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Abstract 

The current view for fluorescence collisional quenching (FCQ) experiments is that no quantitative 

information can be retrieved from macromolecules containing more than a single dye-quencher 

pair attached at two specific positions on a macromolecule. This holds true for pyrene excimer 

formation (PEF), a well-established FCQ phenomenon, where an excimer is produced through the 

encounter between an excited and a ground-state pyrenyl labels attached onto a macromolecule. 

In contrast, recent studies suggest that the analysis of fluorescence decays acquired with 

macromolecules containing many pyrenyl labels with the model free analysis (MFA) and 

florescence blob model (FBM) yields quantitative information about the internal dynamics and 

local density of macromolecules in solution. The underlying physical principle enabling the MFA 

and FBM to probe macromolecules in this manner is based on the direct relationship existing 

between the average rate constant (<k>) for PEF and the local concentration ([Py]loc) of pyrenyl 

labels on the macromolecule. Yet, and despite its importance, no study has conclusively validated 

this relationship. This is due, in part, to the difficulty in determining [Py]loc for pyrene-labeled 

macromolecules (PyLM) and benchmarking this methodology against other experimental 

techniques. In the present thesis, this fundamental relationship was demonstrated with a series of 

polyamidoamine (PAMAM) dendrimers of generations GY (=0, 1, or 2) that had been labeled with 

pyrene derivatives having different numbers X (= 4, 8, or 12) of carbon atoms in the pyrenyl linker 

to yield the PyCX-PAMAM-GY samples. The fluorescence decays were acquired in N,N-

dimethylformamide (DMF) and dimethylsulfoxide (DMSO) and analyzed with the MFA to 

retrieve <k>, which was compared to [Py]loc obtained by assuming that the internal segments of 

the PyCX-PAMAM-GY samples linking the pyrenyl labels obeyed Gaussian statistics. The direct 

relationship found between <k> and [Py]loc for the PyCX-PAMAM-GY samples provided a 
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validation for this assumption and demonstrated that PEF can be employed to probe the 

conformation of macromolecules in solution. 

Subsequently, PEF was applied to probe the conformational changes induced by protonating the 

internal tertiary amines of the PyCX-PAMAM-GY samples, showcasing PEF's ability to study 

these conformational changes intramolecularly, a feat difficult to achieve by traditional methods 

used for characterizing macromolecular conformations in solution. 

Expanding beyond dendrimers, PEF was applied to study the conformation of larger 

macromolecules like poly(glutamic acid) (PGA) and polynorbornene (PNb) on different length 

scales by using 1-pyrenealkylamines with varied alkyl side chains. The fluorescence blob model 

(FBM) was applied to determine the number (Nblob
exp) of structural units within a blob, the volume 

probed by an excited pyrenyl label, taken as a measure of the local macromolecular density. 

Comparison of Nblob
exp with Nblob

MMO obtained through molecular mechanic optimizations 

(MMOs) validated PEF's ability to probe macromolecular conformations over different length 

scales. The conformation of the Py-PGA constructs was found to remain unchanged when probed 

with 1-pyrenealkylamines  having different linker lengths reflecting a homogeneous conformation 

over different length scales. In contrast, the Py-PNb samples appeared helical and randomly coiled 

for the 1-pyrenealkylamines with a shorter and longer linker, respectively, highlighting the 

potential of PEF at probing complex macromolecules with heterogeneous conformation across 

various length scales. 

In conclusion, this thesis further supports the applicability of PEF as a robust experimental 

technique for probing the conformations and internal dynamics of macromolecules in solution. 
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PyCX(x)N-PDLGA pyrene-labeled PDLGA where X and x are equal to the number of carbon 
atoms in the linker of the pyrene derivative and the molar percentage of 
pyrene-labeled glutamic acid, respectively. 

PyCX(x)N-PGA pyrene-labeled PGA where X and x are equal to the number of carbon 
atoms in the linker of the pyrene derivative and the molar percentage of 
pyrene-labeled glutamic acid, respectively. 

PyCX(x)N-PLGA pyrene-labeled PLGA where X and x are equal to the number of carbon 
atoms in the linker of the pyrene derivative and the molar percentage of 
pyrene-labeled glutamic acid, respectively. 

PyCX(x)N-PNb-Ac pyrene-labeled PNb-Ac where X and x are equal to the number of carbon 
atoms in the linker of the pyrene derivative and the molar percentage of 
residues labeled with pyrene, respectively. 

PyCX-PAMAM-GY pyrene-labeled PAMAM dendrimers where X and Y are equal to the 
number of carbon atoms in the linker of the pyrene derivative and the 
dendrimer generation number, respectively. 

PyLM   pyrene-labeled macromolecule 
Py-PDLGNa  pyrene-labeled poly(sodium D,L-glutamate) 
Py-PLGNa  pyrene-labeled poly(sodium L-glutamate) 
RB   round bottom 
ROA   Raman optical activity 
RT   room temperature 
SANS   small angle neutron scattering 
SAXS   small angle X-ray scattering 
SLS   static light scattering 
SSF   steady-state fluorescence 
TFA   trifluoracetic acid  
TRF   time-resolved fluorescence  
WAXS   wide angle X-ray scattering  
WF   Wilemski and Fixman 
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List of Symbols 

a-C  alpha carbon on the polymer backbone 

εPy  molar absorption coefficient of a pyrene derivative 

η  solvent viscosity 

λDS  mass ratio of solids in the dialysate 

λPy moles of pyrene per gram of polymer 
rloc local density of a macromolecule 

τD lifetime of an improperly stacked pyrene excimer 
τD-FRET lifetime of a donor dye in a FRET experiment 
τE0 lifetime of a properly stacked pyrene excimer 
tES lifetime of a short-lived pyrene dimer 
tM lifetime of the pyrene monomer 
b absorption cell pathlength  
D* improperly stacked pyrene excimer 
dPy-aC distance separating the center of mass of the pyrene moiety from the a-

carbon of the structural unit the pyrenyl derivative is attached to 
EET FRET efficiency 
E0* excimer generated by two properly stacked pyrenyl labels 
ES* short-lived pyrene dimer 
fagg molar fraction of pyrene dyes that form pyrene excimer by direct excitation 

of pyrene aggregates 
fdiff molar fraction of pyrene dyes that form pyrene excimer by diffusion 
ffree molar fraction of pyrene dyes that do not form excimer and emit as if they 

were free in solution 
fH fraction of helical segments along the polynorbornene backbone 
fk2 molar fraction of pyrene dyes that form pyrene excimer via a rapid 

rearrangement with a rate constant k2 

fPy molar fraction of structural units labeled with pyrene 
fRC fraction of randomly coiled segments along the polynorbornene backbone 
IE fluorescence intensity of the pyrene excimer  
(IE/IM)SSF ratio of excimer over monomer fluorescence intensity determined from 

steady-state fluorescence measurements 
(IE/IM)TRF ratio of excimer over monomer fluorescence intensity determined from 

time-resolved fluorescence decay measurements 
(IE/IM)TRF(ffree=0) ratio of excimer over monomer fluorescence intensity determined from 

time-resolved fluorescence decay measurements where the molar fraction 
of free pyrene is set to equal 0. 

IM fluorescence intensity of the pyrene monomer 
<k> average rate constant of pyrene excimer formation 
k2 rate constant for pyrene excimer produced via a rapid rearrangement of two 

nearby pyrenyl labels 
kblob rate constant for the diffusive encounter between two structural units 

bearing an excited and a ground-state pyrenyl labels located inside a same 
blob 
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kdiff bimolecular rate constant of pyrene excimer formation by diffusive 
encounters between an excited and a ground-state pyrenyl label 

kET rate constant for energy transfer 
l bond length normalization constant 
LPEF maximum length scale over which PEF can occur 
LPy square root of the average squared end-to-end distance 
mDS mass of solids in the dialysate 
MGNa molar mass of sodium glutamate 
MNbA molar mass of the unlabeled norbornene unit 
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<n> average number of ground state pyrenyl labels inside a blob 
<Nblob

exp>  average number of norbornene units per blob 

Nblob
MMO number of norbornene units per blob enabling PEF between two pyrenyl 

labels determined by molecular mechanics optimization for a given 
macromolecular conformation 

Nblob
MMO(H) Nblob

MMO for a helical conformation 
Nblob

MMO(RC) Nblob
MMO for a random coil conformation 

N0 number of structural units enabling PEF between a secondary and reference 
pyrenyl label located on one side of the reference structural unit 

N0
L number of structural units labeled with a secondary pyrene located to the 

left of the reference structural unit labeled with the primary pyrene and 
enabling PEF between the primary and secondary pyrenes 

N0
R number of structural units labeled with a secondary pyrene located to the 

right of the reference structural unit labeled with the primary pyrene and 
enabling PEF between the primary and secondary pyrenes 

nC-C number of carbons of one pyrenyl label overlapping the frame of a second 
pyrenyl label 

nPy  number of ground state pyrene dyes in a pyrene-labeled dendrimer 

nSp number of atoms in the spacer linking the pyrenyl moiety to the a-carbon in 
the PNb-Ac backbone  

p probability of forming an excimer upon encounter between an excited and 
ground-state pyrene dye. 

Pyagg
* pyrene dyes that form excimer via direct excitation of pre-aggregated pyrene 

Pydiff
* pyrene dyes that diffuse through the solution to form excimer 

Pyfree
*  pyrene dyes that do not form excimer and emit as if they were free in 

solution 
Pyk2

*  pyrene dyes that form pyrene excimer via a rapid rearrangement between 
two nearby pyrenyl units 

r distance separating a donor and acceptor dye 
rEE average end-to-end distance 
RG radius of gyration 
RG(N) radius of gyration where N is the generation of the dendrimer 
R0 Förster radius 
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1.0 Introduction 

The conformation of isolated synthetic and biological macromolecules in solution has a major 

impact on their properties, directly influencing their respective applications. Gels made of 

synthetic polymers with a bottlebrush architecture constitute a case in point. The persistence length 

(lp) of a polymer bottlebrush (PBB), used to describe chain flexibility, depends on the length of 

the linear side chains of the PBB,1 with longer side chains resulting in larger lp. Since PBB with 

larger lp do not coil as easily, they generate gels with a lower entanglement density and a lower 

elastic modulus than PBB with shorter side chains and smaller lp.1 In the context of biological 

macromolecules, conformation is an important part of their catalytic activity, which can play a 

positive or detrimental role for an organism. For instance, in prion-based diseases, sporadic 

misfolding of proteins induces a conformational change facilitating prion-protein interactions, 

ultimately leading to the propagation of misfolding in other proteins and resulting in a wide array 

of different neurodegenerative disorders.2 Given the importance of conformation in both synthetic 

and biological  macromolecules, considerable research effort has been dedicated to the 

characterization of macromolecular conformations and their changes induced by different 

chemical or physical triggers.1-34 The wide variety of experimental tools available for 

macromolecular characterization can be broadly divided into four main categories, namely 

microscopy,27-30 scattering,4-16 computation,6-26 and spectroscopy experiments.19-35 The subsequent 

sections focus on the type of information extracted from each type of experiment and how it can 

be applied to characterize the conformation of macromolecules. 
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1.1 Techniques Applied to Characterize Macromolecules 

1.1.1 Microscopy-Based Techniques 

While microscopy-based experiments have traditionally been employed to study the morphology 

of macromolecules rather than their conformation,36-38 advancements in instrumentation have 

increased their use for gaining conformational insight about macromolecules.27-43 The primary 

strength of all microscopy-based experiments lies in their ability to directly image the samples 

being studied. Although various types of microscopy-based experiments exist, the two most 

commonly encountered ones for studying the conformation of macromolecules are atomic force 

microscopy (AFM) and transmission electron microscopy (TEM). As such, a discussion and 

applications of these two types of microscopy are presented to illustrate how images are generated 

and the type of information extracted from these experiments.  

AFM employs a cantilever fitted with a tip that has a ~10 nm apex radius to scan the 

topographical features of a sample surface.39,40 Depending on the type of instrumentation, desired 

information, and sample properties and preparation, the probe can be scanned in the x,y,z-plane 

across the sample.44 While various modes, such as contact, tapping, non-contact, etc, can be 

applied to study macromolecules by AFM, the contact and tapping modes are the most commonly 

encountered.44 In the contact mode, the tip of the cantilever maintains constant contact with the 

sample surface. Such studies require that the material be ‘hard’ to resist the lateral forces induced 

by the tip as it travels across the surface. In contrast, the tapping mode is typically employed for 

‘soft’ materials. An AFM cantilever operated in the tapping mode probes interactions between the 

probe tip and the sample surface as the surface of the sample is scanned. By operating the AFM 

with different modes, images can be generated to visualize isolated macromolecules, chain 

movements, crystallization behaviour, stereocomplexes, chain packing, etc.40 An illustrative 
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example demonstrating the resolving power of AFM has been presented in a recent study by 

Kuchuk et al., where AFM was utilized to observe the conformation of an isolated DNA 

macromolecule under near-physiological conditions.29 Their study provides nanometer-level 

spatial details enabling the observation of the major and minor grooves within a single DNA 

double helix. Such information is not only useful to better understand the conformation of 

macromolecules, but can also be used as a form of integrative macromolecular science to guide 

simulations.28,42,43 

In contrast to AFM, TEM images are generated by transmitting a coherent beam of 

electrons through a thin sample (< 200 nm thick).41 As the electron beam passes through electron-

rich and -poor domains, variation in electron density in the sample are used to generate an image 

of the macromolecules.30 Analysis of the images, in turn, provides rich information about the 

structure and morphology of the macromolecules. Although TEM images are effectively produced 

from electron density differences in the sample, application of TEM to soft materials, such as 

amorphous polymers, is rather limited.45 However, recent improvements in TEM instrumentation 

such as the cameras, fluorescence screens, preparation protocols are poised to make TEM a 

powerful experimental technique to gain conformational insight about macromolecules.30,45 As 

highlighted in a recent review by Zorzi et al., cryogenic TEM, which is an offshoot of TEM, can 

be used to probe the conformational dynamics of numerous receptors.30 By using powerful 

computer algorithms, snapshots of different conformational states can be identified, albeit with 

some limitation.30 An illustration of how AFM and TEM images are generated is provided in 

Figures 1.1A-B. 
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Figure 0.1 Illustration of how A) AFM and B) TEM images are acquired. 

1.1.1 Computational Techniques 

In contrast to microscopy experiments that provide 2D representations of macromolecules 

adsorbed on a substrate surface, computation-based simulations offer a means to generate detailed 

3D images of isolated macromolecules by considering the primary interactions within a specified 

system.9,46-49 This methodology provides the experimentalist with unprecedented control over the 

type of information retrieved. Depending on the specific information sought, simulations are 

conducted on different time and length scales broadly categorized into quantum (10-10 minutes), 

atomistic (10-9 minutes), mesoscopic (10-6 minutes), and macroscopic (10-3 minutes) scales.49 

Although each time scale provides useful information, insight about conformation is obtained from 

the atomistic time scales. Monte-Carlo (MC) and molecular dynamics (MD) simulations are the 

most common computation methods used to probe polymer conformations.46-49 MC simulations 

generate an ensemble average of representative configurations through stochastic displacement of 

atoms which can be accepted or rejected via comparison against some criteria.46-49 In many cases, 

the total energy potential of the system is used to determine if a proposed displacement should be 

rejected or accepted. Each move is associated with a distribution of probabilities of accepting or 
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rejecting the move according to the Boltzmann factor. However, since the simulation is skewed 

towards lower energy states, the system reaches equilibrium eventually.48,49 On the other hand, 

MD simulations employ Newton’s equations of motion to calculate trajectories over time, 

facilitating the monitoring of the conformation as a function of time, under a given 

condition.46,47,49,50 The schematic representation in Figures 1.2A and B illustrates the fundamental 

distinction between MC and MD simulations. Although the advantages and disadvantages of each 

simulation type, as well as more specialized approaches, have been discussed elsewhere,46-48,50 it 

is pertinent to the present thesis to emphasize that computation-based approaches provide atomic 

coordinates within the macromolecules. In turn, these coordinates enable the generation of a 3D 

representation of the macromolecular conformation, which can be benchmarked against 

experimental data such as the radius of gyration (RG) determined from scattering experiments. 

 

  

Figure 0.2 Schematic illustration of A) MC and B) MD simulations. The above figure only 

represents one iteration of the several thousands typically conducted in a simulation. 
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1.1.2 Scattering-Based Experiments 
 
Scattering techniques, such as static light (SLS), small angle X-ray (SAXS), wide angle X-ray 

(WAXS), and small angle neutron (SANS) scattering have played a pivotal role in macromolecular 

science, specifically in probing macromolecular conformations in solution.5,6,8,9,16 Among the 

different scattering techniques, SAXS and WAXS stand out as the predominant tools employed to 

characterize macromolecular conformations. The underlying principle of any elastic scattering 

technique like SAXS and WAXS relies on their ability to probe the mass distribution of 

macromolecules with respect to their center of mass.51-53 The illustration provided in Figure 1.3 

describes the different steps taken during the acquisition of scattering data for a SAXS and WAXS 

experiment. In brief, the sample is irradiated with X-rays and the resulting scattered X-rays are 

recorded at various angles relative to the incident source, producing a 2D scattering profile.52 

While this 2D scattering profile yields insights into the macromolecular shape, it is conventionally 

converted into a 1D scattering profile through the integration along the azimuthal plane at a defined 

distance from the incident beam.53 This transformation yields a 1D scattering profile of the 

scattering intensity, I(q), as a function of the scattering vector, q, which depends on the angle (q) 

between the line linking the sample to the detector and the incident beam, as expressed in Equation 

1.1.52 The limits of the scattering profile are defined by qmin and qmax which depend on the 

collimation system and fading of the scattering signal, respectively.52 The I(q) scattering profile, 

after correcting for background scattering effects, consists of three components provided in 

Equation 1.2. K is a combination of constants that include particle contrast, volume, concentration, 

etc, while P(q) and S(q) are the form and structure factor, respectively. 52 P(q) contains information 

about the shape and internal density distribution, in the form of the radius of gyration (RG), while 

S(q) reflects particle-particle interactions such as inter-particle distances and degree of order.52 In 
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many cases, S(q) is approximated as 1, i.e no interparticle effects, and the analysis of P(q) yields 

information about the particle size through RG and particle shape through subsequent data 

transformations from distinct regions in the I(q) profile such as the Guinier and Fourier regions.51 

The information retrieved through the analysis of the I(q) scattering profile is particularly 

important for the characterization of macromolecular conformation.  
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In the Guinier region of the scattering profile, corresponding to q vectors smaller than 

1.3/RG, a plot of Ln(I(q)) as a function of q2 yields a straight line, whose slope equals -RG
2/3.54 

The significance of RG lies in the fact that it reflects the mass distribution within the macromolecule 

with respect to its center of mass, and thus provides insight about particle size and 

conformation.51,52,53 In the Fourier region of the scattering profile, a pair distribution function, i.e. 

the distribution of distances between all electron pairs, can be calculated. In most cases, this is 

extracted by an indirect Fourier-transformation, where the pair distribution function expected for 

a given macromolecular conformation is calculated to simulate a scattering profile, which is then 

compared to the experimental scattering profile.54,55 A match between the simulated and 

experimental scattering profiles is taken as evidence that the macromolecular conformation 

assumed to simulate the scattering profile is representative of the macromolecule.  
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Figure 0.3 Illustration of the experimental set up for small (SAXS) and wide (WAXS) angle X-

ray scattering.  

1.1.3 Spectroscopy-Based Experiments 

Various spectroscopy-based techniques such as nuclear magnetic resonance (NMR), circular 

dichroism (CD), and fluorescence can be used to probe macromolecular conformation. The 

primary advantage of these techniques resides in their ability to detect minute differences in the 

local environment of atoms, functional groups, and chromophores constituting macromolecules. 

However, the type of information obtained depends strongly on the specific technique applied.  

For instance, NMR experiments can provide dihedral angles and inter-residue distances 

within a macromolecule. Dihedral angle information is retrieved through three-bond mediated 

vicinal coupling using the Karplus relationship.56 Distance restraints, on the other hand, are 

retrieved from 2D NMR experiments based on the nuclear Overhauser effect (NOE), rotated frame 

NOE (ROESY), heteronuclear single-quantum coherence (HSQC), total correlation spectroscopy 

(TOCSY), and heteronuclear multiple-bond coherence (HMBC).57 In turn, knowledge of the 
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dihedral angle and distance restraints between nuclei can be used in a form of integrative 

macromolecular science to generate a 3D conformation.  

In contrast, CD-based experiments measure differences between the absorption of the left 

and right polarized light as it passes through the solution of a macromolecule to generate a 

spectrum whose features depend on the macromolecular conformation. For example, the CD 

spectrum of an α-helix displays two peak minima at ~222 and ~208 nm and a peak maximum at 

~190 nm, whereas the CD spectrum of a random coil shows only one peak minimum at ~200 nm.18 

For more complex macromolecules, the observed spectral features are averaged over all 

conformations adopted by the macromolecules in solution. In such cases, computer algorithms are 

employed to simulate a CD spectrum by assuming a specific macromolecular conformation, which 

can then be compared with the experimental CD spectrum.58  

Fluorescence studies are primarily based on Förster resonance energy transfer (FRET) 

experiments.59 FRET experiments take advantage of the dependency of the FRET efficiency (EET) 

between a donor and acceptor dye on the distance (r) separating them as shown in Equation 1.3. 

In Equation 1.3, Ro is the Förster radius, which takes values between 1 and 10 nm depending on 

the donor-acceptor pair, which also represents the length scale being probed in FRET studies.59,60  

The expression for the FRET rate constant (kET) is given in Equation 1.4, where tD-FRET is the donor 

lifetime. The distance dependency shown in Equations 1.3 and 1.4 for respectively, EET and kET 

explains why FRET was coined a spectroscopic ruler61 and rationalizes why FRET studies have 

been applied to probe the dynamics and conformations of macromolecules in solution.62 
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1.1.4 Current Limitations in the Characterization of Macromolecular Conformations 

Despite the wealth of knowledge regarding macromolecular conformation retrieved from the 

different experimental tools discussed above, these tools are not without limitations. In many 

microscopy-based approaches, the macromolecule must be adsorbed onto a surface, which poses 

an obvious limitation, namely that the conformation of adsorbed macromolecules observed in 2D 

images may not accurately reflect the 3D conformation of the macromolecule in solution. 

Although recent advances in microscopy experiments aim to generate 3D images of 

macromolecules in solution,30 such techniques are often selected for specific cases involving 

sample preparations that may not be universally applicable to all macromolecules.27,29 Similarly, 

simulations face one major limitation, namely that approximations are necessary for the sake of 

computational efficiency and expense associated with the precise determination of the position of 

each atom within a single macromolecule. This, in turn, requires prior knowledge of all important 

interactions within a complex system and the establishment of a set of mathematical equations 

describing these interactions, and the validity of these approximations must be experimentally 

confirmed.46-50 For scattering experiments, where scattering is the workhorse technique for the 

characterization of macromolecular conformations, two main challenges must be addressed. First, 

high concentrations, in the 0.1-20 g/L range,63,64 are required to yield sufficient scattering signal. 

Unfortunately, this requirement can lead to solubility issues resulting in aggregation and data 

analysis complications due to inter-macromolecular interactions, such as those induced by long-

range electrostatic forces. Second, monodisperse macromolecules are preferred as broad molecular 

weight distributions complicate the analysis of the scattering signal that depends strongly on 
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macromolecular size.51 For spectroscopy-based experiments the major difficulty lies in the 

unambiguous assignment of peak shifts or spectral changes associated with a specific 

conformation.  

The limitations described above for the existing experimental tools used to probe 

macromolecular conformations justify the search for alternative analytical methods that would 

overcome these complications. Ideally, such methods would be expected to provide unambiguous 

assignments between different conformations, require low sample concentrations, and be 

applicable to both mono- and polydisperse samples. A promising candidate for fulfilling these 

criteria is fluorescence collisional quenching (FCQ) between dyes and quenchers covalently 

attached onto a macromolecule, where the FCQ rate constant could be employed to gain 

conformational information about complex macromolecules in solution as a form of integrative 

macromolecular science.92,93 How FCQ could be applied in this context is described in the 

following discussion. 

 

1.2 Fluorescence 

Fluorescence is the phenomenon by which an excited molecule in its singlet state relaxes to its 

ground-state by emitting a photon.65 This process is illustrated by the Jablonski diagram provided 

in Figure 1.5. Fluorescence begins with the absorption of a photon with an energy hc/lex, where h, 

c, and λex are Planck’s constant, the speed of light, and the excitation wavelength, respectively. 

Absorption of a photon results in the rapid excitation of the fluorophore from the lowest electronic 

state (S0,0) to one of the vibrational levels of a higher electronic state within a few femtoseconds. 

The excited fluorophore undergoes a process known as internal conversion, which is where the 

excited molecule relaxes to the lowest vibration level in the S1 electronic state (S1,0). This process 
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typically takes a few picoseconds. The excited molecule relaxes then from the S1,0 level to one of 

the vibrational levels in the S0 electronic state via the emission of a photon.65 The time scale for 

this process varies significantly depending on the fluorescent dye chosen. For the dye pyrene used 

in the present thesis, the lifetime can be as high as 400 ns in degassed cyclohexane.66 

 

 

Figure 0.4 Jablonski diagram 

1.2.2 Fluorescence Collisional Quenching (FCQ) 

Fluorescence collisional quenching (FCQ) refers to the process whereby the fluorescence of a 

fluorophore is quenched upon encounter with a quencher. When the dye and quencher are 

covalently bound to a large macromolecule, FCQ occurs over a short length scale since the dye 

and quencher must touch within the time the dye remains excited. The quenching rate constant (kq) 

is equal to the product kdiff×[Q]loc, where kdiff is the bimolecular rate constant for diffusive 

encounters between the excited dye and the quencher and [Q]loc is the local quencher 

concentration. A theoretical study published in 1974 by Wilemski and Fixman (WF) demonstrated 
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that the collisional encounters between one dye and one quencher attached to the opposite ends of 

a monodisperse, linear chain are well described by a single rate constant of cyclization (kcy). In 

turn, the excited dye of such end-labeled monodisperse constructs would yield a monoexponential 

decay from which kcy could be easily retrieved.67,68 Since a flexible chain would yield a larger kcy 

than a stiffer chain, kcy was determined for many polymer chains to characterize the internal 

dynamics of fluorescently end-labeled linear monodisperse polymer chains.69-73 This intense focus 

on the characterization of polymer chain dynamics resulted in the oversight that kcy was also equal 

to the product kdiff×[Q]loc, and thus contained information about the local density of the 

macromolecule. Since the local density of a macromolecule is directly related to its conformation, 

these FCQ experiments could provide information about macromolecular conformations in a 

manner that could complement scattering studies. Unfortunately, coupled with this oversight, 

another hurdle affecting the general application of FCQ experiments to study macromolecular 

conformations stemmed from the realization that if a dye and quencher separated by one chain 

length yielded one FCQ rate constant and a monoexponential decay, macromolecules labeled with 

more than one dye and one quencher would yield several FCQ rate constants and the associated 

fluorescence decay would be multiexponential. The well-known challenges revolving around the 

quantitative analysis of multiexponential decays with sums of exponentials88,89 combined with the 

underreckoning, that the FCQ rate constant is directly proportional to [Q]loc, rationalize why to 

date, so few studies have utilized FCQ to study macromolecular conformation in solution. In the 

present thesis, pyrene excimer formation (PEF), a classic example of FCQ, was applied to 

demonstrate that quantitative information about macromolecular conformations can be retrieved 

from the analysis of multiexponential decays obtained with macromolecules bearing more than 

two pyrenyl labels.  
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1.2.3 Pyrene 

Although many dyes are available commercially to probe macromolecules by fluorescence, pyrene 

offers several advantages. First, self quenching of an exited pyrene monomer by a ground state 

pyrene to form a pyrene excimer is a classic example of FCQ, whose photochemistry is well-

known and understood.69,74-79 Second, the high molar absorption coefficient and high fluorescence 

quantum yield of pyrene80 enables the study of pyrene-labeled macromolecules (PyLM) at polymer 

concentrations that can be as low as ~1 mg/L, a concentration which is considerably lower than 

those used for scattering studies. Since such low concentrations ensure that no diffusive 

intermacromolecular encounters occur while a pyrenyl label remains excited, PyLM can be probed 

as isolated macromolecules in solution. Third, and perhaps most importantly, the 0-0 transition of 

pyrene is strongly reduced,81-84 which means that no energy hopping takes place during PEF and 

that the excitation remains localized on a single pyrenyl label until the energy is release via 

emission of a photon or quenching by a ground state pyrenyl dye to produce the excimer. Fourth, 

the long lifetime of pyrene, typically on the order of ~200 ns for the many pyrene derivatives used 

to label macromolecules, provides the experimentalist with a large temporal window enabling the 

study of slow dynamic processes encountered in large macromolecules. Finally, the Duhamel 

group has introduced two models for the quantitative analysis of multiexponential fluorescence 

decays acquired with macromolecules bearing more than two pyrenyl labels. These models are the 

fluorescence blob model (FBM) and the model free analysis (MFA), whose application depends 

on the type of information desired. Although these models have been described in detail 

elsewhere,76,85-90 a brief discussion of each model is provided hereafter. 
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1.2.4 Fluorescence Blob Model (FBM) 

The fluorescence blob model (FBM) was introduced in 199985 to circumvent the experimental 

deadlock that resulted from the 1974 WF study67,68 and prevented the quantitative analysis of 

multiexponential decays. The FBM acknowledges that when pyrene is covalently attached onto a 

large macromolecule, the pyrenyl dyes cannot probe the full macromolecular volume; rather they 

can only probe equally sized sub-volumes, denoted as blobs, while the pyrene dye remains excited. 

The blobs can be used to compartmentalize the macromolecular volume into a cluster of blobs 

among which the pyrenyl dyes distribute themselves according to a Poisson distribution. 

Conceptually, an ensemble of pyrene dyes randomly distributed amongst blobs is the same as for 

pyrene dyes distributed amongst surfactant micelles. As such, the robust mathematical treatment 

used to determine the average number of ground state pyrene dyes per micelles91 can be applied 

to determine the average number of ground state pyrene dyes per blob (<n>). Combining <n> with 

the molar fraction of pyrene dyes per structural unit (x), determined by UV-vis measurements, and 

the molar fraction (fMfree) of pyrenyl dyes that do not form excimer in the monomer decay yields 

the number of structural units (Nblob
exp) within a blob according to Equation 1.5. Since a same 

pyrene derivative attached onto a macromolecule probes a similar blob, Nblob reflects the local 

density of the macromolecule with more or less flexible macromolecules yielding a larger or 

smaller Nblob
exp value, respectively. As a form of integrative macromolecular science,92,93 the 

Nblob
exp value can be compared with Nblob

MMO obtained from molecular mechanic optimizations 

(MMOs) conducted on an assumed conformation of the macromolecule labeled with the same 

pyrene derivative. A match between Nblob
exp and Nblob

MMO enables the assignment of a given 

macromolecular conformation. Figure 1.5 illustrates the implementation of this methodology. This 

procedure has already been applied to study the conformation of polysaccharides94-96 and 
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polypeptides.97-101 One of the many advantages of the FBM is that it can be applied to study PyLM 

where the pyrene dye has been randomly attached to the macromolecule. One unfortunate 

consequence, however, is that the FBM cannot be applied to study macromolecules that have been 

labeled at specific positions, such as the chain ends of dendrimers.86 It is in cases like these that 

the model free analysis (MFA) is being used as it can handle the fluorescence decays of any 

PyLM.88 
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Figure 0.5 Illustration of integrative macromolecular science combining the FBM analysis of 

fluorescence decays with molecular mechanics optimizations for the characterization of 

macromolecular conformations. 

1.2.5 Model Free Analysis (MFA) 

In contrast to the FBM, the model free analysis (MFA) was developed to globally analyze the 

monomer and excimer fluorescence decays by making no assumption on how the pyrenyl labels 

were attached to the macromolecule.88,89 Its development was based off the observation that any 

fluorescence decay can be fitted with a sum of exponentials, whose pre-exponential factors (ai) 

and decay times (τi) can be combined to yield a pseudo-unimolecular average rate constant of 
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excimer formation (<k>) according to Equation 1.6. <k> equals the product of the rate constant 

(kdiff) for diffusive encounters between an excited and a ground-state pyrenyl label and the local 

pyrene concentration ([Py]loc) as described in Equation 1.7. In further contrast to the FBM, the 

MFA does not decouple kdiff from [Py]loc, which rationalizes why PEF studies almost exclusively 

use the MFA to gain insight about the internal dynamics of the PyLM.102-104  
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1.2.6 Application of the Fluorescence Blob Model (FBM) and Model Free Analysis (MFA)  

Since their introduction, the analysis of the multiexponential decays of macromolecules labeled 

with more than two pyrenyl dyes according to the FBM or MFA has been shown to yield 

quantitative information about the internal dynamics and conformation of PyLM.74-77,85-87,94-105 

Despite the numerous reports illustrating various aspects of the application of the FBM or MFA to 

retrieve quantitative information about PyLM, there have been few studies which have clearly 

established that <k> is directly proportional to the local pyrene concentration ([Py]loc).74,75 Yet, the 

<k>-vs.-[Py]loc relationship reflects the underlying principle that enables the quantitatively analysis 

of the fluorescence decays acquired with any PyLM. As such, the focus of the present thesis is to 

establish this fundamental relationship and demonstrate that PEF can be applied to probe not only 

the internal dynamics of macromolecules but also their conformation. With these objectives in 

mind, the macromolecules that will be investigated in this thesis are described in more detail in 

the following section. 
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1.3 Macromolecules under Study 

The overarching goal of the present thesis is to establish that PEF is well-suited to probe the 

conformation of macromolecules in solution. To this end, the conformation of polyamidoamine 

(PAMAM) dendrimers, poly(glutamic acid) (PGA), and poly(norbornene acid) (PNb-Ac) was 

characterized in solution by labeling these macromolecules with different pyrene derivatives and 

analyzing their fluorescence decays with the FBM and MFA. These three constructs were carefully 

selected for their interesting properties which are described hereafter. 

1.3.1 Dendrimers 

Dendrimers are well-defined monodisperse tree-like macromolecules, which originated from the 

pioneering work conducted in 1978 by Vögtle and co-workers, who initially referred to them as 

‘cascade molecules’.106 Between 1979 and 1983, Denkewalter et al. at the Allied Corporation filed 

several patents dealing with the synthesis of polypeptide-based dendrimers.107-109 In 1985, 

Newkome110 and Tomalia111 independently published different synthetic routes to yield dendrimer 

constructs. These constructs, however, garnered limited attention until a 1990 publication by 

Tomalia et al.,112 which proposed a large number of potential applications. The term ‘dendrimer’ 

itself had been coined earlier by Tomalia et al. in 1985.111 Figure 1.6 highlights the general 

structure of these constructs. Their synthesis can be achieved through divergent106-113 or 

convergent114,115 synthesis, with the former expanding from the focal point outward and the latter 

progressing from the exterior inward. One common feature of dendrimers is that the number of 

chain ends grows exponentially while the volume of the dendrimer grows linearly with increasing 

generation number.90,112 This feature is responsible for the strong interest in dendrimers for their 

potential use in light harvesting116-118 and in applications for nanomedicines,119,120 gene 

delivery,121,122 catalysis,123,124 and multifunction sensors.125,126 In the context of this PhD thesis, 
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these features make them ideal candidates to establish that the rate constant of PEF is directly 

proportional to the local concentration of pyrene ([Py]loc) since their chemical structure is so well-

defined. In fact, earlier studies74,75,127 aimed to demonstrate the <k>-vs.-[Py]loc relationship with 

2,2-bis(hydroxymethyl) propionic acid based dendrimers end-labeled with 1-pyrenebutyric acid 

(PyC4-HMPA-GY). While successful in establishing this relationship, these earlier studies were 

unable to benchmark the methodology used to parameterize [Py]loc as the actual macromolecular 

volume of the HMPA dendrimers remains unknown. In contrast to this earlier work,74,75,127 the 

present thesis employed PAMAM dendrimers. The reason for this was 3-fold. First, unlike the 

HMPA dendrimers, a large body of research has been conducted on PAMAM dendrimers, 

typically through a combination of scattering and computation based experiments.7-15,31-34 This, in 

turn, provides a means to benchmark the methodology developed to parameterize the chemical 

structure of the dendrimers and estimate their dimension used in the calculation of [Py]loc against 

other experimental parameters such as RG determined by scattering techniques. Second, unlike 

HMPA dendrimers, PAMAM dendrimers have both primary and tertiary amines that should induce 

a conformational change upon protonation at low pH.8-11,13,15,31-34 Despite the many studies aiming 

to characterize this pH-induced conformational change in PAMAM dendrimers, some have 

concluded that RG is not a suitable parameter for this purpose.9 This statement stems, in part, from 

the high concentrations of PAMAM dendrimers required for scattering experiments, which 

introduce long-range electrostatic interactions between neighbouring dendrimers, preventing their 

study as isolated macromolecules in solution. This factor is not being adequately accounted for in 

most computation-based simulations aiming to characterize the conformation of individual 

dendrimers. In contrast, PEF-based experiments operate at significantly lower concentrations, and 

thus should offer an experimental means to probe intramacromolecular conformational changes. 
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Third, PAMAM dendrimers are commercially available in high purity, which should ease the 

synthetic burden for preparing pyrene-labeled dendrimers.  

 

Figure 0.6 Schematic illustration of dendrimer structure and their cascade-like synthesis  

1.3.2 Poly(glutamic acid) (PGA) 

PGA is a natural, biodegradable, non-immunogenic, and environmentally friendly biopolymer 

which has many different applications ranging from the biomedical128,129 to agricultural130 fields. 

For a given application, the conformation of a macromolecule is important, as it governs its 

physical properties. As such, significant effort has focused on characterizing the conformation of 

PGA in solution, typically in water16-19,131-134 or organic solvents.20-22,97,100,101,135-138 Poly(L-

glutamic acid) (PLGA) in aqueous solutions is known to be a random coil and a-helix at high and 

low pH, respectively.16-19,131-134 PLGA in N,N-dimethylformamide (DMF), a helicogenic solvent, 

is known to adopt an a-helical conformation.21,136,137 However, the conformation of PLGA in 

dimethyl sulfoxide (DMSO) is still not fully understood.21,22,137,136  

In the context of the present thesis, PLGA samples are ideal candidates to study for two 

reasons. First, their conformation in DMF is known to be a rigid a-helix. As such, pyrene 

derivatives with different linker lengths could be employed to adjust the range over which PEF 

occurs, ideally on length scales comparable to those used in FRET studies. Second, since the exact 
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conformation of PLGA in DMSO is unknown, the methodology developed to probe the 

conformation of macromolecules over different length scales with pyrene derivatives having 

different linker lengths could be applied to investigate the conformational change experienced by 

PLGA upon changing the solvent from DMF to DMSO.  

1.3.3 Polynorbornene 

Norbornene (Nb) is a bicyclic monomer, that can undergo polymerization via ring-opening, 

cationic, or vinyl type addition polymerization.139-143 While ring opening polymerization of Nb is 

common,24,25,139-141 significant effort has been devoted towards the vinyl-type addition 

polymerization. This, in part, is due to the unique physical properties imparted on the 

macromolecules from the retention of the bicyclic ring in the polymer backbone. Such properties 

include a high Tg (>220 oC)24,25,140-143 and good thermostability,141,144-147 chemical 

resistivity,140,146,148,149 dielectric24,140,143,146 and mechanical properties,141 and optical 

transparency.142,149 These properties are highly dependent on the polymerization 

conditions.140,150-152 Although polynorbornene (PNb) has been described as adopting a rigid 

random coil conformation, some contrary evidence has suggested that PNb adopts a helix-kink 

conformation.24-26,140 Unfortunately, since these macromolecules tend to be polydisperse and 

poorly soluble, they cannot be easily studied by solution scattering experiments which require high 

concentrations and monodisperse samples. Furthermore, it would be difficult to employ 2D NMR 

to probe their conformation in solution owing to the spectral overlap between the different signals 

obtained with PNb samples, which is a common problem for synthetic macromolecules.153 These 

considerations explain why few experimental tools can be used to probe the conformation of PNb. 

However, unlike the limitations associated with the scattering and NMR experiments, PEF should 

be able to retrieve quantitative information about the PNb conformation for the following reasons.  
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First, application of the FBM to study macromolecules, that have been randomly labeled 

with pyrene, shifts the focus of the study from the entire macromolecule to the blob sub-volume 

probed by the excited dye, which eliminates the impact of polydispersity on the data analysis. 

Second, PEF studies require only low concentrations around 1-10 mg/L of PyLM which should 

facilitate the solubilization of the PNb samples. Third, if pyrene derivatives with different linker 

lengths are employed to study the PNb samples, the conformation of PNb can be probed over 

different length scales and conformational heterogeneity of PNb can be assessed. In summary, 

these three important advantages of PEF over more traditional techniques suggest that application 

of PEF to study pyrene-labeled PNb samples should yield information about the conformation of 

PNb in solution. 

 

1.4 Research Objective and Thesis Outline 

The overarching goal of the present thesis was to confirm that PEF, a classic example of FCQ, can 

yield quantitative conformational information about complex macromolecules in solution. 

Specifically, the present thesis focusses on the characterization of PAMAM dendrimer, PGA, and 

PNb-Ac samples to demonstrate how quantitative conformational information about each 

macromolecule can be extracted from PEF-based experiments. Following the Introduction 

presented in Chapter 1 of this thesis, the first research goal, presented in Chapter 2, was two-fold. 

