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SANJAY PATEL
Chemistry
Waterloo

Could PEF Become the New FRET?

Winner of the 2023 IPR Award for Academic
Excellence in Polymer Science/Engineering



Sanjay Patel Biography:

Sanjay Patel graduated with a PhD from the University of Waterloo under the supervision of Prof.
Jean Duhamel and is currently pursing his postdoctoral fellowship at the University of Toronto
under the supervision of Prof. Mitch Winnik. Over his academic career he has focused on the
synthesis and characterization of pyrene labelled macromolecules which he employed to
demonstrate experimentally the correlation that exists between pyrene excimer formation (PEF)
and the local pyrene concentration, a relationship which has never been proven before. A
significant contribution of his work was to show that PEF can be used to provide conformational
information on complex macromolecules, in a manner that complements experiments based on
scattering techniques or fluorescence resonance energy transfer (FRET).

Could PEF Become the New FRET

Sanjay Patel and Jean Duhamel
Institute for Polymer Research, Waterloo Institute for Nanotechnology, Department of

Chemistry, University of Waterloo, ON N2L 3G1, Canada

INTRODUCTION
Forster resonance energy transfer (FRET) occurs when energy is transferred, via dipole-dipole

interactions, from an energy donor to an energy acceptor, as demonstrated by the theorical work
of Theodore Forster in 1967.1 A key feature stemming from this theoretical work was that the
FRET efficiency (Eet) depends strongly on the distance (R) separating the donor and acceptor dye.
This feature was later validated experimentally by Stryer and Haughland in 1967 through a series
of experiments using monodisperse oligoproline samples which had been labeled at either end with
an acceptor and donor dye.? It was this study which established FRET as a “spectroscopic ruler”
and led to the widespread application of FRET to study the conformation and dynamics of
macromolecules in solution. In contrast to the workhorses’ of macromolecular conformation
characterization, namely scattering and nuclear magnetic resonance (NMR) experiments, FRET
has three main advantages. First, Eer, as well as the rate constant of energy transfer (ker), strongly
depend on R. This effectively enables the experimentalist to measure intramolecular distances
which, in turn, provides information on macromolecular conformation. Second, fluorescence
experiments are conducted at an extremely low concentration (~1 mg/L) of macromolecule
compared to scattering (1-40 g/L)**° and NMR (1-20 g/L)%" experiments. The extremely low
concentrations used in fluorescence experiments thus enable the quantitative characterization of
isolated macromolecules in solution. Third, the Forster radius (Ro) characterizes the length scale
over which FRET occurs, which defines the distances being probed in the macromolecule by the
experimentalist. Ro values of typical donor-acceptor pairs range from 1-10 nm.®

While FRET is touted as a “spectroscopic ruler” due to the strong R-dependency, the
drawbacks associated with the strong R-dependency is a less acknowledged fact. First, to use
FRET as a spectroscopic ruler the macromolecule must be attached with a donor and acceptor at
two specific positions on the macromolecules. This is because attachment of more then one donor
and one acceptor on a macromolecule would yield a distribution of R-distances that would
complicate the retrieval of quantitative spatial information. Therefore, to determine the unknown
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conformation of a macromolecule using FRET, the experimentalist must do so one distance at a
time. Second, FRET can not be used to quantitatively analyze the conformation of flexible
macromolecules, as any motion in the macromolecule would result in the displacement of the
donor and acceptor dyes, which would affect R and would need to be accounted for. This can be
done if the macromolecular conformation is already known, but not for unknown macromolecular
conformations. Third, the strong R®-dependency of ker and Egr, which endows FRET with
outstanding distance sensitivity, implies that it is only related to the local acceptor concentration
([Alioc)- This is rather unfortunate, as [A]ioc reflects the local density of the macromolecule, and
thus macromolecular conformation. In contrast to FRET, pyrene excimer formation (PEF), where
pyrenyl labels are covalently attached on a macromolecule, is directly proportional to the local
concentration of pyrene ([Py]ioc) in the macromolecule and can thus provides direct insight on
macromolecular conformation.® Furthermore, PEF can be used to probe macromolecules where
pyrene has been randomly attached onto the macromolecule.'%* Although there are many pyrene
labeled macromolecules which have been characterized, typically pyrene derivatives with alkyl
linkers of 2 to 4 carbons are employed. This would equate to a maximum length scale (Lry) probed
by PEF equal to ~4.0 nm, which, admittedly, is rather limited compared to the range of length
scales available via different FRET donor-acceptor pairs. Therefore, the present study has two
objectives. First, to extend and demonstrate that the maximum range over which PEF occurs (Ley)
can be adjusted to reach length scales comparable to those achieved via FRET experiments by
simply extending the length of the alkyl linker connecting the pyrene dye to the polymer backbone.
To this end, a series of pyrene-labeled poly(glutamic acid) samples were characterized in N,N’
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), where the conformation for a
poly(D,L) and (L) glutamic acid (PDLGA and PLGA) were known to be a random coil (in DMF
and DMSO) and a-helix (in DMF), respectively. The 1-pyrenealkylamine (PyCxNH-) derivatives
chosen in this present study were 1-pyrene methyl (X=1), butyl (X=4) and -octylamine (X=8),
which resulted in Lpy equal to 4.0, 5.7 and 7.7 nm. This study essentially served to demonstrate
first, that PEF can be viewed as a new ‘spectroscopic ruler’ and second, that PEF presents
important advantages compared to FRET, namely that macromolecules where the dyes have been
randomly attached onto the macromolecular backbone can be analyzed. This, in turn, enables the
experimentalist to analyze the unknown conformation of the macromolecule. Specifically, in the
present study the unknown conformation of a PLGA chain in DMSO was determined to be a 310-
helix.

EXPERIMENTAL

PLGA and PDLGA with a degree of polymerization equal to 830 (M»= 125,300 g/mol, PDI =1.01)
and 784 (M, = 118,400 g/mol, PDI =1.06) were purchased from Alamanda Polymers Inc. The N-
terminus of the polypeptide chains were capped with succinimidyl acetate and subsequently
purified by dialysis. Water was removed by lyophilization. 1-Pyrenealkylamine derivatives
(PyCxNH2 with X = 4 and 8) were synthesized according to Scheme 1,'>® while 1-
pyrenemethylamine (PyC:NH>) was purchased from Aldrich. The pyrene-labeling of PLGA and
PDLGA was done with EDC-HCI as coupling agent as reported elsewhere.!” The pyrene contents
ranged from 2 to 10 mol% and from 1 to 5 mol% for PyCsNAH: and PyCsNH2, respectively.
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Scheme 1. Synthesis of pyrene derivatives.

The monomer and excimer fluorescence decays were acquired in DMF and DMSO. They
were globally analyzed with the fluorescence blob model (FBM) to determine the number (Npiob®™®)
of structural units located inside the volume probed by an excited pyrenyl labels called a blob for
each pyrene content. For a given set of samples, Nuioo®™P was averaged over all pyrene contents to
yield <Npiob™>. <Npiob™*> was compared to NpiopMMO determined by molecular mechanic
optimizations (MMO) conducted for an a-helix (® = -58 °, ¥ = -47 °, Q = 180 °), a 310-helix (@
=-49° ¥ =-26° Q=180 °), a polyproline type II (PPII) helix (® =-75°, ¥ =-145° Q =180
°) and a random coil (RC). A random coil was generated in HyperChem by placing a restraint of
999 A between the amino and carboxylic end of an a-helix prepared with 42 glutamic acids. The
restraints were removed, and the oligopeptide was allowed to relax. The MMOs for a random coil
were conducted 3 times. For all MMOs, a pyrenyl label was placed on the 7" residue, which was
denoted as the reference residue. Another pyrenyl label, referred to as secondary pyrene label, was
placed on the residue adjacent to the reference residue. The backbone of the peptide was fixed,
and the reference and secondary pyrenyl labels were induced to come within 3.4 A from each
other. Since the pyrenyl derivatives were attached onto two successive amino acids (aa’s), they
had no problem overlapping and the extent of overlap was assessed from the number of carbons
of one pyrene overlapping the frame of the other pyrene. Once completed, the secondary pyrenyl
label was moved over by one residue and the MMO was conducted again to determine the extent
of overlap between the two pyrenyl labels. The process was repeated until the secondary and
reference pyrene could no longer touch. PEF occurs only if 7 or more carbons of the reference
pyrene overlap the frame of the secondary pyrene and if the pyrenyl units remained planar. The
number of times, that this condition was met, represented the reach (No) of the reference pyrene
toward one side of the polymer. Since the pyrene can reach on the left and right of the helix,
NbiobV"™© was taken as 2xNo+1, where 1 was added to account for the reference residue.

RESULTS AND DISCUSSION

Conformation of PLGA and PDLGA by CD and NMR: Prior to studying the conformation of the
pyrene-labeled PLGA and PDLGA samples in DMF and DMSO, the conformation and
conformational changes of unmodified PLGA and PDLGA chains were studied using circular
dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy. In Figure 1A, the
unmodified PDLGA had the typical features expected for a random coil conformation, namely a
peak maximum centered at ~220 nm followed by a peak minimum centered at ~199 nm, and served
to demonstrated that the PDLGA samples used in the present study adopt a random coil
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conformation regardless of pH. PDLGA should also retain a random coil conformation in the two
organic solvents used in the present study. At high pH PLGA has spectral features conducive of a
random coil conformation, as would be expected since deprotonation of the PLGA carboxylic acid
side chains result in electrostatic repulsion destabilizing the o-helical conformation.'® The same
PLGA acquired at low pH resulted in the typical CD spectrum expected for an a-helical
conformation, namely a double peak minimum at ~222 and ~ 209 nm followed by a peak maximum
at ~198 nm.%® In Figure 1 B&C the NMR of the PDLGA and PLGA samples were acquired in
DMF and DMSO, respectively. Although the exact conformation cannot be determined from the
chemical shift of the a-CH proton, the presence of secondary structure can be inferred.
Specifically, the signal for the a-CH proton obtained for the PDLGA sample is shifted downfield
in both Figure 1B & C relative to that of the PLGA samples in either DMF or DMSO. This shift
suggests the presence of secondary structure in both DMF and DMSO, however it is only in DMF
where the conformation of PLGA is known to be an a--helix.?
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Figure 1. A) 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) HCI. Region between 3.7 and 4.6 ppm of
the *H NMR spectrum showing the signal from the a.-CH proton for (black) PLGA and (purple)
PDLGA acquired in B) d7-DMF and C) de-DMSO. [PLGA] = 1 mg/mL and [PDLGA] = 10
mg/mL.

