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Hyun-Sook Jang, Ph. D
University of Connecticut, 2014

Functions of nanomaterials can be strongly dependent on their structures. Therefore,
the knowledge of structure-function relationship can provide important information for
designing functional materials. This dissertation aims to gain fundamental knowledge
through structural analysis of nano-sensing materials for explosives and bio-diagnosis in
order to enhance the sensitivity.

The main project of my research involved the investigation into the fluorescence
and quenching mechanisms of pyrene with a series of organic salts and/or polystyrene of a
variety of architectures as well as the function of explosive detection. The major findings
of this dissertation includes: (1) the formation of pyrene excimers can be enhanced by high
solvent vapor pressure annealing with the polystyrene (2) tetrabutylammonium cation
(TBA™) can effectively suppress the fluorescence but hexafluorophosphate anion (PFs’)
with TBA™ can counteract this effect at high solvent vapor pressure driven by temperature.
This process is reasoned by dynamic quenching, (3) Polystyrene can effectively lower
LUMO (lowest unoccupied molecular orbit) level of pyrene, thus facilitating the detection
of the nitro-aromatic explosives. This process is presumably accomplished through

radiationless energy transfer from polystyrene emission to pyrene absorption resulting in
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the efficient photoinduced electron transfer (PET) to explosives, (4) the diffusion
coefficients of 2,4-DNT (dinitrotoluene) through pyrene/polystyrene films was evaluated
and film thickness is found to be a key parameter affecting the diffusion of 2,4-DNT.

The second project mainly focused on constructing potential nanotemplates for
biocompatible sensing and diagnosis by using the complexes made of phospholipid/gold
nanoparticles and phospholipid/polymer. The 2-nm surface-modified gold nanoparticles
can be incorporated in the phospholipid bilayers. Such template can be further developed
into theranostic carriers for medical imaging or hyperthermia treatment. In addition, | have
shown that lipid vesicles can interact with a triblock copolymer forming clusters of vesicles

— this template can also be used as sensitive biosensors.
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Chapter 1.

Introduction

1.1. Explosives Detection

The demand for high sensitivity and selectivity in the detection of
explosives has emerged as a result of national security risks. Explosives are
classified as highly energetic materials because their decomposition is
extremely exothermic, releasing tremendous amounts of heat and gas,
typically within a fraction of a second. Fig.1.1.1 shows the most common
explosives such as trinitrotoluene (TNT), dinitrotoluene (2,4-DNT), penta-
erythritoltetranitrate (PETN), cyclotrimethylenetrinitramine (RDX) and
trinitrophenyl-N-methylnitramine  (Tetryl). In reality, it is extremely
difficult to detect these explosives due to its intrinsic characteristics. First
of all, the low volatility of explosives at room temperature is a limiting
factor for the efficient detection. For instance, at 25°C, the saturated
concentration of TNT vapor is 10 ppb and in the case of RDX it is less than
1 ppb.! In the field, these concentrations can never be reached since a little
perturbation in air may affect the system. Indeed, some types of explosives
(i.e. 2,4-DNT) tend to adsorb onto surfaces, causing reduced concentrations

in the volume of sample. However, a promising property of nitroaromatic



explosives for detection is its electron accepting capability due to the
electron-withdrawing nitro groups which lower the energy of the empty n*
orbitals. These reduction potentials become more favorable (less negative)
as nitro substitution increases, according to the series of nitrobenzene (-1.15

V), DNT (-0.9 V), and TNT (-0.7 V) versus the normal hydrogen

electrode.?
CHa CHz
0,NO ONO,
O,N NO, NO,
O;N O ONO;
NO2 NO;
TNT DNT PETN
CH
OZN\N/ 3
NO
OZN\N/\N/ : 0y N NO,
LT)
NO, Yo,
RDX Tetryl

Fig.1.1.1 Structures of common explosives

Several technologies have been developed for the detection of explosives.
In general, explosives detection could be separated into two separate
categories, 'real-time' and ‘laboratory’', which are designed for (1) screening
any harmful explosive regardless of quantification and/or identification and
(2) 'after-the-fact' applications along with accurate quantification and

identification, respectively. The approved standard technology for trace



amounts of TNT detection involves reverse-phase HPLC with a UV
detector.>> However, their application in the detection of explosives is
limited because they do not satisfy real-time measurements with high

sensitivity and selectivity. Other methods such as surface acoustic wave

6-8 9-12

sensors,” sensors based on conducting or fluorescent polymers,

13-15 6

immunosensors'®>"'> or surface plasmon resonance!® were introduced. With
the help of the electro-deficient nature of explosives, the fluorescence
quenching has emerged as an effective method for detecting explosives.?
One of the most effective materials in sensing nitro-explosives is
fluorescent conjugated polymers, which promote exciton migration along
the polymer chain resulting in fluorescence quenching over a long distance
by a single quencher-binding, referred to as “molecular wire”
amplification.!’ Also, it has been reported that a nanofibrous film composed
of pyrene (Py) as a fluorophore /polystyrene (PS) /Tetrabutylammonium
hexafluorophosphate (TBAPFs) exhibited a high sensitivity in detecting
nitro explosives through a non-direct contact method shown in Fig.1.1.2.1®
In this dissertation, an investigation of the optical properties of Py in the
presence of polymers and salts to understand the detection mechanisms with

explosives through different structure characterization techniques will be

made.



Buried explosives
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Fig 1.1.2. Fluorescence quenching of Py/PS/TBAPF films with buried
DNTs*®

1.2. Pyrene as a Fluorophore

Pyrene (CisH1o, Py) is a type of rigid, planar polycyclic aromatic
hydrocarbon (PAH) made of four fused benzene rings. Due to its electron-
rich structure, Py absorbs strongly in the UV region with extinction
coefficients on the order of 10* Ms?® Also, Py has unique optical
properties compared to other fluorohphores such as different fluorescence
species (i.e., monomer, excimer), high quantum yield, and long lifetime
(discussed below). These characteristics allow for Py to be a potential
candidate for the identification and quantification of electron-deficient
compounds. In this regard, Py has been successfully applied to a variety of

sensing areas including ions?®%3, explosives'® 24, optical switches?®>2%,



monitors for micelles formations?”?, and biological probes?3°,

0
age

Pyrene (C] 5H!o)

Fig. 1.2.1. Structure of Pyrene (C1sH10)

1.2.1. Pyrene Monomer (Im) and Excimer (lg)

One of the distinct optical features of Py is its two ranges of emissions: 370
~ 400 nm (monomer emission, Im) and 420 ~ 600 nm (excimer emission,
le), respectively. As a result of extensive and insightful research, the
photophysical properties of Py are well-established. Py has five well-
resolved major vibronic bands between 370 and 400 nm in the m—m*
emission spectrum, labeled as 1, 2, 3, 4, and 5.312 Those peaks are termed
as a Py monomer and are very sensitive to the polarity of the surrounding

environment. Measurement of the ratio of emission intensities of 11/I3 (I at

~ 373 nm, I3 at ~ 384 nm) in different solvents is used as an indicator for

the determination of the polarity around Py — the higher the I1/I3 value, the
more polar the solvent environment. It is generally believed that the solvent
dependence is attributed to the symmetry distortion of the Py structures

5



induced by dispersion or van der Waals forces®*. Since those vibronic bands
are closely related to its absorption spectra, the absorption or excitation
spectra of fluorophores was used to examine the fluorescence emission
spectra. The excitation of Py from the ground-state (So) to the higher
electronic energy levels of Sy, Sz, S3, and S4 can be observed around 372,
334, 272 and 243 nm, respectively, in different solvents (i.e. cyclohexane,
CH,Cl,) and are shown in Fig. 1.2.1 and Table 1.1, respectively.® As the
very weak intensity of S; «— Sp band was observed in Fig.1.2.1 due to the
forbidden symmetry between the So and S electronic states, Sz « So
transition peak between 334 and 345 nm has been used as an excitation
wavelength for the fluorescence emission. In this regard, this thesis also

focused on this S, «— Sp transition band to study the formation of Py excimer.
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Fig 1.2.2. The Jablonsky diagram (top) and the corresponding
transitions (bottom) found in the absorption (solid line) and
fluorescence emission (dash line) spectra of Py in cyclohexane with
[Py] =2.5%x10 M and Jex= 334 nm

In addition, it should be noted that no and/or very little overlap between the
absorption and fluorescence emission spectra of Py was shown in Fig. 1.2.2.
This suggests the minimized energy transfer between an excited and a
ground-state Py results in a high quantum yield (®r~ 0.65).

Following absorptions, an excited Py monomer (Py*) can either return to
the ground state with different radiation pathways, or associate with a
ground-state Py. In general, where aromatic rings are involved, weak
interactions can bring them within van der Waals contact distances,

resulting in an excited-state dimer or “excimer”.



Excited | Ground | Vibronic Wavelength
state state level E)
cm nm
1 26870 |372.1623
1L, 1A 2 27610 | 362.1876
3 28000 |357.1429
4 28420 | 351.8649
1 29680 |336.9272
1L, 1A 2 31150 |321.0273
3 32500 |307.6923
4 33780 | 296.0332
1 36470 274.198
1B, 1A 2 37990 |263.2272
3 39490 | 253.2287
18, 1A 1 41270 |242.3068
2 42880 233.209

Table 1.1 Absorption spectra of Py in CH.Cl solution at

298K
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Scheme 1.1. Birks’s scheme and structures of the excited Py
excimer,

where tv and te are the lifetimes of the excited Py monomer and
the excimer, and ki and k-1 are the rate constants of formation and

dissociation, respectively.

The process of excimer formation was described by Birks!® 37 and is
shown in scheme 1.1. Excimer emission typically provides a broad
structureless fluorescence band without a vibrational structure in which the
maximum is shifted to lower energies compared to that of the uncomplexed
(“monomer”) fluorophore emission. Excimers are more likely to be
produced by the relatively long-lived monomer excited states. In this regard,
Py shows an enhanced excimer fluorescence due to it relatively longer
singlet lifetime (~ 450 ns).®® It has known that the formation of Py excimers
is governed by a diffusion controlled process.!® 33 As a result, a high
concentration of Py promotes the formation of Py excimers prior to self-
quenching.3® Therefore, the viscosity of solvent is a limiting factor for
efficient excimer formation. Moreover, the formation of Py excimers

depends on the orientation and proximity between two molecules.*®*! The



distance between two Py molecules is roughly equivalent to that between
layers of graphite ( ~3 to 4 A%.Y Fig. 1.2.3 illustrates the ground and
excited state potential-energy curves for pairs of Py in a crystal.*? In this
diagram various processes are explained, including: 1) Excitation to a
singlet monomer exciton state, 2) monomer exciton migration, 3) excimer
formation, 4) excimer-to-excimer transfer, 5) excimer fluorescence, and 6)
Franck-Condon forbidden transition between a pair of ground-state
molecules and the excimer state. With this diagram one can readily
understand why the excimer emission (Process 5) is red shifted relative to
the monomer emission (Process 1) and why the excimer emission is so
broad and structureless.*> Due to the energy loss during the formation of
excimer, the excimer can be termed as a type of fluorescence quenching. It
is possible to observe the absorption process corresponding to direct
excitation to the excimer state (Process 6) at 430 nm,3” however, in reality,
this absorption peak is extremely weak due to large displacements of the

equilibrium configuration of the excited-state.

10



\l

Fig. 1.2.3. Schematic diagram of the potential-energy curves for

pairs of Py molecules in a crystal.

1.2.2. Ground-Associate Dimers

Py excimer is formed by a collision between the excited state of Py* and
the ground state of Py. Another analogous type of collision can be present
between two ground-state Py molecules. Winnink® suggests a theory that
the ground-state could be purely repulsive, and introduces the concept of
ground-state dimers in Py. The excitation and subsequent emission of these
dimers is said to lead to an “associative” state. However, a ground associate
dimer also possesses a broad emission like that of an excimer which makes
it difficult to distinguish between the two species from the fluorescence
emission spectrum. This can be explained via simple molecular orbital

interaction theory as shown in Figure 2.1.4.4344
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Fig 1.2.4. Molecular orbital interactions between ground

state dimer and excimer

When two ground-state pyrenes interact, two electrons are stabilized and
two electrons are destabilized, leading to a zero net gain in energy and thus
the molecules dissociate.** However, in the excimer, three electrons are
stabilized and only one electron is destabilized, resulting in an overall
stabilization of two electrons.***** A binding energy for the Py excimer was
correlated to 38-42 kJ/mol in previous research.****’ Several experimental
methods were devised to differentiate between excimers and ground-
associate dimers. Winnink® proposed an examination of the peak-to-valley
ratio (PA) of the 0-0 transition peak (So—S1), in other words, the peak
broadness and the degree of red-shifting (AL) of the excimer compared to
that of the Py monomer in the excitation spectrum to identify the ground-
associate dimer as shown in Fig.1.2.5%" Also a relative weight rise time in
the excimer fluorescence decay was suggested to determine the ground-

assoicate dimer.*®4° The formation of excimer will be delayed relative to

12



the initial excitation, resulting in a rise time of fluorescence decay. Those
excimers formed by the direct excitation of ground associate dimers form
excimer quasi-instantaneously and therefore the fluorescence decay does

not exhibit a rise time as shown in Fig.1.2.6..%°

|| Yalley
M

INTENSITY (arbitrary units)

1 1 A 1
250 275 300 325 350
WAVELENGTH (nm)

Fig.1.2.5. Normalized excitation spectra of HPC-Py/26 in water,
monitored at 380 nm (monomer, full line) and at 489 nm (excimer,
dashed line).?

100000

10000 i

1000 4

—
=
=

Excimer Intensity

=

0 QDIEI 40IIJ 6DID 3;0 IOIDD
Time, ns
Fig. 1.2.6.. Excimer fluorescence decays excited at 344 nm and

obtained at 510 nm for excimer-like (o) and monomer (0)49
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1.3. Fluorescence Quenching Mechanism

Fluorescence quenching is a decrease of fluorescence intensity due to other
relaxation processes of an excited molecule (M*). Fluorescence quenching
provides information about the environment of the fluorophore and
interactions with quencher, Q. This is occasionally accompanied by a Q
such as heavy ions or with paramagnetic species (e.g. Oz, NO.). Also, a

variety of processes give way to fluorescence quenching, such as

e Static and dynamic quenching (Collisional quenching)
e Excited state reactions (i.e. formation of excimer, exciplex)
e Photoinduced Electron Transfer (PET)

e (Fluorescence) Resonance Energy Transfer (RET)

1.3.1. Static and Dynamic Quenching®*

Both static and dynamic quenching are reversible processes and occur upon
collision of an excited fluorophore with heavy ions or with paramagnetic
species (e.g. O2, NO.) and other quenchers. This collision occasionally
causes an intrinsically forbidden intersystem crossing (ISC) from the first
excited singlet state (S1) to the excited triplet state (T1) due to spin-orbit
coupling with heavy atoms. The efficiency of spin-orbit coupling depends
on the fourth power of the atomic number.