First, it aimed to establish the fundamental relationship between the average rate constant (<k>) 

for PEF, retrieved from the MFA of multiexponential decays acquired with PyLM, and the local 

pyrene concentration ([Py]loc) in the macromolecular volume. Second, to demonstrate that [Py]loc 

for a PyLM is well-represented by the ratio of the number (nPy) of ground-state pyrenyl labels in 

the vicinity of an excited pyrene divided by the cube of the average end-to-end distance (<LPy>) 
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separating every two pyrene dyes. The assumptions made to derive <LPy>, such as having the 

internal segments of low generation PAMAM dendrimers obey Gaussian statistics, can then be 

validated by comparing <k> and the ratio nPy/<LPy>3, thus establishing a methodology providing 

conformational insight about a macromolecule in a manner that complements scattering 

experiments. The establishment of the <k>-vs.-[Py]loc relationship for the pyrene end-labeled 

PAMAM dendrimers led to its application to study the intramacromolecular conformational 

changes occurring upon protonation of the internal tertiary amines of PAMAM dendrimers in 

Chapter 3. In contrast to the working concentrations in the 10-50 g/L range commonly employed 

in scattering experiments for PAMAM dendrimers,8-10,12 PEF studies were conducted at a 

significantly lower working concentration of ~1 mg/L that enabled the conformational analysis of 

isolated macromolecules in solution. The third research objective, presented in Chapter 4, was 

two-fold. Its first aim was to extend the length scale over which PEF studies can be conducted, 

and in turn, demonstrate that PEF can probe length scales, that are on par with FRET, the golden 

standard of fluorescence-based experiments to probe conformational changes in macromolecules. 

Its second aim was to introduce a new methodology which can be applied to study conformational 

homogeneity and changes experienced by a macromolecule over different length scales. To this 

end, two PGA constructs, one prepared from L-glutamic acid (PLGA) and another from a racemic 

mixture of D- and L-glutamic acid (PDLGA), were labeled with 1-pyrenebutylamine and 1-

pyreneoctylamine. The methodology using PEF with different pyrene derivatives to probe the 

conformation of macromolecules in solution over different length scales was validated first by 

confirming the conformations of PDLGA, known to adopt a random coil conformation in DMF 

and DMSO, and PLGA, known to adopt an α-helical conformation in DMF. It was then applied to 

demonstrate that the unknown conformation of PLGA in DMSO is that of a 310-helix. The ability 
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to probe the conformation of macromolecules over different length scales established in Chapter 

4 was taken advantage of in Chapter 5 to probe the conformation of PNb-Ac constructs. Contrary 

to the PGA samples studied in Chapter 4, which were prepared with a narrow molecular weight 

distribution, the PNb-Ac sample studied in Chapter 5 was polydisperse. Given that scattering 

techniques typically require monodisperse samples for conformational analysis, the study 

conducted in Chapter 5 illustrates the advantage of using the PEF-based methodology since it does 

not suffer from this limitation. One main outcome of Chapter 5 was that the conformation of PNb-

Ac, determined by a combination of PEF, FBM, and MMO, appeared to be heterogeneous on the 

different length scales studied in contrast to the homogeneous conformation of the PGA samples 

described in Chapter 4. Consequently, this study demonstrated that the PEF-based approach can 

be applied to study macromolecules with richer conformation than the conformationally 

homogenous PGA samples. Furthermore, considering the lack of scattering experiments conducted 

on PNb samples in solution, this study should highlight another advantage of PEF-based 

experiments, namely that even samples with reduced solubility can be studied. The sixth and last 

chapter of the thesis summarizes the important contributions made in Chapters 2 – 5 and describes 

future experiments that could be conducted based on the fundamental principles established in this 

thesis supporting the notion that PEF is a robust and reliable methodology to probe the 

conformation of macromolecules in solution.
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Chapter 2: Macromolecular Conformation of 

Low Generation PAMAM Dendrimers 

Probed by Pyrene Excimer Formation 

 

 

 

 

 

 

 

 

 

 

Adapted with permission from  Patel, S.; Duhamel, J. Macromolecular Conformation of Low-

Generation PAMAM Dendrimers Probed by Pyrene Excimer Formation. Macromolecules 2023, 

56, 4012-4021, Copyright 2023 American Chemical Society. 
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2.1 ABSTRACT  

A series of pyrene-labeled PAMAM dendrimers (PyCX-PAMAM-GY, where X (= 4, 8, or 12) and 

Y (= 0, 1, or 2) represent the number of atoms in the pyrenyl linker and the dendrimer generation, 

respectively) were studied by acquiring their time-resolved fluorescence decays in N,N-

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). The fluorescence decays were fitted 

globally according to the model free analysis (MFA), that yielded the average rate constant <k> 

for pyrene excimer formation (PEF). <k> was compared with the local pyrene concentration [Py]loc 

inside the dendrimers, which was calculated by assuming that the segments constituting the 

dendrimer interior obey Gaussian statistics. <k> was found to increase linearly with [Py]loc in both 

solvents, but the straight lines had different slopes due to differences in solvent viscosity and 

polarity. These differences were accounted for by dividing <k> by kdiff, the bimolecular rate 

constant for PEF generated by n-hexyl-1-pyrenebutyramide used as a model compound. The 

<k>/kdiff ratios obtained for all the PyCX-PAMAM-GY samples in DMF and DMSO collapsed 

onto a single master line where <k>/kdiff increased linearly with [Py]loc. The strong correlation 

found between <k> and [Py]loc suggested that the oligomeric segments constituting the interior of 

the low generation (Y = 0, 1, and 2) PAMAM dendrimers obeyed Gaussian statistics. This fact was 

further supported by using the Gaussian approximation to calculate the radius of gyration (Rg) of 

PAMAM dendrimers and compare them to the Rg values obtained by molecular dynamics 

simulations (MDS). The excellent agreement obtained between the two sets of Rg values validated 

the assumption.  Furthermore, the direct relationship between <k> and [Py]loc established in this 

study demonstrates that <k> provides a quantitative measure of the internal density of the 

dendrimers, an observation with considerable implications for the quantitative conformational 

characterization of macromolecules with a complex architecture in solution.  
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2.2 INTRODUCTION 

The finding in 1974 by Wilemski and Fixman (WF), that the rate of encounter between a dye and 

its quencher covalently attached to the ends of a single chain could be handled by a single rate 

constant,1,2 ushered in a flurry of research activity to characterize the internal dynamics of 

fluorescently end-labeled linear monodisperse chains through fluorescence collisional quenching 

(FCQ) experiments.3-7 While the WF study opened an exciting new field of research, its 

unfortunate corollary was that a macromolecule labeled with more than one dye and one quencher 

would result in more than one quenching rate constant, whose values could not be extracted from 

the associated multiexponential fluorescence decay of the dye. This conclusion rationalizes why 

to this day, all quantitative FCQ studies of macromolecules in solution are conducted with linear 

monodisperse chains labeled at two specific positions, typically the chain ends, with a dye and a 

quencher.3-7 This experimental design is obviously extremely restrictive, as it not only prevents 

the FCQ study of the many macromolecules whose architecture departs from that of a linear 

chain,8-11 but it also deprives the experimentalist from much needed information since the labeling 

of a macromolecule with more than one dye and one quencher increases the number of locations 

being probed on the macromolecule, thus providing a more detailed and accurate depiction of the 

macromolecule under study.12 More importantly, the pseudo-unimolecular quenching rate constant 

retrieved from these FCQ experiments is directly proportional to the local quencher concentration, 

[Q]loc, in the macromolecule.12,13 Since the quenchers are covalently attached onto the 

macromolecule, [Q]loc is directly related to the internal density (rloc) of the macromolecule, a 

feature that should theoretically yield conformational information about a macromolecule and is 

hardly exploited by current FCQ techniques.12 
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 Scattering techniques such as static light scattering (SLS), small angle X-ray (SAXS) or 

neutron (SANS) scattering are the workhorse characterization methods for determining the 

conformation of macromolecules in solution.14-17 Scattering techniques work by probing the local 

density of a macromolecule with respect to its center of gravity. Application of Guinier’s law to 

scattering data yields the radius of gyration (Rg) of any macromolecule in solution with a decrease 

in Rg reflecting an increase in rloc and a more compact macromolecular conformation.18 While the 

use of scattering techniques to probe macromolecular conformations is most widespread, 

scattering techniques do have stringent limitations. In particular, macromolecular objects must be 

large enough to generate a strong enough scattering signal for detection and be monodisperse.14,19 

Although not acknowledged, FCQ techniques, which report on [Q]loc and thus rloc, are ideally 

suited to handle small and/or polydisperse macromolecular objects in a manner that perfectly 

complements scattering techniques. 

 This point is illustrated in the present study where pyrene excimer formation (PEF), a 

classic example of FCQ,3,12,13 is applied to probe the conformation of three polyamidoamine 

PAMAM dendrimers with low generation numbers, namely G0, G1, and G2. Although these 

dendrimers are monodisperse, they are too small to generate sufficient scattering signal and their 

conformation in solution is typically predicted from molecular dynamics simulations (MDS).20 

The pseudo-unimolecular rate constant <k> of PEF for the G0, G1, and G2 PAMAM dendrimers 

labeled with 1-pyrene-butyric (X = 4), -octanoic (X = 8), and -dodecanoic (X = 12) acid (PyCX-

PAMAM-GY with X = 4, 8, and 12 and Y = 0, 1, and 2) was compared to the local pyrene 

concentration [Py]loc of the PyCX-PAMAM-GY samples. [Py]loc was estimated from the ratio 

nPy/(LPy/l)3 of the known number of ground-state pyrenes in the dendrimer (nPy) divided by the 

cubed square root of the averaged squared end-to-end distance (LPy
2) normalized by the bond 
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length (l), namely (LPy/l)3, between the pyrenyl labels. LPy
2 was determined by applying the same 

methodology developed for a series of six dendrimers with a 2,2-bis(hydroxymethyl) propionic 

acid (HMPA) backbone labeled with 1-pyrenebutyric acid (PyC4-HMPA-GY), which had 

assumed that the oligomeric segments constituting the interior of the dendrimers obeyed Gaussian 

statistics.21,22  

 An excellent correlation was observed between <k> and nPy/(LPy/l)3 in N,N-

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), the two solvents where the PyCX-

PAMAM-GY samples were fully soluble. The effect of solvent viscosity and PEF efficiency could 

be accounted for by normalizing <k> by kdiff, the bimolecular rate constant for diffusive PEF for 

the model compound hexyl-1-pyrenebutyramide, as was done earlier.22,23 Furthermore, all <k>/kdiff 

ratios obtained for the PyCX-PAMAM-GY and PyC4-HMPA-GY samples in DMF and DMSO 

clustered around a master line when plotted as a function of nPy/(LPy/l)3,21,22 suggesting that these 

trends are general and could also apply to a wider range of pyrene-labeled constructs. 

Consequently, two conclusions can be drawn from this study. First, this study demonstrates that 

the conformation of low generation dendrimers can be predicted by assuming Gaussian statistics 

for the oligomeric segments constituting a dendrimer interior. Second and perhaps more 

importantly, this study also indicates that PEF reports on the local density of macromolecules in 

solution in the same manner as scattering techniques do and thus opens the path for using PEF for 

the quantitative conformational characterization of complex macromolecules in solution. 

 

2.3 EXPERIMENTAL  

Chemicals: Oxalyl chloride and EDC-HCl were purchased from Oakwood Chemicals. Suberic 

acid monomethyl ester and 12-methoxy-12-oxodecanoic acid were purchased from Fisher 
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Scientific and Ambeed chemicals, respectively. The PAMAM dendrimers of generation G0, G1, 

and G2 and all other reagents/solvents were purchased from Sigma-Aldrich. All reagents and 

solvents were used without further purification. 

Synthesis of 1-pyreneoctanoic acid: The synthesis of 1-pyreneoctanoic acid was adapted from a 

procedure reported previously.24 In brief, a 100 mL round bottom (RB) flask was charged with 

dichloromethane (DCM, 15 mL) and suberic acid monomethyl ester (2 mL, 11.2 mmol). The 

solution was purged with nitrogen for 5 minutes followed by the careful addition of oxalyl chloride 

(1.2 mL, 14.5 mmol, 1.3 eq). After 20 minutes, excess DCM and oxalyl chloride was evaporated 

via a steady stream of nitrogen gas. The activated acid was redissolved in DCM (50 mL) followed 

by the addition of pyrene (6.8 g, 33.5 mmol, 3 eq) and aluminum trichloride (5.4 g, 17.9 mmol, 

1.6 eq). The reaction was stirred vigorously at room temperature (RT). After 30 minutes, the 

reaction was cooled to 0 ̊ C, followed by the slow addition of 1 M HCl to quench excess aluminium 

trichloride. The precipitate was removed from the product via suction filtration and the solvent 

was evaporated. The resultant product was off-white to yellow in color. Without further 

purification, the crude product (5.4 g, ~14.4 mmol) was dissolved in trifluoracetic acid (TFA, 25 

mL) followed by the addition of triethyl silane (5.8 mL, 36.1 mmol, 2.5 eq). The reaction was 

allowed to proceed for 1.5 hours at room temperature. TFA was removed under vacuum to obtain 

an off-white to yellow product. The resultant product was purified by three 50 mL rinses with cold 

hexane to obtain the off-white methyl 1-pyreneoctanoate product. A 100 mL RB flask was charged 

with methyl 1-pyreneoctanoate, methanol (15 mL), and 6 M sodium hydroxide (8 mL). Once fully 

dispersed, the mixture was refluxed for 5-6 hours. The solution was cooled to RT and the resultant 

precipitate was recovered from the filtrate via suction filtration. Residual methanol was removed 

by a steady stream of air overnight. The crude product was rinsed with DCM (300 mL) followed 
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by 1 M HCl (50 mL). The resultant off-white product was dried overnight under vacuum to obtain 

the pure 1-pyreneoctanoic acid (1.5 g, 38 %). The 1H NMR spectrum of 1-pyreneoctanoic acid in 

d6-DMSO can be found in Figure S2.1 in Supporting Information (SI).  

Synthesis of 1-pyrenedodecanoic acid: The synthesis of 1-pyrenedodecanoic acid was conducted 

in the same manner as described for 1-pyreneoctanoic acid using 12-methoxy-12-oxodecanoic acid 

instead of monomethyl suberate ester as the starting material. The 1-pyrenedodecanoic acid 

product (1.5 g, 39 %) was obtained as an off-white solid and its 1H NMR spectrum in d6-DMSO 

can be found in Figure S2.2. 

Synthesis of n-hexyl-1-pyrenebutyramide: A 50 mL RB flask equipped with a magnetic stir bar 

was charged with 1-pyrenebutyric acid (0.2 g, 0.69 mmol, 1 eq) and 20 mL of DCM. The mixture 

was purged with nitrogen and stirred rapidly for 20 minutes to obtain a homogenous dispersion. 

Under continuous stirring, oxalyl chloride (0.09 mL, 1.0 mmol, 1.5 eq) was slowly added. After 

30 minutes, DCM and excess oxalyl chloride were removed via a steady stream of nitrogen gas. 

Once dried, the activated 1-pyrenebutyric acid was redissolved in DCM (15 mL) followed by the 

addition of n-hexylamine (13 mL, 99 mmol, 100 e.q). The reaction was allowed to proceed 

overnight at room temperature. The crude reaction mixture was diluted with DCM (15 mL) and 

purified via liquid-liquid extractions (3 × 1 M HCl, 3 × brine, and 3 × deionized water (DIW)). 

The crude product was further purified by column chromatography with a mobile phase made of 

a mixture of ethyl acetate (5 %) and hexane (95 %). The 1H NMR spectrum of n-hexyl-1-

pyrenebutyramide (Hx-PyBA) in CDCl3 can be found in Figure S2.3 in SI. The molar extinction 

coefficient of Hx-PyBA in DMF equaled 37,500 M-1.cm-1 at 345 nm. A plot of the absorbance as 

a function of concentration is provided in Figure S2.6 in SI.  
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Synthesis of n-ethyl-1-pyreneoctanamide: A 20 mL vial equipped with a magnetic stir bar was 

charged with 1-pyreneoctanoic acid (0.2 g, 0.58 mmol, 1 eq) and EDC-HCl (0.44 g, 2.3 mmol, 4 

eq). DMF (4 mL) was subsequently added to the solids and the mixture was vigorously mixed until 

the solids completely dissolved. Once fully dissolved, ethyl amine (0.18 mL, 2.3 mmol, 3.9 eq) 

was added and the reaction was allowed to proceed at room temperature overnight. The crude 

reaction mixture was combined with DCM (20 mL) and partially purified via liquid-liquid 

extractions (3 × 1 M NaOH, 1 M HCl, brine, and DIW). The product was further purified by flash 

chromatography with a mobile phase of ethyl acetate (50 %) and hexane (50 %). The 1H NMR 

spectrum of ethyl-1-pyreneoctanamide (Et-PyOA) in CDCl3 can be found in Figure S2.4 in SI.  

Synthesis of n-ethyl-1-pyrenedodecanamide: n-Ethyl-1-pyrenedodecanamide (Et-PyDA) was 

synthesized and purified in a similar manner as described for Et-PyOA, with one deviation. For 

this sample, no liquid-liquid extraction was conducted prior to purification via column 

chromatography. The 1H NMR spectrum of Et-PyDA in CDCl3 can be found in Figure S2.5 in SI. 

Pyrene labeling of PAMAM dendrimers: PAMAM dendrimers were labeled via an  

EDC-HCl coupling reaction. A brief description of the labeling reaction and purification will be 

presented hereafter for a PAMAM-G0 dendrimer which had been labeled with 1-pyrenebutyric 

acid. In a 20 mL vial equipped with a magnetic stir bar, 0.1 g of a 20 wt% PAMAM-G0 (0.039 

mmol, 4 eq of primary amines) solution in methanol was weighed. Methanol was removed under 

a steady stream of air for 10 minutes. The dried PAMAM-G0 was dispersed in a mixture of  

DMSO (1 mL) and DMF (3 mL). Once fully dispersed, 1-pyrenebutyric acid (0.37 g, 0.93 mmol, 

6 eq relative to the number of primary amines) was added to the solution and vigorously stirred 

for 25 minutes, followed by the addition of EDC-HCl (0.19 g, 1.0 mmol, 6.6 eq). Under continuous 

stirring, the reaction was left at RT in the dark for 2 days. The reaction mixture was purified via 
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4-7 precipitations in cold diethyl ether (50 mL) followed by 3-4 rinses with deionized water (DIW, 

50 mL). The purified product was dried overnight under vacuum and subsequently characterized 

by 1H NMR and MALDI-TOF. The spectra for 1H NMR (Figures S2.7 – S2.15) and MALDI-TOF 

(Figures S2.17 – S2.24) can be found in the SI. A summary of the expected molecular weight, m/z 

ratios obtained from MALDI-TOF, and the number of pyrenes per dendrimer determined from 1H 

NMR is provided in Table 2.1. The chemical structure of the PyCX-PAMAM-GY samples can be 

found in Table 2.2. 

 

Table 0.1 Expected molecular weight, m/z ratio, and number of pyrenes of the PyCX-PAMAM-

GY dendrimers. 

UV-Vis Spectroscopy: Absorption measurements were conducted on a Varian Cary 100 Bio 

spectrophotometer (Varian, Polo Alto, CA, USA) using a quartz cuvette with a 1 cm pathlength. 

Absorption measurements ensured that the absorbance at 345 nm of the pyrene-labeled dendrimer 

solutions equaled 0.1, which corresponds to a pyrene concentration of about 2.5×10-6 M. At such 

a low concentration intermolecular pyrene excimer formation is prevented.  

Generation  1-Pyrenebutyric Acid 1-Pyreneoctanoic acid 1-Pyrenedodecanoic acid 

Expected 

MW 

(g/mol) 

m/z #Py 

calculated 

(expected) 

from 

NMR 

Expected 

MW 

(g/mol) 

m/z #Py 

calculated 

(expected) 

from 

NMR 

Expected 

MW 

(g/mol) 

m/z #Py 

calculated 

(expected) 

from 

NMR 

0 1598 1600 4.0 (4) 1823 1825 3.9 (4) 2047 2047 3.8 (4) 

1 3593 3592 8.0 (8) 4041 4042 7.6 (8) 4490 4493 7.6 (8) 

2 7582 7578 16.2 (16) 8479 8484 16.1 (16) 9391 n.a. 16.1 (16) 
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Steady-State Fluorescence Spectroscopy: All steady-state fluorescence (SSF) spectra were 

acquired on a QM-400 spectrofluorometer equipped with a Xenon arc lamp. Prior to acquisition 

of the fluorescence spectra, the samples were degassed for 35 minutes by bubbling pure nitrogen 

through the solution. The spectra were acquired with an excitation wavelength of 345 nm from 

355 to 600 nm. Analysis of the SSF spectra yielded the fluorescence intensity ratio (IE/IM)SSF, 

where the fluorescence intensity of the excimer (IE) taken from 500 to 530 nm was divided by the 

fluorescence intensity of the monomer (IM) taken from 376 to 382 nm. 

Time-Resolved Fluorescence: Time-resolved fluorescence (TRF) decays were acquired on a 

HORIBA Ultima Ultrafast time-resolved fluorometer (HORIBA, Piscataway, NJ, USA) equipped 

with a DeltaDiode laser centered at 336 nm. A 370 nm and 490 nm cut-off filters were used at the 

entrance of the emission monochromator for acquisition of the monomer (379 nm) and excimer 

(510 nm) fluorescence decays, respectively, to minimize stray light from reaching the detector. 

The instrument response function was obtained with an aluminium reflective monolith by setting 

the emission wavelength at 336 nm. All fluorescence decays were acquired with 20,000 counts at 

the decay maximum over 1,024 channels. Time-per-channels of 0.10, 0.44, or 0.87 ns/channel 

were used. The monomer and excimer fluorescence decays were fitted globally according to the 

model free analysis (MFA). The quality of the fluorescence decay fits was assessed from the low 

χ2 values (< 1.3) and the random distribution of the residuals and   
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Table 0.2 Chemical structure of the PyCX-PAMAM-GY samples. 

Generation Pyrene butyric acid Pyrene octanoic acid Pyrene dodecanoic acid 

0 

PyC4-PAMAM-G0 PyC8-PAMAM-G0 PyC12-PAMAM-G0 

1 

PyC4-PAMAM-G1 PyC8-PAMAM-G1 PyC12-PAMAM-G1

2 

PyC4-PAMAM-G2 PyC8-PAMAM-G2 PyC12-PAMAM-G2
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autocorrelation of the residuals around zero. An example of the fit quality and the equations used 

in the MFA can be found in the Supporting Information. The front-face geometry was used to 

acquire the TRF decays with concentrated solutions of the Hx-PyBA model compound to 

determine the bimolecular rate constant kdiff for PEF in DMF and DMSO, while all the TRF decays 

of the pyrene-labeled dendrimer solutions with about 2.5×10-6 M pyrene concentration were 

acquired in the normal right-angle geometry. 

Model-Free Analysis (MFA) of the Fluorescence Decays: All monomer and excimer fluorescence 

decays were fitted globally according to the model free analysis (MFA).25,26 In brief, after 

absorption of a photon, an excited pyrene can fluorescence with its monomer lifetime, τM, or it can 

diffuse through the solution and encounter a ground-state pyrene to form one of two types of 

excimer depending on whether the two pyrenes are properly (E0*) or improperly (D*) stacked. 

The corresponding lifetimes of these two excimer species are τE0 and τD, respectively. The 

dendrimers labeled with 1-pyrenebutyric acid showed a short contribution in the excimer decays 

attributed to a short-lived pyrene dimer (ES*) with a lifetime tES. Due to its much shorter-lived 

fluorescence compared to all other pyrene species, ES* was not considered in the discussion of the 

fluorescence data. Consequently, three pyrene species were expected to be present in the sample, 

namely Pyfree*, Pydiff*, and Pyagg*, which corresponded to unreacted pyrene, pyrene excimer 

formed by diffusive encounters, and pyrene excimer formed through direct excitation of a pyrene 

aggregate, respectively. MFA of the monomer and excimer decays yields the molar fractions ffree, 

fdiff, and fagg of the Pyfree*, Pydiff
*, and Pyagg* species, respectively. The fluorescence intensity ratio 

of the pyrene excimer over the monomer, namely the (IE/IM)TRF ratio, and the average rate constant 

of pyrene excimer formation, <k>, were calculated with the decay times (ti) and their pre-

exponential factors (ai) retrieved from the MFA of the decays and their expressions are provided 
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in Equations 2.1 and 2.2, respectively. τM for the PyCX-PAMAM-GY dendrimers was fixed during 

the MFA and was determined from the model compounds. The τM values equaled 173, 161, and 

161 ns in DMF, whereas τM values of 138, 130, and 130 ns were obtained in DMSO for the n-

hexyl-1-pyrenebutyramide, n-ethyl-1-pyreneoctanamide, and n-ethyl-1-pyrenedodecanamide 

model compounds, respectively. 

While the fluorescence intensity ratios (IE/IM)SSF and (IE/IM)TRF are obtained by different 

fluorescence techniques, namely steady-state (SSF) and time-resolved (TRF) fluorescence, 

respectively, they are related to one another according to the following reasoning. The MFA 

decomposes the overall steady-state fluorescence signal IM
SSF for the pyrene monomer into that of 

the pyrene monomer species Pydiff* and Pyfree*, which emit as monomer with the radiative rate 

constant for the pyrene monomer (krad,M). Similarly, the overall steady-state fluorescence signal 

IE
SSF for the pyrene excimer is represented by that of the pyrene monomer species Pydiff* and 

Pyagg*, which lead to excimer formation and result in excimer emission with the radiative rate 

constant for the pyrene excimer (krad,E). The fluorescence intensity of the pyrene monomer (IM
SSF) 

is obtained by multiplying krad,M by the integral under the respective fluorescence decays of Pydiff* 

and Pyfree* defined by <t> and tM and weighing these contributions with the molar fractions fdiff 

and ffree of the pyrene species detected in the fluorescence decay of the pyrene monomer, 

respectively. Similarly, the fluorescence intensity of the excimer (IE
SSF) is obtained by multiplying 

krad,E by the integral under the respective fluorescence decays of Pydiff* and Pyagg* defined by the 

products <k>×<t>×tX and tX, where X stands for a short-lived (E0) or long-lived (D) excimer and 

weighing these contributions with the molar fractions fdiffX and fX of the pyrene species detected in 

the fluorescence decay of the pyrene excimer, respectively. Consequently, the ratio (IE/IM)SSF is 

found to equal (krad,E/krad,M)´(IM/IE)TRF, where the expression for (IM/IE)TRF is given in Equation 
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2.1. While (IE/IM)SSF is a relative measure of the pyrene excimer formation efficiency, which 

depends on the fluorometer and the method applied to determined the fluorescence intensities IM
SSF 

and IE
SSF, (IM/IE)TRF is an absolute value. The direct relationship between (IE/IM)SSF and (IM/IE)TRF 

has been demonstrated in numerous reports.21,22,28-29 
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2.3 RESULTS AND DISCUSSION 

Calculation of the end-to-end distance and radius of gyration of the pyrene-labeled PAMAM 

dendrimers: The same molecular parametrization was applied to all of the PyCX-PAMAM-GY 

dendrimers as was done earlier for a series of dendrons, that were prepared with a 2,2-

bis(hydroxymethyl)propionic acid (HMPA) backbone and labeled with 1-pyrenebutyric acid 

(PyC4-HMPA-GY with Y = 1 – 6).21,22 The methodology is described in more detail for the 

PyC4-PAMAM-G1 dendrimer shown in Figure 2.1. The black acyl spacer connecting the pyrenyl 

label to the dendrimer was made of a atoms, which equalled 4, 8, or 12 atoms depending on 

whether the dendrimer was labeled with 1-pyrene-butyryl, -octanoyl, or -dodecanoyl groups, 

respectively. The green aminoethyl propionamide building block of the PAMAM dendrimer 

contained b (= 7) atoms and the red ethylene diamine core was made of c (= 4) atoms. The 

corresponding schematic representation of PyC4-PAMAM-G1 is shown in Figure 2.1B. 
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The squared average end-to-end distance (LPy
2(1)) of PyC4-PAMAM-G1 was then 

calculated by selecting Py1 as being the excited pyrene, and thus the reference pyrene, and 

accounting for the number of atoms separating Py1* from Py2, Py1* from Py3 and Py4, and Py1* 

from Py5, Py6, Py7, and Py8 and considering each segment separating Py1* from a ground-state 

pyrene as a Gaussian chain. LPy
2 needed to be weighed by the number of pyrenyl labels being 

separated by a same number of atoms from Py1* (see Table 2.2) yielding Equation 2.3. l in 

Equation 2.3 is a normalization factor equivalent to the bond length. 

 

  

Figure 0.1 Chemical parametrization. A) Chemical structure of PyC4-PAMAM-G1 and B) its 

parametrized equivalent. 
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Table 0.3 Distances separating Py1* from groups with given numbers of ground-state pyrenyl 

labels for the PyC4-PAMAM-G1 sample. 

 

 

LPy
2(1) for PyC4-PAMAM-G1 calculated with Equation 2.3 could be generalized to 

determine LPy
2(N) for all PyCX-PAMAM-GY dendrimers as a function of the generation number 

(N) as shown in Equation 2.4. 
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Assuming that the dendrimer volume is a sphere of diameter LPy(N), the local pyrene concentration 

[Py]loc could be obtained by applying Equation 2.5 where the number of ground-state pyrenyl 

groups (# GS Py) is divided by the dendrimer volume. The term 2N+2 – 1 in the nominator of 

Equation 2.5 represents the number (nPy) of ground-state pyrenyl labels in a PyCX-PAMAM-GY 

dendrimer of generation Y = N from which one pyrenyl group was subtracted to account for the 

excited pyrene. The validity of Equation 2.5 can be tested by comparing the average rate constant, 

<k>, of PEF obtained from the MFA of the PyCX-PAMAM-GY fluorescence decays and given 

by Equation 2.2 in the Experimental section with the quantity nPy/(LPy(N)/l)3 taken as a measure of 

[Py]loc. Since <k> is directly equal to the product kdiff´[Py]loc, where kdiff is the bimolecular rate 

constant for PEF by diffusive encounters between an excited and a ground-state pyrene,12,13,26 <k> 

Distance between # of atoms 
# of ground-
state pyrenes 

Py1* from Py2 2a + 2b + 1! 1 

Py1* and Py3 and Py4 2a + 4b + 1 2 

Py1* and Py5, Py6, Py7, and Py8 2a + 4b + c 4 
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would be expected to increase linearly with increasing nPy/(LPy(N)/l)3 used to represent [Py]loc. 

Another advantage of considering the quantity nPy/(LPy(N)/l)3 is that it avoids the (p/6) term 

characteristic of a sphere, since numerous studies expect dendrimers to be better described as 

ellipsoids.20,30   
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 The calculation of LPy
2(N) was based on the simple assumption that the internal segments 

of the dendrimers obey Gaussian statistics. The validity of this assumption was supported from the 

linear relationship that was obtained earlier between <k> and nPy/(LPy(N)/l)3 for six PyC4-HMPA-

GY dendrimers with Y ranging from 1 to 6.21,22 Compared to the HMPA dendrimers, PAMAM 

dendrimers have been studied in much more detail and the profile of their radius of gyration as a 

function of generation number (Rg(N)) has been reported.16,20 Consequently, the assumption that 

the oligomeric segments constituting the interior of dendrimers might follow Gaussian statistics 

was applied to derive an expression for the radius of gyration of PAMAM dendrimers taking the 

center of the ethylene diamine linker located at the core of the dendrimer as the center of mass in 

Figure 2.1B. The average distance between the center of mass of the PAMAM dendrimer and an 

atom linked to the center of mass by i atoms would thus be Öi´l, where l is a normalization factor 

equivalent to a bond length. This relationship was taken advantage of to derive Equation 2.6 for a 

dendrimer of generation N, where the nominator represents the sum of all the Öi´l distances 

multiplied by the corresponding number of branches and the denominator represents the total 

number of atoms. Although the formalism applied to derive Equation 2.6 could be extended to 
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determine Rg(N) of the PyCX-PAMAM-GY dendrimers, Equation 2.6 was derived for the naked 

PAMAM dendrimers, so that it could be compared to the Rg(N) values obtained by molecular 

dynamics simulations (MDS).20 
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 Rg(N) obtained with Equation 2.6 was plotted as a function of N in Figure 2.2 and the Rg(N) 

values obtained with Equation 2.6 were compared to those determined from MDS conducted by 

Maiti et al.20 An excellent agreement between the Rg(N) values obtained with Equation 2.6 and 

MDS was observed up to the 4th generation PAMAM dendrimer. The discrepancy between the 

Rg(N) values obtained with Equation 2.6 and MDS must result from the crowding of the dendrimer 

interior for the higher generation dendrimers, which prevents the segments from adopting the 

Gaussian conformation, that was assumed in the derivation of Equation 2.6. For lower generation 

numbers, it is quite satisfying that Rg(N) obtained with Equation 2.6 reproduces closely the Rg(N)-

vs-N trend obtained by MDS, since the chain segments constituting the dendrimer interior are 

likelier to adopt a Gaussian conformation for the lower generation dendrimers, that are much less 

dense than the higher generation dendrimers. In turn, the good agreement observed in Figure 2.2 

validates the calculation of LPy
2(N) in Equation 2.4 and its use in Equation 2.5 to calculate [Py]loc. 

[Py]loc can be compared in the following sections to the average rate constant <k> for PEF obtained 

with Equation 2.2 from the MFA of the PyCX-PAMAM-GY fluorescence decays. 

 

Steady-state fluorescence spectra: The steady-state fluorescence (SSF) spectra of all samples were 

acquired and can be found in Figures 2.3A-F. They showed the typical spectral features expected 
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from the pyrene monomer and excimer fluorescence, with the monomer exhibiting sharp 

fluorescence peaks between 370 and 410 nm and the excimer displaying a broad structureless 

emission centered at 480 nm.12 The fluorescence spectra were analyzed to determine the 

fluorescence intensity of the excimer (IE) and monomer (IM), whose (IE/IM)SSF ratio represents a 

measure of the efficiency of pyrene excimer formation. (IE/IM)SSF was plotted as a function of 

nPy/(LPy/l)3 taken as a measure of [Py]loc in Figure 2.4A. Contrary to expectations,13 Figure 2.4A 

illustrates an apparent lack of trend between (IE/IM)SSF and [Py]loc. This outcome is expected since 

dealing with the (IE/IM)SSF ratio is notoriously sensitive to the presence of minute amount of 

unreacted pyrene derivative, whose fluorescence quantum yield can be more than 100 times larger 

than the quantum yield of the pyrene monomer covalently attached to a pyrene-labeled 

dendrimer.26,31,32 The first task when dealing with fluorescence data obtained with pyrene-labeled 

dendrimers is to eliminate the contribution from unattached pyrenyl labels from the monomer 

fluorescence. This task is easily accomplished from the analysis of the fluorescence decays.21,22,26   

 

 

Figure 0.2 Comparison of Rg determined via ( ) SAXS,16 ( ) computer simulations,20 and (

) with Equation 2.6. 
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Figure 0.3 Steady-state fluorescence spectra for the PyCX-PAMAM-GY dendrimers of generation 

A,D) 0, B,E) 1 and C,F) 2 that have been labeled with 1-pyrene-butyric (purple), -octanoic (blue), 

and dodecanoic (green) acid. Fluorescence spectra in Figures 2.3A-C and 2.3D-F were acquired 

in DMF and DMSO, respectively. 

Model Free Analysis of the Fluorescence Decays: The pyrene monomer and excimer fluorescence 

decays were fitted globally according to the model free analysis (MFA) and the ratio (IE/IM)TRF 

was calculated with Equation 2.1 from the MFA parameters listed in Tables S2.1 – S2.6. The 

excellent correlation found between the (IE/IM)TRF and (IE/IM)SSF ratios in Figure 2.4B demonstrated 

that the MFA parameters provided an accurate representation of the fluorescence signals emitted 

by the pyrene monomer and excimer as already described in numerous reports.21,22,27-29 It also 

afforded the ability to eliminate the contribution from unreacted pyrene derivatives by setting the 

molar fraction ffree of unreacted pyrene derivatives equal to zero in Equation 2.1 to yield the 

(IE/IM)TRF(ffree=0) ratio, which was plotted as a function of nPy/(LPy/l)3 in Figure 2.4C. While some 

scatter in the data remained, the data points clustered along two main lines for DMF and DMSO 

A) B) C) 

D) E) F) 



46 
!

with a Pearson correlation coefficient equal to 0.92 and 0.98, respectively. The fact that these 

Pearson correlation coefficients approached unity implied that a strong correlation existed between 

(IE/IM)TRF(ffree=0) and [Py]loc as would be theoretically expected.12,13,26 

The molar fractions fdiff, ffree, and fagg of the pyrenyl labels, that a) formed excimer by 

diffusion, b) were unable to form excimer and emitted as if they were free pyrene in solution, and 

c) were aggregated, respectively, were plotted as a function of nPy/(LPy/l)3 in Figure 2.5. The large 

fdiff values obtained in DMF and DMSO indicated that pyrene excimer formation (PEF) occurs 

mostly through diffusive encounters between the pyrenyl labels. The fact that PEF is diffusion-

controlled rationalizes why the (IE/IM)TRF(ffree=0) ratios in Figure 2.4C took lower values in DMSO 

than in DMF. Since DMSO has a higher viscosity (h = 1.99 mPa.s at 25 oC) than DMF (h = 0.79 

mPa.s at 25 oC), PEF is hindered in DMSO compared to DMF and the (IE/IM)TRF(ffree=0) ratios are 

lower in DMSO than in DMF. While the (IE/IM)TRF(ffree=0) ratios are somewhat informative, they 

involve the excimer decays and are thus affected by the contributions from the different excimers 

E0* and D*, which also complicates the interpretation of the results. A much simpler parameter to 

interpret is the average rate constant <k> for pyrene excimer formation, whose expression was 

provided in Equation 2.2. <k> is a pseudo-unimolecular rate constant that is equal to the product 

kdiff´[Py]loc and is thus directly proportional to [Py]loc as described in Equation 2.7. <k> was plotted 

as a function of nPy/(LPy/l)3 in Figure 2.6. 
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Figure 0.4 Plot of A) (IE/IM)SSF as a function of nPy/(LPy/l)3, B) (IE/IM)TRF as a function of (IE/IM)SSF, 

and (IE/IM)TRF(ffree=fES=0). Triangle, diamond, and square for generation 0, 1, and 2 PAMAM 

dendrimers labeled with 1-pyrene-butyric, -octanoic, and -dodecanoic acid in purple, blue, and 

green, respectively. Empty and full symbols are for DMF and DMSO, respectively. 
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The plots in Figure 2.6A for DMF and 2.6B for DMSO showed excellent correlations 

between <k> and nPy/(LPy/l)3 with Pearson correlation coefficients equal to 0.97 and 0.99, 

respectively. Pearson correlation coefficients close to unity indicate a strong correlation between 

two parameters. Consequently, the strong correlations found between <k> and nPy/(LPy/l)3 in 

Figures 2.6A and B provide strong support for the notion that <k> is an accurate measure of [Py]loc 

and that the assumption, that the internal segments of low generation PAMAM dendrimers obey 

Gaussian statistics, is justified. 
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Figure 0.5 Plot of the molar fractions ffree ( ), fdiff ( ), and fagg ( ) determined from the MFA 

of the fluorescence decays as a function of nPy/(LPy/l)3 in A) DMF and B) DMSO. 

 Furthermore, the <k> values obtained in DMF and DMSO for the PyCX-PAMAM-GY 

dendrimers were compared to those obtained earlier for the PyC4-HMPA-GY dendrons21 ,22 in 

Figures 2.6C and D, respectively. All data points clustered around a master straight line between 

the two types of dendrimers and up to the 5th generation for the PyC4-HMPA-GY series. The 

Pearson correlation coefficient for the data shown in Figures 2.6C and D took a same value of 

0.995 indicating an extremely strong correlation between <k> and [Py]loc. Visual inspection of 

Figure 2.5 indicates that different trends obtained with different linker lengths of the different 

pyrene derivatives employed to fluorescently label the PAMAM and HMPA dendrimers were 

satisfyingly accounted for by applying Equations 2.4 and 2.5, since all data points clustered along 

master lines. It also suggests that <k> responds directly to [Py]loc and that this dependency can be 

employed to draw conclusions about the macromolecule under study. In the case of the low 

generation PAMAM and HMPA dendrimers, their internal chain segments appear to be well 

described by Gaussian statistics. 
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Figure 0.6 Plot of <k> as a function of [Py]loc for PyCX-PAMAM-GY samples acquired in A) 

DMF and B) DMSO and PyC4-HMPA-GY samples acquired in C) DMF and D) DMSO. , 

and  represent PAMAM generation 0, 1 and 2, respectively, while purple, blue and green 

represent PyCX-PAMAM-GY dendrimers labeled with 1-pyrene-butyric, -octanoic, and -

dodecanoic acid, respectively. ( ) and ( ) for the PyC4-HMPA-GY samples in DMF and 

DMSO, respectively. 

It is however noticeable that the trends in Figure 2.6 are solvent-dependent. The lower 

slope obtained in DMSO compared to DMF is a consequence of PEF being diffusion-controlled 

in the pyrene-labeled dendrimers (see large fdiff values in Figure 2.5). Since <k> equals the product 

kdiff´[Py]loc, the higher solvent viscosity of DMSO (h = 1.99 mPa.s at 25 oC) than DMF (h = 0.79 

mPa.s at 25 oC) implies that kdiff, which is inversely proportional to solvent viscosity, is lower in 
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DMSO than in DMF. At first glance, differences in solvent viscosities could be dealt with by 

simply multiplying <k> by the solvent viscosity. Unfortunately, kdiff depends also on the 

probability (p) of forming an excimer upon encounter between an excited and a ground-state 

pyrene and this probability depends on the solvent.9 Instead, the effect of solvent on <k> can be 

accounted for by determining kdiff for a model compound.22 Since kdiff accounts for solvent 

viscosity and p, dividing <k> by kdiff yields the ratio <k>/kdiff which no longer depends on solvent 

viscosity and p. 