Conformation of PLGA and PDLGA in DMF and DMSO: To establish PEF as a new
‘spectroscopic ruler’, the information extracted from the global analysis of the monomer and
excimer decays requires the development of a methodology that is benchmarked against
polypeptides with a known conformation solution. To this end, the monomer and excimer decays
of the PDLGA (PyCx(x)-PDLGA) and PLGA (PyCx(x)-PLGA) samples labeled with a 1-
pyrenealkylamine derivative, where X and x are the number of carbons in the alkyl linker of the
pyrene derivative used and the mole percent of glutamic acids labeled with pyrene, respectively,
were acquired in DMF and DMSO. They were analyzed using the FBM to determine the average
number <Npiov®P> of structural units within a blob. <Npiee™?> was found to equal 11 (£2),*? 15
(x2) and 21 (£2) for the PyCi(x)PDLGA, PyC4(x)PDLGA, and PyCg(x)PDLGA samples,
respectively, regardless of solvent. In Figure 2A, comparison of <Npiob™P> with Npion""™©
determined from Hyperchem simulations using a PLGA chain which adopts a random coil,
polyproline type 11 helix, 310-helix, and a-helix, a good agreement between <Npiop™”> and Npjop“™M©
for a random coil conformation occurs, as would be expected based off the CD measurements and
NMR studies in Figure 1. In the case of PyC1(X)PLGA, PyC4(x)PLGA and PyCg(x)PLGA in DMF
<Nbiop™"> values were found to equal 21(%1),'? 30 (+3), and 42 (+3), respectively. The comparison
shown in Figure 2B reveals a good agreement between <Npioo™®> and Npiop™™© values for a PLGA
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chain adopting an a-helical conformation, once again as would be expected in DMF which is
known to be a helicogenic solvent. The finding that PyCx(x)-PDLGA (in DMF and DMSO) and
PyCx(x)-PLGA (in DMF) were a random coil and an a-helix, respectively, established that the
PEF-based experiments could be used to probe macromolecular conformation on different length
scales. The methodology established in the present study was extended to determine the
conformation of PLGA in DMSO. <Npiov™P> values were found to equal to 18(+1),'? 24 (+3), and
33 (3) for PyC1(X)PLGA, PyCa(x)PLGA and PyCg(x)PLGA in DMSO, respectively. In Figure
2C, <Npiov®> matched best with Npioo™M© for a 310-helix, which demonstrated that PLGA adopts
a 310-helical conformation in DMSO.
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Figure 2. Plot of <Npiow™®> for (A) PyCy,2 (©) PyCs, and (O) PyCs labeled A) PDLGA in
(hollow) DMF or (filled) DMSO and PLGA in B) DMF or C) DMSO as a function of Npiop'™© for
(purple) a random coil or (blue) a PPII-, (red) 310-, and (black) a-helix. The solid line represents
the 1:1 diagonal, where data points that land on the 1:1 diagonal demonstrate a good agreement
between the <Npiob™"> and Npior""™© values.

CONCLUSION

The conformation of the PDLGA and PLGA samples were characterized on different length scales
in DMF and DMSO via the use of a series of 1-pyrenenalkylamine derivatives to probe a maximum
length scale ranging from 4.0 to 7.7 nm. This study has established that PEF can be viewed as a
new ‘spectroscopic ruler’, with a length scale on par with FRET experiments (1-10 nm), however
with the significant advantage of being able to probe the conformation of macromolecules where
the dyes have been randomly attached onto the macromolecules. It is this feature which enabled
the determination that the PLGA chains in DMSO form a 310-helix.
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ABSTRACT: Elastomers in Commercial Applications - BR, SBR and Butyl Rubber in Tires to

Chewing Gum

Presentation by Dr. Steve Teertstra, Technical Service and Development Manager NORAM Region,

ARLANXEO Canada Inc.

Structure-property relationships of synthetic polybutadiene (BR), polybutadiene-polystyrene copolymers
(SBR) and butyl rubber (IIR) will be discussed. An overview of the commercial production processes will be
reviewed, leading to the unique properties required for the applications of each type of elastomer. Specific
focus will be given during the presentation to the usage of these three types of synthetic elastomers in tires,
and the technology that has developed in the materials due to the ever-increasing demands for improved
performance. The unique property requirements of other application areas will also be discussed, including
plastics modification, pharmaceutical closures, golf ball and chewing gum.

V7

Steve Teertstra Biography: Steve received both his
undergraduate degree (Biochemistry ‘99) and graduate degree
(Ph.D ’06) from the University of Waterloo, under the supervision of
Prof. Mario Gauthier investigating the structure-property relations
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graduate degree, he accepted a post-doctoral fellowship with Prof.
Michael Georges at the University of Toronto working on various
projects in the area of controlled radical polymerization. Steve
accepted a job at LANXESS, which has since transitioned to
ARLANXEO in 2007. He has had various roles within the company,
including Butyl R&D new product development, production, process
support chemistry and now is working with the commercial team in
a technical role supporting existing and new products directly at
customers.
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INTRODUCTION

Gemini surfactants (GS) have attracted research interest due to their potential use in a variety of
applications, such as in oil recovery and as vectors for drug loading and release.! One important
research application however is their use as potential gene transfection agents for gene delivery.?®
In this context, a significant challenge in the field of gene therapy is the successful delivery of
therapeutic genes to the desired cell.® Successful delivery of the genetic cargo to the desired cell
requires an effective delivery vector, that can efficiently interact with the cell membrane. These
desirable membrane interactions were made possible by modifying the chemical structure of
cationic gemini surfactants (CGS). Past studies have shown that CGS can form high and low order
structures to efficiently interact with endosomal and model membranes.* The versatility of gemini
surfactants in generating a variety of aggregate types is due to the modularity of their chemical
structure composed of building blocks (spacer, head groups, hydrophobe), that can be easily
modified. The length and structure of the alkyl tails, as well as the length and nature of the alkyl
spacer can all be optimized to maximize transfection efficiency.?® Adjustment in these molecular
parameters can lead to more efficient delivery vectors for gene therapy, and analytical tools are
required to assess the effectiveness of a given change in the molecular structure of a surfactant to
improve delivery efficiency. In this context, molecular level information about the lipoplexes
formed between DNA and cationic surfactants can be obtained through the analysis of the
fluorescence spectra and decays acquired with the pyrene-labeled cationic gemini surfactant PyO-
3-12 embedded in a lipoplex (Figure 1). These experiments take advantage of the ability of the dye
pyrene to form an excimer upon encounter between an excited and a ground-state pyrene and the
fact that the process of pyrene excimer formation (PEF) depends on the local pyrene concentration
in the lipoplexes.®

B Br
"N_~_N’

Figure 1. Molecular structure of PyO-3-12 (left). Schematic representation of the electrostatic
interactions between PyO-3-12 and DNA leading to intermolecular pyrene excimer fluorescence

(right).
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The fluorophore pyrene is widely used to characterize macromolecules due to its long
lifetime, high quantum yield, and especially for its ability to form excimer.® When PEF occurs
within and/or among pyrene-labeled macromolecules, a pyrenyl label is found in one of three
states.® Upon absorption of a photon, an excited pyrenyl label can be either isolated (Pysree*) in a
pyrene-poor domain of the macromolecule, where it emits with the lifetime v of the pyrene
monomer, or it can form an excimer either upon diffusive encounter with a ground-state pyrene
(Pyaif*) or via direct excitation of a pyrene aggregate (Pyagg™).®

Past research has used a pyrene-labeled surfactant to study its interactions with DNA.’
While these earlier studies used an alkyl spacer to link pyrene to the surfactant, introduction of a
heteroatom such as oxygen in the position beta-to-pyrene, as was done with the surfactant PyO-3-
12 (see Figure 1), enables the pyrenyl label to sense the polarity of its local environment. This is
achieved by monitoring its 11/13 ratio, which represents the ratio of the fluorescence intensity of
the first peak (l1) over that of the third peak (I3) in the steady-state fluorescence spectrum of the
pyrene monomer.® The transition corresponding to the first fluorescence band (1), which is also
the 0-0 transition for pyrene, is relatively weak in apolar solvents, to the point that it is described
as symmetry forbidden in numerous publications, but is significantly stronger in more polar
solvents, which explains the sensitivity of the 11/l ratio to solvent polarity, taking a value of 0.58
in hexane or 1.87 in water.

Studies utilizing methods based on pyrene excimer fluorescence typically employ two
major techniques. The first technique is steady-state fluorescence, which involves the acquisition
of an emission spectrum ranging from 350 to 600 nm. The areas under the fluorescence spectrum
corresponding to the regions of emission for the pyrene monomer (Iv) and pyrene excimer (Ig) can
be used to calculate the Ie/lm ratio, which can be related to several parameters pertaining to the
system under study according to Equation 1.5

(k) = kairr X [Pylioc II_IEW 1)

The Ie/lm ratio is proportional to the average rate constant for PEF, which is equal to the
product of the bimolecular rate constant kgirr for PEF times the local concentration [Py]ioc Of
ground-state pyrene. kqitf in Equation 1 reflects the internal dynamics of a system such as those
experienced by the surfactant PyO-3-12 bound to DNA as it forms excimer (see Figure 1).° Due
to the permanent positive charges of PyO-3-12, addition of DNA to a dilute PyO-3-12 aqueous
solution results in the association of PyO-3-12 with DNA. In the process, PyO-3-12 is transferred
from the polar aqueous solution to the hydrophobic environment of the PyO-3-12 aggregates
bound to DNA, where it is concentrated and forms excimer.” Consequently, the dilute PyO-3-12
aqueous solution yields a low Ig/lm ratio since [Py]ioc is low in Equation 1 and a large 11/13 ratio
characteristic of pyrene in polar water. Upon complexation with DNA, microdomains of PyO-3-
12 bound to DNA are formed even though the PyO-3-12 concentration remains low, resulting in a
large Ig/lm ratio since [Py]ioc is large inside the PyO-3-12 aggregates bound to DNA and 11/13 takes
a lower value characteristic of the more hydrophobic environment of the PyO-3-12 aggregates.

The second major technique used to characterize pyrene excimer fluorescence is time-
resolved fluorescence which involves the acquisition of the fluorescence decays for both the
pyrene monomer and excimer. Both are obtained using cutoff filters of 370 and 470 nm,
respectively, to reduce stray light from reaching the detector. The pyrene monomer and excimer
fluorescence decays are then fitted according to the model free analysis (MFA) which uses sums
of exponentials. The parameters retrieved from the MFA of the fluorescence decays yield the
average rate constant <k> for PEF and the molar fractions faifr, frree, and fagg OF the pyrene species
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Pyuit*, Pyfree™, and Pyagg™*, respectively. These parameters enable one to characterize the state of
the pyrene species through the molar fractions faitf, firee, and fagg and the dynamics experienced by
the medium where the pyrenyl labels are embedded through <k>. These features make the
combined use of PEF and MFA a powerful analytical tool to study colloidal systems in water by
enabling the study at the molecular level of the interactions between polymers and surfactants in
solution.

In the present study, the formation of aggregates between PyO-3-12 and DNA were
characterized at the molecular and macromolecular level by fluorescence and dynamic light
scattering (DLS), respectively. The formation of PyO-3-12/DNA aggregates led to a sharp increase
in the local concentration of pyrenyl labels, a change toward a less polar environment being felt
by pyrene, and a switch in {-potential from +15 to -50 mV upon binding of PyO-3-12 to DNA.
The stability of the PyO-3-12/DNA complexes was investigated by adding sodium dodecyl sulfate
(SDS) to a 1.5:1.0 DNA:PyO-3-12 mixture. The fluorescence and scattering techniques were able
to follow the behavior of the PyO-3-12/DNA complexes as they interacted with SDS by forming
ter-complexes until the DNA was freed from PyO-3-12, which was associated with SDS forming
Py0-3-12/SDS mixed micelles. This study demonstrates that PyO-3-12 is a reliable fluorescent
probe to study the interactions between DNA and surfactants at the molecular level.

EXPERIMENTAL

Chemicals: Deoxyribonucleic acid from calf thymus (CT-DNA) and sodium dodecyl sulphate
(SDS) were purchased from Sigma-Aldrich. Doubly distilled deionized water from Millipore
Milli-RO 10 Plus and Milli-Q UF Plus (Bedford, MA) was used to prepare all aqueous solutions.
Solution preparation: A 56 uM PyO-3-12 solution, below the CMC of PyO-3-12 equal to 0.38
mM, was used in all fluorescence experiments. The (—/+) ratio represented the concentration ratio
of DNA base pairs over PyO-3-12, keeping in mind that one DNA base pair and one PyO-3-12
molecule have two negative and two positive charges, respectively. The (—/+) ratio was used to
express the relative concentration of DNA with respect to the PyO-3-12 concentration. A solution
of the desired (—/+) ratio was obtained by preparing two solutions, one with double the desired
concentration of CT-DNA and the other with double the desired concentration of PyO-3-12.
Mixing 2 mL of each solution produced a mixture of CT-DNA and PyO-3-12 of the desired (—/+)
ratio. The solutions were left for at least one hour to reach equilibrium before being analyzed by
dynamic light scattering, steady-state fluorescence, and time-resolved fluorescence.