Static quenching can be observed in two cases: (i) non-fluorescent
complexes (MQ) are formed between quencher (Q) and fluorophore (M) (ii)

the Q lies within close distance to M*, so-called the radius of the effective

14



sphere of quenching, and then, no fluorescence of M* is observed due to
quenching. This process is attributed to high concentrations of Q or

viscous/rigid matrices as shown in Fig.1.3.1.

Radius of the effective
sphere of quenching

e © @
% W

No emission Emission

Fig.1.3.1. Static quenching of M* at high concentrations of Q or in

viscous or rigid matrices.

Dynamic quenching is also known as Stern-VVolmer quenching and involves
a diffusion process to form an encounter pair of M*Q. The Kinetics,
considering rate constants of deactivation in a photophysical intermolecular
interaction between M* and Q, is illustrated by the Stern-VVolmer equation

in Egn. 1.1.

D= =1 4 k1o[Q] = 1+ Ky [Q] (1.1)

Fo and 7o are the fluorescence intensity and lifetime of the fluorophore in
absence of quencher, and F and t are the fluorescence intensity and lifetime
in presence of the quenching with quenching species, respectively. Plotting
the ratio of Fo/F against the quencher concentration gives the Stern-Volmer

quenching constant Ksy. Fluorescence lifetime (t) is inversely proportional

15



to the sum of the rate constants, k, of all radiative and non-radiative
relaxation processes as expressed in Eq (1.2). Also, the fluorescence
intensity is related to quantum yield (®) and rate constants (k). Hence, the
lifetime of fluorophores helps to distinguish quenching mechanisms of

static and dynamic quenching.

1 1
T=%~ (kp+knr) (1.2)
Intensity <P = #of photon emittied _ Ky (13)

# of photon absorbed  kp+ kpy
According to Egn.1.1 and 1.2 the fluorescence lifetime and therefore also
the fluorescence intensity of M* depends on the concentration of Q. In this
dissertation, the lifetime measurement was conducted for the determination
of the quenching mechanism. While the fluorescence lifetime remains
constant in the case of static quenching, a dynamic quenching will show a

shorter lifetime due to more non-radiative decay pathways.

1.3.2. Quenching mechanisms

Photoinduced Electron Transfer (PET)!

Photoinduced electron transfer is one type of deactivation processes of the
excited state fluorophore (M¥*), resulting in the reduced emission of
fluorescence. The photoinduced electron transfer can be classified into
inter- and intra-molecular transfer of electrons between an electron donor
(D) and an electron acceptor (A). There could be two possible ways to

transfer an electron from donor to acceptor: (i) oxidative and (ii) reductive

16



intermolecular electron transfer illustrated in Fig. 1.3.2. For quenching,
which is related to an electron transfer process, a distance between
fluorophore (M) and quencher (Q) is an important parameter. This is
because quenching requires a molecular contact at the van der Walls radii
for electron clouds being strongly localized. Marcus®>3 developed an
expression for the distance dependent rate of electron transfer as expressed
in Egn.1.4.

Q(r) = Aexp(—B(r—ro)) (1.4)
where r is the center-to-center distance between fluorophore and quencher
molecule, and ro is the distance of closest approach at molecular contact. A

and P are constants.

Reductive Electron Transfer Oxidative Electron Transfer

AN+D— A+D D+A— D +0D

E E
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# £
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/\ —H—n KOMO —‘—nmmo o1 HOMOT .
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Exited  Electronrich Excted  Electronrich Excited  Electron poor Exdted  Electron poor
fluorophore  quencher fluorophore  quencher fluorophore  quencher fluorophore  quencher

Fig. 1.3.2. Intermolecular reductive and oxidative PET between an

excited fluorophore and a quencher

17



Fluorescence Resonance Energy Transfer (FRET)!

Fluorescence resonance energy transfer (FRET) is a transfer of the excited-
state energy from the initially excited donor (D) to an acceptor (A). FRET
efficiency is defined as the fraction of the photon energy transferred to the
acceptor from the donor through long-range dipole-dipole interactions.
FRET is influenced by three factors: the distance between the donor and the
acceptor, the extent of spectral overlap between the donor emission and
acceptor absorption spectrum (Fig. 1.3.3), and the relative orientation of the

donor emission dipole moment and acceptor absorption moment.>4->

No FRET
| A Donor
| | emission
;)
;o\
\ Acceptpr
| absorption
P W
. \
Wavelength Wavelength

Fig. 1.3.3. Spectral overlap between donor and acceptor for FRET

The distance dependence of FRET has resulted in its widespread use to
measure distances between donors and acceptors. The distance at which
FRET is 50% efficient is called the Forster distance, and is typically in the
range of 20-60 A.5%-5455 The quenching rate of energy transfer from a donor

to an acceptor (kr) is given by Eqn.1.5.

o = = (%) (L5)

Tp T
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where tq41s the decay time of the donor in the absence of acceptor, Rois the
Forster distance, and r is the donor-to-acceptor distance. The rate of FRET
depends strongly on distance and is inversely proportional to ré. If the
transfer rate is much faster than the decay rate, then the energy transfer will
be efficient. If the transfer rate is slower than the decay rate, then little

transfer will occur during the excited-state lifetime.

1.4. Bio-diagnosis

1.4.1. Current methods for cancer diagnosis and therapy

There are increasing interests in medical research regarding the use of bio-
compatible molecules, such as phospholipids and nanoparticles, specifically
for cancer detection and therapy. Recently, much research has been
conducted using functionalized nanoparticles with antibodies that
specifically bind to target analytes such as biomarkers on cancer cells.>"-
To relate the nanoparticle and cancer cell, the characteristics of a cancer cell
and normal cell needs to be understood. Unlike that of the cancer cell,
normal tissues have tight, continuous vessel walls interspersed with 9 nm
pores frequently and 50 nm pores infrequently.? Therefore, small
molecules can easily penetrate all types of tissues in contrast to large
molecules such as polymers that do so very slowly. However, tumor tissues,
inflammatory tissues and certain organs such as the liver, spleen and bone
marrow have discontinuous capillary walls and a large number of ~ 100 nm
pores.%® It is known that tumor tissues lack a lymphatic system for

eliminating lipophilic and polymeric materials from them®, therefore, once
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the particles penetrate the tumor tissues, they cannot be eliminated easily.
Accordingly, tumors exhibit enhanced permeation and retention effect
(EPR effect) for 10-100 nm particles.®®> Hence, many nanoparticles,
especially AuNPs, have used for cancer imaging, therapy purposes via
special synthesis with mean sizes in 10-100 nm range.>"8 60-61. 66 | thjs
dissertation, an attempt to design a possible template for the bio-diagnosis

with nanoparticle and bio-compatible molecules via self-assembly is done.

1.5. Dissertation Objective

Overall, the dissertation will be divided into two projects possibly
applicable to explosives detections and bio-diagnosis.

Throughout Part |, the optical properties of Py applicable to detecting
explosives (i.e.2,4-DNT) via fluorescence quenching techniques in the
presence of different film preparation methods, molecular structures of
salts (i.e. cation, anion) and architectures of polystyrene (i.e., linear,
centipede and 4-arm star) are examined.

Interestingly, Py has been studied extensively previously due to its intrinsic
optical properties (i.e. absorbance, excimer, and polarity). The important
background of this dissertation was reviewed in Chapter 1.

In Chapter 2, the instrumental methods for structure characterization (i.e.
fluorescence, lifetime, scattering and electron microscopy) will be
introduced.

In Chapter 3, the effect of film preparation methods on the formation of Py

excimer in the presence of PS and TBAPFe will be discussed, with focus on
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three important parameters — evaporation rate, temperature and solvent
vapor pressure — that most likely influence the formation of Py excimers
carefully examined.

In Chapter 4, a variety of anion structures (i.e., PFe’, BF4", Acetate’, NOs’,
and CI") and cation chain lengths (i.e. TMA*, TEA", TBA", THA") were
introduced to examine interactions between Py and salts for the formation
of Py excimer in solution and solid state, respectively. The fluorescence
lifetime measurement was conducted to determine a possible quenching
mechanism.

In Chapter 5, the function of PS with Py are investigated for explosive
detections through fluorescence quenching. A variety of molecular weights
(ie., 25K, 35K, 192K, 350K and 900K) and architectures (i.e, linear,
centipede and 4-arm star) of PS were introduced to determine a quenching
process between Py/PS films and 2,4-DNT. Electrical and optical properties
of Py/PS film were also measured to confirm the HOMO-LUMO level and
bandgap of Py/PS films. Based on these results, the diffusivities of 2,4-DNT
in vapor phase to the Py/PS films were evaluated from time-resolved
fluorescence quenching with two different film thicknesses of 110 and 560
nm, respectively.

Part Il focuses on designing a simple and sustainable platform for bio-
diagnosis with nanoparticle or biocompatible polymer and phospholipids

via self-assembly.
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In Chapter 6 the incorporation of hydrophobated AuNPs into nano-disc
composed of lipids mixtures were attempted via environment-friendly self-
assembly templates. The size of particle and morphology were confirmed
by SAXS, light scattering and (HR)-TEM.

Lastly, in Chapter 7, the self-linked DPPC liposomes with tri-
blockcopolymer of PPO-PEO-PPO (Pluronic®) was attempted. The various
parameters of defect, charge, curvature of liposomes and ratio of polymer

to lipids were examined via dynamic light scattering.
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Chapter 2

Instrumental Methods of Functional and

Structural Characterization

2.1. Fluorescence
2.1.1. Theory

Photoluminescence includes fluorescence and phosphorescence. Electrons
of molecules can exist in a number of vibrational energy levels of ground
state (So) or the singlet state (S1, S2 and Sn). These electrons can be excited
to a higher energy level such as S, Sz, or S, upon the absorption (~10"°s)
of an incident beam of a specific wavelength, A1, This ‘excited state’
electron decays back to the lower energy ‘ground-state’ through radiative
and non-radiative pathways. This process can be illustrated by an electronic
level of Jablonski diagram (Fig. 2.1.1). Upon excitation, the electrons of a
molecule within a given electronic state (Sn), relax rapidly, within 10 to
1012 s, to the lowest vibrational level of the excited electronic state (S1).
Such non-radiative process is called “vibrational relaxation.” Another type
of a non-radiative process is “internal conversion”, where electrons are
excited to energy states higher than S; followed by a rapid non-radiative

decay process to the lowest energy singlet excited state (S1) with a time
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scale of 10?2 s. Such relaxation happens in the singlet state in which the
spin of the excited electron is paired with the ground state electron. A
radiative emission takes place from the lowest excited singlet states to the
ground state within several orders of nanoseconds and is known as
fluorescence. Because of the aforementioned non-radiative pathways, the
radiation of a longer wavelength, A» than A1 can be emitted as an electron
decays to its ground-state. This phenomenon was first observed by Stokes
in 1852 and named as a Stokes shift.1? Non-radiative relaxation can also
occur between excited states of different spin multiplicity, known as
“intersystem crossing”. It is known that intersystem crossing occurs in the
presence of heavy-atom molecules probably and resulted in transition to the

triplet state (T1) due to "spin-orbit coupling".? The Ti possesses a
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Fig.2.1.1. Jablonski diagram
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“forbidden™ spin transition in which the excited electron is no longer paired
with the ground state electron. However, this is a rare event in electronic
decay since a transition from Sy to T is usually forbidden and occurs slower
(~10® s) than internal conversions. If photons are emitted from this triplet
state to ground state, the process is termed as phosphorescence.
Phosphorescence emission rate is very slow and lifetime is usually in the

range of milliseconds to seconds.

2.1.2. Instrumentation

Fluorescence measurements can be classified into two types of
measurements, steady state and time-resolved. Steady-state measurements
are performed with a continuous illumination and detection with photon.
The schematic of a steady state fluorescence spectroscopy is illustrated in
Scheme 2.1.! The light source is usually Xenon arc lamp capable of
supplying wide range of UV wavelengths from 250 nm to near-infrared
wavelengths of 800 nm. Both excitation and emission wavelength were
selected with a monochromator containing a diffraction grating. Then,
photomultiplier tube in the detector converts the intensity of the
fluorescence signal into a corresponding electrical current and eventually
data file. The emission spectra are acquired as a function of emission
wavelength at a fixed excitation wavelength, while the excitation spectra
are collected in an inverse manner. It is assumed that the steady state reaches
immediately reached after exposure by the continuous beam of the Xenon

lamp. The steady-state fluorescence provides the information of averaged
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time-resolved spectra which provide the insight to the local environment of

molecules.
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Scheme 2.1. Schematic of Steady-State fluorescence spectroscopy

Time-Resolved fluorescence measurements use a single photon counting
technique. The light source of the single photon counter emits nanosecond
pulses at a certain wavelength and frequency, where the pulse width is
typically shorter than the decay time. After a short pulse of light excites the
sample repetitively, the subsequent emission is recorded by a detector. A
constant fraction discriminator (CFD) responds to only the first photon
detected— independent of its amplitude—from the detector.! This first
photon from sample emission is the stop signal for the Time-to-Amplitude
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Converter (TAC). The excitation pulses trigger the initial signals. The
Multi-Channel Analyzer (MCA) records repetitive start-stop signals of the
single-photon events from the TAC, to generate a histogram of photon
counts as a function of time channel units. The lifetime can be extracted
from this histogram. This experiment provides more information about
molecules to determine the environment that the sample molecules inhabit
and intrinsic characters of size and shape of molecules, and the distances

between different parts of the molecules.

! Excitation source

Sample
Light pulse
generator 5 -
,,,,,,,,,,,,,,,,,,, -
Monochromatort]

. PicoHarp 300 U(Ar)
. Detection MCA
subsystem

Scheme 2.2. Schematic of Time-resolved fluorescence spectroscopy

2.2. Scattering

Scattering is a general physical process where some forms of radiation, such
as light, sound, or moving particles, are forced to deviate from a straight

trajectory.” The energy sources can be light, X-ray or neutrons. The
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different sources interact with matter in a different way. X-ray, being an
electromagnetic radiation, interacts with the electron cloud of the atoms.
Hence, X-ray scattering amplitude for an atom is proportional to electron
density of the atoms. Neutrons interact with the nuclei of the atoms and the
scattering amplitude is related to neutron scattering length which does not
follow obvious trend in the period table, thus having the advantage in
varying contrast through the replacement by isotopes without significantly
changing the chemical properties. For example, the neutron scattering
lengths for hydrogen and deuterium are widely different (scattering lengths
of hydrogen and deuterium are by = -2.739 x 103 cm bp = 6.671 x 1013
cm, respectively). Moreover, unlike X-ray, neutron can penetrate through
most of the materials (even heavy metals), greatly simplifying the design of
sample environments such as high temperature, high pressure, rheometer
etc. To understand wave properties in detail, it is desired to understand the
de Broglie equation which defines the relationship between wavelength, A,
and particular properties associated with a particle such as its mass, m, and

velocity, v, along with Planck’s constant, h.
A =h/mv (2.2.1)

The wave can interact with matter in two ways — i.e. constructive and
destructive. For constructive interference to occur, i.e. a finite amplitude of
the recombined wave fronts — it is necessary to satisfy Bragg’s law for the

diffraction as shown in Fig. 2.2.1.
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Fig.2.2.1. Bragg’s law

n\A = 2dsin (0), where n is any integer (2.2.2)

Fig. 2.2.2 shows a general scattering schematic with an incident beam with
wavelength A illuminating a sample. As the incident beam interacts with the
sample, the scattered beam radiates with the same wavelength as the
incident beam. The difference in optical paths between the light scattered
by different parts of sample makes the scattered beam incoherent and out of
phase.* The unit vector of the incident and scattered beam can be described
by the incident wave vector and scattered vector, u, and u; respectively.