The bimolecular rate constant kdiff was determined for hexyl-1-pyrenebutyramide (Hx-

PyBA) by acquiring the monomer and excimer fluorescence decays in DMF and DMSO with Hx-

PyBA concentrations ranging from 10 to 30 mmol/L. The fluorescence decays were fitted with the 

MFA to yield the <k> values, which were plotted as a function of the Hx-PyBA concentration in 

Figure S26. Straight lines were obtained whose slopes yielded kdiff found to equal 1.05 (±0.01) and 

0.700 (±0.003) M-1.ns-1 in DMF and DMSO, respectively. 

 kdiff was then used to calculate the <k>/kdiff ratio, which was plotted against nPy/(LPy/l)3 in 

Figure 2.7A for the PyCX-PAMAM-GY samples. All the data points clustered around a master 

line with a Pearson correlation coefficient equal to 0.97 indicating a strong correlation. A plot of 

<k>/kdiff against nPy/(LPy/l)3 is provided in Figure 2.7B for all PyCX-PAMAM-GY and PyC4-

HMPA-GY dendrimers. A strong correlation with a Pearson correlation coefficient equal to 0.99 

was obtained demonstrating the direct relationship existing between <k>/kdiff and nPy/(LPy/l)3. 
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Figure 0.7 Plot of <k> as a function of nPy/(LPy/l)3 for A) the PyCX-PAMAM-GY samples and B) 

the PyCX-PAMAM-GY and PyC4-HMPA-GY samples. , and  represent PAMAM 

generation 0, 1 and 2, respectively, while purple, blue and green represent PyCX-PAMAM-GY 

dendrimers labeled with 1-pyrene-butyric, -octanoic, and -dodecanoic acid, respectively. ( , ) 

for the PyC4-HMPA-GY samples. Hollow for DMF and solid for DMSO. C) Plot of (solid) Rg and 

(hollow) rEE as a function of dendrimer ends for the unlabeled ( , ) PAMAM and ( , ) 

HMPA dendrimers. 

 Since the strong correlations found between <k>/kdiff and nPy/(LPy/l)3 for the low generation 

PAMAM and HMPA dendrimers with different chemical compositions were obtained by assuming 

that the internal oligomeric segments constituting the dendrimer interior obeyed Gaussian 

statistics, Rg and the average end-to-end distance (rEE) of the unlabeled PAMAM and HMPA 

dendrimers could be determined using the equations listed in Table S2.9 in SI. Since a same 

generation number yields different numbers of terminals for the PAMAM and HMPA dendrimers, 

RG and rEE were plotted as a function of the number of unlabeled ends in Figure 2.7C. These 

calculations were performed up to a maximum of 64 ends corresponding to a G4 PAMAM 
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dendrimer or a G6 HMPA dendrimer. RG and rEE were smaller for the HMPA dendrimers 

compared to the PAMAM dendrimers for a same number of end groups indicating that the HMPA 

dendrimers are denser than the PAMAM dendrimers. This conclusion agrees with the finding that 

<k>, and thus [Py]loc, is much larger for the PyC4-HMPA-GY dendrimers than for the PyC4-

PAMAM-GY dendrimers for a same number of end groups as found experimentally in Figure 

2.7B. 

  

2.4 CONCLUSIONS  

This study has established that the pseudo-unimolecular rate constant for PEF <k> responds 

directly to [Py]loc and that the relationship between <k> and [Py]loc can be employed to characterize 

the conformation of complex macromolecules labeled with more than two pyrenes. This represents 

a major departure from the current employment of fluorescence collisional quenching experiments 

for the quantitative characterization of macromolecules in solution, since such experiments are 

solely applied to linear monodisperse chains labeled at their opposite ends with a dye and a 

quencher. In contrast, the experiments presented in this study were conducted with PAMAM 

dendrimers decorated with a minimum of 4 and up to 16 pyrenyl labels, where [Py]loc was adjusted 

in a controlled manner by increasing either the generation number of the PAMAM dendrimers 

from 0 to 2 or the length of the linker connecting the pyrenyl labels to the PAMAM dendrimers 

from 4 to 12 carbon atoms. The linear response between <k> and [Py]loc found not only for the 

nine PyCX-PAMAM-GY samples but also the five PyC4-HMPA-GY samples suggests that the 

direct relationship between <k> and [Py]loc is general and can be applied to characterize the 

conformation of the numerous macromolecules with an architecture much more complex than 

linear polymer chains such as the dendrimers probed in the present study. The PEF experiments 
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described herein appear to nicely complement the scattering experiments typically conducted to 

characterize the conformation of large macromolecules, but which fail with small macromolecules 

that do not provide sufficient scattering signal as illustrated herein with the low generation 

PAMAM and HMPA dendrimers. 
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Chapter 3: Intra-Macromolecular 

Conformational Changes in Low Generation 

PAMAM Dendrimers Probed by Pyrene 

Excimer Formation 
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Adapted with permission from Patel, S.; McNelles, S.; Adrovnov, A.; Duhamel, J. 

Intramacromolecular Conformational Changes in Low Generation PAMAM Dendrimers Probed 

by Pyrene Excimer Formation. J. Phys. Chem. B 2023, 127, 8040-8048, Copyright 2023 American 

Chemical Society. 
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3.1 ABSTRACT 

Pyrene excimer formation (PEF) was used to probe the intra-macromolecular conformational 

change experienced by low generation pyrene-labeled PAMAM dendrimers referred to as PyCX-

PAMAM-GY, where X (= 4, 8, or 12) and Y (= 0, 1, or 2) represent the number of atoms in the 

pyrenyl linker and the dendrimer generation, respectively. Each sample was studied in N,N-

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) with and without 5 mM HCl. Global 

analysis of the monomer and excimer time-resolved fluorescence decays using the model free 

analysis (MFA) yielded the average rate constant of excimer formation, <k>, which was compared 

with the local pyrene concentration ([Py]loc) of the PyCX-PAMAM-GY samples calculated by 

assuming that the oligomeric segments constituting the dendrimer’s interior obeyed Gaussian 

statistics. A notable decrease in <k> was observed upon the addition of 5 mM HCl to the PyCX-

PAMAM-GY solutions and was attributed to swelling of the dendrimers resulting from the 

protonation of the internal tertiary amines. The reversibility of this conformational change could 

also be monitored via PEF. Solvent differences between DMF and DMSO were accounted for by 

dividing <k> by kdiff, the bimolecular rate constant for diffusive PEF of a n-hexyl-1-

pyrenebutyramide model compound, to yield the <k>/kdiff ratio. Comparison between the <k>/kdiff 

ratios obtained for all the PyCX-PAMAM-GY samples with and without 5 mM HCl revealed a 13 

% increase in the radius of the PAMAM-GY dendrimers upon protonation of their internal tertiary 

amines in agreement with earlier reports. These experiments illustrate that PEF represents a 

powerful experimental means to quantitatively probe the intra-conformational changes of complex 

macromolecules in solution, in a manner that complements scattering techniques. 
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3.2 INTRODUCTION 

Since their introduction in 1985, PAMAM dendrimers have led to thousands of studies. Yet despite 

this intense scrutiny, few experimental studies have been able to quantitatively characterize the 

conformation of low generation PAMAM dendrimers (G0 – G3) in solution. Getting quantitative 

information about the conformation of low generation dendrimers is challenging due to their weak 

scattering which complicates their conformational characterization through the determination of 

their radius of gyration (RG), a measure of the mass distribution in space of the macromolecule, by 

scattering techniques like static light scattering (SLS) or small angle X-ray (SAXS) or neutron 

(SANS) scattering. Another complication in the study of protonated PAMAM dendrimers is the 

existence of long range electrostatic interactions that must be accounted for due to the relatively 

high 10 – 50 g/L concentrations typically used to study PAMAM dendrimers by scattering 

techniques.1-4 The difficulty in accounting for intermacromolecular interactions between PAMAM 

dendrimers might be one reason why conclusions drawn from scattering techniques about the 

conformation of protonated PAMAM dendrimers differ somewhat from those obtained by 

molecular dynamics simulations (MDS) on isolated PAMAM dendrimers. Based on RG values, 

scattering studies indicate that the volume of PAMAM dendrimers does not change much upon 

protonation, although a rearrangement of the internal segments in the PAMAM dendrimers is 

observed during protonation.1-4 In fact the invariance of RG obtained by scattering techniques for 

PAMAM dendrimers upon protonation has led some to conclude that RG is not suitable as the 

index parameter to characterize the dendrimer conformation change.3 In contrast, the RG values 

obtained from MDS have been shown to increase upon protonation by 4 to up to 180 %.5-9 More 

recently, full atomistic MDS have found a 28 (±4) % increase in RG upon protonation of PAMAM 

dendrimers for generations between G1 and G6.10  



57 
!

Since the high PAMAM concentrations used in scattering experiments induce 

intermacromolecular interactions that might be difficult to account for, techniques capable of 

probing the conformation of macromolecules at much lower polymer concentration to prevent 

intermacromolecular interactions are of interest. In this context, a methodology based on pyrene 

excimer formation (PEF) could prove useful. It was recently applied to characterize the 

conformation of PAMAM dendrimers using polymer concentration of 0.001 g/L,11 more than 4 

orders of magnitude lower than scattering techniques.1-4,12,13 The pyrene end-labeled PAMAM 

dendrimers were referred to as PyCX-PAMAM-GY, where X = 4, 8, and 12 represents a 1-pyrene-

butyryl, -octanoyl, and -dodecanoyl label and Y indicates the generation number equal to 0, 1, and 

2. The square root of the average squared end-to-end distance <Lpy
2>1/2 separating every two 

pyrenyl labels for the nine PyCX-PAMAM-GY samples was calculated by assuming that the 

internal segments of the PAMAM dendrimers obeyed Gaussian statistics. This assumption was 

validated by applying it to calculate the radius of gyration (RG) of low generation PAMAM 

dendrimers and demonstrating that the calculated RG showed the same trend as a function of 

generation number found by MDS.7 <Lpy
2>1/2 was used to demonstrate that the average rate 

constant <k> for PEF was proportional to the local pyrene concentration [Py]loc inside a dendrimer 

expressed as nPy/<Lpy
2>3/2, where nPy is the number of ground-state pyrenes in a pyrene end-labeled 

dendrimer. LPy accounts for the length of the linker connecting the pyrenyl moiety to the PyCX-

PAMAM-GY sample with <Lpy
2>1/2 being equal to the average end-to-end distance (rEE) in the 

hypothetical case where the pyrenyl group could be covalently linked directly onto the reactive 

ends of a PAMAM dendrimer. In essence, this first study established a new way to probe the local 

density of PAMAM dendrimers through PEF measurements providing a means to determine RG 

and rEE for low generation PAMAM dendrimers at extremely low polymer concentration.11  
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To further expand the methodology combining PEF measurements to determine <k> and the 

mathematical derivation of RG, rEE, or <Lpy
2>1/2, the extreme sensitivity of PEF was employed to 

probe the conformational change undergone by the pyrene end-labeled PAMAM dendrimers upon 

protonation at a concentration of 1 mg/L. A 1 mg/L PAMAM concentration is so low that in the 

case of G0 PAMAM dendrimers, each macromolecule would be separated by an average of 172 

nm, a distance long enough to eliminate intermolecular interactions between protonated PAMAM 

dendrimers induced by long range electrostatic forces and enabling the conformational study of 

protonated low generation PAMAM dendrimers as isolated macromolecules in solution. The PEF 

experiments conducted with 5 mM HCl on the protonated pyrene end-labeled dendrimers indicated 

a 33 % reduction in <k> corresponding to a 13 % increase in RG or rEE. Although only the internal 

tertiary amines were protonated for the PyCX-PAMAM-GY samples, the 13 % increase in RG 

expected from the PEF measurements was in good agreement with the ~16 % increase in RG found 

by MDS for PAMAM dendrimers of generation G4, G5, and G67 and the 13 % increase for 

generation G86,10 and G910 with protonated internal tertiary and terminal primary amines. 

However, the increase in RG found by PEF upon protonation of PAMAM dendrimers was lower 

than that of 28 (±4) % determined by more recent all atom MDS for generations between G1 and 

G6.10 Nevertheless, the expansion in the PAMAM dendrimer volume detected in the present study 

upon protonation stands in stark contrast with the invariance of RG deduced from scattering 

experiments at much larger PAMAM concentrations.14 It also suggests that PEF-based 

methodologies enable the characterization of the conformation of protonated PAMAM dendrimers 

that are isolated in solution, a capability that could be extended to the study of any macromolecule 

in solution.  
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3.3 EXPERIMENTAL  

Chemicals: The preparation of the PyCX-PAMAM-GY dendrimers, where X = 4, 8, and 12 and Y 

= 0, 1, or 2, and the model compounds n-hexyl-1-pyrenebutyramide (Hx-PyBA), n-ethyl-1-

pyreneoctanamide (Et-PyOA), and n-ethyl-1-pyrenedodecanamide (Et-PyDA) used to determine 

the natural lifetime tM of the different pyrene derivatives was described in an earlier publication.11 

All other chemicals were purchased from Sigma-Aldrich. The 1H NMR and MALDI-TOF spectra 

of all the constructs can be found in an earlier publication11 while the chemical formula for each 

PyCX-PAMAM-GY construct is given in Table 3.1. 

Instrumentation: The same instruments described in the study of the PyCX-PAMAM-GY samples 

without HCl were used in the present study.11 In brief, a Varian Cary 100 Bio spectrophotometer 

(Varian, Polo Alto, CA, USA) was employed to acquire the absorption spectra with a 1 cm 

pathlength quartz cuvette. The solution for fluorescence measurements were diluted to ensure that 

the absorbance at 345 nm equaled 0.1 equivalent to a pyrene concentration of about 2.5 × 10-6 M 

or a dendrimer concentration varying between 1.0 and 1.5 mg/L, low enough to prevent 

intermolecular pyrene excimer formation. The solutions were then degassed for 35 minutes by 

bubbling N2 before acquiring the fluorescence spectra and decays on a QM-400 spectrofluorometer 

and a FluoroHub time-resolved fluorometer from HORIBA, respectively. The PyCX-PAMAM-

GY constructs were excited at 345 nm. The fluorescence spectra were recorded from 355 to 600 

nm. The (IE/IM)SSF ratio describing the PEF efficiency was calculated by taking the ratio of the 

fluorescence intensity of the excimer, IE, integrated from 500 to 530 nm over that of the monomer, 

IM, integrated from 376 to 382 nm. For the time-resolved fluorescence experiments, the PyCX-

PAMAM-GY solutions were excited with a 336 nm DeltaDiode laser and the monomer and 

excimer fluorescence decays were acquired at 379 and 510 nm with a 370 and 490 nm cut-off 
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filter, respectively, to minimize stray light from reaching the detector through the emission 

monochromator. A reflective aluminium monolith was used to acquire the instrument response 

function (IRF) by monitoring the signal reflected off its surface at 336 nm, the wavelength emitted 

by the exciting laser. Each fluorescence decay was acquired with up to 20,000 counts at its 

maximum over 1,024 channels. Time-per-channel values of 0.1, 0.44, or 0.87 ns were used. The 

quality of the global decay fits with the model free analysis (MFA)14,15 was assessed from the 

random distribution of the residuals and autocorrelation of the residuals around zero and a low χ2
 

(< 1.3). An example of the fits can be found in Figure S3.1 of the SI. The fluorescence decays for 

the Hx-PyBA model compound to determine kdiff were acquired at high Hx-PyBA concentrations 

with the front-face geometry, while all the other fluorescence decays were acquired with the 

normal right-angle geometry. 

Model-Free Analysis (MFA) of the Fluorescence Decays: The monomer and excimer fluorescence 

decays of the PyCX-PAMAM-GY samples were fitted globally according to the MFA with 

Equations S3.1 and S3.2 provided in the SI. According to the MFA, the pyrenyl labels can be in 

one of three states. The species Pyfree* represents the isolated pyrenes that are unable to form 

excimer and emit as if they were free in solution with the lifetime tM, the species Pydiff* forms 

excimer upon diffusive encounter with a ground-state pyrene, and the species Pyagg* describes 

these excited pyrenyl labels that are aggregated with ground-state pyrenes. Depending on whether 

Pyagg* forms a well-stacked (E0*) or poorly stacked (D*) dimer, Pyagg* emits with a lifetime equal 

to either tE0 or tD, respectively. The PyC4-PAMAM-GY samples showed a short-lived excimer 

species (ES*), which was accounted for by adding an extra exponential with a lifetime tES equal 

to 3.5 ns that was fixed in the decay analysis. Since it was much shorter-lived than the other pyrenyl 

species, its contribution was not accounted for to calculate the molar fractions. Global analysis of 
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the monomer and excimer fluorescence decays yields the pre-exponential factors (ai) and decay 

times (ti), which are used in Equation 3.2 to calculate the average lifetime (<t>) of the monomer 

decay (excluding the contribution from Pyfree*) and the average rate constant <k> for PEF, as well 

as the molar fractions ffree, fdiff, and fagg for the pyrenyl species Pyfree*, Pydiff*, and Pyagg*, 

respectively. The parameters retrieved from the MFA can be used to calculate the absolute IE/IM 

ratio ((IE/IM)TRF) with Equation 3.1 and <k> with Equation 3.2. The lifetime τM in the decay 

analysis was fixed to equal 173 ns, 161 ns, and 161 ns in DMF and 138 ns, 130 ns, and 130 ns in 

DMSO based on the lifetime of the model compounds Hx-PyBA, Et-PyOA, and Et-PyDA in the 

same solvents without 5 mM HCl, respectively. All tM values remained the same with 5 mM HCl 

except for Hx-PyBA in DMF, which had a lifetime of 169 ns. 
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Table 0.1. Chemical structure for each PyCX-PAMAM-GY construct where X = 4, 8, and 12 for 1-pyrene-butyryl, -octanoyl, and -

dodecanoyl labels, respectively. 

PyCX-PAMAM-G0 PyCX-PAMAM-G1 PyCX-PAMAM-G2 
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3.4 RESULTS AND DISCUSSION 

Parameterization of the PyCX-PAMAM-GY dendrimers to obtain [Py]loc: Based on the 

parametrization introduced earlier for the PyCX-PAMAM-GY dendrimers,11 the local pyrene 

concentration ([Py]loc) would be expected to take the expression provided in Equation 3.3. In 

Equation 3.3, nPy represents the number of ground-state pyrenes equal to 2N+2 – 1 in a PAMAM 

dendrimer of generation N, Vdendrimer is the dendrimer volume approximated as a sphere of diameter 

equal to the square root of <LPy(N)2>, which is the average squared end-to-end distance of the 

dendrimer whose expression is provided in Equation 3.4, and l is a normalization parameter that 

can be viewed as a bond length. In Equation 3.4, b (= 7) and c (= 4) correspond to the aminoethyl 

propionamide building block and ethylene diamine core in the PAMAM dendrimer, respectively, 

and a represents the number of atoms in the 1-pyrene-butyryl, -octanoyl, or -dodecanoyl 

derivatives equal to 4, 8, or 12, respectively. Combination of Equations 3.3 and 3.4 yields 

nPy/(<LPy
2>1/2/l)3 which was taken to represent [Py]loc. The validity of Equations 3.3 and 3.4 was 

established for the PyCX-PAMAM-GY dendrimers in an earlier publication.11  
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Steady-state fluorescence spectra:!The steady-state fluorescence (SSF) spectra for all samples 

were acquired with 5 mM HCl in N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) 

and they are shown in Figure 3.1. These fluorescence spectra display the typical features expected 
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from the pyrene monomer and excimer, with sharp peaks between 370 and 410 nm and a broad 

band centred at 480 nm, respectively. The fluorescence spectra were analyzed by determining the 

(IE/IM)SSF ratio obtained by dividing the intensity of the excimer from 500 to 530 nm (IE) by the 

intensity of the monomer from 376 to 382 nm (IM) to represent the efficiency of pyrene excimer 

formation. The (IE/IM)SSF ratios obtained for the PyCX-PAMAM-GY samples in DMF and DMSO 

with 5 mM HCl were plotted in Figure 2A as a function of nPy/(<LPy
2>1/2/l)3 taken as a measure of 

[Py]loc along with the (IE/IM)SSF ratios of the same PyCX-PAMAM-GY solutions obtained earlier 

without HCl.11  

Figure 0.1 Fluorescence spectra of the PyCX-PAMAM-GY samples in DMF (top row) and DMSO 

(bottom row) with 5 mM HCl for X = 4 ( ), 8 ( ), or 12 ( ) and Y = 0 (A & D), 1 (B & E), and 

2 (C & F).

No discernible trend was observed between the (IE/IM)SSF ratios and [Py]loc contrary to 

expectation.16 However, this outcome was not surprising considering that (IE/IM)SSF is extremely 
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sensitive to the presence of a minute amount of unattached pyrene, whose fluorescence quantum 

yield can be 100 times larger than that of a pyrenyl monomer attached onto macromolecules.17-19 

Clearly, quantitative information about the conformation of PyCX-PAMAM-GY samples in 

solution cannot be extracted from fluorescence spectra and the interpretation of (IE/IM)SSF ratios 

requires that the contribution of unattached pyrenyl labels be eliminated. This is accomplished 

through the analysis of the time-resolved fluorescence decays. 

 

Model Free Analysis of the Fluorescence Decays: The time-resolved fluorescence (TRF) decays 

for all PyCX-PAMAM-GY samples were acquired in DMF and DMSO with 5 mM HCl, in DMF 

with 5 mmol NaOH, or in DMF with 5 mM HCl followed by the addition of 10 mM NaOH. The 

decays were globally fitted in accordance with the model free analysis (MFA) and all parameters 

from the decay fits can be found in Supporting Information (SI) in Tables S3.1 to S3.24. The results 

obtained for the PyCX-PAMAM-GY samples with 5 mM HCl were compared to those obtained 

for the same dendrimers without HCl earlier.11 The (IE/IM)TRF ratios were calculated with Equation 

3.1 by using the parameters obtained from the MFA of the decays and they were compared to the 

(IE/IM)SSF ratios in Figure 3.2B. They showed a strong correlation with a Pearson correlation 

coefficient equal to 0.97. The strong positive correlation between (IE/IM)SSF and (IE/IM)TRF suggests 

that the MFA parameters obtained from the global analysis of the fluorescence decays provided 

an accurate representation of the fluorescence of the PyCX-PAMAM-GY samples shown in the 

fluorescence spectra in Figure 3.1. However, unlike the (IE/IM)SSF ratios, the (IE/IM)TRF ratios can 

be calculated in the absence of unattached pyrene by setting ffree, the molar fraction of unattached 

pyrene, to zero which yields the ratio (IE/IM)TRF(ffree=0). Contrary to the (IE/IM)SSF ratios in Figure 

3.2A, the (IE/IM)TRF(ffree=0) ratios plotted as a function of nPy/(<LPy
2>1/2/l)3 yielded distinct lines in 



66 
!

Figures 3.2C and D with Pearson correlation coefficients equal to 0.92 in DMF without HCl, 0.96 

in DMF with 5 mM HCl, 0.98 in DMSO without HCL, and 0.90 in DMSO with 5 mM HCl. In 

each case the Pearson correlation coefficients approached unity, indicating a strong positive 

correlation between (IE/IM)TRF(ffree=0) and [Py]loc.  

 

  

  

Figure 0.2 A plot of A) (IE/IM)SSF as a function of nPy/(<LPy
2>1/2/l)3, B) (IE/IM)TRF as a function of 

(IE/IM)SSF and (IE/IM)TRF(ffree=0) as a function of nPy/(<LPy
2>1/2/l)3 acquired in C) DMF ( , ) or 

D) DMSO ( , ) without (black) or with (red) 5 mM HCl.  

 

0

4

8

12

16

20

24

28

0.00 0.02 0.04 0.06

I E
/I

M
S

S
F

nPy/(<LPy
2>1/2/l)3

0.5

5

50

0.5 5 50

I E
/I

M
T

R
F

IE/IM
SSF

0

5

10

15

20

0.00 0.02 0.04 0.06

I E
/I

M
T

R
F
(f

fr
e
e
=

0
)

nPy/(<LPy
2>1/2 /l)3

0

5

10

15

20

0.00 0.02 0.04 0.06

I E
/I

M
T

R
F
(f

fr
ee

=
0

)

nPy/(<LPy
2>1/2 /l)3

C) 

B) A) 

D) 



67 
!

Considering the strong relationship between (IE/IM)TRF(ffree=0) and nPy/(<LPy
2>1/2/l)3 taken 

as a measure of [Py]loc in Figures 3.2C and D, the reduction in the slopes of the straight lines in 

red obtained for the PyCX-PAMAM-GY dendrimers in both solvents with 5 mM HCl compared 

to the straight lines in black obtained without HCl implied that [Py]loc was lower with 5 mM HCl. 

A lower [Py]loc would be expected if protonation of the internal tertiary amines of the PyCX-

PAMAM-GY dendrimers induced by HCl would result in a larger macromolecular volume, which 

would dilute the pyrenyl labels. In turn, this conclusion indicates that PEF measurements can probe 

the expansion of the interior of PAMAM dendrimers under acidic conditions. 

Regardless of the presence or absence of 5 mM HCl in the solvents, the (IE/IM)TRF(ffree=0) 

ratios obtained in DMSO were also consistently lower compared to their corresponding values in 

DMF. Considering that PEF is a diffusion-controlled process and that DMSO has a higher viscosity 

(h = 1.99 mPa.s at 25 oC) compared to DMF (h = 0.79 mPa.s at 25 oC), this trend is not surprising 

and serves to further demonstrate that the (IE/IM)TRF(ffree=0) ratios calculated from the MFA 

parameters respond to solvent effects, as expected. The molar fractions fdiff, ffree, and fagg of the 

pyrenyl species Pydiff*, Pyfree*, and Pyagg* were calculated and they were plotted as a function of 

nPy/(<LPy
2>1/2/l)3 in Figure 3.3. In both DMF and DMSO with or without HCl, fdiff was above 0.80 

for all but three samples, prepared with PyBA, that seemed to generate more pyrene aggregation. 

Nevertheless, the majority of fdiff values approached unity indicating that PEF occurred primarily 

through diffusive encounters. Furthermore, the molar fractions ffree and fagg remained relatively 

low, suggesting a low amount of unattached and aggregated pyrenyl labels, respectively. Despite 

the low amount of Pyfree* species, their large fluorescence quantum yield was sufficient to 

scramble the (IE/IM)SSF ratios resulting in the absence of any discernable trend in Figure 3.2A. 
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Although the (IE/IM)TRF(ffree=0) ratio and the molar fractions provide quantitative 

information about the PyCX-PAMAM-GY constructs, their calculations are more complicated due 

to the involvement of the excimer decays. A simpler parameter to interpret is the pseudo-

unimolecular average rate constant of excimer formation (<k>) given in Equation 3.2. <k> is equal 

to kdiff×[Py]loc and should thus increase linearly with the [Py]loc. Consequently, <k> was plotted as 

a function of nPy/(<LPy
2>1/2/l)3 in Figure 3.4. <k> increased linearly with nPy/(<LPy

2>1/2/l)3 

regardless of solvent conditions. Pearson correlation coefficients were found to equal 0.97 in DMF 

without HCl, 0.98 in DMF with 5 mM HCl, 0.99 in DMSO without HCl, and 0.93 in DMSO with 

5 mM HCl. The strong positive correlation between <k> and nPy/(<LPy
2>1/2/l)3 evidenced by the 

Pearson correlation coefficients approaching unity implied that the parametrization of the 

dendrimers, based on the assumption that the internal oligomeric segments constituting the PyCX-

PAMAM-GY samples obey Gaussian statistics, was valid in both DMF and DMSO with and 

without 5 mM HCl. 

 

Figure 0.3 A plot of the molar fractions ffree ( , ), fdiff ( , ), and fagg ( , ) determined 

from the MFA of the fluorescence decays as a function of nPy/(<LPy
2>1/2/l)3 acquired in A) DMF 

and B) DMSO without (black) and with (red) of 5 mM HCl. 
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As for the IE/IM
TRF(ffree=0) ratios in Figure 3.2C, the trends for <k> in Figure 3.4 yielded 

slopes with 5 mM HCl that were clearly smaller than the slopes obtained without HCl. Specifically, 

the addition of 5 mM HCl in either DMF or DMSO resulted in a 34 (±5) % or 55 (±8) % decrease 

in the slopes, respectively. This observation suggests that the pyrenyl groups in the 

PyCX-PAMAM-GY constructs experienced a 45 (±10) % lower [Py]loc upon addition of 5 mM 

HCl. Considering that the internal tertiary amines of the PAMAM dendrimers can be protonated 

upon addition of 5 mM HCl, the resulting ammonium cations would induce electrostatic repulsion 

inside the PAMAM dendrimer resulting in the swelling of their interior. This, in turn, would 

effectively increase the dendrimer volume and lower [Py]loc for each sample. This observation 

represents a significant departure from scattering studies, which report an invariance of RG upon 

protonation of PAMAM dendrimers implying a constant macromolecular volume.1-4

Figure 0.4 Plot of <k> as a function of nPy/(<LPy
2>1/2/l)3 in A) DMF ( , ) and B) DMSO ( ,

) in the absence (black) and presence (red) of 5 mM HCl.
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To solidify this rationale, four additional control experiments were conducted. First, the 

protonation state of the PyCX-PAMAM-GY constructs in DMF and DMSO without HCl was 

assigned. Second, the reversibility of the conformational change experienced by the protonation 

and deprotonation of the tertiary amines was determined. Third, the effect of HCl on <k> was 

assessed by determining whether <k> for a pyrene-labeled macromolecule without protonatable 

groups is affected by the presence of HCl. Fourth, the effect of HCl on kdiff, the bimolecular rate 

constant of excimer formation, which depends on both the solvent viscosity (h) and the probability 

of excimer formation (p),20 was investigated since HCl might affect p. 

To characterize the protonation state of the PyCX-PAMAM-GY dendrimers in DMF 

without HCl, their <k> value was determined in DMF with 5 mM NaOH. The presence of 5 mM 

NaOH should ensure that all of the tertiary amines in the PyCX-PAMAM-GY samples were 

deprotonated so that comparison between the <k> values obtained in pure DMF and DMF with 5 

mM NaOH should provide some insight on the protonation state of the samples. A similar study 

was also attempted in DMSO with 5 mM NaOH. However, DMSO turned yellowish upon addition 

of NaOH and the fluorescence experiments were abandoned. The fluorescence decays of the 

PyCX-PAMAM-GY dendrimers were acquired in DMF with 5 mM NaOH and fitted globally with 

the MFA to yield <k>, which was plotted as a function of nPy/(<LPy
2>1/2/l)3 in Figure 3.5. Visual 

inspection of Figure 3.5 reveals excellent agreement between the <k> values in pure DMF and 

those acquired in DMF with 5 mM NaOH. The excellent agreement between the data sets in Figure 

3.5 demonstrates that the tertiary amines in the PyCX-PAMAM-GY constructs were most likely 

deprotonated in the pure solvents and it provides further support that protonation of the tertiary 

amines upon addition of HCl was most likely responsible for the decrease in <k> observed in 

Figure 3.4. 
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Figure 0.5 Plot of <k> as a function of nPy/(<LPy
2>1/2/l)3 in DMF without ( ) and with ( ) 5 mM 

NaOH. 

Since the tertiary amines located inside the dendrimers are not protonated in DMF with 5 

mM NaOH, the good fits obtained by applying the global MFA to the fluorescence decays of the 

PyCX-PAMAM-GY samples also suggest that the tertiary amines do not seem to quench the 

pyrenyl labels. It is possible that the tertiary amines, which are well-known quenchers of pyrene, 

might be too sterically hindered to allow access and induce quenching of the pyrenyl labels. 

To assess the reversibility of the conformational change experienced by PyCX-PAMAM-

GY samples in DMF, the fluorescence decays were reacquired. Initially, the fluorescence decays 

of each PyCX-PAMAM-GY sample were obtained in DMF. Subsequently, the fluorescence 

decays of the same solutions were reacquired in DMF with 5 mM HCl. Finally, the fluorescence 

decays were acquired after 40 µL of 1 M NaOH was added to 4 mL of the PyCX-PAMAM-GY 

solutions in DMF with 5 mM HCl to yield a final concentration of 10 mM NaOH with 5 mM HCl. 

Using this experimental design, the conformational changes experienced by the samples could be 

monitored as the tertiary amines transitioned from an initial deprotonated state (pure DMF) to a 
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protonated state (DMF with 5 mM HCl) and then back to a deprotonated state (DMF with 5 mM 

HCl and 10 mM NaOH). As depicted in Figure 3.6, the fluorescence decays showed a visible 

difference depending on whether the tertiary amines were deprotonated (Figures 3.6A and C) or 

protonated (Figure 3.6B). Specifically, the earlier portion of the monomer fluorescence decay, 

which yields dynamic information for PEF, exhibits a longer decay when the tertiary amines are 

protonated compared to when deprotonated. Given that <k> is inversely related with <t>, since 

<k> is much larger than tM
-1, the slower decay indicates that <k> is lower when the tertiary amines 

are protonated. The difference between the decays is further illustrated in Figure 3.6D where the 

monomer fluorescence decays under each condition were overlapped. Most importantly, Figure 

3.6D clearly demonstrates that the fluorescence decay returns to its original form in DMF (Figure 

3.6A), where the tertiary amines were deprotonated, upon the addition of NaOH (Figure 3.6C) to 

the protonated samples (Figure 3.6B). This illustrates the reversibility of the conformational 

change experienced by the PyCX-PAMAM-GY samples with or without HCl. 

 

    

Figure 0.6 The monomer decay of PyC8-PAMAM-G0 acquired in A) DMF, B) DMF with 5 mM 

HCl, and C) DMF with 5 mM HCl and 10 mM NaOH. D) Overlap of the monomer decays obtained 

in Figure 3.6A), B), and C).  

A) B) C) D) 
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Although the reversibility of the conformational change experienced by the 

PyCX-PAMAM-GY samples with or without HCl can be confirmed from the visual inspection of 

the monomer fluorescence decays, a more quantitative analysis would be based on <k> determined 

under each condition. As seen in Figure 3.7, <k> values obtained in DMF are clearly higher than 

the values obtained in the same solution with 5 mM HCl, as observed previously in Figure 3.4A. 

Upon addition of NaOH to a same PyCX-PAMAM-GY solution with HCl, the <k> values returned 

to the same line, within experimental error, as obtained initially in pure DMF. This behavior 

demonstrates the reversibility of the conformational change experienced by the PAMAM 

dendrimers. Interestingly, comparison of <k> obtained independently in Figures 3.4, 3.5 and 3.7 

revealed that <k> varied by at most 2% under a given condition. The reproducibility and reliability 

of the <k> measurements not only confirm the reversibility of the conformational change 

experienced by the PyCX-PAMAM-GY samples but also demonstrate the robustness of the 

methodology applied to globally analyze the fluorescence decays. 

Figure 0.7. A) Plot of <k> as a function of nPy/(<LPy
2>1/2/l)3 for the PyCX-PAMAM-GY samples 

acquired in 1st experiment: DMF (black, empty), 2nd experiment: DMF with 5 mM HCl (red, 

empty), 3rd experiment: DMF with 5 mM NaOH (green, empty), and 4th experiment: DMF (black, 
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full), followed by addition of 5 mM HCl (red, full), followed by addition of 10 mM NaOH (green, 

full). B) Plot of the slope of the straight lines shown in Figure 3.7A. 

 

To evaluate how <k> might be affected by 5 mM HCl when dealing with a pyrene-labeled 

macromolecule without protonatable groups, the fluorescence decays of a series of 2,2-

bis(hydroxymethyl)propionic acid-based dendrimers labeled with 1-pyrenebutyric acid (PyC4-

HMPA-GY) with Y ranging from 1 to 5, that were characterized in pure DMF and DMSO in an 

earlier study,21,22 were acquired in DMF and DMSO with 5 mM HCl. The fluorescence decays 

were analyzed using the MFA and their parameters can be found in Tables S3.25 to S3.28 in the 

SI. The <k> values obtained in DMF and DMSO without HCl and with 5 mM HCl were compared 

in Figures 3.8A and B for DMF and DMSO, respectively. The identical trends observed in Figures 

3.8A and B for the solvents without and with 5 mM HCl demonstrate that within experimental 

error, the <k> values for the PyC4-HMPA-GY samples are unaffected by the presence of 5 mM 

HCl. Consequently, if <k> for a macromolecule without protonatable groups is unaffected by the 

presence of 5 mM HCl, the comparison conducted in Figure 3.8 supports the notion that the 

decrease in <k> observed in Figure 3.4 was likely due to the presence of the protonatable groups, 

namely the tertiary amines of the PyCX-PAMAM-GY constructs. 
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Figure 0.8. Plot of <k> as a function of nPy/(<LPy
2>1/2/l)3 for 1-pyrenebutyric acid-labeled 

2,2,-bis(hydroxymethyl)propionic acid-based dendrimers (PyC4-HMPA-GY) acquired in A) DMF 

and B) DMSO in the absence (  ) and presence ( ) of 5 mM HCl.

Proper parametrization of macromolecules such as the PyC4-HMPA-GY and PyCX-

PAMAM-GY dendrimers yields an expression of [Py]loc, that results in a linear relationship 

between <k> and [Py]loc as observed in Figures 3.4 – 3.8. However, <k> being equal to the product 

kdiff´[Py]loc, where kdiff depends on solvent viscosity (h) and the probability (p) of forming an 

excimer upon encounter between an excited and a ground-state pyrene, the lines shown in Figure 

3.4 have different slopes in DMF and DMSO, since DMF and DMSO have different h and p

values. Furthermore, the h and p values in these solvents could be further affected by the addition 

of 5 mM HCl. To assess the effect of HCl on kdiff, kdiff was determined for the formation of 

intermolecular pyrene excimer with the model compound n-hexyl-1-pyrenebutyramide (Hx-

PyBA). To this end, the fluorescence decays of Hx-PyBA solutions in DMF and DMSO with 5 

mM HCl were acquired for Hx-PyBA concentrations ranging from 11 to 26 mM and they were 

fitted according to the MFA to yield <k>. Plotting <k> as a function of Hx-PyBA concentration in 
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Figures S3.2A and B for DMF and DMSO with 5 mM HCl resulted in two straight lines whose 

slope yielded kdiff equal to 1.06 (±0.01) µs-1 and 0.71 (±0.01) µs-1 in DMF and DMSO with 5 mM 

HCl, respectively. Within experimental error, these values are identical to those of 1.05 (±0.01) 

µs-1 and 0.70 (±0.00) µs-1 obtained earlier in pure DMF and DMSO,11 respectively, leading to the 

conclusion that 5 mM HCl does not affect kdiff in DMF and DMSO, as was already suggested by 

the PyC4-HMPA-GY study in Figure 3.8, where similar <k> values were obtained without and 

with 5 mM HCl. 

Dividing <k> by kdiff for Hx-PyBA yielded the ratio <k>/kdiff, which no longer depends on 

solvent viscosity and p. The <k>/kdiff values were plotted as a function of nPy/(<LPy
2>1/2/l)3 in Figure 

3.9A. The <k>/kdiff ratios obtained for the pure solvents without HCl clustered around a straight 

line whose slope was larger than the slope of the straight line along which the <k>/kdiff ratios for 

the samples in the solvents with 5 mM HCl distributed themselves. Pearson correlation coefficients 

of 0.99 and 0.98 were found for the solutions without and with 5 mM HCl, respectively, reflecting 

a very strong positive correlation between the <k>/kdiff ratio and nPy/(<LPy
2>1/2/l)3, thus validating 

the assumption that the oligomeric segments constituting the interior of the PyCX-PAMAM-GY 

constructs obey Gaussian statistics.  

Averaging the <k>/kdiff ratios obtained for the same construct in DMF and DMSO yielded 

the trend shown in Figure 3.9B, which highlights the difference in slopes for the <k> values 

obtained without and with 5 mM HCl. Addition of 5 mM HCl reduces the slope by 1.45 (±0.05) 

times, which would suggest a 33 % increase in the dendrimer volume. The cube root of the volume 

increase indicates by how much the average end-to-end distance <LPy
2>1/2, used to calculate the 

ratio nPy/(<LPy
2>1/2/l)3, increased after protonating the interior tertiary amines. This calculation 
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suggests that the average end-to-end distance of the PAMAM dendrimers increased by 13 (±1) % 

upon exposure to 5 mM HCl.  

Figure 0.9. A) Plot of the <k>/kdiff ratio as a function of nPy/(<LPy
2>1/2/l)3 for decays acquired in 

DMF ( ) or DMSO ( , ) in the absence (black) or presence (red) of 5 mM HCl. B) Plot of the 

average <k>/kdiff ( , ) values acquired in DMF and DMSO as a function of nPy/(<LPy
2>1/2/l)3

acquired without (black) and with (red) of the 5 mM HCl.

Although scattering experiments cannot be used to study changes in RG for isolated non-

interacting polyelectrolytes,1-4 molecular dynamics simulations (MDS) can. MDS conducted on 

PAMAM dendrimers of generation 4, 5, and 6 found an increase in RG of 13, 20, and 15%, 

respectively, going from a completely unprotonated to a fully protonated (both primary and tertiary 

amines) construct.7 While only the internal tertiary amines of the PyCX-PAMAM-GY samples 

were protonated in the present study, the 13 (±1) % increase in the end-to-end distance observed 

for these samples upon adding 5 mM HCl is in excellent agreement with the 16 (±3) % average 

increase in RG found for the PAMAM-GY samples with Y = 4, 5, and 6 by MDS.7 It is however 
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lower than the 28 (±4) % determined by all atom MDS conducted more recently for PAMAM 

dendrimers with generations between G1 and G6.10 The lower increase in RG probed for the PyCX-

PAMAM-GY samples upon protonation could reflect the expansion of the PAMAM dendrimers 

induced by the sole internal tertiary amines, which is different from the MDS, which consider the 

naked PAMAM dendrimer with protonated internal tertiary amines and terminal primary amines. 

While MDS describe the unmodified PAMAM dendrimers, the PyCX-PAMAM-GY samples are 

actually more representative of the many PAMAM dendrimers used for applications in the 

scientific literature since their terminal groups are taken advantage of for chemical modification.  