Dynamic light scattering: The particle size distribution (PSD) and { potential were determined on
a Malvern Zetasizer Nano ZS 90 with a He—Ne laser (633 nm) used to irradiate the solution which
was kept at 25 °C and whose scattering was detected at a 90° angle. The scattering data were
analyzed with the Malvern Dispersion Technology Software 4.20. The {-potential was determined
by measuring the electrophoretic mobility using the Smoluchowski approximation. Measurements
were repeated 3 times to obtain the number average size and the {-potential for each sample.
Transmission Electron Microscopy: Samples were adhered to Formvar coated copper grids and
allowed to dry for 2 minutes. Excess liquid was blotted away before the grid were stained with 1%
(w/v) uranyl acetate. The grids were then observed using an FEI Tecnai G2 F20 transmission
electron microscope operated at 200 kV and equipped with a bottom mount Gatan 4k CCD camera
under standard operating conditions.

29



RESULTS AND DISCUSSION

The Ie/lm and 11/13 ratios retrieved from the analysis of the fluorescence spectra were plotted in
Figure 2A as a function of the (-/+) ratio. The fluorescence spectra of PyO-3-12 showed little
excimer being formed at low (—/+) ratios resulting in a low Ig/lm ratio in Figure 2A. But as the
(—/+) ratio approached unity, a rapid and dramatic increase in PEF and Ie/Im was observed. Past
the equicharge point, the excimer signal remained high, indicating strong PEF, although a small
decrease of Ig/lm was observed with increasing (—/+) ratios. The significant increase in &/l
observed at the equicharge point confirms the binding of PyO-3-12 to CT-DNA, since the 56 uM
PyO-3-12 concentration was below the 0.38 mM CMC of PyO-3-12. Since PyO-3-12 could not
micellize in solution, excimer formation between PyO-3-12 surfactants could only occur if PyO-
3-12 formed aggregates with CT-DNA.
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Figure 2. Plot of A) the l1/lzand /v ratios, B) the number average hydrodynamic diameter (D),
and C) the {-potential for a 56 uM PyO-3-12 aqueous solution as a function of the CT-DNA
concentration.

Another spectroscopic feature of PyO-3-12 is its sensitivity to the polarity of its local
environment through the 11/13 ratio. 11/l3 was plotted in Figure 2C as a function of the (—/+) ratio.
For (—/+) ratios lower than the equicharge point, I1/13 remained constant and equal to 1.72 (x0.01),
close to the l1/13 ratio of 1.73 reported for PyO-3-12 in water. However, the 11/I5 ratio showed a
significant and sudden drop at the equicharge point, above which it equaled 1.27 (x0.02) for (-/+)
ratios greater than 1.0.8 The 11/15 ratio found for the PyO-3-12/CT-DNA complexes suggests that
PyO-3-12 experiences a less polar environment than that experienced by PyO-3-12 in water,
confirming that PyO-3-12 self-assembled into PyO-3-12 aggregates upon binding onto CT-DNA.2

A similar trend is observed for the {-potential of solutions containing 56 uM PyO-3-12 as
the CT-DNA concentration was increased in Figure 2C. Upon reaching the equicharge point, a
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charge inversion occurs. While the -potential remained positive and equal to +15.8 (£2.5) mV
below the equicharge point, the {-potential turned negative and equal to —45 (£3) mV for (-/+)
ratios above unity. The charge inversion was correlated to an increase in the number average
hydrodynamic diameter (Dn) of the PyO-3-12/CT-DNA aggregates observed in Figure 2B. This
increase in Dy at the equicharge point is reasonable since all charges are neutralized, which reduces
the solubility of the species in solution leading to their aggregation into larger objects. As the CT-
DNA concentration increases past the equicharge point, the PyO-3-12 molecules distribute
themselves across a larger number of DNA strands and the PyO-3-12/CT-DNA aggregates are
negatively charged and better stabilized by electrostatic repulsion, leading to a reduction in Dn. As
the CT-DNA concentration increases much further from the equicharge point, the PyO-3-12/DNA
aggregates are stabilized by the negatively charged DNA present in excess.

The stability of the PyO-3-12/DNA complexes was investigated by adding SDS to the
complexes. To this end, the PyO-3-12/DNA aggregates were prepared with a constant (—/+) ratio
of 1.5 to ensure that all PyO-3-12 was fully bound to the CT DNA. The plot of I1/I3 as a function
of SDS concentration in Figure 3A indicates that with and without CT-DNA, 11/l remained
constant and equal to, respectively, 1.22 (x0.02) and 1.72 (x0.01) prior to the equicharge point
between PyO-3-12 and SDS corresponding to an SDS concentration of 112 uM. These 11/I3 ratios
matched those of 1.27 and 1.73 reported for PyO-3-12 in water with and without CT-DNA,
respectively.> However, the 11/15 ratio showed a significant and sudden drop at the equicharge
point, above which it equaled 0.89 (£0.03) and 0.94 (£0.04) for samples with and without CT
DNA, respectively. These low li/I3 ratios indicate that PyO-3-12 is shielded from water and
experiences a more hydrophobic environment than in the PyO-3-12/CT-DNA complexes and even
inside PyO-3-12/SDS mixed micelles. This observation suggests that PyO-3-12 is located inside
multilamellar vesicles probably formed between SDS and PyO-3-12, where the inner lamellae
were less exposed to water resulting in the much lower 11/13 ratios. As the SDS concentration was
further increased, the 11/13 ratio continuously increased up to 1.48 (+0.01) which matched the 11/13
ratio of PyO-3-12 in SDS micelles. Although PyO-3-12 yielded a similar I1/13 ratio for the samples
with and without CT-DNA for SDS concentrations above 112 uM corresponding to the equicharge
point between PyO-3-12 and SDS, the Ig/lm ratio given in Figure 3B showed differences between
112 and 400 uM. These differences suggest that within this SDS concentration range, a ter-
complex must be formed between PyO-3-12, SDS, and CT-DNA. Past 1 mM SDS, the good match
found between the 11/13 and Ie/lm ratios implies that PyO-3-12 is no longer interacting with CT-
DNA and forms primarily PyO-3-12/SDS mixed micelles. The release of CT-DNA was also
confirmed by TEM images and by the drop in D, observed at higher SDS concentrations in Figure
3C. The drop in Dn occurred above 8.0 mM SDS which is the CMC for SDS. Past the CMC, a
small average Dn value of 1.5 (x0.5) nm was obtained in Figure 3A suggesting the formation of
SDS micelles. Above the CMC, the formation of SDS micelles leads to the encapsulation of
individual PyO-3-12 surfactants inside the SDS micelles resulting in their isolation and low Ig/lm
ratios in Figure 3B.
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Figure 3. Plot of A) 11/13, B) Ig/lm, and C) the number average hydrodynamic diameter (Dn) for an
aqueous solution of 56 uM Py0O-3-12 and 84 uM CT-DNA as a function of SDS concentration for
samples (crosses) with and (hollow circles) without DNA.

CONCLUSIONS

The interactions between PyO-3-12 and CT-DNA were characterized by using fluorescence,
scattering, and TEM experiments. Fluorescence probes the environment of PyO-3-12 at the
molecular level over a ~ 4 nm length scale, much smaller than the overall dimension of the PyO-
3-12/CT-DNA complexes, which was found to be around 150 nm by DLS. The morphology of the
PyO-3-12/CT-DNA complexes could be visualized by TEM. PyO-3-12 was found to form
complexes with CT-DNA and the PyO-3-12/CT-DNA complexes could be disrupted by adding
negatively charged SDS. The trends observed in this report matched those obtained earlier at a
lower PyO-3-12 concentration of 16 uM indicating that while complex, these trends reflect the
interactions taking place between PyO-3-12, CT-DNA, and SDS. Worth noting is the poor
performance of DLS at the low 16 uM PyO-3-12 concentration which did not generate sufficient
scattering. Similarly, the larger concentration of salt generated by the experiments conducted with
56 uM PyO-3-12 led to blurry TEM pictures. In contrast, the fluorescence experiments provided
reliable results at both PyO-3-12 concentrations. The combination of fluorescence, DLS, and TEM
provided a detailed description of the PyO-3-12/CT-DNA complexes and their interactions with
SDS. Since the complexation of polynucleotides such as DNA or RNA with oppositely charged
surfactants has found interest for gene delivery or RNA vaccines, PyO-3-12 appears to be a
valuable probe to study these complexes at the molecular level.
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Abstract

Chronic diseases, such as cancer, diabetes, and cardiovascular and respiratory conditions, currently
account for approximately 71% of the global death rates!. The increasing prevalence of chronic
diseases has generated heightened interest in nutraceuticals and functional food ingredients, which
are believed to offer health benefits beyond basic nutrition and may aid in the prevention and
management of various health conditions®3. Nutraceuticals, particularly bioactive compounds
such as quercetin and a-tocopherol, have emerged as potent agents owing to their antioxidant,
antimicrobial, and anti-inflammatory properties*®. However, their clinical efficacy is hampered
by their poor solubility and bioavailability>®. This study introduces a novel co-encapsulation
approach using zein nanoparticles to address these challenges with the aim of enhancing the

therapeutic potential of quercetin and a-tocopherol through improved delivery and stability.

We employed an antisolvent co-precipitation technique to fabricate zein nanoparticles for the co-
encapsulation of quercetin and a-tocopherol. This process involves optimizing the nanoparticle
formulation to achieve an ideal particle size and high encapsulation efficiency. We utilized various
characterization techniques, such as dynamic light scattering for particle sizing, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) for morphological analysis, and in

vitro gastrointestinal digestion studies to evaluate the release profiles.
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The Zein/Que/Toc nanoparticles exhibited optimal encapsulation efficiency, characterized by a
controlled and sustained release of both quercetin and o-tocopherol over an 8-hour period,
indicating a synergistic interaction. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images revealed a uniform particle distribution with no significant
aggregation, confirming the effectiveness of the method. In vitro digestion studies further
highlighted the stability and bioavailability of the encapsulated bioactive compounds, suggesting
the potential of NPs to enhance the therapeutic effects of quercetin and a-tocopherol. These
findings highlight the potential of zein-based nanoparticles as a versatile platform for the co-
delivery of nutraceuticals. The co-encapsulation of quercetin and a-tocopherol overcomes the
solubility and bioavailability challenges and leverages their synergistic properties to enhance
therapeutic efficacy, as illustrated in Fig. 1. This approach holds significant promise for the

development of functional foods and nutraceutical products for chronic disease management and

preventlon.
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Figure 1: Comprehensive Characterization of Zein/Que/Toc Nanoparticles. (a) Particle Size
Distribution ranging from 50 nm to 320 nm. (b) Encapsulation Efficiency of up to 96%. (c) Zeta
Potential indicating the surface charge and colloidal stability. (d) Control Release Profile,
demonstrating sustained release over 8h . (¢) SEM and (f) TEM images of surface morphology

and internal structure, respectively.
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ABSTRACT: Copolymerization Composition Control Policies: Batch, Semi-batch or Flow?

Presentation by Prof. Alexander Penlidis

Characteristics of three classes of copolymer composition control policies are presented and
discussed with applications on several typical copolymer systems. The effects of these policies are
shown on polymerization rate, copolymer composition, and molecular weight, branching and
sequence length properties. Extensions to terpolymerizations (and hence, other multi-component
polymerizations) are also modeled and presented. Generalized procedures for practical
implementation and comparisons among policies are highlighted, along with some special cases.