Then, determination of the phase difference, o, between two scattered
points in a sample with the distance of Rj can be achieved by Eqn 2.2.2. For

scattering angle 0, the scattering vector is defined by Eqn. 2.2.4.

§=AC — OB = (4, — u;) "R, (2.2.3)



SN 2N —  — 2N —-

q =W, qs = Us (2.2.4)

- . - - . 6 4 . 6
4= —d = lgl =21l sino = =Zsin- (2.2.5)

, Where A is the wavelength of the incident beam and q is the scattering
vector. Then, the real (d) and reciprocal (q) spaces can be related as Eqn.

2.2.6.°

d="= (2.2.6.)

Fig.2.2.2. Determination of the phase difference between two

parts of a sample.

The scattering amplitude, F(q) can therefore be derived from the Fourier
transform of the density distribution function, p() of the system of interest

as follows.
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F(@ = Flp(P] = [, p(e " ""dr (2.27)
where F denotes the Fourier transform operator and p(7) is the scattering
length density. The experimentally measured scattered intensity | (q) is
proportional to the product of the amplitude and its complex conjugate F
(9)"

1(@) «F(@-F(@ = [F@I (2.2.8)
More precisely, the scattered intensity measured in the number of photons
scattered into the volume element dQ per second relative to the incoming

flux.
1@ =7 IF@I*A0 2 (2.2.9)

where Io [number of photons/s] is the intensity of the incident beam, Ao is
its cross-sectional area and r. = e*/(4neomc?) = 2.82 x 10715 m is the
Thomson scattering length of electron. The inverse operation is called

inverse Fourier transform and it gives the electron density distribution:

FUF@] = 5. p() (2:2.10)

Since I(q) is not a measurable quantity, the inverse Fourier transform of

I(q) can be derived :
FHIF@QI*1= FYF(q@) F(q)*] = ﬁ p(r) ® p(—1) (2.2.11)

where & denotes the convolution operator. This equation is defined as an

autocorrelation function of the density or the Patterson function:
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P(r)=p) ® p(=7) = [, p(R)p (R +r)dr (2.2.12)

The Patterson function provides the length scale over which the density
distribution varies, weighted in accordance to their frequency of occurrence.
It gives the position of each particle relative to the others, indicating the
weight of a particular inter-particle distance. The overall sheme of

scattering is shown in Fig. 2.2.2.5

Fourier Transform

p(r) & > A(s)
Inverse Fourier Transform
Autocorrelation Square
v Fourier Transform v
() < > |(s)

Inverse Fourier Transform

Fig.2.2.3. General Scheme of Scattering

It should be noted that the scattering pattern of objects depends on a three-
dimensional structure of the scattering objects and the correlated distances
between them. As a result, different scattering patterns represents different

morphology of particles, termed as Form Factor, P(q).
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2.2.1. Small Angle Scattering

Small-angle X-ray/Neutron scattering (SAXS/SANS) is a suitable tool to
study structures and interactions of species. Based on the inverse
relationship between d-spacing and q, larger structures give rise to
scattering events at smaller angles. In specific, Small Angle X-ray
Scattering (SAXS) can be utilized to study samples in the range of 1 to 100
nm. The scattering is statistically averaged information from the specimen.
Further, scattering data in Fourier (also called reciprocal) space can be
either converted to extract real space information or be fitted to models
describing structures in the reciprocal space. At very low angles (q-Rg <<1)
the scattering pattern can be described with the Guinier region, which
corresponds to the molecular mass and the size of the particle (radius of
gyration, Rq). Equation 2.2.14 indicates the Guinier Equation, where 1(0)
is the intensity at zero angle and proportional to the total molecular mass
in the beam. The radius of gyration (Rg) is the square root of the average
squared distance from the center of mass of the particle weighted by the

scattering length density.

1(q) = 1(0) exp[— (%2>] (2.2.14)
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2.3. Transmission electron microscope (TEM)

Electron microscopy is a complementary method to the scattering to probe
length scales of molecules. Nevertheless, microscopy gives only the local
information of the matter. It provides information of matter in real space
compared to scattering methods which measure in the reciprocal space.
Transmission electron microscope (TEM) is a method that allows
visualization of structure and analysis of specimens within the micro (um)-
nano range (nm). This method applies a focused beam of high energy
electrons (A<<1) instead of photons. The A can be varied by the energy of
the electron beam based on the de Broglie’s Equation as shown in Eqn.
2.2.1. When a high-energy electron beam hits a specimen, a variety of

signals can be generated as shown in Fig. 2.2.1.
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Fig.2.3.1. Interactions between beam and specimen

41



h h
As100kv = Ao X —— (2.3.1)
JZmOeV (1 + v ) V2meeV

meyc?

,where m : electron mass, h: Plank constant, c: speed of light

After illuminating a sample with this accelerated electron beam generated
by an electric gun at high voltage transmitted in a high vacuum, the
electrons that pass through the sample are collected onto a fluorescent
screen or through a camera. Optically, the column consists of a condenser,
objective, intermediate and projector lens. The condensers lenses are for
controlling the geometry of electron beam size on the specimen. The
objective lens forms the image or diffraction patterns through bright field
and dark field. A specimen is inserted in the magnetic field of the objective
lens. The intermediate and projector lenses are used to magnify the image
of the objective lens.” In general, there are three common uses of TEM:
imaging, diffraction and spectroscopy. The resolution (§,) and depth of
field (d,p;) of TEM are defined with the Raleigh equation (Egn 2.3.2),
where X is wavelength of beam, a is aperture semi-angle. Due to the high
energy electrons (A<<1), the resolution of x,y and z-direction in the sample

can be reached to the atomic scale which allows the versatility of the

specimens from metallic to biological (amorphous) materials.®!
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Image contrast of TEM s attributed to different interactions between
incident beam and specimen including diffraction, mass-thickness and
phase contrast. In the bright field in imaging, the images will be dark where
electrons do not penetrate through. Therefore, thicker parts within the
specimen will deplete the transmitted beam more resulting in a dark spot in
the image. Also, the dark field using a diffraction is used to determine the
crystal structure, symmetry, and orientation of materials. If heavy atoms are
present in the specimen, then it absorbs and scatters more electrons versus
lighter atoms. Phase contrast involves an interference of the beam resulting

in the formation of lattice fringes in the image and is related to the structural
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periodicity of the sample. Overall, to get a suitable intensity of transmitted
electrons, the sample thickness should be on the order of 10 nm to 100 nm.
By applying spectroscopic techniques, microanalysis is possible (i.e.,
chemical composition and some bonding differences).” 1> Nevertheless, if
the specimens do not have enough contrast, then it may need other
pretreatment processes such as negatively staining or cryo-fixation for

biological samples.
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Chapter 3

Controllable Formation of Pyrene (C1isH10) Excimers
in Polystyrene/ TBAPFg Films through Solvent VVapor

and Temperature Annealing

3.1. Introduction

Fluorescence molecules have been ubiquitously applied as sensing
materials for explosives 2, optical switch 3, biological probes for DNA or
RNA 7, polarized light emitters 82°, monitors for micelles formations 16-19
and other aspects 226, One of the most common fluorophores is pyrene (Py),
which has two ranges of fluorescence emissions: 370 ~ 400 nm (monomer
emission, Imon) and 420 ~ 600 nm (excimer emission, lexc) depending on
their intermolecular distance (d) between the Py molecules, from which the
terms of monomer (d > 1 nm) and excimer (0.4 nm < d < 1 nm) are
defined.?’?¢ Excimer is a homopolar excited dimeric complex, due to the
interaction between its first excited singlet state and unexcited molecules of
the same species.?® The formation of Py excimers depends on the orientation
and proximity between two molecules, resulting in different spectra in the
ground and excited states.® 3022 In solution state, the formation of Py

excimers is governed by a diffusion controlled process.?” 2% As a result, a
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high concentration of Py promotes the formation of Py excimers prior to the
self-quenching.®® Nevertheless, the formation of Py excimers in the solid
state may be induced by a different mechanism due to a reasonably low
diffusivity 3*%® and is not yet well understood. Unlike the other
polyaromatic hydrocarbon (PAH) fluorophores, Py shows a relatively
longer singlet lifetime (~ 450 ns), resulting in the enhanced excimer
fluorescence.*®

In regard to the fluorescence spectrum of Py monomer, five emission
peaks from 370 to 400 nm are normally observed 3 and the solvent polarity
around Py can be determined from the ratio of 11/1z (I, ~ 373 nm, I3~ 384
nm) *7-39 _the higher the 11/15 value, the more polar solvent environment. It
is generally believed that the solvent dependence of the Py is attributed to
the symmetry distortion of the Py structure induced by dispersion or van der
Waals forces 4°. As a result, the solvent environment significantly affects
the Py monomer fluorescence spectrum. However it is not clear whether the
molecular environment around Py also has a strong influence over the
excimer fluorescence or not.

Recently, Wang et al. 2 have reported intriguing results that the
electrospun films composed of pyrene (Py)/ polystyrene (PS)/
tetrabutylammonium hexafluorophosphate (TBAPFg) are capable of
detecting nitro-aromatic, nitroamine and nitroether explosives, e.g., TNT
(Trinitrotoluene), Tetryl (2,4,6-Trinitrophenylmethylnitramine), RDX

(hexahydro-1,3,5-trinitro-1,3,5triazine), PETN (pentaerythritol tetranitrate)
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and HMX (tetrahexamine tetranitramine) at a vapor pressure as low as 10
ppb, 74 ppt, 5 ppt, 7 ppt and 0.1 ppt, respectively, generated from 1 ng
explosive solid residues via the fluorescence quenching technique. It is also
found that the electrospun Py/PS/TBAPFs film illustrates the highest
normalized lexc/Imon Value compared to those prepared by other methods, e.g.,
dip-coating, spray coating, spin-casting.? Moreover, the fluorescence of
electrospun films quenches the fastest among those made by the
aforementioned methods in the presence of explosive molecules,
presumably due to the fast diffusion in the high-porosity nano-fibrous
structure. Since the maximum lexc is in the range of 440 ~ 490 nm (blue
color), the detection of explosive materials can be performed by naked-eyes
with a portable UV lamp, greatly facilitating the operation for detection.
Therefore, the attempt to increase lexc becomes an important task in order to
yield higher sensitivity for the sensors based on the technique. However,
this requires a fundamental understanding of the formation of Py excimers
in solid films. The front most question to be answered is “what are the key
factors that affect the excimer fluorescence most?”” A systematic study on
three parameters — temperature, evaporation rate and solvent vapor pressure
— that exhibit great potential to influence the formation of Py excimers in
the solid thin films is presented here. Since these parameters are often inter-
dependent, the experimental approach is carefully designed to differentiate
the effect of each parameter on the excimer fluorescence under a various

film processing methods. It is found that the lexc of the Py/PS/TBAPFs thin
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films can be significantly enhanced under high vapor pressure annealing

even for the post-produced films.

3.2. Experimental

Materials and Characterization

All the chemical components of TBAPFs, PS (Mw = 350,000g/mol and
Mn = 170,000g/mol), Py and the solvent, tetrahydrofuran (THF, > 99.9%)
are all from Sigma Aldrich and used as purchased.

In order to compare the fluorescence of the films produced by different
procedures, all the samples were prepared at the same composition of
TBAPFe/PS/Py (45.4: 36.3: 18.3 by weight), which was chosen to yield
uniform nanoscale fibrous structure through the electrospinning process [2].
The solute mixture is then dissolved in THF to yield a solution with a total
concentration of 0.1102 g/mL.

Scheme 3.1 shows a schematic of various preparation procedures
applied in this study:

(1) Electrospinning: An electric field of a voltage of 25 kV was
employed in the electrospinning instrument, CZE-1000R (Spellman High
Voltage Electronics Co., NY, USA). The feeding rate of the Py/PS/TBAPFs
THEF solution was set to be 0.3 mL/hr through a syringe pump (KD-200, KD
Scientific Inc., Holliston, MA, USA) under ambient conditions with a

distance of 10cm.
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Scheme 3.1. A variety of methods used in this study to produce the
films made from the same THF solution of Py/PS/TBAPFs, including
electrospinning, high-T (or low-T) evaporation, spin-coating and

solution casting.

(2)Spin Coating: the same solution was used to produce the polymer
films on a glass slide by a spin coater (Laurell Technologies WS-400E-
6NPP-LITE) with a spin rate of 1,000 rpm.

(3) High-T/Room-T Evaporations: The polymer films are made by
solvent evaporation. The glass substrates were first preheated to the desired
temperature (high T or room T) and equilibrate for ~ 1 hour. Then, a 100 uL
of the solution was placed on the pre-heated substrate and spread by a sharp
edge scraper, forming a film of an even thickness. To prevent overheating
and ensure sufficient dryness of the film, different periods of time are
required at various temperatures generally within 10 minutes.

(4) Solution Casting: The drying mechanism is similar to the room-T
evaporation film, except for a greater thickness. The solution of

Py/PS/ITBAPFs was placed in a vial and left in a fume hood till the solvent
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evaporates for 24 hours. After eliminating major amount of THF, the vial
was then placed under vacuum for 24 hours. The main difference between
solution-casting and room-T evaporation is the thickness — solution-casting
always yields thicker films.

Characterization

The Py/PS/TBAPFs films are studied by the following techniques to
reveal their fluorescence response, structures and solvent residue.

(1) Fluorescence: The fluorescence of the prepared films was measured
by a steady-state fluorescence spectroflourometer (Flourolog, Jobin Yvon
Horiba). The films were excited at a wavelength of 350 nm. The emission
spectra were monitored in the range of 360 — 600 nm through a 1-mm slit
and normalized by the maximum intensity of the corresponding spectrum.

(2) X-Ray Diffraction (XRD): The XRD pattern of the film was
obtained through a regular 6-2 @ conFig.uration by a Bruker D8 Advance X-
Ray Diffractometer with a 2.2 kW Cu-anode sealed tube. The XRD data
were analyzed after background subtraction and expressed in an arbitrary
unit.