 

3.5 CONCLUSIONS  

This study provides another application of the PEF-based methodology developed for pyrene end-

labeled dendrimers to characterize their conformation.11,21,22 The combination of the pseudo-

unimolecular rate constant of excimer formation, <k>, together with the parameterization of a 

series of pyrene-labeled PAMAM dendrimers to obtain a measure of [Py]loc through the quantity 

nPy/(<LPy
2>1/2/l)3 was applied to characterize the conformational changes occurring 

intramolecularly in solution under conditions where the PAMAM dendrimers were characterized 

as isolated macromolecules without undergoing intermolecular interactions. Such experimental 

conditions are inaccessible to scattering experiments, in part, due to their use of significantly 

higher polymer concentrations. Specifically, the PEF studies revealed that the radius of low 

generation PAMAM dendrimers increased by 13 (±1) % upon protonation of their interior tertiary 

amines. This result differs significantly from scattering studies, which have found little change in 

RG upon protonation of PAMAM dendrimers.1-4 Furthermore, the 13 % increase in the dimensions 

of the pyrene end-labeled PAMAM dendrimers was found to be in excellent agreement with the 
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increase predicted by MDS in the radius of gyration of PAMAM dendrimers of generation 4, 5, 

and 6 as they transition from an unprotonated state to a fully protonated state.7 This study 

represents the first example where PEF was applied to quantitatively characterize the 

conformational change happening to low generation PAMAM dendrimers upon protonation of 

their internal tertiary amines. Additionally, and perhaps more importantly, these studies further 

illustrate how PEF can be applied to macromolecules bearing more than two pyrenyl labels to 

extract quantitative information about the conformation of macromolecules in solution in a manner 

that complements scattering experiments. 
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Chapter 4: Extending the Range of Distances Used to 

Characterize the Conformation of Macromolecules by 

Pyrene Excimer Formation: Application to the 

Conformation of Poly(L-glutamic acid) in Dimethyl 

Sulfoxide 
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4.1 ABSTRACT 

Pyrene excimer formation (PEF) was applied to study the homopolypeptides poly(D,L-glutamic 

acid) (PDLGA) and poly(L-glutamic acid) (PLGA), collectively referred to as the PGA samples, 

in N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). The polypeptides were 

labeled with 1-pyrenebutylamine (PyC4N) or 1-pyreneoctylamine (PyC8N) and were described as 

PyCX(x)N-PGA where X equals 4 or 8, respectively, and x represents the molar percentage of 

pyrene-labeled glutamic acid (Glu). The fluorescence results obtained with these polypeptides 

were compared with the results obtained earlier with the same polypeptides randomly labeled with 

1-pyrenemethylamine (PyC1N). Analysis of the fluorescence decays of the PyCX(x)N-PGA 

samples with the fluorescence blob model (FBM) yielded <Nblob
exp>, which is the average number 

of Glu units per blob, where a blob is the sub-volume probed by an excited pyrenyl label. The 

<Nblob
exp> values obtained for the PyCX(x)N-PGA samples in DMF and DMSO were compared 

with the Nblob
MMO values determined via molecular mechanics optimizations (MMO) conducted 

for PLGA constructs adopting four different conformations and labeled with either PyC1N, 

PyC4N, or PyC8N. The good agreement obtained between the <Nblob
exp> and Nblob

MMO values for 

PDLGA in DMF and DMSO and PLGA in DMF, whose conformation was known to be a random 

coil and an a-helix, respectively, validated the PEF-based methodology. It was then applied to 

determine that the as yet unknown conformation of PLGA in DMSO was that of a 310-helix. Since 

PyC8N probed a spherical volume whose 7.7 nm diameter was almost double that of PyC1N, these 

experiments significantly extended the range of distances over which PEF can be applied to 

characterize macromolecular conformations, making PEF competitive with Förster resonance 

energy transfer (FRET).  
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4.2 INTRODUCTION  

The characterization of the conformation of biomacromolecules is a fundamental area of study, 

given that conformation governs the underlining functions of the biomacromolecules used as the 

building blocks of living organisms. Although much simpler than proteins, synthetic polypeptides 

are excellent model compounds to gain insight into the physical principles underlining the 

structure-property relationships of proteins.8 One of the best characterized homopolypeptides is 

poly(L-glutamic acid) (PLGA), whose conformation is typically monitored in aqueous solutions9-

16 or organic solvents.17-27 One particularly important organic solvent regarding peptide 

conformation is dimethyl sulfoxide (DMSO), owing, in part, to its widespread use for the storage 

of biomacromolecules28 and to handle biological samples, drugs, and cosmetics.29 Since DMSO is 

also viewed as a denaturant,30-35 the effect that DMSO has on the conformation of 

biomacromolecules must be carefully assessed, particularly since a large body of evidence also 

suggests that several biomacromolecules retain some structure in DMSO.20-22,45,36-38  

 Numerous techniques can be applied to characterize the conformation of 

biomacromolecules in solution. They are mainly based on scattering,9,10,12,31,34,39 NMR,17,19,27,32,36-

38,40 circular dichroism (CD),35,41-43,56 Raman optical activity (ROA),22,44-46 and Fourier transform 

infrared (FTIR) spectroscopy.22,33,47-49 Despite the wealth of knowledge extracted from these 

experimental techniques, limitations do exist. Scattering experiments used for biological and 

synthetic macromolecules often require high concentrations (~ 0.1 - 20 mg/mL) of 

macromolecules to generate sufficient scattering signal,50,51 which can complicate the 

conformational analysis of macromolecules if long range intermacromolecular interactions 

occur.52,53 On the other hand, multidimensional NMR experiments can be used to probe the 

conformation of small biomacromolecules,32,36-38 with a molecular weight typically up to 100 
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kDa,54 but its use has been less prevalent for synthetic polymers, such as homopolypeptides, in 

part due to the similarity/overlap of the backbone resonances.55 Consequently, the characterization 

of the conformation of homopolypeptides by solution NMR typically involves monitoring shifts 

of the position of the a-CH proton signal in the 1H NMR spectrum to infer the presence of 

secondary structure.17,19,27,40 Conformational information obtained by CD and ROA requires 

measuring the difference between, respectively, the absorbance or scattering of left and right 

polarized light as a function of wavelength. Comparison of the resulting spectra against spectra, 

that are either simulated or acquired experimentally with macromolecules of known conformation, 

provides a means to characterize macromolecular conformations and conformational changes. The 

interpretation of the CD and ROA spectra, however, can be complicated by solvent effects56,57 in 

the characteristic regions of the spectrum used to assess macromolecular conformations. In 

contrast to CD and ROA, FTIR spectroscopy monitors the stretching and bending motions between 

atoms resulting in spectral shifts in the amide region, which are commonly analyzed to gain 

conformational insight about polypeptides. However, accurate assignment of the shifts within the 

amide region can be challenging because they are relatively small, making it difficult to 

unambiguously determine if the shifts are due to structural differences or changes in the local 

environment experienced by the polypeptide.58 In summary, although the combination of these 

experimental techniques has provided valuable conformational information about polypeptides, 

the above discussion illustrates that limitations still remain stemming mainly from the high 

concentrations of macromolecules used in these experiments and the difficultly in assigning 

specific spectral features to a given macromolecular conformation. These problems are further 

highlighted in the following section focusing on the conformation of PLGA in DMSO. 



84 
!

 Although PLGA is mostly studied by NMR in D2O59-63 rather than DMSO, some 

conformational information about PLGA in DMSO can be inferred from NMR studies conducted 

with its benzyl protected analog, namely poly(g-benzyl-L-glutamate) (PBLG). The a-CH proton 

of PBLG, used to assess conformational changes, has been found to shift up-field in DMSO for 

PBLGA with a degree of polymerization (DP) greater than seven compared to the a-CH proton of 

PBLGA chains with a DP smaller than seven, known to adopt a random coil conformation.19 This 

result indicates that long PBLGA chains in DMSO adopt a secondary structure suggesting that 

PLGA chains could also do so. Beside NMR, a combination of electric birefringence, scattering, 

and viscosity measurements of PLGA in various helicogenic organic solvents (methanol, N,N-

dimethylformamide, dioxane-water mixtures, etc...) led to the conclusion that PLGA most likely 

adopts an a-helical conformation in each solvent with the exception of DMSO where PLGA 

adopted a distinctly different helical conformation.20,21 Although the authors could not determine 

the type of helix, they suggested that the helical conformation adopted by PLGA in DMSO was 

less compact than that of an a-helix.21 A recent study using a combination of FTIR, ROA, and 

small angle X-ray scattering (SAXS) proposed that the PLGA molecules constituting b-amyloid 

fibres in DMSO adopted a long rigid helical conformation, which was suggested to be that of an 

a-helix, but which could not be unambiguously assigned.22 Furthermore, the aggregation of PLGA 

into fibers at high polypeptide concentrations between 10 and 45 mg/mL could result in some long 

range intermacromolecular effects, that could affect the conformation expected for an isolated 

macromolecule. In summary, numerous lines of evidence suggest that PLGA in DMSO adopts a 

helical conformation, but its exact type has not been conclusively demonstrated to date using the 

traditional techniques typically employed to probe the conformation of homopolypeptides in 

solution. 
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In 2003, an alternate methodology based on pyrene excimer formation (PEF) upon contact 

between an excited and ground-state pyrene dye was introduced to characterize the conformation 

in solution of PLGA after it had been labeled with 1-pyrenemethylamine (PyC1N).23 These 

experiments yield the number (Nblob
exp) of glutamic acids (Glu) located inside the volume probed 

by an excited pyrenyl label also referred to as a blob.64,69 Since Nblob
exp represents the maximum 

number of Glu units separating two Glu bearing a pyrenyl label, while still enabling good stacking 

of the pyrene moieties conducive of PEF, Nblob
exp can be compared to Nblob

MMO obtained by 

conducting molecular mechanics optimizations (MMO) on a pyrene-labeled PLGA construct 

adopting a given conformation. A good match between Nblob
exp with PLGA in solution and the 

Nblob
MMO value determined for a given conformation of PLGA enables the assignment of this 

conformation for PLGA in the solvent of interest. Upon labeling samples of poly(D,L-glutamic 

acid) (PDLGA) and poly(L-glutamic acid) (PLGA) with PyC1N, Nblob
exp values of 10 (±1) in 

DMF24 and 11 (±2) in DMSO24 for PyC1N-PDLGA and 21 (±1)24 and 22 (±2)26 in DMF and 18 

(±1) in DMSO24 for PyC1N-PLGA could be compared with the  Nblob
MMO values of 10 (±1), 13, 

19, and 23 for a pyrene-labeled PLGA adopting the conformation of a random coil, polyproline 

type II-helix (PPII), 310-helix, and a-helix, respectively. This comparison indicated that PDLGA 

was randomly coiled in DMF and DMSO and that PLGA was an a-helix in DMF and a 310-helix 

in DMSO.24 However, since the Nblob
exp values are typically obtained with ~10 % uncertainty, the 

Nblob
exp values of 18 (±1) and 21 (±2) for a PLGA 310- and a-helix, respectively, were deemed too 

close for the unambiguous assignment of the PLGA conformation in DMSO as a 310-helix. 

The relatively narrow range of Nblob
exp values between 10 and 22 found experimentally 

when using PyC1N to label PDLGA or PLGA,24,26 collectively referred to as the PGA samples, is 

due to the short reach of the pyrenyl dye, which is limited by the 5 atom-long linker connecting 
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pyrene to the polypeptide backbone. Since longer linkers would extend the reach of the pyrenyl 

label, yield larger Nblob
exp values, and result in a more clear-cut difference between the Nblob

exp 

values obtained for PLGA in DMF and DMSO, PLGA and PDLGA samples were labeled with 1-

pyrenebutylamine (PyC4N) and 1-pyreneoctylamine (PyC8N) to yield series of PyCX(x)N-PLGA 

and PyCX(x)N-PDLGA samples, where X equals 4 or 8, respectively, and x represents the mole 

percent of Glu units labeled with pyrene. The longer linkers resulted in much larger Nblob
exp values, 

which enabled the unambiguous assignment of PLGA as a 310-helix in DMSO. The longer linkers 

increased the reach of the pyrenyl labels from 4.0 to 5.7 and 7.7 nm, when the polypeptides were 

labeled with PyC1N, PyC4N, and PyC8N, respectively. As it turns out, these distances are 

comparable to those available with many fluorescence resonance energy transfer (FRET) donor 

and acceptor pairs. Since PEF and FRET probe similar distances at the molecular level, PEF can 

be viewed as a novel spectroscopic ruler.65 The main advantage of PEF over FRET is that the PEF 

efficiency is directly proportional to the local concentration ([Py]loc) of ground-state pyrenyl labels 

whereas the FRET efficiency is only related to the local concentration of acceptors.66 These 

appealing features enabled the use of PEF in the present study to unambiguously assign the 

conformation of PLGA in DMSO as a 310-helix thanks to the significant increase in the reach of 

the pyrene moieties achieved by labeling the PGA samples with PyC4N and PyC8N compared to 

PyC1N used in earlier studies.23,24,26 

 

4.3 EXPERIMENTAL  

Chemicals: All reagents were purchased from Sigma-Aldrich and used without further 

purification. Poly(L-glutamic acid) (PLGA) and poly(D,L-glutamic acid) (PDLGA) were 

purchased from Alamanda Polymers and had a number-average degree of polymerization equal to 
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830 and 784, respectively. Oxalyl chloride and EDC-HCl were purchased from Oakwood 

Chemicals, while monomethyl suberate was purchased from Fisher Scientific. 

Synthesis of 1-pyrene butylamine (PyC4N): The synthesis of 1-pyrenebutylamine was adapted 

from a previously reported procedure.67 In brief, a 100 mL round bottom flask equipped with a 

magnetic stir bar was charged with 1-pyrenebutyric acid (2 g, 6.9 mmol, 1 eq.), dichloromethane 

(DCM, 20 mL) and a catalytic amount of anhydrous N,N-dimethylformamide (DMF, ~3 drops). 

The dispersion was vigorously stirred and purged with pure nitrogen (99.99%, anhydrous) for 5 

minutes. Under continuous stirring, the solution was subsequently placed in an ice bath (0 oC) and 

the nitrogen flow was stopped. Oxalyl chloride (0.77 mL, 9.0 mmol, 1.3 eq.) was added dropwise 

and the reaction mixture was allowed to proceed for 30 minutes. DCM and excess oxalyl chloride 

were removed via a steady stream of dry nitrogen to yield a crude off-white to yellow solid (1-

pyrenebutyryl chloride). Without further purification, the solid was redissolved in DCM (50 mL) 

and ammonia gas was bubbled through the solution at room temperature for 30 minutes, which 

resulted in the formation of a white precipitate. Ammonia gas was generated in the fumehood by 

the dropwise addition of aqueous ammonium hydroxide (28-30 wt%, 12 mL) with a syringe to 

sodium hydroxide pellets (4 g) placed in a sealed container capped with a septum and kept under 

positive nitrogen pressure. The generated ammonia gas was evacuated from the container through 

another syringe connected to Tygon tubing terminated at the other end with a glass tube to allow 

direct bubbling of the gas into the flask containing the 1-pyrenebutyryl chloride solution in DCM. 

The ammonia gas was bubbled through the solution for 30 minutes in the fumehood. The crude 

mixture was filtered through Whatman #5 filter paper followed by the evaporation of the filtrate 

via a steady stream of air. The resulting off white solid corresponds to the crude 1-

pyrenebutyramide product. Without further purification, the crude product was dissolved in doubly 
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distilled tetrahydrofuran (20 mL) followed by the addition of lithium aluminum hydride (0.52 g, 

14 mmol, 10 eq.). The solution was vigorously stirred and refluxed for 2 hours, after which the 

solution was cooled for 10 minutes in an ice bath followed by the careful dropwise addition of 

deionized water (2 mL), 1 M sodium hydroxide (1 mL), and deionized water (1 mL). The mixture 

was filtered (Whatman #5) and the precipitate was discarded while the filtrate was recovered and 

concentrated to ~5 mL. Under continuous stirring, concentrated 12 M HCl (0.06 mL) was added 

to the solution which resulted in the immediate precipitation of the 1-pyrenebutylamine 

hydrochloride salt. The precipitate was recovered by suction filtration (Whatman #5) and dried 

under vacuum overnight. The 1H NMR spectrum of the product can be found in Figure S4.1 in the 

Supporting Information (SI). 

Synthesis of 1-pyreneoctylamine (PyC8N): PyC8N was prepared in the same manner as PyC4N 

using 1-pyreneoctanoic acid as the starting material. The synthesis of 1-pyreneoctanoic acid has 

been reported in an earlier publication.68 The 1H NMR spectrum of 1-pyreneoctylamine 

hydrochloride can be found in Figure S4.2 in the SI. 

Synthesis of 1-pyrenebutyl acetamide (PyC4N-Ac): A 20 mL vial equipped with a stir bar was 

charged with 1-pyrenebutylamine (200 mg, 0.66 mmol) and EDC-HCl (0.191 mg, 1.0 mmol, 1.5 

eq.) which were dissolved in DMF (4 mL). Following the complete dissolution of the reactants, 

glacial acetic acid (2 mL, 35 mmol, 53 eq.) was added to the reaction mixture with vigorous stirring 

and the reaction was allowed to proceed overnight in the dark. The crude mixture was diluted with 

DCM (20 mL) and purified via liquid-liquid extractions (3× 50 mL of 1 M HCl, 1 M NaOH, 

deionized water (DIW), and brine) to yield an off-white PyC4N-Ac product. The maximum 

absorption peak in DMF was found at 345 nm and the corresponding molar absorbance coefficient 

was found to equal 35,950 M-1.cm-1. The 1H NMR spectrum and plot of the absorbance-vs-
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[PyC4N-Ac] to obtain the molar absorbance coefficient are provided in Figure S4.3 and Figure 

S4.5 in the Supporting Information (SI), respectively. 

Synthesis of 1-pyreneoctyl acetamide (PyC8N-Ac): The synthesis of PyC8N-Ac was done in the 

same manner as PyC4N-Ac by replacing PyC4N by PyC8N. The molar absorbance coefficient for 

this model compound was found to equal 39,300 M-1.cm-1 at 345 nm in DMF. The 1H NMR 

spectrum and plot of absorbance-vs.-[PyC8N-Ac] are provided in Figures S4.4 and S4.6 in the SI, 

respectively. 

Pyrene-labeling of PLGA and PDLGA samples: Prior to labeling the PLGA and PDLGA samples 

with pyrene, collectively referred to as the PGA samples from here on, the amino terminus of the 

PGA samples was capped using succinimidyl acetate as described elsewhere.24,25 To cap the 

homopolypeptides, a PGA sample (200 mg, 1.7 µmol) was fully dissolved in DIW (8 mL) and 

diluted with DMF (8 mL). Succinimidyl acetate (31 mg, 200 µmol) was subsequently added, and 

the reaction mixture was allowed to react overnight. The samples were then purified via dialysis 

against 1 L of DIW 3-5 times, followed by pH 9 DIW. The dialysate was recovered by 

lyophilization and subsequently used for pyrene-labeling reactions. The procedure applied to label 

PGA was adapted from previous publications24-26 and a brief description of the procedure 

employed to label PLGA with 4.1 mol% of 1-pyrenebutylamine is described hereafter. A 20 mL 

vial equipped with a magnetic stir bar was charged with PLGA (20 mg, 0.17 mmol eq. of glutamic 

acid (Glu)) and dissolved in 4 mL of deionized water (DIW). Upon complete dissolution, DMF (4 

mL), EDC-HCl (1.8 mg, 9 µmol), and 1-pyrenebutylamine (2.4 mg, 7.6 µmol) was added to the 

solution. The reaction mixture was covered with aluminum foil and allowed to react for 2-3 days 

at room temperature. The reaction mixture was transferred to dialysis tubing (16 kDa, regenerated 

cellulose) and dialyzed in 6-hour increments 2-3 times against 1 L of pure DMF followed by an 
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80, 50, 20, and 0 vol % of DMF in DIW solution. Once the sample was in DIW, it was further 

dialyzed against 1 L of pH 6 DIW and then 1 L of pH 9 DIW for 6 hours. A final dialysis was 

conducted with 1 L of pH 9 DIW overnight. Before discarding the dialysis waste, a ~20 mL aliquot 

was freeze dried to determine the mass ratio (λDS) of solids other than Py-PLGNa per gram of 

dialysis solution. The Py-PLGNa solution was accurately weighed into vials and λDS was used to 

determine the mass of solid (mDS) in the dialysate that was not Py-PLGNa by multiplying the mass 

of Py-PLGNa solution to be lyophilized by lDS. The Py-PLGNa solution was lyophilized to 

remove water and the mass of solid (mPy-PLGNa/DS) was recorded. The mass of Py-PLGNa (mPy-

PLGNa) was obtained by subtracting mDS from mPy-PLGNa/DS. 

Pyrene Content: The mole fraction (fPy) of Glu labeled with pyrene was determined using Equation 

4.1. For these experiments, the pyrene-labeled PGA samples were in their deprotonated form (Py-

PGNa). In Equation 4.1, λPy represents the moles of pyrene per gram of Py-PGNa sample. It is 

calculated by dividing the absorbance (Abs) of a solution of Py-PGNa sample by the product of 

the mass (mPy-PGNa) of Py-PGNa sample used to prepare the solution with the molar absorption 

coefficient (e) of the pyrene derivatives used to label the polypeptides (lPy = Abs/(e´mPy-PGNa)). 

MGNa and MPy-GLu represent the molar mass of the sodium glutamate residue (151 g·mol-1) and the 

pyrene-labeled glutamate residue, equal to 384 and 441 mol/g for 1-pyrenebutyl-g-glutamide and 

1-pyreneoctyl-g-glutamide, respectively. To ensure accurate determination of λPy, and thus fPy, a 

minimum of 5 mg of freshly freeze dried Py-PGNa was weighed (mPy-PGNa). Prior to UV-vis 

measurements, Py-PGNa was dissolved in 1 mL of DIW, followed by the addition of 1 mL of 1 M 

HCl. The suspension was vortexed for 30 seconds and freeze-dried. All UV-vis measurements to 

determine fPy were done in DMF using the molar extinction coefficients determined for the 1-

pyrenebutylacetamide (PyC4N-Ac) and 1-pyreneoctylacetamide (PyC8N-Ac) model compounds. 
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Circular dichroism: All circular dichroism (CD) measurements were conducted with a Jasco J-715 

spectropolarimeter in a quartz cell with a 0.1 mm pathlength at a concentration of 1 mg/mL. The 

spectra were averaged over 10 scans from 190 to 250 nm and baseline corrected to DIW with either 

10 mM NaOH or HCl. 

NMR spectrometer: All NMR spectra were acquired on a Bruker 300 MHz NMR spectrometer 

equipped with a Bruker SampleXpress Lite autosampler. Each NMR spectrum was analyzed using 

SpinWorks 4 (version 4.2.10.0). 

Steady-state fluorescence: The steady-state fluorescence spectra were acquired on a QM-400 

fluorometer equipped with an Arc-Xenon lamp with 4 mL of polypeptide solutions having a 

2.5×10-6 M concentration of pyrene with 20 µL of 1 M HCl. Prior to acquisition, the samples were 

purged with nitrogen for 35 minutes. All spectra were acquired from 355 to 600 nm with an 

excitation wavelength of 345 nm and analyzed by integrating the fluorescence signal of the 

excimer (IE) from 500 to 530 nm and dividing it by the integrated fluorescence signal of the 

monomer (IM) from 376 to 382 nm to yield the IE/IM ratio, which was used as a measure of the PEF 

efficiency. 

Time-resolved fluorescence: The fluorescence decays were acquired using an IBH time-correlated 

single photon counting (TC-SPC) fluorometer equipped with a NanoLED-340. The monomer and 

excimer fluorescence decays were acquired at 379 and 510 nm using a 370 and 495 nm cut-off 

filter with an excitation wavelength of 344 nm. The monomer and excimer fluorescence decays 

were acquired with 40,000 and 20,000 counts at the decay maximum over 1,024 channels with 
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time-per-channels of 2.04 and 1.02 ns, respectively. The instrument response function (IRF) was 

collected at 344 nm using a LUDOX dispersion in water with a peak maximum of 20,000 counts. 

Fluorescence Blob Model (FBM): All fluorescence decays were globally analyzed with the 

fluorescence blob model (FBM), which was derived in an earlier publication.69 According to the 

FBM, a macromolecule randomly labeled with pyrene is compartmentalized into segments of 

equal volume, denoted as blobs, representing the volume probed by a pyrenyl label while it remains 

excited. The random labeling of the macromolecule ensures that the pyrenyl dyes distribute 

themselves among the blobs according to a Poisson distribution. Within the framework of the 

FBM, the four excited pyrene species Pyfree*, Pyk2*, Pydiff*, and Pyagg* can be present inside a 

blob. Pyfree* represents isolated pyrene dyes that are excited but do not form excimer within their 

lifetime, τM. Pyk2* represents excited pyrene dyes close to a ground-state pyrenyl label that form 

excimer via a rapid rearrangement process with a rate constant k2. Pydiff* represents excited pyrene 

dyes which diffuse through the solution with a rate constant kblob to generate the Pyk2* species. 

Pyagg* represents pre-associated pyrenyl labels which form two excimer types through direct 

excitation. In the present work, the two excimer species E0* and D* were detected and represent 

pyrene aggregates forming excimer with two well or two poorly stacked pyrenyl moieties, 

respectively. Equations S4.1 and S4.2, provided in the SI, were used for the global analysis of the 

monomer and excimer fluorescence decays, respectively. Each pair of monomer and excimer 

fluorescence decays acquired for a given polypeptide was fitted globally with the program 

globmis90lbg, where k2 was allowed to float during the analysis. For a given polymer series, the 

k2 values obtained for each polypeptide sample were averaged and the decays were reanalyzed 

with the program globmis90obg with k2 fixed to its average value. This procedure has been found 

to narrow the spread between Nblob
exp values. The quality of each fit using the FBM was assessed 
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by applying three criteria, namely that the χ2 value needed to remain below 1.3 and the residuals 

and autocorrelation of the residuals had to be randomly distributed around zero. Among other 

parameters, the global analysis of each monomer and excimer fluorescence decay pair yielded the 

molar fractions fdiff, fagg, ffree, and fk2 of the pyrenyl species Pydiff*, Pyagg*, Pyfree*, and Pyk2* and 

<n>, the average number of ground-state pyrenes per blob. Nblob
exp was calculated with Equation 

4.2, where fMfree represents the molar fraction of Pyfree* detected in the monomer fluorescence 

decays (i.e. omitting Pyagg*) and fPy was defined in Equation 4.1. 
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4.4 RESULTS AND DISCUSSION  

Conformational analysis of the PGA samples by circular dichroism: Prior to labeling the PGA 

samples with pyrene, their secondary structure in aqueous solutions at high and low pH was 

determined to establish the behaviour of each polymer. To achieve high and low pH conditions, a 

10 mM concentration of NaOH and HCl was used, respectively, while the polymer concentration 

was maintained at 1 mg/mL. As shown in Figure 4.1, a plot of the molar ellipticity of PDLGA 

showed the same spectral features at high and low pH, namely a peak maximum centered at ~220 

nm followed by a peak minimum centered at ~199 nm. These features were consistent with those 

of a polypeptide adopting a random coil conformation13 and serve to demonstrate that the PDLGA 

sample used in the present study adopts a random coil conformation regardless of pH. PDLGA is 

expected to retain its random coil conformation in DMF and DMSO, the two organic solvents used 

for the fluorescence study.  
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Figure 4.1 Plot of the molar ellipticity as a function of wavelength for (solid) PLGA and (dashed) 

PDLGA acquired with 10 mM of (black) NaOH or (red) HCl. 

 

At high pH, the carboxylic acids of the PLGA side chains are deprotonated and electrostatic 

repulsion between the neighbouring side chains destabilizes the a-helical conformation adopted 

by PLGA at low pH.16 Considering the striking spectral similarities between PLGA at high pH and 

PDLGA at high and low pH, it can be concluded that PLGA at high pH most likely adopts a 

random coil conformation similar to PDLGA. 

Contrary to PLGA at high pH, Figure 4.1 clearly demonstrates that the plot of ellipticity 

obtained for PLGA at low pH has substantially different spectral features, namely a double peak 

minimum at ~222 and ~209 nm followed by a peak maximum at ~198 nm. The protonated side 

chains of PLGA at lower pH are no longer ionized and are not subject to electrostatic repulsion 

between the Glu residues allowing helix formation. The spectral features of PLGA at low pH are 
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identical to those typically observed for a-helices41 leading to the conclusion that PLGA at low 

pH adopts an a-helical conformation. It should be noted that the behavior described in Figure 4.1 

for the PLGA sample used in this study agrees with that reported in an earlier publication.13  

 

Conformational analysis of the PGA samples by NMR: Although the exact conformation for 

synthetic homopolypeptides can not be determined from the chemical shift of the a-CH proton 

signal obtained in a 1H NMR spectrum, the existence of secondary structure can still be inferred. 

Specifically, the signal for the a-CH proton obtained for randomly coiled polypeptides is shifted 

downfield relative to that of polypeptides with a secondary structure. The CD measurements 

presented in Figure 4.1 have demonstrated that PDLGA adopts a random coil conformation, and 

thus the chemical shift of the a-CH proton for PDLGA can be compared with the chemical shift 

of the a-CH proton for PLGA in DMF and DMSO to assess the presence of secondary structure, 

if any. As seen in Figure 4.2, the broad peaks associated with the a-CH proton for PDLGA were 

found to be centered at ~4.37 ppm in d7-DMF and ~4.17 ppm in d6-DMSO whereas they were 

found at ~4.27 ppm in d7-DMF and ~3.85 ppm in d6-DMSO for PLGA. In both solvents, the signal 

from the a-CH proton of PLGA is shifted up-field relative to the a-CH proton of PDLGA. This 

shift suggests that PLGA in both DMF and DMSO adopts a secondary structure, which agrees 

with a previous report for PBLGA samples.19 
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Figure 4.2 Region between 3.7 and 4.6 ppm of the 1H NMR spectrum showing the signal from the 

a-CH proton for (black) PLGA and (purple) PDLGA acquired in A) d7-DMF and B) d6-DMSO. 

[PLGA] = 1 mg/mL and [PDLGA] = 10 mg/mL.  

 

Steady-State Fluorescence: The steady-state fluorescence spectra of PyC4N-PLGA in DMF were 

normalized at the 0-0 transition and are shown in Figure 4.3A. These spectra present the typical 

features expected from a pyrene-labeled macromolecule, namely the sharp fluorescence peaks 

observed for the pyrene monomer between 360 and 440 nm and the broad structureless emission 

of the excimer centered at 480 nm. The IE/IM ratio was calculated and plotted as a function of the 

pyrene content for each sample in DMF (Figure 4.3B) and DMSO (Figure 4.3C). Figures 4.3B and 

C display three important trends which were similar in DMF and DMSO. First, for each construct 

and regardless of solvent, the IE/IM ratio increased with increasing pyrene content, which is 

consistent with trends observed for pyrene covalently bound onto macromolecules.23-26 This trend 

is reasonable since an increase in pyrene content results in more pyrene-pyrene encounters and 

    

B) A) 
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thus PEF. Second, the IE/IM ratio for PyC8N-PLGA and PyC8N-PDLGA was larger than that for 

the respective PyC4N-PLGA and PyC4N-PDLGA samples. This effect is a consequence of the 

longer reach of the pyrenyl label attached to the polypeptide backbone via a longer linker, which 

allows the excited pyrene to probe a larger volume along the macromolecule, that will contain 

more ground-state dyes.26,70 Third, the IE/IM ratio is higher in a same solvent and for a same pyrene 

content of a same pyrene derivative for the PLGA samples compared to their PDLGA counterparts.  

Figure 4.3 A) SSF spectra for the PyC4N-PLGA samples in DMF. Plots of IE/IM as a function of 

pyrene content for ( ) PyC8N-PLGA, ( ) PyC4N-PLGA, ( ) PyC8N-PDLGA, and ( ) 

PyC4N-PDLGA in B) DMF and C) DMSO. Lines: Samples labeled with (solid) PyC4N and 

(dashed) PyC8N.

The larger IE/IM ratio observed for the PLGA rather than the PDLGA samples indicates 

that an excited pyrenyl label attached to PLGA experiences a larger [Py]loc, and thus local density, 

compared to the PDLGA samples. Since this observation is made in DMF and DMSO and since a 

larger [Py]loc is typically obtained for a structured, and thus more condensed macromolecule, it 

would suggest that PLGA is structured in both DMF and DMSO but that PDLGA is not. 

Unfortunately, the SSF spectra only allow a qualitative characterization of the conformation of the 
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different polypeptide constructs. Quantitative characterization of the conformation of the 

constructs can be achieved through the analysis of the time-resolved fluorescence decays as 

described in the following section. 

 

Analysis of the fluorescence decays with the fluorescence blob model: The fluorescence decays of 

the PGA samples labeled with PyC4N and PyC8N were acquired in DMF and DMSO and they 

were globally analyzed with the fluorescence blob model (FBM) to yield!the number (Nblob
exp) of 

Glu inside a blob. Nblob
exp was calculated with Equation 4.2 and was plotted as a function of pyrene 

content (fPy) in Figure 4.4A. Within experimental error, the Nblob
exp values remained constant with 

pyrene content for the PyC4N-PDLGA and PyC8N-PDLGA samples yielding an average 

<Nblob
exp> value of 15 (±2) and 21 (±2), respectively, regardless of solvent. The constancy of 

<Nblob
exp> in DMF (h = 0.79 mPa.s)71 and much more viscous DMSO (h = 1.99 mPa.s)71 indicates 

that for these rigid constructs, the volume probed by an excited pyrenyl label (i.e. the blob) is 

unaffected by the changes in solvent viscosity. The main dynamic change observed between DMF 

and DMSO is a 30% reduction in k2 from 0.09 to 0.06 ns-1 for the PyC4N-PDLGA samples (see 

Tables S4.13 and S4.16) and a 30% reduction in kblob from 16 (±3) to 11 (±1) ms-1 for the PyC8N-

PDLGA samples (see Tables S4.19 and S4.22), respectively, which did not affect <Nblob
exp>. 

Contrary to PDLGA where the same <Nblob
exp> values were obtained in DMF and DMSO, 

<Nblob
exp> values of 30 (±3) for PyC4N(x)-PLGA and 42 (±3) for PyC8N(x)-PLGA were found in 

DMF, while <Nblob
exp> took a lower value of 24 (±3) for PyC4N(x)-PLGA and 33 (±3) for 

PyC8N(x)-PLGA in DMSO.  

The larger <Nblob
exp> value obtained for the Py-PLGA constructs in both DMF and DMSO 

compared to <Nblob
exp> obtained for the Py-PDLGA samples indicated that in both solvents, the 
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pyrenyl labels were held closer to each other for the Py-PLGA samples than for the Py-PDLGA 

samples, thus reflecting the denser conformation adopted by PLGA. In turn, this observation 

confirmed that PLGA adopted a secondary structure in both solvents compared to the randomly 

coiled PDLGA. Furthermore, since PDLGA was randomly coiled in both DMF and DMSO, the 

fact that <Nblob
exp> remained unchanged in both solvents for either the PyC4N(x)-PDLGA or 

PyC8N(x)-PDLGA samples indicated that changing the solvents from DMF to DMSO would not 

affect <Nblob
exp> for a same conformation of the polypeptide despite the large increase in solvent 

viscosity from DMF (0.79 mPa.s at 25 oC) to DMSO (1.99 mPa.s at 25 oC).71 However, since 

<Nblob
exp> increased going from Py-PLGA in DMSO to Py-PLGA in DMF, it suggested that the 

conformation of PLGA in DMF was different from and denser than that of PLGA in DMSO.  

As mentioned earlier, the overarching goal of the present study was to probe the 

conformation of PLGA and PDLGA on longer length scales via the use of pyrene derivatives with 

linkers that were longer than that of PyC1N used in earlier studies.24,26 To ensure that a larger 

volume was probed with a longer linker, <Nblob
exp> was compared with the distance corresponding 

to the diameter of a blob, whose calculation is provided in the SI. In brief, HyperChem was used 

to attach a 1-pyrene-methyl-, -butyl-, or -octyl-amine derivative onto a Glu residue. The distance 

(dPy-aC) between the a-C of the Glu unit and the center of mass (CoM) of the pyrenyl label was 

determined and multiplied by 4 to represent the diameter of a blob, since an excited pyrene located 

at a distance dPy-aC from a given a-C can form an excimer with a ground-state pyrene located at a 

same distance from another a-C on one side of the PGA backbone. The same holds true on the 

other side of the PGA backbone leading to a maximum distance (LPEF) probed by PEF equal to 

4´dPy-aC and found to equal 4.0, 5.7, and 7.7 nm for a methyl, butyl, and octyl linker, respectively. 

As shown in Figure 4.4B, <Nblob
exp> determined from this and previous works24,26 increased 
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linearly with the diameter of a blob, which is dictated by the linker length of the pyrene derivative 

used. This reasoning demonstrates that increasing the linker length separating the pyrenyl dye from 

the main chain increases the volume, that it can probe, and that this volume can be directly 

monitored via <Nblob
exp>. 

 

Figure 4.4 A) Plot of Nblob
exp as a function of pyrene content for (black) PLGA and (purple) 

PDLGA labeled with ( ) 1-pyrene butylamine or ( ) 1-pyrene octylamine in (hollow) DMF and 

(filled) DMSO. B) Plot of <Nblob
exp> as a function of the blob diameter in (hollow) DMF and 

(filled) DMSO for ( ) PLGA and ( ) PDLGA. <Nblob
exp> data shown in green24 and red26 were 

taken from previous reports on PLGA and PDLGA labeled with 1-pyrenemethylamine24,26 and 1-

pyrenebutylamine.26 

 

Molecular mechanics optimizations (MMO): To elucidate the conformation of the PLGA and 

PDLGA constructs in DMF and DMSO, <Nblob
exp> was compared with the Nblob

MMO values 

obtained by molecular mechanic optimizations (MMO) conducted with PLGA constructs of 

known conformations. All MMO were conducted using HyperChem (version 8.0.7) in the same 

manner as in previous reports.24-26 The Fletcher-Reeves Conjugate gradient in vacuo with a 

termination condition of an RMS gradient of 0.1 kcal∙Å-1∙mol-1 was used for all simulations. 

  

A) B) 
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PLGA constructs in HyperChem were set to have the conformation of a random coil or a PPII- (φ 

= -75˚, ψ = 145˚, ω = 180˚), 310- (φ = -49˚, ψ = -26˚, ω = 180˚), or a- (φ = -58˚, ψ = -47˚, ω = 180˚) 

helix and the simulations were conducted for PLGA constructs labeled with PyC4N and PyC8N 

since the MMO with PyC1N had been conducted earlier.24,26 To generate a randomly coiled PLGA 

construct, a constraint of 999 Å was placed between the amino and carboxyl terminus of an a-

helical PLGA construct. With the restraints in place the structure was optimized to fully stretch 

the PLGA chain. The restraints were subsequently removed, and the optimization of the backbone 

was conducted again to yield the randomly coiled construct. A side and top view of each PLGA 

conformation is provided in Figure 4.5.  

 

Figure 4.5 A side and top view of a PLGA chain generated in silico with an α-, 310-, and PPII- 

helical and a random coil conformation. 

Visual inspection of Figure 4.5 suggests that within a same volume, the largest number of 

carboxylic acids per unit volume is obtained for an a-helix followed by the 310-helix, the PPII-
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helix, and the random coil conformation. This trend is expected since a-, 310-, and PPII-helixes 

have 3.6,72 3.273 and 3.074 amino acid residues per turn, respectively, reflecting a decrease in the 

local density of the construct. 

Several reports have described the methodology applied to determine Nblob
MMO with 

molecular mechanics optimizations (MMO),24-26 and a succinct description of the methodology is 

provided for an a-helical PLGA construct labeled with 1-pyrenebutylamine. In brief, a 50 residue 

PLGA a-helix was generated in silico using the built-in amino acid database of HyperChem and 

the backbone was fixed in place using the ‘FIX ATOM’ constraint. One PyC4N was attached to 

the 7th glutamic acid residue from the amino terminal of the construct and was denoted as the 

reference pyrene. A second PyC4N was attached onto the adjacent Glu residue moving towards 

the C-terminal of the construct and it was referred to as the secondary pyrene. Restraints of 3.4 Å 

were placed between the reference and the secondary pyrene and a geometry optimization was 

conducted to induce stacking of the two pyrene moieties. Following the MMO, the number of 

carbon atoms (nC-C) of one pyrene overlapping the frame of the second pyrene was determined and 

recorded. The reference pyrene was kept at the same position while the secondary pyrenyl label 

was moved to the next Glu towards the C terminus. The MMO were repeated until 3 consecutive 

positions had returned a zero-value for nC-C, indicating that the reference and secondary pyrenyl 

labels were now too far apart. A plot of nC-C as a function of the number of Glu (#Glu) separating 

the secondary pyrenyl dye from the reference one is given in Figure 4.6. For PEF to occur, two 

conditions must be met. First, the dyes must remain planar at the end of the MMO and second, an 

nC-C value of 7 or more carbon atoms must be obtained to ensure the good overlap conducive of 

PEF.75 An example of good, poor, and no overlap is provided in Figure 4.6C. From Figure 4.6A, 

it was found that for PyC4N attached to PLGA constructs, that adopted a PPII-, 310-, and a-helical 
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conformation, the reference and secondary pyrenyl labels showed good overlap, when they were 

separated by up to 8, 11, and 14 Glu, respectively, whereas for PLGA in a random coil 

conformation, a good overlap between the reference and the secondary pyrene was observed when 

they were separated by ~7 Glu. These numbers include the Glu bearing the secondary pyrene and 

are referred to as No.  

For constructs labeled with PyC8N, a good overlap was obtained for PLGA constructs 

adopting a PPII-, 310-, or a-helical conformation, if the reference and secondary pyrene were 

separated by 11, 16, and 21 Glu, whereas PLGA in a random coil conformation yielded 9 Glu with 

sufficient carbon atom overlap between the reference and secondary pyrene. Since PEF for a 

pyrene-labeled macromolecule can occur on either side of the reference pyrene attached on a 

PLGA construct, Nblob
MMO was calculated as 2´No + 1 where “1” is added to account for the Glu 

bearing the reference pyrene. Based on this definition, Nblob
MMO values of 17, 23, and 29 were 

obtained when PyC4N was attached on PLGA constructs, that adopted a PPII-, 310-, and a- helical 

conformation, respectively. Similarly, Nblob
MMO values of 23, 33, and 43 were obtained when 

PyC8N was attached onto PLGA constructs adopting a PPII-, 310-, and a-helical conformation, 

respectively. For randomly coiled PLGA constructs labeled with PyC4N and PyC8N, Nblob
MMO 

was found to equal 14 (±1) and 20 (±2), respectively. 
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Figure 4.6 Plot of the number of carbon atoms (nC) in the frame of the reference pyrene 

overlapping the frame of the secondary pyrene as a function of the number (#Glu) of Glu residues 

separating the reference from the secondary pyrene for A) PyC4N ( ) and B) PyC8N ( ) 

attached onto a PLGA construct adopting a (blue) PPII-, (red) 310-, and (black) α-helical 

conformation or (purple) a random coil conformation. The lines presented in each plot are a means 

to guide the eye only. C) Schematic representation of the MMO conducted with two pyrenyl labels 

showing good (top), partial (middle), and no (bottom) overlap. 