Alex Penlidis Biography: Professor Penlidis, Chemical
Engineering, has had almost four decades of experience in
Polymer Reaction Engineering (PRE), Polymer Reactor
Optimization and Troubleshooting, and Mathematical
Modelling. He has been the Director of the Institute for
Polymer Research (IPR) from 1994-2010. After four decades
in the area of polymerization, 400 refereed publications and the
supervision of 35 PhD students, he is more confident that he
can find his way around copolymerization aspects.
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Chitosan thermosensitive hydrogel system
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An Extended Abstract:
Thermal Expansion Study on Polymer Stable Glasses

Saba Karimi
Department of Physics and Astronomy, University of Waterloo, Waterloo, Ontario, Canada

Glass is an amorphous solid that is trapped in a non-equilibrium state [6], and plays an
important role in our life[6]; Since the glass transition remains an unsolved problem despite
decades of study, glassy state, and glass transition is called the “deepest and most interesting

unsolved problem in solid-state theory” [3].

Recently there has been the discovery of making stable glasses in the lab with physical
vapour deposition to have glass near to "ideal glass”, the ground state that ordinary glasses
are trying to reach by aging [8]. Aging is the slow evolution toward an ideal equilibrium
state in the glasses that happened over thousands or even millions of years in nature [3],
which is considered similar to "ideal glass" prepared in the limit of infinitely slow cooling
to the Kauzmann temperature Tk [6, 8]. In the last decades, challenges to learn more about
ideal glasses have led us to study stable glasses which has been an interesting area in this
field. As mentioned above, these stable glasses are prepared by physical vapour deposition
giving the ability to have a glass with high kinetic stability, high density, and low fictive

temperature [8].

Polymers are interesting materials due to their behaviors and application in our life and
studying them in different aspects is crucial. Since polymers easily avoid crystallization and
their tunability in glass transition temperature, Tg, with changing the number of

polymerizations, they are a great candidate for studying glasses. Although Making polymer-
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stable glasses with physical vapour deposition is a challenge due to the thermal sensitivity

of polymers, interesting research has been done[7, 12].

We focus on polymer-stable thin film glasses and their properties in different aspects. In this
work, we are investigating the polymer stable glasses with a thermal expansion perspective.
These studies include the rejuvenation, transforming from glass to supercooled by the
propagation of front originating from the interface in thin-film that with the time of this
transformation, we can estimate the relaxation time in supercooled liquid [8] and aging of
the films for the slow evolution toward an ideal and investigating the thermal expansion

gives us valuable information about glasses.

In our most recent work [7] we measured the depth-dependent local dynamics in thin
polystyrene and PMMA films through the rejuvenation of ultrastable glasses with an
Ellipsometer. Anomalous dynamics and glass transition temperatures in thin polymer films
have been studied for 3 decades and continue to be an active research area. While it has long
been noted that a measure of depth-dependent dynamics is the necessary measurement to
develop our understanding, such measurements have been elusive. Direct measures of
dynamics have been reported for the free surface region only, and low-resolution layer-by-
layer measures of Tg remain the only report of depth dependence related to structural
relaxation. We introduce a new technique that utilizes the front-mediated rejuvenation of
recently discovered stable polymer glass to obtain a nm precision measure of relaxation in
thin polymer films. This technique is used to measure depth-dependent relaxation in PS and
PMMA. In both materials, an unexpected long-range relaxation process is observed in

addition to the expected near-free surface enhancement of dynamics. We demonstrate that
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the propagation of the front responsible for the transformation to a supercooled liquid state
can serve as a highly localized probe of the local supercooled dynamics. We use this
connection to probe the depth-dependent relaxation rate with nanometric precision for a
series of polystyrene films over a range of temperatures near the bulk glass transition
temperature. The analysis shows the spatial extent of enhanced surface mobility and reveals
the existence of an unexpectedly large dynamical length scale in the system. The results are
compared with the cooperative-string model for glassy dynamics. The data reveals that the
film-thickness dependence of whole film properties arises only from the volume fraction of
the near-surface region. While the dynamics in the middle of the samples show the expected
bulk-like temperature dependence, the near-surface region shows very little temperature

dependence. The part of results are illustrated in Figures 1,2,3.

The surface mobile layer in a glass has been directly linked to the ability to prepare these
ultrastable glasses by vapour deposition [7, 4]. Upon heating, thin films of such materials
rejuvenate to the normal supercooled liquid by the propagation of a transformation front
originating from the free surface [2, 13] a situation reminiscent of many phase-transition
fronts in physics, such as freezing fronts. The propagation velocity of that front has been
correlated to the relaxation dynamics of the supercooled liquid [9]. This connection is
usually of the form v = Cz, 7, where v is the rejuvenation-front velocity, z, is the alpha
relaxation time, and y is an exponent in the range 0.8-1 [9]. Previous studies [5, 10] have
modeled ellipsometric data to identify the position of the front as a function of time. Since
the front is highly localized in space, the front-propagation rate should provide a precise
measure of the local dynamics at each specific depth as the front moves from the free surface

to the supporting substrate of the sample. In this work, we use the established mechanism of
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rejuvenation by front propagation in thin films as well as the link between rejuvenation-
front velocity and material relaxation properties to demonstrate that ellipsometric
measurements of isothermal rejuvenation of ultrastable glasses can be used to probe the
depth-dependent local dynamics of supercooled thin polymer films at temperatures near the
dilatometric T4 with nanometric precision throughout the film. We compare the
measurements with calculations based on the cooperative-string theory for supercooled
dynamics in thin films. The results provide an independent and reasonably direct measure
of the size of the surface region and reveal the existence of an intriguing long-range
dynamical effect. In addition, the results indicate a very narrow range of temperatures above

Tgwhere enhanced surface dynamics are observed.
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Figure 3: Local rejuvenation-front velocity dz/dt as a function of front depth z from the position
of the free surface, for various temperatures as indicated, as obtained from ellipsometric data.
Insets provide zooms of the experimental data near the free surface. For comparison, predictions
from the cooperative-string theory (CST) near interfaces [11, 1] are shown with solid lines [7]
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Probing the Local Density of Macromolecules by Fluorescence
Hunter Little, Sanjay Patel, Jean Duhamel.

Institute for Polymer Research, Waterloo Institute for Nanotechnology, Department of
Chemistry, University of Waterloo, ON, N2L 3G1, Canada

INTRODUCTION

Macromolecular density is frequently used to characterize the conformation of a macromolecule,
often through the radius of gyration (Rg) determined from scattering experiments such as X-ray,
static light, or neutron scattering.! In theory, any technique capable of measuring the local density
of a macromolecule should provide the same information on macromolecular conformation as
scattering techniques do. Fluorescence collisional quenching (FCQ) between an excited dye and a
quencher covalently attached onto a macromolecule is one such technique that could provide
information about the local density of a macromolecule. FCQ yields the rate constant (kq) for the
quenching of a dye by quenchers, which is proportional to the local concentration ([Qlioc) of
quenchers covalently attached onto a macromolecule through the relationship kg = kaie*[QOlioc,
where kqifr 1S the bimolecular rate constant for diffusive encounters between dyes and quenchers.
Two main reasons rationalize why FCQ is not included in the list of techniques capable of
characterizing macromolecular conformations. The first reason is the perceived difficulty in
accurately measuring [QJioc inside a macromolecule spanning just a few nanometers, and the
second reason is that historically, FCQ has been used to measure the internal dynamics of
macromolecules. Work from the Duhamel group has attempted to counter the first of these two
factors by proposing that [Q]ioc is known from the scheme selected by the experimentalist to label
a macromolecule, either at the chain-ends, or randomly along the backbone. Three possible
labelling schemes are depicted in Figures 1A—C for linear oligomers and branched dendrimers
end-labelled with the fluorophore pyrene and linear polymer chains randomly labelled with pyrene.
Of the available fluorophores, pyrene presents many important advantages when used in FCQ
experiments. Notably, pyrene forms an excited-state dimer, or excimer, eliminating the need for
the selection of a distinct quencher and associated labelling protocol.? Therefore, in all further
discussion, [Qlic 1s replaced with [Py]ioc obtained for various pyrene-labeled macromolecules
(PyLM).
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Figure 1. Schematic representation of the three pyrene-labelling schemes studied, (A) pyrene end-
labelled linear polymers, (B) polymers randomly labelled with pyrene, and (C) pyrene end-labelled
dendrimers. The volume probed by a pyrenyl label is denoted by the dashed circles being either
larger in A) and C) or smaller in B) than the macromolecule being studied.

Herein two recent advancements in the ability to probe the local conformation of
macromolecules will be discussed. The first experiments demonstrate that <> determined for
PyLM is directly related to the product Aqitx[Py]ioc, Where [Py]ioc reflets the conformation of the
PyLM, and thus that FCQ can be used to characterize the conformation of macromolecules in
solution. The second, built off the first study, demonstrates that this information does not require
using the specialized programs developed by the Duhamel laboratory, but can be determined with
the standard analysis package of any commercial time-resolved fluorimeter.’

EXPERIMENTAL

To demonstrate that FCQ could be used to characterize the conformation of a wide range of
macromolecules, three distinct classes of PyLM were identified among those characterized by the
Duhamel laboratory over the past 15 years. Monodisperse, pyrene end-labelled polystyrene,*
poly(ethylene oxides),’ and poly(N-isopropylacrylamide)® were selected to describe the family of
PyLM in Figure 1A. Linear chains randomly labeled with pyrene made of poly(methyl acrylate),’
poly(methyl methacrylate),”® polystyrene,* poly(butyl methacrylate),” poly(oligo(ethylene glycol
methyl ether methacrylate) with side-chain degrees of polymerization equal to 1, 2, 3, 4, 5,9, 16
and 19,% and poly(N-isopropylacrylamide)® were selected to represent the PyLM in Figure 1B.
Finally, two series of pyrene end-labelled dendrimers consisting of bis(hydroxymethyl)propionic
acid dendrimers of generations 1-4,”!° and polyamidoamine dendrimers of generations 0-2'! were
selected to represent the PyLM in Figure 1C. The initial acquisition and decay analysis for the
selected series of macromolecules has been reported elsewhere.!*!?

RESULTS & DISCUSSION

The Model Free Analysis'* makes no assumptions about the labeling scheme applied to generate
a given PyLM. It only acknowledges that the fluorescence decays of the pyrene monomer and
excimer can be described by sums of exponentials, whose pre-exponential factors and decay times
are coupled. Experimentally, <t> is then calculated according to Equation 1, using the pre-
exponential factors (ai) and decay times (7) retrieved from the analysis of the monomer decay,
along with the natural lifetime of the pyrene monomer (zm). A theoretical expression of <k> is
obtained by taking the ratio of the number (npy) of ground-state pyrenes within the volume (Vpy)
in the PyLM probed by an excited pyrene, whereby Vpy can be approximated as a sphere of
diameter (Lpy) given by the square root of the mean squared end-to-end distance of the polymer
segment within that volume.!
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While npy 1s known for the end-labeled linear chains and dendrimers, npy for randomly labelled
polymers is determined from the analysis of the pyrene monomer and excimer fluorescence decays
with the fluorescence blob model (FMB). The FBM divides the polymer coil into a cluster of
identical blobs comprised of Nviob structural units which are labelled with npy pyrenes and both
Nboiob and npy are determined from the FBM analysis of the fluorescence decays. Since <k> is known
from the MFA analysis, and npy can be determined experimentally, the only remaining unknown
in Equation 1 is Lpy. The expression of Lpy could thus be used as a means of testing the
conformation of the macromolecule with the expectation that, for the correct expression of Lpy, a
plot of <k>-vs-npy/Lpy,> would be linear.