(3) 'H-Nuclear Magnetic Resonance (NMR): 'H-NMR spectra were
used for the determination of residual solvent (THF) by the resonance
frequency of 500 MHz for *H (Bruker DMX-500 high resolution digital
NMR spectrometer). Chemical shifts were calibrated with respect to that of
the internal sample of tetramethylsilane (TMS) and deuterated cholorform

(CDCl3) was used as a solvent.
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(4) SEM (Scanning Electron Microscopy): The morphology of films
was measured by the JEOL 6335F Field Emission SEM (SM-6335F), a cold
cathode field emission scanning electron microscope, which provides a

resolution of 1.5nm at 15kV and 5.0nm at 1kV.

3.3. Results and Discussion

As mentioned previously, drastic differences in Py excimer fluorescence of
the Py/PS/ITBAPFs films are found when the films undergoes different
preparation procedures as shown in Fig. 3.1. It has shown that electrospun
film results has a high lexc/Imon ratio (= 1.22 in Table 3.1) in comparison of
those from other procedures, e.g., spin-coating, solution casting, room-T
evaporation. In order to understand the formation of Py excimers in the
polymer films, our first attempt is to investigate the correlation between the
nanostructure of films and their fluorescence under different procedures. It
is known that Py forms a crystalline structure, whose lattice parameters and
orientation can be characterized by XRD. Fig. 3.2 contains the XRD
patterns of electrospun and solution casting films. The fact that TBAPFg salt
also forms crystal in the polymer films (inset of Fig. 3 2) yields complicated

XRD patterns containing features from both Py and TBAPFe.
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Fig. 3.1. Fluorescence emission spectra (excitation wavelength of 350
nm) prepared by various methods (i.e., spin coating, solution casting,
electrospinning, and high-T/room-T evaporation, respectively). Except
for electrospun and high-T films, the rest samples indicate low lexc.

Nevertheless, the Bragg peaks of the electrospun film are highly smeared,
suggesting smaller sizes of crystals. Electrospinning process commonly
yields a nano-fibrous structure with a rapid solvent evaporation rate, strong
electric field and shear stress, rendering non-equilibrium, stretching state of
polymers.*:43 Inspired by the XRD result, we attempted to reduce the size
of Py crystals by rapid solvent evaporation at 170 °C for 2 mins, which is
higher than the boiling temperature, Ty of THF (66°C), glass transition
temperature, Tg of PS (100 ~ 110 °C) and Py melting transition temperature,
Tm (148 °C). The resultant sharp Bragg peaks (Fig. 3.2) as those observed
in the solution casting film indicate that our approach to reduce the Py
crystal size is not efficient; however, unexpectedly, the lexc/Imon Of high-T

evaporation film (= 1.33 in Table 3.1) exhibits a comparable, if not higher,
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value than that of the electrospun film (=1.22). Nevertheless, there is no
similarity in the XRD patterns between the two, thus implying weak

correlation between crystal size (or orientation) and excimer fluorescence.

Table 3.1. The fluorescence intensity ratio of lexc (at 466 £ 1 nm)/Imon (at
~ 395nm) peaks and ratio of 11/I3 (at 11 ~ 373nm, I3~ 384nm) of different
films (made by electrospinning, room-T and high-T evaporation, and

spin coating).

lexc/lmon /1y

Electrospinning 1.220 0.887
Room-T Evaporation 0.203 1.712
High-T Evaporation 1.329 0.652
Spin Coating 0.197 1.136
Solution Casting 0.133 0.703
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Fig. 3.2. The XRD spectra of Py/PS/ITBAPFs made by different
methods (solution casting, electrospun and high-T films) after
background subtraction. The inset is the XRD patterns from Py
(blue) and TBAPFs (red).
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SEM images were also taken to investigate the effects of nanoscaled
morphology on the lexe. While the high-T and electrospun films show
similar high lexc/Imon Values (Table 3.1), they exhibit drastically different
morphologies as shown in Fig.ure 3.3, where the electrospun film is
composed of nanofibers and the high-T film contains micrometer-size pores
populated on the surface. The porosity of the electrospun film is apparently

higher than that of the high-T one. It is evident that the comparable lexc of

UCONN S S 150kV  X1000 WD 136mm  10um

Fig. 3.3. The SEM images of (a) Electrospun (b) High-T evaporation
Py/PSITBAPFs films
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the two films (electrospun and high-T evaporation) is not originated from
the morphology (i.e., structure and porosity). However, the faster quenching
rate observed in the electrospun film by 2,4-DNT as shown in Fig. 3.S1
indicates that morphology may play an important role in the quenching
efficiency. Investigation of the quenching mechanism is beyond the scope
of the current study, since this report mainly focuses on determining the key
parameters which control lex. It is known that the molecular environment
of fluorophores can also affect their monomer fluorescence. For example,
the higher I1/ls value represents Py being in a more polar environment.
However, to the best of our knowledge, the correlation between the
formation of Py excimers and 11/13 has not been studied. Table 3.1 illustrates
the 11/13 and lexc/Imon OF the films prepared by different procedures. High
lexc/lmon  Samples (1.22 and 1.33 for electrospun and high-T films,
respectively) have lower 11/13 values (0.89 and 0.65, respectively), but the
inverse may not stand true (e.g., 11/I3 = 0.70 and lexc/Imon =0.13 for the
solution casting film). This statement seems valid in the later study.
Therefore, we can presume that the formation of the Py excimers is
preferable at the condition of less polar environment around the Py

molecules.
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3.3.1 Evaporation Rate and Temperature Effect

The fact that a higher lexc/lImon is observed in the case of high-T evaporation
film indicates that electric field and shear stress may not be the determining
factors for the formation of Py excimers. A significant difference is found
between the lexc/Imon Of the high-T and room-T evaporation films (Table 3.1),
suggesting that other possible factors may dictate the excimer fluorescence.
To confirm the observed temperature dependence, the Py fluorescence
emission spectra are measured as a function of T as shown in Fig. 3.4(a),
where lexc/Imon increases with increased T at the sample stage [Fig. 3.4(b)]
while the values of li/lz are practically invariant (i.e., temperature-
independent) around 0.55 £ 0.10, consistent with the above-mentioned
values. In spite of an evident temperature dependence of the lexc/Imon, it
should be noted that temperature may affect many other underlying
properties of the solvent, e.g., evaporation rate and solvent vapor pressure.

We will discuss over each possible factors in the following section.
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Fig. 3.4 (a) Fluorescence emission spectra of Py/PS/TBAPF; films at
different temperature (room-T, 75°C, 100°C, 130°C, respectively),

where lexc increases with increased T. (b) The lexc/Imon (sOlid squares)

and li/ls (open circles) as a function of temperature. The lexe/Imon

increases with increased T with nearly invariant I1/l5 values.

Evaporation Rate: One of the parameters initially considered as a possible

important parameter is the evaporation rate, which is dictated by several
factors such as concentrations, inter-molecular interactions, temperature
and external pressure*’. The fact that the fast-evaporation spin coating
process yields a low lexc/Imon Value implies that evaporation rate may not be
a crucial factor. In order to provide further understanding, the fluorescence

of a polymer film prepared at room temperature yet under vacuum to
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maximize the solvent evaporation rate is examined. Fig. 3.5 shows a
comparison of fluorescence from the films prepared at room temperature
under regular evaporation and vacuum, respectively. Both illustrate low
lexc/Imon Values and the difference is marginal, confirming the evaporation

rate does not play an important role in the formation of excimers.
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Fig. 3.5 The fluorescence emission spectra of two room-T
Py/PSITBAPFs films which are prepared under atmosphere pressure
and vacuum (overnight), respectively.

Temperature: Other than the fast evaporation rate, the high temperature
seemingly suggests that the enhanced fluorescence of Py excimers (Fig. 3.4)
may be attributed to the higher thermal energy. To investigate the
temperature effect, we further annealed the high-T (170 °C) film, which had
exhibited high excimer fluorescence, at 170 °C for an hour. Unexpectedly,
the lexc almost completely disappeared as shown in Fig. 3.6, indicating that
most of the Py excimers dissociated from each other at 170°C, which is

above both the Tm of Py and Tg of PS, the metastable Py excimers transform
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into a lower energy state due to the relaxations of PS and melting of Py,

resulting in the low lexc.
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Fig. 3.6. The fluorescence emission spectra of a fresh prepared high-T
(170 °C) Py/PSITBAPF film and after being annealed at 170 °C for 1hr.
The initial prominent le. completely disappears after the annealing

process.

Therefore, instead of promoting the formation of Py excimers, high
temperature effectively results in dissociation of the Py excimers in solid
state. Then, what is the true determining parameter that promotes the
formation of the Py excimer in the Py/PS/TBAPFg thin films? The current
data suggest that Py excimer fluorescence is presumably related to the
solvent condition which is strongly affected by temperature and preparation
procedure. Another solvent property closely related to temperature is vapor
pressure. Therefore, our third attempt is to investigate the relationship

between the Py excimer formation and THF vapor pressure.
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Fig 3.7. Estimated THF vapor pressure (mmHg) as a function of
temperature, calculated by In(Pryr ) = A*In(T) + B/T + C + D=
T2, where the units for Prur and T are in kPa and K, respectively. The
coefficients of A, B, C and D are 9.609, -6.340 x 103, 78.36 and 8.183 x
10, respectively.”® The arrows indicate all the experimental

temperatures.

3.3.2. Vapor Pressure Effect

The vapor pressure of THF can be estimated as a generalized function of
temperature %2 and exhibits a non-linear increase with increased T in Fig.
3.7. Here, two new approaches are taken to understand the vapor pressure
effect.

External Solvent Vapor Annealing; A room-T film was first prepared and

its fluorescence was examined. As expected, a low lexc/Imon Value (0.18 ~
0.19) was observed (Fig. 3.8). The film was then annealed with 50 uL and
1.0 mL of THF, respectively, at 95 °C in a sealed container (250 mL) as
shown in Scheme 3.2. The vapor pressure of THF, Prur in both cases can

be estimated using non-ideal equation of state: PturV = ZtHeNTHERT, where
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V, Ztur, NtHE and R are the volume of the container, compressibility factor

of THF, mole number of THF and gas constant.
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Fig 3.8 The fluorescence emission spectra of room-T film (black)
and after being annealed with (a) 50ul and (b) 1 mL of THF vapor

pressure in the closed system at 95°C (red)

The value of Ztur can be estimated with a reasonable accuracy by Eq(1),
where P¢ ,Tc,and w are the critical pressure (= 51.2 atm) , temperature (=
540.2 K) and acentric factor (= 0.217) of THF “%. Since Ntur can be
calculated by the volumes (50 pl and 1.0 mL, respectively) and density of

the THF (0.8892 g/cm®), the Prur can be obtained: 57 mmHg and 1126
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mmHg in the cases of 50 pl and 1.0 mL, respectively. It is also assumed that

the containers were well sealed and thus that Prue can be larger than 760

mmHg.*
0.0422 \ P, 0172\ P,
Zryr = 1+ (0.083 - e )TT +w (0139 - = )TT (3.3.1)
where T, = Tl P = P;ﬂ and o is the acentric factor. After 20 minutes

of vapor annealing at 95 °C, the fluorescence of films was then examined

again to compare with the pre-annealed samples.

Closed System

Scheme 3.2. The experimental design to control THF vapor pressure in
an isothermal closed system. The vapor pressure is adjusted by the

temperature and the volume of THF enclosed in the system.

Fig. 3.8 shows important and interesting results of the films under two
different THF vapor pressures. There is a marginal change of fluorescence
spectrum in the case of low Prnr (i.e., 57 mmHg) compared with that of
pre-annealed sample [Fig. 3.8(a)], while a significant increase of lexc is
found [Fig. 3.8(b)] when the film is annealed under 1125 mmHg of THF.

This finding addresses two important issues: (1) the high lexc/Imon iS
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presumably induced by the high solvent vapor pressure instead of
temperature (for both being at 95 °C) and (2) the lexc/Imon Of @ solid sample
can be greatly enhanced by a simple post-process high solvent vapor
pressure annealing. The pressure effect on the pyrene excimer in solution
has been studied previously *+*° and it has been confirmed that the
mechanism of Py excimer is mainly governed by the diffusional process.
As a result, the high pressure in the solution state inhibits the formation of
the excimers. In this study, we focus on the excimer fluorescence in the
Table 3.2. The fluorescence intensity ratio of lexc (at 466 nm)/lmon (at
395nm) peaks and ratio of 11/13 (at I:~ 373nm, Iz~ 384nm) of different

films [exposed by high vapor pressure (1 mL) and low vapor pressure

(50 pL), respectively].

Vapor
Exposure 50pl of THF Vapor 1ml of THF Vapor
|1"3 exc"‘lmon |1"3 IexJImon
Before 0.546 0.191 0.491 0.183
After 0.591 0.220 0473 0.834

solid-state Py/PS/TBAPFs film, being exposed to the high solvent vapor
pressure, which presumably not only enhances the mobility of Py in the
presence of PS/TBAPFg but also provides the environment for the formation
of Py excimer. It should be noted that the feature of the Py monomer
fluorescence (l1/13) does not alter (Table 3.2), indicating that the local

polarity around Py may not alter after the solvent vapor annealing.
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Residual Solvent Effect: It is not clear whether the enhancement of lexe/Imon

after high solvent vapor pressure annealing is attributed to the coexistence
of THF and Py (i.e., film containing T|HF residual) or reorganization of Py
alone. To differentiate the two scenarios, we monitor the fluorescence and
H-NMR spectra of a thin film undergoing a sequence of following
processes: (a) initially producing room-T film, (b) removing the residual
solvent at 60°C under vacuum for overnight, and (c) annealing the sample
at 100°C for 5 minutes. During the whole process, there is no external THF
vapor involved. *H-NMR data of the initial room-T evaporation film [Fig.
9(a)] indicates THF residue after solvent evaporation, where THF peak (6 ~
3.74ppm, -OCHpy) is found and the lexc is comparably low [Fig. 3.9 (b)].

This is consistent with the aforementioned result, which indicates that lower
THF vapor pressure leads to the lower lexc. When THF is almost completely
removed from the film under vacuum at 60 °C for overnight, verified by *H-
NMR in Fig. 3.10(a), the resultant lexc increases double. The rationale for
this observation is that the vaporization of the trapped THF residue
enhances the local vapor pressure, resulting in a higher lex. It should be
noted that, since the temperature (60 °C) is around the Ty of THF yet far
below the Tgy of PS, a good portion of metastable Py excimers is expected
to form under this locally high Prnr (~ 625 mmHg at 60 °C). Fig. 3.9(b) also
confirms that the high lexc is not attributed to the coexistence of THF and

Py in the final stage since THF peak disappears is the indicative of the
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Fig 3.9 (a) 'H-NMR spectra of the film prepared by room-T
evaporation (red), then annealed at 60 °C under vacuum (black), (b)
The fluorescence emission spectra of room-T film(black), then 60 °C
under vacuum (red) and annealed at 100 °C for 5 mins (blue). The

dotted arrows represent the time sequence of the process.

removal of THF. Further increase of the annealing temperature to 100 °C (~
Tg of PS) in absence of residue THF for 5 minutes decreases lexc again. This

phenomenon is anticipated based on the aforementioned reason — the effect
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of increased mobility of the PS chains. This study further confirms that high
THF vapor pressure is one of the key parameters to form Py excimer in the
solid state. Consistent results have also been found in several reports on
fluorescent polymers where the reduction of lexc was observed as annealed
at T > Ty mainly because of the increased polymer chain mobility. 4652,
Although the fluorophore (Py) is not chemically conjugated with the PS in
this study, its interaction with the host PS may resemble those of flouroscent
polymers where high-T annealing may reduce the Py fluorescence.

