers in Figure 2.3C 

indicated a significant conformational change reflecting the strong interactions between the 
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longer alkanoyl linkers and the dodecyl chains constituting the micellar interior. Whether such 

conformational changes could also be at play for the stretches of hydrophobic amino acids 

found in the sequence of amphipathic cell penetrating peptides like MPG or transportan-1068-

72 and other HM-WSM as they efficiently translocate through a cell membrane remains to be 

seen, but the PEF procedure illustrated herein provides a possible experimental means to study 

these interactions at the molecular level. 
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Chapter 3: Conformation of Pyrene End-Labeled 

Polyamidoamine Dendrimers in Catanionic 

Surfactant Micelles Probed by Pyrene Excimer 

Formation 

 

 

Reproduced with permission from Liu, D.; Patel, S.; Duhamel, J. Conformation of Pyrene End-

Labeled Polyamidoamine Dendrimers in Catanionic Surfactant Micelles Probed by Pyrene 

Excimer Formation. Langmuir 2025, 41, 20986-20998. Copyright 2025 American Chemical 

Society. 
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3.1 OVERVIEW 

A series of generation-0 polyamidoamine (PAMAM-G0) dendrimers, referred to as the PyCX-

PAMAM-G0 samples, were end-labeled with 4 identical 1-pyrenealkanoyl derivatives with 

either a (X=4) butyroyl, (X=6) hexanoyl, (X=8) octanoyl, (X=10) decanoyl, or (X=12) 

dodecanoyl linker. Their conformation was investigated in mixed micelles composed of sodium 

dodecyl sulfate (SDS) and dodecyltrimethylammonium bromide (DTAB). As the molar 

fraction (fDTAB) of DTAB in the SDS:DTAB mixtures was increased from 0.0 to 0.3, the 

micellar aggregates grew in size and changed their shape from spheres to ellipsoids. Global 

model free analysis of the fluorescence decays yielded the average rate constant (<k>) for 

pyrene excimer formation (PEF) between an excited and a ground-state pyrenyl labels bound 

to the PyCX-PAMAM-G0 dendrimers. Plots of <k> as a function of the local concentration 

([Py]loc) of ground-state pyrenyl labels indicated that the conformation of the PyCX-PAMAM-

G0 dendrimers bearing shorter X = 4, 6, and 8 alkanoyl linkers was that expected if the internal 

segments of these dendrimers obeyed Gaussian statistics. The <k>-vs.-[Py]loc plots also 

indicated that the PyCX-PAMAM-G0 samples with the longer linkers underwent a 

conformational inversion. However, the conformational inversion experienced by the PyCX-

PAMAM-G0 samples with longer linkers appeared to become less pronounced with increasing 

fDTAB. Analysis of the <k>-vs.-[Py]loc trends obtained with increasing fDTAB led to the conclusion 

that the PyCX-PAMAM-G0 dendrimers with longer alkanoyl linkers underwent 

conformational inversion in the SDS-rich capping ends of the ellipsoidal micelles but not in 

their more hydrophobic central section and that partitioning of the dendrimers between the two 

regions of the surfactant aggregates resulted in the decrease in conformational inversion 

identified by PEF. Consequently, these PEF experiments represent an interesting experimental 

means for probing the conformation of complex hydrophobically modified water-soluble 

macromolecules as they interact with the microdomains generated by amphiphilic molecules.  
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3.2 INTRODUCTION 

Hydrophobically modified water-soluble macromolecules (HMWSM) such as diblock 

copolymers with a hydrophobic and hydrophilic block, 1 - 9  hydrophobically modified 

dendrimers, 10 - 18  amphiphilic arborescent and hyperbranched polymers, 19 - 26  or polymer 

bottlebrushes27-29 are under intense scrutiny to assess their potential as vehicles for the delivery 

of hydrophobic drugs into cells. The function of the HMWSM is to generate hydrophobic 

microdomains, that are big enough to host large payloads of hydrophobic drugs, and whose 

stability in water is ensured by the hydrophilic component of the HMWSM. An efficient drug 

delivery vehicle (DDV) will have a high loading capacity, representing the number of grams 

of encapsulated drug per gram of DDV, and will transfer its payload across the cell outer and 

inner membranes to deliver the hydrophobic drug to the desired cell target. Methods based on 

spectroscopy such as UV-Vis absorption or fluorescence have been established to determine 

the loading capacity of a drug in a DDV30-32 and the efficiency of a DDV at delivering its 

payload to a specific cellular target can be assessed through cytotoxicity studies and 

fluorescence microscopy.33,34 

 While these studies unambiguously demonstrate the efficacy of a given DDV,30-34 they 

offer little molecular level information about the mechanism describing how a DDV interacts 

with the cell membrane. Yet the development of such an understanding is critical for improving 

the current design of the next generation of DDV. Currently, molecular dynamics simulations 

(MDS) appear to be the main tool used to gain insight into the interactions taking place between 

DDV and a cell membrane.15-18 Traditional experimental techniques like NMR 35 , 36  or 

scattering37-39 capable of monitoring the conformational changes of HMWSM that are isolated 

and embedded in a lipophilic medium dispersed in water are usually not well suited for this 

purpose. Since the hydrophobicity of HMWSM drives their partitioning from the water phase 

into lipophilic aggregates such as micelles, vesicles, or lamellae, the local concentration of the 
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HMWSM in these lipophilic aggregates is orders of magnitude larger than their overall 

concentration in the continuous water phase. This significant increase in the local concentration 

of the HMWSM results from the fact that the volume generated by the lipophilic aggregates is 

orders of magnitude smaller than that of the continuous phase. For instance, since the volume 

of a methyl and methylene group equal 49 and 28, Å3,40 respectively, and knowing that the 

aggregation number (Nagg) and CMC of SDS equal 71 and 8 mM,41 respectively, the dodecyl 

tails of SDS in 1 L of a 50 mM SDS solution would only generate 9 mL of hydrophobic 

environment resulting in a 1000/9 = 111-fold increase in the concentration of a HMWSM in 

the lipophilic aggregates. Consequently, ensuring that isolated HMWSM are probed in 

lipophilic aggregates requires working at relatively low mg/L concentrations of HMWSM 

resulting in a low signal from the HMWSM that must be separated from that of the lipophilic 

medium present in large excess. Such experimental conditions are challenging for most 

techniques and require that the signal of the HMWSP be amplified, typically through isotope 

labeling for NMR42,43 or scattering44,45 studies. Unfortunately, the prohibitive costs associated 

with isotope labeling and long acquisition times on these instruments are often a considerable 

barrier to such studies.  

However, recent reports suggest that the conformation of macromolecules, that have been 

labeled with the fluorescent dye pyrene, can be characterized by determining the average rate 

constant (<k>) for pyrene excimer formation (PEF) between the pyrenyl labels covalently 

attached onto the macromolecule.46-52 As shown in Equation 3.1, <k> is equal to the product 

of the bimolecular rate constant (kdiff) for diffusive encounters between the pyrenyl labels and 

the local concentration ([Py]loc) of the pyrenyl labels inside the macromolecular volume. kdiff 

represents all the dynamic aspects affecting PEF such as solvent viscosity or the internal 

dynamics of the macromolecule, and since [Py]loc is directly related to the local density of the 

macromolecule, <k> can be used to probe macromolecular conformations.46 
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     <k> = kdiff[Py]loc                      (3.1) 

 

 The recently uncovered ability of PEF to probe macromolecular conformations46 was 

applied earlier to study in N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) 

the conformation of a series of five 0-generation polyamidoamine dendrimers (PyCX-

PAMAM-G0 with X = 4, 6, 8, 10, and 12) that had been end-labeled with 1-pyrene-butyric, -

hexanoic, -octanoic, -decanoic, and -dodecanoic acid, respectively.50-52 The chemical structure 

of these pyrene-labeled dendrimers is shown in Figure 3.1. 

 

 

Figure 3.1. Chemical structure of the PyCX-PAMAM-G0 dendrimers with X = 4, 6, 8, 10, and 

12. 

 

Since the dye pyrene is hardly soluble in water (solubility in water equals 0.7 mM)53 and 

PAMAM-G0 is insoluble in apolar organic solvents, the PyCX-PAMAM-G0 samples are 

examples of HMWSM. Furthermore, hydrophobically modified PAMAM dendrimers are being 

investigated as potential DDV, in part due to the reduction in their cytotoxicity upon reacting 

their terminal amines with hydrophobes.10,12 Earlier studies have established that [Py]loc in 

Equation 3.1 could be estimated for pyrene end-labeled dendrimers like the PyCX-PAMAM-
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G0 samples by assuming that the conformation of their internal segments was governed by 

Gaussian statistics.50,51 These studies showed that for two types of pyrene end-labeled 

dendrimers in DMF and DMSO, <k> increased linearly with increasing [Py]loc.
46-48,50-52 

Interestingly this well-established relationship was found to break down for the PyCX-

PAMAM-G0 samples with a long decanoyl (X = 10) or dodecanoyl (X = 12) linker between the 

pyrenyl end-groups and the PAMAM dendrimer as they interacted with spherical surfactant 

micelles in water.52 These two samples exhibited a conformational inversion resulting from 

strong hydrophobic interactions between their longer alkyl linker and the hydrophobic interior 

of the surfactant micelles that brought the pyrenyl labels closer to each other and with their end 

pointing outward toward the micellar interface with water instead of inward toward the micellar 

core. A schematic representation of these expected conformations for PyCX-PAMAM-G0 

dendrimers in SDS micelles is given in Figures 3.2A and B. Earlier studies have used molecular 

pyrene to probe the interactions between PAMAM dendrimers and SDS or DTAB surfactants, 

but interpretation of the fluorescence data is complicated by the fact that the pyrene probe and 

the dendrimers might not always reside in a same microdomain.54-56 In contrast, the covalent 

attachment of the pyrene probe to the PAMAM dendrimers in the PyCX-PAMAM-G0 samples 

greatly facilitates the interpretation of the fluorescence results since the pyrene probe reports 

directly on the properties of the PyCX-PAMAM-G0 dendrimer. The conformational inversion 

identified in this earlier study52 represented an illustration of how PEF could be applied to 

characterize the conformation of a HMWSM encapsuled in a surfactant micelle.  

The fact that surfactant aggregates exhibit a wide variety of shapes, sizes, and 

microenvironments induced by the simple adjustment of the surfactant composition in the 

micellar assembly suggests that the surfactant composition of micellar aggregates might have 

an important effect on the conformation of HMWSM. For instance, mixtures of DTAB with an 

excess of SDS have been found by pyrene excimer formation to form large micellar 
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aggregates57 that adopt a triaxial ellipsoidal shape in aqueous solution as determined by small 

angle neutron scattering (SANS).58 

 

 

 

Figure 3.2. Schematic representation of the conformation of the PyCX-PAMAM-G0 samples 

in SDS micelles A) with X = 4, 6, and 8 and B) with X = 10 and 12. The sulfate headgroups of 

SDS are spread apart resulting in a small packing parameter59 and a higher surface curvature. 

 

 As the molar fraction (fDTAB) of DTAB in the surfactant mixture increased from 0.15 to 

0.20 and 0.25, the main axis of the ellipsoids was reported to increase from 3.3 to 4.3 and 6.1 

nm, respectively. These extended structures are a consequence of the reduction in electrostatic 

repulsion between the sulfate headgroups of the SDS molecules upon addition of DTAB. 

Compared to the curvature of spherical micelles, regions of the micellar aggregates that are 

more elongated have a lower surface curvature corresponding to a more balanced composition 

of the oppositely charged surfactants approaching the equicharge point and resulting in a larger 

packing parameter.59 In contrast, the domains capping the elongated sections of the micellar 

aggregates of SDS and DTAB mixtures exhibit a larger surface curvature and are richer in the 

surfactant in excess (SDS in this case). The sulfate headgroups present in excess in the more 

highly curved regions capping the elongated sections of the mixed micelles experience stronger 

electrostatic repulsion resulting in a smaller packing parameter. Consequently, surfactant 

A) B) 
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micellar aggregates formed from mixtures of SDS and DTAB offer different 

microenvironments within a same aggregate, with which HMWSM would interact differently. 

In the case of the PyCX-PAMAM-G0 dendrimers, the dendrimers with long alkyl linkers 

connecting the pyrenyl moieties to the PAMAM dendrimers would be expected to undergo a 

conformational inversion in the capping regions of the elongated micellar aggregates similar 

to their behavior in SDS micelles. Because the capping regions are SDS-rich, they have a higher 

surface curvature, and would behave similarly to SDS micelles. In contrast, mixtures of 

oppositely charged surfactants generate environments, that are much more hydrophobic due to 

reduced access of water molecules through the tightly held oppositely charged headgroups.60 

In turn, the conformational inversion observed for the PyCX-PAMAM-G0 dendrimers having 

a longer alkyl linker connecting the pyrenyl moieties to the polar PAMAM core would be 

disfavored in these more hydrophobic micellar environments. Thus, the partitioning of the 

PyCX-PAMAM-G0 dendrimers in the different regions of the micellar aggregates should result 

in a range of conformations that could be probed through the PEF-methodology.46-52 To assess 

whether this was indeed the case, PEF was applied to characterize the conformation of the 

PyCX-PAMAM-G0 dendrimers with X = 4, 6, 8, 10, and 12 in aqueous solutions of mixtures 

of SDS and DTAB for molar fractions (fDTAB) of DTAB in the surfactant mixtures ranging from 

0 to 0.3. 

 

3.3 EXPERIMENTAL 

Materials: The synthesis and characterization by 1H NMR and mass spectrometry of the PyCX-

PAMAM-G0 samples with X = 4, 6, 8, 10, and 12 has been reported in earlier publications.50-

52 SDS and DTAB were purchased from Aldrich and used as received. Doubly distilled 

deionized water from Millipore Milli-RO 10 Plus and Milli-Q UF Plus (Bedford, MA) was 

used to prepare all aqueous solutions. 
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PyCX-PAMAM-G0 sample preparation: Since the PyCX-PAMAM-G0 samples had been found 

earlier to generate negligible levels of pyrene aggregation inside DTAB micelles,52 all PyCX-

PAMAM-G0 aqueous solutions with 50 mM SDS/DTAB mixtures were prepared according to 

the following method. DTAB powder was added to a 20 mL vial and its mass was recorded. A 

1 mM PyCX-PAMAM-G0 stock solution in DMSO was preheated to 60 oC and approximately 

12 mL of this solution was transferred into the vial. About 1 mL of chloroform was then added 

to the vial and the solid mixture was allowed to completely dissolve. The solution was then 

dried under constant air flow and a layer of white paste formed on the inner surface of the vial. 

The vial was then kept in a vacuum oven at room temperature overnight. This process had been 

found to ensure the removal of the chloroform.52 The sample was then redissolved in 2 – 5 mL 

of MilliQ water first to ensure that the concentration of DTAB was above its CMC (15 mM), 

DTAB micelles would form, and the PAMAM dendrimers were isolated in the DTAB micelles, 

where the pyrenyl labels would be properly solvated. The required amount of SDS in dry 

powder form was then added to the solution to achieve the desired fDTAB value for a given 

SDS:DTAB mixture. MilliQ water (5 – 8 mL) was further added to adjust the total surfactant 

concentration to 50 mM. 

UV-Vis absorption measurements: The absorption spectra of the PyCX-PAMAM-G0 aqueous 

solutions with 50 mM SDS:DTAB surfactant mixtures were acquired with a Cary 100 UV-

Visible spectrophotometer using a 5.0 cm pathlength quartz cuvette. The longer pathlength 

compared to the standard 1 cm absorption cell enabled the accurate measurement of the 

absorbance for a 0.6×10-6 M PyCX-PAMAM-G0 concentration with a reasonable signal-to-

noise ratio. 

Steady-state fluorescence: The fluorescence spectra were acquired with a HORIBA QM-400 

spectrofluorometer equipped with a xenon arc-lamp as the excitation source and using a 1 nm-

wide excitation and emission slit width. The solutions were excited at 344 nm and the 
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fluorescence of the PyCX-PAMAM-G0 solutions were monitored from 350 to 650 nm. The 

steady-state fluorescence (SSF) spectra were analyzed to obtain the fluorescence intensity of 

the pyrene monomer (IM) and excimer (IE) by integrating the fluorescence spectrum of the 

pyrene monomer from 376 to 382 nm and of the pyrene excimer from 500 to 530 nm, 

respectively. Dividing IE by IM yielded the IE/IM(SSF) ratio, which was taken as a measure of 

the PEF efficiency for a given PyCX-PAMAM-G0 solution. 

Time-resolved fluorescence: The fluorescence decays of the pyrene monomer and excimer for 

the PyCX-PAMAM-G0 aqueous solutions were acquired according to the time-correlated 

single photon counting method with a FluoroHub time-resolved fluorometer from HORIBA 

equipped with a 336 nm DeltaDiode laser. The pyrene monomer and excimer fluorescence 

decays had both 20,000 counts at their decay maximum and were acquired at 379 and 510 nm 

over 1,024 channels with a time-per-channel of 0.44 and 0.87 ns and a 370 and 495 nm cut off 

filter, respectively. The cut off filters were used to prevent stray light from reaching the 

photomultiplier tube detector. The instrument response function (IRF) was obtained with a 

triangular aluminium monolith with the emission wavelength set at the same 336 nm 

wavelength as for the excitation. 

Global model free analysis of the monomer and excimer fluorescence decays: Earlier studies 

have identified the existence of three pyrene species contributing to the fluorescence of pyrene-

labeled macromolecules (PyLM) when probed according to the model free analysis (MFA).61 

The first species represents those pyrenyl labels (Pydiff*) forming excimer by diffusive 

encounters. The second species describes the pyrenyl labels (Pyfree*) that are not attached to 

the macromolecule and emit as if they were free in solution with their lifetime (M). Typically, 

the two pyrene species E0* and D* represent those pyrenyl labels that are involved in well and 

poorly stacked pyrene dimers leading to excimer fluorescence. E0* and D* are formed either 

by diffusive encounters from the species Pydiff* or by direct excitation of a pyrene aggregate 
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(Pyagg*). The pyrene species E0* and D* involved in well and poorly stacked pyrene dimers 

emit with their shorter and longer lifetimes E0 and D, respectively. The global MFA of the 

pyrene monomer and excimer fluorescence decays yields the molar fractions fdiff, ffree, fE0, and 

fD of the pyrene species Pydiff*, Pyfree*, E0*, and D*, respectively, with fagg being equal to the 

sum fE0 + fD representing the aggregated pyrenes (Pyagg*). 

The MFA takes advantage of the fact that any fluorescence decay can be fitted with a sum 

of exponentials. Consequently, the fluorescence decays of the pyrene monomer are fitted with 

the sum of exponentials shown in Equation S3.1 in Supporting Information (SI), where the 

front part of Equation S3.1 describes PEF by diffusive encounters whereas the last exponential 

with the lifetime M in the equation represents the species Pyfree*. Equation S3.1 can then be 

used to derive Equation S3.2 using the kinetics expected for PEF. The pre-exponential factors 

(ai) and decay times (i) obtained from the MFA of the fluorescence decays in the front part of 

Equation S3.1 were used to calculate the average lifetime <> with Equation 3.2. <> could 

then be used to determine <k> according to Equation 3.2. 
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The parameters retrieved from the MFA could be combined into Equation 3.3 to yield the 

IE/IM(MFA) ratio. 
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The global MFA of the pyrene monomer and excimer fluorescence decays involved 
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convoluting the IRF with Equation S3.1 and S3.2 and comparing both convolution products 

with the experimental decays after optimization of the MFA parameters according to the 

Marquardt-Levenberg algorithm.62 A fit was deemed satisfactory if the global 2 was smaller 

than 1.3 and the residuals and autocorrelation of the residuals were randomly distributed around 

zero. 

Local concentration of pyrenyl labels for a PyCX-PAMAM-G0 sample: During a PEF 

experiment, one pyrenyl label of a PyCX-PAMAM-G0 sample is excited and the nPy = 3 

remaining pyrenyl labels are in the ground-state. Within the macromolecular volume (Vden) 

defined by the dendrimer, the local concentration ([Py]loc) experienced by the excited pyrenyl 

label simply equals nPy/Vden. A measure of Vden is obtained by taking the cube of the average 

distance (LPy) separating every two ends of the dendrimer given in Equation 3.4. LPy has been 

derived mathematically for low generation PAMAM dendrimers earlier by assuming that the 

internal segments of the PAMAM dendrimers obey Gaussian statistics.49  
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The parameters used in Equation 3.4 are the generation number (N) equal to 0 for the PyCX-

PAMAM-G0 samples, the number of carbon atoms (a) in the linker connecting the pyrene 

moiety to the PAMAM dendrimer equal to X (= 4, 6, 8, 10, and 12), the number of non-

hydrogen atoms (b = 7) in the aminoethyl propionamide building block of the PAMAM 

dendrimer, and the number of non-hydrogen atoms (c = 4) in the ethylene diamine core of the 

dendrimer.50  

Calculation of the theoretical average rate constant (<k>th) for PEF in the SDS:DTAB mixed 

micelles: SANS experiments have established that SDS:DTAB micelles can be viewed as 
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triaxial ellipsoids as shown in Figure 3.3.58 Consequently, these ellipsoidal mixed micelles have 

an elongated section of lower surface curvature and higher packing parameter composed of a 

mixture of SDS and DTAB. The capping ends of the ellipsoids with a much higher surface 

curvature are mainly composed of the surfactant in excess, SDS in these experiments. As a first 

approximation, the capping sections of the ellipsoids were represented by two hemispheres, 

whose combined volume equaled that of an SDS micelle. The volume fraction (fCap = 

Vmicelle/Vellipsoid) of the two capping sections of the ellipsoids was calculated based on the 

parameters listed in Figure 3.3A58 and plotted as a function of fDTAB in Figure 3.3B. The 

assumption that the capping ends of the ellipsoids have a volume equal to that of SDS micelles 

was made by noting that the equivalent radius (R) for the ellipsoid cross-section ab assumed 

to be a circle (= R2) equals 2.0 (±0.2) nm for the data listed in Figure 3.3A, which is close to 

the radius of 1.9 calculated for a spherical SDS micelle.63 As fDTAB increased, the contribution 

of the capping section to the ellipsoid volume decreased linearly as shown in Figure 3.3B. 

The linear relationship obtained in Figure 3.3B provided an easy means to calculate the 

theoretical average rate constant <k>th for PEF weighted by the volume contributions of the 

capping hemispheres (fCap) and the reminder of the ellipsoid referred to as the Core (fCore = 1 – 

fCap) as described in Equation 3.5. In Equation 3.5, <k>Cap and <k>Core are the average rate 

constants for PEF in the two capping hemispheres of the ellipsoids taken as the experimental 

<k> found for pure SDS micelles and the core of the ellipsoids after excluding the capping ends, 

respectively. 

 

      <k>th = fcap×<k>Cap + (1 – fcap)×<k>Core      (3.5) 
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fDTAB a (nm) b (nm) c (nm) 

0.0063 1.9 1.9 1.9 

0.15 1.5 2.6 3.3 

0.20 1.6 3.0 4.3 

0.25 1.6 3.5 6.1 
 

 

 

Figure 3.3. A) Schematic representation with values of the a, b, and c semi-axes for the triaxial 

SDS:DTAB micellar ellipsoid whose capping ends have a surfactant composition expected to 

approach those of an SDS micelle and B) plot of fcap as a function of fDTAB. 

 

3.4 RESULTS 

The PyCX-PAMAM-G0 samples, where the four amino terminals of the PAMAM-G0 

dendrimer were labeled with a hydrophobic 1-pyrenealkanoyl derivative, were highly 

hydrophobic and could not dissolve in water despite the presence of their water-soluble 

PAMAM-G0 core. Adding either 50 mM SDS or DTAB, a surfactant concentration that is 

above their respective critical micelle concentration (CMC) of 864,41 and 1564 mM, resulted in 

the formation of surfactant micelles, whose hydrophobic interior helped solubilise the pyrenyl 

labels of the PyCX-PAMAM-G0 samples, while keeping the PAMAM-G0 core at the micellar 

interface with water.52 While pure SDS or DTAB micelles are typically spherical with a large 

micellar surface curvature due to their small packing parameter, mixing anionic SDS and 

cationic DTAB results in smaller effective cross-section for their headgroups by replacing the 
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electrostatic repulsion between same-charge headgroups by attraction between oppositely 

charged headgroups, which increases the packing parameter and reduces the surface curvature 

of the micellar aggregates. Consequently, SDS:DTAB surfactant mixtures provide a means for 

probing how the composition of a micellar aggregate affects the conformation of the PyCX-

PAMAM-G0 dendrimers. In these experiments, the concentration of the PyCX-PAMAM-G0 

samples was kept below 0.6 M corresponding to mass concentrations of the dendrimers lower 

than 1.25 mg/L and the total surfactant concentration in the SDS:DTAB mixtures was kept at 

50 mM. Under these conditions, the probability of finding two dendrimers in a same surfactant 

micelle was negligible, ensuring that the fluorescence signal reported on single dendrimers 

embedded in surfactant micelles. The conformation of the PyCX-PAMAM-G0 samples was 

characterized by PEF as fDTAB was increased from 0.0 to 0.3. No mixture with fDTAB > 0.3 was 

considered since the surfactant solutions turned turbid for fDTAB = 0.3257 indicating the 

formation of larger structures such as vesicles at higher DTAB contents. 

 Interactions between the PyCX-PAMAM-G0 samples and the micellar aggregates enabled 

the solubilization of their hydrophobic pyrenyl moieties as illustrated in the absorption spectra 

acquired with a 5 cm absorption cell shown in Figure 3.4A for a 50 mM solution of 75:25 

SDS:DTAB mixture. The absorption bands between 300 and 350 nm are sharp reflecting the 

successful solubilization of the pyrenyl groups in the SDS:DTAB micellar aggregates. 

Excitation of the aqueous PyCX-PAMAM-G0 solutions at 344 nm yielded the fluorescence 

spectra shown in Figure 3.4B after being normalized to unity at 379 nm corresponding to the 

0-0 transition of pyrene. The fluorescence spectra exhibited the expected spectral features of 

pyrene, with sharp emission bands between 370 and 410 nm corresponding to the pyrene 

monomer and the pyrene excimer emitting a broad structureless emission centered at around 

480 nm.  
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Figure 3.4. (A) Absorption and (B) fluorescence spectra for the PyCX-PAMAM-G0 samples 

with X equal to (red) 4, (orange) 6, (green) 8, (blue) 10, and (black) 12 in a 50 mM aqueous 

solution of the 75:25 SDS:DTAB mixture and C) plot of IE/IM(SSF) as a function of linker 

length (X) in a 50 mM aqueous solution of the (red) 100:0, (orange) 90:10, (green) 80:20, (blue) 

75:25, and (black) 70:30 SDS:DTAB mixtures. 