As a first approximation, Lpy was expressed for each structural category of macromolecules
by considering the chain-segment found inside Vpy, with the chain segment representing the whole
macromolecule in the case of the end-labelled polymers and dendrimers, or the segment within a
blob for the randomly labelled polymers. Assuming that the chain segments used to describe the
macromolecule obey gaussian statistics, Lpy could be approximated by Equation 3, where N is the
number of structural units comprising the entire linear chain, or Npob for the chain segment
encompassed inside a blob, and Ny is the number of backbone atoms per structural unit.

Loy =1%/Ny, <N 3)

The description of Lpy for the branched dendrimers is more involved, due to the various distances
between an excited and ground-state pyrene attached to different ends of the dendrimer which must
be accounted for. The derived expressions for Lpy as a function of generation number for the
PAMAM!'® and HMPA® dendrimers have been reproduced below as Equations 5'° and 6,3
respectively, where G is the generation number, and the parameters describing the atomistic length
of the chain-segments are reported in the original publications.!®!° In Equations 3-5, / is a
normalization factor equivalent to the bond-length.!%1°
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Figure 2. Plots of <k>-vs-npy/Lp,’ in (A) tetrahydrofuran, (B) toluene, (C) dimethylformamide,
(D) dimethyl sulfoxide for () Py,-PEO,* (&) Py-PC1A.° (E) Py-PCIMA 57 (A) Py-PS,’?
(X) Py-HMPA ! (+) Py-PAMAM,'! (EI) Py-PC4MA,%7 (O) Py-PEG/MA,’ (A) Py-
PNIPAM,’ (A) Py»-PS,? (A) Py>-PNIPAM.’ In all pots, the slopes have been fixed at unity.

Plotting <k> as a function of npy/Lpy’ in tetrahydrofuran, toluene, dimethylformamide, and
dimethyl sulfoxide for each of the three families of macromolecules resulted in the plots shown in
Figures 2A—D. Three lines are observed in Figures 2A—D due to changes in kqisr shifting the <k>-
vs-npy/Lpy” up or down for flexible or stiff polymers, respectively.! This is perhaps most noticeable
for the difference between poly(methyl acrylate) and poly(methyl methacrylate) where the line
corresponding to poly(methyl methacrylate) is shifted down towards the main trendline due to the
slower dynamics of the backbone induced by the backbone methyl-group. More interestingly are
the three regimes seen in each solvent corresponding to each of the three distinct labelling schemes.
End-labelled polymer in Figure 1A have low [Py]ioc and have correspondingly low <k>, while the
pyrene-dense dendrimers in Figure 1C have a correspondingly high [Pyl and <k>, and the
randomly labelled polymers in Figure 1B with their medium [Py]ioc occupy the span between the
two extremes. The good linear fits support the assumption that the backbone-segments probed by
the pyrene moieties do behave as Gaussian chains in solution. The data shown in Figure 2 represent
one of the first examples where FCQ was applied to probe the local density, and thus the
conformation, of a macromolecule in solution.

While <i> values thus far have been obtained with the specialized analysis programs used
by the Duhamel lab to characterize both the state of the pyrenyl labels (aggregated versus
unassociated) and the internal dynamics and local concentration of a pyrene-labeled
macromolecules, the question was raised whether <k> could be determined independently from
the parameters retrieved from fitting the pyrene monomer decays only with a simple sum of
exponentials (SoE). While the parameters retrieved from the global MFA of the pyrene monomer
and excimer fluorescence decays are much more accurate, the SoE analysis of the individual
fluorescence decays of the pyrene monomer could be easily implemented by any researchers using
the standard analysis packages of commercial time-resolved fluorometers. To this end, the
monomer and excimer fluorescence decays of the poly(oligo(ethylene glycol) methyl ether
methacrylate)s® and polyamidoamine dendrimers'! were reanalyzed using the sum of exponentials
described in Equations 6 & 7, respectively.

[M*],, =[Py*], x { i Z aexp(-t/z)+f, exp(-t/z, )} (6)
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[E*]y =Zbi exp(-t/z;) (7)

<k> was then calculated according to Equation 1 using the parameters retrieved from
Equation 7, and the ratio —4g—/Ag+ which is the sum of the negative pre-exponential factors divided
by the sum of the positive pre-exponential factors, was calculated from the parameters retrieved
from Equation 8. The —A4g—/Ag+ ratio is expected to report on the amount of pyrene able to form
excimer by diffusion, with a —4g—/A4g+ = 1.0 or 0.0 corresponding to excimer formed solely through
diffusive encounters or direct excitation of a pyrene dimer, respectively. Consequently, the
—Ar—/Ag+ ratio reflects the parameter fqifr, which is the molar fraction of pyrene forming excimer
by diffusion, determined from the MFA. Figure 3 shows a comparison of the two analyses,> with
Figure 3A showing the direct comparison of <k5°EM> and <kiMF>  and Figure 3B and C showing
the values taken by the ratios faitt/(faitrtfage) and —4g—/Ag+ for the MFA and SoE analysis,
respectively.

In Figure 3A, the <k> values retrieved from the two different analyses cluster along the
one-to-one diagonal with a Pearson correlation coefficient of 0.99. This indicates that, despite the
large differences in the analysis protocols, the MFA and SoE both retrieved the same information,
which can then be used to determine the conformation of the macromolecule. This is advantageous
as it allows other research groups who rely on the commercial analysis package of the time-
resolved fluorometer to use <k> to characterize the unknown conformation of their
macromolecule. Figure 3B and C compare the ratios faif/(fdifitfage) and —Ag—/Ag+ as a function of
<k>, respectively. Since only pyrenes which form excimer through diffusive encounters report on
the dynamics and conformation of a macromolecule, this procedure is useful to ensure that excimer
formation occurs through diffusive encounters between pyrenyl labels. It also demonstrates that
the qualitative information obtained with —4g—/4g+ about the state of the pyrenyl labels obtained
from the simpler SoE analysis reflects the quantitative information retrieved with faitt/(faitrtfagg)
from the superior MFA.
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Figure 3. Plots of A) <k>°EM> ag a function of <k™M™> B) fain/(fiifr + fage) as a function of <kMF>
and C) —Ag-/Ar+ as a function of <k>°*M> for the for the (A ) Py-PEG,MA and (OJ) PyCX-
PAMAM-GY samples.’

CONCLUSIONS

These two recent studies from the Duhamel laboratory have shown that not only is it possible to
use FCQ as a complementary technique to determine the local density, and thus the conformation,
of'a macromolecule, but that such studies can be completed with a simpler analysis of fluorescence
decays, that is readily available with any commercial time-resolved fluorimeters. This represents
a significant advantage over the traditional scattering methodologies which require high
concentrations of monodisperse polymers, experimental requirements that are easily circumvented
by FCQ studies. Furthermore, the good match obtained between the <k> values retrieved from the
analysis of fluorescence decays with a simple SoE and those found from the superior MFA opens
the doors for the use of the simpler SoE analysis to study other more complex macromolecular
systems.
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Determining the Conformations of Pyrene-Labeled Polyamines and
Polyols in Solution via Pyrene Excimer Fluorescence
Franklin Frasca and Jean Duhamel
INTRODUCTION

The ability of pyrene to fluoresce differently whether it exists either as a lone monomer
or an excited dimer, also known as an excimer formed upon the encounter between a
ground-state and an excited pyrene, provides a powerful tool for obtaining information
about the dynamics and conformation of macromolecules of any size in solution. Pyrene
excimer formation (PEF) allows for the characterization of many complex pyrene-labeled
macromolecules (PyLMs) in solution which would be difficult to characterize by any
other common techniques based on scattering, viscosity, or NMR experiments. Due to the
high molar extinction coefficient and fluorescence quantum yield of pyrene, PEF also
enables the study of PyLMs under extremely dilute conditions (~ 1 — 10 mg/L) which
provides an unperturbed view of the PyLM of interest. This is in direct contrast to most
other techniques which often require concentrations (~ 1 — 10 g/L) that are so high that
the polymers are likely undergoing intermolecular interactions, further complicating the
resolution of the internal dynamics and conformation of single macromolecules. While
many experiments have been conducted to get a qualitative measure of the PEF
efficiency, for example using the Ie/Im ratio to determine the relative amounts of excimer
and monomer fluorescence, respectively, the quantitative analysis of PEF remains
difficult and as a result is much more rarely used to glean information on macromolecular
dynamics and conformation.

In earlier works, PEF was used to determine the rate of end-to-end cyclization (kcy)
of monodisperse linear chains with a pyrene appended to each end by using time-
resolved (TRF) and steady-state (SSF) fluorescence.!® These studies took advantage of the
theoretical work by Wilemski and Fixman,*> who had found that the slowest internal
relaxation time of a polymer was the rate constant ke of end-to-end cyclization, which
was proportional to the rate constant for PEF determined through analysis of the
fluorescence decays of the pyrene end-labeled polymer. While useful, these studies
highlighted the requirement for monodisperse chains for the accurate determination of
key, which provided the internal relaxation time of a polymer. Furthermore, the limitation
of having only two pyrenes per molecule restricted the determination of key to chains that
were sufficiently short to enable PEF between the two terminal pyrenyl labels. Following
this preliminary work, numerous other studies and models were developed in an attempt
to better quantify polymer dynamics and conformation using PEF, namely the Model
Free Analysis (MFA) which makes no assumptions about the nature of excimer formation
to determine the average rate constant of PEF (<k>), and the Fluorescence Blob Model
(FBM) which views a polymer which has been randomly labeled with pyrene as a series
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of blobs in which the pyrenes can only form excimer within a blob to yield information
on polymer backbone conformation and flexibility.

Because PEF is a bimolecular process, the rate of PEF depends on the local pyrene
concentration ([PyJic) of a pyrene-labeled molecule in solution given by Equation 1. In
Equation 1, <Lry®>>!”? represents the average end-to-end distance between two pyrenyl
labels on the PyLM, defining a volume equal to (<Lry>>'?/)3 occupied by the ground-state
pyrenes and PyLM. The general scheme of PEF and the associated SSF spectrum of a
pyrene-labeled small molecule (PyLsM) are shown in Figure 1.
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Figure 1. Top: The general scheme of PEF. Bottom: The steady-state fluorescence
spectrum of hexamethylene bis(1-pyrenebutyramide) (Py>-HMDA), normalized to the
monomer peak at 377 nm; Aex = 344 nm, [Py] =2.5x107° M in THF.

Analysis of SSF spectra can provide qualitative information on PEF via integration
of the excimer and monomer emissions between 500 — 530 and 372 — 378 nm, respectively,
to yield the Ie/Iu ratio and gauge the relative amounts of excimer and monomer
fluorescence of the PyLM of interest in solution. While useful for many studies, the SSF
spectra are prone to suffer from several artifacts due to solvent effects, aggregation of the
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pyrenyl labels (right pathway for PEF in the reaction scheme shown in Figure 1), and/or
the presence of residual unreacted pyrene derivative used in the preparation of the PyLM
which can distort the spectra and greatly complicate the use of the Ie/Im ratio. On the other
hand, MFA of the monomer and excimer decays obtained through TRF measurements
can yield both the molar fractions of different pyrene species contributing to PEF and <k>,
the average rate constant for PEF by diffusion (left pathway for PEF in the reaction
scheme in Figure 1). The MFA of the TRF decays also yields the molar fractions fdit, fags,
and fiee representing the pyrenes forming excimer diffusively, through aggregation, or
not forming excimer and fluorescing as monomers, respectively. The molar fractions can
provide information on both the extent of free pyrene impurities in solution and through
which pathway, either diffusive or aggregation, the excimer is being formed. The number
average lifetime (<7>) is obtained with the MFA and is used to determine <k> as described
in Equation 2. Both <k> and the Ie/Iu ratio have been shown in previous work to be
proportional to [Pyl based on Equation 3.Eror! Bookmark not defined.7 ¢ in Equation 3 is the
bimolecular rate constant for PEF by diffusion, and provides a measure of the dynamics
of the PyLM in solution. Since [Py]u. is related to the conformation of the macromolecule
through Lpy, so is <k> according to Equation 3.