The observed phenomenon indicates that enhanced mobility of Py
molecules alone does not facilitate the formation of Py excimers. The
presence of high THF vapor pressure provides both mobility and solvent-
rich environment for Py molecules to organize themselves into excimers.
Our data reveal that Py/PS/TBAPFs in THF is in a non-polar environment
(judging from its lower 11/13, data not shown). Moreover, THF contains the
electronegative atom, oxygen, which induces the dipole moment within the
molecule. This local dipole-dipole interaction of solvent molecules is found
possibly to distort the symmetry of the Py molecules.®*%° Whether the
enhancement of lexc IS combined effects of high mobility and distortion of
symmetry induced by solvent dipole-dipole moment remains an open
question to answer.

The current result presents a pioneering study on the formation of Py
excimers in a solid state, indicating that high solvent vapor pressure

annealing can greatly enhance the fluorescence of Py excimers. It should be
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mentioned that, though this study identifies solvent vapor pressure being the
most influential factor on the formation of Py excimers out of the three
studied parameters, the main contributing factors for high Py excimer
fluorescence in the case of electrospun films (prepared at room T) remain
unclear. We speculate that the electrospun fibers may adopt the morphology
of polymer annular wall with the residue THF solvent entrapped at the
center as described in the literature >3, The internal stress built up during the
film drying process may locally elevate the THF vapor pressure, which can
therefore enhance the Py excimer fluorescence. A more detailed study is

needed to fully understand the issue.

3.4. Conclusion

We have demonstrated that the formation of Py excimers in PS/TBAPFs
thin films depends greatly on the film manufacturing processes. Three
parameters — temperature, evaporation rate and solvent vapor pressure —
which were speculated to have the potential to control the formation of Py
excimers, are decoupled and investigated independently. The result
indicates that high solvent vapor pressure is the determining factor of
enhancing the pyrene excimer fluorescence, while high temperature (around
or greater than T4 of the polymer) has an opposite effect in absence of
solvent — reducing the Py excimer fluorescence. Evaporation rate has a
marginal influence over the formation of Py excimers. This study seeks for

the fundamental understanding of the variation in excimer fluorescence
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from the Py/PS/TBAPF¢ films made by different procedures. The principle
can be presumably applied to general fluorescence sensing materials
containing Py or Py-derivatives as fluorophores, providing the insight to
improving their sensitivity. Future attempts in understanding the different
mechanisms between electrospun and high-T evaporation films and the
effects of PS and TBAPFe salt on the excimer fluorescence will be
investigated to advance our knowledge of the function-structure
relationship of fluorophores in the solid state in order to design more

efficient sensing materials.

3.5. Supplementary Information

Time-dependent photoluminescence is conducted on two thin-film samples
(electrospun and high-T evaporation) to compare their fluorescence
quenching efficiency in presence of 2,4, DNT. The measurements were
taken using a Varian Cary Eclipse fluorescence spectrophotometer (Agilent
Technologies). Saturated 2,4-DNT vapor was initially reached in a sealed
methacrylate cuvette coexisting with solid 2,4-DNT solid. Small cotton was
placed on top of the solids to avoid direct contact with the testing film,
which was then inserted in the cell at a 45° angle. The emission spectrum
was recorded in the wavelength region of 360-600 nm (with an excitation
wavelength of 340 nm) immediately after the film was placed in the cell at
a time interval of 36s. Fig S1 shows a faster quenching rate of the

electrospun film than that of the high-T evaporation one, although they have
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the similar initial lexc. The difference can be presumably explained by the
highly porous structure in the electrospun film (Fig 3), increasing the
accessibility of the DNT molecules to pyrene. A new strategy to design
high-T evaporation films with a high surface-to-volume ratio in a
controllable manner is in progress in order to identify the reasons for the

fast quenching mechanism.
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Fig. 3.S1. The time-dependent fluorescence intensity of
electrospun film and high-T Film upon exposure to equilibrium
2,4-DNT vapor (the exposure time from top to bottom are 0, 0.6,
1.2,1.8,24,3,3.6,4.2,4.8, and 6 min, respectively).
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Chapter 4

Unique Effects of the Chain Lengths and Anions
of Tetraalkylammonium Salts on Pyrene Excimer

Quenching

4.1. Introduction

Pyrene (Py) is a polycyclic aromatic hydrocarbon molecule made of
four fused benzene rings without heteroatoms.! One remarkable feature of
such polycyclic aromatic hydrocarbons is their significant fluorescence due
to its electron-rich structures. This fluorescence can be effectively quenched
by certain electron deficient molecules, providing a useful platform to
detect these specific molecules.? In this regard, Py and its derivatives in
solution and solid state have been successfully applied to many fields such
as sensors for ions?®, explosives’°, optical switches'*?, monitors for
micelles formations***°, and biological probes for DNA and RNA.68 |n
spite of its many applications, the origin of solid-state Py excimer
fluorescence has not been systemically studied (except the case of n—n
stacking'®) as most research efforts have been made on synthesis of various

Py derivatives.* 13 15-16,19-21

78



Two types of emission from the excited states of Py molecules are
commonly observed: the ultra-violet (UV) emission (370 to 400 nm) from
unassociated excited monomers (M1”) and a blue emission (440 ~ 490 nm)
from Py excimers (E”). The latter forms due to the interaction between a
ground-state monomer (M1) and an excited monomer (M:").} 22 The
intermolecular distance (d) between Py, can dictate the types of
fluorescence: ~ 1 nm for monomer and 0.4 nm < d < 1 nm for excimer. 2%
2325 In the solution state, the formation of Py excimer is mostly attributed
to molecular diffusion process.™ 2% 22 Therefore, a high Py concentration
enhances the formation of Py excimers until self-quenching occurs.?®
Another factor that promotes the formation of Py excimer is the long
lifetime of Py monomer, 7,, (~ 450 ns) and high monomer quantum
efficiency (®m=0.6 in cyclohexane).l 2% 27 However, in the solid state, the
formation and quenching mechanisms of excimer are likely different from
the solution state due to its relatively low molecular diffusivity.?83°

It has been reported that Py excimer in a simple ternary electrospun
mixtures containing tetrabutylammonium hexafluorophosphate (TBAPFs)
and polystyrene (PS) can be effectively quenched in presence of a trace
amount (at a ppb level) of nitro-explosives (e.g., nitro-aromatic, nitro-
glycerin, or nitro-amine compounds) over a short period of time (in 6
minutes).” A recent report showed that the Py excimer fluorescence in a
PS/Py/ITBAPFs film can also be greatly enhanced by high solvent vapor

pressure induced by temperature, indicating that the solvent molecules
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(tetrahydrofuran, THF, in this case) promote certain configurations of Py to
form excimers.3! Since both PS and TBAPF can, in principle, affect the Py
excimer fluorescence, it is difficult to differentiate the contribution of
individual components to the Py fluorescence in the ternary system. In the
past, Py fluorescence was found quenched by impurity, concentration,
formation of exciplex, energy transfer, and so forth.?? Moreover, salts and
ions are also found to be able to quench the fluorescence of Py derivatives®*
33 and/or Py-exciplex3 in solutions® and gels®®,3% 37-39

This paper presents a systematic study on the effects of the chemical
structure of anions and the chain lengths of a series of tetraalkylammonium
salts on the Py excimer quenching in a binary system (namely, Py and salt)
in both solution and solid states. The obtained knowledge is applicable for
designing high-sensitivity sensors which can be manufactured in large
quantities. The important parameters that control the fluorescence emission
of the Py excimer are therefore determined. The fluorescence decay rate
provides an insight to the excimer quenching mechanism (most likely
dynamic quenching). The polarity around and mobility of Py molecules are
also correlated with the excimer fluorescence. However, insignificant
change in the nano-structures characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM) of different Py/salt systems suggests
that such quenching behavior may not be closely related to the formation of
a new crystalline structure or topological variations. Several important

findings are summarized as follows: (1) TBA™ has a drastic quenching effect
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on the Py excimer, (2) in the case of TBAPFs, the quenching effect is
dictated by the solution temperature during the evaporation process, (3) the
mobility of Py is crucial in recovering excimer fluorescence even under a
high solvent vapor pressure, (4) increased hydrophobicity around Py results
in enhanced Py excimer and (5) the process mainly involves dynamic

instead of static quenching.

4.2. Experiment

Materials and Procedures

-Materials

All the chemical components of salts listed in Table 1, pyrene (Mw
202.25g/mol), and acetone (purity > 99.9%) were purchased from Sigma
Aldrich and used as received.

Table 4.1. List of a series of tetraalkylammonium salts in this study

N Molecular weight N Molecular weight
ame ame
(g/mol) (g/mol)
‘J. ) | !
)\’\‘\/(Qi"” TBA Acetate 30152 N e TMAPF 209,11
’\,\'//F. P
/\,\(L TBACI 271792 /NNK’\ TEAPF, 21522
N E - ) H\*\f‘c
fr\,\/ TBABF, 329.27 /\f\r TBAPF, 18743
N o
/J\’\Ni TBANO, 30447 f\:j;u{_\’ THAPF | 499,64
[

81



Sample Preparation

Solutions: Py in acetone solution was prepared at different
concentrations (10,1073, 102, 5x1072, 1071, and 2x10t M, respectively). In
order to investigate the effect of salts on the Py fluorescence emission, the
Py/salt binary mixtures were prepared in the acetone at a fixed weight ratio
of salt-to-Py (71.2:28.8 by weight). All concentrations of different salts in
the solutions are under the critical micellation concentrations (CMC)
confirmed by DLS (Dynamic Light Scattering).

Films: Film samples were prepared for the following studies: (1)
differentiating the quenching effects of PS and TBAPFs on the Py excimer,
and (2) investigating the key parameters of studied tetraalkylammonium
salts affecting the emission of Py excimer. For the first purpose, ternary
TBAPFe/PS/Py samples were made at various compositions of TBAPFe
(from 13 to 63 wt. %), where the concentration of Py remains constant (i.e.,
18.3 wt. %). A binary film composed of Py/PS (1:2 by weight) was also
made to compare with the ternary TBAPFe/PS/Py film of the same Py/PS
ratio. In order to study the controlling parameters of the salts, binary
systems containing both Py and a series of tetraalkylammonium salts were
prepared at a fixed salt-to-Py weight ratio of (71.2: 28.8) and a constant Py
concentration (0.02 g/mL) in acetone. All the films were made by solvent
evaporation at either high-T (100°C) or room-T. The glass substrates were

first preheated to the desired temperature and allowed to equilibrate for ~ 1
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hour. Then, a 100 pL of the Py/salt solution was placed on the pre-heated

substrate for 2 mins and let it cool at room-T till fully dried.

Characterization

The fluorescence emission, 3C-Nuclear Magnetic Resonance (NMR), and
lifetime of fluorophores in Py/salt films were characterized in this study.

(1) Fluorescence and UV-Abs: The fluorescence spectra were measured
by a steady-state fluorescence spectrometer (Flourolog, Jobin Yvon Horiba).
The excitation wavelength of 334 nm for the Py/salt was chosen based on
the maximum UV absorption, except that a wavelength of 350 nm was used
for the films containing PS. The emission spectra were monitored through
a 1-mm slit over the wavelength range of 350 — 600 nm and normalized by
the maximum intensity in the corresponding spectrum. In this study, the
fluorescence ratio of excimer-to-monomer, lexc/Imon, IS USed as an index to
evaluate the content of Py excimer. The absorption spectra were recorded
on a UV-vis spectrophotometer (Cary 50, Agilent Technologies).

(2) ¥C- NMR: The solid-state *C cross-polarization magic-angle
spinning (CPMAS) NMR spectra were acquired using a Bruker DMX 300
NMR spectrometer operating at a field strength of 7.05 T, a resonance
frequency of 300 MHz for *H and 75.4 MHz for *C. Chemical shifts were
obtained based on an external reference sample, solid glycine (carbonyl at
176.5 ppm). *C-NMR measurements were taken in the absence or presence

of the salts.
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(3) Fluorescence Lifetime Measurement: The samples were excited
with a pulse diode laser (PicoQuant) at 405 nm with a repetition rate of 2.5
MHz. The emission of the samples was focused onto an avalanche
photodiode (PicoQuant) using a 450 nm long-pass spectral filter to examine
excimer alone. The fluorescence decay was recorded using a time-
dependent single photon counting module (Picoharp300, PicoQuant). The
data were then normalized by the maximum intensity in the corresponding
decay curves and was subtracted by the initial background intensity.

(4) SEM: The morphology of films was measured by the JEOL 6335F
Field Emission SEM (SM-6335F), a cold cathode field emission scanning
electron microscope, which provides a resolution of 1.5nm at 15kV and
5.0nm at 1kV.

(5) XRD: The XRD pattern of the film was obtained through a regular
6-2 0 configuration by a Bruker D8 Advance X-Ray Diffractometer with a
2.2 kW Cu-anode sealed tube. The XRD data were analyzed after

background subtraction and expressed in an arbitrary unit.