 

The ratio of the fluorescence intensity of the excimer (IE) over that of the monomer (IM) 

taken from the steady-state fluorescence (SSF) spectra yielded the IE/IM(SSF) ratio, which 

represented the efficiency of a pyrene-labeled macromolecule (PyLM) at forming an excimer. 

The IE/IM(SSF) ratio for a same series of PyCX-PAMAM-G0 samples was plotted as a function 

of the linker length in Figure 3.4C for each SDS:DTAB mixture investigated in this study. No 

clear behavior could be identified out of the trends shown in Figure 3.4C. This outcome was 

expected however, since the IE/IM(SSF) ratio is known to be very sensitive to minute quantities 

of unattached pyrene derivative,65,66 with a content of unattached pyrenyl labels that varies 

from sample to sample. Elimination of the fluorescence signal emitted by the unattached pyrene 

derivatives can be achieved from the analysis of the fluorescence decays since unattached 

pyrene derivatives emit with the long lifetime (M) of the pyrene monomer that can be easily 

separated from the much shorter-lived pyrenyl species attached onto the dendrimers that form 
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excimer on a faster time scale.47-52 

 To this end, the fluorescence decays of the pyrene monomer and excimer of the PyCX-

PAMAM-G0 samples were acquired and a representative pair of pyrene monomer and excimer 

fluorescence decays are presented in Figures 3.5A and B, respectively. The fluorescence decay 

of the pyrene monomer in Figure 3.5A showed a bimodal behavior, with a short component 

describing excimer formation through diffusive encounters between pyrenyl labels (Pydiff*) and 

a much longer-lived component representing the contribution from unattached free pyrenyl 

labels (Pydiff*). The excimer fluorescence decay shows a risetime characteristic of PEF by 

diffusive encounters between two pyrenyl labels (Pydiff*) followed by a longer-lived 

component due to the excimer emission with the two characteristic lifetimes E0 and D of the 

pyrenyl species E0* and D*, respectively. The monomer and excimer fluorescence decays were 

fitted globally according to the model free analysis (MFA).61 The fits were excellent as 

illustrated in Figures 3.5A and B, yielding residuals and autocorrelation of the residuals that 

were randomly distributed around zero and resulting in 2 that were lower than 1.3. The pre-

exponential factors, decay times, molar fractions of the different pyrenyl species, and the 

lifetime E0 and D of the two excimers were retrieved, and they are provided in Tables S3.1-

S3.8 in the Supporting Information (SI). The parameters retrieved from the MFA of the 

fluorescence decays were combined into Equation 3.3 to yield IE/IM(MFA), which was plotted 

as a function of IE/IM(SSF) in Figure 3.5C. All the data points clustered around the diagonal 

indicating that the IE/IM(MFA) ratios calculated with the MFA parameters provided a good 

representation of the IE/IM(SSF) ratios. The correspondence between the IE/IM(SSF) and 

IE/IM(MFA) ratios observed in Figure 3.5C is a hallmark of PEF, which has been observed for 

a wide variety of PyLM in different solvents.67 Its observation in Figure 3.4C implies that the 

parameters retrieved from the MFA of the fluorescence decays to calculate IE/IM(MFA) describe 

the fluorescence properties of the PyLM under study accurately. The MFA parameters were 
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used to calculate the IE/IM(MFA,ffree=0) ratio, where the contribution from the pyrenyl 

derivatives not attached to the dendrimer was eliminated, the average rate constant (<k>) for 

PEF by diffusive encounters between pyrenyl labels, and the molar fractions fdiff and fagg (= 1 – 

fdiff) of the pyrene species that formed excimer by diffusive encounters or direct excitation of a 

pyrene dimer, respectively.  

  

  
 

Figure 3.5. Fluorescence decays of A) the pyrene monomer (em = 379 nm) and B) the pyrene 

excimer (em = 510 nm) of the PyC6-PAMAM-G0 sample in the 50 mM 75:25 SDS:DTAB 

solution. ex = 340 nm, 2 = 1.03. C) Plot of IE/IM(MFA) as a function of IE/IM(SSF) for the 

PyCX-PAMAM-G0 samples in a 50 mM aqueous solution of the (red) 100:0, (orange) 90:10, 

(green) 80:20, (blue) 75:25, and (black) 70:30 SDS:DTAB mixtures. 

 

 One clear advantage of using IE/IM(MFA) in Figure 3.5C is that by accounting for those 

pyrenyl species (Pyfree*) that do not form excimer, there contributions can be eliminated by 

simply setting ffree equal to zero in Equation 3.3 to yield the IE/IM(MFA,ffree=0) ratio. Using the 

MFA parameters obtained in an earlier publication for the PyCX-PAMAM-G0 species in two 

organic solvents, namely DMF and DMSO, 49,52 IE/IM(MFA,ffree=0) was plotted as a function of 

linker length in Figure 3.6A.   
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Figure 3.6. Plots of IE/IM(MFA,ffree=0) as a function of linker length for the PyCX-PAMAM-

G0 samples in A) ( ) DMF and ( ) DMSO and B) in a 50 mM aqueous solution of the (red) 

100:0, (orange) 90:10, (green) 80:20, (blue) 75:25, and (black) 70:30 SDS:DTAB mixtures. 

 

The trends obtained for the PyCX-PAMAM-G0 samples in DMF and DMSO indicate that 

IE/IM(MFA,ffree=0) decreases continuously with increasing linker length. This behavior is 

expected since a longer linker connecting the four pyrene groups to the PAMAM-G0 core 

decreases [Py]loc resulting in fewer pyrene-pyrene encounters and a lower IE/IM(MFA,ffree=0) 

ratio. IE/IM(MFA,ffree=0) is also significantly larger in DMF with a lower solvent viscosity of 

0.79 mPa·s at 25 ºC than in DMSO with a higher solvent viscosity of 1.99 mPa·s at 25 °C.68 

Since PEF is a diffusion-controlled process, the rate constant for diffusive encounters between 

pyrenyl labels is inversely proportional to solvent viscosity and it is thus reasonable that 

IE/IM(MFA,ffree=0), which reflects the PEF efficiency, be lower in more viscous DMSO than in 

more fluid DMF. The clear trend shown in Figure 3.6A would have been impossible to identify 

from the IE/IM(SSF) ratios in DMF and DMSO shown in Figure 3.4C, that include the 

contribution of the Pyfree* species, as was illustrated in earlier publications.49,51 

 IE/IM(MFA,ffree=0) was calculated for the PyCX-PAMAM-G0 samples in the surfactant 

mixtures and it was plotted as a function of the length of the alkanoyl linker in Figure 3.6B. 
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Compared to the zig-zag pattern observed for IE/IM(SSF) in Figure 3.4C, much clearer trends 

are obtained in Figure 3.6B. As for all PyCX-PAMAM-G0 samples in DMF and DMSO, the 

PyCX-PAMAM-G0 samples with X = 4, 6, and 8 yielded an IE/IM(MFA,ffree=0) ratio that 

decreased with increasing linker length reflecting the decrease in [Py]loc. But the 

IE/IM(MFA,ffree=0) ratio for the PyCX-PAMAM-G0 samples with X equal to 10 and 12 showed 

a higher-than-expected IE/IM(MFA,ffree=0) ratio for all surfactant mixtures. This V-shaped 

pattern in Figure 3.6B, which was reported for the first time in pure SDS and DTAB micelles 

in an earlier publication,52 was attributed to a conformational inversion experienced by the 

PyCX-PAMAM-G0 samples with the longer alkanoyl linkers induced by strong hydrophobic 

interactions between the micellar core and the linkers (compare Figures 3.2A and B). These 

interactions led to the pyrenyl labels being brought closer to each other with the pyrene ends 

pointing toward the micellar interface with water instead of toward the micellar core. 

 Interestingly, the magnitude of the conformational inversion identified in Figure 3.6B 

appeared to decrease as more DTAB was added to the SDS solution. Since the addition of 

DTAB is expected to reduce the electrostatic repulsion between the negatively charged SDS 

headgroups, the catanionic surfactant aggregates are expected to be larger than the pure 

surfactant micelles, as reported in the literature,57,58 and to exhibit a lower surface curvature 

resulting from an increase in the packing parameter. Consequently, the plots shown in Figure 

3.6B suggest that the PEF efficiency described by the IE/IM(MFA,ffree=0) ratio responds to the 

geometry of the micellar aggregates for the PyCX-PAMAM-G0 samples with X = 10 and 12, 

with the larger mixed surfactant aggregates yielding a less pronounced conformational 

inversion for these dendrimer samples.  

 While the Pyfree* species is known to significantly affect the IE/IM(SSF) ratio for pyrene-

labeled dendrimers, this ratio can also be affected by the presence of aggregated pyrenyl labels 

(Pyagg*) described by their molar fraction (fagg) determined from the global MFA of the 
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fluorescence decays. After eliminating the contribution from the Pyfree* species, the molar 

fractions fdiff and fagg (= 1 – fdiff) for the species Pydiff* and Pyagg* forming excimer by diffusive 

encounters between pyrenyl labels or direct excitation of a pyrene aggregate, respectively, were 

calculated and plotted as a function of linker length in Figure 3.7A. Except for the PyCX-

PAMAM-G0 samples with X = 10 and 12 in the 100:0 and 90:10 SDS:DTAB mixtures, all 

other fagg values were lower than 0.15 indicating that PEF occurred predominantly through 

diffusive encounters between the pyrenyl labels. The larger fagg values obtained for PyCX-

PAMAM-G0 samples with the longer linkers in the 100:0 and 90:10 SDS:DTAB mixtures 

reflect the higher [Py]loc experienced by these dendrimer samples induced through 

conformational inversion of their pyrenyl end groups. For SDS:DTAB mixtures with fDTAB  

0.20, all fagg values are lower than 0.15 indicating that PEF occurs mostly through diffusive 

encounters between pyrenyl moieties. The larger micellar aggregates obtained for the higher 

fDTAB values (fDTAB  0.20)57,58 provide enlarged hydrophobic domains that better solubilized 

the pyrenyl labels of the PyCX-PAMAM-G0 samples with X = 10 and 12. Yet, the trends 

obtained with IE/IM(MFA,ffree=0) in Figure 3.6B still show a break for the PyCX-PAMAM-G0 

samples in the surfactant mixtures with fDTAB  0.20, although the break is less pronounced 

than for the samples studied for fDTAB  0.10. 

Whereas the IE/IM(SSF) ratio is affected by the pyrenyl species Pyfree* and Pyagg*, <k>, 

which describes PEF through diffusive encounters between pyrenyl labels, has been shown to 

truly reflect [Py]loc,
46-52 and thus report on the conformation of the dendrimer samples. <k> was 

calculated according to Equation 3.2 and it was plotted in Figure 3.7B as a function of [Py]loc 

determined with Equation 3.4 for the PyCX-PAMAM-G0 dendrimers. 
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Figure 3.7. Plots of A) (solid) fdiff and (hollow) fagg and B) <k> for the PyCX-PAMAM-G0 

samples in a 50 mM aqueous solution of the (red) 100:0, (orange) 90:10, (green) 80:20, (blue) 

75:25, and (black) 70:30 SDS:DTAB mixtures. C) Plot of the angle  as a function of the 

composition of the catanionic surfactant mixture. The vertical dashed line in Figure 3.7C 

indicates the solubility limit of the SDS:DTAB mixture found to equal fDTAB = 0.32. 

 

 Since [Py]loc was calculated by assuming that the internal segments of the PyCX-PAMAM-

G0 samples obey Gaussian statistics,49 the straight line passing through the origin when <k> 

was plotted as a function of [Py]loc for the PyCX-PAMAM-G0 samples with X = 4, 6, and 8 

supports the validity of this assumption in all SDS:DTAB mixtures considered in this study. 

The linear <k>-vs.-[Py]loc relationship passing through the origin is a general trend that is 

expected to hold for any pyrene-labeled dendrimers dissolved in an organic solvent as has been 

reported in numerous publications.52-52 The deviation of <k> from this linear relationship for 

the PyCX-PAMAM-G0 samples with X = 10 and 12 confirms the conclusion reached with the 

IE/IM(MFA,ffree=0) plots shown in Figure 3.6B, that [Py]loc is higher than expected for these 

samples due to the conformational inversion experienced by the pyrenyl end groups (see Figure 

3.2B).52 Interestingly, the magnitude of the deviation from the linear <k>-vs.-[Py]loc trends for 

the dendrimer samples with the longer linkers appear to decrease with increasing fDTAB. This 
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point was confirmed by plotting the angle () between the lines obtained for the PyCX-

PAMAM-G0 samples with X = 4, 6, and 8 on the one hand, and X = 8, 10, and 12 on the other 

hand, as a function of fDTAB in Figure 3.7C.  was found to increase sharply from 21 to 107 o 

with increasing fDTAB, with a  value of 180 o representing a perfect alignment of the data points. 

Consequently, all the data presented so far confirmed that for all the SDS:DTAB mixtures 

considered, the PyCX-PAMAM-G0 samples with X = 10 and 12 behaved differently from the 

samples with X = 4, 6, and 8. The following discussion aims to rationalize how the 

conformation of the PyCX-PAMAM-G0 samples is affected by fDTAB for mixed surfactant 

micelles. 

 

3.5 DISCUSSION 

The main effect of mixing two oppositely charged surfactants like SDS and DTAB is to increase 

significantly the size (Nagg) of the resulting surfactant aggregates.57,58 In the process, the 

spherical micelles obtained from pure SDS or DTAB surfactants transform into much larger 

surfactant aggregates such as cylinders, ellipsoids, disks, vesicles, or bilayers.64 The formation 

of these different supramolecular entities is simply a consequence of the increase in the packing 

parameter of the surfactants59 resulting from the decrease in the effective cross-section of their 

headgroups due to the cancellation of electrostatic repulsion between same-charge headgroups 

when oppositely charged surfactants are present. The increase in the packing parameter results 

in a decrease of the surface curvature of the surfactant aggregates for SDS and DTAB mixtures 

leading to an increase in Nagg
57 and the formation of much larger objects.58 To ensure that the 

surfactant headgroups are separated by the fully extended length (l) of the alkyl tails, one 

dimension of these objects remains set at 2×l as was observed for the SDS:DTAB triaxial 

ellipsoids, where the semi-axis a = 1.6 nm58 in Figure 3.3A corresponds to an SDS or DTAB 

surfactant with a fully stretched dodecyl tail including the sulfate head group.70 This condition 
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restricts the type of objects that can be generated by mixtures of oppositely charged surfactants 

where the increase in Nagg is accompanied by a large increase in the lateral size of the surfactant 

assembly in one (length for cylinders or prolates) or two (diameter for oblates, vesicles, or 

bilayers) dimensions. Considering these effects, one question worth asking is whether the large 

increase in the lateral dimensions of the self-assemblies resulting from mixtures of oppositely 

charged surfactants could affect the conformation of the PyCX-PAMAM-G0 dendrimers. 

Indeed, since the size of the PyCX-PAMAM-G0 samples depends on the length of the alkanoyl 

linker connecting the pyrene moiety to the PAMAM-G0 dendrimer,49 an increase in the lateral 

dimension(s) of the surfactant aggregates could provide more room to accommodate the PyCX-

PAMAM-G0 samples with a longer linker, which could affect their conformation. 

 However, it is unlikely that changes in the geometrical size of the surfactant aggregates 

might affect the dendrimer conformation because the PyCX-PAMAM-G0 samples are very 

small to start with. The end-to-end distance (LPy), calculated with Equation 3.4 by assuming 

that the internal segments of the dendrimers obey Gaussian statistics,49 equals 1.20, 1.30, 1.38, 

1.46, and 1.54 nm for the PyCX-PAMAM-G0 samples with X = 4, 6, 8, 10, and 12, respectively, 

which is smaller than the diameter of the pure surfactant micelles. Indeed, pure SDS or DTAB 

micelles with a respective Nagg value of 7141 or 5169 have a spherical hydrophobic interior that 

is 3.6 or 3.2 nm in diameter based on the published volume of a methyl (CH3, 49 Å3) or a 

methylene (CH2, 28 Å3) group.40 We note that the larger radius for a spherical SDS micelles 

reported in Figure 3.3A (1.9 nm) includes the sulfate groups in the volume calculation assumed 

to be spheres of radius 2.4 Å.70 Assuming Gaussian statistics, the radial distribution function 

of the PyCX-PAMAM-G0 dendrimers is presented in Figure 3.8A and it also suggests that the 

probability of finding the two ends of the PAMAM dendrimers at distances greater than 3.0 nm 

is negligible. Consequently, all dendrimers should have sufficient room to fit inside the pure 

SDS or DTAB surfactant micelles. Furthermore, the shortest distance separating two 
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headgroups across the shortest symmetry axis of the ellipsoidal surfactant aggregate would 

equal 2×a = 3.2 nm according to the data listed in Figure 3.3A for the SDS:DTAB mixed 

micelles, which is larger than the dimension of the PyCX-PAMAM-G0 dendrimers. 

Consequently, the increase in size observed from micelles made of pure surfactants and 

mixtures of oppositely charged surfactants should not affect the conformation of the dendrimers 

based on a geometric argument alone. 

 

 

 

 

Figure 3.8. A) Radial distribution function (r2W(r)) for the end-to-end distance of the PyCX-

PAMAM-G0 samples. From left to right: X = 4, 6, 8, 10, and 12. B) Plot of <k> as a function 

of the volume fraction (fCap) of the capping hemispheres in the triaxial ellipsoids for the PyCX-

PAMAM-G0 samples with X = (blue) 4, (red) 6, and (black) 8. C) <k> values extrapolated to 

fCap = 0 in Figure 3.8B (<k>Core) plotted as a function of [Py]loc for ( ) the PyCX-PAMAM-

G0 samples with X = 4, 6, and 8 and ( ) predicted <k>Core values for the PyCX-PAMAM-G0 

samples with X = 10 and 12. 

  

 A likelier explanation for the reduction in the conformational inversion observed for the 

PyCX-PAMAM-G0 samples with X = 10 and 12 is the partitioning of these samples between 

the capping hemispheres and the ellipsoidal core of the mixed micelles. As shown in Figure 

3.3A, the capping ends experience the largest curvature similar to that of a spherical micelle 
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made of a single surfactant. The capping ends approach the dimension of two hemispheres and 

are mostly composed of the surfactant in excess, SDS in the present study, which is subject to 

strong electrostatic repulsion. This region of the ellipsoids, whose composition is similar to 

that of pure SDS micelles, yields the conformational inversion that was reported for the PyC10- 

and PyC12-PAMAM-G0 samples in SDS micelles. A more balanced mixture of the oppositely 

charged surfactants is found in the central section of the ellipsoids where the reduction in 

electrostatic repulsion between their headgroups yields a more elongated configuration with a 

lower surface curvature. The tighter packing of the oppositely charged surfactant headgroups 

in the ellipsoid core results in a more hydrophobic environment,60 which reduces the drive of 

the longer alkyl linkers to interact with the alkyl tails of the surfactant, that would otherwise 

lead to the conformational inversion of the PyCX-PAMAM-G0 samples with the decanoyl and 

dodecanoyl linkers.52  

 To substantiate this proposal, a theoretical expression for <k>th was derived with Equation 

3.5, which assumes that the experimental <k> value is the volume-weighted average of the <k> 

values obtained in the capping hemispheres (<k>Cap) and the core (<k>Core) of the triaxial 

ellipsoids. While <k>Cap can be assumed to take the experimental <k> values obtained for the 

SDS micelles, <k>Core needed to be determined. To this end, the experimental <k> values 

obtained for the PyCX-PAMAM-G0 samples with X = 4, 6, and 8 were plotted as a function of 

the volume fraction (fCap) of the two capping hemispheres in Figure 3.8B, taken as the ratio of 

their combined volume, assumed to equal that of an SDS micelle, divided by the volume of the 

triaxial ellipsoid. The <k>-vs.-fCap plots could be approximated as straight lines in Figure 3.8B 

whose Y-intercept represented the <k>Core value for the PyCX-PAMAM-G0 samples in 

infinitely long SDS:DTAB mixed micelles with no contribution from the capping regions. 

Plotting <k>Core as a function of [Py]loc in Figure 3.8C yielded another straight line, which was 

used as a calibration curve to predict the <k>Core value for the PyCX-PAMAM-G0 dendrimers 
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with X = 10 and 12. 

 The <k>th values were determined by applying Equation 3.5 and using the experimental 

<k> values for the PyCX-PAMAM-G0 samples in SDS micelles for <k>Cap and the <k>Core 

values in Figure 3.8C. The <k>th values were plotted as a function of [Py]loc in Figure 3.9 along 

with the experimental <k> values for comparison. The trends obtained with the <k>th-vs.-[Py]loc 

matched the general behavior obtained with the experimental <k> values. The checkmark 

pattern was clearly visible in the <k>-vs.-[Py]loc plots for fDTAB = 0.10 in Figure 3.9A, but the 

checkmark pattern became progressively less pronounced with increasing fDTAB, becoming 

hardly noticeable for fDTAB = 0.30 in Figure 3.9D.  

The qualitative agreement between the <k>th and <k> trends obtained in Figure 3.9 

suggests that the main consequence of working with large catanionic micelles is that they 

generate an environment that is more hydrophobic than that of the spherical micelles formed 

with pure surfactants. In turn, the more hydrophobic environment affects the conformation of 

HMWSM like the PyCX-PAMAM-G0 dendrimers with a decanoyl or dodecanoyl linker. 

Electrostatic repulsion between the same charge headgroups of surfactants constituting pure 

SDS or pure DTAB micelles leads to a hydrophobicity gradient from the more polar micellar 

interface with water to the more hydrophobic micellar interior. This hydrophobic gradient 

induces the longer decanoyl and dodecanoyl linkers of the PyCX-PAMAM-G0 samples to 

interact with the interior of the SDS micelles resulting in the conformational inversion (see 

Figure 3.2B).52 In contrast, strong electrostatic attraction between the oppositely charged 

headgroups of SDS and DTAB in catanionic micelles prepared with a mixture of both 

surfactants results in a more hydrophobic interface with water for the mixed micelles.60 
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Figure 3.9. Plots of the (circles) experimental <k> and (crosses) theoretical <k>th obtained with 

the PyCX-PAMAM-G0 samples as a function of [Py]loc for fDTAB equal to A) 0.10, B) 0.20, C) 

0.25, and D) 0.30. 

 

Consequently, the PyCX-PAMAM-G0 samples with X = 10 and 12 are less likely to 

experience a hydrophobicity gradient in catanionic micelles, which leads to a less pronounced 

conformational inversion as illustrated in Figures 3.7B and 3.9D. A schematic representation 

of the conformation of the PyCX-PAMAM-G0 associated with their location in the mixed 

micelles is shown in Figure 3.10. 
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Figure 3.10. Schematic representation of the DSD:DTAB mixed micelles hosting a PyCX-

PAMAM-G0 dendrimer with an inverted conformation in the capping hemisphere and with a 

regular conformation in the core section of the ellipsoidal micellar aggregates. 

 

3.6 CONCLUSION 

PEF was applied to probe how the composition of micelles made of oppositely charged 

surfactants affects the conformation of PyCX-PAMAM-G0 dendrimers as they interacted with 

the micelles. With increasing fDTAB, the magnitude of the conformational inversion identified 

earlier for the PyCX-PAMAM-G0 dendrimers with the longer decanoyl and dodecanoyl linkers 

in SDS micelles52 was diminished. This effect was attributed to the formation of more 

hydrophobic ellipsoidal domains made by the oppositely charged surfactants SDS and DTAB 

that generated tight ion pairs hindering the access of water molecules to the interface of the 

mixed micelles with water. In turn, the more hydrophobic core region of the ellipsoids reduced 

the drive of the longer decanoyl and dodecanoyl linkers to interact with the interior of the mixed 

surfactant aggregates resulting in a diminished conformational inversion. The complex 

behavior found for the <k>-vs.-[Py]loc trends in Figure 3.7B was found to be a consequence of 

the partitioning of the PyCX-PAMAM-G0 samples in the highly curved more polar capping 
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hemispheres composed mostly of SDS surfactants and the more hydrophobic central portion 

of the mixed micelles. As fDTAB increased and the micellar aggregates increased in length, the 

contribution of the capping hemispherical ends of the ellipsoidal micelles decreased, which 

reduced the molar fraction of PyCX-PAMAM-G0 dendrimers with a longer decanoyl or 

dodecanoyl linker undergoing conformational inversion. 

 In summary, PEF was used in this study to identify the underlying physical phenomena 

controlling the conformation of the PyCX-PAMAM-G0 dendrimers as they interacted with 

mixed SDS:DTAB micellar aggregates whose DTAB content was increased from 0 to 30 mol%. 

Such a detailed description of the behavior of these HMWSM would be much more challenging 

to extract from more traditional NMR or scattering experiments. 
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Chapter 4: Two Distinct Regions in Surfactant Aggregates 

Identified with Pyrene-Labeled PAMAM Dendrimers 
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4.1 OVERVIEW 

The conformational sensitivity of pyrene labeled generation-0 polyamidoamine (PyCX-

PAMAM-G0) dendrimers to the hydrophobicity gradient (HG) of its surrounding was exploited 

to probe the interior of non-spherical surfactant aggregates (NSSA) resulting from the addition 

of NaCl to aqueous solutions of sodium dodecyl sulfate (SDS) spherical micelles. By 

characterizing the dendrimer conformation quantitatively using pyrene excimer formation 

(PEF), we identified two distinct regions in the NSSA, namely a polar edge region with a high 

HG and highly curved surface, which always consists of a constant number of charged SDS 

molecules, and a more hydrophobic middle region generated by the rest of the surfactants that 

are partially neutralized by Na+ ions, exhibiting low HG and small surface curvature. 
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4.2 INTRODUCTION 

Decades of studies on surfactant aggregates have led to a solid general understanding of their 

properties in water. 1 , 2  Their interior is constituted of the hydrophobic alkyl tails of the 

surfactant molecules, whose headgroups point outwards into the aqueous solution. They can 

adopt spherical, ellipsoidal, cylindrical, or lamellar geometries,3-12  which are controlled by 

their critical packing parameter.13 Yet, a more detailed understanding of their heterogeneous 

chemical composition at the molecular level is lagging due to their highly dynamic nature. 

Contrary to macromolecules, which can be covalently labeled at specific positions, the labeling 

of surfactant aggregates with molecular probes results in their continuous drift toward the 

region of the aggregate that best matches the properties of the probes, thus preventing a clear 

assignment of the different regions of the surfactant aggregates being probed. The pyrene-

labeled generation-0 PAMAM dendrimers (PyCX-PAMAM-G0) recently introduced as 

fluorescent molecular probes reporting on the hydrophobicity gradient (HG) found in surfactant 

aggregates seem to circumvent this problem. 14 , 15  They sit at the surface of surfactant 

aggregates and probe their entire interior, thus reporting on the whole aggregates. The PyCX-

PAMAM-G0 dendrimers are used herein to identify two distinct regions in the non-spherical 

surfactant aggregates (NSSA) generated by the addition of NaCl to aqueous solutions of 

sodium dodecyl sulfate (SDS), namely the polar charged edge region and the hydrophobic 

middle region. The identification of these two regions leads to a simple mechanism for the 

formation of NSSA. 