 

Comparison of Nblob
exp and Nblob

MMO: Comparison between <Nblob
exp> obtained experimentally for 

a given pyrene-labeled PLGA and PDLGA construct with Nblob
MMO determined for a given PLGA 

conformation yields conformational insight into the secondary structure of the polypeptide in 

solution. As such, <Nblob
exp> determined for the PLGA and PDLGA samples labeled with 

PyC1N,24,26 PyC4N,26 and PyC8N was plotted as a function of Nblob
MMO obtained for each PLGA 

conformation in Figure 4.7. As shown in Figure 4.4B, <Nblob
exp> obtained for either PDLGA in 

DMF and DMSO, PLGA in DMSO, and PLGA in DMF increased linearly with increasing linker 
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length, and the magnitude of the slope depended on the conformation adopted by the polypeptide, 

a random coil for PDLGA in both DMF and DMSO and an a-helix for PLGA in DMF. 

Consequently, the relative position of each series of data points in the <Nblob
exp>-vs.-Nblob

MMO plots 

shown in Figure 4.7 was expected to yield a good correlation around the main diagonal between 

<Nblob
exp> and Nblob

MMO for a matching conformation.  

To assess the validity of this methodology, <Nblob
exp> obtained for the pyrene-labeled 

PDLGA, which should adopt a random coil conformation in DMF and DMSO (see Figures 4.1 

and 4.2), was first analyzed. As seen in Figure 4.7A for the pyrene-labeled PDLGA constructs, the 

<Nblob
exp> values determined in either DMF or DMSO yielded the closest match with the Nblob

MMO 

values expected for a random coil conformation, while all other conformations resulted in the 

<Nblob
exp> data points appearing below the 1:1 diagonal. The excellent agreement between 

<Nblob
exp> and the Nblob

MMO values predicted for a random coil further confirmed that PDLGA 

adopts a random coil conformation in DMF and DMSO, which agrees with the earlier CD 

experiments (Figure 4.1), and supports the validity of the PEF-based approach to determine the 

conformation of a polypeptide in solution. The <Nblob
exp> values obtained for the pyrene-labeled 

PLGA constructs in DMF, a well-known helicogenic solvent,76 were found to land on the 1:1 

diagonal for the Nblob
MMO values corresponding to an a-helical conformation. Additionally, all 

other conformations for PLGA in DMF were clearly above the 1:1 diagonal and underestimated 

the local density of the macromolecule. Consequently, Figure 4.7B confirmed that PLGA adopts 

an a-helical conformation in DMF.  
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Figure 4.7 Plot of <Nblob
exp> for ( ) PyC1N,25 ( ) PyC4N, and ( ) PyC8N labeled A) PDLGA 

in (hollow) DMF or (filled) DMSO and PLGA in B) DMF or C) DMSO as a function of Nblob
MMO 

for (purple) a random coil or (blue) a PPII-helix, (red) 310-helix, and (black) α-helix. The solid line 

represents the 1:1 diagonal. 

 

Since the methodology based on the comparison of <Nblob
exp> and Nblob

MMO had correctly 

predicted the random coil conformation of PDLGA in DMF and DMSO and the a-helical 

conformation of PLGA in DMF, it was applied to assess the conformation of PLGA in DMSO. As 

shown in Figure 4.7C, a surprisingly good match was found between <Nblob
exp> for the pyrene-

labeled PLGA in DMSO and Nblob
MMO obtained for a 310-helix. Consequently, this result indicates 

that PLGA in DMSO adopts a 310-helical conformation, which represents the first unambiguous 

assignment of the conformation of PLGA in this solvent. 

 

4.5 CONCLUSIONS  

This study has expanded the use of the methodology, whereby Nblob
exp obtained through PEF 

experiments conducted on a macromolecule randomly labeled with pyrene is compared to Nblob
MMO 

obtained from MMO conducted in silico on the same pyrene-labeled macromolecule adopting an 

A) B) C) 
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assumed conformation. Up to now, the methodology had been mostly confined to pyrene-labeled 

macromolecules where the pyrenyl moiety was connected to the macromolecular backbone via a 

linker made of 5 – 6 non-hydrogen atoms, which resulted in a maximum length scale of about 4.0 

nm. By attaching PyC4N and PyC8N to PDLGA and PLGA, linkers made of 8 and 12 non-

hydrogen atoms were created that afforded maximum length scales probed by PEF of 5.7 and 7.7 

nm, respectively. Such distances are comparable to those probed with FRET donor and acceptor 

pairs making PEF a worthy alternative to FRET as a novel spectroscopic ruler.65 The PEF-based 

methodology was applied to determine that the unknown conformation of PLGA in DMSO is that 

of a 310-helix. Not only does this study represents, to the best of our knowledge, the first report to 

unambiguously demonstrate that PLGA adopts a 310-helical conformation in DMSO, but more 

importantly, it illustrates that the combination of PEF and MMOs provides a robust methodology 

to characterize the unknown conformation of complex macromolecules in solution. Furthermore, 

the ability of PEF-based methods to probe the local macromolecular conformation implies that the 

methodology is applicable to macromolecules that are mono- or poly-disperse at extremely dilute 

macromolecular concentrations in the 1-10 mg/L range in a manner that nicely complements the 

more traditional techniques such as scattering, NMR, CD, ROA, FRET, or FTIR, to name but a 

few, currently used for this purpose. 

 

SUPPORTING INFORMATION 

1H NMR and UV-Vis characterization; Fluorescence Blob model (FBM) analysis; Parameters 

retrieved from the FBM analysis; Molecular Mechanic Optimization; and References. 
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Chapter 5: Pyrene Excimer Formation as a 

Tool for Probing Polymer Microstructure – 

Application to Poly(norbornene Acid) 
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5.1 ABSTRACT 

The microstructure of a poly(norbornene acid) (PNb-Ac) sample was characterized on different 

length scales using pyrene excimer formation (PEF) between excited and ground-state pyrene 

labels that had been randomly attached onto the PNb-Ac sample via four linkers of different 
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lengths to yield four series of PyCX(x)N-PNb-Ac samples. X and x in PyCX(x)N-PNb-Ac 

represent the number of carbons in the linker of the pyrene derivative used in the labeling reactions 

and the mole fraction of residues labeled with pyrene, respectively. In this study, PNb-Ac was 

labeled with 1-pyrene-methyl- (PyC1N), -butyl- (PyC4N), -octyl- (PyC8N), and -dodecyl- 

(PyC12N) amine for X equal to 1, 4, 8, and 12, respectively. The fluorescence decays of the pyrene 

monomer and excimer of the PyCX(x)N-PNb-Ac samples were acquired in N,N-

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) before being globally analyzed with 

the fluorescence blob model (FBM) to yield <Nblob
exp>, the average number of norbornene units 

per blob. Based on the FBM, a blob is the volume probed by an excited pyrenyl label covalently 

attached onto the PNb-Ac construct. The <Nblob
exp> values for the PyCX(x)N-PNb-Ac samples 

were compared with Nblob
MMO determined by molecular mechanic optimizations (MMO) for PNb-

Ac constructs adopting a random coil or helical conformation. This comparison led to the finding 

that on short length scales of 4.1 and 5.8 nm generated by the PyC1N and PyC4N derivatives, 

respectively, PNb-Ac appeared to have a local conformation similar to that of a 61-helix while on 

the longer length scales of 7.8 and 9.9 nm, generated by PyC8N and PyC12N, respectively, PNb-

Ac could be viewed as a random coil. Consequently, this study demonstrated that PNb-Ac becomes 

less dense when probed over increasing length scales and that PEF can quantitatively characterize 

the local microstructure of pyrene-labeled macromolecules in solution on different length scales. 
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5.2 INTRODUCTION  

The length scale over which macromolecules maintain a homogeneous configuration has a 

profound impact on their physical properties. The conformation of a polymer can be broadly 

defined by the distribution and types of arrangements adopted by structural units along the main 

chain and it has a major impact on polymer microstructure. Consequently, chain length 

distribution,1 main chain regio/stereochemistry,2-4 monomer or segment sequence,5,6 and 

architecture7 are some of the many factors impacting polymer microstructure. The current 

experimental tools available for microstructure characterization can be divided into four main 

categories based on microscopy,8,9 computation,10-19 scattering,20-29 and spectroscopy.30-38 Since 

microscopy-based experiments tend to focus more on polymer morphologies instead of 

microstructure, polymer microstructure is often characterized by using computation, spectroscopy, 

and scattering. Computational approaches excel at generating 3D images of a macromolecule and 

predicting polymer behavior, dynamics, physical properties, structure-property relationships, etc.10 

However, the numerous interactions, that must be accounted for in computational studies 

conducted for microstructure determination, typically require the use of approximations and 

unique/modified force fields, whose results must be validated against experimental data.10,39 

Spectroscopy-based approaches to study macromolecules usually involve nuclear magnetic 

resonance (NMR) spectroscopy. The main appeal of NMR stems from its ability to sense minute 

differences in the local chemical environment of a given nucleus and its proximity to adjacent 

nuclei, which in turn can be used to generate a 3D structure of the macromolecule.35 Unfortunately, 

these minute differences in local environment are difficult to detect for large synthetic 

macromolecules constituted of a same structural unit.36 Furthermore, the assignment of chemical 

shifts for a microstructure generated by the given configuration of a structural unit can be 
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challenging despite the use of model compounds,40-43 although methodologies have been 

implemented to predict the microstructure of some polyolefins from the analysis of their chemical 

shifts.44-49 Small angle X-ray (SAXS) or wide angle X-ray (WAXS) scattering experiments provide 

insight about the size and shape of macromolecules by probing their local density. Depending on 

the macromolecule, scattering experiments require high polymer concentrations in the 0.1 to 20 

mg/mL range to generate sufficient scattering signal and monodisperse samples are usually 

preferred for analysis.25,26 Since the scattering signal depends strongly on macromolecular size, 

analysis of scattering data is complicated by any broadening of the size distribution of a 

macromolecule. A broadening of the size distribution can be due to the unavailability of synthetic 

techniques capable of producing the macromolecule of interest with a narrow molecular weight 

distribution (MWD) or uncontrolled macromolecular aggregation caused by stronger interactions 

generated at the polymer concentrations used in scattering experiments.25,26  

This list of limitations highlights a need for alternate experimental techniques to better 

characterize macromolecular microstructures. Ideally such techniques would A) use low polymer 

concentrations to minimize intermacromolecular interactions and avoid solubility issues, B) be 

insensitive to macromolecular dispersity, C) probe the microstructure of a macromolecule on 

different length scales to determine how far it is retained, and D) yield experimental parameters 

representative of a given macromolecular conformation to be compared to those obtained in-silico 

as a form of integrative structural macromolecular science.50,51 One technique particularly well 

suited for this task is based on fluorescence collisional quenching (FCQ).  

The advantages of FCQ experiments are described hereafter. First, fluorescence is an 

extremely sensitive technique enabling one to work at macromolecular concentrations as low as 1 

mg/L, thereby limiting both solubility issues and inter-macromolecular interactions.52 Second, 
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FCQ processes, like pyrene excimer formation (PEF) between an excited and a ground-state 

pyrenyl labels covalently attached onto a macromolecule,52-55 occur over a few nanometers due to 

the restricted mobility experienced by the dyes and quenchers attached onto a macromolecule. In 

turn, the length scale over which collisions take place is defined by the volume probed by the 

excited dye, referred to as a blob, which can be used to compartmentalize the macromolecule into 

a cluster of blobs. Compartmentalization of the macromolecule into identical blobs shifts the focus 

of the study from a polydisperse macromolecule to a blob, thus eliminating issues associated with 

polydispersity. Third, since the quenching rate constant is proportional to the local concentration 

([Q]loc) of the quencher in the macromolecular volume, it is directly related to the local density of 

the macromolecule and can be used to predict its conformation.53-55 Fourth, the size of a blob, 

which defines the length scale over which the macromolecule is being probed by the dye and 

quencher, is controlled not only by the local dynamics and density of a macromolecule but also by 

the length of the linker connecting the dyes and quenchers to the macromolecule. Consequently, 

the observation length scale can be easily modified by adjusting the linker length.56-62 Fifth, the 

size of a blob defined by the number (Nblob
exp) of structural units located inside a blob, can be 

determined with the fluorescence blob model (FBM), which was introduced to study 

macromolecules randomly labeled with pyrene.63-70 A match between Nblob
exp and Nblob

MMO, 

obtained by conducting molecular mechanics optimizations (MMO) on different conformations of 

the same macromolecule labeled with the same pyrenyl derivative, provides a means for assigning 

a given conformation to the macromolecule. Consequently, Nblob can be viewed as a structural 

parameter that could be used in integrative structural macromolecular science.56,62,65-70 

The present study takes advantage of the appealing features of PEF, a well-known example 

of FCQ, to characterize the length scale over which the conformational homogeneity of a 
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poly(norbornene acid) (PNb-Ac) sample is maintained. The PNb-Ac sample was selected due to 

the excellent physical properties displayed by products obtained through the vinyl-addition 

polymerization of norbornene.16-19,34,37,40,42,46,71,72 Beside being optically transparent,73,74 

polynorbornenes (PNb) have a high Tg (≥ 220 oC)29,37,71-73 and excellent thermostability,73-76 

chemical resistivity,37,38,77 and dielectric29,37,71,75,78 and mechanical74 properties. This broad range 

of properties is a consequence of the varied PNb microstructures, which can be adjusted depending 

on the polymerization conditions.29,79-81 For example, it was shown in a recent study conducted 

with 3 copolymers, where the ratio of norbornene and hexylnorbornene was adjusted, that Tg was 

consistently 20 oC higher when the copolymers were produced with a Pd- versus a Ni-catalyst.29 

The difference in Tg was rationalized by assuming that the copolymers adopted a helix-kink 

conformation, as proposed in several computation-based studies of PNb.16,20-22 These results 

suggested that the Pd-catalyzed copolymers had fewer kinks compared to the Ni-catalyzed 

copolymers so that the latter copolymer had a lower packing efficiency and thus a lower Tg. This 

discussion highlights the need for developing techniques capable of probing the microstructure of 

macromolecules in general and PNb in particular over different length scales. 

To probe the conformation of the PNb-Ac sample over different length scales, the length 

scale over which the PEF measurements were conducted was adjusted by randomly labeling PNb-

Ac with four pyrene derivatives, where the pyrene moiety was linked to the main chain via four 

different spacer lengths. The pyrene-labeled PNb-Ac samples were referred to as PyCX(x)N-PNb-

Ac, where X equals 1, 4, 8, or 12 depending on whether 1-pyrene-methyl- (PyC1N), -butyl- 

(PyC4N), -octyl- (PyC8N), or -dodecyl- (PyC12N) amine was used for the labeling, respectively, 

and x represents the molar fraction of pyrene-labeled norbornene units. Global analysis of the 

monomer and excimer fluorescence decays of the PyCX(x)N-PNb-Ac samples with the FBM 
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yielded Nblob
exp, whose value increased with increasing length of the linker of the pyrene derivative 

as had been observed for other macromolecules.62,67,70 Comparison of Nblob
exp  and Nblob

MMO 

obtained by conducting MMO on two PNb-Ac constructs that adopted either a random coil or 

helical conformation led to the conclusion that PNb-Ac had a more or less dense microstructure 

similar to that of a 61 helix or a random coil over length scales shorter or larger than 6 nm, 

respectively. The heterogeneous nature of the PNb backbone characterized by PEF for PNb-Ac 

over different length scales might rationalize why different properties are observed for PNb 

samples prepared by different synthetic methods and resulting in different microstructures over 

different length scales. 

 

5.3 EXPERIMENTAL 

Chemicals: Unless otherwise stated, all reagents were purchased from Sigma-Aldrich and used 

without further purification. Oxalyl chloride, monomethyl suberate, and 12-methoxy-12-oxodo 

decanoic acid were purchased from Oakwood Chemicals, Fisher Scientific, and Ambeed Inc, 

respectively. The synthesis of the poly(norbornene acid) (PNb-Ac) sample has been described 

earlier.82 

Gel permeation chromatography (GPC): The molecular weight distribution of the PNb-Ac sample 

(Mn = 21.5 kg.mol-1, PDI = 1.3 with dn/dc = 0.212, using the mass of injected polymer) was 

determined with an aqueous Agilent GPC instrument equipped with a triple detection system that 

included a differential refractive index, dynamic light scattering, and viscosity detectors. The 

eluent was an aqueous solution of 100 mM NaNO3, 50 mM NaHCO3, 20 mM triethyl amine, and 

5 mM NaN3.  
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Pyrene derivatives: PyC1N was purchased from Aldrich. The synthesis of PyC4N, PyC8N, and 

PyC12N has been described elsewhere.70  

Pyrene labeling: All pyrene labeled PNb-Ac samples were prepared via a standard DIC coupling 

reaction and a brief description of the procedure is provided hereafter for a PNb-Ac sample labeled 

with 5.6 mol % of PyC4N. A 20 mL vial equipped with a magnetic stir bar was charged with PNb-

Ac (0.05 g, 0.36 mmol of polymer), PyC4N (33 µmol, 0.090 e.q), 4-(dimethylamino)pyridine 

(DMAP, 49 µmol, 0.13 e.q), and N,N-dimethylformamide (DMF, 3 mL). Upon complete 

dissolution via vigorous stirring, N,N’-diisopropylcarbodiimide (DIC, 59 µmol, 0.16 e.q) was 

added dropwise to the reaction mixture. The reaction was left in the dark overnight under 

continuous stirring. The following day the sample was precipitated 6-8 times in diethyl ether. The 

solid product was dried in vacuum overnight prior to pyrene content determination. The chemical 

structure of the PyCX(x)N-PNb-Ac samples is presented in Table 5.1. 

Pyrene content determination: All absorption measurements were conducted using a quartz cuvette 

with a 1 cm pathlength on a Cary 100 UV-Vis spectrophotometer. Absorption measurements were 

carried out in DMF to determine λPy, which represents the moles of pyrene per gram of polymer. 

λPy was obtained by dividing the concentration of pyrene determined from the solution absorbance 

as [Py] = Abs/(ePy´b), where ePy and b are the molar absorption coefficient of the pyrene derivative 

and the cell pathlength (1 cm), by the polymer mass concentration. The molar absorption 

coefficients of PyC1N, PyC4N, and PyC8N at 344 nm in DMF have been reported to equal 

40,000,62 36,000,62 and 39,30070 M-1∙cm-1, respectively. The molar absorption coefficient of 

43,900 M-1∙cm-1 at 344 nm for PyC12N in DMF was determined experimentally. The mole 

fraction (x) of norbornene units bearing a pyrene label was calculated using Equation 5.1, where 

MNbA and MPyCXN-NbA represent the molar mass of the unlabeled norbornene acid (138 g/mol) and 
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the norbornene acid labeled with either a 1-pyrene-methyl- (350 g/mol), -butyl- (388 g/mol), -

octyl- (449 g/mol), and -dodecyl- (511 g/mol) amine group, respectively. 

1
NbA

Py PyCXN NbA NbA

M
x

M Ml -
-

=
- +

      (5.1) 

Table 5.1 Chemical structure of the PyCX(x)N-PNb-Ac samples.

PyC1(x)N-PNb-Ac PyC4(x)N-PNb-Ac PyC8(x)N-PNb-Ac PyC12(x)N-PNb-Ac 

x = 5.6 - 15.0 mol% x =8.2 - 12.4 mol% x = 2.0 - 11.0 mol% x = 3.2 - 6.4 mol% 

Steady-state fluorescence: All steady-state fluorescence (SSF) spectra were acquired at an 

excitation wavelength of 345 nm on a QM-400 spectrofluorometer equipped with a Xenon arc 

lamp. The excitation and emission slit width were set to 1 nm. For each sample, the pyrene 

concentration was maintained at 2.5×10-6 M in DMF and DMSO. Prior to the fluorescence spectra 
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acquisition, the solutions were vigorously purged with nitrogen for 35 minutes to remove dissolved 

oxygen, a known quencher of pyrene fluorescence. The SSF spectra were analyzed to determine 

the fluorescence intensity ratio of the excimer over the monomer, the IE/IM ratio, by integrating the 

monomer (IM) and excimer (IE) fluorescence intensity between 376 and 382 nm and between 500 

and 530 nm, respectively.  

Time-resolved fluorescence: Time-resolved fluorescence (TRF) decays of the same solutions used 

for the fluorescence spectra were acquired using a 345 nm excitation wavelength on an IBH time-

resolved fluorometer. The monomer and excimer fluorescence decays were collected at an 

emission wavelength of 379 and 510 nm, respectively. To minimize stray light from reaching the 

detector, 370 and 495 nm cut-off filters were employed for the monomer and excimer fluorescence 

decays, which were acquired with 40,000 and 20,000 counts at the decay maximum, respectively. 

The instrument response function was acquired with a LUDOX solution by setting the emission 

wavelength equal to the excitation wavelength. 

Analysis of the TRF decays: The monomer and excimer TRF decays for all samples were globally 

analyzed using the fluorescence blob model (FBM) with the equations provided in Supporting 

Information. The FBM has been described in detail elsewhere58,59 and a brief overview is provided 

hereafter. The FBM acknowledges that when a macromolecule has been covalently labeled with 

pyrene dyes, excited pyrenyl dyes cannot probe the full macromolecular volume. Rather they probe 

equally sized sub-volumes, denotated as blobs, used to compartmentalize the macromolecule into 

a cluster of blobs. The pyrenyl dyes distribute themselves amongst these blobs according to a 

Poisson distribution. Within the FBM framework, PEF is the result of the interplay between four 

different pyrene species denoted as Pyfree*, Pydiff*, Pyk2*, and Pyagg*. Pyfree* represents the pyrenes 

which are located in pyrene-poor domains, do not form excimer, and thus emit as if they were free 
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in solution with a lifetime equal to τM. Pydiff* represents the pyrenes undergoing diffusive motion 

with a rate constant kblob until they come close to a ground-state pyrene and generate the species 

Pyk2*, which forms a pyrene excimer through the rapid rearrangement of the two pyrene labels 

with a rate constant k2. Pyagg* represents the pre-aggregated pyrene dyes which form excimer 

instantaneously upon excitation. The fluorescence decays were first fitted using the program 

globmis90gbg, where k2 was optimized. Once the analysis was completed for a given series of 

PyCX(x)N-PNb-Ac samples, the k2 values were averaged and the decays were reanalyzed using 

the program globmis90bbg, where k2 was set to equal <k2>. This procedure significantly reduces 

error in the other parameters retrieved through the FBM analysis of the decays such as the average 

number <n> of ground-state pyrenes per blob, kblob, and the molar fractions ffree, fdiff, fk2, and fagg of 

the pyrene species Pyfree*, Pydiff*, Pyk2*, and Pyagg*, respectively. In all cases, the fits were deemed 

acceptable if the χ2 value was below 1.3 and the residuals and the autocorrelation of the residuals 

were randomly distributed around zero. An example fit has been provided as Figure S5.3 in the SI. 

Molecular Mechanic Optimization (MMO) simulations: All molecular mechanic optimizations 

(MMO) were conducted using HyperChem (version 8.0.7) as described elsewhere.58,62-70 The 

Fletcher-Reeves Conjugate gradient in vacuo with a termination condition of an RMS gradient of 

0.1 kcal∙Å-1∙mol-1 was used. 

 

5.4 RESULTS AND DICUSSION  

Analysis of the Steady-State Fluorescence Spectra: All steady-state fluorescence (SSF) spectra 

were normalized at 379 nm and the fluorescence spectra for the PyC1N(x)-PNb-Ac samples in 

DMF are shown in Figure 5.1A. The typical spectral features expected for pyrene-labeled 

macromolecules (PyLM) were found in all fluorescence spectra.52,54-70 Specifically, sharp 
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fluorescence peaks were observed for the pyrene monomer between 360 and 410 nm, while the 

broad structureless emission centered at 480 nm was characteristic of the excimer fluorescence. 

For each sample dissolved in either DMF or DMSO, the IE/IM ratio was calculated and plotted as 

a function of pyrene content in Figures 5.1B-E.  

 

     

Figure 5.1 A) Fluorescence spectra acquired for the PyC1(x)-PNb-Ac samples in DMF. Plots of 

the IE/IM ratio for the PyCX(x)-PNb-Ac samples, where X equals B) 1 (methyl, ), C) 4 (butyl 

), D) 8 (octyl, ), and E) 12 (dodecyl, ), in DMF (non-filled) and DMSO (filled). 

 

Two important trends were observed in Figures 5.1B-E. First, the IE/IM ratio for all samples 

increased with increasing pyrene content (x) regardless of solvent. This trend is reasonable since 

an increase in pyrene content results in more pyrene-pyrene encounters and thus more PEF as 

already found with other PyLM.52,54-70 Second, for a given series of PyCX(x)N-PNb-Ac samples, 

the IE/IM ratio in DMF was higher than in DMSO. Since the IE/IM ratio is proportional to the product 

kdiff×[Py]loc,52-55 where kdiff is the bimolecular rate constant for PEF and [Py]loc is the local 

concentration of ground-state pyrenyl labels, it depends on solvent viscosity and the probability of 

PEF upon contact between an excited and a ground-state pyrene. Considering that DMSO (h = 

A) B) C) D) E) 
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1.99 mPa.s at 25 oC) is much more viscous than DMF (h = 0.79 mPa.s at 25 oC), the larger IE/IM 

ratios obtained in DMF than in DMSO are reasonable. While these results are qualitatively 

interesting, quantitative information about the PyCX(x)N-PNb-Ac samples was obtained through 

the analysis of their time-resolved fluorescence decays as described hereafter.  

 

Analysis of the Fluorescence Decays with the Fluorescence Blob Model: The monomer and 

excimer fluorescence decays of the PyCX(x)N-PNb-Ac samples in DMF and DMSO were 

acquired and globally analyzed with the fluorescence blob model (FBM). The FBM analysis 

yielded the average number (<n>) of ground-state pyrenes per blob, which was used to determine 

Nblob
exp according to Equation 5.2. Nblob

exp was plotted as a function of pyrene content in Figure 

5.2A. Interestingly, Nblob
exp remained relatively constant regardless of solvent for a given series of 

PyCX(x)N-PNb-Ac samples. This observation suggests first that PNb-Ac must adopt a similar 

conformation in both DMF and DMSO. Second, since the Nblob
exp values are similar in DMF which 

is much less viscous than DMSO, it implies that within a blob, the backbone of the PNb-Ac must 

be rigid and that the pyrenyl labels probe a same volume around the polynorbornene backbone, 

albeit at a different rate. Indeed, the k2 and kblob values listed in Tables S5.1-S5.24 were found to 

be on average 18 (±7)% lower in DMSO than in DMF reflecting the difference in solvent viscosity. 

Considering that PNb-Ac is often described as adopting a rigid random coil conformation,16 it is 

not surprising that the solvent did not induce a conformational change and that Nblob
exp was 

minimally affected by the solvent viscosity. Since the Nblob
exp values remained constant as a 

function of pyrene content within experimental error for a given series of PyCX(x)N-PNb-Ac 

samples and in both DMF and DMSO, Nblob
exp was averaged over all pyrene contents in both DMF 

and DMSO for a given series to yield <Nblob
exp>. <Nblob

exp> was found to increase with the linker 
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length of the pyrenyl derivative from 15 (±1) to 23 (±4), 29 (±4), and 49 (±4) for PyCX(x)N-PNb-

Ac, where X equals 1 (methyl), 4 (butyl), 8 (octyl), and 12 (dodecyl), respectively. This trend 

suggests that a longer linker enables the pyrenyl moiety to probe a larger sub-volume. Such a trend 

is reasonable and has already been reported for other polymers labeled with different pyrene 

derivatives.62,64,68,70 

 

  

Figure 5.2 Plots of A) Nblob
exp as a function of the pyrene content in (empty symbols) DMF and 

(filled symbol) DMSO for the PyCX(x)-PNb-Ac samples where X equals ( , ) 1, ( , ) 4, (

, ) 8, and ( , ) 12 and B) <Nblob
exp> as a function of the PEF length scale (LPEF). 

!
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To ensure that the pyrene derivatives with a longer linker did in fact probe a larger volume, 

the <Nblob
exp> values obtained for the PyCX(x)N-PNb-Ac samples were compared in Figure 5.2B 

with the expected distance over which PEF could occur (LPEF) as described in a previous report.70 

In brief, HyperChem was used to generate a norbornene monomeric unit which had been labeled 

A) B) 
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with PyC1N, PyC4N, PyC8N, and PyC12N. The distance dPy-aC separating the center of mass 

(CoM) of the pyrene moiety and the a-carbon of the norbornene monomer that would be 

incorporated in the polymer backbone was determined. dPy-aC was then multiplied first by 2 to 

reflect that a reference pyrenyl label located at the center of a blob can probe the polynorbornene 

backbone on both sides of the structural unit it is attached to, and second by 2 again to account for 

those pyrenyl labels located in the two blobs flanking the blob hosting the reference pyrene. The 

product 4´dPy-aC representing the maximum distance separating the attachment points of two 

ground-state pyrenes capable of forming an excimer with an excited pyrene attached at the mid-

point along the backbone would thus represent the length scale (LPEF) over which PEF occurs. LPEF 

was found to equal 4.1, 5.8, 7.8, and 9.9 nm for PyC1N, PyC4N, PyC8N, and PyC12N, 

respectively. Since a blob represents the volume probed by an excited pyrenyl label, its diameter 

should equal 2´dPy-aC or LPEF/2. As seen in Figure 5.2B, <Nblob
exp> increased linearly with LPEF. 

Since LPEF depends solely on the length of the linker connecting the pyrenyl label to the 

polynorbornene backbone, the trend in Figure 5.2B indicates that the four pyrenyl derivatives 

enabled the study of the PyCX(x)N-PNb-Ac samples over length scales ranging from 4.1 to 9.9 

nm.  

 

Molecular Mechanic Optimizations: To assess how homogeneous the conformation 

remains along the PNb-Ac backbone as a function of LPEF, <Nblob
exp> was compared with Nblob

MMO 

determined from molecular mechanic optimizations (MMO) conducted for the PNb-Ac constructs 

given in Figures 5.3A and B that adopted a random coil and helical conformation, respectively. 

The random coil conformation, provided in Figure 5.3A, was generated by Prof. Jérôme Claverie 

from the University of Sherbrooke. First, a norbornene acid dimer was created and minimized 
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using density function theory calculations that employed M06-2X functionals with 6-311g(d,p) 

basis set in a similar manner as reported earlier.83 Two dimers were then attached together, 

however due to the computational cost of density function theory calculations, molecular dynamics 

using the AMBER force field was employed. Since the bicyclic ring of a norbornene unit is rigid, 

no significant difference between the geometry of the norbornene unit between AMBER or DFT 

optimization occurs. This process was repeated until a 32-mer was generated.  

To generate the helical PNb-Ac construct, a cis-exo-disyndiotactic dodecamer was built by 

placing norbornene units with a dihedral angle of 130 o and -70 o between two monomers, which 

corresponds to the primary and secondary energy minima, respectively, that had been calculated 

from the equilibrium position of two monomers attached to the organometallic catalyst.83 The 

stereochemical arrangement for each main chain carbon was an alternation of SS and RR 

configurations, consistent with a 2,3-exo-disyndiotactic structure reported earlier.84 Once 

generated, the geometry of the construct was optimized using an Amber force-field, imported into 

HyperChem and extended by overlapping the two last structural units of one dodecamer with the 

two first structural units of another dodecamer to generate a 22-mer. This process was repeated 

several times to generate a construct with 66 and 132 structural units. We note that earlier 

molecular mechanics calculations for 2,3 exo-disyndiotactic PNb heptamers with a helical 

conformation had suggested distorted gauche and skew conformations with torsion angles of ±80 

o and ±130 o, respectively,85 a value which is consistent with the angle between norbornene 

monomers used to generate the helical construct in the present work. Furthermore, visual 

inspection of the generated helical conformation used in the present work suggests that the present 

construct was similar to that reported for a 2,3 exo-disyndiotactic heptamer,84 which had 6 

norbornene units per turn (61).  



124 
!

Interestingly, visual inspection of Figures 5.3A and B suggests that some short sections of 

the randomly coiled PNb-Ac backbone in Figure 5.3A exhibit some local conformation similar to 

that of the 61 helix shown in Figure 5.3B even though the overall conformations are clearly 

different. Those segments, that look similar to that of a 61 helix, would also be expected to exhibit 

a local compactness similar to that of the 61 helix. This discussion suggests that the PNb-Ac 

polymer might have a locally heterogeneous microstructure, and that this heterogeneity might be 

reflected in our PEF-based experiments aimed to probe the polymer conformation over different 

length scales.  

 

 

 

Figure 5.3 PNb-Ac backbone used to conduct the molecular mechanic optimizations where the 

backbone is A) a random coil or B) a 61 helix. 

The MMOs for the randomly coiled PNb-Ac construct made of 32 residues, shown in 

Figure 5.3A, were conducted in the same manner as described in previous reports.58,62,63,66,70 The 

simulations were carried out by attaching a first pyrene onto one of five reference structural units 

(SU) selected for the MMO and shown in red in Figure 5.4A and a secondary pyrene onto a SU 

adjacent to the SU bearing the reference pyrene. The reference and secondary pyrenyl labels were 

then induced to approach each other by restraining the atoms shown in Figure 5.4B to come within 

3.4 Å from each other without affecting the atoms of the main chain. Stacking between the 

A) B) 
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reference pyrene (red) and the secondary pyrene (black) resulted in a head-to-head or head-to-tail 

contact as illustrated in Figure 5.4C. As long as one of the two simulations resulted in one pyrene 

moiety overlapping the frame of the second pyrene with a number (nC-C) of carbons that was equal 

to or greater than 7 and as long as the pyrene frames remained planar during the optimizations, 

this nC-C value was considered conducive of PEF.86 The number (No) of SU bearing a secondary 

pyrenyl label located on the same side of the reference pyrenyl label along the PNb chain, that 

resulted in PEF, was increased by one unit. The secondary pyrene was then moved to the following 

SU along the PNb backbone and away from the reference SU, one SU at a time, and the procedure 

was repeated until three consecutive positions yielded a nC-C value of zero. At this point, N0 

represented the number of norbornene units which would enable PEF if they were labeled with 

pyrene on one same side of the reference pyrenyl label. Since PEF occurs between pyrenyl labels 

attached on both sides of the reference norbornene unit, Nblob
MMO(RC) for the random coil 

conformation was calculated as 2×N0 + 1, where “1” is added to account for the reference pyrene 

dye. The MMOs were repeated for five reference positions and averaged to yield Nblob
MMO(RC). 

The obtained results for each MMO have been provided in Figures S5.4-S5.6 in SI, while the 

results obtained for the MMOs for the PNb-Ac labeled with 1-pyrenebutylamine are shown in 

Figure 5.5A-E for further discussion.  
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Figure 5.4. Illustration of the construct representing a PyC1N labeled PNb-Ac random coil where 

A) the different reference pyrene positions are highlighted in red, B) the carbon atoms selected to 

apply the restraints used in the MMOs are colored in red, C) the head-to-head and head-to-tail 

arrangements for two stacked pyrenyl labels are shown, and D) the number of atoms (shown with 

red circles) separating the pyrenyl dye from the α-C in the PNb-Ac backbone for a hypothetical 1-

pyrenepropylamine derivative. The hydrogen atoms and carbonyl oxygen of the acetic acid groups 

were hidden from the chemical structures shown in Figure 5.4. 

 

Visual inspection of Figures 5.5A-E indicates that the nC-C values follow different 

behaviors depending on the reference SU used in the MMO. The variation in the MMO trends 

obtained with different reference SU, however, is not unexpected due to the heterogenous 

microstructure of the randomly coiled PNb-Ac backbone. Despite these differences, the No values, 

and thus the Nblob
MMO(RC) values equal to 2´No + 1, showed little variation. In the case of the 

PNb-Ac randomly coiled construct labeled with PyC4N on the 1st, 2nd, 3rd, 10th, and 32nd SU, 

Nblob
MMO(RC) values of 17, 17, 19, 19, and 17 were obtained, respectively, taking an average 

<Nblob
MMO(RC)> value of 18 (±1). This consistency suggests that similar Nblob

MMO(RC) values were 

obtained despite differences in the trends shown in Figure 5.5. This was also true for the 

Nblob
MMO(RC) values obtained with 1-pyrene-methyl, -ethyl, and -propyl derivatives, which 

A) C) D) 
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yielded <Nblo
MMO(RC)> values of 7 (± 2), 12 (± 3), and 15 (± 2), respectively. These 

<Nblob
MMO(RC)> values were plotted as a function of the number of atoms (nSp) in the spacer 

linking the pyrene moiety to the a-carbon on the PNb-Ac construct, as shown in Figure 5.5F. A 

straight line was obtained in Figure 5.5F indicating that <Nblob
MMO(RC)> increases linearly with 

increasing linker length. The linear relationship between <Nblob
MMO(RC)> and nSp was then utilized 

to extrapolate Nblob
MMO(RC) for a randomly coiled PNb-Ac construct labeled with PyC8N and 

PyC12N, which are two pyrene derivatives used in the present study. This approach to determine 

Nblob
MMO(RC) was adopted for two reasons. First, to conduct a complete series of MMOs for the 

PyC8N and PyC12N derivatives, a PNb-Ac construct made of more than 32 norbornene units must 

be generated in silico. This, unfortunately, proved to be a rather challenging task. Second, to yield 

accurate Nblob
MMO values representative of the entire construct, several reference positions across 

the construct should be used. Doubling the construct size, in turn, would mean doubling the number 

of simulations to be conducted for each pyrene derivative, which would become too time-

consuming. In the end, <Nblob
MMO(RC)> values for the random coil conformation were found to 

equal 7 (± 2), 18 (± 1), 33 (± 5), and 47 (± 6) for PyC1N, PyC4N, PyC8N, and PyC12N, 

respectively, with the two latter <Nblob
MMO(RC)> values being obtained through extrapolation with 

Figure 5.5F. 
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Figure 5.5 Plots of the number (nC-C) of overlapping carbons between the reference and secondary 

pyrenyl labels for a 32-residue construct for a PNb-Ac random coil labeled with PyC4N where the 

reference pyrene was attached to a residue located at position A) 1 ( ), B) 2 ( ), C) 3 ( ), D) 

10 ( ), and E) 32 ( ). F) Plot of <Nblob
MMO(RC)> as a function of the number of atoms (nSp) 

separating the dye from the α-C of the PNb-Ac backbone for a random coil. The red squares 

represent the extrapolated <Nblob
MMO(RC)> value for PyC8N and PyC12N. 

 

Compared to the PNb-Ac random coil in Figure 5.3A, a single reference position is 

typically used for the constructs of structured polymers such as the PNb-Ac helix in Figure 5.3B 

due to the symmetry of the selected conformation.58,63,65-70 For these constructs, Nblob
MMO is taken 

as (2×N0+1) as was done for the randomly coiled PNb-Ac construct. The expression Nblob
MMO 

=2×N0+1 assumes that the pyrenyl dye has the same reach on the left and right side of the reference 

pyrene on the construct. However, this assumption was no longer valid for the PNb-Ac helix 

generated in silico using SS and RR dimers since they have different configurations. This is 

illustrated with a 66-residue-long PNb-Ac helix, where the reference PyC1N was placed on either 

the 9th, 10th, 11th, or 12th residues, and Nblob
MMO was calculated in the same manner as done 

earlier.58,63,65-70 The data from these simulations are shown in Figures 5.6A-D and they present 

several interesting features. First, for all reference positions, the first 2 norbornene residues were 

C) B) A) D) F) E) 
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always conducive of PEF regardless of the reference pyrene position along the PNb-Ac construct. 

Second, as the number of residues separating the reference from the secondary pyrenyl labels was 

increased, nC-C took values greater than or equal to 7, followed by a decrease, before increasing 

back to values greater than or equal to 7, and eventually decreasing to zero. This oscillatory feature 

reflects the placement of the secondary pyrene along the PNb-Ac backbone as it passes behind and 

in front of the helix, where overlap between pyrenyl labels is hindered or favored, respectively. 

Third, the trends obtained by MMO show that the nC-C pattern exhibits three and two maxima 

depending on whether the reference pyrene is labeled onto an odd or an even numbered SU, 

respectively. This consistent trend suggests that for the PNb-Ac helical construct, the position of 

the reference pyrene might impact the Nblob
MMO value obtained for the 61 helix (Nblob

MMO(H)). Since 

the second maximum observed represents one full turn around the helical construct, these trends 

suggest that the nC-C positions conducive of PEF depend on the placement of the reference pyrene. 

The plots shown in Figure 5.6A-D yielded No values equal to 6, 3, 8, and 4 resulting in Nblob
MMO(H) 

values (= 2´No + 1) of 13, 7, 17, and 9 when the reference pyrene was placed on the 9th, 10th, 11th, 

and 12th SU, respectively. These Nblob
MMO values for the PyC1N labeled PNb-Ac helix would yield 

an average of 12 (±4). This 33% error on <Nblob
MMO(H)> for a well-defined helical conformation 

seemed unlikely. The likeliest explanation for the large variations observed for the Nblob
MMO(H) 

values was that Nblob
MMO took different values of 15 (±2) or 8 (±1), when odd (#9 and 11) or even 

(#10 and 12) reference positions were used, respectively. This discrepancy was attributed to the 

SS and RR dimers used to prepare the PNb-Ac helix, which might yield a different reach between 

the left and right side of the reference pyrenyl residue.  
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Figure 5.6 Plots of nC-C for a 66-residue PNb-Ac helix labeled with PyC1N where the reference 

pyrene group was placed on the A) 9th ( ), B) 10th ( ), C) 11th ( ), and D) 12th ( ) SU. E) 

Plot of Nblob
MMO(H) as a function of the position of the reference pyrenyl group. The lines provided 

are only a means to guide the eye. The red symbols in plots B) and D) represent positions where 

the frames of the pyrenyl dyes were not planar, and thus were not used in the calculation of 

Nblob
MMO(H). 