4.3. Results and Discussion

Fig.4. 1(A) shows the fluorescence spectra (excited at 350 nm) of two
polymer thin films prepared by solvent evaporation at room temperature:
Py/PS/ITBAPFs and Py/PS, respectively. In spite of the same weight Py/PS
ratio, the excimer emission peak (465 nm) is prominent in the PS/Py film

but nearly nonexistent in the presence of TBAPFs, indicating that TBAPFs
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effectively quenches the Py excimer. A follow-up study was conducted on
aternary system (PS/Py/TBAPFs) where the composition of TBAPFg varies
from 13 wt. % to 63 wt. % (with a constant Py concentration of 18 wt. %)
as shown in Fig.4. 1(B). The result indicates nearly complete quenching of
the Py excimer in the films as the TBAPFs concentrations > 45 wt. %. To
further explore the interaction of the salt and Py as well as its influence on
the fluorescence of Py excimer, films composed of Py and other
tetraalkylammonium salts with a variety of anions and cations in place of
TBAPFs were studied in both solution and solid states.
4.3.1. Salt Effects on the Formation of Py excimer in Solution State

It has been known that lexc/lImon in solution state is governed by the
molecular mobility (i.e., diffusion) and the concentration of Py molecules.?*
40-41 In this study, the polarity around Py determined by its monomer
emission is also investigated to correlate with lexc/Imon. The five vibronic
fine structures of the pyrene monomer give rise to five fluorescence peaks
from 370 to 400 nm (namely from I to Is), depending on the polarity of its
environment. The higher the Ii/13 value, the more polar is the solvent
environment.*2** Although the formation of Py excimers (lexc/Imon) and the
polarity of the Py environment (lIi/13) have been previously reported
together,3 4 they have not been closely examined and correlated because
the studied Py concentrations were low thus resulting in insignificant

excimer emission. Fig.4. 2(A) shows that the emission of Py excimer in
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Fig.4.1. Fluorescence spectra (excited at 350 nm) of (A)
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evaporation. (B) Py/PS/ITBAPF¢ films prepared at room T with
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acetone is enhanced drastically (high lexc/Imon) above 0.05 M of the Py
concentration, where the polarity of Py also starts to decrease (low I1/13),
representing that the hydrophobic environment around Py is strongly related
to the formation of excimer in the solution. In regards to Py concentration,
Fig 2(B) indicates that the excimer intensity decreases significantly as the
Py concentration is lower than 0.05 M. A similar approach was taken to
evaluate the effect of various tetraalkylammonium salts on the fluorescence
of Py excimer, including a series of salts associated with the same cation
(i.e., TBA™ chain) but different anions as well as another series of salts
which have the same anion (i.e., PF¢) but different chain lengths of
tetraalkylammonium. The lexc/lImon increases and the 11/ls decreases with
increased Py concentration regardless of the types of salts listed in Table
4S.1, revealing no significant dependence of the chemical structures of the

salts on the formation of Py excimer in solution state.
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4.3.2. Py Excimer Fluorescence in Presence of Salts in Solid State
- Effect of salt structures and film preparation methods

In solid state, the effect of salts on the formation of Py excimer can be
significantly different from that in solution. The fluorescence spectra of
Py/salt thin films made from the solutions by solvent evaporation at two
different temperatures are investigated. Fig.4. 3 (A) and (B) illustrate the
fluorescence spectra of the Py/salt thin films. In contrast to the solution
state, the excimer quenching in the films is strongly affected by the chemical
structures of the salts. When comparing different anions in the case of TBA*
cation [Fig.4. 3(A)], most of the films show low Py excimer fluorescence
except for that of Py/TBA acetate. However, when we compare the effect
of different cations [Fig.4. 3(B)], an unexpected phenomenon is observed
that the excimer fluorescence is inhibited only by TBAPFs, a salt with a
specific chain length of 4 carbons, while both Py/TEAPFs and Py/THAPFe
films show a strong excimer peak. Since TMAPF¢ (tetramethylammonium
PFe) is not soluble in acetone, the Py/TMAPF¢ film was made by
evaporation of a Py/TMAPFe/dimethylformamide (DMF) solution, where
both Py and TMAPFs are soluble. The emission spectrum also shows high
excimer fluorescence. The result indicates that only TBAPFs has a
quenching effect on Py excimer as prepared at room T.

Fig.4. 3 (C) and (D) are the fluorescence spectra of thin films (Py in
various salts) prepared at high-T (100 °C) evaporation. This preparation

method is chosen because enhanced excimer was found in the ternary film
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composed of PS/Py/TBAPFs under the same process.! Here, a significant
difference in lexc/lmon is also found between the high-T and room-T
evaporation films in the binary Py/TBAPFs system. However, the other
Py/salt systems do not show strong temperature dependence in excimer
fluorescence. Apparently, TBAPFs behaves differently from the other salts
in this study.

Previously, it has also been reported that the excimer fluorescence of
the ternary film (PS/Py/TBAPFs) increases significantly after annealing a
film of low excimer emission under a high solvent vapor pressure.! The
enhancement of excimer fluorescence was explained by high solvent vapor

pressure inducing the formation of Py excimers. The same approach is
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Fig.4. 3. Fluorescence spectra (excited at 334 nm) of the films composed
of Py and a variety of salts (A) and (B) contain the measurements of room-
T prepared films, while (C) and (D) contain the measurements of high-T
prepared films. (A) and (C) illustrate the fluorescence spectra of the films
composed of Py/TBA+ (different anions): Py (black), Py/TBAPFs (red),
Py/TBANO:3 (blue), Py/TBABF, (green), Py/TBACI (pink), and Py/ TBA
acetate (light green), respectively; (B) and (D) illustrate the fluorescence
spectra of the films composed of Py/PFs (different cations): Py (black),
Py/ITMAPFs (red), Py/TEAPFs (blue), Py/TBAPFs (green), and
Py/THAPF¢ (pink), respectively.

applied to the binary system, in the case of Py/TBAPFs. However, high
vapor pressure annealing under either acetone or THF does not change the
Py excimer fluorescence (Fig.4. S3 in supporting information). The result
suggests that PS serves an essential role as a plasticizer in presence of high
solvent vapor pressure, providing the required mobility for the Py or salt
molecules to reorganize themselves in a molecular configuration of the Py
excimer. It should be noted that the solvation power of vapor phase is not

equivalent to that in the solution state. We further annealed the high excimer
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fluorescence Py/TBAPFg film (at 100 °C for 1h), which was made by
solvent evaporation at high T, to investigate the effect of high thermal
energy on quenching (Fig.4. S4 in supporting information). Unlike the
ternary system where a nearly complete excimer quenching took place,?* no
significant change of Py excimer fluorescence intensity was observed in the
binary system, indicating that the previous excimer fluorescence quenching
in the Py/PS/TBAPFs film after 1-hour high-T annealing®* was attributed to
the enhanced mobility of Py and TBAPFs as associated with the highly
mobile PS chains induced by high temperature (above the glass transition
temperature of PS). However, in the Py/TBAPFs system, there is no
mechanism for mobility enhancement in absence of PS chains.
-Hydrophobicity (I1/13) and Excimer (Iexc/Imon)

Like the result in the solution state (Fig.4.2), the correlation of the
hydrophobicity of Py surrounding with the Py excimer fluorescence is also
studied in comparison of different salts in the solid state as shown in Fig.4.
4. Fig.4. 4 (A) illustrates the 11/13 of several Py thin films containing TBA*
salts with different anions prepared at different temperatures. Except for the
TBAPF/Py film prepared at high T, all the other samples result in a more
polar environment than Py itself judged by higher values of 11/ (> 1). Fig.4.
4 (B) shows the lexc/Imon for the same series of TBA™ salts indicate low
lexc/Imon (< 1) in most of the cases with the exceptions being the Py films
and TBAPFe/Py film made at high T. The correlation of the Py excimer

emission with its hydrophobic environment is consistent with that observed
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in the solution state (Fig.4. 2). Fig.4. 4(C) illustrates the I1/13 of films made
of Py and PFe¢ anion with various chain lengths of tetra-alkylammonium
cations. The result also shows a general feature of hydrophobic
environment for Py (i.e., 1/ls3 < 1) in the PFes films except for the
Py/TBAPFe film prepared at room temperature. The same correlation of
hydrophobicity with the formation of Py excimer is found in this series as
shown in Fig.4. 4 (D), where the Py/TBAPFs film made at room temperature
shows almost no excimer fluorescence.

Several findings deduced from the results are worth noting. First, both
solution and solid state results seem to suggest that the polar environment
of Py molecules may strongly correlate with the excimer fluorescence — the
more hydrophobic, the higher the excimer fluorescence. It should be noted
that in the previous ternary system (i.e., PS/Py/TBAPFe films) the
hydrophobicity of Py environment is a required but not sufficient condition
for high excimer fluorescence.3! Examples of low 11/13 but [0W lexc/Imon Were
occasionally found in the solution casting film made of PS/Py/TBAPFe.
Second, the result of Fig.4. 4 (A) ~ (D) suggests that the Py excimer
quenching is mainly attributed to the TBA™ cation instead of anion (PFe’,
BF4, CI, Acetate’, and NOz") based on the high lexc/lImon Observed in Py
films containing tetraalkylammonium cations with other chain lengths (such

as TMA®, TEA" and THA").
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The unique quenching behavior induced by TBA™ salts is possibly due to
the perturbation of the molecular configuration of Py excimer3®: 38 46 or the
alternative non-radiative pathways. The detail of these scenarios will be
discussed later. In regards to anions, PFe does play a role in retaining high
excimer fluorescence at high solvent vapor pressure (induced by high T)
when the molecules are mobile enough, i.e., from solution to solid state.
Other anions do not show such effect. Note that no clear correlation between
lexe and topology was observed in previous study in a three-component
(Py/PSITBAPFg) system®. Here in order to examine the effect of the
topology on hydrophobicity (l1/13) of the Py surroundings, SEM was also

conducted (Fig.4. S5). The result shows no significant difference in the
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Py/TBAPFg films prepared at high and room T although they show very
different lexc/Imon and li/l3 values (Fig.4.3). Moreover, no significant
difference in SEM data was observed in presence of different salts. This
suggests that there is minimal relationship, if any, between topology and

formation of Py excimer in the film.

- Interactions between Pyrene and Salts

The fact that a strong correlation is revealed between the polarity around Py
and the formation of Py excimer prompts us to study the effect of TBAPFs
on the Py local molecular environment. Fig.4. 5(A) shows the ¥C-NMR
spectra of three thin films: a pure Py film and two Py/TBAPF¢ films
prepared at a high and a room temperature which yield high and low lexc/Imon,

respectively. It has been reported that Py has 5 peaks in solution in the
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Fig.4. 5. 3C-NMR spectra of (A) pure Py film (blue), Py/TBAPF; film
prepared by high-T evaporation (black) and room-T evaporation (red),
which is the blowup of the box in (B). The inset shows a pyrene molecule
where the asterisks represent the carbons for the corresponding NMR
shifts around 130 ~ 132 ppm. (B) Complete NMR spectra of Py/TMAPFs
(black), Py/ TEAPF (red), Py/TBAPF; (blue), and Py/THAPF; (green)
films prepared by room-T evaporation.

spectra between 125 ~ 131 ppm (124.58 ppm, 124.81 ppm, 125.70 ppm,
127.25 ppm, 131.04 ppm, respectively*’), while only three of them are
resolvable in our case [Fig.4. 5(A)], possibly due to the lack of mobility in
the solid state. Individual Py peaks are affected somewhat by TBAPFs to
increase relative intensities of Py peaks. Another important finding in this
study is that the peak at 130 ppm [marked as * in Fig.4. 5(A)] shifts to 131.6
ppm. This result is consistent with previous research® in that the interaction
between polyaromatic hydrocarbon and quaternary alkylammonium group
causes a NMR peak shift of several proton and C atoms. This is because the

decrease in the symmetry of aromatic moiety possibly attributed to the
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positively charged ammonium group polarizing the =-electrons of Py
moiety.3> 3839 Fig.4. 5(B) shows the *C-NMR spectra of Py/PFg salts films,
interestingly, the Py peaks around 125~ 132 ppm are only shown in
Py/TBAPFs unlike other Py/salt films (i.e. Py/TMAPFs Py/TEAPFs,
Py/THAPFs), indicating that Py interacts with BAPFg very differently from
other salts. The 3C-NMR peaks below 60 ppm in the Fig.4. 5(B) are
contributed by tetraalkylammonium cations.

Then, the diminished Py peak in the *C-NMR (from 120 to 134 ppm) may
be related to the reduced amount of Py monomers in the cases of
PYy/[TMAPFs, Py/TEAPFs and Py/THAPFs. In this regard, it is speculated
that the marginal differences between the 3C-NMR spectra of the two
Py/TBAPF films prepared viaroom-T and high-T evaporation [Fig.4. 5(A)]
is possibly due to the same local environment of Py monomer left with a
specific molecular interaction regardless of existence of excimer. Besides
NMR, XRD was also performed on the sample in order to investigate the
correlations between crystalline structures of Py/salts films and the
formation of Py excimer under different procedures. It should be noted that
both Py and the associated salt contain crystalline structures yielding
diffraction peaks. There is no significant change of crystalline structures
observed in high-T and room-T prepared Py/TBAPFs films (Fig S6), while
a significant difference in the lexc/Imon Was observed (Fig.4.3), implicative
of weak correlation between the crystal structures of Py/salts and excimer

fluorescence.
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-Lifetime of Py Excimer in Presence of TBAPFs

Although the hydrophobicity of the environment where Py resides and
the unique effect of TBAPFs on the Py excimer fluorescence are observed,
the mechanism of Py excimer quenching requires further investigation. As
mentioned previously, two possible mechanisms may take place: static
quenching, where the quenchers (i.e., salt) and the fluorophores (i.e., Py)
form non-fluorescent complexes; and dynamic quenching, where the
fluorophores can still be excited to the same excited state but undergo an
non-radiation pathways to relax from the excited to the ground state. As a
result, the measured lifetime of the fluorophore (e.g., Py excimer in this case)
will be the same for static quenching. However, in the case of dynamic
quenching, shorter lifetime is expected since there are more non-radiative
decay paths. The fluorescence decay was therefore measured to investigate
the origin of Py excimer quenching mechanism by the TBA™ salts.

The fluorescence lifetime of an excited fluorophore is inversely

proportional to the sum of rate constants from all relaxation processes as
expressed in Eq (1) .

1

1
T k)

where k, ks, and kxr are the sum of rate constants of all relaxation processes,
rate of fluorescence, and the sum of rates of non-radiative processes (e.g.,
internal conversion and vibration relaxation, inter-molecular energy transfer,

and inter-system crossing, etc.).

100



The fluorescence intensity decay can be described by the following

equation:

I(t L
®© = ZAie‘kit=ZAieTi (2)
ImaX i i

where Aj, T. represent the fractions and lifetime of each relaxation

process, respectively.

In this experiment, we focus on the lifetime of fluorescence with
wavelengths above 450 nm from Py excimer. Fig.4. 6 (A) shows the
excimer fluorescence decays of the Py and Py/TBAPFg in the solution state
and the two decay curves practically collapse on top of each other,
indicating that TBAPFe has no effect on Py excimer fluorescence in solution
state, consistent with the steady-state fluorescence result shown in Table 2.
In addition, all the other solutions containing Py/TBA salts (various anions)
also yield the same decay pattern as that of Py solution further confirming
the above statement (Fig.4. S7 in supporting information). In comparison
with solution, the fluorescence intensity of Py excimer in the Py thin film
decays much slower as shown in Fig.4. 6 (B), suggesting that the
fluorescence lifetime of the Py excimer is shorter in solution state than that
in solid state. The faster decay of lifetime in solution may be due to the
increased frequency of collisions of Py excimers with surrounding solvent
molecules and/or solvent dipole perturbation. It has been reported that the
excited-state molecule can interact with the surrounding solvent molecules

whose polarity may significantly affect the de-excitation of Py returning to
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the ground state.*® These excited-state solute/solvent interactions (i.e.
dipole-induced dipole interaction between Py and solvent) often result in
characteristic emission spectra as well as in the lifetime of the excited
molecules.*®

In Fig.4.6 (C), the high-T prepared Py/TBAPF¢ film appears a very
similar decay pattern as that of the Py film, indicative of a similar decay
mechanism. Though both decay curves of Py and high-T prepared
Py/[TBAPFs films can be described with a single exponential decay
reasonably well, better fits are obtained by a double exponential decay with
a major population (> 96.4%) of short-lifetime 1 of ~ 12 ns and a minor
population (< 4.6%) of slightly different long-lifetimes t2, 31.8 and 41.6 ns
for Py and Py/TBAPFs, respectively (Table S1 in supporting information).