The chemical composition of the PyCX-PAMAM-G0 dendrimers, whose structure is 

shown in Figure 4.1, endows them with the distinctive ability to sense the HG inside surfactant 

micelles.14,15 Since pyrene is insoluble in water (solubility = 0.7 M in water),16 a PAMAM-

G0 dendrimer decorated with four 1-pyrenealkanoyl groups is insoluble in water despite its 

water-soluble PAMAM core. However, the dendrimers can be incorporated inside surfactant 
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micelles where the polar PAMAM core, being unable to interact with the hydrophobic interior 

of the micelles, sits at the micellar interface with water17-19 and the pyrenyl moieties locate 

themselves at the interface between the outer palisade and the hydrophobic core of surfactant 

micelles. 20 - 24  The shorter butanoyl (X=4), hexanoyl (X=6), and octanoyl (X=8) linkers 

connecting the pyrene moieties to the PAMAM core have been found to not interact with the 

hydrophobic interior of surfactant micelles and non-spherical surfactant aggregates (NSSA) in 

contrast to the longer decanoyl (X=10) and dodecanoyl (X=12) linkers.14,15 The interactions 

between the longer decanoyl and dodecanoyl linkers and the micellar interior lead the 

dendrimers with longer linkers to undergo a conformational inversion that brings the pyrenyl 

labels closer to each other resulting in an increase in the local pyrene concentration ([Py]loc) as 

shown in the top moiety of Figure 4.1B. Because the average rate constant (<k>) of pyrene 

excimer formation (PEF) between an excited and a ground-state pyrenyl label covalently 

attached onto a macromolecule is directly proportional to [Py]loc,
25  the conformational 

inversion of the PyC10- and PyC12-PAMAM-G0 dendrimers was identified experimentally 

from a significant increase in <k> for pure sodium dodecyl sulfate (SDS) or pure 

dodecyltrimethylammonium bromide (DTAB) micelles14 and catanionic mixtures of the two.15 

This conformational inversion is a consequence of the HG generated between the polar micellar 

interface with water, where the PAMAM-G0 dendrimer resides, and the hydrophobic core of 

the micelles, that the longer linkers interact with. This conformational inversion represents an 

interesting new experimental tool that is being applied for probing the interior of surfactant 

aggregates at the molecular level.14,15 
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Figure 4.1. A) Chemical structure of the PyCX-PAMAM-G0 dendrimers with X = 4, 6, 8, 10, 

and 12 and B) illustration of a PyCX-PAMAM-G0 sample in an SDS micelle (top; X = 10, 12) 

undergoing and (bottom; X = 4, 6, 8) not undergoing a conformational inversion. Depiction of 

the spatial arrangement of the (blue) charged and (red) partially neutralized SDS molecules in 

the (C) SDS micelles, (D) elongated NSSA, and (E) extended rod-like NSSA. 

 

SDS is probably the most studied surfactant26-28 and its aggregates in water have been the 

focus of intense study. The attention paid to SDS micelles stems not only from its widespread 

use in numerous applications26-28 but also from the expectation that the physical phenomena 

identified for the behavior of SDS micelles are likely to also apply to other surfactant systems. 

In aqueous solution, SDS forms small spherical micelles but in the presence of NaCl or 

dodecyltrimethylammonium bromide (DTAB), the small micelles morph into much larger non-

spherical surfactant aggregates (NSSA) such as cylinders, ellipsoids, or lamellae.3-12 The 

formation of NSSA is rationalized with the critical packing parameter (cpp),13 which equals 

v/(a×l), where v is the volume of the alkyl tail of the surfactant, a is the cross-section of the 

surfactant headgroup at the micellar interface with water, and l is the length of the surfactant 

PAMAM

HGEdge HGEdge HGEdge,Max HGEdge,Max HGEdge,Max HGEdge,MaxHGMid ~ 0

A) B) 

C) D) E) 
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tail. While v and l for a given ionic surfactant can be viewed as constant, a can be modified by 

adjusting the electrostatic force generated by the surfactant headgroup. In water, the negatively 

charged SDS headgroups generate strong electrostatic repulsion resulting in a large a, a small 

cpp, a high surface curvature at the micellar surface, and small spherical SDS micelles with an 

aggregation number of about 70.5,7,8 Adding NaCl or DTAB decreases electrostatic repulsion 

between the surfactant headgroups which experience a smaller a resulting in a larger cpp, a 

lower curvature at the micellar surface, resulting in larger surfactant aggregates that are no 

longer spherical.4-13 The departure from a sphere for the larger NSSA is caused by the 

requirement that at least one dimension of the NSSA remain constant and equal to about 2×l to 

ensure that the surfactant tails are in contact across the diameter of a cylinder or the thickness 

of a membrane bilayer in a lamella. The constraint that the surfactant aggregates be non-

spherical with a region of low surface curvature also imposes that the NSSA edges be covered 

by surfactant structures with a much larger surface curvature to prevent exposure to water of 

the hydrophobic surfactant tails found at the edges. This condition can only be met if the 

surfactants at the edges of the NSSA have a small cpp, which can only be achieved if a is large 

or the surfactant headgroups are charged and strongly repel each other. This logical conclusion 

thus dictates that NSSA have a hydrophobic middle region constituted of surfactants with 

partially neutralized headgroups that are densely packed and highly polar edge regions 

constituted of surfactants that are not neutralized and enable electrostatic stabilization of the 

NSSA. Upon adding NaCl or DTAB, the NSSA become larger since the addition of either or 

both NaCl or DTAB reduces the number of fully charged SDS molecules remaining in the 

solution to form the edge region and ensure stabilization of the NSSA. The difference in 

polarity between the charged edges and the hydrophobic middle region of NSSA must induce 

an HG oriented along the largest dimension of the NSSA (the main axis of a cylinder or prolate 

or the lateral axes of lamellae or oblates) starting from the surface of the polar and negatively 
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charged edges and pointing toward the middle region of the NSSA. These concepts are 

illustrated in Figures 4.1C-E for the formation of cylindrical NSSA. Furthermore, the edges 

must be much more mobile than the middle region of the NSSA, since the edges are mainly 

constituted of charged SDS molecules similarly to SDS micelles with an interior that is much 

more mobile than that of the NSSA.7,8 Due to their enhanced mobility and their HG, NSSA 

edges could provide an entry point for amphiphilic molecules in water that could then diffuse 

to different regions of the NSSA. Based on these considerations, the edges of NSSA represent 

important features that should warrant their characterization. Yet even their existence is never 

discussed in scientific literature.29,31 

The absence of information about the charged edge region of NSSA inducing an HG is 

likely a consequence of the highly dynamic nature of the surfactants forming micelles and 

NSSA.32 -34  The fleeting nature of these self-assemblies makes it fiendishly challenging to 

probe a specific region of an NSSA whose constituting surfactants are in constant flux. For 

instance, fluorescent molecular probes used to target the interior of SDS micelles and NSSA 

locate themselves in the region of the NSSA that best matches their solubility, reporting on that 

specific region whose location in the NSSA is usually undefined. 35 -37  Since the recently 

introduced PyCX-PAMAM-G0 dendrimers appear to distribute themselves randomly 

throughout NSSA, they represent an appealing macromolecular probe capable of sensing the 

HG generated at the NSSA edges.14,15  

The change in the conformational inversion of the PyCX-PAMAM-G0 dendrimers with X 

= 10 and 12 was followed by monitoring their <k> value as they interacted with NSSA 

generated by 50 mM SDS with an NaCl concentration increasing from 0 to 620 mM. The 

significant rise and fall of <k> observed exclusively for the PyC10- and PyC12-PAMAM-G0 

dendrimers with increasing NaCl concentration represents a clear illustration of changes in the 

balance between the large and small HG generated at the polar edges and in the hydrophobic 
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middle region of the NSSA, respectively. Contrary to earlier studies38 -40  aiming to probe 

surfactant-dendrimer interactions with molecular pyrene, which would sometime target only 

one of the two components instead of their complex, the covalent attachment of pyrene to the 

PAMAM-G0 dendrimers ensures that the fluorescence signal precisely reflects the behavior of 

the dendrimers. 

 

4.3 RESULTS 

The synthesis and chemical characterization of the PyCX-PAMAM-G0 samples were described 

in earlier publications.14Error! Bookmark not defined.,41 The preparation of the PyCX-PAMAM-G0 

solutions with a constant ~1 mg/L or 0.6 M concentration in a 50 mM SDS aqueous solution 

with NaCl concentration ranging between 0 and 620 mM is described as Supporting 

Information. The extremely low PyCX-PAMAM-G0 concentration is necessary to enable the 

solubilization of the dendrimers and to ensure that the probability of incorporating two or more 

dendrimers per NSSA was negligible despite the ~100-fold concentration increase experienced 

by the dendrimers as they occupy the apolar domains generated by the 50 mM SDS aqueous 

solution. The fluorescence spectra of the PyCX-PAMAM-G0 solutions were acquired and they 

show the expected spectral features of a pyrene-labeled macromolecule, with the pyrene 

monomer exhibiting sharp fluorescence bands between 370 and 410 nm and the excimer 

emitting a broad structureless fluorescence centered around 480 nm. These features were 

clearly observed in Figures 4.2A and B presenting the normalized fluorescence spectra of the 

PyC12-PAMAM-G0 dendrimers in 50 mM SDS acquired at different NaCl concentrations. The 

fluorescence spectra normalized at 379 nm corresponding to the 0-0 transition of pyrene 

showed an increase in excimer formation for PyC12-PAMAM-G0 in Figure 4.2A when the 

NaCl concentration was increased from 0 to 200 mM followed by a decrease in excimer 

formation in Figure 4.2B when the NaCl concentration was increased further from 200 to 620 
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mM. These effects were summarized in Figure 4.2C where the fluorescence intensity ratio 

(IE/IM) of the excimer to the monomer was plotted as a function of NaCl concentration for all 

the PyCX-PAMAM-G0 dendrimers.  

 

   

   

Figure 4.2. Fluorescence spectra normalized at the 0-0 transition of pyrene for A) PyC12-

PAMAM-G0 for [NaCl] increasing from (bottom) 0 to (top) 200 mM, B) PyC12-PAMAM-G0 

for [NaCl] increasing from (top) 200 to (bottom) 620 mM, and plots of C) IE/IM, D) <k>, E) 

fagg, and F) <k>/fdiff as a function of [NaCl] for (green) PyC4-, (blue) PyC6-, (black) PyC8-, 

(orange) PyC10-, and (red) PyC12-PAMAM-G0. [SDS] = 50 mM, [Py] = 2.4 M, ex = 344 

nm. 

 

Like the average rate constant <k>, the IE/IM ratio should also be proportional to the 

local pyrene concentration ([Py]loc) generated by the pyrenyl labels within the macromolecular 

volume of the PyCX-PAMAM-G0 dendrimers.42 Based on their chemical structure (see Figure 

4.1), PyC10-PAMAM-G0 should yield the second lowest [Py]loc and thus the second lowest 

IE/IM ratio. Instead, its IE/IM ratio takes the second highest value. Such discrepancies in the 

magnitude of the IE/IM ratios are common for pyrene-labeled macromolecules due to the 
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presence of residual unattached pyrene derivative, as has been discussed numerous times.14,15,41 

As such, the IE/IM ratios cannot be directly compared from one sample to another, but their 

trend generated from a single sample is informative as the residual amount of unattached 

pyrene derivative remains constant and IE/IM reflects how [Py]loc varies as a function of NaCl 

concentration for a given PyCX-PAMAM-G0 samples. 

In this respect, the IE/IM ratio showed little variation over the 0 – 620 mM NaCl 

concentration range for the PyCX-PAMAM-G0 samples with X = 4, 6, and 8 indicating little 

change in [Py]loc. This is expected since these dendrimers do not undergo a conformational 

inversion in surfactant micelles and are therefore not sensitive to a change in HG. In contrast, 

the IE/IM-vs.-[NaCl] profiles showed significant changes for the PyCX-PAMAM-G0 samples 

with X = 10 and 12. Since a change in [Py]loc for the PyC10- and PyC12-PAMAM-G0 samples 

reflects a change in the HG experienced by the dendrimers, these trends indicate that the NSSA 

formed by SDS generate an HG that increases from a NaCl concentration of 0 to 200 mM 

before decreasing from 200 to 620 mM. For a more quantitative analysis, the global model free 

analysis (MFA) of the fluorescence decays acquired with the PyCX-PAMAM-G0 samples was 

conducted next. 

Global MFA of the fluorescence decays of the pyrene monomer and excimer yielded the 

average rate constant (<k>) for PEF and the molar fractions fdiff and fagg (= 1 – fdiff) of pyrenyl 

labels forming excimer by diffusive encounters between two pyrenes and direct excitation of a 

pyrene aggregate, respectively.14,15,25,41 fagg was negligible at all NaCl concentrations in Figure 

4.2E for the PyCX-PAMAM-G0 samples with X = 4, 6, and 8 and <k> showed little variation 

for these samples in Figure 4.2D mimicking their IE/IM trends in Figure 4.2C. In contrast, both 

<k> and fagg for the PyC10- and PyC12-PAMAM-G0 samples in Figures 4.2D and E passed 

through a maximum mirroring the trends shown for the IE/IM ratios in Figure 4.2C. The increase 

in <k> reflects an increase in [Py]loc resulting in an increase in fagg for the PyCX-PAMAM-G0 
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samples with a decanoyl and dodecanoyl linker. Since the increase in fagg reduced the number 

of pyrenyl labels available for PEF and thus [Py]loc and <k>, <k> was scaled up by using the 

[<k>/fdiff]
exp ratio to account for the changes in fagg, as has been done earlier for a series of six 

pyrene end-labeled dendrimers with a bis-hydroxymethyl propionic acid backbone.43,44 The 

[<k>/fdiff]
exp ratio was plotted in Figure 4.2F against the NaCl concentration, where it provided 

a more quantitative and consistent depiction of the IE/IM trends shown in Figure 4.2C, with the 

PyC4-, PyC6, and PyC8-PAMAM-G0 samples taking low [<k>/fdiff]
exp ratios, that varied little 

with NaCl concentration, while the PyC10- and PyC12-PAMAM-G0 samples showed a 

significant maximum centered at about 200 mM NaCl. The [<k>/fdiff]
exp-vs.-[NaCl] trends in 

Figure 4.2F are now discussed with respect to the volume fraction (fMid) of the middle 

hydrophobic region of the NSSA. 

 

4.4 DISCUSSION 

The schematic representation of NSSA in Figures 4.1D and E suggests that they are constituted 

of two distinct regions. One region has a high surface curvature and represents the polar edges 

of the NSSA made of surfactants whose headgroups are charged. The other region has a low 

surface curvature and represents the hydrophobic middle region constituted of surfactants 

whose headgroups are partially charged after neutralization with a Na+ cation. If a classic 

cylindrical geometry is assumed for the NSSA as suggested in Figures 4.1D and E and 

suggested in some experimental studies,4,7 an important parameter describing the composition 

of NSSA would be the volume fractions fMid and fEdge (= 1 – fMid) representing the hydrophobic 

middle and the polar edge regions, respectively. Assuming that the two hemispherical edges in 

Figures 4.1D and E are well represented by a spherical SDS micelle as done in an earlier 

study,15 a simple expression of fMid and fEdge would be given by Equation 4.1, where Nagg([NaCl]) 

represents the aggregation number of an NSSA at a given NaCl concentration. Nagg([NaCl] = 0 
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M) in Equation 4.1 is for a spherical SDS micelle formed in the absence of NaCl. 

 

      
([ ] 0 )

1 1
([ ])

agg

Mid Edge

agg

N NaCl M
f f

N NaCl

=
= − = −      (4.1) 

 

 To calculate the volume fractions fMid and fEdge in Equation 4.1, the Nagg([NaCl]) values of 

NSSA for SDS aqueous solutions with NaCl reported in the literature4,8 were plotted as a 

function of NaCl concentration in Figure 4.3A and fitted with the empirical Equation 4.2. 

 

 

Nagg([NaCl]) = (46.761×[NaCl]4-25.803×[NaCl]3+2.051×[NaCl]2+0.4369×[NaCl]+0.979)× 

   (146.17×[NaCl] + 74.643)       (4.2) 

 

The Nagg([NaCl]) values calculated with Equation 4.2 were used to determine fMid with 

Equation 4.1, and the [<k>/fdiff]
exp ratios in Figure 4.2F were plotted as a function of fMid in 

Figure 4.3B. Within experimental error, [<k>/fdiff]
exp in Figure 4.3B varied little with fMid for 

the PyCX-PAMAM-G0 samples having a shorter linker reflecting the constancy of [Py]loc for 

these constructs as reported earlier.14,15 Most strikingly, the [<k>/fdiff]
exp values for both PyC10- 

and PyC12-PAMAM-G0 samples now clustered around two straight lines. [<k>/fdiff]
exp first 

increased linearly with increasing fMid up to a fMid
Max value of about 0.3 corresponding to the 

maximum [<k>/fdiff]
exp value at about 200 mM NaCl concentration, before decreasing linearly 

with increasing fMid for fMid > fMid
Max. The increase in [<k>/fdiff]

exp at low NaCl concentration 

with increasing fMid reflects an increase in [Py]loc which is attributed to a more pronounced 

conformational inversion. Such high degree of inversion can only be induced by the high HG 

found in the edge region of the NSSA referred to as HGEdge, which is defined by the charged 
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surfactant headgroups at one end of the edge region and the boundary with the hydrophobic 

middle region of the NSSA at the other end. Therefore, this increment in [<k>/fdiff]
exp further 

suggests that the buildup of HGEdge continues with increasing micelle size and fMid until fMid = 

fMid
Max, where HGEdge reaches its maximum value (HGEdge,Max) and remains constant for NaCl 

concentrations greater than 200 mM (see Figures 4.1D and E). Since HGEdge induces the 

conformational inversion observed for the PyC10- and PyC12-PAMAM-G0 dendrimers, it is 

associated with the [<k>/fdiff]
Edge ratio, that increases from [<k>/fdiff]

SDS for pure SDS micelles 

without NaCl to a maximum value of [<k>/fdiff]
 Edge,Max at fMid

Max, and remains constant for fMid > 

fMid
Max.  

On the other hand, the HG in the hydrophobic middle section of the NSSA constituted by 

the neutralized SDS molecules, denoted as HGMid, approaches 0 and is associated with a 

[<k>/fdiff]
Mid ratio taking a small value. As the middle region of the NSSA grows with increasing 

NaCl concentration, the probability of finding the PyC10- and PyC12-PAMAM-G0 samples in 

the hydrophobic middle region (shown in red in Figures 4.1D and E) increases. Since the two 

dendrimers with a longer linker have a lower [<k>/fdiff]
Mid ratio compared to the 

[<k>/fdiff]
Edge,Max ratio at the capping edges of the NSSA (shown in blue in Figures 4.1C-E), the 

overall experimental [<k>/fdiff]
exp ratio decreases in Figure 4.3B due to the partitioning of the 

dendrimers between the two regions. The linear [<k>/fdiff]
exp-vs-fMid trends for the PyC10- and 

PyC12-PAMAM-G0 dendrimers shown in Figure 4.3B were well described by Equation 4.3, 

which reflects the partitioning of the dendrimers between the edge and middle regions of the 

NSSA described by their [<k>/fdiff]
Edge and [<k>/fdiff]

Mid values, respectively. In Equation 4.3, 

[<k>/fdiff]
Mid is constant and its value is given in Table 4.1 whereas [<k>/fdiff]

Edge is a function 

of fMid, that takes the expression given in Table 4.2 which depends on the ratios [<k>/fdiff]
Edge,Max 

and [<k>/fdiff]
SDS and the fraction fMid

Max, which were defined earlier. 
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Figure 4.3. A) Plot of A) Nagg as a function of [NaCl] for Nagg values obtained from references 

(black triangles) #8 and (red squares) #4, B) (crosses) [<k>/fdiff]
exp and (hollow circles) 

[<k>/fdiff]
th as a function of fMid, C) [<k>/fdiff]

exp(fMid=1) as a function of [Py]loc. Colors for the 

[<k>/fdiff]
exp and  [<k>/fdiff]

th symbols: (green) PyC4-PAMAM-G0, (blue) PyC6-PAMAM-G0, 

(black) PyC8-PAMAM-G0, (orange) PyC10-PAMAM-G0, and (red) PyC12-PAMAM-G0. 

[SDS] = 50 mM, [Py] = 2.4 M. 

 

   [<k>/fdiff]
th = [<k>/fdiff]

Edge + ([<k>/fdiff]
Mid – [<k>/fdiff]

Edge) × fMid   (4.3) 

 

 The [<k>/fdiff]
Mid ratio representing the PyCX-PAMAM-G0 samples located in the 

hydrophobic middle region of the NSSA that would not undergo a conformational inversion 

was obtained by extrapolating the [<k>/fdiff]
exp-vs.-fMid trends for the PyCX-PAMAM-G0 

samples with X = 4, 6, and 8 in Figure 4.3B to fMid = 1 representing a hypothetical infinitely 

long cylinder to yield their [<k>/fdiff]
exp(fMid = 1) value. The [<k>/fdiff]

exp(fMid = 1) values of the 

PyCX-PAMAM-G0 dendrimers with X = 4, 6, and 8 were plotted as a function of [Py]loc in 

Figure 4.3C, where [Py]loc is the local pyrene concentration of the dendrimer, which was 

calculated earlier by assuming that their internal segments obey Gaussian statistics.41 The 

[<k>/fdiff]
exp(fMid = 1) ratios of the PyCX-PAMAM-G0 samples with the shorter linkers aligned 
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around a straight line passing through the origin as expected, which could be further used as a 

calibration curve to estimate the [<k>/fdiff]
exp(fMid = 1) ratios taken as the [<k>/fdiff]

Mid ratio of 

the PyC10- and PyC12-PAMAM-G0 samples, whose values have been reported in Table 4.1.  

The constant [<k>/fdiff]
Edge,Max ratio obtained at NaCl concentrations higher than ~200 mM, was 

determined by entering fMid
Max at the intercept of the two straight lines in Figure 4.3B into 

Equation 4.3 and equating [<k>/fdiff]
th to [<k>/fdiff]

exp. The [<k>/fdiff]
Edge,Max ratios retrieved for 

the PyC10- and PyC12-PAMAM-G0 samples are listed in Table 4.1 along with their fEdge
Max 

and [<k>/fdiff]
SDS values. [<k>/fdiff]

Edge,Max is close to 10-times larger than [<k>/fdiff]
Mid reflecting 

the much higher HGEdge,Max and degree of conformational inversion experienced by the 

dendrimers with the longer decanoyl and dodecanoyl linkers in the polar edge region of the 

NSSA compared to the apolar middle region, where HGMid ~ 0. For NaCl concentrations lower 

than 200 mM where 0 ≤ fMid ≤ fMid
Max, the decrease in [<k>/fdiff]

exp with increasing fMid, due to 

the partitioning of the dendrimers between the edges with a large [<k>/fdiff]
Edge and the middle 

region with a small [<k>/fdiff]
Mid, is offset by the small fMid values and the large increase 

experienced by [<k>/fdiff]
Edge from [<k>/fdiff]

SDS to [<k>/fdiff]
Edge,Max. The outcome is the linear 

increase in [<k>/fdiff]
exp with increasing fMid observed in Figure 4.3B for the dendrimers with 

the longer linkers. Using the [<k>/fdiff]
Mid, [<k>/fdiff]

Edge,Max, and [<k>/fdiff]
SDS ratios and fMid

Max 

listed in Table 4.1, the theoretical [<k>/fdiff]
th ratio could be calculated with Equation 4.3 using 

the expression of [<k>/fdiff]
Edge in Table 4.2. The excellent agreement found between the 

[<k>/fdiff]
th and [<k>/fdiff]

exp ratios in Figure 4.3B validates the parametrization of the 

experimental data assuming the existence of two distinct regions in NSSA, namely the edge 

and middle regions. 
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Table 4.1. [<k>/fdiff]
Mid, [<k>/fdiff]

Edge,Max, and [<k>/fdiff]
SDS ratios and fMid

Max determined 

experimentally and used in Equation 4.3 to predict the theoretical [<k>/fdiff]
th ratio. 

 [<k>/fdiff]
Mid [<k>/fdiff]

Edge,Max [<k>/fdiff]
SDS fMid

Max 

PyC10-PAMAM-G0 0.040 0.314 0.109 0.332 

PyC12-PAMAM-G0 0.034 0.351 0.134 0.267 

 

Table 4.2. Mathematical expression of [ / ]Edge

diffk f   in Equation 4.3 

0 Max

Mid Midf f   1Max

Mid Midf f   

,[ / ] (1 ) [ / ] ( )

(1 )

Edge Max Max SDS Max

diff Mid Mid diff Mid Mid

Max

Mid Mid

k f f f k f f f

f f

  − +   −

−
 

,[ / ]Edge Max

diffk f   

 

Besides providing a rationale for the change in the [<k>/fdiff]
exp ratio for the PyC10- and 

PyC12-PAMAM-G0 samples by invoking their partitioning between the polar and curved 

capping edge region and the hydrophobic and less curved middle region of the NSSA, the 

strikingly linear [<k>/fdiff]
exp-vs.-fMid trends in Figure 4.3B illustrate the importance of the 

volume fraction fMid, and consequently fEdge (= 1 – fMid). Interestingly, Equation 4.1 implies that 

fEdge is not only the volume fraction of the capping edges in the NSSA, but it also represents 

the molar fraction of charged SDS molecules in an NSSA. The corollary to this revised 

definition of fEdge is that the number of charged SDS molecules in an NSSA at any NaCl 

concentration remains constant and equal to the number of charged SDS molecules in an SDS 

micelle without NaCl given by Nagg([NaCl]=0 M) in Equation 4.2. This surprisingly simple 

insight provides a means for checking the feasibility of possible mechanisms for the formation 

of NSSA. For instance, one could consider that the partially neutralized SDS molecules being 

more hydrophobic than their non-neutralized counterparts would self-assemble first and more 

rapidly into large hydrophobic cylindrical or disk-like surfactant aggregates, leaving the 

remaining charged SDS molecules to form SDS micelles more slowly due to electrostatic 
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repulsion between the charged SDS molecules. The large hydrophobic surfactant aggregates 

would have open edges exposing the hydrophobic dodecyl tails of the surfactants to water. 