 

In an effort to reduce the errors for Nblob
MMO(H), the methodology applied to determine 

Nblob
MMO was modified. The MMO were carried out by considering the number of SU labeled with 

a secondary pyrene on the left (No
L) and right (No

L) of the reference pyrene along the helical PNb-

Ac construct that yielded nC-C values, equal to or larger than 7. According to this new methodology, 

Nblob
MMO(H) was then taken as No

L + No
R + 1. To ensure that this modified methodology yielded 

consistent Nblob
MMO(H) values for the PNb-Ac helix, two sets of MMO were conducted for a 

A) B) 

D) C) 

E) 
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PyC1N labeled PNb-Ac helix made of 132 residues. The resulting nC-C trends are shown in Figures 

5.7A-D. 

 

  

  

Figure 5.7 Plot of nC-C for a 132-residue PNb-Ac helical construct labeled with PyC1N attached 

onto the 69th (A & B) and 70th (C & D) residues with the reach of the reference pyrenyl label being 

probed on the left ( ) and right ( ). The lines provided are only a means to guide the eye. 

With a reference pyrene on the 69th and 70th SU, the MMO yielded N0
L equal to 7 and 5, 

respectively, while No
R was equal to 4 and 7, respectively. Consequently, Nblob

MMO(H) was found 

to equal 13 and 12 for the 69th and 70th reference positions, respectively, which represents a more 

reasonable spread of the Nblob
MMO(H) values.  

B) A) 

C) D) 
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The MMOs for the PNb-Ac helix labeled with the other pyrene derivatives were conducted 

in the same manner by determining No
L and No

R for each pyrene reference attached onto the 70th 

residue. The Nblob
MMO(H) values for the helical constructs were found to equal 13, 29, 55, and 77 

for PyC1N, PyC4N, PyC8N, and PyC12N, respectively. Plots of nC-C as a function of the number 

of residues separating the reference from the secondary residues are shown for PyC4N, PyC8N, 

and PyC12N in Figures 5.8A-C. Additionally, the Nblob
MMO values for each pyrene derivative were 

plotted in Figure 5.8D as a function of the number of atoms (nSp) of the spacer for a given pyrene 

derivative separating the pyrenyl group from the a-C of the PNb-Ac backbone (see Figure 5.4D). 

Similar to <Nblob
MMO(RC)> in Figure 5.5F, Nblob

MMO(H) was found to increase linearly with nSp in 

Figure 5.8D. 

    

Figure 5.8 Plots of nc-c for a 132-residue PNb-Ac helix labeled with A) PyC4N, B) PyC8N, and 

C) PyC12N. The reference residue used was position 70 and nC-C was counted from left-to-right (

) and right-to-left ( ). D) Plot of Nblob
MMO(H) as a function of the number (nSp) of atoms 

separating the dye from the α-C of the PNb-Ac backbone. 

 

Comparison of Nblob
exp and Nblob

MMO. To investigate whether PEF could probe the conformational 

homogeneity along the PNb-Ac backbone on different length scales, <Nblob
exp> was compared with 

B) A) C) D) 
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<Nblob
MMO(RC)> and Nblob

MMO(H) for a PNb-Ac construct with a random coil or helical 

conformation in Figure 5.9A. On the shortest PEF length scale investigated (LPEF = 4.1 nm) 

obtained with PyC1N, plotting <Nblob
exp> as a function of Nblob

MMO(H) yielded a point that landed 

on the 1:1 diagonal, denoted by the dashed line in Figure 5.9A, indicating a good match between 

<Nblob
exp> and Nblob

MMO(H) and thus a dense conformation for the PNb-Ac backbone. For an LPEF 

of 5.8 nm obtained with PyC4N, the points obtained by plotting <Nblob
exp> as a function of 

Nblob
MMO(H) and <Nblob

MMO(RC)> were evenly separated from the diagonal reflecting a decrease 

in local density. For LPEF equal to 7.8 and 9.9 nm corresponding to PyC8N and PyC12N, plotting 

<Nblob
exp> as a function of <Nblob

MMO(RC)> yielded two points that landed on the 1:1 diagonal 

indicating a good match suggesting that these pyrene derivatives probed the randomly coiled PNb-

Ac backbone. This analysis of the <Nblob
exp> values suggests some heterogeneity in the local 

conformation of the PNb-Ac backbone depending on the length scale of observation. This 

conclusion was further supported by the more quantitative analysis conducted in Figure 5.9B. In 

Figure 5.9B, <Nblob
exp> was assumed to be the result of a linear combination of random coil and 

helical conformations with a corresponding <Nblob
MMO(RC)> and Nblob

MMO(H) values weighed by 

their respective molar fractions fRC and fH. fRC and fH were calculated for each pyrene derivative 

and plotted as a function of LPEF. As LPEF was increased from 4.1 to 9.9 nm, fRC increased from 

zero to unity while fH decreased from unity to zero. It would appear that for LPEF smaller than 7.8 

nm, the conformation of PNb-Ac is denser than expected for a random coil and that it exhibits a 

helical character. As LPEF is increased past 7.8 nm, the random coil conformation of the PNb 

backbone is recovered and fRC equals unity. 
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Figure 5.9 A) Plot of <Nblob

exp> as a function of (black square) Nblob
MMO(H) and (hollow square) 

<Nblob
MMO(RC)>. B) Plot of fRC and fH as a function of LPEF. 

 

 The change in local conformation of PNb-Ac observed from the differences in <Nblob
exp> 

with LPEF described in Figure 5.9 contrasts with what was reported in Chapter 4 for poly(D,L-

glutamic acid) (PDLGA) and poly(L-glutamic acid) (PLGA) in DMF and DMSO.70 Based on the 

PEF results, PDLGA had been found to be randomly coiled in DMF and DMSO while PLGA 

adopted an a- and 310-helical conformation in DMF and DMSO, respectively. But when the 

poly(glutamic acid) constructs were labeled with PyC1N, PyC4N, and PyC8N, an excellent match 

was observed between <Nblob
exp> and Nblob

MMO indicating that the same conformation of these 

polypeptide backbones extended over the different LPEF probed by PyC1N, PyC4N, and PyC8N. 

Based on these results, it would appear that the microstructure of PNb-Ac is richer than that of the 

PDLGA and PLGA polypeptides. It is also worth noting that a full atomistic simulation conducted 

for a 2,3 erythro di-isotactic polynorbornene construct has suggested a helix-kink conformation.16 

This result would agree with those obtained from the FBM analysis of the PyCX(x)N-PNb-Ac 

B) A) 
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samples, which suggest some heterogeneity in the microstructure of PNb along the polymer 

backbone. 

 

5.5 CONCLUSIONS  

This study has demonstrated the ability of PEF to probe the microstructure of a PNb-Ac sample 

on different length scales. This was achieved by randomly labeling a PNb-Ac sample with varying 

amounts of 1-pyrene-methyl, -butyl, -octyl, or -dodecyl-amine to yield four series of PyCX(x)N-

PNb-Ac samples. Since the PNb-Ac is rigid, the pyrenyl labels could only form excimer by probing 

the space surrounding the PNb-Ac backbone via their flexible linker on different length scales 

depending on the linker length. Global analysis of the monomer and excimer fluorescence decays 

acquired with the PyCX(x)N-PNb-Ac samples yielded <Nblob
exp>, which was used as a structural 

parameter to assess the conformation of the PNb-Ac backbone in solution. Over short length scales 

(LPEF = 4.1 and 5.8 nm), the <Nblob
exp> values agreed more closely to Nblob

MMO obtained for a helical 

PNb-Ac whereas on longer length scales (LPEF = 7.8 and 9.9 nm), <Nblob
exp> matched Nblob

MMO 

obtained for a randomly coiled PNb-Ac construct. This behavior was very different from that 

observed for structured and unstructured polypeptides for which <Nblob
exp> has been found to 

match Nblob
MMO over three different length scales. Taking advantage of the recently demonstrated 

ability of PEF to probe the local density and thus the conformation of macromolecules in 

solution,52-55 this study illustrates the interesting microstructure of PNb-Ac being more and less 

dense like the conformation of a helix or a random coil on short and long observation length scales, 

respectively. 
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6.1 Thesis Conclusion 

The overarching goal of the present thesis was to establish the applicability of fluorescence 

collisional quenching (FCQ) experiments, specifically pyrene excimer formation (PEF), to 

quantitatively characterize the conformation of complex macromolecules in solution. To achieve 

this goal, pyrene was attached onto samples of polyamidoamine (PAMAM) dendrimers, 

poly(glutamic acid) (PGA), and poly(norbornene acid) (PNb-Ac) to yield pyrene-labeled 

macromolecules (PyLM), whose multiexponential decays were subsequently analyzed using the 

model free analysis (MFA) or fluorescence blob model (FBM). 

The conformation of the pyrene end-labeled PAMAM dendrimers was characterized in the 

two first research chapters. In Chapter 2, the relationship between the average rate constant (<k>) 

for PEF and the local concentration ([Py]loc) of ground state pyrenes was established for a series 

of PAMAM dendrimers, that were end-labeled with pyrene derivatives which had different linker 

lengths to yield the PyCX-PAMAM-GY samples where X (= 4, 8, and 12) and Y (= 0, 1, and 2) 

represent the number of carbon atoms in the linker and the dendrimer generation, respectively. It 

was found that irrespective of the solvent, <k> increased linearly as a function of [Py]loc, as had 

been found in earlier reports for other types of pyrene end-labeled dendrimers.1,2 A methodology 

was introduced for the parametrization of the chemical structure of the PyCX-PAMAM-GY 

samples, which was used to determine the average end-to-end distance (<LPy>) between every two 

pyrenyl labels and [Py]loc. This methodology could be validated by comparing the radius of 

gyration (RG) calculated by adjusting the mathematical treatment used to determine <LPy> and the 

RG values determined by molecular dynamic simulations3 and scattering experiments.4 This 

comparison validated the methodology employed to determine [Py]loc and since <k> was found to 

increase linearly with [Py]loc, it also demonstrated that this PEF-based methodology enables the 
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quantitative characterization of a macromolecular conformation in a manner that complements 

scattering studies. The PEF experiments were conducted at concentrations of PAMAM dendrimers 

that were 3-to-4 orders of magnitude lower than the concentrations used in scattering experiments, 

which enabled the study of isolated PAMAM dendrimers in solution. To illustrate this point 

further, Chapter 3 illustrated the superiority of PEF studies over scattering-based experiments to 

probe the intramacromolecular conformational change of isolated PyCX-PAMAM-GY samples 

upon protonation of their internal tertiary amines. The concentrations used in scattering 

experiments are so high for PAMAM dendrimers that intermolecular long range electrostatic 

forces distort the conformation of the dendrimers preventing their characterization as isolated 

macromolecules in solution. In contrast to the results obtained from scattering experiments which 

indicate a nominal change in the radius of PAMAM dendrimers,5,6,7,8 the PEF experiments yielded 

a 13% increase in the radius of the PAMAM dendrimers upon protonation of their internal tertiary 

amines, which was in good agreement with the conclusions reached from molecular dynamic 

simulations for G4, G5, G6, and G8 dendrimers.9 

While the study of small macromolecules was described in Chapters 2 and 3, Chapters 4 

and 5 shifted the focus to the study of larger macromolecules, specifically poly(glutamic acid) 

(PGA) and poly(norbornene acid) (PNb-Ac) samples, respectively. Chapter 4 established a 

methodology for extending the length scale over which PEF experiments can be conducted. This 

methodology, in turn, enabled the study of the homogeneity of a macromolecular conformation 

over different length scales which were found to be comparable to those achieved with Förster 

resonance energy transfer (FRET), leading to the suggestion that like FRET, PEF can be viewed 

as a spectroscopic ruler. To achieve this goal, poly(D,L-glutamic acid) (PDLGA) and poly(L-

glutamic acid) (PLGA) samples were randomly labeled with pyrene derivatives that had different 
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linker lengths to yield the PyCX(x)N-PGA samples, where X and x equaled the number of carbon 

atoms in the linker of the pyrene derivative and the molar percentage of pyrene-labeled glutamic 

acids, respectively. The fluorescence decays of the monomer and excimer for each PyCX(x)N-

PGA sample were acquired in DMF and DMSO, followed by their analysis with the FBM to 

determine Nblob
exp, the number of structural units per blob. Comparison of Nblob

exp with the Nblob
MMO 

values determined by molecular mechanic optimization (MMO) for different conformations of 

PLGA labeled with the different pyrene derivatives illustrated that the PGA samples exhibited a 

homogenous conformation over all the length scales studied by PEF. Specifically, PDLGA 

adopted a random coil conformation, as would be expected, in both DMF and DMSO, while PLGA 

adopted an α-helical conformation in DMF, a known helicogenic solvent. This analysis was further 

extended to determine the conformation of PLGA in DMSO, which was unknown before this 

study. PEF-based experiments revealed that the conformation of PLGA in DMSO was that of a 

310-helix, which to the best of our knowledge, represents the first time this was unambiguously 

demonstrated.  

Chapter 5 applied the methodology established in Chapter 4 to study the microstructure of 

poly(norbornene acid) (PNb-Ac) on different length scales. To this end, pyrene derivatives with 

different linker lengths were attached onto PNb-Ac to yield the PyCX(x)N-PNb-Ac samples, where 

X and x take the same definition as for the PyCX(x)N-PGA samples. Plots of <Nblob
exp> as a 

function of Nblob
MMO based on MMO conducted for a randomly coiled and 61-helical PNb-Ac 

construct revealed that on short observation length scales for PEF (LPEF= 4.1 and 5.8 nm), PNb-

Ac adopted a denser conformation similar to that of a 61-helix than on longer observation length 

scales (LPEF= 7.8 and 9.9 nm), where its conformation appeared less dense and similar to that of a 

random coil. These conclusions suggested that PNb-Ac had a heterogeneous conformation, when 
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probed over different length scales. Such level of details in the characterization of macromolecular 

conformation would be difficult to attain by techniques other than the combination of PEF, FBM, 

and MMO described in this thesis. 

In summary, this thesis describes the successful application of PEF to study the 

conformation of PAMAM dendrimers and PGA and PNb-Ac samples. It not only established the 

relationship between <k> and [Py]loc for the pyrene end-labeled PAMAM dendrimers, but also 

demonstrated that [Py]loc provides valuable information about macromolecular conformation in a 

manner that complements scattering experiments. However, due to its sensitivity, PEF can be used 

at much lower polymer concentrations compared to other techniques, enabling PEF to probe 

isolated macromolecules in solution. Additionally, the length scale over which PEF occurs was 

extended to distances comparable to those probed in FRET-based experiments. The large body of 

results presented in this thesis is expected to offer a solid basis onto which further applications of 

PEF can be developed to gain quantitative information about the conformation of complex 

macromolecules, that can be labeled with more than two dyes. 

 

6.2 Future Work 

While the primary focus of this thesis was to establish PEF as a powerful tool for probing 

macromolecular conformations, each chapter opens numerous avenues for further investigation. 

For instance, the main aim of Chapters 2 and 3 was to demonstrate that <k> is directly proportional 

to [Py]loc for pyrene-labeled dendrimers. To establish this relationship, the oligomeric segments 

separating every two dyes in a pyrene end-labeled dendrimer were assumed to obey Gaussian 

statistics, an assumption that is valid for low generation dendrimers.10,11 However, it would be of 

interest to investigate whether the <k>-vs.-[Py]loc relationship observed for low generation 
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dendrimers would still hold for higher generation dendrimers with a rigid core and flexible ends, 

as the rigid core would exclude the dyes attached to the dendrimer ends, in effect restricting their 

motion to the periphery of the dendrimer. The increase in <k> for high generation dendrimers 

compared to what would be expected from the <k>-vs.-[Py]loc relationship determined for low 

generation dendrimers should provide a measure of the increase in the local concentration 

experienced by the ends of high generation dendrimers. Such information should prove valuable 

for applications for catalysis or drug delivery. The <k>-vs.-[Py]loc relationship determined for low 

generation dendrimers could also be used as a benchmark to assess whether restricted geometries 

might affect the conformation of the dendrimer. In this context, it would also be of interest to study 

the conformation of dendrimers that are isolated inside surfactant micelles, which could have 

implication for drug delivery applications. Considering that application of most conventional 

experimental tools, such as scattering and NMR experiments, would be complicated by the 

extremely low dendrimer concentrations used to ensure single occupancy of a surfactant micelle 

which would result in a signal dominated by empty micelles, PEF represents an appealing 

alternative since the signal generated by the pyrene end-labeled dendrimers would not be 

contaminated by the presence of empty micelles. 

In Chapters 4, a methodology was established to extend the length scale over which PEF 

could be conducted. Based on this study, it should be possible to characterize the conformation of 

more complex macromolecules by PEF. For example, the introduction of varying levels of D-

glutamic acid in an otherwise PLGA sample could unveil dynamic and conformational changes in 

the polymer backbone induced by the increased disorder associated with a more racemic 

composition of residues in the polypeptide. By monitoring how Nblob
exp changes with the content 

of D-glutamic acid in the PLGA construct, such studies could quantify the impact of disorder on 
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the rigid α- or 310- helix of PLGA in DMF or DMSO, respectively, which could be characterized 

on different length scales. In such a study, the copolymers prepared with mixtures of D- and L-

glutamic acid could be viewed as model systems for intrinsically disordered proteins. 

Alternatively, it would be of interest to study how the conformation of PLGA is impacted in the 

presence of different surfactants. For example, under basic conditions induced by addition of 

NaOH, poly(L-sodium glutamate) (PLNaG) should adopt an extended random coil conformation, 

but addition of a positively charged surfactant could induce the condensation of PLNaG associated 

with a local conformational change, that could be probed quantitatively by monitoring how Nblob
exp 

varies as a function of surfactant concentration. These experiments would take advantage of the 

low concentration of macromolecules used for PEF, which would minimize intermacromolecular 

interactions that might otherwise occur at the higher concentrations used with more traditional 

techniques. Such studies could lead to establishing relationships relating the conformation of the 

polypeptide to the surfactant type, which could have implications for gene delivery applications. 

The PEF experiments conducted over different length scales to characterize the 

conformation of PNb-Ac led to the conclusion that PNb-Ac has a heterogenous microstructure. 

Given that polymerization conditions strongly influence the microstructure of polymers, it would 

be of interest to study PNb-Ac samples synthesized under different conditions and with other 

catalysts. These polymers could be studied using PEF to characterize their microstructure on 

different length scales, which, in turn, could be correlated with their physical properties. This line 

of research may prove valuable to better understand the relationship between synthetic conditions 

and the resulting polymer microstructures and physical properties.
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Appendix A: 2-SI for Chapter 2 
A] Characterization of the pyrene derivatives by 1H NMR and UV-Vis analysis 

 

Figure S2.1. 1H-NMR spectrum of 1-pyreneoctanoic acid in d6-DMSO (300 MHz): δ 1.47-1.13 

(m, 8H), 1.85-1.67 (m, 4H), 8.38-7.86 (m, 9H). Protons b) are under the water peak (3.3 ppm). 

 

 

Figure S2.2. 1H-NMR spectrum of 1-pyrenedodecanoic acid in DMSO-d6: (300 MHz, DMSO): δ 

1.47-1.09 (m, 16H), 1.80-1.67 (m, 2H), 1.84 – 1.94 (t, 2H), 8.35-7.87 (m, 9.6H). Protons b) are 

under the water peak (3.3 ppm). 
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Figure S2.3. 1H NMR spectrum of hexyl-1-pyrenebutyramide in CDCl3 (300 MHz): δ 0.85 (t, 3H), 

1.33-1.19 (m, 6H), 1.49-1.37 (, 2H), 2.29-2.13 (m, 4H), 3.26-3.16 (q, 2H), 3.43-3.34 (t, 2H), 5.39-

5.24 (broad singlet, 1H), 8.33-7.80 (m, 9H). 

 

 

Figure S2.4. 1H NMR spectrum of ethyl-1-pyreneoctanamide in CDCl3 (300 MHz): δ 1.089 (t, 

3H), 1.52-1.23 (m, 6.6H), 1.53 -1.71 (p, 2.5H), 1.91-1.73 (p, 5H), 2.17-2.01 (t, 2H), 3.42-3.13 (m, 

4H), 5.47-5.18 (broad s, 1H), 8.32-7.75 (M, 9H) 
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Figure S2.5. 1H NMR spectrum of n-ethyl-1-pyrenedodecanamide in CDCl3 (300 MHz): δ 1.08-

1.16 (t, 3H), 1.19- 1.41 (m, 15), 1.78-2.18 (p, 2H), 2.07-2.18 (t, 2H), 3.21-3.39 (m, 4H), 5.24-5.44 

(broad s, 1H), 7.83-8.33 (m, 9H). Protons e) are underneath the water peak in CDCl3. 

 

Figure S2.6. Plot of absorbance as a function of the concentration of hexyl-1-pyrenebutyramide 

(Hx-PyBA) in DMF. 
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B] 1H NMR characterization of the PyCX-PAMAM-GY dendrimers 

All 1H NMR spectra were acquired on a Bruker 300 MHz NMR spectrometer. For each NMR 

spectrum, the number of pyrenes per dendrimer (NPy/Den) was calculated with Equation S2.1 or 

Equation S2.2 for the PyC4-PAMAM-GY and PyC8-PAMAM-GY or PyC12-PAMAM-GY 

constructs, respectively. The difference between Equation S1 and S2 is due to the merging of the 

1H NMR signal in the 3.15 – 3.44 ppm region arising from the methylene protons adjacent to 

pyrene and the methylene protons adjacent to the nitrogen in the amide bonds for the spectra 

acquired in CDCl3, which is the solvent used to acquire the 1H NMR spectra of the PyC12-

PAMAM-GY samples. In d6-DMSO, the signals are separated and could be integrated separately. 

Also of note, the signal of the amide protons appeared together with the pyrene protons in the 1H 

NMR spectra acquired in d6-DMSO but not in CDCl3. The calculation for a PyC4-PAMAM-G0 

construct in DMSO using Equation S1 is presented as an example. The integral of the 1H NMR 

signal between 7.73 and 8.52 ppm corresponding to the number of (NPy/Den) pyrene and (Namide/Den) 

amide protons per dendrimers multiplied by their respective number of protons was divided by the 

integral of the 1H NMR signal between 3.06 and 3.20 ppm corresponding to the number (NCH2/Den) 

of methylene protons adjacent to the nitrogen of each amide bond multiplied by 2 as shown in 

Figure S7, to yield the ratio (R). Rearrangement of R yielded NPy/Den whose expression is given in 

Equation S1. An NPy/Den value of 4.0 pyrenes per dendrimer was obtained for the PyC4-PAMAM-

G0 sample. The experimentally determined and expected NPy/Den values are listed in Table 1 and 

were found to agree within 5% error from each other suggesting that the PyCX-PAMAM-GY 

samples used in this study were fully labeled. 
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Figure S2.7. 1H NMR spectrum of PAMAM-G0 labeled with 1-pyrene butyric acid in d6-DMSO.  

 

Figure S2.8. 1H NMR spectrum of PAMAM-G0 labeled with 1-pyrene octanoic acid in d6-DMSO.  
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Figure S2.9. 1H NMR spectrum of PAMAM-G0 labeled with 1-pyrene dodecanoic acid in CDCl3.  

 

 

Figure S2.10. 1H NMR spectrum of PAMAM-G1 labeled with 1-pyrene butyric acid in in d6-

DMSO.  
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Figure S2.11. 1H NMR spectrum of PAMAM-G1 labeled with 1-pyrene octanoic acid in d6-

DMSO.  

 

Figure S2.12. 1H NMR spectrum of PAMAM-G1 labeled with 1-pyrene dodecanoic acid in 

CDCl3.  

 

Figure S2.13. 1H NMR spectrum of PAMAM-G2 labeled with 1-pyrene butyric acid in in d6-

DMSO.  
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Figure S2.14. 1H NMR spectrum of PAMAM-G2 labeled with 1-pyrene octanoic acid in d6-

DMSO.  

 

Figure S2.15. 1H NMR of PAMAM-G2 labeled with 1-pyrene dodecanoic acid in CDCl3.  

 

C] Characterization of the PyCX-PAMAM-GY dendrimers by Mass Spectrometry (MS) 

The mass spectra for all PyCX-PAMAM samples were acquired on a Bruker Autoflex Speed 

MALDI in reflectron mode with the exception of PyC8-PAMAM-G2, whose mass spectrum was 

acquired in the linear mode. The mass spectrum of PyC12-PAMAM-G2 could not be acquired due 

to difficulties associated with desorption/ionization of the sample, despite numerous attempts 

made using higher concentrations and different matrices along with cationization agents. All other 

PyCX-PAMAM-GY samples were prepared at a concentration of 20 µM in tetrahydrofuran 
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containing 0.5 wt% DMSO. An aliquot (2 µL) of the freshly prepared solution was diluted with 2 

µL of a saturated solution of 2,5-dihydroxybenzoic acid in a mixture of acetonitrile (50%), water 

(50%), and TFA (0.1 %). The mixture was vortexed for 30 seconds, followed by spotting 1 µL, in 

duplicates, onto the grounded stainless-steel plate. For lower molecular weight samples (< 3 

kg/mol), the MALDI-TOF spectra were calibrated using red phosphorous while higher molecular 

weight samples (> 3 kg/mol) were calibrated using protein standards ranging from 3 to 12 kg/mol. 

The MALDI-TOF spectra for the samples typically contained several peaks, which, at first glance, 

would suggest that the PAMAM dendrimers were partially labeled. However, similarly complex 

mass spectra have been reported for poly- or oligo-amides1-7 and modified PAMAM dendrimers.8-

28 Consequently, a more detailed discussion of their analysis is presented hereafter to demonstrate 

that despite the apparently complex mass spectra, the constructs used in this study were likely to 

be fully labeled. 

First, none of the characteristic peaks corresponding to a partially pyrene-labeled PyCX-

PAMAM-GY sample was found in any of the mass spectra but all mass spectra yielded a peak 

corresponding to the fully labeled PyCX-PAMAM-GY sample. This observation suggested that 

the PyCX-PAMAM-GY samples were fully labeled and that the peaks with a smaller m/z ratio 

may have been the result of fragmentation. The spectra obtained for the PyC4-PAMAM-GY 

samples shown in Figures S16, S19, and S22 exhibited a higher intensity peak for the parent 

molecule relative to the peaks observed at lower m/z ratios. Second, the extent of additional peaks 

observed in each spectrum of the PyC4-PAMAM-GY samples was found to be significantly less 

compared to the PyC8-PAMAM-GY (Figure S17, S20, and S23) and PyC12-PAMAM-GY 

(Figure S18 and S21) samples. Although the signal intensity observed by MALDI-TOF is not 

indicative of the concentration of the respective species, the consistently larger number and 
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intensity of the additional peaks suggest that the longer linker used to attach the 1-pyrene-octanoyl 

and -dodecanoyl units to the PAMAM dendrimers may play a role in the sample fragmentation. 

The longer linkers may afford sufficient length for the pyrenyl groups to come near the amide 

bond. The ability of the pyrenyl groups to absorb the 355 nm photon emitted by the laser used in 

the MALDI-TOF experiments might be related to the occurrence of a fragmentation event. In most 

samples, the fragments observed were consistent with the cleavage between the -CH2- and C=O 

adjacent to the amide bond of the linker connecting the pyrenyl label to the PAMAM dendrimers. 

An example of the fragmentation and the associated molecular weights for the different PyCX- 

PAMAM-G0 dendrimers is given in Figure S16. This cleavage pattern suggested that the pyrenyl 

groups were covalently attached onto the PAMAM-GY samples prior to fragmentation, thereby 

further suggesting that the PyCX-PAMAM-GY samples used in this study were fully labeled. The 

cleavage between -CH2- and the carbonyl group adjacent to an amide bond would yield an acylium 

ion, which has been reported in other MALDI-TOF spectra4 as well as for pyrene-labeled PAMAM 

dendrimers.8 All MALDI-TOF spectra along with the identified fragment peaks are provided as 

Figures S17 – S24. Given the absence of peaks corresponding to partially labeled PyCX-PAMAM-

GY samples in the MALDI-TOF spectra and with support of the number of pyrenes per dendrimer 

determined from the 1H NMR spectra, it was concluded that the PyCX-PAMAM-GY samples 

studied in this work were likely to be fully labeled. 

A) B) C) 
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Figure S2.16. An example of the typical fragmentation pattern observed for PAMAM-G0 

dendrimers labeled with A) 1-pyrenebutyric, B) 1-pyreneoctanoic and C) 1-pyrenedodecaonic 

acid. The fragments shown in purple, blue, and green have molecular weights of 244.3, 300.5, and 

356.6 g/mol, respectively, which are associated with the fragmentation involved in the removal of 

a pyrenyl label, whereas the fragment shown in red corresponds to a molecular weight of 116.1 

g/mol and is associated with the fragmentation event within the dendrimer.  

 

 

 

 

 

 

Figure S2.17. A) Mass spectrum of PAMAM-G0 labeled with 1-pyrenebutyric acid and B) table 

of m/z ratios for the main species found in the mass spectrum. No m/z peak was observed at 1328 

and 1057 g/mol corresponding to PAMAM-G0 labeled with 3 and 2 1-pyrenebutyryl groups. 

 

A) B) 
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Figure S2.18. A) Mass spectrum of PAMAM-G0 labeled with 1-pyreneoctanoic acid and B) table 

of the m/z ratios of the main species found in the mass spectrum. No m/z peak was observed at 

1496 and 1170 g/mol corresponding to PAMAM-G0 labeled with 3 and 2 1-pyreneoctanoyl 

groups. 

 

 

 

 

Figure S2.19. A) Mass spectrum of PAMAM-G0 labeled with 1-pyrenedodecanoic acid and B) 

table of the m/z ratios for the main species found in the mass spectrum. No m/z peak was observed 

at 1664 and 1282 g/mol corresponding to PAMAM-G0 labeled with 3 and 2 1-pyrenedodecanoyl 

groups. 

 

A) B) 

A) B) 
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Figure S2.20. A) Mass spectrum of PAMAM-G1 labeled with 1-pyrenebutyric acid and B) table 

of the m/z ratios of the main species found in the mass spectrum. No m/z peak was observed at 

3322 and 3052 g/mol corresponding to PAMAM-G1 labeled with 3 and 2 pyrenyl groups. 

 

 

 

 

Figure S2.21. A) Mass spectrum for PAMAM-G1 labeled with 1-pyreneoctanoic acid and B) table 

of the m/z ratio for the main species found in the mass spectrum. No m/z peak was observed at 

3714.95, 3388.5, and 3062.07 g/mol corresponding to PAMAM-G1 labeled with 7, 6, and 5 1-

pyreneoctanoyl groups. 

 

A) B) 

B) A) 
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Figure S2.22. A) Mass spectrum for PAMAM-G1 labeled with 1-pyrenedodecanoic acid and B) 

table of the m/z ratios for the species found in the mass spectrum. No m/z peak was observed at 

4108, 3725, and 3343 g/mol corresponding to PAMAM-G1 labeled with 7, 6, and 5 1-

pyrenedodecanoyl groups. 

 

 

 

 

 

Figure S2.23. A) Mass spectrum for PAMAM-G2 labeled with 1-pyrenebutyric acid and B) table 

of the m/z ratios of the main species found in the mass spectrum. No m/z peak was observed at 

7311, 7041, 6771, 6500, 6230, 5960, 5689, 5419, and 5149 g/mol corresponding to PAMAM-G2 

labeled with 15, 14, 13, 12, 11, 10, 9, 8, and 7 1-pyrenebutyryl groups. 

 

B) A) 

B) A) 
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Figure S2.24. A) Mass spectrum for PAMAM-G2 labeled with 1-pyreneoctanoic acid and B) table 

of the m/z ratio of the main species found in the mass spectrum. No m/z peak was observed at 

8161, 7835, 7508, 7182, 6853, 6527, 6198, 5870, 5543, and 5217 g/mol corresponding to 

PAMAM-G2 labeled with 15, 14, 13, 12, 11, 10, 9, 8, 7, and 6 1-pyreneoctanoyl groups. 

 

D] Global Analysis of Monomer and Excimer Decays using the Model-Free Analysis (MFA)  

All fluorescence decays were globally fitted with the model-free analysis (MFA). Equations S2.1 

and S2.2 were used to fit the monomer and excimer fluorescence decays, respectively, and the 

parameters used in Equations S2.1 and S2.2 were optimized according to the Marquardt-

Levenberg algorithm.29 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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Figure S2.25. Global MFA of the fluorescence decays of the A) monomer and B) excimer acquired 

at 379 nm and 510 nm, respectively, for a PyC8-PAMAM-G0 construct. 



212 
!

E] Parameters obtained from the MFA of the PyCX-PAMAM-GY dendrimers: 

Table S2.1. Parameters retrieved from the MFA of the monomer decays of PyCX-PAMAM-GY 

dendrimers in degassed N,N-dimethylformamide (DMF). 

 

 

Table S2.2. Parameters retrieved from the MFA of the excimer decays of PyCX-PAMAM-GY 

dendrimers in degassed DMF. 

PAMAM!

Generation!
Derivative! fdiff

E0! fEdiff
D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES!

#2!

G0! PBA! 0.26! 0.30! 27.11! 53.61! 3.5! 0.00! 0.22! 0.22! 1.18!

POA! -! 0.97! -! 49.99! -! -! 0.03! -! 1.03!

PDA! 0.36! 0.59! 34.65! 51.25! -! 0.02! 0.03! -! 1.00!

G1! PBA! 0.22! 0.36! 44.73! 53.77! 3.5! 0.03! 0.04! 0.36! 1.15!

POA! 0.7! 0.24! 44.26! 61.22! -! 0.00! 0.06! -! 1.20!

PDA! 0.61! 0.32! 42.87! 55.63! -! 0.03! 0.04! -! 1.08!

G2! PBA! 0.04! 0.27! 36.42! 54.45! 3.5! 0.15! 0.32! 0.37! 1.25!

POA! 0.61! 0.34! 43.83! 55.89! -! 0.00! 0.04! -! 1.10!

PDA! 0.58! 0.26! 39.79! 58.26! -! 0.12! 0.05! -! 1.26!

 

 

 

 

 

PAMAM!

Generation!
Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M!

#2!

G0! PBA! 0.28! 3.33! 0.67! 6.08! 0.01! 38.3! 0.04! 173! 1.18!

POA! 0.40! 4.02! 0.55! 9.54! 0.03! 47.7! 0.02! 161! 1.03!

PDA! 0.21! 4.79! 0.67! 12.00! 0.06! 45.8! 0.05! 161! 1.00!

G1! PBA! 0.52! 3.12! 0.46! 5.11! 0.01! 85.8! 0.00! 173! 1.15!

POA! 0.38! 4.01! 0.57! 8.37! 0.03! 32.3! 0.02! 161! 1.20!

PDA! 0.53! 4.52! 0.35! 10.91! 0.04! 70.5! 0.07! 161! 1.08!

G2! PBA! 0.42! 2.59! 0.57! 4.22! 0.00! 34.9! 0.00! 173! 1.25!

POA! 0.44! 1.70! 0.49! 4.28! 0.03! 87.3! 0.04! 161! 1.10!

PDA! 0.26! 2.36! 0.64! 6.22! 0.08! 21.4! 0.02! 161! 1.26!
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Table S2.3. Parameters calculated from the MFA analysis of the monomer and excimer decays for 

PyCX-PAMAM-GY dendrimers in degassed DMF. 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PBA! 0.68! 0.03! 0.30! 0.40! 0.28! 0.30! 0.00!

POA! 0.95! 0.02! 0.03! 0.00! 0.95! 0.00! 0.03!

PDA! 0.90! 0.05! 0.05! 0.34! 0.56! 0.02! 0.03!

G1! PBA! 0.90! 0.00! 0.10! 0.35! 0.55! 0.04! 0.05!

POA! 0.92! 0.02! 0.06! 0.69! 0.23! 0.00! 0.06!

PDA! 0.86! 0.07! 0.07! 0.57! 0.30! 0.03! 0.04!

G2! PBA! 0.73! 0.00! 0.27! 0.50! 0.23! 0.15! 0.13!

POA! 0.92! 0.04! 0.04! 0.59! 0.33! 0.00! 0.04!

PDA! 0.82! 0.02! 0.16! 0.57! 0.25! 0.11! 0.05!

 

Table S2.4. Parameters retrieved from the MFA of the monomer decays of PyCX-PAMAM-GY 

dendrimers in degassed dimethyl sulfoxide (DMSO). 

PAMAM!

Generation!

Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0! PBA! 0.53! 7.47! 0.42! 12.4! 0! 48.76! 0.05! 138! 1.06!

POA! 0.33! 6.57! 0.61! 15.14! 0.04! 39.95! 0.02! 130! 1.18!

PDA! 0.14! 4.18! 0.74! 14.86! 0.09! 38.55! 0.03! 130! 1.05!

G1! PBA! 0.65! 6.02! 0.34! 10.16! 0! 72.35! 0.07! 138! 1.21!

POA! 0.25! 2.8! 0.62! 10.38! 0.09! 19.68! 0.04! 130! 1.13!

PDA! 0.14! 4.18! 0.74! 14.86! 0.09! 38.55! 0.03! 130! 1.05!

G2! PBA! 0.33! 3.08! 0.65! 6.92! 0.01! 27.41! 0.01! 138! 1.24!

POA! 0.25! 2.03! 0.67! 7.21! 0.02! 29.02! 0.06! 130! 1.05!

PDA! 0.36! 5.49! 0.47! 15.1! -! -! 0.17! 130! 1.26!
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Table S2.5. Parameters retrieved from the MFA of the excimer decays of PyCX-PAMAM-GY 

dendrimers in DMSO. 

PAMAM!

Generation!

Derivative! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

G0! PBA! 0.23! 0.42! 36.52! 51.84! 3.5! 0! 0.04! 0.31! 1.06!

POA! 0.08! 0.82! 58.75! 46.63! -! 0.04! 0.05! -! 1.18!

PDA! -! 0.93! -! 46.99! -! -! 0.07! -! 1.05!

G1! PBA! 0.34! 0.21! 41.43! 53.39! 3.5! 0.01! 0.11! 0.33! 1.21!

POA! 0.72! 0.24! 43.16! 55.06! -! 0! 0.04! -! 1.13!

PDA! 0.65! 0.17! 44.21! 52.3! -! 0.04! 0.14! -! 1.05!

G2! PBA! 0.28! 0.21! 40.5! 54.1! 3.5! 0! 0.06! 0.45! 1.24!

POA! 0.59! 0.36! 42.36! 53.93! -! 0! 0.04! -! 1.05!

PDA! 0.52! 0.31! 38.27! 52.27! -! 0! 0.16! -! 1.26!

 

Table S2.6. Parameters calculated from the MFA analysis of the monomer and excimer decays for 

PyCX-PAMAM-GY dendrimers in degassed DMSO. 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PBA! 0.90! 0.05! 0.06! 0.32! 0.58! 0.00! 0.06!

POA! 0.89! 0.02! 0.09! 0.08! 0.81! 0.04! 0.05!

PDA! 0.90! 0.03! 0.07! 0.00! 0.90! 0.00! 0.07!

G1! PBA! 0.82! 0.01! 0.18! 0.50! 0.31! 0.01! 0.16!

POA! 0.92! 0.04! 0.04! 0.69! 0.23! 0.00! 0.04!

PDA! 0.70! 0.15! 0.15! 0.56! 0.15! 0.03! 0.12!

G2! PBA! 0.88! 0.01! 0.11! 0.50! 0.38! 0.00! 0.11!

POA! 0.90! 0.06! 0.04! 0.56! 0.34! 0.00! 0.04!

PDA! 0.81! 0.04! 0.16! 0.50! 0.30! 0.00! 0.16!
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Table S2.7. Parameters retrieved from the MFA of the monomer decays of hexyl-1-

pyrenebutyramide in degassed DMF. 

[PBA-hexyl],!mM! a1! "1!(ns)! a2! "2!(ns)! fMfree! "M! #2!

11! 0.24! 36.53! 0.76! 67.73! 0! 173! 0.97!

14! 0.38! 34.31! 0.62! 58.98! 0! 173! 1.15!

16! 0.53! 31.70! 0.47! 54.71! 0! 173! 1.10!

19! 0.65! 30.85! 0.35! 53.49! 0! 173! 1.06!

22! 0.72! 28.07! 0.28! 50.25! 0! 173! 1.07!

 

Table S2.8. Parameters retrieved from the MFA of the excimer decays of hexyl-1-

pyrenebutyramide in degassed DMF. 

[PBA-hexyl],!mM! fdiff
E0! "D!(ns)! fED! #2!

11! 0.99! 54.75! 0.01! 0.97!

14! 0.98! 54.39! 0.02! 1.15!

16! 0.99! 53.35! 0.01! 1.10!

19! 0.97! 53.05! 0.03! 1.06!

22! 0.98! 52.46! 0.02! 1.07!

 

Table S2.9. Parameters retrieved from the MFA of the monomer decays of hexyl-1-

pyrenebutyramide in degassed dimethyl sulfoxide (DMSO). 

 

 

 

 

 

 

 

 

[PBA-hexyl],!mM! a1! "1!(ns)! a2! "2!(ns)! fMfree! "M! #2!

12! 0.10! 30.80! 0.90! 67.46! 0! 138! 1.11!

15! 0.10! 26.54! 0.90! 60.43! 0! 138! 1.05!

20! 0.13! 24.98! 0.87! 51.16! 0! 138! 1.09!

23! 0.24! 27.91! 0.76! 46.75! 0! 138! 1.07!

26! 0.18! 24.10! 0.82! 42.59! 0! 138! 1.11!
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Table S2.10. Parameters retrieved from the MFA of the monomer decays of hexyl-1-

pyrenebutyramide in degassed DMSO. 

[PBA-hexyl],!mM! fdiff
E0! "D!(ns)! fED! #2!