This observation lends itself to a possible explanation that the majority of
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Fig.4. 6. Fluorescence lifetime measurements of (A) pure Py (black) and
Py/TBAPFs (red) solutions, (B) pure Py solution (black) and film (red)
and (C) Py film (black), room-T prepared Py/TBAPFs film(red), and
high-T prepared Py/TBAPFs film (blue) The dotted lines are the best fits

(see supporting information).

Py molecules in the high-T prepared Py/TBAPFg thin films follow a similar
relaxation pathway compared with those in the Py film. It should be noted
that the lifetime of Py thin film prepared at room-T shows the same decay
rate as that of the high-T prepared film (data not shown) and that both films

have the same excimer fluorescence (Fig.4. 3). In the case of a binary
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system (i.e., Py/TBAPFs), a drastic difference in the fluorescence is found
between room-T and high-T prepared films. To further confirm the
relationship between the excimer fluorescence intensity and its lifetime
decay, the decay pattern of room-T prepared Py/TBAPF¢ film [Fig.4. 6(C)
red curve] was also examined. The result can be fitted well by a single
exponential decay with a much smaller t; of 8.4 ns (Table S1 in supporting
information). The shorter lifetime in room-T prepared Py/TBAPFs film
compared with those of the Py and high-T Py/TBAPF¢ films (t1~ 12 ns)
indicates a dynamic quenching process involving fast non-radiative
pathways. An effort is also made to fit the decay through a linear
combination of an independent single exponential decay and the double-
exponential decay parameters obtained from the high-T prepared
Py/TBAPFs data (Equations 4.S1 and 4.S2 in supporting information).
However, the best fitting coefficient of the double-exponential decay is
practically O, providing the evidence that there is no contribution from the
same decay mechanism found in the room-T prepared Py/TBAPFs film as

that of the Py or high-T prepared Py/TBAPF films (Table S1 in supporting
information). Based on Egs (1) and (2), the fast decay (i.e., smaller 74) in

the room-T prepared Py/TBAPFs film is attributed to a larger knr than that

of the high-T prepared Py/TBAPFg film if the intrinsic ks remains constant.
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- Further Insights to the Effect of TBAPFs

Scheme 1 summarizes the observation of the formation of Py excimer
in the presence of different chain lengths of quaternary ammonium salts and

procedures.

Pyrene(C,sH,,)

6
v
Higm Am- T

[y Sy

Y |
A=A Excimer
S .

High-TT
F?E'-F‘F Monomer

TBAP FG Pyrene(ClﬁHm)

Scheme 4.1. The formation of Py excimer in the presence of

different PFs associated salts under a high-T or low-T thin-film

preparation procedure.

The formation of Py excimer was only inhibited in the Py/TBAPFg thin film
prepared at room T. Evidently the carbon chain length of the
tetraalkylammonium is a key parameter of quenching. It has been reported
that the proximity of Py molecules is an important factor in forming Py

excimer (0.353~0.360 nm) with different configurations (i.e. slipped
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parallel, graphite type, and crossed).*® Note that the van der Waals size of
tetraalkylammonium cation increases with increased carbon chain length:
TMA* (0.270 nm) < TEA* (0.336 nm) < TBA* (0.413 nm) < THA* (0.442
nm).>® When the cation size is smaller (e.g., TMA* and TEA"), no apparent
quenching effect on the excimer is revealed. As the cation size increases
slightly larger than the intermolecular distance between Py molecules to
form an excimer (in the case of TBA"), the fluorescence quenching reaches
its maximum. However, further increased size of the cation (e.g., THA")
restores the fluorescence intensity. These facts suggest that an optimal
cation size may be required for the Py excimer quenching to perturb the
molecular configuration of Py excimer. The correlation between
fluorescence and cation size offers a possible explanation, which may be
further investigated by molecular dynamic simulations on the orientation
and interactions of molecules on the orientation and interactions of
molecules at a small length scale, e.g., A. Moreover, the solvent can play an
important role during the evaporation process when the Py excimer forms.
It has been reported that ion association constant depends not only on the
properties of the ions (ion radius and ion charge) but also on the nature of
the solvent medium.® Based on Denison and Ramsey equation, the ion
associations increase by the increase of temperature.>? It is possible that an
increased ion association between TBA® and PF¢ during high-T
evaporation (in presence of the solvent) provides a preferred configuration

or environment to form Py excimers. The seemingly inconsistency of with
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the invariance of *C-NMR spectra [Fig.4. 5(A)] and drastic difference in
the excimer fluorescence and decay between high-T and room-T prepared
samples can be reasoned by the speculation that the NMR peaks may arise
from the Py monomer. In regards to the effect of anions on quenching
mechanism, it has been known that PFe™ has the largest size of 0.255 nm and
the highest hydrophobicity among other anions in this study (i.e. Acetate,
Cl', NOg', BF4).5*% Moreover, weak interaction between PFg and solvent
has also been reported.® The fact that PFe is the only studied anion
sensitive to the variation of temperature during evaporation process
suggests that there might be a strong temperature dependence of either
hydrophobicity or ionic interactions (with TBA™ cation). To the best of our
knowledge, this report presents the first observation of inhibited formation
of Py excimer due to the different cation chain lengths of quaternary
ammonium and the peculiar phenomenon of retaining excimer intensity
(only in the case of TBAPFs) of a high-T prepared film.

A previous report indicated that electrospun PS/Py/TBAPFs film was
able to detect nitro-explosives with high selectivity and sensitivity through
Py excimer quenching, providing a useful, low-cost platform for sensing’.
Further investigation on the ternary system shows that the Py excimer can
be also enhanced by an annealing process under high solvent (e.g., THF)
vapor pressure®l. Based on the results in the previous study and this work,
several possible key physical parameters that might yield high sensitivity of

the materials will be discussed as follows and they may be all required to
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achieve the optimal performance. First, it is important to provide a flexible,
aromatic matrix (e.g., PS) for Py molecules. The flexibility allows Py
molecules to switch from excimer state to quenched state swiftly while it is
not present in the current binary Py/TBAPFe films. The aromatic compound
presumably induces certain alignment of Py so that the quenching might
propagate throughout the material as reported previously’. Moreover, the
configuration of Py may require being close to the transition from the
excimer to quenched state, such that a small disturbance attributed by a trace
amount of nitro-explosives may lead to the quenching of Py excimer as
observed in the case of the electrospun (PS/Py) film containing TBAPFe." .
Finally, high porosity (such as nanofibrous or nanoporous structure) can
also be a determining factor for the probed molecules to access Py in a solid
matrix, thus accelerating the excimer quenching process. The knowledge
obtained in this study is readily applied to the molecular design of

fluorescence sensors using Py or Py-derivatives.

4.4. Conclusion

The effect of different chemical structures of salts on the formation of Py
excimer has been investigated in the solution state and solid state,
respectively. In solution state, the Py concentration is mostly responsible
for the formation and quenching of Py excimer with a marginal dependence
of the salts since the process is mainly controlled by the diffusion of Py. On
the contrary, the chemical structures of salts have a significant effect on the

Py excimer quenching in solid state. The cation with butyl chain length
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(TBA™) results in significant quenching of the Py excimer, while methyl
(TMAY), ethyl (TEA™), and hexyl (THA™) chains have little or no effect on
the Py excimer emission. The excimer fluorescence is found closely related
to the polarity around the Py molecules, i.e., the higher l:/I3, the lower
lexc/Imon. The result of the fluorescence lifetime measurement indicates that
the low lexc/Imon In PY/TBAPF¢ films prepared at room T is mainly caused
by non-radiative “dynamic quenching” processes. Moreover, the lexc/Imon OF
Py/TBAPFs film is greatly restored by high-T evaporation method, which
however does not promote Py excimers with other anions in study. Such
temperature dependence implies that the ion interaction or hydrophobicity
between the PF¢ anion and TBA" cation may change drastically upon
variation of temperature during the drying process. Nevertheless, once the
relative molecular orientation (or position) between Py and TBAPFs is
“locked” in, thermal energy (up to 100 °C) indicates no effect on the

fluorescence in solid state due to low molecular mobility (in contrast to the

system containing PS). These peculiar effects of TBA* and PFs on the Py
excimer quenching are applicable for designing sensing materials using Py

or Py-derivatives as fluorescence probes.
4.5. Supporting Information

Table 4.S1 illustrates the values of lexc/Imon and l1/lI3 as a function of Py
concentrations in acetone. The fact that lexc/Imon increases and l1/13 decreases

with increased Py concentration in all samples in Table 2 (similar to the
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result shown in Fig. 2), indicates that the formation of the Py excimer has
no significant dependence of salts. The critical Py concentration is found
higher (~ 0.1 M) in the case of Py/THAPFg solution than the other solutions,

possibly due to the increased size of salt, resulting in reduced mobility of

Py.

Table 4.S1. The lexc/Imon and 11/13 as a function of Py concentration

in various Pvy/salt solutions.

. Fluorescence Pyrence Concentration (M)
Solution .
Ratio 0.0001 | 0.001 [ 0.01 | 0.5 0.1 0.2
p I1/13 1.49 | 149 | 1.30 | 0.23 | 0.06 | 0.14
y Lexc/Imon 0.02 | 0.01 | 0.08 | 0.47 | 2.00 | 4.60
Py/TBA I/l 1.29 | 1.78 | 1.46 | 0.23 | 0.19 | 0.34
acetate Lexc/Imon 0.25 | 0.02 | 0.07 | 0.62 | 1.92 | 4.99
I1/13 1.37 | 1.55 | 1.21 | 0.17 | 0.08 | 0.28
Py/TBACI

Iexc/lmon 0.26 | 0.02 | 0.07 | 0.60 | 2.62 | 5.24
I1/13 142 | 1.74 | 1.48 | 0.21 | 0.21 | 0.28

Py/TBANO3
lexc/Tmon 0.25 | 0.02 | 0.06 | 0.63 | 2.26 | 4.61
Ii/13 146 | 1.74 | 1.50 | 0.16 | 0.22 | 0.31

Py/TBABF,
lexc/Imon 0.24 | 0.02 | 0.08 | 0.67 | 1.98 | 3.81
Ii/13 1.65 | 1.77 | 145 | 0.21 | 0.12 | 0.37

Py/TEAPFs
Lexc/Imon 0.06 | 0.02 | 0.08 | 0.63 | 2.35 | 4.43
li/13 1.69 | 1.77 | 1.47 | 0.26 | 0.13 | 0.15

Py/TBAPFe
Lexe/Imon 0.05 | 0.02 | 0.07 | 0.57 | 2.29 | 4.13
li/13 1.38 | 1.75 | 1.75 | 0.76 | 0.16 | 0.31

Py/THAPFs
Lexc/Imon 0.27 | 0.04 | 0.02 | 0.29 | 0.88 | 2.87
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The UV absorption spectra of Py and Py/salt solutions (in acetone) were
measured using CARY 50 (UV-VIS spectrometer, Agilent). The scan rate
is 600 nm/min, with 1 nm interval from 500 nm to 250 nm. The Py
concentrations are 10, 103, 102, 5x102, 10, and 2x10"*M with a fixed
weight ratio of salt-to-Py (71.2:28.8). Figure 4.S1 shows the UV-Abs
spectra of all the samples. Due to the saturated Py concentration (as
exceeding 0.05M) in the solution, broadened peak (or saturation from the

enhanced concentration) was observed regardless of salts structure.

Fig. 4.51. The UV absorption spectra of Py and Py/salt in acetone
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Also, red-shifted peak (above 0.05 M) may indicate that Py excimer is a
type of J- aggregation.>®=8 The excitation wavelength for fluorescence
experiment was also chosen based on the maximum absorption at low Py

concentrations (~ 334 nm).

Fia. 4.51. The UV absorption spectra of Py and Py/salt in acetone
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The lexc/Imon from the acetone solutions composed of Py and a series of
salts as a function of salt concentration ranged from 0.25 to 1.5 M is shown
in Fig.4.S2. All the fluorescence spectra were obtained at a constant Py
concentration (0.01 M) as shown in Fig. S2. The result indicates a constant
lexc/Imon Value across almost all samples indicating that the formation of Py
excimer is independent of salts and their concentrations in solution. The UV
abs spectra of all the samples were also included in Fig.4.S2. Only marginal

differences from each other were found.