Over time, diffusive encounters between the hydrophobic surfactant aggregates of neutralized 

SDS molecules and charged SDS micelles would lead to the formation of NSSA which would 

have a same number of charged SDS molecules localized at their edges (see Figure 4.4).  

 

 

Figure 4.4. Possible mechanism for the formation of cylindrical NSSA from the encounter 

between a (blue) SDS micelle and a (red) hydrophobic surfactant aggregate with exposed 

hydrophobic edges. 

 

Furthermore, increasing the NaCl concentration would increase the number of 

neutralized SDS molecules, whose hydrophobicity would lead to their association into larger 

aggregates, and reduce the number of charged SDS molecules resulting in fewer SDS micelles. 

Since fewer SDS micelles would form, the hydrophobic surfactant aggregates made of 

neutralized SDS molecules would grow larger until they would eventually encounter one of the 

few remaining SDS micelles, leading to the formation of larger NSSA at higher NaCl 

Surfactant aggregate with 
exposed hydrophobic edges

Surfactant 
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concentration. In the proposed mechanism illustrated in Figure 4.4, the charged edges of the 

NSSA ensure their electrostatic stabilization.  

 

4.5 CONCLUSION 

This study illustrates how PyCX-PAMAM-G0 dendrimers can be employed as fluorescent 

molecular probes for surfactant assemblies. In particular, the conformational inversion 

experienced by the PyC10- and PyC12-PAMAM-G0 dendrimers described by the ratio 

[<k>/fdiff]
exp and the strikingly linear relationships between [<k>/fdiff]

exp and fMid uncovered in 

Figure 4.3B demonstrated the existence of two distinct regions in NSSA among which the 

dendrimers partition themselves randomly. Perhaps more importantly, the direct dependency 

of [<k>/fdiff]
exp on fMid led to the conclusion that a constant number of charged SDS molecules 

forms the edge region of the NSSA and that the remaining SDS molecules that are partially 

neutralized occupy the middle region of the NSSA. This representation of the NSSA was 

illustrated in Figures 4.1C-E providing the basis for the mechanism presented in Figure 4.4 to 

describe the formation of NSSA. The simplicity of this mechanism and its wide applicability 

for understanding the formation of NSSA provides a unifying principle to rationalize the 

numerous experimental observations reported in the scientific literature about NSSA. 
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Chapter 5: Effect of Salt Concentration on Catanionic 

Surfactant Aggregates Probed by Pyrene Excimer 

Formation (PEF) with Pyrene End-Labeled 

Polyamidoamine (PAMAM) Dendrimers  
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5.1 OVERVIEW 

The effect of NaCl concentration on the size of non-spherical surfactant aggregates (NSSA) 

consisting of an 80:20 sodium dodecyl sulfate (SDS):dodecyltrimethylammonium bromide 

(DTAB) mixture in aqueous solution was studied at a total surfactant concentration of 50 mM. 

This was accomplished by following the conformation of five pyrene end-labeled generation 0 

polyamidoamine (PAMAM-G0) dendrimers as they interacted with the SDS:DTAB NSSA at 

NaCl concentrations of 10, 20, 50, and 100 mM. The dendrimers referred to as the PyCX-

PAMAM-G0 samples were labeled with 4 identical pyrenyl moieties connected to the 

PAMAM-G0 core with either (X=4) butyroyl, (X=6) hexanoyl, (X=8) octanoyl, (X=10) 

decanoyl, or (X=12) dodecanoyl linker. The model free analysis (MFA) was applied to their 

fluorescence decays to obtain the ratio [<k>/fdiff]
exp as a measure of the local concentration 

([Py]loc), which was used to describe the conformation of the dendrimers as they interacted 

with the NSSA. For all NaCl concentrations, the PyC4-, PyC6-, and PyC8-PAMAM-G0 

dendrimers yielded a [<k>/fdiff]
exp ratio that decreased with increasing linker length as expected 

if the internal segments connecting the pyrenyl groups obeyed Gaussian statistics. The 

[<k>/fdiff]
exp ratios of PyC10- and PyC12-PAMAM-G0 were larger than that of PyC8-PAMAM-

G0, indicating that the former dendrimers underwent a conformational inversion upon 

interacting with the NSSA. The magnitude of the conformational inversion was found to 

decrease with increasing NaCl concentration. This behavior was in-keeping with the PyC10- 

and PyC12-PAMAM-G0 dendrimers partitioning between the polar edges and the hydrophobic 

middle region of the NSSA. This was further confirmed by proposing a theoretical framework 

that could handle all the [<k>/fdiff]
exp ratios obtained to date which further supported the 

existence of two regions in the NSSA and the partitioning of the dendrimers among those two 

regions. Such structural insight into NSSA should prove valuable to develop a better 

fundamental understanding of their behavior.  
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5.2 INTRODUCTION 

Micelles are self-assembled nanoscale objects formed by surfactants. They have garnered 

significant attention due to their usage in a wide variety of applications such as in paints, 

household detergents, personal care products, cosmetics, and pharmaceuticals. 1 - 5  This 

sustained industrial interest has been accompanied by the development of a fundamental 

understanding of their basic properties.6 ,7  One particularly fascinating feature of surfactant 

aggregates is their ability to self-assemble into spheres, ellipsoids, cylinders, micelles, or 

lamellae, where the final shape of the self-assembled surfactant aggregate is defined by the 

critical packing parameter (cpp) of the surfactant.8 The cpp equals the ratio v/(a×l), where v is 

the volume of the surfactant alkyl tail, a is the cross-section of the surfactant headgroup, and l 

is the effective alkyl tail length. The cpp of a wedge-shaped surfactant with a big headgroup 

(large a) and a short tail (small l and v) is small, usually less than 1/3, and the surfactant forms 

spherical micelles. In contrast, the cpp of a cylindrical surfactant with a small headgroup (small 

a) and a long alkyl tail (large l and v) has a large cpp close to unity and the surfactant forms 

lamellae. Since the volume and length of the alkyl tail of a given surfactant are fixed, any 

phenomenon affecting the size of an ionic surfactant headgroup and thus a will affect its cpp. 

Adding salt or an oppositely charged surfactant to an aqueous solution of a surfactant reduces 

the effective size of its headgroup, which is being neutralized, and increases its cpp resulting 

in the formation of non-spherical surfactant aggregates (NSSA).9-17  

 While the relationship between cpp and the shape of the NSSA is well understood, much 

less appreciated are its implications on the structures closing the edges of the NSSA. For if the 

addition of a salt or an oppositely charged surfactant increases the cpp of the surfactant of 

interest and leads to the formation of a cylinder or a lamella, it leaves their edges constituted 

of the surfactant hydrophobic alkyl tails exposed to water. To prevent this, the edges of the 

NSSA must be capped by a structure having a much higher surface curvature and composed of 
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surfactants with a much smaller cpp and thus a larger headgroup cross section. This simple 

constraint has several implications. First, it imposes that the edges of the NSSA be constituted 

of charged surfactants, since they have a larger a, as illustrated in Figures 5.1A and B for a 

cylindrical and disk-like NSSA, respectively. Second, the difference in hydrophobicity between 

the charged edges and the hydrophobic middle region of the NSSA must induce a 

hydrophobicity gradient (HG) in the edge region of the NSSA as was found for NSSA generated 

from SDS and DTAB mixtures.18 Not only do the NSSA edges exhibit an HG, but they should 

also be more dynamic than the hydrophobic middle region, where the neutralized surfactants 

are packed more closely to each other and which is known to have a higher microviscosity than 

the interior of pure surfactant micelles. Consequently, the edge region of NSSA have some very 

interesting properties, which have been overlooked by the scientific community, who has 

focused instead on the sole characterization of the hydrophobic middle region. 

 The main challenge to study specific regions of NSSA resides in their highly dynamic 

nature. Contrary to a macromolecule, which can be labeled at specific structural units located 

at well-defined positions in a macromolecule, the equivalent structural units in a NSSA are the 

surfactants, which are constantly moving independently of each other within the NSSA without 

the constraint of being linked to each other as in a macromolecule. Furthermore, molecular 

probes that are introduced to NSSA tend to diffuse toward a location within the NSSA, where 

the probe has some affinity, but which is difficult to identify experimentally.19-21 In this context, 

the recently introduced pyrene end-labeled generation-0 polyamidoamine (PyCX-PAMAM-G0 

with X = 4, 6, 8, 10, and 12) dendrimers,22-25 whose chemical structure is shown in Figure 5.1C, 

represent an appealing new fluorescent probe to probe the NSSA interior.18,22 Due to its four 

hydrophobic 1-pyrenealkanoyl pendants, the PyCX-PAMAM-G0 dendrimers are insoluble in 

water but can be incorporated in a surfactant aqueous solution through interactions with NSSA. 

Because of its polarity, the PAMAM-G0 core cannot enter the hydrophobic interior of a NSSA 
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and sits at its surface.26-28 The pyrenyl moieties are known to reside at the interface between 

the palisade and the interior of surfactant micelles.29-33 The shorter alkanoyl linkers with X = 

4, 6, and 8 have been found not to interact with the hydrophobic interior of NSSA but the longer 

linkers with X = 10 and 12 resulted in strong interactions with the NSSA interior.18-23 By pulling 

on the pyrenyl labels and bringing them together, these interactions led to an increase in the 

local pyrene concentration ([Py]loc) inside the NSSA, which could be probed by fitting the 

fluorescence decays of the pyrene monomer and excimer according to the model free analysis 

(MFA) to obtain the experimental ratio [<k>/fdiff]
exp, which is directly proportional to [Py]loc.

23 

These experiments use pyrene excimer formation (PEF) between an excited and a ground-state 

pyrene moiety covalently attached onto a PAMAM-G0 dendrimer to determine the average rate 

constant (<k>) of PEF and the molar fraction (fdiff) of pyrenyl labels undergoing diffusive PEF. 

The early experiments were conducted with aqueous solutions of sodium dodecyl sulfate (SDS) 

to which NaCl23 or dodecyltrimethylammonium bromide (DTAB)18 were added to neutralize 

the SDS headgroups and generate large NSSA. 

 Due to its dependency on [Py]loc, the ratio [<k>/fdiff]
exp responds to the hydrophobicity 

gradient (HG) generated between the polar surface of the dendrimer, where the PAMAM-G0 

core resides, and the hydrophobic interior of the NSSA, that the longer decanoyl and 

dodecanoyl linkers interact with.18-23 Because the NSSA generate a hydrophobic region toward 

the center of the NSSA where the surfactants with a neutralized headgroups are shown in red 

in Figures 5.1A and B, the NSSA can be divided into a polar edge and hydrophobic middle 

regions between which the PyC10- and PyC12-PAMAM-G0 samples partition themselves and 

adopt different conformations as illustrated in Figure 5.1D. In the hydrophobic middle region, 

the HG is weak and the [<k>/fdiff] ratio takes a small and constant value equal to [<k>/fdiff]
Mid. 

In the edge region, a strong HG is generated between the polar surface and the interface 

between the edge and the middle region and [<k>/fdiff]
exp takes a large value equal to 
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[<k>/fdiff]
Edge. [<k>/fdiff]

Edge increases from [<k>/fdiff]
SDS obtained for pure SDS micelles to 

[<k>/fdiff]
Edge,Max obtained when the hydrophobic middle region is large enough to generate an 

HG that no longer changes with an increase in the size of the middle region. Because the HG 

responds directly to the size of the hydrophobic middle region of an NSSA, [<k>/fdiff]
exp was 

found to be directly related to the molar fractions fMid and fEdge (= 1 – fMid = 

Nagg(SDS)/Nagg(NSSA)) in Chapter 4 representing the volume fractions of the middle and edge 

regions of the NSSA, respectively. By definition, fEdge is also the molar fraction of charged 

surfactant in an NSSA taken as the ratio of the aggregation number (Nagg(SDS)) of pure SDS 

micelles divided by the aggregation number of the NSSA (Nagg(NSSA)). The definition of fEdge 

is particularly well suited for the cylindrical representation of a NSSA in Figure 5.1A, where 

merging the two hemispherical caps would yield a pure SDS micelle. 

 Taken separately, the [<k>/fdiff]
exp trends obtained for aqueous solutions of SDS as a 

function of either NaCl concentration or the molar fraction of DTAB in the solution are well 

described by the parameters [<k>/fdiff]
Mid, [<k>/fdiff]

Edge, [<k>/fdiff]
Edge,Max, [<k>/fdiff]

SDS, and 

fEdge. Unfortunately, the [<k>/fdiff]
exp trends obtained from the fluorescence of pyrene in aqueous 

solutions of SDS interacting with either NaCl or DTAB cannot be directly compared since 

cationic-aromatic interactions are absent when NaCl interacts with SDS but take place between 

the trimethylammonium headgroups of DTAB and the pyrene moieties,34 -37  when DTAB 

interacts with SDS. In turn, these cationic-aromatic interactions affect the dependency of [Py]loc, 

and thus [<k>/fdiff]
exp which is directly proportional to [Py]loc, on the HG when the size of NSSA 

is modified by adding DTAB to an SDS aqueous solution but not when adding NaCl. 
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Figure 5.1. Illustration of A) a cylinder and B) a disk constituted of (red) surfactants with a 

large cpp and whose headgroups are partially neutralized and of (blue) surfactants with a small 

cpp and whose headgroups are charged. C) Chemical structure of the PyCX-PAMAM-G0 

dendrimers with X = 4, 6, 8, 10, and 12. (red) PAMAM core, (green) alkanoyl linker, and (blue) 

pyrenyl labels. D) Expected conformation of the PyC10- and PyC12-PAMAM-G0 dendrimers 

in the (left) polar edge and (middle-top) hydrophobic middle regions of the NSSA. 

 

The present study addresses this discrepancy between the experiments carried out with 

either NaCl or DTAB by conducting a new series of experiments with an 80:20 SDS:DTAB 

surfactant mixture as a function of NaCl concentration in order to bridge both effects. 

Nagg(NSSA) was measured for the NSSA with the MFA38 to determine fEdge and the correction 

factor [<k>/fdiff]
A−C was determined to account for the aromatic-cationic interactions between 

the pyrenyl moieties of the PyCX-PAMAM-G0 samples and the trimethylammonium 

headgroups of DTAB. Application of the [<k>/fdiff]
A-C correction factor to all the [<k>/fdiff]

exp 

ratios obtained to date yielded master straight lines for the PyC10- and PyC12-PAMAM-G0 

dendrimers around which all the [<k>/fdiff]
exp ratios clustered thereby demonstrating the 

HGEdge,Max HGEdge,Max

HGMid ~ 0

HGEdge,MaxHGEdge,Max

HGMid ~ 0

A) 

B) 

C) 

D) 
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generality of the methodology applied. The fact that no less than 16 [<k>/fdiff]
exp ratios clustered 

together when plotted as a function of fEdge confirms the importance of this parameter, which 

imposes that the number of charged SDS molecules in NSSA remains constant and equal to 

that found in a pure SDS micelle (~ 70).11,12,39  As was already highlighted in a previous 

publication23 and Chapter 4, this result leads to the conclusion that pure SDS micelles are 

involved in the formation of these NSSA probably through diffusive collisions with pre-formed 

aggregates of neutralized surfactants forming the hydrophobic middle region. 

  

5.3 EXPERIMENTAL 

Materials: Pyrene (98%), tetrahydrofuran (THF, ≥99.0%, distilled in glass, Honeywell Riedel-

de Haën), sodium chloride (99%), SDS (>99%), and DTAB (≥98%) were purchased from 

Aldrich and used as received. The synthesis and characterization by 1H NMR and mass 

spectrometry of the PyCX-PAMAM-G0 samples with X = 4, 6, 8, 10, and 12 has been reported 

in earlier publications.22,24 Doubly distilled deionized water from Millipore Milli-RO 10 Plus 

and Milli-Q UF Plus (Bedford, MA) was used to prepare all aqueous solutions. 

PyCX-PAMAM-G0 sample preparation: Since the PyCX-PAMAM-G0 dendrimers had been 

found earlier to generate negligible level of pyrene aggregation inside DTAB micelles,22 all 

PyCX-PAMAM-G0 aqueous solutions were prepared by adding 10 L of a concentrated 

solution of PyCX-PAMAM-G0 dendrimers in DMSO to a 20 mL vial with the desired amount 

of DTAB powder. The mixture was resuspended in 5 mL of chloroform and sonicated for 5 

minutes. Then, the chloroform and DMSO were evaporated under a constant air flow and the 

DTAB/PyCX-PAMAM-G0 mixture was further dried at room temperature in a vacuum oven 

overnight. The mixture was redissolved in water to which the desired amount of SDS powder 

was added to generate a surfactant solution with 40 mM SDS and 10 mM DTAB. The required 

volume of a 1 M NaCl solution was then added to 10 mL of the dendrimers solutions in an 
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80:20 SDS:DTAB mixture to obtain NaCl concentrations of 10, 20, 50, and 100 mM. The 

PyCX-PAMAM-G0 concentration in the 50 mM surfactant aqueous solutions varied between 

0.1 and 0.6 M. 

Preparation of 50 mM surfactant solution with NaCl and 0.45 M pyrene: All aqueous 

solutions with molecular pyrene were prepared by using a 0.1 mM pyrene stock solution in 

THF. For the Nagg measurements, a small volume (100 L) of the pyrene stock solution in THF 

was transferred to a 6 mL vial and dried under constant air flow. The desired amount of a 50 

mM surfactant solution with a given NaCl concentration was transferred to the 6 mL vial with 

pyrene to generate five solutions containing 50 mM surfactant, the selected NaCl concentration, 

and a pyrene concentration ranging from 0.05 to 0.35 mM. This mixture was sonicated for 5 

minutes and kept in a shaker at 50 °C for 12 hours. The absorption spectrum and pyrene 

monomer and excimer fluorescence decays of these five solutions were acquired. For each set 

of experiments conducted with a given NaCl concentration, one solution was further diluted to 

a pyrene concentration of 0.45 M by adding the same 50 mM surfactant solution with NaCl 

but without pyrene. This dilute 0.45 M pyrene solution, whose concentration is below the 

solubility limit of 0.7 M for pyrene in water,40 was used to determine the lifetime of the 

pyrene monomer isolated in the NSSA obtained at the selected NaCl concentration. 

For the CMC determination of the 80:20 SDS:DTAB mixtures, fluorescence experiments 

were conducted with a low 0.45 M pyrene concentration, that would be below the 0.7 M 

saturation limit of pyrene in water, which was prepared by placing 60 mg of the 0.1 mM pyrene 

stock solution in THF, drying it under a constant air flow, and adding 120 g of MilliQ water. 

The suspension was then placed in a shaker at 50 °C for 12 hours to ensure complete dissolution 

of pyrene in water without surfactant. When dissolution was accomplished, the aqueous 

solution of pyrene was then split into four 30 mL solutions, to which the desired amount of a 1 

M NaCl solution was added to obtain an NaCl concentration of 10, 20, 50, and 100 mM. These 
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solutions were then mixed with a 50 mM surfactant aqueous solution prepared with the same 

0.45 M pyrene concentration and NaCl concentration to obtain solutions with a same 0.45 

M pyrene concentration and NaCl concentration and a range of surfactant concentrations 

varying from 10 M to 5 mM. The fluorescence spectra of these solutions were then acquired 

and analyzed to determine their fluorescence intensity ratios IE/IM and I1/I3, whose definitions 

are provided in the section Steady-state fluorescence, and which were plotted as a function of 

surfactant concentration for CMC determination. 

Dynamic light scattering (DLS) measurements: All DLS measurements on aqueous solutions 

of an 80:20 SDS:DTAB mixtures with salt concentrations of 0, 10, 20, 50, and 100 mM were 

conducted with a Zetasizer NS90 instrument from Malvern Analytics using a 1.0 cm pathlength 

quartz cuvette. The autocorrelation function of the scattering signal was acquired 3 times for 

each sample and the average size distribution was determined from which the number average 

hydrodynamic diameter (Dh) was calculated. 

UV-Vis absorption measurements: The absorption spectra of molecular pyrene and the PyCX-

PAMAM-G0 dendrimers in aqueous solutions of 40 mM SDS and 10 mM DTAB mixtures 

were acquired with a Cary 100 UV-Visible spectrophotometer using either a 1.0 cm or a 5.0 cm 

pathlength quartz cuvette. The UV cell with a 5.0 cm pathlength ensured that solutions with a 

low pyrene concentration resulting in an absorbance of 0.1 or less with the 1.0 cm pathlength 

cuvette would yield absorption spectra with a reasonable signal-to-noise ratio. 

Steady-state fluorescence: A HORIBA QM-400 spectrofluorometer equipped with a xenon arc-

lamp was used to acquire the fluorescence spectra with a 1 nm width for all the slits in the 

excitation and emission monochromators. The more concentrated (0.5 mM ~ 5 mM) surfactant 

solutions were excited at 279 nm to minimize the scattering from the solution, and the diluted 

ones (10 M – 0.5 mM) were excited at 336 nm to maximize fluorescence signal. The 

fluorescence spectra were acquired from 350 to 530 nm or 350 to 650 nm for the excitation at 
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279 nm and 336 nm, respectively. Analysis of the steady-state fluorescence (SSF) spectra 

yielded the fluorescence intensity ratio IE/IM(SSF) obtained from the fluorescence intensity of 

the pyrene monomer (IM) and excimer (IE) calculated by integrating the fluorescence spectrum 

from 376 to 382 nm and from 495 to 520 nm, respectively. The IE/IM(SSF) ratio is a measure 

of the PEF efficiency. The maximum intensity value of the first (I1) peak divided by that of the 

third (I3) peak in the fluorescence spectrum of the pyrene monomer yielded the I1/I3 ratio, which 

responds to the polarity of the environment where molecular pyrene resides.41,42 

Time-resolved fluorescence: The pyrene monomer and excimer fluorescence decays obtained 

for pyrene in aqueous solutions of an 80:20 SDS:DTAB mixture with a 50 mM total surfactant 

concentration were acquired according to the time-correlated single photon counting method 

with a FluoroHub time-resolved fluorometer from HORIBA fitted with a 336 nm DeltaDiode 

laser. All fluorescence decays were acquired over 1,024 channels with a time-per-channel of 

0.87 ns and 20,000 counts at their decay maximum using an emission wavelength of 379 and 

510 nm and a 370 and 495 nm cut off filter for the pyrene monomer and excimer, respectively. 

The cut off filters reduced the amount of stray light reaching the photomultiplier tube detector. 

The instrument response function (IRF) was obtained by collecting the scattering photons 

generated by irradiating a triangular aluminum monolith and setting the emission wavelength 

at the same 336 nm wavelength of the excitation source. The fluorescence decays of solutions 

with the higher pyrene concentrations used for Nagg determination were acquired with the front-

face geometry while solutions with a pyrene concentration of 2.5 M or lower were acquired 

with the standard right-angle geometry.43 

Global model free analysis of the monomer and excimer fluorescence decays: The monomer 

and excimer fluorescence decays of molecular pyrene and the pyrenyl labels of the PyCX-

PAMAM-G0 samples were fitted globally according to the model free analysis (MFA) with 

Equations S5.1 and S5.2, respectively, which are given in the Supporting Information (SI).44 
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Equation S5.1 for the fluorescence decays of the pyrene monomer is a sum of exponentials, 

where the longest decay time is fixed in the analysis to equal the lifetime (M) of the pyrene 

monomer. The pre-exponential factor of this exponential is related to the molar fraction (fMfree) 

of pyrenyl moieties (Pyfree*) that do not form excimer and emit as if they were free in solution. 

The sum of the other exponentials in Equation S5.1 represents those excited pyrenes (Pydiff*) 

forming excimer by diffusive encounters, whose molar fraction (fMdiff) is determined from the 

sum of the corresponding pre-exponential factors. The species Pydiff* can also be detected in 

the excimer fluorescence decays fitted with Equation S5.2, which yields the molar fraction fEdiff. 

Finally, direct excitation of pre-aggregated pyrene moieties with molar fractions fEE0 and fED 

results in the instantaneous formation of a pyrene excimer E0* or D*, where the pyrene 

moieties are well or poorly stacked resulting in a short (E0) or long (D) lifetime, respectively. 

The indices M and E for the molar fractions indicate that a given pyrene species is detected in 

the monomer and excimer fluorescence decay, respectively. Combining the molar fractions 

fMdiff, fMfree, fEdiff, fEE0, and fED yields the molar fractions fdiff, ffree, fE0, and fD of the pyrenyl 

species Pydiff*, Pyfree*, E0*, and D*, respectively. All decay times (i) and pre-exponential 

factors (ai) used in Equation S5.1, and the molar fractions and lifetimes retrieved from the 

global MFA of the pyrene monomer and excimer fluorescence decays have been listed in Tables 

S5.1-S5.2 in SI. They were obtained by comparing the experimental fluorescence decays with 

the convolution of the IRF and Equation S5.1 and S5.2 and optimization of the parameters 

according to the Marquardt-Levenberg algorithm.45 The fits were deemed satisfactory if the 

global 2 was smaller than 1.3 and the residuals and autocorrelation of the residuals were 

randomly distributed around zero. 