<k>= t 1 (2)
<r> 1,
II_E oKy X[PY] e =<k > (3)

M

The linear relationship between <k>, the Ie/Im ratio, and [Py]i.c has thus far only
been demonstrated quantitatively for series of pyrene end-labeled dendrimers, linear
oligomers, and linear chains randomly labeled with pyrene Eror! Bookmark not defined.8 Because
of the direct correlation between [Pylic, local macromolecular density, and thus
macromolecular conformation, the <k>-vs-[Py]uc relationship given in Equation 3 can be
used to characterize macromolecular conformation. Since Equation 3 has been applied
solely to probe the conformation of PyLM to date, the present work aims to expand its
validity to much smaller pyrene-labeled macromolecules (PyLsM) such as pyrene-
labeled polyols (Py-POs) and polyamines (Py-PAs) to confirm that this PEF-based
methodology can be applied to characterize the internal dynamics and conformation of
not only PyLM but also PyLsM in dilute solution.

EXPERIMENTAL

A series of pyrene-labeled polyamines (Py-PAs) and pyrene-labeled polyols (Py-POs),
whose structures are shown in Figures 2 and 3 respectively, were synthesized yielding
both doubly end-labeled linear chains and branched architectures having more than two
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pyrenyl moieties. Dilute solutions of each Py-PA and Py-PO were prepared in THF,
dioxane, DMF, and DMSO, a set of common organic solvents which solubilize a wide
range of both synthetic and bio-based polymers. Their SSF spectra were acquired to yield
their Ie/Iv ratios, and MFA of the monomer and excimer TRF decays yielded their <k>
values, respectively. Each Py-PA or Py-PO was diluted to [Py] = 2.5x10° M before
acquisition of the SSF spectra and monomer and excimer TRF for analysis with the MFA.
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Figure 3. Chemical structures of the Py-POs prepared for this study.

RESULTS & DISCUSSION
Analysis of the SSF spectra and MFA of the TRF decays yielded the Ie/Iv ratio and <k>,
respectively, for each Py-PA and Py-PO in THF, dioxane, DMF, and DMSO. [Py]wc was
calculated for each Py-PA and Py-PO according to Equation 1 to generate plots of <k>-vs-
[Py]wc in each solvent studied, which are shown in Figure 4.

The <k> values for the Py-PAs and Py-POs in both DMF and DMSO shown in
Figures 4B and D exhibit a linear trend against [Py]i.c, supporting the validity of Equation
1 for determination of [Py]ic and in turn the internal density of PyLMs in solution, now
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for a series of small molecules. While the Py-POs also showed a linear trend of <k>-vs-
[PyJioc in the less-polar THF and dioxane, the Py-PAs showed a deviation from linearity
for the branched molecules having more than 2 pyrene moieties. Of note was that even
though the Py-POs displayed similar behaviour in both the polar and non-polar solvents,
the Py>-Ethylene glycol Py-PO showed a stark deviation from the other Py-POs (although
more diols require pyrene labeling to fully assess the Py-POs’ <k>-vs-[Py]i.c behaviour).
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Figure 4. Plots of <k>-vs-[Py]wc obtained from the MFA of the monomer and excimer
fluorescence decays for Py-PAs acquired in A) THF and dioxane, and B) DMF and DMSO,
and the Py-POs acquired in C) THF and dioxane, and D) DMF and DMSO; [Py] =2.5x10°
M.

The Py-POs on the right of Figure 4 are seen to span a wider range of [Py values
than the Py-PAs, and thus reach higher <k> values. Furthermore, the slopes for the Py-
POs are greater than those for the Py-PAs in the same solvents. This shows that with each
of the [PyJic values for the Py-PAs and Py-POs calculated in the same manner, the
differences in <k>-vs-[ Pyl trends between the two Py-LsM families can be attributed to
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the difference in kst and in-turn a measure of the dynamics of the pyrene-modified Py-
PAs or Py-POs. To be put more simply, this means that the pyrenes on the Py-PAs diffuse
more slowly and thus have a lower rate of excimer formation (or pyrene-pyrene
encounters) compared to the pyrenes on the Py-POs which diffuse more quickly yielding
a higher rate of excimer formation <k>. Since both the Py-PAs and Py-POs have a similar
mix of difunctional and branched structures, it leaves the amide or ester groups,
respectively, as the major difference between the two families. It is worth noting that the
pyrene groups are linked directly to amines in the backbone of the branched Py-PAs,
whereas the ester linkages of the Py-POs reside 1 atom away from the polyol backbone,
possibly providing a greater degree of flexibility and higher kai value to the Py-POs in
contrast to the Py-PAs.

CONCLUSIONS

A series of Py-PAs and Py-POs were synthesized and their SSF spectra and TRF decays
were acquired and analysed. Equation 1 was applied to determine [Py]i.. for each Py-PA
and Py-PO before <k> was obtained from the MFA of the monomer and excimer
fluorescence decays and plotted as a function of [Py]wc in THF, dioxane, DMF, and DMSO.
The <k>-vs-[Py]ic trends were linear for both the Py-PAs and Py-POs in DMF and DMSO,
with the Py-POs also yielding linear trends in the less-polar THF and dioxane. The trends
in DMSO and DMF confirmed that the PEF-based methodology can be applied not only
to study large PyLM but also PyLsM to characterize the internal dynamics and
conformation of pyrene-labeled molecules, in this instance specifically the Py-PAs and
Py-POs. These findings also further validate the assumption that the pyrene-labeled
chain ends of these small molecules obey gaussian statistics, opening the door for future
studies of the internal dynamics of more complex PyLMs in solution.
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INTRODUCTION

The mechanical properties of plastics or gels are fundamental to our understanding of their
behaviour. The rate at which a plastic or a gel can deform at the macroscopic level is a direct
consequence of the flexibility of its individual polymer chains, and their ability to bend under
stress at the molecular level.! The persistence length (/,) of a polymer is a parameter used to
quantify this flexibility. For polymers possessing a greater persistence length, a more extended
conformation is expected, resulting in a stiffer plastic/gel when compared to those prepared from
a polymer with a shorter persistence length.>? In the case of gels, relating /, to other physical
parameters such as the modulus, G, has been the focus of concerted research effort to better
understand the viscoelastic properties of a polymer in solution.** Furthermore, predicting /, for
polymer chains bears industrial significance, particularly for polymers such as poly(alkyl
methacrylate)s (PAMA), which are used as engine oil additives in lubricant formulations.® These
polymers can serve as pour-point depressants (PPDs) that interact with paraftinic wax crystals that
form a network in oil below a certain threshold temperature, known as the pour-point, leading to
a dramatic increase in the oil viscosity.” This increase in viscosity does not automatically result in
catastrophic failure of engine components, but does significantly reduce the lifetime expectancy
of these parts upon ignition in colder climates. PPDs maintain the fluidity of an engine oil at low
temperatures by interacting with these wax crystals.” Although not explicitly stated in the technical
literature, these macromolecules are PAMAs with alkyl side chains of different lengths that
modulate the viscosity of the oil in an internal combustion engine. Longer alkyl side chains are
essential to the disruption of the wax crystal network formation, while intermediate alkyl side
chain lengths contribute to stabilizing the polymer in the nonpolar environment generated by an
engine oil.® Shorter side chains serve as spacers that enhance backbone flexibility to better
accommodate the microstructure of the wax crystal, and ultimately make a more effective PPD.%’

The [, of a polymer can be determined experimentally, but the methods involved have their own
challenges. As a result, and despite its importance, /, remains unknown for many polymers.
Techniques traditionally used in the determination of /, include static light scattering,' intrinsic
viscosity,! and gel permeation chromatography (GPC) with a scattering or viscosity detector,?
which relate /, to the radius of gyration, or intrinsic viscosity, respectively. Though these are
powerful tools for the characterization of polymers, stringent limitations remain regarding their
applicability to the determination of /,. First, scattering experiments require that the polymers have
a narrow molecular weight distribution (MWD),! which are typically generated by living
polymerization techniques. Unfortunately, not all monomers can be polymerized by living
techniques and those monomers yield polymers with broad MWD. The determination of the
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persistence length for such polymers requires that they be analyzed with a GPC instrument
equipped with a static light scattering or viscosity detector. However, GPC instruments are
commonly used with a specific solvent, which may not always be ideal for a particular polymer.
Polymers which are poorly soluble in a given solvent, interact with the packing material of the
GPC column, yielding distorted GPC traces that prevent their analysis to determine /,.!' The appeal
of these techniques for determining /, resides in their ability to probe the local density of a
macromolecule inside the macromolecular volume through the determination of the radius of
gyration or intrinsic viscosity. Since a more flexible polymer can accommodate a larger number of
structural units within the macromolecular volume compared to its stiffer counterpart, the coil of
the latter polymer is less dense than that of the former. Hence, the interest in techniques capable
of probing the local density of a macromolecule to determine /,. Consequently, any technique able
to probe the local density of a macromolecule, can in theory, be used to determine /.

One such technique is based on pyrene excimer formation (PEF). Pyrene has been extensively
used in the characterization of macromolecules in solution, owing in part to its long fluorescence
lifetime, high quantum yield, and above all else, its ability to form an excimer.!? The excimer is
formed upon encounter between an excited and a ground state pyrenes. The emission of the pyrene
excimer is broad and distinct from that of the pyrene monomer.'? Conveniently, hardly any energy
hopping occurs between pyrene derivatives attached onto a macromolecule due to the reduced 0-
0 transition of pyrene so that when excited, the excitation remains localized on a pyrene molecule.
Therefore, PEF is exclusively governed by the diffusion of the polymer backbone. Moreover, PEF
can be monitored through the analysis of the time-resolved fluorescence (TRF) decays of the
pyrene monomer and excimer.

In a typical experiment, the pyrene monomer and excimer fluorescence decays are globally
analyzed with the fluorescence blob model (FBM). The FBM acknowledges that an excited
pyrenyl label can only probe a certain volume around itself during the finite temporal window (~
1 ps) of its excitation.!* This volume is referred to as a blob and is used as a unit volume to
compartmentalize the macromolecule into a cluster of identical blobs, whose size depends on the
internal dynamics and flexibility of the polymer, the solvent viscosity, and the length of the spacer
used to link the pyrene moiety to the polymer backbone. The power of the FBM resides in its
ability to analyze the fluorescence decays of polydisperse polymers randomly labeled with pyrene
and obtain the absolute number (Npiob) of structural units encompassed inside a blob.!> This
quantity has been extensively used in the Duhamel Lab to quantify the flexibility of a polymer,
with more flexible polymers yielding greater Nyiob values. As both /, and Noiob reflect the ability of
a polymer chain to bend, these two parameters are correlated.'*!> Taking this into consideration, a
series of pyrene-labeled PAMAs were synthesized through terpolymerization of n-butyl, stearyl,
and 1-pyrenebutyl methacrylate. Although the resulting polymers are terpolymers, they are
referred to as pyrene-labeled copolymers of n-butyl and stearyl methacrylate due to their low
pyrene content (< 8 mol%) which is neglected when discussing the effect of their composition on
Ip. The fluorescence decays of the pyrene-labeled copolymers were acquired and analyzed with the
FBM to determine Nuiob, Which was subsequently compared to the Npiob values previously
determined for the pyrene-labeled PAMA homopolymers.! This comparison indicates that
homopolymer and copolymer alike yield identical Nviob values given the same average molecular
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weight of a structural unit. Npiob Was then used to determine /, for the PAMA copolymers and /,
was found to increase linearly with the squared molar fraction of stearyl methacrylate in the
copolymers, as expected theoretically.!” This study represents the first example in the literature
where the persistence length of PAMA copolymers was characterized as a function of the molar
fraction of one of their comonomers and the simple relationship found between /, and the molar
fraction of the comonomer of a PAMA copolymer should provide a powerful means to predict /,
for these commercially important polymers. This study also confirms that the PEF-based
methodology is a powerful tool to determine /, for polymers.