12! 0.99! 51.99! 0.01! 1.11!

15! 0.98! 51.52! 0.02! 1.05!

20! 0.98! 49.02! 0.02! 1.09!

23! 0.97! 49.65! 0.03! 1.07!

26! 0.97! 48.78! 0.03! 1.11!

 

 

 

F] Determination of kdiff from plots of <k> as a function of [H-PyBA] in DMF and DMSO 

 

Figure S2.26. Plot of <k> as a function of the concentration of hexyl-1-pyrenebutyramide in ( ) 

DMF and ( ) DMSO. 
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G] Equations used for the radius of gyration and the end-to-end distance of the dendrimers 

Table S2.9. Equations for RG and rEE of the PAMAM and HMPA dendrimers 
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Appendix B: S3-SI for Chapter 3 

A] Global Analysis of Monomer and Excimer Decays Using the Model-Free Analysis 

All fluorescence decays were globally fitted with the model-free analysis (MFA). Equations S3.1 

and S3.2 were used to fit the monomer and excimer fluorescence decays, respectively, and the 

parameters used in Equations S3.1 and S3.2 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 pyrene in the solution, and are aggregated pyrenes forming excimer by direct 

excitation. An example of the global analysis fit according to the MFA is provided in Figure S1. 
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Figure S3.1. Global MFA of the fluorescence decays of the A) monomer and B) excimer acquired 

at 379 nm and 510 nm, respectively, for a PyC8-PAMAM-G0 construct in DMSO. 
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B] Parameters retrieved from the MFA of the florescence decays: 

Table S3.1. Parameters retrieved from the MFA of the monomer decays for the PyCX-PAMAM-

GY samples in degassed DMF.2 

PAMAM!Generation! Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0!

PyBA! 0.89! 5.0! 0.07! 12.0! 0.01! 93.8! 0.04! 173! 1.13!

PyOA! 0.40! 4.0! 0.55! 9.5! 0.03! 47.7! 0.02! 161! 1.03!

PyDA! 0.21! 4.8! 0.67! 12.0! 0.06! 45.8! 0.05! 161! 1.00!

G1!

PyBA! 0.52! 3.1! 0.46! 5.1! 0.01! 85.8! 0.00! 173! 1.15!

PyOA! 0.38! 4.0! 0.57! 8.4! 0.03! 32.3! 0.02! 161! 1.20!

PyDA! 0.53! 4.5! 0.35! 10.9! 0.04! 70.5! 0.07! 161! 1.08!

G2!

PyBA! 0.62! 2.9! 0.37! 4.6! 0.01! 35.8! 0.00! 173! 1.24!

PyOA! 0.49! 4.3! 0.44! 1.7! 0.03! 87.3! 0.04! 161! 1.10!

PyDA! 0.64! 6.2! 0.26! 2.4! 0! 21.4! 0.02! 161! 1.26!

 

Table S3.2. Parameters retrieved from the MFA of the excimer decays for the PyCX-PAMAM-

GY samples in degassed DMF.2 

PAMAM!Generation! Derivative! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

G0!

PyBA! 0.30! 0.21! 52.3! 23.5! 3.5! 0.22! 0.00! 0.22! 1.13!

PyOA! -! 0.97! -! 50.0! -! -! 0.03! -! 1.03!

PyDA! 0.36! 0.59! 34.6! 51.3! -! 0.02! 0.03! -! 1.00!

G1!

PyBA! 0.22! 0.36! 44.7! 53.8! 3.5! 0.03! 0.04! 0.36! 1.15!

PyOA! 0.24! 0.70! 61.2! 44.3! -! 0.06! 0.00! -! 1.20!

PyDA! 0.32! 0.61! 55.6! 42.9! -! 0.04! 0.03! -! 1.08!

G2!

PyBA! 0.14! 0.30! 60.5! 44.9! 3.5! 0.08! 0.09! 0.39! 1.24!

PyOA! 0.34! 0.61! 55.9! 43.8! -! 0.04! 0! -! 1.10!

PyDA! 0.26! 0.58! 58.3! 39.8! -! 0.05! 0.12! -! 1.26!
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Table S3.3. Molar fractions calculated from the parameters obtained with the MFA of the 

monomer and excimer decays of the PyCX-PAMAM-GY constructs acquired in DMF.2 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PyBA! 0.68! 0.03! 0.30! 0.40! 0.28! 0.30! 0.00!

PyOA! 0.95! 0.02! 0.03! 0.00! 0.95! 0.00! 0.03!

PDA! 0.90! 0.05! 0.05! 0.34! 0.56! 0.02! 0.03!

G1! PyBA! 0.90! 0.00! 0.10! 0.35! 0.55! 0.04! 0.05!

PyOA! 0.92! 0.02! 0.06! 0.23! 0.69! 0.06! 0.00!

PyDA! 0.86! 0.07! 0.07! 0.30! 0.57! 0.04! 0.03!

G2! PyBA! 0.73! 0.00! 0.27! 0.23! 0.50! 0.13! 0.15!

PyOA! 0.92! 0.04! 0.04! 0.33! 0.59! 0.04! 0.00!

PyDA! 0.82! 0.02! 0.16! 0.25! 0.57! 0.05! 0.11!

 

 

Table S3.4. Parameters retrieved from the MFA of the monomer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF with 5 mM HCl. 

PAMAM!Generation! Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0!

PyBA! 0.75! 6.5! 0.19! 14.4! -! -! 0.06! 165! 1.15!

PyOA! 0.41! 6.5! 0.53! 14.0! 0.05! 57.3! 0.02! 161! 1.10!

PyDA! 0.15! 4.7! 0.69! 13.8! 0.10! 43.6! 0.06! 161! 1.06!

G1!

PyBA! 0.69! 5.3! 0.29! 8.7! 0.01! 59.4! 0.01! 165! 1.15!

PyOA! 0.26! 4.2! 0.64! 10.2! 0.07! 32.4! 0.03! 161! 1.09!

PyDA! 0.19! 3.5! 0.60! 10.9! 0.09! 42.5! 0.11! 161! 1.08!

G2!

PyBA! 0.58! 3.6! 0.40! 6.8! 0.01! 46.7! 0.01! 165! 1.18!

PyOA! 0.53! 6.4! 0.39! 2.8! 0.03! 70.4! 0.06! 161! 1.14!

PyDA! 0.41! 3.0! 0.51! 8.9! 0! 29.8! 0.02! 161! 1.06!
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Table S3.5. Parameters retrieved from the MFA of the excimer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF with 5 mM HCl. 

PAMAM!Generation! Derivative! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

G0!

PyBA! 0.28! 0.36! 56.8! 44.7! 3.5! 0.03! 0.01! 0.31! 1.15!

PyOA! -! 0.99! -! 49.7! -! -! 0.01! -! 1.10!

PyDA! -! 0.97! -! 50.5! -! -! 0.03! -! 1.06!

G1!

PyBA! 0.17! 0.43! 60.1! 45.2! 3.5! 0.04! 0.00! 0.36! 1.15!

PyOA! 0.32! 0.64! 58.9! 44.8! -! 0.04! 0.00! -! 1.09!

PyDA! 0.23! 0.74! 39.5! 51.1! -! 0.00! 0.04! -! 1.08!

G2!

PyBA! 0.17! 0.32! 60.2! 44.8! 3.5! 0.00! 0.15! 0.29! 1.18!

PyOA! 0.40! 0.55! 53.5! 43.8! -! 0.03! 0.00! -! 1.14!

PyDA! 0.33! 0.60! 37.7! 52.2! -! 0.0.! 0.06! -! 1.06!

 

Table S3.6. Molar fractions calculated from the parameters obtained with the MFA of the 

monomer and excimer decays of the PyCX-PAMAM-GY constructs acquired in DMF with 5 mM 

HCl. 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PyBA! 0.88! 0.06! 0.06! 0.39! 0.49! 0.05! 0.02!

PyOA! 0.97! 0.02! 0.01! 0.00! 0.97! 0.00! 0.01!

PyDA! 0.92! 0.05! 0.03! 0.00! 0.92! 0.00! 0.03!

G1! PyBA! 0.93! 0.01! 0.06! 0.26! 0.67! 0.06! 0.00!

PyOA! 0.94! 0.02! 0.04! 0.31! 0.63! 0.04! 0.00!

PyDA! 0.86! 0.11! 0.03! 0.20! 0.66! 0.00! 0.03!

G2! PyBA! 0.76! 0.01! 0.23! 0.26! 0.50! 0.00! 0.23!

PyOA! 0.90! 0.05! 0.05! 0.38! 0.52! 0.03! 0.02!

PyDA! 0.92! 0.01! 0.06! 0.33! 0.59! 0.00! 0.06!
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Table S3.7. Parameters retrieved from the MFA of the monomer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF with 5 mM NaOH. 

PAMAM!Generation! Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0!

PyBA! 0.67! 4.0! 0.25! 7.1! 0.03! 77.7! 0.05! 165! 1.13!

PyOA! 0.26! 4.2! 0.67! 8.8! 0.05! 33.6! 0.02! 161! 1.09!

PyDA! 0.50! 7.0! 0.39! 14.2! 0.05! 62.5! 0.06! 161! 1.16!

G1!

PyBA! 0.39! 2.8! 0.59! 4.7! 0.01! 65.1! 0.01! 165! 1.19!

PyOA! 0.53! 3.8! 0.43! 8.0! 0.02! 54.0! 0.03! 161! 1.24!

PyDA! 0.30! 3.1! 0.57! 7.7! 0.04! 37.3! 0.08! 161! 1.07!

G2!

PyBA! 0.20! 1.9! 0.77! 3.9! 0.01! 36.4! 0.01! 165! 1.10!

PyOA! 0.50! 4.3! 0.43! 2.2! 0.02! 53.6! 0.05! 161! 1.12!

PyDA! 0.40! 2.4! 0.51! 7.0! 0.07! 19.9! 0.02! 161! 1.16!

 

Table S3.8. Parameters retrieved from the MFA of the excimer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF with 5 mM NaOH. 

PAMAM!Generation! Derivative! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

G0!

PyBA! 0.29! 0.37! 53.4! 43.2! 3.5! 0.07! 0.00! 0.28! 1.13!

PyOA! 0.21! 0.72! 43.9! 50.2! -! -! 0.07! -! 1.09!

PyDA! -! 0.92! -! 50.3! -! -! 0.08! -! 1.16!

G1!

PyBA! 0.24! 0.36! 56.0! 42.7! 3.5! 0.06! 0.00! 0.33! 1.19!

PyOA! 0.40! 0.49! 55.3! 41.9! -! 0.11! 0.00! -! 1.24!

PyDA! 0.22! 0.66! 56.3! 44.3! -! 0! 0.09! -! 1.07!

G2!

PyBA! 0.14! 0.34! 59.0! 45.1! 3.5! 0.09! 0.13! 0.31! 1.10!

PyOA! 0.31! 0.60! 56.8! 43.7! -! 0.05! 0.04! -! 1.12!

PyDA! 0.35! 0.57! 56.3! 39.1! -! 0.06! 0.03! -! 1.16!
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Table S3.9. Molar fractions calculated from the parameters obtained with the MFA of the 

monomer and excimer decays of the PyCX-PAMAM-GY constructs acquired in DMF with 5 mM 

NaOH. 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PyBA! 0.86! 0.04! 0.09! 0.38! 0.48! 0.09! 0.00!

PyOA! 0.91! 0.02! 0.07! 0.21! 0.70! 0.00! 0.07!

PyDA! 0.87! 0.05! 0.08! -! 0.87! -! 0.08!

G1! PyBA! 0.90! 0.01! 0.09! 0.36! 0.54! 0.09! 0.00!

PyOA! 0.87! 0.02! 0.11! 0.39! 0.48! 0.11! 0.00!

PyDA! 0.82! 0.07! 0.11! 0.21! 0.61! 0.03! 0.08!

G2! PyBA! 0.69! 0.01! 0.30! 0.20! 0.49! 0.12! 0.18!

PyOA! 0.87! 0.05! 0.09! 0.30! 0.57! 0.05! 0.04!

PyDA! 0.90! 0.01! 0.09! 0.34! 0.56! 0.06! 0.03!

 

Table S3.10. Parameters retrieved from the MFA of the monomer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMSO.2 

PAMAM!Generation! Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0!

PyBA! 0.53! 7.5! 0.42! 12.4! 0.00! 48.8! 0.05! 138! 1.06!

PyOA! 0.61! 15.1! 0.33! 6.6! 0.04! 40.0! 0.02! 130! 1.18!

PyDA! 0.14! 4.2! 0.74! 14.9! 0.09! 38.6! 0.03! 130! 1.05!

G1!

PyBA! 0.65! 6.0! 0.34! 10.2! 0.00! 72.4! 0.01! 138! 1.21!

PyOA! 0.62! 10.4! 0.25! 2.8! 0.09! 19.7! 0.04! 130! 1.13!

PyDA! 0.36! 5.5! 0.47! 15.1! -! -! 0.17! 130! 1.26!

G2!

PyBA! 0.33! 3.1! 0.65! 6.9! 0.01! 27.4! 0.01! 138! 1.24!

PyOA! 0.67! 7.2! 0.25! 2.0! 0.02! 29.0! 0.06! 130! 1.05!

PyDA! 0.49! 3.8! 0.46! 13.2! -! -! 0.05! 130! 1.26!

 

  



225 
!

Table S3.11. Parameters retrieved from the MFA of the excimer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMSO.2 

PAMAM!Generation! Derivative! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

G0!

PyBA! 0.23! 0.42! 36.5! 51.8! 3.5! 0.00! 0.04! 0.31! 1.06!

PyOA! 0.08! 0.82! 58.8! 46.6! -! 0.04! 0.05! -! 1.18!

PyDA! !-! 0.93! !-! 47.0! -! -! 0.07! -! 1.05!

G1!

PyBA! 0.21! 0.34! 53.4! 41.4! 3.5! 0.11! 0.01! 0.33! 1.21!

PyOA! 0.24! 0.72! 55.1! 43.2! -! 0.04! 0.00! -! 1.13!

PyDA! 0.17! 0.65! 52.3! 44.2! -! 0.14! 0.04! -! 1.26!

G2!

PyBA! 0.21! 0.28! 54.1! 40.5! 3.5! 0.06! 0.00! 0.45! 1.24!

PyOA! 0.36! 0.59! 53.9! 42.4! -! 0.04! 0.00! -! 1.05!

PyDA! 0.31! 0.52! 52.3! 38.3! -! 0.16! 0.00! -! 1.26!

 

Table S3.12. Molar fractions calculated from the parameters obtained with the MFA of the 

monomer and excimer decays of the PyCX-PAMAM-GY constructs acquired in degassed DMSO.2 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PyBA! 0.90! 0.05! 0.06! 0.32! 0.58! 0.00! 0.06!

PyOA! 0.89! 0.02! 0.09! 0.08! 0.81! 0.04! 0.05!

PyDA! 0.90! 0.03! 0.07! -! 0.90! -! 0.07!

G1! PyBA! 0.82! 0.01! 0.18! 0.31! 0.50! 0.16! 0.01!

PyOA! 0.92! 0.04! 0.04! 0.23! 0.69! 0.04! 0.00!

PyDA! 0.70! 0.15! 0.15! 0.15! 0.56! 0.12! 0.03!

G2! PyBA! 0.88! 0.01! 0.11! 0.38! 0.50! 0.11! 0.00!

PyOA! 0.90! 0.06! 0.04! 0.34! 0.56! 0.04! 0.00!

PyDA! 0.81! 0.04! 0.16! 0.30! 0.50! 0.16! 0.00!
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Table S3.13. Parameters retrieved from the MFA of the monomer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMSO with 5 mM HCl. 

PAMAM!Generation! Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0!

PyBA! 0.38! 8.6! 0.45! 16.7! 0.12! 21.7! 0.06! 136! 1.05!

PyOA! 0.56! 22.3! 0.30! 11.2! 0.10! 52.0! 0.04! 130! 1.20!

PyDA! 0.11! 4.1! 0.69! 15.7! 0.18! 33.0! 0.03! 130! 1.16!

G1!

PyBA! 0.38! 8.0! 0.61! 13.8! 0.01! 26.8! 0.01! 136! 1.19!

PyOA! 0.47! 11.4! 0.11! 3.4! 0.34! 22.3! 0.08! 130! 1.11!

PyDA! 0.45! 9.7! 0.27! 18.6! 0.14! 32.9! 0.14! 130! 1.20!

G2!

PyBA! 0.22! 3.5! 0.74! 10.6! 0.02! 27.8! 0.01! 136! 1.11!

PyOA! 0.67! 9.8! 0.23! 3.0! 0.03! 35.9! 0.07! 130! 1.01!

PyDA! 0.24! 2.4! 0.47! 10.1! 0.24! 24.2! 0.05! 130! 1.14!

 

Table S3.14. Parameters retrieved from the MFA of the excimer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMSO with 5 mM HCl. 

PAMAM!Generation! Derivative! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

G0!

PyBA! 0.40! 0.31! 42.7! 54.1! 3.5! 0.00! 0.02! 0.27! 1.05!

PyOA! -! 0.92! -! 47.9! -! -! 0.08! -! 1.20!

PyDA! -! 0.95! -! 47.3! -! -! 0.05! -! 1.16!

G1!

PyBA! 0.31! 0.34! 42.5! 52.1! 3.5! 0.01! 0.06! 0.28! 1.19!

PyOA! -! 0.94! -! 47.8! -! -! 0.06! -! 1.11!

PyDA! -! 0.83! -! 47.3! -! -! 0.17! -! 1.20!

G2!

PyBA! 0.17! 0.42! 36.1! 51.6! 3.5! 0.00! 0.01! 0.39! 1.11!

PyOA! 0.34! 0.34! 53.6! 42.6! -! 0.04! 0.01! -! 1.01!

PyDA! 0.00! 0.92! -! 46.7! -! -! 0.08! -! 1.14!
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Table S3.15. Molar fractions calculated from the parameters obtained with the MFA of the 

monomer and excimer decays of the PyCX-PAMAM-GY constructs acquired in degassed DMSO 

with 5 mM HCl. 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PyBA! 0.91! 0.05! 0.03! 0.52! 0.40! 0.01! 0.02!

PyOA! 0.89! 0.03! 0.08! 0.00! 0.89! -! 0.08!

PyDA! 0.92! 0.02! 0.05! 0.00! 0.92! -! 0.05!

G1! PyBA! 0.90! 0.01! 0.09! 0.43! 0.47! 0.01! 0.09!

PyOA! 0.87! 0.08! 0.06! 0.00! 0.87! -! 0.06!

PyDA! 0.73! 0.12! 0.15! 0.00! 0.73! -! 0.15!

G2! PyBA! 0.97! 0.01! 0.02! 0.28! 0.69! 0.00! 0.02!

PyOA! 0.87! 0.07! 0.06! 0.44! 0.44! 0.06! 0.01!

PyDA! 0.88! 0.04! 0.08! 0.00! 0.88! -! 0.08!

 

Table S3.16. Parameters retrieved from the MFA of the monomer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF. 

PAMAM!Generation! Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0!

PyBA! 0.29! 3.2! 0.66! 6.2! 0! 57.1! 0.03! 173! 1.14!

PyOA! 0.34! 4.4! 0.61! 9.6! 0.04! 42.8! 0.01! 161! 1.10!

PyDA! 0.24! 4.2! 0.71! 10.4! 0.04! 46.9! 0.01! 161! 1.14!

G1!

PyBA! 0.22! 1.8! 0.76! 4.5! 0.01! 25.7! 0.01! 173! 1.18!

PyOA! 0.29! 2.8! 0.66! 7.5! 0.03! 34.8! 0.02! 161! 1.14!

PyDA! 0.30! 3.0! 0.61! 7.8! 0.03! 36.4! 0.05! 161! 1.02!

G2!

PyBA! 0.59! 3.0! 0.40! 4.8! 0.00! 44.8! 0.00! 173! 1.10!

PyOA! 0.37! 2.8! 0.55! 5.1! 0.02! 45.2! 0.06! 161! 1.08!

PyDA! 0.37! 2.5! 0.56! 7.3! 0! 26.0! 0.02! 161! 1.11!
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Table S3.17. Parameters retrieved from the MFA of the excimer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF. 

PAMAM!

Generation!
Derivative! fdiff

E0! fEdiff
D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES

*! #2!

G0!

PyBA! 0.22! 0.44! 54.6! 49.0! 3.5! 0.00! 0.02! 0.32! 1.14!

PyOA! 0! 0.72! 51.5! 49.2! -! 0! 0.03! -! 1.10!

PyDA! 0! 0.80! 53.3! 48.8! -! 0! 0.00! -! 1.14!

G1!

PyBA! 0.21! 0.29! 56.4! 48.0! 3.5! 0.07! 0.06! 0.38! 1.18!

PyOA! 0.45! 0.52! 54.9! 43.3! -! 0.04! 0.00! -! 1.14!

PyDA! 0.43! 0.52! 55.3! 42.7! -! 0! 0.00! -! 1.02!

G2!

PyBA! 0.11! 0.06! 58.0! 46.3! 3.5! 0.31! 0.41! 0.10! 1.10!

PyOA! 0.41! 0.53! 56.5! 44.0! -! 0.06! 0! -! 1.08!

PyDA! 0.39! 0.55! 56.3! 39.6! -! 0! 0.02! -! 1.11!

 

Table S3.18. Molar fractions calculated from the parameters obtained with the MFA of the 

monomer and excimer decays of the PyCX-PAMAM-GY constructs acquired in degassed DMF. 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PyBA! 0.94! 0.03! 0.03! 0.31! 0.62! 0.00! 0.03!

PyOA! 0.97! 0.01! 0.02! 0.00! 0.72! 0.00! 0.02!

PyDA! 0.97! 0.01! 0.02! 0.00! 0.79! 0.00! 0.00!

G1! PyBA! 0.78! 0.01! 0.21! 0.33! 0.46! 0.11! 0.00!

PyOA! 0.94! 0.02! 0.04! 0.44! 0.51! 0.04! 0.00!

PyDA! 0.91! 0.05! 0.04! 0.41! 0.49! 0.00! 0.00!

G2! PyBA! 0.19! 0.00! 0.81! 0.13! 0.07! 0.00! 0.46!

PyOA! 0.89! 0.05! 0.06! 0.39! 0.50! 0.06! 0.00!

PyDA! 0.92! 0.02! 0.06! 0.38! 0.54! 0.04! 0.02!
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Table S3.19. Parameters retrieved from the MFA of the monomer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF with 5 mM HCl. 

PAMAM!Generation! Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0!

PyBA! 0.62! 7.1! 0.31! 11.8! 0! 50.8! 0.04! 173! 1.10!

PyOA! 0.24! 5.4! 0.67! 12.2! 0.07! 43.4! 0.02! 161! 1.12!

PyDA! 0.54! 8.7! 0.39! 16.3! 0.05! 51.5! 0.02! 161! 1.18!

G1!

PyBA! 0.67! 5.7! 0.28! 8.3! 0.03! 18.6! 0.01! 173! 1.24!

PyOA! 0.32! 4.1! 0.60! 10.5! 0.05! 38.2! 0.03! 161! 1.05!

PyDA! 0.23! 3.4! 0.64! 9.8! 0.07! 40.2! 0.06! 161! 1.08!

G2!

PyBA! 0.24! 3.5! 0.71! 5.7! 0.05! 15.0! 0.01! 173! 1.20!

PyOA! 0.33! 3.1! 0.57! 6.4! 0.03! 42.2! 0.07! 161! 1.08!

PyDA! 0.37! 3.1! 0.52! 9.0! 0! 29.4! 0.02! 161! 1.14!

 

Table S3.20. Parameters retrieved from the MFA of the excimer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF with 5 mM HCl. 

PAMAM!Generation! Derivative! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

G0!

PyBA! 0.28! 0.37! 56.2! 46.4! 3.5! 0.00! 0.37! 0.33! 1.10!

PyOA! 0! 0.71! 49.8! 49.8! -! 0.00! 0.02! -! 1.12!

PyDA! 0! 0.54! 53.8! 45.9! -! 0.02! 0.02! -! 1.18!

G1!

PyBA! 0.23! 0.33! 58.4! 46.1! 3.5! 0.03! 0.01! 0.39! 1.24!

PyOA! 0.34! 0.64! 54.2! 46.9! -! 0.02! 0.00! -! 1.05!

PyDA! 0.21! 0.74! 58.3! 45.9! -! 0.00! 0.05! -! 1.08!

G2!

PyBA! 0.21! 0.30! 59.3! 45.4! 3.5! 0.09! 0.10! 0.31! 1.20!

PyOA! 0.38! 0.56! 54.4! 44.8! -! 0.06! 0! -! 1.08!

PyDA! 0.46! 0.41! 53.7! 38.3! -! 0.12! 0.00! -! 1.14!
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Table S3.21. Molar fractions calculated from the parameters obtained with the MFA of the 

monomer and excimer decays of the PyCX-PAMAM-GY constructs acquired in degassed DMF 

with 5 mM HCl. 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PyBA! 0.62! 0.03! 0.35! 0.27! 0.35! 0.00! 0.35!

PyOA! 0.96! 0.02! 0.02! 0.00! 0.70! 0.00! 0.02!

PyDA! 0.94! 0.02! 0.04! 0.00! 0.53! 0.00! 0.02!

G1! PyBA! 0.93! 0.01! 0.06! 0.38! 0.54! 0.04! 0.00!

PyOA! 0.95! 0.03! 0.02! 0.33! 0.62! 0.02! 0.00!

PyDA! 0.89! 0.06! 0.05! 0.20! 0.70! 0.00! 0.05!

G2! PyBA! 0.73! 0.00! 0.27! 0.30! 0.43! 0.00! 0.14!

PyOA! 0.87! 0.07! 0.06! 0.35! 0.52! 0.06! 0.00!

PyDA! 0.86! 0.02! 0.12! 0.45! 0.41! 0.12! 0.00!

 

Table S3.22. Parameters retrieved from the MFA of the monomer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF with 5 mM HCl and 10 mM NaOH. 

PAMAM!Generation! Derivative! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

G0!

PyBA! 0.27! 3.3! 0.67! 5.8! 0.02! 31.0! 0.04! 173! 1.16!

PyOA! 0.57! 5.1! 0.39! 11.0! 0.03! 54.4! 0.01! 161! 1.13!

PyDA! 0.20! 2.9! 0.74! 8.8! 0.05! 34.2! 0.02! 161! 1.09!

G1!

PyBA! 0.24! 1.4! 0.72! 4.3! 0.02! 17.1! 0.02! 173! 1.15!

PyOA! 0.48! 4.0! 0.48! 8.8! 0.02! 41.4! 0.03! 161! 1.13!

PyDA! 0.26! 2.9! 0.63! 7.6! 0.04! 35.4! 0.07! 161! 1.21!

G2!

PyBA! 0.34! 2.4! 0.65! 4.3! 0.01! 29.5! 0.01! 173! 1.12!

PyOA! 0.36! 2.7! 0.55! 5.3! 0.02! 41.7! 0.07! 161! 1.13!

PyDA! 0.31! 2.1! 0.63! 6.5! 0.05! 30.5! 0.02! 161! 1.15!
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Table S3.23. Parameters retrieved from the MFA of the excimer decays for the PyCX-PAMAM-

GY samples acquired in degassed DMF with 5 mM HCl and 10 mM NaOH. 

PAMAM!Generation! Derivative! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

G0!

PBA! 0.25! 0.26! 54.5! 26.9! 3.5! 0.13! 0.00! 0.36! 1.16!

POA! 0.20! 0.76! 58.4! 46.7! -! 0.00! 0.05! -! 1.13!

PDA! 0.23! 0.76! 50.1! 48.9! -! 0.00! 0.01! -! 1.09!

G1!

PBA! 0.25! 0.36! 56.7! 45.1! 3.5! 0.03! 0.00! 0.04! 1.15!

POA! 0.31! 0.60! 50.7! 32.8! -! 0.08! 0.01! -! 1.13!

PDA! 0.36! 0.53! 56.6! 39.4! -! 0.11! 0.00! -! 1.21!

G2!

PBA! 0.23! 0.23! 47.2! 32.1! 3.5! 0.15! 0.00! 0.39! 1.12!

POA! 0.31! 0.60! 57.9! 42.8! -! 0.09! 0.00! -! 1.13!

PDA! 0.40! 0.35! 51.3! 32.5! -! 0.25! 0.00! -! 1.15!

 

Table S3.24. Molar fractions calculated from the parameters obtained with the MFA of the 

monomer and excimer decays of the PyCX-PAMAM-GY constructs acquired in degassed DMF 

with 5 mM HCl and 10 mM NaOH. 

PAMAM Generation Derivative fdiff! ffree! fagg! fdiffE! fdiffD! fE0! fD!

G0! PBA! 0.77! 0.03! 0.20! 0.38! 0.39! 0.20! 0.00!

POA! 0.94! 0.01! 0.05! 0.00! 0.75! 0.00! 0.04!

PDA! 0.97! 0.02! 0.01! 0.00! 0.75! 0.00! 0.01!

G1! PBA! 0.94! 0.02! 0.05! 0.39! 0.55! 0.05! 0.00!

POA! 0.89! 0.02! 0.08! 0.31! 0.59! 0.08! 0.00!

PDA! 0.84! 0.06! 0.10! 0.33! 0.50! 0.00! 0.00!

G2! PBA! 0.75! 0.00! 0.25! 0.38! 0.37! 0.00! 0.00!

POA! 0.85! 0.07! 0.09! 0.29! 0.56! 0.09! 0.00!

PDA! 0.74! 0.01! 0.25! 0.39! 0.34! 0.25! 0.00!
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Table S3.25. Parameters retrieved from the MFA of the monomer decays for the PyC4-HMPA-

GY dendrimers acquired in degassed DMF with 5 mM HCl. 

PyC4-HMPA-GY! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

1! 0.24! 1.4! 0.73! 10.0! 0.03! 32.5! 0.01! 180! 1.12!

2! 0.68! 4.8! 0.31! 2.6! 0.01! 43.6! 0.00! 180! 1.16!

3! 0.75! 2.2! 0.24! 3.7! 0.01! 30.7! 0.00! 180! 1.15!

4! 0.73! 1.5! 0.25! 2.7! 0.01! 26.6! 0.01! 180! 1.15!

5! 0.61! 1.0! 0.37! 1.8! 0.01! 13.2! 0.01! 180! 1.20!

 

Table S3.26. Parameters retrieved from the MFA of the excimer decays for the PyC4-HMPA-GY 

dendrimers acquired in degassed DMF with 5 mM HCl. 

PyC4-HMPA-GY! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

1! -! 0.85! -! 50.9! -! -! 0.15! -! 1.12!

2! -! 0.95! -! 50.5! -! -! 0.05! -! 1.16!

3! -! 0.69! -! 49.7! -! -! 0.31! -! 1.15!

4! 0.27! 0.53! 57.4! 47.7! 4! -! 0.00! 0.20! 1.15!

5! 0.25! 0.34! 57.9! 43.8! 4! 0.08! 0.06! 0.27! 1.20!

 

Table S3.27. Parameters retrieved from the MFA of the monomer decays for the PyC4-HMPA-

GY dendrimers acquired in degassed DMSO with 5 mM HCl. 

PyC4-HMPA-GY! a1! "1!(ns)! a2! "2!(ns)! a3! "3!(ns)! fMfree! "M! #2!

1! 0.47! 10.0! 0.51! 16.9! 0.01! 44.6! 0.01! 145! 1.27!

2! 0.75! 6.7! 0.24! 2.6! 0.01! 34.0! 0.01! 145! 1.11!

3! 0.31! 1.5! 0.01! 25.4! 0.68! 4.1! 0.00! 145! 1.09!

4! 0.60! 2.8! 0.38! 1.0! 0.01! 15.6! 0.00! 145! 1.01!

5! 0.69! 1.2! 0.30! 2.5! 0.01! 20.1! 0.00! 145! 1.10!
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Table S3.28. Parameters retrieved from the MFA of the excimer decays for the PyC4-HMPA-GY 

dendrimers acquired in degassed DMSO with 5 mM HCl. 

PyC4-HMPA-GY! fdiff
E0! fEdiff

D! "E0!(ns)! "D!(ns)! "S!(ns)! fEE0! fED! fES
*! #2!

1! -!! 0.93! !-! 46.2! -!! !-! 0.07! !-! 1.27!

2! -! 0.91! !-! 46.4! -! !-! 0.09! !-! 1.11!

3! -! 0.74! !-! 46.8! -! !-! 0.26! !-! 1.09!

4! 0.74! 0.00! 47.9! 9.2! -!! 0.15! 0.11! !-! 1.01!

5! 0.25! 0.42! 56.9! 41.7! 4! 0.04! 0.00! 0.30! 1.10!

 

Table S3.29. Parameters retrieved from the MFA of the monomer decays for Hx-PyBA acquired 

in degassed DMF.2 

[Hx-PyBA],!mM! a1! "1!(ns)! a2! "2!(ns)! fMfree! "M! #2!

11! 0.24! 36.5! 0.76! 67.7! 0! 173! 0.97!

14! 0.38! 34.3! 0.62! 59.0! 0! 173! 1.15!

16! 0.53! 31.7! 0.47! 54.7! 0! 173! 1.10!

19! 0.65! 30.8! 0.35! 53.5! 0! 173! 1.06!

22! 0.72! 28.1! 0.28! 50.3! 0! 173! 1.07!

 

Table S3.30. Parameters retrieved from the MFA of the excimer decays for Hx-PyBA acquired in 

degassed DMF.2 

[Hx-PyBA],!mM! fdiff
E0! "D!(ns)! fED! #2!

11! 0.99! 54.8! 0.01! 0.97!

14! 0.98! 54.4! 0.02! 1.15!

16! 0.99! 53.4! 0.01! 1.10!

19! 0.97! 53.1! 0.03! 1.06!

22! 0.98! 52.5! 0.02! 1.07!

 

Table S3.31. Parameters retrieved from the MFA of the monomer decay for Hx-PyBA acquired 

in degassed DMF with 5 mM HCl. 
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[Hx-PyBA],!mM! a1! "1!(ns)! a2! "2!(ns)! fMfree! "M! #2!

11! 0.32! 38.4! 0.68! 68.0! 0.00! 165! 1.08!

14! 0.32! 31.5! 0.68! 56.4! 0.00! 165! 1.09!

16! 0.62! 33.2! 0.38! 56.2! 0.00! 165! 1.21!

19! 0.47! 27.6! 0.53! 47.5! 0.00! 165! 1.03!

22! 0.72! 27.9! 0.28! 50.9! 0.00! 165! 1.06!

 

Table S3.32. Parameters retrieved from the MFA of the excimer decay for Hx-PyBA in degassed 

DMF with 5 mM HCl. 

[Hx-PyBA],!mM! fEdiff
D! "D!(ns)! fED! #2!

11! 0.99! 54.9! 0.01! 1.08!

14! 0.98! 53.5! 0.02! 1.09!

16! 0.98! 53.2! 0.02! 1.21!

19! 0.97! 53.1! 0.03! 1.03!

22! 0.98! 52.4! 0.02! 1.06!

 

Table S3.33. Parameters retrieved from the MFA of the monomer decay for Hx-PyBA in degassed 

DMSO.2 

[Hx-PyBA],!mM! a1! "1!(ns)! a2! "2!(ns)! fMfree! "M! #2!

12! 0.10! 30.8! 0.90! 67.5! 0.00! 138! 1.11!

15! 0.10! 26.5! 0.90! 60.4! 0.00! 138! 1.05!

20! 0.13! 25.0! 0.87! 51.2! 0.00! 138! 1.09!

23! 0.24! 27.9! 0.76! 46.7! 0.01! 138! 1.07!

26! 0.18! 24.1! 0.82! 42.6! 0.00! 138! 1.11!
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Table S3.34. Parameters retrieved from the MFA of the excimer decay for Hx-PyBA in degassed 

DMSO.2 

HX-PyBA],!mM! fEdiff
D! "D!(ns)! fED! #2!

12! 0.99! 52.0! 0.01! 1.11!

15! 0.98! 51.5! 0.02! 1.05!

20! 0.98! 49.0! 0.02! 1.09!

23! 0.97! 49.7! 0.03! 1.07!

26! 0.97! 48.8! 0.03! 1.11!

 

Table S3.35. Parameters retrieved from the MFA of the monomer decay for Hx-PyBA in degassed 

DMSO with 5 mM HCl. 

[Hx-PyBA],!mM! a1! "1!(ns)! a2! "2!(ns)! fMfree! "M! #2!

12! 0.09! 28.4! 0.91! 67.9! 0.00! 136! 1.04!

15! 0.09! 24.8! 0.91! 59.4! 0.00! 136! 1.11!

20! 0.11! 23.3! 0.89! 50.2! 0.00! 136! 1.10!

23! 0.11! 19.4! 0.89! 44.4! 0.00! 136! 1.06!

26! 0.17! 22.8! 0.83! 42.0! 0.00! 136! 1.14!

 

Table S3.36. Parameters retrieved from the MFA of the excimer decay for Hx-PyBA in degassed 

DMSO with 5 mM HCl. 

[Hx-PyBA],!mM! fEdiff
D! "D!(ns)! fED! #2!

12! 0.99! 51.7! 0.01! 1.04!

15! 0.98! 51.1! 0.02! 1.11!

20! 0.98! 49.8! 0.02! 1.10!

23! 0.98! 49.0! 0.02! 1.06!

26! 0.97! 49.4! 0.03! 1.14!
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C] Determination of kdiff from plots of <k> as a function of [Hx-PyBA] in DMF and DMSO 

  

Figure S3.2. Plot of <k> as a function of the n-hexyl-1-pyrenebutyramide concentration in A) 

DMF ( , ) and B) DMSO ( , ) with ( , ) and without ( , ) of 5 mM HCl, 

respectively. 

A) B) 
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Appendix C: S4- SI for Chapter 4 
A] 1H NMR and UV-Vis characterization 

 

Figure S4.1. 1H NMR spectrum of 1-pyrenebutylamine hydrochloride acquired in d6-DMSO (300 
MHz): 1.60-1.95 (m, 4H), 2.77-2.91 (m, 2H), 3.31-3.44 (t, 2H), 7.65-8.45 (m, 12H) 

 

 

Figure S4.2. 1H NMR spectrum of 1-pyreneoctylamine hydrochloride acquired in d6-DMSO (300 
MHz): δ 1.16-1.64 (m, 10H), 1.70-1.86 (p, 2H), 2.66- 2.85 (m, 2H), 3.27-3.38 (t, 2H), 7.59-8.41 
(m, 12H). The peak observed at 3.42 ppm near protons b was attributed to the water peak which 
had shifted due to the acidic environment. 
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Figure S4.3. 1H NMR spectrum of 1-pyrenebutylacetamide acquired in CDCl3 (300 MHz): δ 
1.54-1.95 (m, 7H), 3.18-3.41 (m, 4H), 5.29-5.48 (s, 1H), 7.79- 8.28 (m, 9H). 

!

 

 

Figure S4.4. 1H NMR spectrum of 1-pyreneoctylacetamide acquired in d6-DMSO (300 MHz): 
1.13-1.48 (m, 10H), 1.68-1.82 (m, 5H), 2.90-3.00 (q, 2H), 7.67-7.77 (broad s, 1H), 7.89-8.36 (m, 
9H). Protons b were underneath the water peak at 3.32 ppm. 
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Figure S4.5. Plot of absorbance as a function of 1-pyrenebutylacetamide concentration in DMF. 

 

 

Figure S4.6. Plot of absorbance as a function of 1-pyreneoctylacetamide concentration in DMF. 
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Figure S4.7. 1H NMR spectra of (black) PLGA and (purple) PDLGA in d7-DMF. 

 

 

 

 

Figure S4.8. 1H NMR spectra of (black) PLGA and (purple) PDLGA in d6-DMSO. 
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B] Fluorescence Blob Model (FBM) Analysis 

Equations S1 and S2 were used to fit the pyrene monomer and excimer fluorescence decays 
according to the fluorescence blob model. 
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The expression of A2, A3, and A4 used in Equations S1 and S2 are given in Equation S3.a-c as a 

function of the parameters <n>, kblob, and ke´[blob]. 

 

 

  

 

  
 

Figure S4.9. Global analysis using the fluorescence blob model (FBM) for the fluorescence decays 

of the A) monomer and B) excimer acquired at 379 nm and 510 nm, respectively, for the PyC4(15)-

PDLGA sample in DMF excited at 345 nm. 

  



!

243 
!

C] Parameters retrieved from the FBM analysis 

Table S4.1. Parameters retrieved from the FBM analysis of the monomer decays for the PyC4(x)-

PLGA samples in DMF. 

fPy 
mol% 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM fMfree χ2 

3.0 0.09 0.26 3.5 0.41 10 1.4 162 0.32 1.07 

3.1 0.09 0.31 3.1 0.36 9 1.5 162 0.33 1.03 

4.1 0.09 0.34 3.3 0.41 10 1.4 162 0.25 1.07 

6.1 0.09 0.49 1.9 0.34 8 1.9 162 0.17 1.17 

7.6 0.09 0.44 1.8 0.31 5 3.3 162 0.24 1.30 

9.4 0.09 0.53 2.2 0.46 8 2.9 162 0.00 1.26 

 

Table S4.2. Parameters retrieved from the FBM analysis of excimer decays for the PyC4(x)-PLGA 

samples in DMF. 

fPy 
mol% 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fEdiffD fED χ2 

3.0 0.36 57 0.38 0.04 34 0.19 0.03 1.07 

3.1 0.42 48 0.43 0.10 82 0.05 0.00 1.03 

4.1 0.41 47 0.37 0.09 69 0.13 0.01 1.07 

6.1 0.52 50 0.32 0.13 79 0.03 0.00 1.17 

7.6 0.54 43 0.30 0.08 77 0.08 0.00 1.30 

9.4 0.46 45 0.28 0.00 56 0.12 0.14 1.26 
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Table S4.3. Calculated molar fractions of pyrene species from the analysis of the monomer and 

excimer decays for the PyC4(x)-PLGA samples in DMF. 

fpy 
mol% 

fk2 fdiffE fdiffD fdiff fE fD fagg ffree χ2 

3.0 0.29 0.30 0.15 0.45 0.03 0.02 0.05 0.21 1.07 

3.1 0.34 0.35 0.04 0.39 0.08 0.00 0.08 0.19 1.03 

4.1 0.35 0.31 0.11 0.42 0.08 0.01 0.09 0.14 1.07 

6.1 0.48 0.30 0.03 0.33 0.12 0.00 0.12 0.07 1.17 

7.6 0.48 0.26 0.07 0.34 0.07 0.00 0.07 0.11 1.30 

9.4 0.46 0.28 0.12 0.40 0.00 0.14 0.14 0.00 1.26 

 

Table S4.4. Parameters retrieved from the FBM analysis of the monomer decays for the PyC8(X)-

PLGA samples in DMF. 

fPy 
mol%!

k2 
(ns-1)!

fMk2! ke[blob] 
(µs-1)!

fMdiff! kblob 
(µs-1)!