Determination of Nagg for NSSA with the MFA parameters: The monomer and excimer 

fluorescence decays of molecular pyrene dissolved in aqueous solutions of an 80:20 

SDS:DTAB mixture with a 50 mM total surfactant concentration were acquired and fitted 
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according to the MFA to retrieve fMfree. Since the distribution of pyrene molecules in NSSA 

follows a Poisson distribution, the molar fraction (fMfree) of the species Pyfree* represents the 

Poisson probability equal to exp(−<n>) of finding a micelle with one excited pyrene and no 

ground-state pyrene resulting in the equality shown in Equation 5.1. With <n> known, it was 

plotted as a function of the pyrene concentration ([Py]) in the solution. The slope of the 

resulting <n>-vs.-[Py] straight line yielded Nagg. This methodology based on the MFA to 

determine Nagg for surfactant micelles has been described in greater details in an earlier 

publication.38 
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Calculation of the absolute IE/IM(MFA) ratio for the PyCX-PAMAM-G0 samples in NSSA: The 

global MFA of the fluorescence decays yielded the pre-exponential factors (ai) and decay times 

(i) used in the front part of Equation S5.1. They were combined in Equation 5.2 to calculate 

the average lifetime <> and in turn, the average rate constant <k> for PEF with Equation 5.3.44 
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The parameters retrieved from the MFA could be combined into Equation 5.4 to yield the 

IE/IM(MFA) ratio.44 
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Local concentration of pyrenyl labels for a PyCX-PAMAM-G0 sample: The local concentration 

([Py]loc) of ground-state pyrenyl labels inside a PyCX-PAMAM-G0 dendrimer is given by 

Equation 5.5, where nPy (= 3) is the number of ground-state pyrenyl labels in the PyCX-

PAMAM-G0 samples, where one of the pyrenyl labels is excited to form an excimer, LPy is the 

square root of the average squared end-to-end distance of the dendrimer ends, and A is a 

geometric factor that would equal /6 if the dendrimer volume were a sphere.46 In practice, A 

is a constant and [Py]loc and (nPy/LPy)
3 are used interchangeably. 
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An expression of LPy was derived earlier for low generation (N ≤ 4) PAMAM dendrimers 

by assuming that the internal segments of the PAMAM dendrimers obeyed Gaussian statistics 

and its expression is given in Equation 5.6. In Equation 5.6, the parameters a, b, and c are the 

number of carbon atoms in the linker connecting the pyrene moiety to the PAMAM dendrimer, 

which equals X (= 4, 6, 8, 10, and 12), the number of non-hydrogen atoms in the aminoethyl 

propionamide building block of the PAMAM dendrimer, which equals 7, and the number of 

non-hydrogen atoms  in the ethylene diamine core of the dendrimer, which equals 4, 

respectively.24 
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Spatial partitioning theory: Since the experimentally determined ratio [<k>/fdiff]
exp for a 
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pyrene-labeled macromolecule (PyLM) is directly proportional to [Py]loc,
47,48 which reflects 

the PyLM conformation, [<k>/fdiff]
exp was employed to monitor the conformation of the PyCX-

PAMAM-G0 dendrimers with the longer decanoyl and dodecanoyl linkers as they interacted 

with the NSSA.18-23 In the case of NSSA prepared without DTAB by addition of NaCl23 to an 

SDS solution, [<k>/fdiff]
exp reflected the partitioning of the dendrimers between the edge region 

and the middle region of the NSSA shown in Figures 5.1A and B for cylindrical and a disk-like 

NSSA, respectively. In the edge region, the dendrimers experience a strong HG, which leads 

to a conformational inversion (see Figure 5.1D) and results in a large [<k>/fdiff]
Edge value, that 

increases with the build up of the hydrophobic middle region from [<k>/fdiff]
SDS for pure SDS 

micelles to [<k>/fdiff]
Edge,Max when the middle region reaches a critical volume beyond which 

the HG in the edges no longer changes. In the hydrophobic region, the dendrimers with the 

longer linkers adopt their natural conformation (see Figure 5.1D) and their internal segments 

obey Gaussian statistics resulting in a low [<k>/fdiff]
Mid ratio. By partitioning between the edge 

and middle regions of the NSSA, the dendrimers with the longer linkers experience an 

[<k>/fdiff]
exp, that can be represented mathematically by [<k>/fdiff]

th as the average of 

[<k>/fdiff]
Edge and [<k>/fdiff]

Mid weighed by the volume fractions fEdge and fMid (= 1 – fEdge) of the 

edge and middle regions, respectively. Assuming that the two hemispherical edges of a 

cylindrical NSSA amount to a pure SDS micelle in water as was done in two earlier studies,23,24 

fEdge is given by Equation 5.7, where Nagg(SDS) and Nagg(NSSA) are the aggregation number 

of a pure SDS micelle in water and the NSSA under study, respectively. 
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 While an excellent match was found between [<k>/fdiff]
exp and [<k>/fdiff]

th for NSSA 
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generated by adding NaCl to an SDS aqueous solution, NSSA produced from mixtures of SDS 

and DTAB induced aromatic-cationic interactions between the pyrene moieties and the 

trimethylammonium headgroups of DTAB,34-37 which need to be accounted for. These 

aromatic-cationic interactions diminish the conformational inversion experienced by the 

dendrimers with longer linkers located in the edge region18,22 and decrease the [<k>/fdiff]
Edge 

value by an amount [<k>/fdiff]
A-C weighed by the molar fraction (fDTAB) of DTAB in the 

surfactant mixture used to prepare the NSSA. These considerations led to Equation 5.8 used to 

calculate [<k>/fdiff]
th, which accounts for the partitioning of the dendrimers with a longer linker 

between the edge and middle region of the NSSA and the reduction of [<k>/fdiff]
Edge by the 

presence of DTAB in the NSSA. In the case of the three dendrimers PyC4-, PyC6-, and PyC8-

PAMAM-G0, which do not undergo a conformational inversion, the expression for [<k>/fdiff]
th 

also holds with [<k>/fdiff]
Edge being equal to [<k>/fdiff]

SDS. 

 

 [<k>/fdiff]
th = fEdge×([<k>/fdiff]

Edge – fDTAB×[<k>/fdiff]
A-C) + (1 – fEdge)×[<k>/fdiff]

Mid (5.8) 

 

 The values of [<k>/fdiff]
Edge and [<k>/fdiff]

Mid were determined in an earlier publication23 

using the mathematical expression of [<k>/fdiff]
Edge in Table 5.1 for the PyC10- and PyC12-

PAMAM-G0 dendrimers and the specific values of the parameters [<k>/fdiff]
Edge,Max, 

[<k>/fdiff]
Mid, [<k>/fdiff]

SDS, and fMid
Max given in Table 5.2. To determine [<k>/fdiff]

A-C, [<k>/fdiff]
th 

was set to equal [<k>/fdiff]
Mid for an fDTAB value of 0.32 corresponding to the solubility limit of 

mixtures of SDS and DTAB, beyond which very large NSSA were obtained for which the edges 

could be neglected. Solving for [<k>/fdiff]
A-C yielded Equation 5.9, from which [<k>/fdiff]

A-C 

values of 0.856 ns−1 and 0.991 ns−1 were retrieved for PyC10- and PyC12-PAMAM-G0, 

respectively, by using the parameters listed in Table 5.2. [<k>/fdiff]
Edge,Max was used in lieu of 

[<k>/fdiff]
Edge in Equation 5.9 because the very large NSSA obtained for fDTAB = 0.32 are passed 
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the maximum value taken by [<k>/fdiff]
exp at fEdge = fEdge

Max. 
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Table 5.1. Mathematical expression of [ / ]Edge

diffk f   used in Equation 5.8 for the PyC10- 

and PyC12-PAMAM-G0 dendrimers 
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Table 5.2. [<k>/fdiff]
Mid, [<k>/fdiff]

Edge,Max, and [<k>/fdiff]
SDS ratios and fMid

Max determined in 

earlier publication along with [<k>/fdiff]
A-C calculated with Equation 5.9. 

 
[<k>/fdiff]

Mid 

(ns−1) 

[<k>/fdiff]
Edge,Max 

(ns−1) 

[<k>/fdiff]
SDS 

(ns−1) 

[<k>/fdiff]
A-C 

(ns−1) 
fEdge

Max 

PyC4-PAMAM-G0 0.056 _ 0.097 0 _ 

PyC6-PAMAM-G0 0.052 _ 0.079 0 _ 

PyC8-PAMAM-G0 0.035 _ 0.062 0 _ 

PyC10-PAMAM-G0 0.032 0.314 0.109 0.856 0.668 

PyC12-PAMAM-G0 0.027 0.351 0.134 0.991 0.733 

 

5.4 RESULTS AND DISCUSSION 

Characterization of the Critical Micelle Concentration (CMC) 

The fluorescence spectra of the solutions with a low and constant 0.45 M pyrene concentration, 

a fixed NaCl concentration, and varying surfactant concentrations were acquired, and they are 

shown in Figures 5.2A-C for the 100 mM NaCl concentration. Hardly any excimer emission 
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was observed in the fluorescence spectra acquired at surfactant concentrations below 0.1 mM 

in Figure 5.2A indicating that pyrene is well dissolved in the aqueous solution at the low pyrene 

concentration of 0.45 M. Furthermore, the I1/I3 ratio is large and equals 1.91 (±0.03) typical 

of pyrene dissolved in water.42 

 

  

 

 

 

 

Figure 5.2. Fluorescence spectra of 0.45 M pyrene and 100 mM NaCl in surfactant solution 

with total surfactant concentration ranging A) from 5.07 to 1.01 mM, B) from 0.51 to 0.10 mM, 

and C) from 0.08 to 0.01 mM. D) IE/IM(SSF) and I1/I3 retrieved from the fluorescence spectra 

plotted against total surfactant concentration. 
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Excimer formation was observed in Figure 5.2B for surfactant concentrations between 

0.1 and 0.5 mM reflecting the formation of NSSA, which concentrated the pyrene molecules 

resulting in pyrene excimer formation. In the same range of surfactant concentrations, the I1/I3 

ratio showed some significant variations indicating that the local environment of pyrene was 

changing from polar water to the more hydrophobic microdomains generated by the NSSA. 

For surfactant concentrations larger than 0.5 mM, hardly any excimer emission was observed 

in the fluorescence spectra in Figure 5.2C and the I1/I3 ratio remained constant and equal to 

1.24 (±0.01) indicative that the environment probed by pyrene was more hydrophobic than 

water and must have been that of the NSSA interior. 

A more quantitative analysis of the fluorescence spectra was obtained by plotting the 

IE/IM and I1/I3 ratios as a function of surfactant concentration in Figure 5.2D for an NaCl 

concentration of 100 mM. As described with the fluorescence spectra in Figures 5.2A – C, the 

I1/I3 ratio remained constant and equal to 1.91 (±0.03) up to an SDS concentration of 0.08 mM 

indicating that pyrene was in water, decreased down to a value of 1.24 (±0.01) as the surfactant 

concentration increased from 0.08 to 0.20 mM reflecting the progressive incorporation of 

pyrene into the NSSA, before remaining constant and equal to 1.24 (±0.01) for surfactant 

concentration larger than 0.20 mM confirming the incorporation of pyrene into the NSSA 

interior. The trend obtained with the IE/IM(SSF) ratio agrees with the trend obtained with the 

I1/I3 ratio. IE/IM is small for surfactant concentrations below 0.08 mM indicating that the low 

pyrene concentration prevents excimer formation in water, passes through a maximum for 

surfactant concentrations between 0.10 and 0.12 mM reflecting the formation of NSSA, where 

pyrene is concentrated and forms excimer, and decreases rapidly to zero as the surfactant 

concentration increases past 0.12 mM and the pyrene molecules distribute themselves among 

different NSSA. Based on the plot in Figure 5.2D, the CMC of the 80:20 SDS:DTAB mixture 
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with 100 mM NaCl would equal 0.11 (±0.01) mM. The CMC of the 80:20 SDS:DTAB 

surfactant mixture in water was found to equal 0.20 mM. The CMC of the 80:20 SDS:DTAB 

mixture at the low NaCl concentrations of 10, 20, and 50 mM were obtained in the same manner 

and found to remain constant and equal to 0.13 (±0.03) mM.  

 

Determination of the Aggregation Number (Nagg) of NSSA 

The pyrene monomer and excimer fluorescence decays of the 50 mM surfactant solutions with 

a fixed NaCl concentration and a pyrene concentration ranging from 0.05 to 0.35 mM were 

acquired and globally fitted according to the MFA. An example of the pyrene monomer and 

excimer fluorescence decay fits with the MFA are shown in Figure 5.3A and B, respectively.  

 

 

  
 

Figure 5.3. A) Monomer and B) excimer fluorescence decay of 0.15 mM molecular pyrene in 

mixed micelle solution with 100 mM NaCl. C) Plot of IE/IM(MFA) from Equation 5.4 as a 

function of IE/IM(SSF) for all the pyrene solutions with 40 mM SDS and 10 mM DTAB and 0, 

10, 20, 50, and 100 mM NaCl. 

 

Figures 5.3A and B show the residuals and autocorrelation of the residuals randomly 

distributed around zero reflecting the good quality of the fit. The parameters retrieved from the 
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MFA of the fluorescence decays were combined in Equation 5.4 to calculate the IE/IM(MFA) 

ratio, which was compared in Figure 5.3C to the IE/IM(SSF) ratio obtained from the analysis of 

the fluorescence spectra. The data points clustered around the diagonal indicating that the MFA 

parameters provided a good description of the photophysical processes leading to PEF in the 

solution and could thus be trusted.  

The most important parameter for Nagg determination is the molar fraction (fMfree) of 

pyrene detected in the pyrene monomer fluorescence decays that are isolated in NSSA and 

cannot form excimer, since fMfree yields the average number (<n>) of pyrenes per micelle 

according to Equation 5.1.38 <n> was plotted as a function of pyrene concentration in Figure 

5.4A and straight lines passing through the origin were obtained, whose slope yielded Nagg 

according to Equation 5.1. The Nagg values obtained for 50 mM surfactant solutions of an 80:20 

SDS:DTAB mixture with different salt concentrations were listed in Table 5.1 along with the 

NSSA concentration given by the inverse of the slope of the straight lines in Figure 5.4A.  

 

Table 5.1. Mixed micelle concentration and their aggregation number at different NaCl 

concentrations. 

 

 

 

 

 

The Nagg values of the 80:20 SDS:DTAB mixtures plotted as a function of NaCl 

concentration were compared to the Nagg values obtained for NSSA made of pure SDS in Figure 

5.4B.23 The 80:20 SDS:DTAB mixtures yielded NSSA, that were much larger than those 

obtained with pure SDS and whose size increased much more quickly with NaCl concentration 

[NaCl] [Micelle] (mM) Nagg Dh (nm)  

0 / 21014 3.9 (±0.1) 

10 0.184 (±0.002) 228 (±3) 4.1 (±0.1) 

20 0.164 (±0.004) 255 (±6) 5.0 (±0.1) 

50 0.138 (±0.004) 305 (±4) 7.1 (±0.6) 

100 0.106 (±0.005) 396 (±4) 14.4 (±0.3) 
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compared to the NSSA prepared from pure SDS. 

 

  

 

Figure 5.4. Plots of A) <n> as a function of pyrene concentration for various NaCl 

concentrations and B) Nagg as a function of NaCl concentration for NSSA made of (red circles) 

an 80:20 SDS:DTAB mixture and (black disks) pure SDS.38 

 

Hydrodynamic diameter (Dh) of Mixed Micelles 

The number-average hydrodynamic diameter (Dh) of the NSSA at different NaCl 

concentrations was measured by DLS with solutions having a 40 mM SDS and 10 mM DTAB 

concentration. For each NaCl concentration, the autocorrelation function of the light scattering 

intensity was measured 3 times, and the averaged histogram by number of their hydrodynamic 

diameter (Dh) is shown in Figure 5.5A. With increasing NaCl concentration, the histograms 

shift to higher Dh in Figure 5.5A reflecting an increase in the size of the mixed micelles. This 

observation agrees with the increase in Nagg with increasing NaCl concentration found from the 

fluorescence measurements. The Dh values retrieved for the 80:20 SDS:DTAB mixtures are 

listed in Table 5.1 for the NaCl concentrations studied. Dh was then plotted as a function of 

Nagg in Figure 5.5B. Dh was found to increase with increasing Nagg confirming the increasing 
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size of the NSSA with increasing NaCl concentration established by fluorescence in Figure 

5.4B. 

 

  
 

Figure 5.5. Plots of A) the number fraction of the NSSA as a function of the hydrodynamic 

diameter; Traces from left to right for solutions with 10, 20, 50, and 100 NaCl respectively and 

B) hydrodynamic diameter of NSSA as a function of Nagg. 

 

Dendrimer conformation in NSSA as a function of NaCl concentration 

The aqueous solutions of the PyCX-PAMAM-G0 dendrimers with 40 mM SDS and 10 mM 

DTAB and an NaCl concentration equal to 0, 10, 20, 50, and 100 mM were first characterized 

by UV-Vis absorption to assess qualitatively the solvation of the pyrenyl labels from the 

sharpness of the absorption bands (see Figures S5.8 in SI) and steady-state fluorescence to 

ensure that the solutions exhibited the expected spectral features of a pyrene-labeled 

macromolecule (see Figures S5.9). The solutions are now characterized by time-resolved 

fluorescence to probe the conformation of the dendrimers in the NSSA. Global MFA of the 

pyrene monomer and excimer fluorescence decays yielded the average rate constant (<k>) for 

PEF and the molar fraction (fdiff) of pyrenyl labels forming excimer by diffusive encounters. 

Dividing <k> by fdiff resulted in the [<k>/fdiff]
exp ratio, which is proportional to [Py]loc and thus 
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reflects the conformation of the dendrimers.23,47,48 The [<k>/fdiff]
exp ratios and the molar fraction 

(fagg = 1 – fdiff) of aggregated pyrenyl labels were plotted as a function of NaCl concentration 

in Figures 5.6A and B, respectively. 

 The [<k>/fdiff]
exp ratios of the PyCX-PAMAM-G0 samples with a short linker showed a 

slight decrease with increasing NaCl concentration and their value decreased with increasing 

linker length as expected since a longer linker results in a lower [Py]loc and [<k>/fdiff]
exp ratios. 

This behavior suggests that the internal segments of the dendrimers with a short linker obey 

Gaussian statistics as already found in other surfactant systems.22,23 The [<k>/fdiff]
exp ratios of 

the dendrimers with a longer decanoyl and dodecanoyl linker departed from this trend since 

their values was always larger than that of the PyC8-PAMAM-G0 dendrimer indicating that 

their internal segments did not obey Gaussian statistics and that they underwent a 

conformational inversion. However, the [<k>/fdiff]
exp ratios of the PyC10- and PyC12-

PAMAM-G0 dendrimers drifted from a high value similar to that of the PyC4-PAMAM-G0 

dendrimer at low NaCl concentration to a value close to that of the PyC8-PAMAM-G0 

dendrimer at high NaCl concentration. This behavior indicated that the magnitude of the 

conformational inversion experienced by the PyC10- and PyC12-PAMAM-G0 dendrimers 

decreased with increasing concentration as would be expected if a larger fraction of the 

dendrimers would partition in the hydrophobic middle region of the NSSA. The fagg values 

shown in Figure 5.6B indicate that the variations in the [<k>/fdiff]
exp ratios cannot be attributed 

to changes in the aggregation level of the pyrenyl labels since fagg remains very small at all 

NaCl concentrations in Figure 5.6B. 

 



 
125 

 

  
 

Figure 5.6. Plots of A) the [<k>/fdiff]
exp ratio and B) fagg as a function of NaCl concentration for 

the PyCX-PAMAM-G0 samples in aqueous solutions of 40 mM SDS and 10 mM DTAB. The 

red, orange, green, blue, and black crosses are for the PyC4-, PyC6-, PyC8-, PyC10-, and 

PyC12-PAMAM-G0 samples, respectively. 

   

 To assess the merit of the phenomenological description of the NSSA as being constituted 

of the edge and middle regions among which the PyCX-PAMAM-G0 samples distribute 

themselves as illustrated in Figure 5.1D, the [<k>/fdiff]
exp values presented in Figure 5.6A were 

compared to their corresponding theoretical [<k>/fdiff]
th values calculated with Equation 5.8. 

Equation 5.8 accounts for the reduction in [<k>/fdiff]
exp resulting from aromatic-cationic 

interactions between the pyrene moieties of the dendrimers and the DTAB trimethylammonium 

headgroups.34-37 The trends obtained by plotting the experimental and theoretical [<k>/fdiff] 

ratios for the solutions with NaCl are presented in Figure 5.7, where the experiments conducted 

without NaCl were omitted since they have already been published.22 The good agreement 

obtained between the [<k>/fdiff]
th and [<k>/fdiff]

exp values presented in Figure 5.7 for NaCl 

concentrations equal to 10, 20, 50, and 100 mM supports the notion that the NSSA are made 

of two regions among which the dendrimers partition themselves randomly. It also validates 

the use of Equation 5.8 to represent the [<k>/fdiff]
exp ratio obtained for the PyCX-PAMAM-G0 
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dendrimers interacting with the NSSA obtained in aqueous solutions of the catanionic 80:20 

SDS:DTAB mixture at different NaCl concentrations. 

 

The Spatial Partitioning Theory (SPT) 

At this stage of the study, the spatial partitioning theory (SPT) invoking the existence of an 

edge and a middle region in NSSA has been shown to hold for PyCX-PAMAM-G0 dendrimers 

in pure SDS micelles with NaCl,23 as well as in mixed micelles with (in this study) or without 

NaCl,18 provided that the cationic–aromatic interactions between the trimethylammonium 

headgroups of DTAB and pyrene were taken into account.34-37 In all three studies described in 

Chapters 3, 4, and 5, the SPT is based on the common assumption that the enlarged NSSA 

hosting PAMAM dendrimers consist of two regions, namely an edge region with charged 

surfactant headgroups resulting in a more curved surface and a high hydrophobicity gradient 

(HG), and a middle region with neutralized surfactant headgroups resulting in a relatively less 

curved surface and a low HG. The edge bears the same number (Nagg(SDS)) of SDS molecules 

found in a pure SDS micelle in water. The number of surfactant molecules constituting the 

middle region of the NSSA is thus equal to Nagg(NSSA) – Nagg(SDS).  

Based on this model, the change in NSSA size, whether induced by the addition of NaCl, 

DTAB, or both, is attributed to the expansion of the middle region. In other words, starting 

from a pure SDS micelle in water, any increase in Nagg requires the incorporation of surfactant 

molecules into the middle region. The model also attributes changes in [<k>/fdiff]
exp to the 

spatial partitioning of the PyCX-PAMAM-G0 dendrimers in the two regions defined by the 

NSSA. 
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Figure 5.7. Comparison of (crosses) [<k>/fdiff]
th calculated from Equation 5.8 and (circles) 

[<k>/fdiff]
exp  obtained from the global MFA of the fluorescence decays plotted as a function 

of [Py]loc for NaCl concentrations equal to A)10, B) 20, C) 50, and D) 100 mM. 

 

Because the same assumption underlies the [<k>/fdiff]
exp results obtained in all three 

studies, the [<k>/fdiff]
exp ratios should conform to Equation 5.8. Equation 5.8 accounts for the 

partitioning of the dendrimers between the two regions of the NSSA and the reduction in 

[<k>/fdiff]
exp by the product fEdge×fDTAB×[<k>/fdiff]

A-C, where fEdge is the volume fraction of the 

NSSA occupied by the edges defined in Equation 5.7, fDTAB is the molar fraction of DTAB 

molecules in the surfactant mixture, and [<k>/fdiff]
A-C is the [<k>/fdiff] ratio representing the 

interactions between pyrene and the DTAB headgroups. To this end, the trends obtained with 

the experimental and theoretical quantities [<k>/fdiff]
 +fEdge×fDTAB×[<k>/fdiff]

A-C for the PyC10- 
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and PyC12-PAMAM-G0 samples and the experimental and theoretical [<k>/fdiff] ratios for the 

PyC4-, PyC6-, and PyC8-PAMAM-G0 samples were compared in Figure 5.8 for the results 

obtained in the three studies. All experimental data clustered around the theoretical lines 

expected for the [<k>/fdiff]
exp ratios of the dendrimers obtained under different conditions. The 

general agreement found between experimental and theoretical trends in Figure 5.8 supports 

the model proposed for the compartmentalization of the NSSA into two regions and the 

partitioning of the dendrimers among these two regions. 

 

  

Figure 5.8. Plot of [<k>/fdiff]
exp for the (red) PyC4-, (orange) PyC6-, and (green) PyC8-

PAMAM-G0 samples and [<k>/fdiff]
exp+fEdge×fDTAB×[<k>/fdiff]

A-C for the (blue) PyC10- and 

(black) PyC12-PAMAM-G0 samples. (+) data obtained for SDS with NaCl, (×) data obtained 

for SDS:DTAB mixtures without salt, ( ) data obtained for an 80:20 SDS:DTAB mixture with 

NaCl (this study), and (solid lines) trendlines generated by [<k>/fdiff]
th calculated with Equation 

5.8.  
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5.5 CONCLUSION 

The conformational inversion experienced by the PyCX-PAMAM-G0 samples with longer 

linkers was employed to confirm the existence of two distinct regions inside the NSSA. 

Following a first study, where NSSA were produced by adding NaCl to a 50 mM SDS 

solution,23 and a second study, where NSSA were prepared from a series of catanionic SDS and 

DTAB mixtures,18 the present study considered the formation of NSSA by adding salt to a 

solution of a surfactant mixture with a fixed 80:20 SDS:DTAB molar ratio. As salt was added 

to the 80:20 SDS:DTAB mixture, Nagg(NSSA) increased from 210 to 396 (±4) when the NaCl 

concentration increased from 0 to 100 mM. The [<k>/fdiff]
exp ratio of the PyC10- and PyC12-

PAMAM-G0 samples continuously decreased in Figure 5.6A as the NaCl concentration 

increased from 0 to 100 mM. Accounting for the aromatic-cationic interactions between the 

pyrene moieties and the DTAB trimethylammonium headgroups with the [<k>/fdiff]
A-C ratio, 

which reduced the [<k>/fdiff]
Edge ratio experienced by the dendrimers in the edge region, 

resulted in an excellent match between the experimental [<k>/fdiff]
exp and the [<k>/fdiff]

th ratios 

in Figure 5.7. Since the derivation of [<k>/fdiff]
th in Equation 5.8 involved the partitioning of 

the PyC10- and PyC12-PAMAM-G0 dendrimers between the polar edges and the hydrophobic 

middle region of the NSSA, the good agreement between [<k>/fdiff]
exp and [<k>/fdiff]

th in Figure 

5.7 further validates the notion that NSSA are composed of two regions, as had been proposed 

in the two earlier studies.18,23 This was further supported by noting that all the [<k>/fdiff]
exp 

ratios obtained for the PyCX-PAMAM-G0 samples in this and two earlier studies dealing with 

various NSSA clustered around master lines in Figure 5.8. The fact that all [<k>/fdiff]
exp ratios 

obeyed a same function of fEdge given by Equation 5.8 confirmed the generality of the 

partitioning model proposed in Figure 5.1D for the dendrimers and supports the mechanism 

proposed earlier to predict the formation of NSSA.23 The simplicity and far-reaching 
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implications of the spatial partitioning theory about the composition of NSSA will provide a 

useful rational for the formation and behavior of NSSA.
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Chapter 6: Concluding Remarks and Future Work 
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6.1 THESIS CONCLUSION 

This thesis presented a systematic investigation into the conformational behavior of generation-

0 polyamidoamine dendrimers end-labeled with 1-pyrenealkanoyl groups (PyCX-PAMAM-G0) 

as they interacted with various surfactant aggregates. By applying the highly sensitive 

technique of pyrene excimer formation (PEF) and leveraging the global model-free analysis 

(MFA) of fluorescence decays, these dendrimers were employed both as subjects of 

conformational studies as they interacted with surfactant aggregates and as molecular probes 

to reveal some under-examined features of surfactant assemblies. 

In Chapter 2, the conformation of the dendrimers was characterized in polar organic 

solvents and micellar environments. It was found that the internal segments of the dendrimers 

with short alkanoyl linkers obeyed Gaussian statistics in all systems, while those with longer 

linkers exhibited a conformational inversion when embedded in surfactant micelles made of 

sodium dodecyl sulfate (SDS) or dodecyltrimethylammonium bromide (DTAB). This effect 

was attributed to strong hydrophobic interactions between the long alkanoyl linkers of the 

dendrimers and the micellar core. These findings not only demonstrated an interesting 

experimental means for characterizing the conformation of hydrophobically modified, water-

soluble macromolecules (HMWSM) like the PyCX-PAMAM-G0 dendrimers but also raised 

the possibility of using a similar approach to study the behavior of biological macromolecules 

such as amphipathic peptides interacting with biological membranes. 