EXPERIMENTAL

Chemicals:  n-Butyl methacrylate, stearyl methacrylate, methacrylic  anhydride,
azobisisobutyronitrile (AIBN), 1-pyrenebutanol, dimethylaminopyridine (DMAP), toluene,
methanol, and dichloromethane were purchased from Sigma-Aldrich.

Synthesis of the pyrene-labeled poly(n-butyl methacrylate-co-stearyl methacrylate): A series of
copolymers composed of butyl methacrylate (C4sMA), stearyl methacrylate (CisMA), and 1-
pyrenebutyl methacrylate (PyBuMA) (Py-P(CsMA-co-CisMA)) were prepared by free radical
polymerization in toluene at 63 °C, using AIBN as the initiator. To minimize composition drift, the
polymerization was monitored by 'H NMR to keep the conversion below 20%. Once an
appropriate conversion was achieved, the polymerization was terminated by exposure to air. The
product was precipitated four times in chilled methanol to eliminate any unreacted material and
the mixture was centrifuged to recover the copolymers. Following purification, the samples were
dried under vacuum for a minimum of 12 hours to remove residual solvent. PyBuMA used to
introduce the pyrenyl label in the Py-P(CsMA-co-CisMA) samples was synthesized by
methacrylation of 1-pyrenebutanol. PyBuMA was synthesized by reacting 0.42 mL (2.8 mmol) of
methacrylic anhydride with 0.50 g (1.8 mmol) of 1-pyrenebutanol in the presence of 0.0445 g (0.36
mmol) of dimethylaminopyridine in 50 mL of distilled dichloromethane. A series of copolymers
with a same CsMA-to-CisMA ratio were prepared with pyrene contents ranging from 0.5 to 8
mol%. The CsMA-to-CisMA ratio was adjusted from 0.19 to 21 to generate 5 series of Py-
P(CsMA-co-Ci1sMA) samples with varying pyrene contents.

Chemical composition and molecular weight distribution of the copolymers: The pyrene content
of the Py-P(C4sMA-co-C1sMA) samples was determined by UV-Vis spectroscopy. Solutions of Py-
P(CsMA-co-CisMA) with a known mass concentration (m) were prepared in THF. The absorbance
was then measured at 344 nm using a Varian Cary 100 Bio UV-Vis spectrophotometer with a 1 cm
pathlength cell. The molar extinction coefficient of 1-pyrenebutanol was determined to equal
42,250 M 'em™ in THF.! Application of the Beer-Lambert’s Law yielded the pyrene
concentration ([Py]). The molar fraction (x) of pyrene-labeled structural units in the copolymer
was determined based on the pyrene content (Apy = [Py]/m) with Equation 1, where y is the molar
ratio of C1sMA-to-CsMA (v = xcisma/xcama) determined beforehand by 'H NMR. In Equation 1,
Mcisma, Mcama, and Mpy are the molar masses of stearyl methacrylate, n-butyl methacrylate, and
I-pyrenebutyl methacrylate equal to 338.6, 142.2, and 342.4 g/mol, respectively.

X = YMcisma+Mcama (1)
(A+y)/Apy+yMcisma+Mcama—(1+Y)Mpy
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Py-P(CsMA-co-CisMA) copolymers with five molar ratios with y equivalent to 0.19, 1.1, 2.4, 4.3,
and 21 were prepared and characterized, corresponding to 15, 50, 70, 80, and 95 mol% of CisMA,
respectively. The molar ratio was determined through the analysis of the 'H NMR and UV-Vis
absorption spectra acquired with all of the Py-P(CsMA-co-CisMA) samples.

The number (M,) and weight (M) average molecular weights of the Py-P(CsMA-co-CisMA)
samples were determined by gel permeation chromatography (GPC) with a Viscotek GPC
instrument equipped with a 305 triple detection array, comprising a differential refractive index
(DRI), viscosity, and light scattering detectors.

Fluorescence Analysis: The fluorescence measurements were performed on the Py-P(CsMA-co-
C18sMA) samples dissolved in THF with an optical density (OD) of 0.1, corresponding to a pyrene
concentration of 2.5 umol/L or a polymer mass concentration of approximately 5 mg/L. Samples
were degassed for 30 minutes under a steady nitrogen flow to remove oxygen, as it is a known
quencher of fluorescence. Fluorescence spectra were acquired from 350 to 600 nm, with an
excitation wavelength of 344 nm. For time-resolved fluorescence measurements, the excitation
wavelength was set at 379 and 510 nm for the pyrene monomer and excimer, respectively. The
FBM was then applied to fit the monomer and excimer fluorescence decays globally to determine
Nboiob. The calculation of Nyiob was conducted with Equation 2, where <n> is the average number
of ground-state pyrenes per blob, fmfiee 1s the molar fraction of monomers that did not form excimer
and were detected in the monomer fluorescence decay, and x is the pyrene content determined with
Equation 1.

1_foree

< Nblob > = x<n> (2)

RESULTS AND DISCUSSION

Five sets of Py-P(C4MA-co-C18MA) copolymers were prepared by free radical polymerization
with 15, 50, 70, 80, and 95 mol% of CisMA. Each set of copolymer composition was prepared
with a range of pyrene contents between 2-8 mol%, as well as an additional sample with a pyrene
content of less than 1 mol% to determine the lifetime of the pyrene monomer. This Py-P(CsMA-
co-C1sMA) sample with a low pyrene content was referred to as the model compound for that
copolymer series. The exact chemical composition of the Py-P(C4sMA-co-C1sMA) samples was
determined through the analysis of the 'H NMR and absorption spectra acquired with these
samples after determining the conversion of the copolymerization by analyzing the '"H NMR
spectrum of the reaction mixture with the copolymer and the monomers. The fluorescence decays
of the Py-P(CsMA-co-C1sMA) samples were acquired and analyzed globally according to the
FBM to determine Nyiob, Which was plotted as function of pyrene content in Figure 1A. Since Noiob
remained constant with pyrene content in Figure 1A, the Npiob values were averaged to yield
<MNviob> Which was plotted as a function of the average number (<Ns>) of atoms in the side chain
for the Py-P(CsMA-co-CisMA) samples and the Py-PAMA samples characterized earlier'* in
Figure 1B.

The constancy of Nyiob With pyrene content indicated that within experimental error, the pyrene
derivatives do not alter the conformation of the copolymer. These Noiob values were averaged to
yield <Npiop> which was then plotted as a function of the average number of carbon atoms in the
structural unit (<Ny>), along with the <MNyiop> values previously obtained for the PAMA

75



homopolymers. < N; > for the homopolymers represents the number of non-H atoms in the side
chain, whereas for the copolymer samples, < N;> is calculated according to Equation 3.

1
<Ng>=4X—+18x (3)
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Figure 1. (A) Plot of <Npw» > as a function of pyrene content for Py-P(CsMA-co-C1sMA) samples
with varying C1sMA compositions (15 mol% CisMA (y = 0.19;$ ), 50 mol% CisMA (y=1.1;0),
70 mol% CisMA (y =2.4;0), 80 mol% CisMA (y =4.3; A ), 95 mol% CisMA (y =21;= )). (B)
Plot of as a function of the number of atoms in the side chain. (O ) Py-PAMA homopolymers
(PC1MA, PC4MA, PC(,MA, PCgMA, PC12MA, PClgMA),l4 (0 ) Py-P(C4MA-CO-C13MA)
copolymers (15% CisMA, 50% CisMA , 70% CisMA, 80% CisMA, and 95% CisMA).

For homopolymers and copolymers alike, Nviob €xhibited a constant decrease with increasing alkyl
side chain length in Figure 1B from 59 (£5) for Py-PCiMA (poly(methyl methacrylate) to 16 (£1)
for Py-PC1sMA (poly(stearyl methacrylate)). This decrease is indicative of a loss of flexibility in
the polymeric backbone. With the introduction of longer side chains, the excited pyrenyl labels
probe a smaller volume within the polymer coil due to steric hindrance. In addition, Nyiob values of
36 (x1), 25 (£0.7), 20 (£0.2), 19 (£0.6), and 17(£0.5) were obtained for the Py-P(C4MA-co-
C18MA) copolymers prepared with 15, 50, 70, 80, and 95 mol% of C1sMA, respectively. As shown
in Figure 1B, these Myiob values matched those obtained with the homopolymers with equivalent side
chain lengths. These results suggest that the persistence length of these polymers, which is related
to the flexibility of the backbone, depends on the average side chain length of the methacrylate
structural unit.

The methodology developed in the Duhamel lab'® based on the modified Kratky-Porod equation,
shown in Equation 4, was used with Equation 5 to calculate the persistence length of the Py-
P(CsMA-co-C1sMA) samples based on their <Npiob> value. In Equation 5, <r’ge>blob is the mean
squared end-to-end distance of a chain segment within a blob, and b is the length of a monomer unit
taken to be 0.25 nm. In Equation 5, Nyiob,« 1 taken as the Npiob value of a fully extended chain.
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Figure 2. (A) Plot of /, as a function of the square of the fraction of stearyl methacrylate content
in the copolymer (#). (B) Plot of /, as a function of the square of the number of carbon atoms in
the side chain for PyPEG5-PEGaMA samples in DMF (<>),'> PyBuMA-PEG,MA samples in DMF
(@),'° poly(alkyl methacrylate) where /, was determined by intrinsic viscosity measurements (4),’
PyBuMA-PAMA samples in o-xylene (m), and PyBuMA-PEG,MA samples in o-xylene ( O).

As demonstrated by Figure 2A, the persistence length increased linearly as a function of the square
of the fraction of stearyl methacrylate in the copolymer, a trend which is in fundamental agreement
with predictions by Fredrickson regarding the scaling of /, with an increasing molar fraction of a
bound oligomeric surfactant.!” Unfortunately, pyrene excimer formation being controlled by
diffusion, Nviob and /, are both affected by solvent viscosity. As it turns out, the ideal solvent
viscosity, where diffusive effects do not affect the Nyiob and /, values has been determined to equal
0.74 mPa.s at 25 °C, slightly larger than the viscosity of THF (0.46 mPa.s at 25 °C)."> This implies
that the persistence length determined for the copolymers in THF is only an apparent persistent
length. Consequently, the fluorescence experiments conducted thus far in THF for the Py-P(CsMA-
co-C1sMA) copolymers will be repeated in o-xylene with a viscosity of 0.76 mPa.s at 25 °C, which
is similar to the ideal viscosity (0.74 mPa.s). For instance, /, values determined for the Py-PAMA
homopolymers in o-xylene, as well as pyrene-labelled poly(oligo(ethylene glycol)methyl ether
methacrylate)s (Py-PEGaMAs withn=0-5, 9, 16, 19) that have been studied in o-xylene and DMF
(viscosity = 0.79 mPa.s at 25 °C) show remarkable agreement with each other when /, was plotted
against Ns? in Figure 2B.

bXNpio
< 185 >plop= 21, (b X Npjop) — lez, [1 —exp <_ XNpi b)] @

lp
< 1ég > = (b X Npjopw)* Q)

CONCLUSIONS

The persistence length is frequently presented as a parameter for assessing polymer flexibility, yet
due to the demanding prerequisites of current methods such as intrinsic viscosity, scattering
techniques, or GPC experiments, the persistence lengths of many polymers remain unknown. This
research showcases the viability of utilizing PEF to determine /, as was done for a series of Py-
P(CsMA-co-CisMA) samples. Because the FBM segregates the polymer into blobs, the FBM
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analysis is highly suitable for polydisperse polymers such as those obtained industrially. Moreover,
the methodology based on the FBM can handle any solvent in which the polymer can be dissolved
as long as the solvent does not interfere with the fluorescence of pyrene, and the short butyl linker
connecting the pyrene moiety to the polymer backbone ensures that the motion of the pyrene
remains correlated with that of the backbone, thereby eliminating the influence of the linker on the
PEF measurement itself.