<n>! τM! fMfree! χ2!

1.7! 0.16! 0.15! 1! 0.40! 13! 1.4! 155! 0.45! 1.13!

2.2! 0.16! 0.21! 5! 0.31! 17! 1.7! 155! 0.48! 1.22!

3.0! 0.16! 0.37! 4! 0.34! 16! 1.8! 155! 0.29! 1.06!

4.6! 0.16! 0.60! 3! 0.33! 14! 2.1! 155! 0.07! 1.22!

4.7! 0.16! 0.55! 4! 0.33! 16! 2.0! 155! 0.12! 1.15!

!
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Table S4.5. Parameters retrieved from the FBM analysis of excimer decays for the PyC8(X)-

PLGA samples in DMF. 

fPy 
mol% 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fEdiffD fED χ2 

1.7 0.26 38 0.46 0.02 76 0.25 0.00 1.13 

2.2 0.37 47 0.47 0.08 90 0.72 0.01 1.22 

3.0 0.49 45 0.38 0.01 68 0.06 0.05 1.06 

4.6 0.61 46 0.29 0.04 67 0.04 0.02 1.22 

4.7 0.59 49 0.33 0.04 69 0.02 0.01 1.15 

 

Table S4.6. Calculated molar fractions of pyrene species from the analysis of the monomer and 

excimer decays for the PyC8(X)-PLGA samples in DMF. 

fpy 
mol% 

fk2 fdiffE fdiffD fdiff fE fD fagg ffree χ2 

1.7 0.16 0.29 0.16 0.45 0.02 0.00 0.02 0.37 1.13 

2.2 0.13 0.17 0.26 0.43 0.03 0.00 0.03 0.40 1.22 

3.0 0.42 0.32 0.06 0.37 0.01 0.05 0.06 0.15 1.06 

4.6 0.60 0.29 0.04 0.32 0.04 0.02 0.06 0.02 1.22 

4.7 0.57 0.32 0.02 0.34 0.04 0.01 0.05 0.04 1.15 
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Table S4.7. Parameters retrieved from the FBM analysis of the monomer decays for the PyC4(X)-

PLGA samples in DMSO. 

fPy 
mol% 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM fMfree χ2 

3.0 - - - - - - - - - 

3.1 0.08 0.22 5 0.51 11 1.2 137 0.27 1.19 

4.1 0.08 0.24 5 0.55 12 1.1 137 0.21 1.07 

6.1 0.08 0.37 4 0.52 8 1.7 137 0.12 1.06 

7.6 0.08 0.32 3 0.50 7 2.1 137 0.19 1.12 

9.4 0.08 0.56 5 0.41 14 2.5 137 0.04 1.10 

 

Table S4.8. Parameters retrieved from the FBM analysis of excimer decays for the PyC4(X)-

PLGA samples in DMSO. 

fPy 
mol% 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fEdiffD fED χ2 

3.0 - - - - - - - - 

3.1 0.27 49 0.57 0.10 45 0.06 0.00 1.19 

4.1 0.28 51 0.50 0.07 48 0.13 0.02 1.07 

6.1 0.37 47 0.46 0.10 63 0.06 0.01 1.06 

7.6 0.36 45 0.52 0.06 84 0.05 0.00 1.12 

9.4 0.50 80 0.01 0.08 50 0.36 0.06 1.10 
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Table S4.9. Calculated molar fractions of pyrene species from the analysis of the monomer and 

excimer decays for the PyC4(X)-PLGA samples in DMSO. 

fpy 
mol% 

fk2 fdiffE fdiffD fdiff fE fD fagg ffree χ2 

3.0 - - - - - - - - - 

3.1 0.22 0.46 0.05 0.51 0.08 0.00 0.08 0.19 1.19 

4.1 0.24 0.43 0.11 0.54 0.06 0.01 0.08 0.14 1.07 

6.1 0.35 0.43 0.06 0.49 0.09 0.01 0.10 0.07 1.06 

7.6 0.32 0.46 0.05 0.51 0.05 0.00 0.05 0.12 1.12 

9.4 0.49 0.01 0.35 0.36 0.08 0.06 0.14 0.01 1.10 

 

Table S4.10. Parameters retrieved from the FBM analysis of the monomer decays for the PyC8(X)-

PLGA samples in DMSO. 

fPy 
mol% 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM fMfree χ2 

1.7 0.15 0.10 1 0.52 13 0.8 128 0.39 1.17 

2.2 0.15 0.17 4 0.35 15 1.4 128 0.48 1.06 

3.0 0.15 0.19 5 0.55 12 1.5 128 0.25 1.04 

4.6 0.15 0.35 6 0.45 14 1.8 128 0.20 1.03 

4.7 0.15 0.37 4 0.55 13 1.9 128 0.08 1.14 
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Table S4.11. Parameters retrieved from the FBM analysis of excimer decays for the PyC8(X)-

PLGA samples in DMSO. 

fPy 
mol% 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fEdiffD fED χ2 

1.7 0.15 34 0.56 0.00 73 0.24 0.04 1.17 

2.2 0.28 45 0.52 0.08 77 0.07 0.04 1.06 

3.0 0.24 45 0.57 0.06 66 0.13 0.00 1.04 

4.6 0.39 46 0.47 0.11 77 0.03 0.00 1.03 

4.7 0.47 44 0.47 0.02 61 0.10 0.02 1.14 

 

Table S4.12. Calculated molar fractions of pyrene species from the analysis of the monomer and 

excimer decays for the PyC8(X)-PLGA samples in DMSO. 

fpy 
mol% 

fk2 fdiffE fdiffD fdiff fE fD fagg ffree χ2 

1.7 0.10 0.37 0.16 0.53 0.00 0.03 0.03 0.34 1.17 

2.2 0.18 0.34 0.04 0.38 0.05 0.03 0.08 0.35 1.06 

3.0 0.20 0.46 0.10 0.56 0.05 0.00 0.05 0.19 1.04 

4.6 0.35 0.41 0.03 0.44 0.10 0.00 0.10 0.11 1.03 

4.7 0.42 0.42 0.09 0.51 0.01 0.01 0.03 0.04 1.14 
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Table S4.13. Parameters retrieved from the FBM analysis of the monomer decays for the PyC4(X)-

PDLGA samples in DMF. 

fPy 
mol% 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM fMfree χ2 

6.9 0.09 0.27 4 0.45 10 1.6 162 0.27 1.17 

7.8 0.09 0.28 2 0.44 10 1.9 162 0.28 1.13 

9.3 0.09 0.38 4 0.41 10 2.0 162 0.20 1.16 

12.0 0.09 0.45 4 0.40 10 2.2 162 0.16 1.19 

15.3 0.09 0.58 5 0.33 11 2.8 162 0.09 1.12 

 

Table S4.14. Parameters retrieved from the FBM analysis of excimer decays for the PyC4(X)-

PDLGA samples in DMF. 

fPy 
mol% 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fEdiffD fED χ2 

6.9 0.33 47 0.43 0.12 72 0.11 0.01 1.17 

7.8 0.34 58 0.36 0.10 40 0.17 0.02 1.13 

9.3 0.41 50 0.36 0.06 63 0.09 0.08 1.16 

12.0 0.46 49 0.32 0.04 63 0.09 0.09 1.19 

15.3 0.55 50 0.30 0.11 78 0.01 0.03 1.12 

 

  



!

250 
!

Table S4.15. Calculated molar fractions of pyrene species from the analysis of the monomer and 

excimer decays for the PyC4(X)-PDLGA samples in DMF. 

fpy 
mol% 

fk2 fdiffE fdiffD fdiff fE fD fagg ffree χ2 

6.9 0.28 0.36 0.09 0.45 0.10 0.01 0.11 0.17 1.17 

7.8 0.29 0.30 0.14 0.44 0.08 0.02 0.10 0.17 1.13 

9.3 0.37 0.32 0.08 0.40 0.05 0.07 0.13 0.10 1.16 

12.0 0.42 0.30 0.08 0.38 0.04 0.09 0.13 0.07 1.19 

15.3 0.53 0.29 0.01 0.30 0.11 0.03 0.14 0.03 1.12 

 

Table S4.16. Parameters retrieved from the FBM analysis of the monomer decays for the PyC4(X)-

PDLGA samples in DMSO. 

fPy 
mol% 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM fMfree χ2 

6.9 0.06 0.27 8 0.49 12 1.0 137 0.24 1.22 

7.8 0.06 0.24 6 0.45 9 1.6 137 0.30 1.13 

9.3 0.06 0.33 6 0.46 8 1.8 137 0.21 1.06 

12.0 0.06 0.39 5 0.46 7 1.9 137 0.14 1.24 

15.3 0.06 0.47 7 0.42 9 2.5 137 0.10 1.17 
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Table S4.17. Parameters retrieved from the FBM analysis of excimer decays for the PyC4(X)-

PDLGA samples in DMSO. 

fPy 
mol% 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fEdiffD fED χ2 

6.9 0.31 51 0.36 0.07 51 0.21 0.06 1.22 

7.8 0.31 55 0.31 0.02 42 0.27 0.08 1.13 

9.3 0.37 55 0.19 0.08 47 0.33 0.04 1.06 

12.0 0.40 50 0.19 0.08 49 0.29 0.03 1.24 

15.3 0.46 49 0.41 0.12 105 0.00 0.00 1.17 

 

Table S4.18. Calculated molar fractions of pyrene species from the analysis of the monomer and 

excimer decays for the PyC4(X)-PDLGA samples in DMSO. 

fpy 
mol% 

fk2 fdiffE fdiffD fdiff fE fD fagg ffree χ2 

6.9 0.26 0.30 0.18 0.48 0.06 0.05 0.11 0.15 1.22 

7.8 0.25 0.25 0.21 0.46 0.02 0.07 0.09 0.20 1.13 

9.3 0.33 0.17 0.29 0.45 0.07 0.03 0.10 0.12 1.06 

12.0 0.37 0.17 0.27 0.44 0.08 0.03 0.11 0.07 1.24 

15.3 0.44 0.39 0.00 0.40 0.12 0.00 0.12 0.04 1.17 
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Table S4.19. Parameters retrieved from the FBM analysis of the monomer decays for the PyC8(X)-

PDLGA samples in DMF. 

fPy 
mol% 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM fMfree χ2 

2.6 0.16 0.15 0.2 0.40 19 1.0 155 0.44 1.14 

2.7 0.16 0.08 0.3 0.47 16 0.8 155 0.45 1.13 

4.0 0.16 0.15 0.3 0.42 13 1.6 155 0.43 1.22 

5.0 0.16 0.22 3.9 0.50 17 1.6 155 0.28 1.16 

7.6 0.16 0.26 7.2 0.40 13 2.3 155 0.33 1.12 

 

Table S4.20. Parameters retrieved from the FBM analysis of excimer decays for the PyC8(X)-

PDLGA samples in DMF. 

fPy 
mol% 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fEdiffD fED χ2 

2.6 0.26 63 0.33 0.00 38 0.38 0.04 1.14 

2.7 0.14 63 0.39 0.04 30 0.43 0.00 1.13 

4.0 0.26 39 0.50 0.01 73 0.23 0.00 1.22 

5.0 0.29 56 0.41 0.02 54 0.26 0.02 1.16 

7.6 0.38 47 0.44 0.04 70 0.14 0.00 1.12 
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Table S4.21. Calculated molar fractions of pyrene species from the analysis of the monomer and 

excimer decays for the PyC8(X)-PDLGA samples in DMF. 

fpy 
mol% 

fk2 fdiffE fdiffD fdiff fE fD fagg ffree χ2 

2.6 0.17 0.21 0.24 0.45 0.00 0.02 0.02 0.36 1.14 

2.7 0.08 0.23 0.26 0.49 0.03 0.00 0.03 0.40 1.13 

4.0 0.17 0.32 0.15 0.47 0.00 0.01 0.01 0.35 1.22 

5.0 0.23 0.33 0.20 0.53 0.02 0.02 0.03 0.21 1.16 

7.6 0.30 0.34 0.11 0.45 0.03 0.00 0.03 0.22 1.12 

 

Table S4.22. Parameters retrieved from the FBM analysis of the monomer decays for the PyC8(X)-

PDLGA samples in DMSO. 

fPy 
mol% 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM fMfree χ2 

2.6 - - - - - - - - - 

2.7 0.15 0.07 1 0.29 11 1.7 128 0.64 1.07 

4.0 0.15 0.11 4 0.42 10 1.7 128 0.47 1.06 

5.0 0.15 0.17 4 0.54 14 1.4 128 0.29 1.32 

7.6 0.15 0.21 4 0.42 11 2.2 128 0.37 1.30 
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Table S4.23. Parameters retrieved from the FBM analysis of excimer decays for the PyC8(X)-

PDLGA samples in DMSO. 

fPy 
mol% 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fEdiffD fED χ2 

2.6 - - - - - - - - 

2.7 0.19 61 0.43 0.04 39 0.30 0.04 1.07 

4.0 0.20 44 0.45 0.05 60 0.30 0.00 1.06 

5.0 0.22 52 0.46 0.05 54 0.26 0.00 1.32 

7.6 0.31 47 0.47 0.05 61 0.15 0.01 1.30 

 

Table S4.24. Calculated molar fractions of pyrene species from the analysis of the monomer and 

excimer decays for the PyC8(X)-PDLGA samples in DMSO. 

fpy 
mol% 

fk2 fdiffE fdiffD fdiff fE fD fagg ffree χ2 

2.6 - - - - - - - - - 

2.7 0.08 0.19 0.13 0.32 0.02 0.02 0.03 0.57 1.07 

4.0 0.12 0.27 0.18 0.45 0.03 0.00 0.03 0.40 1.06 

5.0 0.17 0.36 0.20 0.56 0.04 0.00 0.04 0.23 1.32 

7.6 0.23 0.34 0.11 0.46 0.04 0.01 0.05 0.27 1.30 
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D] Molecular Mechanic Optimization: 

Determination of the reach of a pyrenyl label inside a blob: Since the reach of a given pyrenyl 

label inside a blob is directly related to the length of the linker connecting the pyrene moiety to the 

macromolecule, the distance corresponding to the reach of a pyrenyl label inside a blob can be 

estimated using HyperChem simulations.  A brief description of the process is provided for an L-

glutamic acid residue labeled with 1-pyrenemethylamine. A restraint of 99 Å was placed between 

the a-C and P15, shown in Figure S4.10, and the construct was fully stretched via geometry 

optimization using a Fletcher-Reeves algorithm with RMS gradient of 0.1 kcal/(Å mol). Once 

completed the restraint was removed and the construct was re-optimized with no restraints. The 

coordinates of P15 and P16 were used to determine the coordinates for the center of mass (CoM) 

of the pyrene dye and the distance between the CoM for the pyrenyl dye and the a-C was calculated 

and found to equal 9.9 Å. Since the pyrenyl moiety can encounter the center of another pyrenyl 

dye 9.9 Å away, the reach for a pyrene dye is equal to 9.9 Å ×2 = 19.8 Å. Consequently, the a-C 

linked to the pyrenyl label can be viewed as being at the center of a blob with a diameter equal to 

39.6 Å (=2×19.8 Å).    

 

Figure S4.10. Structure of 1-pyrene methylamine labeled onto a L-glutamic acid residue. 
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Table S4.14. Coordinates used to calculate the distance corresponding to the maximum reach of a 

pyrenyl label covalently attached onto an L-glutamic acid residue. 

Pyrene Derivative Blob Diameter 

(nm) 

Position x y z 

1-pyrene methylamine 4.0 P16 0.07 11.91 2.49 
P15 0.17 10.44 2.45 

CoM of pyrene 0.12 11.18 2.47 
a-C -0.63 1.40 1.19 

1-pyrene butylamine 5.7 P16 -1.68 13.93 3.22 
P15 -1.13 12.61 2.91 

CoM of pyrene -1.41 13.27 3.06 
a-C -2.96 -0.97 1.93 

1-pyrene octylamine 7.7 P16 -0.81 16.31 3.27 
P15 -0.04 15.06 3.26 

CoM of pyrene -0.43 15.69 3.26 

a-C -0.76 -3.46 0.83 
 

Determination of Nblob
MMO: As mentioned in the main text, Nblob

MMO was determined in the same 

manner as in previous publications1-4 for 4 different backbone conformations labeled with either 

1-pyrenebutylamine or 1-pyreneoctylamine. To ensure accurate Nblob
MMO values, positions at 5 

carbons belonging to a pyrene moiety (P4, P7, P11, P14, and P17 in Figure S4.11A) were 

considered to set restraints requiring two specific positions to be within 3.4 Å from each other. 

Molecular mechanics optimizations (MMO) were conducted such that restraints between the 

reference pyrene (red) and adjacent pyrene (black) label would result in either a head-to-head or 

head-to-tail contact as illustrated in Figure S4.11B and C, respectively. As long as one of the two 

simulations yielded seven or more C-C overlap between the frames of the two pyrene dyes, which 

had to remain planar, this spatial arrangement was expected to be conducive of pyrene excimer 

formation (PEF) and the Glu residue bearing the secondary pyrenyl label was tallied to yield No, 

the number of Glu separating two pyrene-labeled Glu while still allowing good overlap. A good 
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overlap was defined when the number (nC) of carbons in the frame of one pyrene overlapping the 

frame of the other pyrene was larger than 7.5 The procedure was repeated by moving the secondary 

pyrenyl label one Glu residue at a time until the primary and secondary pyrenyl labels could no 

longer overlap. The No value represented the number of Glu on one side of the reference pyrenyl 

label that could be labeled with a secondary pyrene and yield a good overlap that was expected to 

result in PEF. Accounting for the fact that a secondary pyrenyl label located on the other side of 

the reference pyrene could also form an excimer, Nblob
theo was obtained as 2´No + 1, where “1” 

was added to account for the reference pyrene. 

   

Figure S4.11. HyperChem renderings of PLGA with an a-helical conformation where the 

reference pyrene dye (red) has been labeled on the 7th glutamic acid residue. Figure A) represents 

the carbons used to impose restraints to result in either a B) head-to-head or C) head-to-tail 

encounter between the reference pyrene and the secondary pyrene dye (black). Note: The sides 

chains of non-pyrene labeled glutamic acid residues were hidden. 

 

 

 

 

 

  

A) B) C) 
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Appendix D: S5- SI for Chapter 5 
A] 1H NMR and UV-vis characterization of the pyrenyl derivatives 

 

Figure S5.1. 1H NMR spectrum of 1-pyrenedodecylacetamide acquired in d6-DMSO (300 MHz): 

δ 1.03-1.50 (m, 19H), 1.64-1.84 (m, 5H), 2.89-2.99 (q, 2H), 7.63-7.82 (s, 1H), 7.85-8.37 (m, 9H). 

Protons b) are under the water peak (3.3 ppm). 

 

 

Figure S5.2. Plot of the absorbance at 345 nm as a function of 1-pyrenedodecylacetimide 

concentration in DMF. 
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B] Fluorescence Blob Model (FBM) analysis 

Equations S5.1 and S5.2 were used to globally fit the monomer and excimer fluorescence decays 

according to the fluorescence blob model. 
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(S5.2) 

The expressions of A2, A3 and A4 uses in Equations S5.1 and S5.2 are given in Equations S5.3a-c 

as a function of the parameters <n>, kblob, and ke×[blob]. 



!

260 
!

    2

[ ]

[ ]
blob e

blob e

k k blob
A n

k k blob
=< >

+
     (S5.3a) 

    

2

3
[ ]

blob

blob e

k
A n

k k blob

æ ö
=< > ç ÷

+è ø
     (S5.3b) 

     4 [ ]blob eA k k blob= +       (S5.3c)  

 

  

Figure S5.3. Representative fits with the global fluorescence blob model (FBM) analysis of the 

fluorescence decays of the pyrene A) monomer and B) excimer acquired at 379 nm and 510 nm, 

respectively, for the PyC12N(2.3)-PNb-Ac sample in DMSO excited at 345 nm. 
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C] Global analysis of the monomer and excimer fluorescence decays with the FBM 

Table S5.1. Parameters retrieved from the FBM analysis of the monomer fluorescence decays of 

the PyC1N(x)-PNb samples in DMF. 

Fpy  
(mol%) 

k2  
(ns-1) 

fMk2 ke[blob]  
(µs-1) 

fMdiff kblob  
(µs-1) 

<n> "M  
(ns) 

fMfree #2!

5.6 0.13 0.14 3 0.61 10 0.9 215 0.25 1.14 
7.8 0.13! 0.29! 3! 0.64! 9! 1.5! 215 0.07! 1.13!

9.0 0.13! 0.21! 3! 0.72! 9! 1.3! 215 0.07! 1.12!

11.0 0.13! 0.30! 3! 0.65! 8! 1.8! 215 0.05! 1.10!

15.0 0.13! 0.37! 3! 0.62! 10! 2.3! 215 0.02! 1.15!

 

Table S5.2. Parameters retrieved from the FBM analysis of the excimer fluorescence decays of 

the PyC1N(x)-PNb samples in DMF. 

fpy  
(mol%) 

fEk2 "E0  
(ns) 

fEdiffE0 fEE0 "D!!

(ns)!

fED #2!

5.6 0.17 36 0.59 0.03 91 0.03 1.14 
7.8 0.28! 45! 0.51! 0.10! 88! 0.00! 1.13 

9.0 0.21! 28! 0.39! 0.05! 64! 0.00! 1.12 

11.0 0.29! 42! 0.50! 0.07! 81! 0.00! 1.10 

15.0 0.34! 40! 0.41! 0.06! 73! 0.03! 1.15 

 

Table S5.3. Molar fractions of the pyrene species obtained from the FBM analysis of the monomer 

and excimer fluorescence decays of the PyC1N(x)-PNb samples in DMF. 

fpy 

(mol%) 

fk2 fdiff fE fD fagg ffree #2!

5.6 0.17 0.58 0.03 0.03 0.05 0.19 1.14 
7.8 0.30 0.55 0.11 0.00 0.11 0.04 1.13 

9.0 0.31 0.57 0.07 0.00 0.07 0.05 1.12 

11.0 0.33 0.57 0.08 0.00 0.08 0.03 1.10 

15.0 0.40 0.48 0.08 0.04 0.11 0.01 1.15 
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Table S5.4. Parameters retrieved from the FBM analysis of the monomer fluorescence decays of 

the PyC4N(x)-PNb samples in DMF. 

fpy 

(mol%) 

k2  
(ns-1) 

fMk2 ke[blob]  
(µs-1) 

fMdiff kblob  
(µs-1) 

<n> "M  
(ns) 

fMfree #2!

6.8 0.08 0.25 7 0.59 11 1.21 155 0.16 1.03 

8.2 0.08 0.37 4 0.56 7 2.14 155 0.07 1.10 

10.3 0.08 0.44 3 0.53 7 2.45 155 0.03 1.10 

10.5 0.08 0.62 1 0.37 6 3.19 155 0.02 1.21 

11.5 0.08 0.49 3 0.46 6 2.52 155 0.05 1.11 

12.4 0.08 0.65 0 0.35 7 2.88 155 0.00 1.29 

 

Table S5.5. Parameters retrieved from the FBM analysis of the excimer fluorescence decays of 

the PyC4N(x)-PNb samples in DMF. 

fpy 
(mol%) 

fEk2 "E0 
(ns) 

fEdiffE0 fEE0 "D!

(ns)!

fED #2!

6.8 0.27 54 0.62 0.06 112 0.05 1.03 

8.2 0.34 53 0.52 0.07 96 0.07 1.10 

10.3 0.39 51 0.46 0.00 82 0.14 1.10 

10.5 0.50 47 0.30 0.00 74 0.20 1.21 

11.5 0.44 50 0.41 0.06 89 0.10 1.11 

12.4 0.51 49 0.28 0.07 79 0.15 1.29 

 

Table S5.6. Molar fractions of the pyrene species obtained from the analysis of the monomer and 

excimer fluorescence decays of the PyC4N(x)-PNb samples in DMF. 

fpy 
(mol%) 

fk2 fdiff fE fD fagg ffree #2!

6.8 0.24 0.55 0.06 0.04 0.10 0.11 1.03 

8.2 0.33 0.50 0.06 0.06 0.13 0.04 1.10 

10.3 0.39 0.46 0.00 0.14 0.14 0.01 1.10 

10.5 0.50 0.30 0.00 0.20 0.20 0.01 1.21 

11.5 0.43 0.40 0.06 0.09 0.15 0.02 1.11 

12.4 0.51 0.27 0.07 0.15 0.22 0.00 1.29 
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Table S5.7. Parameters retrieved from the FBM analysis of the monomer fluorescence decays of 

the PyC8N(x)-PNb samples in DMF. 

fpy  
(mol%) 

k2  
(ns-1) 

fMk2 ke[blob]  
(µs-1) 

fMdiff kblob  
(µs-1) 

<n> 
(ns) 

"M fMfree #2!

0.9 0.13 0.08 8 0.38 19 0.71 152 0.54 1.19 

2.0 0.13 0.14 7 0.48 15 1.05 152 0.38 1.01 
2.7 0.13 0.18 6 0.55 13 1.12 152 0.28 1.05 
3.3 0.13 0.22 6 0.60 14 1.22 152 0.17 1.02 
4.9 0.13 0.36 4 0.58 12 1.90 152 0.06 1.12 
8.6 0.13 0.48 5 0.48 14 2.12 152 0.03 1.17 
11.0 0.13 0.58 4 0.41 12 3.18 152 0.01 1.25 

 

Table S5.8. Parameters retrieved from the FBM analysis of the excimer fluorescence decays of 

the PyC8N(x)-PNb samples in DMF. 

fpy  
(mol%) 

fEk2 "E0  
(ns) 

fEdiffE0 fEE0 "D!!

(ns)!

fED #2!

0.9 0.16 54 0.79 0.04 230 0.00 1.19 

2.0 0.22 53 0.75 0.00 144 0.03 1.01 
2.7 0.24 53 0.75 0.00 154 0.02 1.05 
3.3 0.26 52 0.71 0.01 133 0.02 1.02 
4.9 0.37 51 0.60 0.00 101 0.03 1.12 
8.6 0.49 50 0.47 0.00 84 0.04 1.17 
11.0 0.55 48 0.39 0.00 82 0.06 1.25 
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Table S5.9. Molar fractions of the pyrene species obtained from the analysis of the monomer and 

excimer fluorescence decays of the PyC8N(x)-PNb samples in DMF. 

fpy 

(mol%) 

fk2 fdiff fE fD fagg ffree #2!

0.9 0.08 0.41 0.02 0.00 0.02 0.48 1.19 

2.0 0.15 0.51 0.00 0.02 0.02 0.32 1.01 
2.7 0.19 0.58 0.00 0.01 0.01 0.22 1.05 
3.3 0.23 0.62 0.01 0.01 0.02 0.13 1.02 
4.9 0.36 0.58 0.00 0.02 0.02 0.04 1.12 
8.6 0.48 0.46 0.00 0.04 0.04 0.02 1.17 
11.0 0.55 0.39 0.00 0.06 0.06 0.01 1.25 

 

Table S5.10. Parameters retrieved from the FBM analysis of the monomer fluorescence decays of 

the PyC12N(x)-PNb samples in DMF. 

fpy (mol%) k2  
(ns-1) 

fMk2 ke[blob]  
(µs-1) 

fMdiff kblob  
(µs-1) 

<n> "M  
(ns) 

fMfree #2!

2.3 0.11! 0.30! 6! 0.50! 14! 1.40! 155! 0.19! 1.16!

2.9 0.11! 0.34! 5! 0.53! 12! 1.66! 155! 0.13! 1.03!

3.4 0.11! 0.37! 5! 0.52! 13! 1.67! 155! 0.10! 1.06!

3.4 0.11! 0.38! 6! 0.51! 13! 1.64! 155! 0.11! 1.28!

4.5 0.11! 0.49! 2! 0.48! 10! 2.43! 155! 0.03! 1.10!

4.6 0.11! 0.51! 4! 0.46! 11! 2.55! 155! 0.03! 1.10!

 

Table S5.11. Parameters retrieved from the FBM analysis of the excimer fluorescence decays of 

the PyC12N(x)-PNb samples in DMF. 

fpy  
(mol%) 

fEk2 "E0  
(ns) 

fEdiffE0 fEE0 "D!!

(ns)!

fED #2!

2.3 0.57 50 0.35 0.04 108 0.037! 1.16 

2.9 0.56 48 0.36 0.02 96 0.052! 1.03 

3.4 0.54 48 0.38 0.00 85 0.082! 1.06 

3.4 0.53 49 0.40 0.04 108 0.030! 1.28 

4.5 0.45 48 0.46 0.00 81 0.091! 1.10 

4.6 0.42 47 0.46 0.00 77 0.122! 1.10 
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Table S5.12. Molar fractions of the pyrene species obtained from the analysis of the monomer and 

excimer fluorescence decays of the PyC12N(x)-PNb samples in DMF. 

fpy  
(mol%) 

fk2 fdiff fE fD fagg ffree #2!

2.3 0.53 0.32 0.04 0.03 0.07 0.08 1.16 

2.9 0.54 0.34 0.02 0.05 0.07 0.05 1.03 

3.4 0.51 0.36 0.00 0.08 0.08 0.04 1.06 

3.4 0.50 0.38 0.04 0.03 0.07 0.05 1.28 

4.5 0.44 0.45 0.00 0.09 0.09 0.01 1.10 

4.6 0.41 0.46 0.00 0.12 0.12 0.01 1.10 

 

Table S5.13. Parameters retrieved from the FBM analysis of the monomer fluorescence decays of 

the PyC1N(x)-PNb samples in DMSO. 

fpy 
(mol%) 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM 
(ns) 

fMfree χ2 

5.6 0.11! 0.15 6! 0.55! 10! 0.78! 179! 0.31! 1.08!

7.8 0.11! 0.24 4! 0.67! 9! 1.29! 179! 0.09! 1.09!

9.0 0.11! 0.22 4! 0.69! 7! 1.34! 179! 0.09! 1.12!

11.0 0.11! 0.27 3! 0.69! 7! 1.58! 179! 0.05! 1.04!

15.0 0.11! 0.36 3! 0.62! 7! 2.25! 179! 0.02! 1.12!

 

Table S5.14. Parameters retrieved from the FBM analysis of the excimer fluorescence decays of 

the PyC1N(x)-PNb samples in DMSO. 

fPy 

(mol%) 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fED χ2 

5.6 0.19! 50! 0.72! 0.02! 133! 0.08! 1.08 
7.8 0.23! 49! 0.62! 0.07! 116! 0.09! 1.09 
9.0 0.22! 45! 0.70! 0.00! 114! 0.08! 1.12 

11.0 0.25! 45! 0.65! 0.00! 107! 0.10! 1.04 
15.0 0.32! 44! 0.55! 0.00! 96! 0.13! 1.12 
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Table S5.15. Molar fractions of the pyrene species obtained from the analysis of the monomer and 

excimer fluorescence decays of the PyC1N(x)-PNb samples in DMSO. 

fPy 

(mol%) 

fk2 fdiffE fdiff fE fD fagg ffree χ2 

5.6 0.15 0.54 0.54 0.01 0.06 0.07 0.24 1.08 
7.8 0.21 0.58 0.58 0.06 0.08 0.15 0.06 1.09 
9.0 0.21 0.66 0.66 0.00 0.08 0.08 0.06 1.12 

11.0 0.25 0.63 0.63 0.00 0.09 0.09 0.03 1.04 
15.0 0.32 0.55 0.55 0.00 0.13 0.13 0.01 1.12 

 

Table S5.16. Parameters retrieved from the FBM analysis of the monomer fluorescence decays of 

the PyC4N(x)-PNb samples in DMSO. 

fpy 

(mol%) 

k2  
(ns-1) 

fMk2 ke[blob]  
(µs-1) 

fMdiff kblob  
(µs-1) 

<n> τM  
(ns) 

fMfree χ2 

6.8 0.06! 0.02! 8! 0.59! 10! 1.00! 129! 0.21! 1.15!

8.2 0.06! 0.30! 6! 0.61! 7! 1.61! 129! 0.09! 1.20!

10.3 0.06! 0.37! 2! 0.61! 5! 2.25! 129! 0.02! 1.19!

10.5 0.06! 0.37! 1! 0.61! 5! 2.16! 129! 0.01! 1.18!

11.5 0.06! 0.46! 1! 0.54! 6! 1.87! 129! 0.00! 1.17!

12.4 0.06! 0.60! 1! 0.39! 4! 3.63! 129! 0.01! 1.27!

 

Table S5.17. Parameters retrieved from the FBM analysis of the excimer fluorescence decays of 

the PyC4N(x)-PNb samples in DMSO. 

fPy 

(mol%) 

fEk2 τE0  
(ns-1) 

fEdiffE0 fEE0 τD  
(ns-1) 

fED χ2 

6.8 0.22! 54! 0.66! 0.10! 123! 0.02! 1.15!

8.2 0.28! 54! 0.57! 0.12! 101! 0.03! 1.20!

10.3 0.32! 48! 0.53! 0.00! 80! 0.15! 1.19!

10.5 0.33! 50! 0.54! 0.07! 87! 0.07! 1.18!

11.5 0.39! 49! 0.46! 0.07! 84! 0.08! 1.17!

12.4 0.47! 49! 0.31! 0.14! 80! 0.08! 1.27!
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Table S5.18. Molar fractions of the pyrene species obtained from the analysis of the monomer and 

excimer fluorescence decays of the PyC4N(x)-PNb samples in DMSO. 

fPy 

(mol%) 

fk2 fdiff fE fD fagg ffree χ2 

6.8 0.19 0.56 0.08 0.02 0.10 0.15 1.15 
8.2 0.27 0.54 0.11 0.03 0.14 0.05 1.20 

10.3 0.32 0.52 0.00 0.14 0.14 0.01 1.19 
10.5 0.32 0.53 0.07 0.07 0.14 0.01 1.18 
11.5 0.39 0.46 0.07 0.08 0.15 0.00 1.17 
12.4 0.47 0.31 0.14 0.08 0.21 0.00 1.27 

 

Table S5.19. Parameters retrieved from the FBM analysis of the monomer fluorescence decays of 

the PyC8N(x)-PNb samples in DMSO. 

fpy 
(mol%) 

k2 
(ns-1) 

fMk2 ke[blob] 
(µs-1) 

fMdiff kblob 
(µs-1) 

<n> τM 
(ns) 

fMfree χ2 

0.9 0.13! 0.05! 7! 0.20! 14! 1.26! 127! 0.75! 1.15!

2.0 0.13! 0.10! 6! 0.45! 13! 1.00! 127! 0.45! 1.16!

2.7 0.13! 0.12! 7! 0.54! 13! 0.95! 127! 0.33! 1.10!

3.3 0.13! 0.16! 7! 0.61! 12! 1.17! 127! 0.23! 1.10!

5.0 0.13! 0.26! 6! 0.66! 11! 1.67! 127! 0.09! 1.14!

8.6 0.13! 0.45! 0! 0.52! 5! 2.91! 127! 0.02! 1.27!

11.0 0.13! 0.45! 2! 0.54! 9! 3.19! 127! 0.01! 1.26!

 

 

 

 

 

 



!

268 
!

Table S5.20. Parameters retrieved from the FBM analysis of the excimer fluorescence decays of 

the PyC8N(x)-PNb samples in DMSO. 

fPy 
(mol%) 

fEk2 τE0 
(ns-1) 

fEdiffE0 fEE0 τD 
(ns-1) 

fED χ2 

0.9 0.17! 55! 0.74! 0.00! 124! 0.08! 1.15!

2.0 0.18! 53! 0.78! 0.01! 125! 0.03! 1.16!

2.7 0.18! 50! 0.80! 0.00! 120! 0.02! 1.10!

3.3 0.20! 50! 0.77! 0.01! 129! 0.02! 1.10!

5.0 0.27! 49! 0.70! 0.02! 111! 0.01! 1.14!

8.6 0.44! 46! 0.51! 0.00! 88! 0.05! 1.27!

11.0 0.43! 47! 0.52! 0.00! 79! 0.05! 1.26!

 

Table S5.21. Molar fractions of the pyrene species obtained from the analysis of the monomer and 

excimer fluorescence decays of the PyC8N(x)-PNb samples in DMSO. 

fPy  
(mol%) 

fk2 fdiff fE fD fagg ffree χ2 

0.9 0.05 0.23 0.00 0.03 0.03 0.69 1.15 
2.0 0.11 0.48 0.00 0.02 0.02 0.39 1.16 

2.7 0.13 0.57 0.00 0.02 0.02 0.29 1.10 

3.3 0.17 0.63 0.01 0.01 0.02 0.19 1.10 

5.0 0.25 0.65 0.02 0.01 0.03 0.06 1.14 

8.6 0.44 0.50 0.00 0.05 0.05 0.01 1.27 

11.0 0.43 0.52 0.00 0.05 0.05 0.01 1.26 
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Table S5.22. Parameters retrieved from the FBM analysis of the monomer fluorescence decays of 

the PyC12N(x)-PNb samples in DMSO. 

fpy mol% k2  
(ns-1) 

fMk2 ke[blob]  
(µs-1) 

fMdiff kblob  
(µs-1) 

<n> τM  
(ns) 

fMfree χ2 

2.3 0.1! 0.25! 5! 0.52! 10! 1.40! 128! 0.23! 1.12!

2.9 0.1! 0.30! 3! 0.58! 8! 1.64! 128! 0.13! 1.07!

3.4 0.1! 0.32! 3! 0.57! 9! 1.65! 128! 0.12! 1.14!

3.5 0.1! 0.33! 4! 0.56! 10! 1.51! 128! 0.11! 1.13!

4.5 0.1! 0.42! 3! 0.54! 8! 2.24! 128! 0.05! 1.21!

4.6 0.1! 0.45! 2! 0.53! 8! 2.38! 128! 0.02! 1.20!

 

Table S5.23. Parameters retrieved from the FBM analysis of the excimer fluorescence decays of 

the PyC12N(x)-PNb samples in DMSO. 

fPy  

(mol%) 

fEk2 τE0  
(ns-1) 

fEdiffE0 fEE0 τD  
(ns-1) 

fED χ2 

2.3 0.29! 46! 0.60! 0.04! 91! 0.07! 1.12!

2.9 0.30! 44! 0.59! 0.01! 84! 0.10! 1.07!

3.4 0.32! 46! 0.57! 0.03! 84! 0.08! 1.14!

3.5 0.33! 45! 0.56! 0.00! 78! 0.11! 1.13!

4.5 0.38! 47! 0.49! 0.00! 72! 0.13! 1.21!

4.6 0.40! 46! 0.47! 0.04! 78! 0.09! 1.20!

 

Table S5.24. Molar fractions of the pyrene species obtained from the analysis of the monomer and 

excimer fluorescence decays of the PyC12N(x)-PNb samples in DMSO. 

fPy 
(mol%) 

fk2 fdiff fE fD fagg ffree χ2 

2.3 0.24 0.51 0.04 0.06 0.10 0.15 1.12 

2.9 0.28 0.54 0.01 0.09 0.10 0.08 1.07 

3.4 0.30 0.53 0.03 0.07 0.10 0.07 1.14 

3.5 0.31 0.53 0.00 0.10 0.10 0.07 1.13 

4.5 0.37 0.48 0.00 0.12 0.12 0.02 1.21 

4.6 0.40 0.47 0.04 0.08 0.13 0.01 1.20 



270 

D] Molecular Mechanic Optimizations of PyCX(x)N-PNb-Ac

Table S5.25. Coordinates used to calculate the distance corresponding to the maximum reach of a 

pyrenyl label covalently attached onto a norbornene acid residue.  

P15 
(x,y,z) 

(-18.02, -12.12, -4.10) (-17.69, -14.23, -4.04) (-17.25, -16.65, -5.47) (-17.34, -19.49, -5.06) 

P16 
(x,y,z)

(-17.24, -10.92, -3.78) (-17.27, -12.96, -4.65) (-17.60, -15.23, -5.30) (-17.71, -18.08, -5.02) 

CoM 
(x,y,z)

(-17.63, -11.52, -3.94) (-17.48, -13.60, -4.35) (-17.42, -15.94, -5.39) (-17.53, -18.79, -5.04) 

a-C 
(x,y,z)

(-15.21, -1.67, -1.92) (-14.24, 0.032, -2.08) (-12.37, 2.74, -2.62) (-12.29, 5.11, -1.99) 

LPEF

(nm) 
4.1 5.8 7.8 9.9 
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Figure S5.4. Plot of the number of carbon-carbon overlaps (nC-C) between the reference and 

secondary pyrenyl labels for a 32-residue randomly coiled PNb-Ac construct labeled with 1-pyrene 

methylamine at the reference positions A) 1 ( ), B) 2 ( ), C) 3 ( ), D) 10 ( ), and E) 32 (

).  

 

     

Figure S5.5. Plot of the number of carbon-carbon overlaps (nC-C) between a reference and 

secondary pyrenyl moieties for a 32-residue randomly coiled PNb-Ac construct labeled with 1-

pyreneethylamine at the reference positions A) 1 ( ), B) 2 ( ), C) 3 ( ), D) 10 ( ), and E) 32 

( ). 

A) B) C) D) E) 

A) B) C) D) E) 
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Figure S5.6. Plot of the number of the number of carbon-carbon overlaps (nC-C) for a 32-residue 

PNb-Ac random coil construct labeled with 1-pyrenepropylamine at the reference positions A) 1 (

), B) 2 ( ), C) 3 ( ), D) 10 ( ) and E) 32 ( ). 
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