The third chapter extended this investigation to mixed micelles composed of oppositely 

charged surfactants (SDS and DTAB), revealing that increasing DTAB content reduced the 

extent of conformational inversion for the PyC10- and PyC12-PAMAM-G0 dendrimers. This 

behavior was linked to a change in the hydrophobicity gradient (HG) experienced by the 

dendrimers as the shape of the surfactant aggregates evolved from a sphere for pure SDS 

micelles to elongated ellipsoids for the SDS/DTAB mixtures with distinct polar and 
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hydrophobic regions and led to the establishment of the spatial partitioning theory (SPT). The 

SPT was validated for the mixed micelles from the agreement found between the theoretical 

and experimental average rate constant (<k>) for PEF obtained for the dendrimers embedded 

in the surfactant aggregates. The confirmation in Chapter 3 that the dendrimers partitioned 

themselves between the two distinct regions constituting the mixed micelles led to the proposal 

that the PyCX-PAMAM-G0 dendrimers could be employed for probing the interior of other 

surfactant aggregates. This proposal was investigated in the following chapters. 

In Chapters 4 and 5, the PyCX-PAMAM-G0 dendrimers were used as molecular probes to 

probe the edges of non-spherical surfactant aggregates (NSSA) formed by adding salt (NaCl) 

or DTAB and NaCl into SDS aqueous solutions. These experiments confirmed the existence of 

two distinct microdomains within the NSSA: a polar edge region with a curved surface and a 

high HG composed of a fixed number of charged SDS molecules, and a hydrophobic middle 

region with a flatter surface and a low HG composed of partially neutralized surfactants. The 

excellent agreement between the experimental and predicted [<k>/fdiff] ratios and the linear 

relationships between the [<k>/fdiff] ratios and fMid demonstrated that the dendrimers with 

longer linkers partitioned themselves between both regions in the NSSA resulting in the 

observed conformational inversion patterns. This conclusion further demonstrated the 

universality of the SPT in all NSSA that were studied in this thesis and led to a possible 

mechanism for the formation of NSSA presenting these two regions. 

In summary, the results of this thesis offer a new framework for understanding the 

interactions between dendrimers and surfactant aggregates and provide compelling evidence 

for a general two-region model for NSSA. The ability of pyrene-labeled dendrimers to probe 

local environments with molecular-level precision demonstrates their potential as versatile 

tools in soft matter and colloid science. This work lays a solid foundation for future studies 

aimed at unraveling the internal characteristics of assemblies made of complex biological or 
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synthetic amphiphilic molecules as well as the conformation and behavior of hydrophobically 

modified macromolecules encapsulated in surfactant aggregates. 

 

6.2 FUTURE WORK 

By demonstrating the applicability of PEF to the characterization of the internal composition 

of NSSA and the conformation of embedded HMWSM, this thesis opens the gate for several 

appealing studies. For NSSA related research, similar studies could be conducted using a 

positively charged surfactant like DTAB as the reference surfactant instead of SDS in this thesis 

to further generalize the SPT. Based on the current understanding about NSSA and their 

mechanism of formation, an edge region composed of about 50 DTAB molecules, which is the 

Nagg of DTAB micelles formed in pure water, would be expected for NSSA formed by aqueous 

solutions of DTAB to which salt or an oppositely charged surfactant like SDS would be added. 

Such result, if observed, would provide strong evidence that the mechanism of NSSA formation 

is general and applies to all NSSA formed through partial neutralization of a reference 

surfactant with salt or oppositely charged surfactants. These experiments could be extended to 

other surfactants such as gemini surfactants with two charged headgroups or non-ionic 

surfactants to check if the two-region behavior can be reproduced with these different 

surfactants. Furthermore, the effect of other parameters such as the solution temperature, pH, 

or the tail length of the oppositely charged surfactant could help improve the understanding of 

all types of NSSA. The effect that such parameters have on aqueous surfactant solutions would 

provide valuable information for research and development in the many fields where 

surfactants are involved. For instance, most personal care products and detergents now contain 

SDS and multiple types of non-ionic surfactants, and the use of hot water (in bath, 

dishwashers…) is very common. Many foods and cosmetics with emulsifiers are stored at 

lower temperature, with the generalized use of pH modifiers such as citric acid. Moreover, lipid 
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bilayers would also be worth studying as examples of NSSA without edges to investigate how 

the PyCX-PAMAM-G0 dendrimers interact with these bilayer structures at the molecular level. 

The dual region feature found with the NSSA might also exist in smaller bilayer structures such 

as in the vesicles formed during endocytosis and those used in pharmaceutical applications 

such as for drug delivery vehicles. 

On the other hand, information about the conformation of other HMWSM as they interact 

with surfactant aggregates could be determined by labeling a WSM with pyrene derivatives 

and applying the methodology described in this thesis. Examples of other dendritic molecules 

could involve dendrimers with a bis-hydroxymethylpropionic acid (HMPA) or a 

polyethyleneimine backbone, which are commercially available. The HMPA dendrimers are of 

interest since they are neutral and do not get charged with changes in pH contrary to the PyCX-

PAMAM-G0 dendrimers. Other studies could also involve PAMAM-G1 dendrimers with eight 

amine terminals, which could be modified with twice more 1-pyrenealkanoyl groups. How 

these dendritic macromolecules would interact with different types of surfactant aggregates 

would provide some generality to the trends obtained so far with the PyCX-PAMAM-G0 

dendrimers. 

Overall, the characterization of the conformation of pyrene-labeled dendrimers in 

restricted domains, and the subsequent use of this information to elucidate the chemical 

composition of these domains, represents a valuable research direction with applicability to 

many fields.  
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Appendix A: S2-SI for Chapter 2 

 

 

 

 

 

 

 

 

 

Figure S2.1. 1H NMR spectrum of PAMAM-G0 labeled with 1-pyrenedecanoic acid (PyC10-

PAMAM-G0) in d6-DMSO. Peaks in the red block represent the pyrene and amide bond 

hydrogens. Peaks in the blue block represent the hydrogens of the four ethylenediamine groups 

in the side chains. 
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Figure S2.2. 1H NMR spectrum of PAMAM-G0 labeled with 1-naphthaleneacetic acid (NpC2-

PAMAM-G0) in d6-DMSO. Peaks in the red block represent the naphthalene and amide bond 

hydrogens. Peaks in the blue block represent the hydrogens of the ethylenediamine groups in 

the side chains. 
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B] Mass spectra of the PyCX-PAMAM-G0 and NpC2-PAMAM-G0 dendrimers 

generated by Matrix assisted laser desorption/ionization – time of flight mass 

spectroscopy (MALDI-ToF MS) 

 

Figure S2.3. Mass spectrum of PAMAM-G0 labeled with 1-pyrenehexanoic acid. The major 

m/z peaks observed at 1709.8 g/mol and 1731.6 g/mol represent the charged dendrimer 

(expected molar mass = 1710.2 g/mol) and a charged complex between the dendrimer and a 

sodium ion (expected molar mass = 1733.2 g/mol), respectively. 
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Figure S2.4. Mass spectrum of PAMAM-G0 labeled with 1-pyrenedecanoic acid. The major 

m/z peaks observed at 1933.5 g/mol and 1955.6 g/mol represent the charged dendrimer 

(expected molar mass = 1934.6 g/mol) and a charged complex between the dendrimer and a 

sodium ion (expected molar mass = 1957.6 g/mol), respectively. 
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Figure S2.5. Mass spectrum of PAMAM-G0 labeled with 1-naphthaleneacetic acid. The major 

m/z peaks observed at 1189.5 g/mol and 1211.4 g/mol represent the charged dendrimer 

(expected molar mass = 1189.5 g/mol) and a charged complex between the dendrimer and a 

sodium ion (expected molar mass = 1212.5 g/mol), respectively. 
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C] Sample preparation 

In this study, extreme attention was paid to the establishment of experimental conditions that 

would minimize aggregation of the pyrenyl labels in the PyCX-PAMAM-G0 samples 

associated with the surfactant micelles. This was a challenging task as pyrene, with a solubility 

of 0.7 M in water,48 is very hydrophobic, which complicates the solubilization of the PyCX-

PAMAM-G0 samples in the surfactant micelles in water. Several methods were implemented 

to dissolve the PyCX-PAMAM-G0 samples in the 50 mM surfactant aqueous solutions and two 

of these methods are described hereafter.  

DMSO Method: According to the DMSO Method, 10 mL of a 50 mM aqueous surfactant 

solution was prepared along with a 1 mM PyCX-PAMAM-G0 stock solution in DMSO. The 

PyCX-PAMAM-G0 stock solution in DMSO was preheated to 65 oC to ensure the full 

dissolution of the dendrimers and a small volume, between 5 and 15 L depending on the 

desired final concentration of PyCX-PAMAM-G0 sample in the 50 mM surfactant aqueous 

solution, was added directly into the surfactant solution yielding a 0.5-to-1.5 M PyCX-

PAMAM-G0 aqueous solution with 50 mM surfactant. 

Hybrid Method: In the Hybrid Method, the desired amount of SDS or DTAB was added into 

an empty round bottom flask and its mass was recorded. The flask was sealed with a rubber 

septum. A small volume (5-15 L) of preheated 1 mM PyCX-PAMAM-G0 stock solution in 

DMSO was transferred into the sealed flask. About 10 mL of chloroform was then added to the 

flask and the mixture was sonicated. The suspension was then dried under constant air flow 

resulting in a film containing the PyCX-PAMAM-G0 samples and the surfactant. This process 

was sufficient to remove the chloroform for the SDS mixtures but not for the DTAB mixtures. 

For DTAB, the mixtures were left in a vacuum oven overnight to ensure that the chloroform 

had been removed. The resulting film of surfactant and PyCX-PAMAM-G0 sample was then 
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redissolved in 10 mL of MilliQ™ water. 

 

D] Assessment of the solubility of the PyCX-PAMAM-G0 samples in 50 mM surfactant 

aqueous solutions based on the analysis of pyrene excimer fluorescence decays and UV-

Vis absorption spectra 

The spectral features considered for good solvation of the pyrenyl labels involved the 

observation of sharp absorption bands in the absorption spectra and a well-defined rise time in 

the pyrene excimer fluorescence decay. Many experimental conditions used to prepare aqueous 

solutions of the PyCX-PAMAM-G0 samples with 50 mM surfactant were found to lead to 

excessive aggregation of the pyrenyl labels in the PyCX-PAMAM-G0 samples, which 

prevented the characterization of the photophysical properties of these samples. 

 An example of the absorption spectrum for PyC8-PAMAM-G0 obtained by the DMSO 

Method is shown as the red trace in Figure S2.6. The absence of the sharp absorption bands 

around 340 nm in the absorption spectrum reflects aggregation of the pyrenyl labels. However, 

since a flat baseline was obtained, it suggested that the resulting aggregates involved few PyC8-

PAMAM-G0 dendrimers. In contrast, the PyC8-PAMAM-G0 aqueous solution with 50 mM 

DTAB prepared according to the Hybrid Method yielded the absorption spectrum shown as a 

black trace in Figure S2.6. This absorption spectrum shows the sharp bands expected for the 

pyrenyl labels with a peak-to-valley ratio (PA) of 2.5.  
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Figure S2.6. Absorption spectra acquired for the PC8-PAMAM-G0 aqueous solution with 50 

mM DTAB prepared according to (red trace) the DMSO Method and (black trace) the Hybrid 

Method. All absorption spectra were acquired with a 5 cm-pathlength UV cell.  

 

Although PA ratios larger than 3.0 would be expected to ensure absence of aggregation,2 

the pyrene excimer fluorescence decay shown in Figure S2.7 exhibited a clear rise time 

indicating low pyrene aggregation. Global MFA of the pyrene monomer and excimer 

fluorescence decays yielded an fagg value of 0.03 confirming the absence of pyrene 

aggregation in this PyC8- PAMAM-G0 solution. Consequently, the Hybrid Method was 

applied to prepare all aqueous solutions of the PyCX-PAMAM-G0 dendrimers with 50 mM 

DTAB, which consistently resulted in minimal aggregation between the pyrenyl labels. While 

the Hydrid Method yielded PyCX-PAMAM-G0 aqueous solutions with 50 mM DTAB that 

showed little pyrene aggregation based on the sharp spectral bands observed in the absorption 

spectra (Figure S2.6) and the global MFA of the fluorescence decays (Figure S2.7), this was 

not the case of the aqueous S11 solutions of the PyCX-PAMAM-G0 samples prepared with 50 

mM SDS, which showed poorly resolved rise times in the pyrene excimer fluorescence decays 

(decay not shown). 
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Figure S2.7. Fluorescence decays of the (left) pyrene monomer and (right) pyrene excimer 

fitted according to the MFA for the PyC8-PAMAM-G0 aqueous solution with 50 mM DTAB. 

The top panels show the fluorescence decays with the instrument response function and the 

line of best fit, while the middle and bottom panels show the residuals and the autocorrelation 

of the residuals, respectively. ex = 344 nm and em = (left) 378 nm and (right) 510 nm. 

 

For the aqueous solutions with 50 mM SDS, the PyCX-PAMAM-G0 concentration was found 

to have a strong effect on the level of aggregation of the pyrenyl labels when using the Hybrid 

Method. An example of the absorption spectra obtained with PyC8-PAMAM-G0 

concentrations of 1.0 mol/L and 0.5 mol/L resulted in the absorption spectra shown in Figure 

S2.8. The higher 1.0 mol/L concentration of PyC8-PAMAM-G0 dendrimers yielded 

absorption spectra with a slopping baseline indicative of large aggregated species being 

probably PyC8- S12 PAMAM-G0 aggregates stabilized by the surfactants. Since the sharp 

bands of solvated pyrenyl labels are also visible around 340 nm, it suggests that some of the 

PyC8-PAMAM-G0 species were solvated but that a large fraction of the dendrimers remained 
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aggregated resulting in the slopping baseline due to the scattering of the large aggregates. The 

fluorescence decays of the pyrene excimer for these solutions showed a less pronounced rise 

time, and the analysis yielded a relatively large molar fraction (fagg) of aggregated pyrenyl 

labels equal to 20%. 

 

 

Figure S2.8. Comparison between the aqueous solution of PC8-PAMAM-G0 with dendrimer 

concentration of (dashed green trace) 1.0 mol/L and (solid green trace) 0.5 mol/L, and 

PyC12-PAMAM-G0 with dendrimer concentration of (dashed black trace) 1.5 mol/L and 

(solid black trace) 0.9 mol/L in 50 mM SDS prepared according to the Hybrid Method. All 

absorption spectra were acquired with a 5 cm-pathlength UV cell. 

 

Lowering the PyC8-PAMAM-G0 dendrimer concentration from 1.0 to 0.5 mol/L 

yielded the absorption spectra shown as solid lines in Figure S2.8 which presented no evidence 

of S13 scattering, and MFA of the fluorescence decays yielded a reduced fagg of only 8%, 

which is the same level of aggregation of PyC8-PAMAM-G0 in DMF and DMSO. For PyC12-

PAMAM-G0, the same phenomenon was observed from the comparison of the absorption 

spectra of the 1.5 and 0.9 mol/L PyC12-PAMAM-G0 in 50 mM SDS solutions presented in 
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Figure S2.8, with the latter absorption spectrum showing no sloping baseline. The fluorescence 

decays of the pyrene monomer and excimer for the aqueous solution of PyC8-PAMAM-G0 

with 50 mM SDS are shown as representative examples in Figure S2.9. The clear rise time 

observed in the pyrene excimer fluorescence decay confirmed the quasi-absence of aggregated 

pyrenyl labels with an fagg value of 0.08. Since application of the Hybrid Method with a low 

PyCX-PAMAM-G0 concentration yielded absorption spectra with sharp bands around 340 nm 

characteristic of the pyrenyl labels and the pyrene excimer fluorescence decays showed a well-

defined rise time, the Hybrid Method was applied to prepare all the aqueous solutions of PyCX-

PAMAM samples with 50 mM SDS using a dendrimer concentration lower than 1 mol/L. 

 

 

Figure S2.9. Fluorescence decays of the pyrene (left) monomer and (right) excimer for the 

aqueous solution of PyC8-PAMAM-G0 with 50 mM SDS. The top panels show the 

fluorescence decays with the instrument response function and the line of best fit, while the 

middle and bottom panels show the residuals and the autocorrelation of the residuals, 

respectively. ex = 344 nm and em = (left) 378 nm and (right) 510 nm. 
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E] Fluorescence Resonance Energy Transfer (FRET) study of the PyCX-PAMAM-G0 

dendrimers 

FRET experiments were conducted to assess whether intermolecular excimer formation 

contributed to the significant increase in observed for the PC10-PAMAM-G0 and PC12- 

PAMAM-G0 samples in the 50 mM SDS and DTAB solutions. The FRET study conducted for 

the PyC10-PAMAM-G0 sample in 50 mM SDS solution is described in detail as an example. 

In the FRET study, stock solutions of NpC2-PAMAM-G0 and PyC10-PAMAM-G0 in 

DMSO were prepared separately. An amount of SDS was added into an empty round bottom 

flask and its mass was recorded. This round bottom flask was then sealed with a rubber septum. 

The NpC2-PAMAM-G0 stock solution in DMSO was preheated to 65°C and approximately 

20 L of this solution was transferred into the sealed flask. The exact mass of NpC2-PAMAM-

G0 stock solution added to the flask was recorded. About 10 mL of chloroform was then added 

in the flask and the mixture was sonicated. The suspension was then dried under constant air 

flow before being redissolved in 10 mL of MilliQ™ water. This NpC2-PAMAM-G0 aqueous 

solution with 50 mM SDS was named the N2-solution. Its fluorescence spectrum was acquired, 

and it is shown in Figure S2.10. The same treatment was applied to prepare the P10-solution 

for the PyC10-PAMAM-G0 aqueous solution with 50 mM SDS. Its fluorescence spectrum was 

acquired and is shown in the same figure. This procedure was repeated once more with a stock 

solution of the mixture of NpC2-PAMAM-G0 and PyC10-PAMAM-G0 in DMSO prepared 

with the same dendrimer concentrations as the concentrations used for the fluorescence spectra 

shown in Figure S2.10. The solution of the mixture in DMSO (20 L) was placed in a flask 

that already contained a known mass of SDS and the mass of the NpC2-PAMAM-G0 and 

PyC10-PAMAM-G0 mixture in DMSO was determined. Chloroform (10 mL) was added. The 

mixture in chloroform was sonicated before being dried under a constant air flow and the 
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resulting solid film was dissolved in 10 mL of MilliQ water. This 50 mM SDS aqueous solution 

with the dendrimer mixture was named Mixture-solution and its spectrum is shown in Figure 

S2.11. 

 

Figure S2.10. Fluorescence spectra of the aqueous solutions of (blue) NpC2-PAMAM-G0 and 

(red) PyC10-PAMAM-G0 with 50 mM SDS. ex = 295 nm. 

 

If FRET were to occur between the excited naphthyl labels of NpC2-PAMAM-G0 and 

the ground-state pyrenyl labels of the PyC10-PAMAM-G0 samples, the naphthyl emission 

would be reduced and the pyrenyl emission would be enhanced. Furthermore, since the Förster 

radius for the naphthalene/pyrene pair equals 3.4 nm,3 the occurrence of FRET would imply 

that the NpC2-PAMAM-G0 and PyC10-PAMAM-G0 samples would coexist inside a same 

micelle. For this reason, the fluorescence spectrum of the Mixture-solution shown in Figure 

S2.11 was compared to the sum of the fluorescence spectra acquired for the individual 50 mM 

SDS solutions of NpC2-PAMAM-G0 and PyC10-PAMAM-G0 shown in Figure S2.10. 
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Figure S2.11. Fluorescence spectrum of the aqueous solution of the mixture of NpC2-

PAMAM-G0 and PyC10-PAMAM-G0 with 50 mM SDS. ex = 295 nm. 

 

To calculate the sum of the two fluorescence spectra in Figure S2.10, their fluorescence 

intensity was adjusted according to the exact mass of stock solution and water added to each 

sample so that slight differences in the NpC2-PAMAM-G0 and PyC10-PAMAM-G0 

concentrations between the N2, P10, and Mixture-solutions could be accounted for. Meanwhile, 

both spectra in Figure S2.10 showed the tail end of the scattering peak at 300 nm due to the 

295 nm excitation light as well as a small peak at 336 nm due to the Stokes shift of water. 

Although the peak at 336 nm resulting from the Stokes shift of water could only be seen in the 

fluorescence spectrum of the P10 solution, it also contributed to the fluorescence spectrum of 

S18 the N2 solution. To avoid adding these two contributions twice in the sum of the 

fluorescence spectra of the N2 and P10 solutions, the fluorescence intensity readings with 

wavelengths between 300 nm and 370 nm were set to zero for the fluorescence spectrum 

obtained with the P10-solution. The fluorescence intensity of both spectra adjusted for minute 
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differences in dendrimer concentration were added and the resulting spectrum was plotted in 

Figure S2.12 as a red dashed line along with the spectrum generated by the 50 mM SDS 

solution with the mixture of the NpC2-PAMAM-G0 and PyC10-PAMAM-G0 samples plotted 

as a solid black line for comparison. 

 

Figure S2.12. Comparison of (red dashed line) the sum of the N2 and P10 fluorescence spectra 

and (black solid line) the spectrum of the NpC2-PAMAM-G0 and PyC10- PAMAM mixture 

in 50 mM SDS aqueous solution. 

 

Figure S2.12 indicates that, within experimental error, the spectrum generated by the 

Mixture-solution overlaps the sum of the fluorescence spectra acquired for the N2 and P10- 

solutions. This perfect overlap led to the conclusion that FRET could not happen between the 

NpC2-PAMAM-G0 and PyC10-PAMAM-G0 samples in the 50 mM SDS solution, which 

demonstrated that the dendrimers existed as isolated molecules in the SDS micelles and that 

the increase in observed for the PyC10-PAMAM-G0 dendrimer in Figure 1.3C in the main text 

could not be the result of intermolecular excimer formation inside a same SDS micelle. 
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The FRET study was then conducted for PyC10-PAMAM-G0 in a 50 mM DTAB aqueous 

solution and PyC12-PAMAM-G0 in the 50 mM SDS aqueous solution and in the 50 mM 

DTAB aqueous solution and the comparison of the respective fluorescence spectra is shown in 

Figures S1.14, S1.15, and S1.16. In each case, a same perfect overlap was found between the 

fluorescence of the mixture of the NpC2-PAMAM-G0 and PyCX-PAMAM-G0 samples in the 

50 mM surfactant aqueous solutions and the fluorescence spectrum obtained by summing the 

individual fluorescence spectra acquired for the NpC2-PAMAM-G0 and PyCX-PAMAM-G0 

samples alone in the 50 mM surfactant aqueous solutions. These results implied that the PyC10- 

and PyC12-PAMAM-G0 samples were present as isolated macromolecules inside the 

surfactant micelles and that their increased values could not be the result of intermolecular PEF. 

 

Figure S2.13. Comparison of (dashed red line) the sum of the fluorescence spectra for the 

NpC2- PAMAM-G0 and PyC12-PAMAM-G0 samples and (black solid line) the fluorescence 

spectrum of the dendrimer mixture in 50 mM SDS aqueous solution. ex = 295 nm. 

 

 

 



 
197 

 

 

 

Figure S2.14. Comparison of (dashed red line) the sum of the fluorescence spectra for the 

NpC2- PAMAM-G0 and PyC10-PAMAM-G0 samples and (black solid line) the fluorescence 

spectrum of the dendrimer mixture in 50 mM DTAB aqueous solution. ex = 295 nm. 

 

Figure S2.15. Comparison of (dashed red line) the sum of the fluorescence spectra for the 

NpC2- PAMAM-G0 and PyC12-PAMAM-G0 samples and (black solid line) the fluorescence 

spectrum of the dendrimer mixture in 50 mM DTAB aqueous solution. ex = 295 nm. 
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E] Global analysis of the monomer and excimer decays of PyCX-PAMAM-G0 using the model 

free analysis 

The fluorescence decays of the pyrene monomer and excimer acquired with the PyCX-

PAMAM-G0 samples were fitted globally according to the MFA using Equations S1 and S2, 

respectively. The parameters in Equations S1 and S2 were optimized according to the 

Marquardt-Levenberg algorithm.4 The MFA retrieved the parameters fdiff (= fdiffE0 + fdiffEL), ffree, 

and fagg (= fE0 + fEL), which represent the molar fractions of the pyrene species, which form 

excimer by diffusion, unreacted pyrene in the solution, and aggregated pyrenes forming 

excimer by direct excitation. 
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F] Parameters obtained from the model free analysis (MFA) of the PyCX-PAMAM-G0 

dendrimers 

Table S2.1. Parameters retrieved from the MFA of the monomer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in degassed N,N-dimethylformamide. 

Derivative a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM χ2 

PyC4 0.530  7.470  0.420  12.400  0.000  48.760  0.050  138.000  1.060  

PyC6 0.438  6.784  0.541  12.800  0.016  40.888  0.006  132.000  1.201  

PyC8 0.610  15.140  0.330  6.570  0.040  39.950  0.020  130.000  1.180  

PyC10 0.430  7.986  0.554  14.844  0.012  51.524  0.004  133.000  0.991  

PyC12 0.140  4.180  0.740  14.860  0.090  38.550  0.030  130.000  1.050  

 

Table S2.2. Parameters retrieved from the MFA of the excimer fluorescence decays of PyCX-

PAMAM-G0 dendrimers in degassed N,N-dimethylformamide. 

Derivative fdiffE0 fEdiffD 
τE0 

(ns) 

τD 

(ns) 

τS 

(ns) 
fEE0 fED fES

* χ2 fagg 

PyC4 0.23 0.42  36.5  51.8 3.5 0.00  0.04  0.31  1.06 0.040  

PyC6 0.17 0.74  59.5  40.7 - 0.02  0.07  - 1.20 0.093  

PyC8 0.08 0.82  58.8  46.6 -  0.04  0.05 -  1.18  0.090  

PyC10 0.19 0.73  56.1  42.3 - 0.01  0.08  -  0.99 0.087  

PyC12 - 0.93  0  47.0  -  0.00  0.07  -  1.05 0.070  

 

Table S2.3. Parameters retrieved from the MFA of the monomer fluorescence decays of PyCX-

PAMAM-G0 dendrimers in degassed dimethyl sulfoxide. 