The [, values determined for the homopolymer Py-PAMA and copolymer Py-P(CsMA-co-C1sMA)
samples not only confirmed the theoretical predictions regarding how /, scales with side chain
length (Ns) but also with the molar fraction (fcig) of comonomer. Since similar /, values were
obtaine for homopolymers (PAMA and PEG,MA samples) and P(C4MA-co-Ci1sMA) copolymers,
it suggests that the polymer structure through the average side chain length affects /, more
significantly than the actual chemical composition of the side chains. Incorporating PEF into the
array of methodologies already available for determining /, might enable its determination for
industrially relevant macromolecules, such as the PAMA samples characterized in the present
study.
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There are many applications in which sensing and monitoring hazardous gases and toxic organic
analytes are important. The identification and detection of these gasses are critical to protecting
human and environmental health. Hence, there is an urgent need for gas-sensing devices (i.e., gas
sensors) to minimize concerns regarding health, safety, and the environment. The importance of
gas sensing materials is well recognized as the sensing material is the ‘heart’ of a sensor that

interacts with the target analyte, leading to a detection signal generated by the sensor.

This overview discusses the design and evaluation of polymeric gas sensing materials for the

room-temperature detection of harmful gases.

One of the application prospects of gas sensors is in energy storage devices. Energy storage devices
include fuel cells and batteries, especially with the recent surge in the popularity of lithium-ion
batteries (LIBs), because of their desirable characteristics such as high specific capacity and
energy, and a sufficiently long service life. Their widespread applications range from small-format
batteries used in smartphones and e-notebooks, to large-format batteries used in electric vehicles
and airplanes. However, enhancing safety of these energy storage devices remains a prominent
aspect that requires advancements in lithium-ion batteries as it has been shown that gas evolution
occurs in LIBs. Some of the common gases released in LIBs are ethylene, hydrogen, carbon
dioxide, and carbon monoxide [1]. These analytes are either flammable or can cause negative

health effects on humans if their concentration goes above a certain limit.

Another important gas sensing application is the detection of volatile organic compounds (VOCs)
that can cause serious damage not only to human health but also to other living organisms and the
environment [2]. These toxic VOCs may include but are not limited to formaldehyde,
acetaldehyde, and benzene. These analytes are present indoors and outdoors in domestic and

industrial settings.
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Polymeric materials and metal oxides are the two main types of gas sensing materials. Metal oxide-
based sensors have the advantage of high sensitivity, but they operate at elevated temperatures
(150°C-500°C), necessitating the need for an additional heating source. Polymers, on the other
hand, have received increased attention as sensing materials due to their room-temperature
operation and their potential to be modified by incorporating dopants (like metals, metal oxides,

acids, etc.) [3].

The overall research arc is on the development and evaluation of polymeric sensing materials that
can detect these harmful gases in ppm levels at room temperature. Polymers modified/doped with
metal oxides have displayed reasonable sensing behavior making them promising sensing
materials in gas sensor applications. Polyaniline (PANI) and its derivatives, e.g., poly (2,5-
dimethyl aniline), doped with various concentrations of different metal oxide nanoparticles were
synthesized and evaluated as sensing materials for target analytes, along with other polymeric

materials like polypyrrole (PPy), polythiophene (PTh), and polyvinylpyrrolidone (PVP).

The sorption characteristics of sensing materials were evaluated using an experimental test set-up
involving a specialized gas chromatograph (as shown in Figure 1) [4][5]. In some cases, when an
analyte is deemed too hazardous for a particular (academic) testing environment, a "simulant” or
"surrogate” has been utilized instead. Sorption trends were used to determine the sensing
performance such as sensitivity and selectivity of sensing materials (see Figure 2 as a
representation of sorption studies). The effect of environmental factors (e.g., ageing), on the
sensing performance, related to the sensing material stability, was also evaluated for selected
sensing materials. Other property characteristics of the sensing materials were also determined
using different techniques such as scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy dispersive X-rays (EDX), dynamic light scattering (DLS), Brunauer-
Emmett-Teller (BET) tests, and X-ray diffraction (XRD), to provide a more detailed explanation

and additional confirmation of the sorption trends.

82



) 7 b ve
(7 1 MEC } Passive v | Gas
I. fi———{FC_———{Cxs Mixey L)

Chromatograph

Figure 1: Gas sorption test set-up [5]. Note: MFC= Mass Flow Controller, FM= Flowmeter.
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Figure 2: Formaldehyde sorption for PANI materials at 5% dopant level; (Source: F 11.1 ppm).

At this point, target analytes have been identified and the potential polymer backbones for a
particular target analyte have been established. In the final step, optimal sensing materials were
deposited on a MEMS (micro-electro-mechanical system) sensor which is efficient, inexpensive,
and of small size. The sensor as a whole was then evaluated for its sensing performance. The
process of designing/selecting the sensing materials, together with relevant examples, will be

demonstrated during the IPR conference.
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Highly Conductive MXene Quantum Dots/Starch Nanocomposite Polymer Electrolytes for
All-Solid-State Lithium-lon Batteries: Unveiling Insights for Future Sustainable Energy

Storage

The escalating utilization of fossil fuels has sparked significant concerns regarding environmental
pollution, underscoring the urgent need for clean, affordable, and efficient energy storage
solutions. Among these, lithium-ion batteries (LIBs) have emerged as a safe and versatile energy
storage technology with wide-ranging applications across the electronics industry. The current
market valuation of LIBs stands at a staggering US$44.5 billion, a figure projected to soar to
US$135.1 billion by 2031. However, conventional LIBs suffer from critical drawbacks, including
the leakage of liquid electrolytes - notorious for their nephrotoxic and flammable nature - and
dendrite growth. Consequently, there is a pressing demand for the development of eco-friendly

and sustainable LIBs to meet the evolving needs of society.

Polymer electrolytes (PEs) have emerged as promising alternatives to liquid electrolytes in
addressing safety concerns associated with L1Bs. However, PEs often grapple with challenges such
as low ionic conductivity and charge capacity. To enhance ionic conductivity, it is imperative for
the electrolyte to effectively stabilize lithium cations released from the cathode structure and the
dissociation of the lithium salt within the PE. Consequently, considerable research attention has
been directed towards PEs with a high number of oxygen atoms in their structure, facilitating
coordination with lithium cations (Li*). Natural-based polymers, notably cellulose and starch,

stand out as viable options owing to their abundance of oxygen atoms in their repeating units.

Nevertheless, it's crucial to recognize that half of the ionic conductivity and the final battery
capacity are determined by the lithium salt within the PE. Upon application of a potential
difference during the charging process, this salt undergoes dissociation into positive (M*) and
negative (X°) charge species. While the electron-rich atoms in the PE can stabilize the positive part
(M* or Li"), the presence of unstable negative charge species within the polymer electrolyte poses
challenges. These unstable negative charges (X°) can engage in irreversible reactions with lithium
cations, impeding the charge-discharge process and diminishing battery capacity and ionic

conductivity. Therefore, an ideal PE should prevent the irreversible reaction of charged species
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resulting from the dissociation of a lithium salt by establishing coordination with both positive and

negative charge species.

This project aims to pioneer the development of all-solid-state lithium-ion batteries (L1Bs) tailored
for advanced energy storage applications by replacing liquid electrolytes with a solid
nanocomposite electrolyte. The electrolyte design revolves around starch, a natural polymer, and
Ti3C>T, MXene nanosheets. Starch is selected for its economic viability, biodegradability, thermal
stability, and abundant electron donor oxygen atoms capable of coordinating with lithium ions
(Li*). Meanwhile, TisC,T, MXene nanosheets provide mechanical robustness, with titanium (Ti)
serving as an electron acceptor to stabilize the negative part of the lithium salt (X°) and fluorine

(F) reducing the dissociation energy of the lithium salt.

The envisioned nanocomposite aims to stabilize both Li* and PF6°, mitigating their irreversible
reactions and reducing salt dissociation energy, while concurrently thwarting dendrite growth
owing to its superior mechanical properties. However, a significant impediment in this endeavor
is the aggregation and restacking of the MXene nanosheets. This challenge can be surmounted by
modifying the hydroxyl groups of TizC2T; using 2-bromoisobutyryl bromide and sodium azide to
yield Nz-functionalized MXene. Additionally, these modifications, conducted in diverse acidic
reaction environments under sonication, will lead to the reduction of MXene nanosheet
dimensions, thereby yielding MXene quantum dots. These quantum dots boast a higher surface
area, facilitating enhanced interface interaction between the nanofiller and the polymer matrix.

Subsequently, a one-component nanocomposite can be realized by grafting cellulose acetate onto
the Ns-functionalized surface of the MXene nanosheets using a novel copper-catalyzed alkyne-
azide cycloaddition click reaction (please refer to the Figure 1 to view the reaction schematic).
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Figure 1. Schematic of the modification steps and the final reaction.

Hence, the final Starch/MXene guantum dots one-component composite presents a compelling

array of advantages that underscore its potential for revolutionizing solid-state LIBs and advancing



energy storage technology. With titanium (Ti) serving as an electron acceptor, the composite
effectively stabilizes the negative portion of the lithium salt (X°), thereby enhancing the overall
stability of the electrolyte. Moreover, the presence of fluorine (F) within MXene contributes to a
reduction in the required dissociation energy of the lithium salt, facilitating more efficient ion
transport within the electrolyte. Incorporating MXene into the composite substantially enhances
its mechanical properties, providing greater resistance against dendrite growth and thereby
enhancing the safety and longevity of the battery. Additionally, the oxygen (O) and hydroxyl (OH)
groups present on the MXene surface facilitate the transfer of cations along the electrolyte, leading
to improved conductivity and overall battery performance. Furthermore, MXene's unique
crosslinking capability (due to its multifunctional surface) eliminates the need for additional
crosslinking reactions during the preparation of polymer films, streamlining the manufacturing
process and enhancing the structural integrity of the composite. These combined advantages
position the Starch/MXene quantum dots one-component composite as a promising candidate for
addressing the challenges associated with conventional LIBs and paving the way for safer, more

efficient, and sustainable energy storage solutions.

This study endeavors to explore the synthesis and characterization of composites featuring diverse
concentrations of MXene (10%, 30%, and 50%). Integral to this investigation are multiple
analytical techniques including Fourier-transform infrared spectroscopy (FTIR), carbon-13
nuclear magnetic resonance (C** NMR), and X-ray photoelectron spectroscopy (XPS) to elucidate
the modification steps and anticipated reactions. Furthermore, the crystalline structure, thermal
properties, and dispersion of the filler within the polymeric matrix will be thoroughly examined
through X-ray diffraction (XRD), differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and transmission electron microscopy (TEM), respectively. Subsequently, the
electrochemical properties of the resultant one-component composites will be comprehensively
evaluated. This assessment will encompass analyses of ionic conductivity utilizing
electrochemical impedance spectroscopy (EIS), determination of cation transfer number,
assessment of electrochemical stability window, and characterization of charge-discharge cyclic
performance, among other relevant parameters. Through this meticulous investigation, insights
into the electrochemical behavior and performance of the composites will be garnered, thereby

enriching our understanding of their potential utility in advanced energy storage applications.
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