Derivative a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM χ2 

PyC4 0.89 5.03 0.07 12.00 0.01 93.81 0.038  173 1.13 

PyC6 0.69 5.36 0.27 9.39 0.03 46.27 0.010  161 1.06 

PyC8 0.40 4.02 0.55 9.54 0.03 47.74 0.016  161 1.03 

PyC10 0.19 4.78 0.74 8.68 0.04 44.84 0.020  161 1.02 

PyC12 0.21 4.79 0.67 12.00 0.06 45.81 0.055  161 1.00 
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Table S2.4. Parameters retrieved from the MFA of the excimer fluorescence decays of PyCX-

PAMAM-G0 dendrimers in degassed dimethyl sulfoxide. 

Derivative fdiff
E0 fEdiff

D τE0 (ns) τD (ns) τS (ns) fEE0 fED fES
* χ2 fagg 

PyC4 0.30  0.21  52.33  23.54  3.50  0.22  0.00  0.22  1.13  0.221  

PyC6 0.31  0.66  45.73  50.83  3.50  0.00  0.03  0.00  1.02  0.028  

PyC8 -  0.97  -  49.99  -  -  0.03  -  1.03  0.034  

PyC10 0.05  0.88  23.52  50.44  3.50  0.00  0.03  0.04  1.06  0.027  

PyC12 0.36  0.59  34.65  51.25  -  0.02  0.03  -  1.00  0.052  

 

Table S2.5. Parameters retrieved from the MFA of the monomer fluorescence decays of PyCX-

PAMAM-G0 dendrimers in 50 mM SDS aqueous solution done in triplicates. 

 

Derivative 
a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM χ2 

PyC4 0.41  4.83  0.49  10.82  0.03  41.91  0.065  132  1.06  

PyC4-2 0.37  4.70  0.54  11.42  0.03  42.39  0.057  132  1.11  

PyC4-3 0.26  4.26  0.51  9.51  0.15  19.41  0.077  132  1.11  

PyC6 0.24  4.42  0.66  12.40  0.07  30.76  0.036  127  1.19  

PyC6-2 0.20  3.14  0.64  10.62  0.15  23.01  0.011  127  1.07  

PyC6-3 0.21  4.14  0.71  12.76  0.07  31.45  0.007  127  1.12  

PyC8 0.18  3.04  0.55  12.94  0.21  28.42  0.054  127  1.19  

PyC8-2 0.20  3.59  0.54  14.01  0.23  29.91  0.034  127  1.10  

PyC8-3 0.19  3.48  0.61  14.46  0.17  32.46  0.029  127  1.09  

PyC10 0.28  2.98  0.53  11.17  0.15  22.70  0.035  127  0.90  

PyC10-2 0.30  2.20  0.53  10.16  0.14  23.65  0.024  127  1.13  

PyC10-3 0.28  2.75  0.56  11.71  0.15  24.29  0.011  127  1.08  

PyC12 0.28  1.69  0.41  7.74  0.21  20.20  0.103  127  1.14  

PyC12-2 0.29  2.09  0.42  8.08  0.21  21.33  0.074  127  1.12  

PyC12-3 0.37  2.88  0.49  11.09  0.09  36.71  0.046  127  1.00  
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Table S2.6. Parameters retrieved from the MFA of the excimer fluorescence decays of PyCX-

PAMAM-G0 dendrimers in 50 mM SDS aqueous solution done in triplicates. 

Derivative fdiffE0 fEdiffD 
τE0 

(ns) 

τD 

(ns) 

τS 

(ns) 
fEE0 fED fES χ2 fagg <fagg> 

PyC4 0.12 0.47 32.9 52.6 3.50 0.00 0.07 0.34 1.06 0.07 

0.05  PyC4-2 0.30 0.35 41.8 55.4 3.50 0.00 0.05 0.30 1.10 0.05 

PyC4-3 0.10 0.51 30.1 53.4 3.50 0.00 0.02 0.37 1.11 0.02 

PyC6 0.42 0.28 54.6 40.1 3.50 0.08 0.00 0.22 1.19 0.08 

0.10  PyC6-2 0.52 0.35 43.6 56.9 3.50 0.02 0.10 0.00 1.07 0.13 

PyC6-3 0.65 0.25 50.2 48.2 3.50 0.00 0.10 0.00 1.12 0.10 

PyC8 0.46 0.46 49.9 50.3 3.50 0.00 0.08 0.00 1.19 0.08 

0.03  PyC8-2 0.50 0.38 47.3 54.4 3.50 0.01 0.00 0.11 1.10 0.01 

PyC8-3 0.55 0.35 50.5 50.6 3.50 0.00 0.01 0.09 1.09 0.01 

PyC10 0.00 0.67 48.2 50.9 3.50 0.09 0.23 0.00 1.07 0.33 

0.24  PyC10-2 0.20 0.55 39.0 51.3 3.50 0.00 0.22 0.02 1.13 0.22 

PyC10-3 0.04 0.77 43.4 52.7 3.50 0.16 0.02 0.00 1.08 0.18 

PyC12 0.57 0.00 46.4 57.3 3.50 0.17 0.26 0.00 1.14 0.43 

0.40  PyC12-2 0.00 0.67 28.0 50.5 3.50 0.46 0.00 0.00 1.12 0.46 

PyC12-3 0.04 0.54 48.8 48.5 3.50 0.11 0.20 0.11 1.00 0.31 

 

 

Table S2.7. Parameters retrieved from the MFA of the monomer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 50 mM DTAB solution. 

 

Derivative 
a1 

τ1 

(ns) 
a2 

τ2 

(ns) 
a3 

τ3 

(ns) 
fMfree 

τM 

(ns) 
χ2 

PyC4 0.39 4.32 0.54 11.3 0.05 65.1 0.019  132 1.14 

PyC6 0.23 4.53 0.72 14.4 0.04 40.3 0.003  127 1.08 

PyC8 0.172  5.102  0.73  17.7  0.09  47.3  0.009  127  1.08  

PyC10 0.16  3.47  0.74  16.4  0.10  35.8  0.003  127  1.08  

PyC12 0.28  3.62  0.60  15.5  0.11  41.5  0.015  127  1.22  
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Table S2.8. Parameters retrieved from the MFA of the excimer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 50 mM DTAB solution. 

Derivative fdiffE0 fEdiffD 
τE0 

(ns) 

τD 

(ns) 

τS  

(ns) 
fEE0 fED fES χ2 fagg 

PyC4 0.11  0.49  34.17  48.14  3.50  0.00  0.08  0.32  1.14  0.08  

PyC6 0.07  0.85  16.02  47.66  3.50  0.00  0.06  0.02  1.08  0.06  

PyC8 0.61  0.31  47.41  43.94  3.50  0.03  0.00  0.05  1.08  0.03  

PyC10 0.51  0.39  46.14  50.25  3.50  0.05  0.05  0.00  1.08  0.10  

PyC12 0.39  0.43  46.49  47.72  3.50  0.00  0.06  0.12  1.22  0.06  

 

 

 

G] Equations used for the end-to-end distance of the dendrimers 

Equation S2.3 was used to calculate the squared average end-to-end distance of the PyCX-

PAMAM-G0 dendrimers with a (= X), b (= 7), and c (= 4) representing the number of carbon 

atoms in the linker connecting the pyrene moiety to the PAMAM-G0 dendrimer, the number 

of non-hydrogen atom in the aminoethyl propionamide building block of the PAMAM 

dendrimer, and the diaminoethylene core of the dendrimer, respectively. 
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Appendix B: S3-SI for Chapter 3 

A] Equations used for the global model free analysis of the monomer and excimer 

fluorescence decays of the PyCX-PAMAM-G0 samples 

The fluorescence decays of the pyrene monomer and excimer acquired with the PyCX-

PAMAM-G0 samples were fitted globally according to the MFA using Equations S3.1 and 

S3.2, respectively. The parameters in Equations S3.1 and S3.2 were optimized according to the 

Marquardt-Levenberg algorithm.48 The MFA retrieved the parameters fdiff  (= fdiffE0 + fdiffEL), 

ffree, and fagg (= fE0 + fEL), which represent the molar fractions of the pyrene species, which form 

excimer by diffusion, unreacted pyrenyl derivatives in the solution, and aggregated pyrenes 

forming excimer by direct excitation.  
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B] Parameters obtained from the model free analysis (MFA) of the fluorescence decays 

acquired with the PyCX-PAMAM-G0 samples 

 

Table S3.1. Parameters retrieved from the MFA of the monomer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 5 mM DTAB and 45 mM SDS aqueous solution. 

Derivative a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM χ2 

PyC4 0.25 4.28 0.63 11.41 0.05 38.45 0.059  132 1.07  

PyC6 0.30  6.00 0.60 13.66 0.10 27.03 0.010  127 1.24  

PyC8 0.20 3.67 0.59 14.88 0.17 33.74 0.029  127 1.06  

PyC10 0.31  2.62  0.58  11.09  0.10  27.30  0.012  127  1.16  

PyC12 0.42 2.04 0.43 10.00 0.10 36.63 0.043  127 0.99  

 

 

 

 

 

Table S3.2. Parameters retrieved from the MFA of the excimer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 5 mM DTAB and 45 mM SDS aqueous solution. 

Derivative fdiffE0 fEdiffD 
τE0 

(ns) 

τD 

(ns) 

τS 

(ns) 
fEE0 fED fES

* χ2 fagg 

PyC4 0.13  0.51  44.8  49.6  3.5  0.04  0.00  0.32  1.07  0.05  

PyC6 0.31  0.59  47.0  49.4  3.5  0.01  0.08  0.01  1.24  0.09  

PyC8 0.49  0.41  47.6  47.6  3.5  0.00  0.01  0.08  1.06  0.01  

PyC10 0.12  0.62  52.7  47.6  3.5  0.16  0.10  0.00  1.16  0.27  

PyC12 0.00  0.51  40.8  49.5  3.5  0.24  0.21  0.04  0.99  0.45  
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Table S3.3. Parameters retrieved from the MFA of the monomer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 10 mM DTAB and 40 mM SDS aqueous solution done in 

triplicates. 

 

Derivative 
a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM χ2 

PyC4 0.28  4.90  0.61  14.52  0.05  46.53  0.06  132  1.07  

PyC4-2 0.33  5.89  0.56  15.04  0.06  44.15  0.06  132  1.15  

PyC4-3 0.15  4.53  0.62  13.57  0.17  29.12  0.06  132  1.04  

PyC6 0.22  4.79  0.66  15.01  0.11  33.96  0.01  127  1.12  

PyC6-2 0.19  3.46  0.64  13.87  0.16  30.00  0.01  127  1.16  

PyC6-3 0.19  4.26  0.65  15.97  0.16  32.63  0.01  127  1.03  

PyC8 0.22  3.65  0.49  14.99  0.26  33.24  0.03  127  1.13  

PyC8-2 0.21  3.58  0.50  15.73  0.26  35.60  0.03  127  1.13  

PyC8-3 0.19  4.60  0.47  16.70  0.30  36.02  0.03  127  1.08  

PyC10 0.31  4.32  0.49  15.02  0.19  31.32  0.01  127  1.07  

PyC10-2 0.30  3.38  0.50  13.64  0.19  30.07  0.01  127  1.19  

PyC10-3 0.25  13.71  0.46  13.71  0.28  28.89  0.01  127  1.13  

PyC12 0.34  4.13  0.44  14.39  0.18  35.09  0.03  127  1.03  

PyC12-2 0.31  3.14  0.46  11.63  0.21  30.75  0.03  127  1.19  

PyC12-3 0.33  4.68  0.43  16.28  0.21  36.69  0.03  127  1.05  
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Table S3.4. Parameters retrieved from the MFA of the excimer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 10 mM DTAB and 40 mM SDS aqueous solution done in 

triplicates. 

Derivative fdiffE0 fEdiffD 
τE0 

(ns) 

τD 

(ns) 

τS 

(ns) 
fEE0 fED fES χ2 fagg <fagg> 

PyC4 0.18  0.44  43.6  52.3  3.50  0.00  0.03  0.35  1.07  0.03  

0.05  PyC4-2 0.30  0.35  48.9  48.9  3.50  0.02  0.03  0.33  1.15  0.05  

PyC4-3 0.27  0.33  43.5  55.1  3.50  0.00  0.06  0.35  1.04  0.06  

PyC6 0.39  0.52  49.4  49.4  3.50  0.01  0.06  0.02  1.12  0.07  

0.06  PyC6-2 0.43  0.49  48.9  49.2  3.50  0.00  0.04  0.04  1.16  0.04  

PyC6-3 0.53  0.40  51.8  47.4  3.50  0.00  0.06  0.01  1.03  0.06  

PyC8 0.50  0.41  47.6  47.6  3.50  0.00  0.00  0.09  1.13  0.00  

0.02  PyC8-2 0.45  0.46  47.0  47.4  3.50  0.00  0.00  0.08  1.13  0.00  

PyC8-3 0.37  0.54  48.5  49.6  3.50  0.00  0.04  0.06  1.08  0.04  

PyC10 0.44  0.43  49.3  48.6  3.50  0.05  0.09  0.00  1.07  0.13  

0.11  PyC10-2 0.42  0.48  48.0  49.9  3.50  0.05  0.05  0.00  1.19  0.10  

PyC10-3 0.34  0.56  51.2  49.4  3.50  0.01  0.10  0.00  1.13  0.10  

PyC12 0.22  0.65  47.6  48.0  3.50  0.04  0.04  0.05  1.03  0.09  

0.07  PyC12-2 0.45  0.45  47.8  47.9  3.50  0.01  0.02  0.06  1.19  0.04  

PyC12-3 0.43  0.46  49.7  48.3  3.50  0.00  0.07  0.03  1.05  0.08  

 

 

 

Table S3.5. Parameters retrieved from the MFA of the monomer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 12.5 mM DTAB and 37.5 mM SDS aqueous solution. 

 

Derivative 
a1 

τ1 

(ns) 
a2 

τ2 

(ns) 
a3 

τ3 

(ns) 
fMfree 

τM 

(ns) 
χ2 

PyC4 0.28  4.67  0.59  14.04  0.07  45.66  0.06  132  1.03  

PyC6 0.19  4.28  0.66  14.67  0.13  32.93  0.01  127  1.03  

PyC8 0.22  4.02  0.52  16.55  0.23  36.51  0.03  127  1.05  

PyC10 0.32  5.71  0.41  16.09  0.26  29.58  0.01  127  1.19  

PyC12 0.30  4.68  0.46  15.82  0.22  36.52  0.02  127  1.04  
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Table S3.6. Parameters retrieved from the MFA of the excimer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 12.5 mM DTAB and 37.5 mM SDS aqueous solution. 

Derivative fdiffE0 fEdiffD 
τE0 

(ns) 

τD 

(ns) 

τS  

(ns) 
fEE0 fED fES χ2 fagg 

PyC4 0.30  0.34  44.3  51.3  3.5  0.00  0.01  0.34  1.03  0.01  

PyC6 0.26  0.66  47.9  47.0  3.5  0.00  0.07  0.01  1.03  0.07  

PyC8 0.34  0.58  46.8  47.5  3.5  0.00  0.00  0.08  1.05  0.00  

PyC10 0.60  0.31  46.0  47.5  3.5  0.04  0.05  0.00  1.19  0.09  

PyC12 0.51  0.40  45.8  45.8  3.5  0.02  0.02  0.06  1.04  0.03  

 

Table S3.7. Parameters retrieved from the MFA of the monomer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 15 mM DTAB and 35 mM SDS aqueous solution. 

Derivative a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM χ2 

PyC4 0.30  4.95  0.61  15.60  0.05  55.48  0.04  132  1.07  

PyC6 0.21  4.48  0.67  16.30  0.11  37.01  0.01  127  1.06  

PyC8 0.20  5.04  0.51  20.98  0.27  42.05  0.03  127  1.20  

PyC10 0.20  5.10  0.40  18.16  0.39  36.19  0.01  120  1.08  

PyC12 0.16  4.46  0.38  15.25  0.42  37.96  0.03  120  1.12  

 

 

Table S3.8. Parameters retrieved from the MFA of the excimer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 15 mM DTAB and 35 mM SDS aqueous solution. 

Derivative fdiff
E0 fEdiff

D τE0 (ns) τD (ns) τS (ns) fEE0 fED fES
* χ2 fagg 

PyC4 0.30  0.35  49.07  49.08  3.50  0.00  0.01  0  1.07  0.01  

PyC6 0.55  0.37  48.30  48.31  3.50  0.01  0.04  0  1.06  0.05  

PyC8 0.38  0.54  49.27  48.37  3.50  0.00  0.00  0  1.20  0.00  

PyC10 0.67  0.29  50.24  48.46  3.50  0.02  0.01  0  1.08  0.02  

PyC12 0.49  0.44  48.23  50.22  3.50  0.00  0.00  0  1.12  0.00  
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C] Equation used for the probability of finding two pyrenyl ends in a PyCX-PAMAM-

G0 dendrimer within a distance r from each other 

 

The PyCX-PAMAM-G0 dendrimers were parametrized according to Figure S3.1, where the 

parameters a, b, and c are the number of non-hydrogen atoms in the segments separating two 

pyrenyl groups and equal X, 7, and 4, respectively. Figure S3.1 indicates that one excited pyrene 

is separated from one ground-state pyrene by 2a + 2b + 1 atoms and it is separated from two 

ground-state pyrenes by 2a + 2b + c atoms. Assuming that the internal segments separating 

every two pyrenyl labels obey Gaussian Statistics, the probability (W(r)) of finding one ground-

state pyrene from one excited pyrene used to calculate the radial distribution function (r2×W(r)) 

is given by Equation S3.3, where 1
2 =3/(2×(2a+2b+1)l2) and 2

2 =3/(2×(2a+2b+c)l2) and l is 

an average bond length. 

 

Figure S3.1. Parametrization of the PyCX-PAMAM-G0 dendrimers 

 

     
2 2 2 2

1 2

3 3

1 21
( ) 2

3

r r
W r e e

  

 

− −
    

=  +    
     

         (S3.3) 

 Integration of the radial distribution function yields LPy
2 given in Equation 3.4 in the main 

text. 
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Appendix C: S4-SI for Chapter 4 

A] Materials, sample preparation, instruments, and analyzing methods  

Materials: The synthesis and characterization by 1H NMR and mass spectrometry of the PyCX-

PAMAM-G0 samples with X = 4, 6, 8, 10, and 12 has been reported in earlier publications.1-3 

Omnipur® sodium dodecyl sulfate (SDS, >99%) and Sodium Chloride (99%) were purchased 

from Aldrich and used as received. Doubly distilled deionized water from Millipore Milli-RO 

10 Plus and Milli-Q UF Plus (Bedford, MA) was used to prepare all aqueous solutions. 

PyCX-PAMAM-G0 sample preparation: The procedure established in an earlier study was 

followed. The PyCX-PAMAM-G0 dendrimers and SDS were first suspended in chloroform, 

before evaporating the solvent under a gentle air stream resulting in a thin layer of white powder 

at the bottom of the round bottom flask. Upon rehydration with the appropriate amount of water, 

clear solutions of the PyCX-PAMAM-G0 samples were obtained in 50 mM SDS solutions. 

Since the 50 mM SDS concentration exceeded the 8 mM critical micelle concentration, SDS 

micelles formed that provided the hydrophobic environment required for the solvation of the 

1-pyrenealkanoyl groups of the PyCX-PAMAM-G0 samples. Consequently, the solution 

exhibited well-defined absorption bands suggesting that the pyrenyl groups were well solvated. 

Furthermore, the pyrene excimer fluorescence decays showed a defined rise time as expected 

for excimer formation through diffusive encounters between solvated pyrenyl moieties. The 

NaCl concentration in the 50 mM SDS aqueous solution was adjusted from 0 to 100 mM and 

from 100 to 620 mM by adding a minimum volume of a 1 M or 5 M NaCl, respectively. 

 

UV-Vis absorption measurements: To obtain a reasonable signal-to-noise ratio, the absorption 

spectra of dilute 0.3 × 10⁻⁶ M and 0.6 × 10⁻⁶ M PyCX-PAMAM-G0 aqueous solutions 

containing 50 mM SDS were measured using a 5.0 cm pathlength quartz cell on a Cary 100 

UV-Visible spectrophotometer. 
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Steady-state fluorescence: The xenon arc-lamp of a HORIBA QM-400 spectrofluorometer was 

used to excite the PyCX-PAMAM-G0 at 344 nm. The fluorescence spectra of the PyCX-

PAMAM-G0 solutions were acquired from 350 to 650 nm with a 1 nm slit width on the 

excitation and emission monochromators. Integration of the fluorescence spectra from 376 to 

382 nm and from 500 to 530 nm yielded the fluorescence intensity of the pyrene monomer (IM) 

and excimer (IE), respectively. The IE/IM(SSF) ratio was obtained by dividing IE by IM, which 

was taken as a measure of the PEF efficiency for a given PyCX-PAMAM-G0 solution. 

Time-resolved fluorescence: A FluoroHub time-resolved fluorometer from HORIBA was 

employed to obtain the pyrene monomer and excimer fluorescence decays of the PyCX-

PAMAM-G0 aqueous solutions. The solutions were excited with a 336 nm DeltaDiode laser. 

Both pyrene monomer and excimer fluorescence decays had 20,000 counts at their decay 

maximum and were acquired at 379 and 510 nm over 1,024 channels with a time-per-channel 

of 0.44 and 0.87 ns and a 370 and 495 nm cut off filter, respectively. The cut off filters were 

inserted at the entrance of the emission monochromator to prevent stray light from reaching 

the photomultiplier tube detector. A triangular aluminium monolith was used for the instrument 

response function, which was obtained by setting the emission wavelength at the same 336 nm 

excitation wavelength. 

Global model free analysis of the monomer and excimer fluorescence decays: The fluorescence 

emitted by pyrene-labeled macromolecules (PyLM) is due to three pyrene species, whose 

behavior is well-described by the MFA.4 They are the species Pydiff*, Pyfree*, and Pyagg*. Pydiff* 

describes those pyrenyl labels (Pydiff*) forming excimer by diffusive encounters. The species 

Pyfree* represents pyrenyl labels that are not attached to the macromolecule and emit with their 

lifetime (M). The species Pyagg* represents the two pyrene subspecies E0* and D* that are well 

and poorly stacked with a ground-state pyrene label and emit with a shorter and longer lifetimes 

E0 and D, respectively. The global MFA of the pyrene monomer and excimer fluorescence 
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decays yields the molar fractions fdiff, ffree, fE0, and fD of the pyrene species Pydiff*, Pyfree*, E0*, 

and D*, respectively, with fagg being equal to the sum fE0 + fD representing the aggregated 

pyrenes (Pyagg*). 

The MFA acknowledges that any fluorescence decay can be fitted with a sum of exponentials. 

Consequently, the sum of exponentials shown in Equation S4.1 is used to fit the pyrene 

monomer fluorescence decays. The front part of Equation S4.1 describes PEF by diffusive 

encounters whereas the exponential with the longest lifetime M represents the species Pyfree*. 

Equation S4.2 was derived from the classic kinetic scheme for pyrene excimer formation and 

is used to the pyrene excimer fluorescence decays. The Marquardt-Levenberg algorithm5 was 

used to optimize the parameters in Equations S1 and S2. These parameters were used to 

determine the molar fractions fdiff (= fdiffE0 + fdiffD), ffree, and fagg (= fE0 + fD), which represent the 

molar fractions of the pyrene species, which form excimer by diffusion, do not form excimer, 

and are aggregated and form excimer by direct excitation.  
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The pre-exponential factors (ai) and decay times (i) obtained from the MFA of the fluorescence 

decays in the front part of Equation S4.1 were used to calculate the average lifetime <> with 
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Equation S4.3. <> could then be used to determine <k> according to Equation S4.4. 
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k
 

  = −
 

           (S4.4) 

 

In the global MFA of the pyrene monomer and excimer fluorescence decays, the IRF was 

convoluted with Equations S1 and S2 and both convolution products were compared with the 

experimental decays after optimization of the MFA parameters according to the Marquardt-

Levenberg algorithm.Error! Bookmark not defined. A fit was deemed satisfactory if the global 2 was 

smaller than 1.3 and the residuals and autocorrelation of the residuals were randomly 

distributed around zero. 
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B] UV-vis spectra of PyCX-PAMAM-G0 in NSSA at various NaCl concentration. 

 

Figure S4.1. Baseline corrected UV-Vis absorption spectra of (top left) PyC4-PAMAM-G0, 

(top middle) PyC6-PAMAM-G0, (top right) PyC8-PAMAM-G0, (bottom left) PyC10-

PAMAM-G0, and (bottom right) PyC12-PAMAM-G0 in 50 mM SDS aqueous solution with 

[NaCl] ranging from 0 to 620 mM. No significant absorption is observed at longer wavelength. 

The difference in absorption observed in top left figure is because the UV-vis experiment is 

conducted separately under 0-100mM and 200mM-620 mM range of [NaCl] with different 

PyC4-PAMAM-G0 concentrations. The different concentrations used in these experiments had 

no affect on their conformation and the fluorescence results. 
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C] Fluorescence spectra of the PyCX-PAMAM-G0 samples in 50 mM SDS aqueous 

solutions at various NaCl concentrations. 

 

Figure S4.2. Fluorescence spectra of (top left) PyC4-PAMAM-G0, (top middle) PyC6-

PAMAM-G0, and (top right) PyC8-PAMAM-G0 in 50 mM SDS aqueous solution with [NaCl] 

ranging from 0 to 620 mM showing a small variation with ionic strength, and fluorescence 

spectra of PyC10-PAMAM-G0 in 50 mM SDS aqueous solution with [NaCl] ranging from 

(bottom left) 0 to 200 mM showing a significant increase pyrene excimer fluorescence, and 

(bottom right) from 200 to 620 mM exhibiting an equivalent decrease in pyrene excimer 

fluorescence. The trends in Figures S4.2D and E resemble the ones obtained for PyC12-

PAMAM-G0 presented in the main text and these variations in pyrene excimer fluorescence 
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were due to a similar conformational inversion. 

D] Parameters obtained from the model free analysis (MFA) of the PyCX-PAMAM-G0 

dendrimers 

 

Table S4.1. Parameters retrieved from the MFA of the monomer fluorescence decays of the 

PyCX-PAMAM-G0 dendrimers in 50 mM SDS aqueous at various NaCl concentrations. 

Linker 
[NaCl] 

(mM) 
a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM (ns) χ2 

C4 

0  0.34 5.33 0.50 11.68 0.06 32.05 0.102  

132 

1.06  

11  0.28 4.56 0.56 10.96 0.06 33.17 0.101  1.20  

20  0.36  5.20  0.45  11.91  0.09  25.29  0.103  1.13  

49  0.32 4.94 0.51 11.42 0.07 31.92 0.101  1.08  

93  0.29 5.19 0.48 11.56 0.12 25.53 0.108  1.17  

193  0.39 5.51 0.47 12.85 0.11 26.72 0.036  1.16  

284  0.34 5.60 0.49 13.39 0.13 26.60 0.040  1.19  

373  0.41  6.09  0.38  13.63  0.16  24.89  0.039  1.05  

458  0.25 5.03 0.50 12.61 0.20 25.16 0.042  1.20  

541  0.35 5.40 0.52 14.81 0.09 30.38 0.040  1.07  

566  0.32 5.31 0.51 14.63 0.14 28.18 0.041  1.22  

592  0.34 5.40 0.51 14.74 0.11 29.20 0.040  1.11  

618  0.31 5.68 0.50 14.74 0.14 28.01 0.044  1.10  

 

Linker 
[NaCl] 

(mM) 
a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM (ns) χ2 

C6 

0  0.19 4.50 0.69 12.21 0.11 26.91 0.014  

127 

1.08  

10  0.23 5.27 0.65 12.45 0.11 26.97 0.014  1.10  

20  0.34 5.32 0.62 13.24 0.03 39.06 0.013  1.07  

48  0.27  5.31  0.65  13.66  0.07  32.97  0.017  1.15  

92  0.34  5.52  0.60  13.65  0.04  40.15  0.015  1.19  

198  0.18 3.89 0.72 12.73 0.09 31.56 0.011  1.15  

289  0.16  3.70  0.63  11.55  0.20  23.13  0.014  1.18  

376  0.19  3.79  0.71  12.31  0.09  29.23  0.013  1.19  

460  0.20  4.05  0.64  12.58  0.16  27.21  0.014  1.00  

542  0.26 5.44 0.60 13.96 0.13 27.92 0.015  1.10  

567  0.21  4.80  0.62 13.95 0.16 28.75 0.015  1.16  

593  0.25 5.59 0.56 14.14 0.17 26.30 0.016  1.27  
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617  0.16  3.73  0.69  14.80  0.13  33.27  0.015  1.16  

 

 

Linker 
[NaCl] 

(mM) 
a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM (ns) χ2 

C8 

0  0.26  5.367  0.57  15.26  0.13  33.33  0.036  

127 

1.19  

10  0.19 4.13 0.62 13.83 0.16 33.09 0.033  1.11  

19  0.19  3.657  0.65  13.03  0.13  32.18  0.034  1.18  

47  0.21  4.69  0.60  14.15  0.15  33.64  0.036  1.12  

92  0.26  3.86  0.56  13.36  0.14  30.85  0.036  1.13  

198  0.29  4.08  0.54  14.89  0.14  33.44  0.037  1.15  

288  0.21  3.10  0.53  12.24  0.22  29.42  0.040  1.07  

382  0.33  3.64  0.53  15.00  0.10  36.33  0.037  1.15  

461  0.23  2.86  0.50  12.47  0.23  30.33  0.041  1.14  

542  0.30  3.60  0.49  15.25  0.18  33.26  0.040  1.15  

570  0.25  3.79  0.57  16.21  0.14  39.97  0.038  1.20  

595  0.28  3.59  0.51  15.68  0.17  33.52  0.040  1.21  

621  0.24  4.13  0.55  16.74  0.17 37.77 0.041  1.20  

 

 

 

 

 

Linker 
[NaCl] 

(mM) 
a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM (ns) χ2 

C10 

0  0.28  2.55  0.55  11.43  0.14  26.54  0.027  

132 

1.13  

11  0.36  2.51  0.54  11.27  0.07  31.55  0.025  1.14  

20  0.34  1.83  0.52  10.25  0.11  26.86  0.026  1.11  

48  0.39  2.08  0.49  9.96  0.09  26.78  0.028  1.19  

93  0.39  1.74  0.46  9.00  0.12 23.96 0.030  1.12  

193  0.38  1.39  0.34  6.28  0.20  15.52  0.072  1.01  

286  0.38  1.32  0.31  6.02  0.24  15.33  0.070  1.05  

375  0.37  1.86  0.34  6.78  0.22  17.05  0.076  1.18  

460  0.37 1.79 0.31 7.73 0.25 17.96 0.075  1.19  

542  0.36  2.29  0.35  10.07  0.22  20.84  0.075  1.15  

566  0.31  1.93  0.41  10.20  0.25  25.39  0.026  1.19  

591  0.32  2.35  0.44  11.55  0.22  27.14  0.027  1.15  

622  0.28  2.20  0.26  8.83  0.39  21.61  0.071  1.08  
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Linker 
[NaCl] 

(mM) 
a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) fMfree τM (ns) χ2 

C12 

0  0.32 2.98 0.49 11.95 0.12 35.32 0.065  

127 

1.19  

10  0.34  2.25  0.48  10.57  0.11  34.29  0.065  1.19  

20  0.36  1.67  0.44  9.34  0.13  30.30  0.069  1.05  

48  0.41  1.90  0.42  9.99  0.10  35.35  0.071  1.11  

94  0.45  2.28  0.38  10.72  0.09  34.52  0.080  1.07  

193  0.40 1.59 0.40 8.24 0.12 29.48 0.076  1.11  

284  0.44  2.16  0.39  9.62  0.09  33.86  0.078  1.11  

372  0.40  1.98  0.38  8.44  0.14  26.81  0.075  1.15  

459  0.40  2.16  0.41  9.82  0.11  32.39  0.070  1.10  

537  0.38  2.23  0.41  10.76  0.14  32.01  0.066  1.13  

562  0.34  2.31  0.42  9.90  0.17  30.70  0.064  1.13  

589  0.31  2.04  0.41  10.18  0.22  29.25  0.064  1.18  

615  0.35  2.65  0.40  11.86  0.18  31.26  0.062  1.13  

 

 

 

 

 

Table S4.2. Parameters retrieved from the MFA of the excimer fluorescence decays of PyCX-

PAMAM-G0 dendrimers in 50 mM SDS aqueous solution at various NaCl concentrations. 

Linker 
[NaCl] 

(mM) 
fEdiffE0 fEdiffD τE0 (ns) τD (ns) τS (ns) fEE0 fED fES

* χ2 

C4 

0  0.26  0.39  40.05  54.22  

3.5 

0.00  0.09  0.26  1.06  

11  0.33  0.33  43.21  55.40  0.00  0.04  0.29  1.20  

20  0.31  0.36  37.87  55.30  0.00  0.06  0.27  1.13  

49  0.30  0.38  44.70  53.57  0.00  0.01  0.31  1.08  

93  0.31  0.36  38.74  55.34  0.00  0.06  0.26  1.17  

193  0.26  0.34  44.90  56.20  0.00  0.01  0.39  1.16  

284  0.26  0.33  40.15  57.57  0.00  0.03  0.04  1.19  

373  0.26  0.33  43.65  56.87  0.00  0.01  0.40  1.05  

458  0.24  0.36  39.40  56.77  0.00  0.04  0.36  1.20  

541  0.33  0.27  57.02  44.14  0.01  0.00  0.38  1.07  

566  0.25  0.35  42.36  55.32  0.00  0.04  0.36  1.22  

592  0.25  0.36  42.26  56.37  0.00  0.01  0.38  1.11  

618 0.26  0.34  38.37  57.37  0.00  0.04  0.36  1.10  
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Linker 
[NaCl] 

(mM) 
fEdiffE0 fEdiffD τE0 (ns) τD (ns) τS (ns) fEE0 fED fES

* χ2 

C4 

0  0.49  0.40  40.77  57.38  

3.5 

0.00  0.06  0.05  1.08  

10  0.23  0.64  35.00  52.01  0.00  0.12  0.00  1.10  

20  0.53  0.35  50.30  50.28  0.00  0.02  0.10  1.07  

48  0.47  0.41  41.10  55.88  0.01  0.08  0.04  1.15  

92  0.38  0.49  50.76  50.48  0.00  0.02  0.11  1.19  

198  0.32  0.58  43.45  52.18  0.00  0.06  0.04  1.15  

289  0.55  0.36  41.32  57.42  0.01  0.08  0.00  1.18  

376  0.39  0.52  47.38  52.06  0.00  0.06  0.04  1.19  

460  0.39  0.52  39.35  53.74  0.00  0.08  0.01  1.00  

542  0.41  0.49  50.20  50.12  0.01  0.06  0.04  1.10  

567  0.39  0.51  43.54  52.78  0.02  0.08  0.00  1.16  

593  0.36  0.54  49.77  51.22  0.00  0.06  0.04  1.27  

617  0.40  0.51  53.98  45.37  0.01  0.07  0.00  1.16  

 

 

Linker 
[NaCl] 

(mM) 
fEdiffE0 fEdiffD τE0 (ns) τD (ns) τS (ns) fEE0 fED fES

* χ2 

C8 

0  0.40  0.50  49.41  49.61  

3.5 

0.00  0.06  0.08  1.19  

10  0.56  0.32  51.79  42.88  0.00  0.07  0.05  1.11  

19  0.34  0.54  47.52  51.71  0.02  0.02  0.09  1.18  

47  0.39  0.47  52.10  46.15  0.05  0.07  0.01  1.12  

92  0.37  0.50  52.21  49.93  0.00  0.01  0.12  1.13  

198  0.36  0.48  50.62  50.72  0.00  0.06  0.10  1.15  

288  0.35  0.49  47.41  51.39  0.11  0.03  0.03  1.07  

382  0.37  0.47  51.08  51.07  0.00  0.04  0.12  1.15  

461  0.37  0.47  51.10  49.45  0.01  0.08  0.07  1.14  

542  0.34  0.51  50.86  50.91  0.00  0.02  0.13  1.15  

570  0.34  0.52  49.24  51.09  0.00  0.09  0.05  1.20  

595  0.30  0.56  50.10  52.16  0.00  0.01  0.13  1.21  

621  0.35  0.50  50.54  50.91  0.00  0.08  0.07  1.20  
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Linker 
[NaCl] 

(mM) 
fEdiffE0 fEdiffD τE0 (ns) τD (ns) τS (ns) fEE0 fED fES

* χ2 

C10 

0  0.34  0.42  42.56  55.56  

3.5 

0.06  0.15  0.03  1.13  

11  0.17  0.57  43.24  53.50  0.01  0.19  0.06  1.14  

20  0.11  0.65  32.82  52.04  0.00  0.23  0.02  1.11  

48  0.27  0.45  43.50  55.44  0.08  0.14  0.07  1.19  

93  0.08  0.63  33.91  52.69  0.08  0.18  0.03  1.12  

193  0.05  0.64  48.82  51.35  0.06  0.25  0.00  1.01  

286  0.07  0.62  34.59  51.65  0.05  0.27  0.00  1.05  

375  0.11  0.54  46.08  52.24  0.10  0.25  0.00  1.18  

460  0.07  0.66  16.27  50.89  0.00  0.26  0.01  1.19  

542  0.21  0.51  50.75  51.63  0.09  0.19  0.00  1.15  

566  0.24  0.51  45.49  52.22  0.11  0.14  0.00  1.11  

591  0.31  0.54  49.64  49.70  0.02  0.10  0.03  1.05  

622  0.23  0.57  36.68  53.59  0.00  0.19  0.00  1.08  

 

 

 

Linker 
[NaCl] 

(mM) 
fEdiffE0 fEdiffD τE0 (ns) τD (ns) τS (ns) fEE0 fED fES

* χ2 

C12 

0  0.16  0.44  50.11  50.20  

3.5 

 

0.19  0.19  0.02  1.12  

10  0.12  0.45  51.18  51.07  0.22  0.17  0.04  1.13  

20  0.13  0.45  44.38  52.68  0.18  0.19  0.04  1.10  

48  0.09  0.43  50.77  50.39  0.22  0.21  0.05  1.14  

94  0.00  0.45  43.42  51.66  0.23  0.29  0.02  1.20  

193  0.02  0.42  46.67  51.45  0.30  0.26  0.00  1.11  

284  0.03  0.43  50.53  50.41  0.27  0.26  0.00  1.11  

372  0.07  0.45  49.63  49.60  0.25  0.21  0.02  1.15  

459  0.41  0.17  50.64  50.51  0.23  0.17  0.02  1.10  

537  0.20  0.44  50.06  50.01  0.18  0.16  0.02  1.13  

562  0.28  0.40  50.48  50.44  0.14  0.11  0.07  1.13  

589  0.48  0.21  49.43  51.42  0.23  0.05  0.02  1.18  

615  0.32  0.40  50.43  50.38  0.10  0.08  0.09  1.13  
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E] Equations used to determine the average end-to-end distance of the dendrimers 

Equation S4.5 derived earlierError! Bookmark not defined. was used to calculate the squared average 

end-to-end distance of the PyCX-PAMAM-G0 dendrimers with a (= X), b (= 7), and c (= 4) 

representing the number of carbon atoms in the linker connecting the pyrene moiety to the 

PAMAM-G0 dendrimer, the number of non-hydrogen atom in the aminoethyl propionamide 

building block of the PAMAM dendrimer, and the diaminoethylene core of the dendrimer, 

respectively. 

 

2 3 1 1

2 2

2

2 2 ( 1) 2 2 2 1
( ) 2

2 1

N N N N

Py N

N b c
L N a l

+ + + +

+

  − + +  + + −  = + 
 −
 

     (S4.5) 
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Appendix C: S5-SI for Chapter 5 

A] Global analysis of the monomer and excimer decays of PyCX-PAMAM-G0 using the 

model free analysis. 

The fluorescence decays of the pyrene monomer and excimer acquired with the PyCX-

PAMAM-G0 samples were fitted globally according to the MFA using Equations S1 and S2, 

respectively. The parameters in Equations S1 and S2 were optimized according to the 

Marquardt-Levenberg algorithm.1 The MFA retrieved the parameters fdiff (= fdiffE0 + fdiffEL), ffree, 

and fagg (= fE0 + fEL), which represent the molar fractions of the pyrene species, which form 

excimer by diffusion, are unreacted in the solution, and are aggregated forming excimer by 

direct excitation.  
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B] Fluorescence spectra of pyrene in mixed micelles at 50 mM surfactant concentration. 

 

 

Figure S5.1. Fluorescence spectra of solutions with varying pyrene concentrations and with 40 

mM SDS, 10 mM DTAB, and A)10, B) 20, C) 50, and D) 100 mM NaCl.  
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C] Fluorescence spectra of 0.45 M pyrene in surfactant solution. 

 

Figure S5.2. Fluorescence spectra of 0.45 M pyrene and 10 mM NaCl in an aqueous solution 

of an 80:20 SDS:DTAB mixture with a total surfactant concentration ranging from A) 5.06 to 

1.01 mM, B) 0.51 to 0.10 mM, and C) 0.08m to 0.01 mM.  

 

 

 

Figure S5.3. Fluorescence spectra of 0.45 M pyrene and 20 mM NaCl in an aqueous solution 

of an 80:20 SDS:DTAB mixture with a total surfactant concentration ranging from A) 5.05 to 

1.01 mM, B) 0.51 to 0.10 mM, and C) 0.08 to 0.01 mM.  
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Figure S5.4. Fluorescence spectra of 0.45 M pyrene and 50 mM NaCl in an aqueous solution 

of an 80:20 SDS:DTAB mixture with a total surfactant concentration ranging from A) 5.13 to 

1.02 mM, B) 0.51 to 0.10 mM, and C) 0.08 to 0.01 mM.  
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D] Change in IE/IM(SSF) and I1/I3 with total surfactant concentration. 

 

Figure S5.5. Plot of IE/IM(SSF) and I1/I3 obtained from the analysis of the fluorescence spectra 

of 0.45 M pyrene in aqueous solution of an 80:20 SDS:DTAB mixture as a function of total 

surfactant concentration in the presence of 10 mM NaCl.  

 

Figure S5.6. Plot of IE/IM(SSF) and I1/I3 obtained from the analysis of the fluorescence spectra 

of 0.45 M pyrene in aqueous solution of an 80:20 SDS:DTAB mixture as a function of total 

surfactant concentration in the presence of 20 mM NaCl.  
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Figure S5.7. Plot of IE/IM(SSF) and I1/I3 obtained from the analysis of the fluorescence spectra 

of 0.45 M pyrene in aqueous solution of an 80:20 SDS:DTAB mixture as a function of total 

surfactant concentration in the presence of 50 mM NaCl.  
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E] UV-vis spectra of PyCX-PAMAM-G0 in mixed micelles in the presence of NaCl. 

 

Figure S5.8. UV-vis spectra of about 1.6 M A) PyC4-PAMAM-G0, B) PyC6-PAMAM-G0, 

C) PyC8-PAMAM-G0, D) PyC10-PAMAM-G0, and E) PyC12-PAMAM-G0 in aqueous 

solutions of an 80:20 SDS:DTAB mixture with a total surfactant concentration fixed at 50mM 

and a total NaCl concentration of 0mM, 10mM, 20mM, 50mM, and 100mM. 
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F] SSF spectra of PyCX-PAMAM-G0 in mixed micelles in the presence of NaCl 

  

 

Figure S5.9. SSF spectra of about 1.6 M A) PyC4-PAMAM-G0, B) PyC6-PAMAM-G0, C) 

PyC8-PAMAM-G0, D) PyC10-PAMAM-G0, and E) PyC12-PAMAM-G0 in aqueous solutions 

of an 80:20 SDS:DTAB mixture with a total surfactant concentration fixed at 50mM and a total 

NaCl concentration of (red) 0mM, (orange) 10mM, (green) 20mM, (blue) 50mM, and (black) 

100mM. 
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G] Parameters obtained from the model free analysis (MFA) of molecular pyrene for 

Nagg(NSSA) measurements. 

 

Table S5.1. Parameters retrieved from the MFA of the monomer fluorescence decays of 

molecular pyrene in 10 mM DTAB and 40 mM SDS aqueous solution in the presence of NaCl. 

[NaCl] 

(mM) 

[Py] 

(mM) 
a1 

τ1  

(ns) 
a2 

τ2  

(ns) 
fMfree 

τM 

(ns) 
χ2 

10 

0.329  0.16  26.22  0.67  69.29  0.17  

152.5 

1.09  

0.274  0.10  25.64  0.66  72.19  0.23  1.12  

0.219  0.10  27.05  0.61  77.21  0.29  1.17  

0.164  0.06  28.02  0.53  81.77  0.41  1.21  

0.109  0.07  29.38  0.40  84.35  0.53  1.14  

20 

0.219  0.11  27.68  0.63  77.39  0.26  1.12  

0.192  0.12  29.41  0.59  81.65  0.30  1.11  

0.164  0.07  28.03  0.53  82.09  0.40  1.14  

0.138  0.08  31.14  0.48  85.34  0.44  1.19  

0.109  0.07  30.70  0.43  89.59  0.51  1.10  

50 

0.164  0.11  30.78  0.58  87.80  0.31  1.15  

0.137  0.07  29.26  0.53  87.59  0.40  1.15  

0.109  0.09  34.30  0.49  97.63  0.42  1.13  

0.081  0.07  32.84  0.39  97.27  0.54  1.11  

0.055  0.07  35.13  0.30  104.32  0.63  1.13  

100 

0.163  0.11  32.24  0.65  98.03  0.24  1.21  

0.136  0.09  32.90  0.63  100.14  0.28  1.23  

0.109  0.08  32.05  0.58  102.54  0.35  1.23  

0.082  0.08  34.00  0.53  107.90  0.39  1.19  

0.054  0.07  34.10  0.36  113.03  0.57  1.13  
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Table S5.2. Parameters retrieved from the MFA of the excimer fluorescence decays of 

molecular pyrene in 10 mM DTAB and 40 mM SDS aqueous solution in the presence of NaCl. 

[NaCl] 

(mM) 

[Py] 

(mM) 
fEdiffE0 fEdiffD 

τE0 

(ns) 

τD 

(ns) 
fEE0 fED χ2 

10 

0.329  0.49  0.49  48.72  60.05  0.002  0.019  1.09  

0.274  0.48  0.50  45.11  45.22  0.006  0.006  1.12  

0.219  0.48  0.50  49.36  49.37  0.006  0.007  1.17  

0.164  0.49  0.50  48.07  48.11  0.005  0.007  1.21  

0.109  0.49  0.50  56.00  56.03  0.006  0.007  1.14  

20 

0.219  0.52  0.46  51.52  51.53  0.009  0.009  1.12  

0.192  0.53  0.45  51.55  51.48  0.012  0.007  1.11  

0.164  0.52  0.47  50.78  50.79  0.007  0.008  1.14  

0.138  0.52  0.46  50.68  50.58  0.012  0.006  1.19  

0.109  0.51  0.47  55.06  55.19  0.006  0.010  1.10  

50 

0.164  0.49  0.50  52.98  52.96  0.009  0.008  1.15  

0.137  0.49  0.49  50.90  50.91  0.008  0.008  1.15  

0.109  0.49  0.49  53.79  53.77  0.008  0.007  1.13  

0.081  0.50  0.48  56.04  56.05  0.008  0.008  1.11  

0.055  0.50  0.48  64.17  64.35  0.008  0.011  1.13  

100 

0.163  0.49  0.49  53.99  53.85  0.010  0.006  1.21  

0.136  0.51  0.47  54.64  51.69  0.008  0.008  1.23  

0.109  0.50  0.49  54.41  54.35  0.008  0.007  1.23  

0.082  0.50  0.48  58.20  58.18  0.008  0.007  1.19  

0.054  0.51  0.48  66.90  67.07  0.008  0.010  1.13  
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H] Parameters obtained from the model free analysis (MFA) of the PyCX-PAMAM-G0 

dendrimers 

 

Table S5.3. Parameters retrieved from the MFA of the monomer fluorescence decays of PyCX-

PAMAM-G0 dendrimers in 10 mM DTAB and 40 mM SDS aqueous with NaCl. 

[NaCl] 

(mM) 
Derivative a1 

τ1  

(ns) 
a2 

τ2  

(ns) 
a3 

τ3  

(ns) 
fMfree 

τM 

(ns) 
χ2 

10 

PyC4 0.29 5.03 0.60 14.17 0.05 42.70 0.057  132  1.21  

PyC6 0.18 3.73 0.65 13.99 0.16 31.53 0.013  127  1.13  

PyC8 0.21 3.73 0.49 16.03 0.27 35.16 0.030  127  1.20  

PyC10 0.28  3.90  0.47  13.78  0.23  30.08  0.014  127  1.08  

PyC12 0.28  3.14  0.46  11.52  0.23  29.98  0.028  127  1.03  

20 

PyC4 0.31  5.74  0.57  15.27  0.06  47.62  0.055  132  1.14  

PyC6 0.17 3.07 0.61 13.16 0.21 27.73 0.013  127  1.10  

PyC8 0.17  3.37  0.47  15.54  0.32  35.72  0.033  127  1.18  

PyC10 0.29  3.36  0.50  14.02  0.20  31.06  0.012  127  1.19  

PyC12 0.24  2.88  0.46  11.12  0.27  31.41  0.030  127  1.10  

50 

PyC4 0.32  5.87  0.57  15.68  0.05  46.14  0.056  132  1.18  

PyC6 0.18  3.64  0.62  14.64  0.19  31.44  0.014  127  1.12  

PyC8 0.18  3.98  0.51  18.00  0.27  38.30  0.030  127  1.17  

PyC10 0.20  3.64  0.49  16.30  0.30  34.28  0.013  127  1.23  

PyC12 0.28  3.68  0.41  13.94  0.29  33.62  0.028  127  1.06  

100 

PyC4 0.29  5.94  0.58  15.86  0.07  40.93  0.058  132  1.14  

PyC6 0.19  3.88  0.63  15.50  0.16  32.56  0.012  127  1.18  

PyC8 0.19  5.13  0.47  20.02  0.31  38.79  0.035  127  1.14  

PyC10 0.20  3.47  0.47  17.19  0.32  34.45  0.012  127  1.19  

PyC12 0.26  3.70  0.41  14.55  0.30  35.73  0.028  127  1.07  
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Table S5.4. Parameters retrieved from the MFA of the excimer fluorescence decays of PyCX-

PAMAM-G0 dendrimers in 10mM DTAB and 40 mM SDS aqueous solution with NaCl. 

[NaCl] 

(mM) 
Derivative fEdiffE0 fEdiffD 

τE0  

(ns) 

τD  

(ns) 
τS (ns) fEE0 fED fES

* χ2 

10 

PyC4 0.28  0.36  49.65  49.66  3.50  0.000  0.014  0.348  1.21  

PyC6 0.27  0.65  48.11  48.20  3.50  0.000  0.072  0.005  1.08  

PyC8 0.43  0.49  48.21  48.17  3.50  0.000  0.003  0.077  1.20  

PyC10 0.43  0.45  51.59  44.10  3.50  0.064  0.055  0.000  1.08  

PyC12 0.44  0.46  47.88  47.90  3.50  0.019  0.036  0.046  1.03  

20 

PyC4 0.24  0.40  44.97  51.46  3.50  0.014  0.021  0.324  1.14  

PyC6 0.46  0.47  46.97  51.38  3.50  0.057  0.002  0.018  1.10  

PyC8 0.44  0.49  47.28  47.32  3.50  0.001  0.008  0.064  1.18  

PyC10 0.47  0.45  48.78  49.60  3.50  0.016  0.017  0.049  1.19  

PyC12 0.46  0.46  47.27  47.29  3.50  0.010  0.029  0.042  1.07  

50 

PyC4 0.29  0.36  49.62  49.63  3.50  0.000  0.015  0.335  1.18  

PyC6 0.28  0.65  48.36  48.59  3.50  0.046  0.000  0.025  1.12  

PyC8 0.41  0.52  48.55  48.42  3.50  0.000  0.006  0.068  1.17  

PyC10 0.45  0.47  48.35  46.14  3.50  0.056  0.018  0.000  1.23  

PyC12 0.43  0.50  47.31  48.16  3.50  0.000  0.014  0.060  1.06  

100 

PyC4 0.29  0.36  47.44  50.31  3.50  0.011  0.018  0.320  1.14  

PyC6 0.33  0.59  50.30  48.64  3.50  0.011  0.000  0.066  1.18  

PyC8 0.45 0.47 47.52 48.64 3.50 0.028 0.000 0.047 1.14 

PyC10 0.45  0.49  47.53  47.83  3.50  0.005  0.010  0.048  1.19  

PyC12 0.43  0.50  47.28  47.52  3.50  0.000  0.024  0.048  1.07  

 

 

I] Equations used for the end-to-end distance of the dendrimers 

Equation S5.3 was used to calculate the squared average end-to-end distance of the PyCX-

PAMAM-G0 dendrimers with a (= X), b (= 7), and c (= 4) representing the number of carbon 

atoms in the linker connecting the pyrene moiety to the PAMAM-G0 dendrimer, the number 

of non-hydrogen atom in the aminoethyl propionamide building block of the PAMAM 

dendrimer, and the diaminoethylene core of the dendrimer, respectively. 
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