Fig 4. S2. The lexc/ Imon and UV-Abs spectra of Py/salt in solution at a
constant Py concentration of 0.01 M.
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To understand the annealing effect of high solvent vapor pressure on the

fluorescence of Py/salt film, a room-T prepared film (having low excimer
emission) was annealed in a closed system containing 1 mL acetone and
THF at 95 °C for 20 minutes. The solvents were not in contact with the film
but evaporated into vapor to maintain high solvent vapor pressures. The
vapor pressure of solvent, Psoy can be estimated using non-ideal equation
of state: PsowV = ZsowNsonRT, Where V, Zsoi, Nsov and R are the volume of
the container, compressibility factors, mole number of solvents and gas
constant, respectively, Zsov can be obtained using critical pressures and
critical temperatures of the solvents. The calculated vapor pressures are
1251 mmHg and 1125 mmHg in the case of acetone and THF, respectively.
Fig. 4.S3 shows the fluorescence emissions (in both cases of acetone and
THF) of the annealed samples. In comparison to the pre-annealed samples,
no difference was found indicating that annealing under high solvent vapor
pressure did not restore the excimer emission. Note that the same procedure
was able to restore the excimer fluorescence in the ternary mixture of

PS/Py/TBAPFs.
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Fig 4.S3. The fluorescence emission spectra of Py/ TBAPFg
film (black) prepared at room-T and after being annealed
under (a) acetone and (b) THF vapor generated by 1 mL of

the solvent in the closed system at 95 °C (red) for 20mins.
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Previously it has been reported that the excimer fluorescencce of the high-
T prepared ternary PS/Py/TBAPFg thin film (having high excimer emission)
can be quenched after being annealed at 100 °C for 1 hour®’. The change of
Py excimer configuration is presumably attributed from the high mobility
of Py as it is associated with PS matrix above the glass transition point. The

same approach is taken to test the high-T (100 °C) prepared binary
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Py/TBAPFg system, which also reveals a high excimer emission. Fig.4. S4
shows the fluorescence emission spectra of the high-T prepared thin film
before and after being annealed at 100 °C for 1 h. No significant change in
Py excimer fluorescence intensity was observed after high-T annealing,
indicating no thermal effect on the Py excimers in the solid state. This result
implies that the enhanced flexibility of Py provided PS (> Tg) is a key

parameter to quench Py excimer,

Fig 4. S4. The fluorescence emission spectra of freshly prepared high-
T (100 °C) Py/TBAPF film and after being annealed at 100 °C for 1
h. No significant change in Py excimer fluorescence intensity was
observed after high-T annealing, indicating that no thermal effect on

the Py excimers in the solid state.
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The topology of Py and Py/salt films was examined by SEM to correlate an
aggregation of Py and it fluorescence response of lexc in Fig.4S5. Note that
a significant difference of lexc/lmon Was observed in Py/TBAPFg films
prepared by high-T and room-T, respectively in Fig 4..3. Also, salts
structures provided a different polar environment to the Py as shown Fig.
4.3. (i.e., room-T prepared films of Py/ TBABFs and Py/TBABFs —
hydrophilic; Py/THAPFs — hydrophobic) However, no clear difference
was observed in the films made of Py and different salts as well as by
different preparation methods, suggesting us that there is little or non-

correlation between topology and formation of Py excimer in the film.
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(¢) Py/TBAPF,_HT

e,
UCONN 1 SEM SEI 100KV~ X1,000 WD 120mm

(d) Py/TBABF, RT

1 SEM SEI 10.0kV X950 WD 13.3mm

(¢) Py/THAPF, RT

Fig 4. S5 The SEM images of films (a) High-T prepared Py
(b) Room-T prepared PYy/TBAPF, (c) High-T prepared
Py/TBAPF, (d) Room-T prepared Py/TBABF, (e) Room-T
prepared Py/THAPF,
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Fig.S6 shows the XRD results of TBAPFs, high-T prepared Py/TBAPFs,
low-T prepared Py/TBAPFs, Py films. The peak positions represent the
lattice parameters. Nevertheless, no significant difference between the high-
T and low- T prepared Py/TBAPFs films was found, while a significant
different lexc/Imon Was observed in the two cases, indicating a weak
correlation between crystalline structures of Py/salts and Py excimer

fluorescence.

TBAPF,

Py TBAPF_RT Py TBAPF,_HT

Py_HT
T

/_A——‘L

6 I 9 I12I15I18I21I24I27I30
20
Fig 4.S6. The XRD spectra of different films (a) Py (black) (b) room-
T prepared Py/ TBAPFs (blue) (c) high-T prepared Py/ TBAPFe
(red) (d) TBAPFe (green).
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The lifetime of excimer in Py/salt solutions was also studied to provide
the insight to the effect of the salts in this study on the formation of Py
excimer. Fig. S7 shows practically the same decay for all the cases, a
confirmation of marginal effects of cation or anion structure on the Py

excimer quenching mechanism.

Fig 4. S7. Fluorescence lifetime of solution (A) Py/TBA acetate (black),
PYy/TEAPFs (red), Py/THAPF¢ (blue) , Py/TBABF4 (marine), Py/TBANO3
(pink), Py (dark green), and Py/TBAPF¢ (dark blue).
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The double-exponential and combinational decay functions [as shown
in Egs. (S1) and (S2)] were used to best fit the data of excimer lifetime
obtained from high-T prepared Py/TBAPFs (or pure Py) films and room-T
prepared Py/TBAPFs film, respectively. In the double-exponential decay,
two relaxation modes are assumed having the populations of A; and A2, and
the relaxation times of z1 and =, respectively. The excitation laser pulse
came in at time to. It should be noted that in the case of combinational decay
function (used for the room-T prepared Py/TBAPFs film) A1 and A; are kept
unchanged and only a prefactor B is used to account for the population of
the same decay mechanism presented by the high-T prepared Py/TBAPFs
residue. The lifetime of the new single-exponential decay constant, 7, and
the prefactor, As (presenting its population) as well as B and t, are obtained
through best fitting the experimental data of the room-T prepared

Py/TBAPF film using Eq (S2).

_t=tg _t=tg

IHT or Ipy (t) = Ale 1 4 Aze T2 (Sl)
_t-to _t=to _t-to

IRT(t) = A3€ Tll + B(A1€ 1 4 Aze T2 ) (82)

The best fitting parameters in the cases are summarized in Table 4 S2.
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Table 4.S2. The best fitting parameters for double-exponential and
combinational decay functions to describe the excimer lifetimes of Py, high-

T prepared Py/TBAPFs and room-T prepared Py/TBAPFg films.

1) Double-exponential decay function

to (NS) Ay z(ns) A>  (ns)

Py film 384 0964 119 0.046 318

HT, Py/TBAPFs
38.0 0.987 123 0.036 416

film

(2 Combinational decay function

t, (nS) Az 71(Nns) B
RT, Py/TBAPFs
37.9 1.00 8.4 0.00

film
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Chapter 5.

High Efficiency Pyrene/Polystyrene Thin Films for
Nitroaromatic-Explosives Detection
— The Effects of Polymer Molecular Weights,

Architectures and Diffusion of Explosive Molecules

5.1. Introduction

Nitroaromatic compounds can be employed as explosives which
provide a useful tool to remove obstacles in construction. However, these
materials can also be used by terrorists to threaten the public safety. A fast
and accurate method to detect explosives is therefore important to reduce
the financial burden due to time loss, personnel training and expensive
advanced analytic equipment or materials. These explosives are usually
good electron acceptors because of the electron withdrawing nitro groups.t”
2 The common challenge for detecting solid explosives arises from their low
vapor pressure (normally in the sub-ppm range). One of the most effective
materials in sensing the nitroaromatics explosives is a fluorescent
conjugated polymer, poly(phenylenethynylene) (PPE), which promotes the
exciton migration along the polymer backbone resulting in fluorescence
quenching over a long range by a single quencher-binding, known as

"molecular wire" amplification.® This material was able to detect the trace
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amount of 10-100 femtograms level of trinitrotoluene (TNT). The superior
performance is attributed to efficient electron delocalization and exciton
migration.®* Recently, it has also been reported that the fluorescence of
electrospun films composed of three common species, i.e., a fluorophore
(pyrene, Py), a non-conductive polymer (polystyrene, PS), and a salt
(Tetrabutylammonium Hexafluorophosphate, TBAPFs) can be effectively
quenched in presence of a trace amount (at a ppb level) of nitro-explosives
(e.g., nitro-aromatic, nitro-glycerin, or nitro-amine compounds) over a short
period of time (in 6 minutes).> This mechanism provides an ideal sensing
platform for explosives. The fact that these materials are readily available
and do not require complicated synthesis and manufacturing processes
enables the efficient and economic explosive detection without
compromising the sensitivity and selectivity. A recent report showed that
the Py excimer fluorescence in a PS/Py/TBAPF¢ film are tunable by the
solvent vapor pressure, which provides a mean to control the formation of
Py excimers.® The effect of a variety of salts on the fluorescence has also
been studied in Py/salt mixtures. A unique dependence of quenching effect
was found in certain anion and specific cation with 4-carbon chain length
(i.e., TBAY.

It has known that fluorescence quenching by analytes relies on not only
the electronic interaction but also the structural variation of the sensing
molecule (i.e., Py in this case) in the matrix and its interaction with the

analyte. Therefore, the structure of the polymer matrix, where Py resides, is

131



expected to be important. It has been reported that PS provides the best
environment in order to yield fast quenching of Py by 2,4-dinitrotouelene
(2,4-DNT) compared with other polymers (e..g, polyethylene oxide,
polyacrylonitrile, polyvinylpyrrolidone), presumably due to the phenyl
group of PS°. However, whether the quenching of Py propagates along the
backbone (similar to the “molecular wire”®) and whether the molecular
weight of PS will affect the quenching remain unclear. It is anticipated that
the quenching rate of Py would decrease for shorter PS chains if the
quenching of Py is along the polymer backbone. In this paper, we will
investigate the quenching efficiency in correlation with the variations of the
molecular weight of PS and the film thickness to provide the insight to this
iSsue.

Moreover, different polymer architectures are also investigated in order
to probe new structure-property relationship such as the quenching
dependence of Py (by 2,4 DNT) on the electron energy level. Graft PS
polymers with branches have been synthesized in different structures (e.g.,
“centipede-like”, and “4-arm star”).2 The quenching efficiencies of Py by
2,4-DNT as Py resides in such PS hosts are also evaluated in comparison
with that in the linear PS matrix of a similar molecular weight.

This paper will present the dependences of chain length (i.e. molecular
weight) and molecular architecture of PS on the quenching efficiency of Py
excimer. Fundamental understanding of the quenching mechanism,

diffusion of 2,4-DNT in solid thin films, and key parameters which control
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the quenching rate will also be studied and discussed, in order to design

better sensing materials for nitro-explosives.

5.2 Experimental

Materials: The PS of different MWs (i.e., 2.5K 35K, 192K, 350K, and
900K), Py (MW = 202.15¢g/mol), TBAPFs (Tetrabutylammonium
hexafluorophosphate), 2,4-DNT (2,4-ditnitrotoluene), and Tetrahydrofuran
(THF) were all purchased from the Sigma-Aldrich and used without further

purification.

Synthesis of different PS architectures: The different architectures of PS

(i.e., linear, centipede, and 4-arm star) as shown in Fig. 5. 1 was synthesized
via anionic polymerization of styrene®!l. Benzene, hexanes, styrene,
butadiene, SiCls, (CH3)SiCls, (CHs):SiCl2 and methanol were obtained
from Aldrich and purified by using established methods. Sec-BuLi was
synthesized from sec-BuCl and Li. 4-dichloromethylsilylstyrene (DCMSS)
was synthesized from 4-chloromethylstyrene, by transformation first into a
Grignard reagent and subsequent addition to (CHs)SiCls.*?* Linear PS was
synthesized simply from polymerization of styrene from sec-BuLi in
benzene. 4-arm star PS was synthesized by (1) preparing PSLi, end-capping
it with a few units of butadiene to reduce steric burdens, (2) linking these
macro-anions with SiCls in slight stoichiometric want, and (3) fractionating
in toluene/methanol. Centipede PS was synthesized by (1) preparing PSLi

and end-capping with butadiene, (2) preparing a doubly PS-grafted styrenic
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macromonomer,

incrementally up to the twofold-equivalence point, and (3) polymerizing
fresh styrene from sec-BuLi in the presence of this macromonomer. The 4-
arm star PS possess ~1200 styryl units per arm of the star, and the case of
centipede PS has arms of ~270 styryl units which are spaced out in a similar
length scale. The molecular weight (MW) values of different PS materials

were measured by SEC-LS and all have the MW range 0f500kg/mol shown

in-situ,

by adding this macroanion to DCMSS

in Table 5. 1.
SEC-RI SEC-LS
SAMPLE MW MW Averaged NuCn}llZfi:rrl of Branch /
PDI (kg/mol)  (kg/mol)
LINEAR 1.05 575 486 0
4-ARM STAR 1.03 - 483
(arm for star) 1.03 130 125 3.9 arms per star
CENTIPEDE 1.07 - 540
(arm for .
centipede) 1.03 29.7 28.1 4.5 branches per centipede

Table 5.1. Molecular Characteristics of PS Samples
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9 A XK

linear centipede star

Figure 5.1. The different architectures of PS synthesized by

anionic polymerization

Film preparation: The thickness of the PS/Py film made by spincoating has

a very weak dependence on molecular weight of PS (due to the same solvent
and similar viscosities among the samples) but strongly depends on solution
concentration. Thus, two thicknesses (i.e., 110+ 40 nm, 550 + 60 nm) were
prepared from different concentrations (1.67 wt. %, 4.77 wt. %,
respectively) in tetrahydrofuran (THF) solutions via spincoating at 1000rpm
for 60s (P6700, Specialty Coating Systems, Inc.). The weight ratio of Py to
PS was fixed at 1: 2 throughout the experiment. The film thicknesses were
measured by a surface profilometer (Veeco, Dektak 150).

Characterizations

» Steady-state fluorescence spectroscopy: The fluorescence of the prepared
films was measured by a steady-state fluorescence spectrometer (Flourolog,
Jobin Yvon Horiba). The films were excited by photons with a wavelength

of 345 nm. The emission spectra were monitored in the range of 360—600

135



nm through a 1-mm slit and normalized by the maximum intensity of the
corresponding spectrum.

» Time-dependent fluorescence spectroscopy: The quenching efficiency

(Q.E.) of the films with respect to saturated vapor of 2, 4-DNT was
measured in the wavelength range of 360 -600nm using Varian Cary Eclipse
fluorescence and Jobin Yvon (Horiba) spectrophotometer after being
excited by photons with a wavelength of 345nm. The saturated vapor of
2,4-DNT is prepared in the cuvette with cottons and the film was inserted
not to touch the 2,4-DNT directly. The changing of the fluorescence
intensities (1) were normalized to the initial intensity (lo) measured right
after the exposure to the quencher vapor and the quenching efficiency (Q.E.)
is defined as (lo — I)/Io X100(%).

« UV-Vis Abs spectroscopy: The UV-Vis abs spectra were acquired by a

UV-Vis CARY 4000 (Agilent Technologies) from 190 nm to 700 nm to
determine the band gap of materials.

« Rotating Disk Electrode (RDE) measurements: For the working electrode,

the 10ul of Py/PS solution was coated onto a glassy carbon electrode
(0.2475cm?), and dried in a vacuum oven. The electrochemical analysis was
performed with an AUTOLAB model PGSTAT 302N potentiostat. A 0.1M
tetra-n-butylammonium perchlorate solution (BusNCIO4) in acetonitrile
(CoH3N) and Saturated Calomel electrode (SCE) were used as the
electrolyte and reference electrode, respectively, whereas a mesh attached

Pt wire was used as a counter electrode. All the potentials will be referred
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to the Silver-Silver Chloride (Ag/AgCl) potential, unless otherwise stated.
The electrolyte was purged with pure argon (Ar) at least 30 minutes before
(and during) the experiments. Electrochemical analysis reagent grade,

BusNCIO4and ACS grade C2HsN were used as received.

5.3. Results and Discussion

Fig. 5. 2 shows the excimer fluorescence intensity of various solid films
containing Py in the presence of 2, 4-DNT vapor as a function of time. No
quenching was observed in the films of Py and Py/TBAPF¢ as shown in Fig.
5. 2 (A) and (B), respectively. However, a significant quenching (~ 50%)
was observed in the film of Py/PS after 6 mins being exposed by the 2,4-
DNT vapor, suggesting that PS is an essential component for the quenching
of Py by 2,4-DNT. It has been hypothesized that the phenyl group of PS
can promote the fast quenching of Py excimers.® The flexibility of PS has
also been presumed to provide the mobility of Py to form the excimer and

be quenched by TBAPFe°
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Figure 5.2. The time-dependent fluorescence of (A) Py and (B)
Py/TBAPFs and (C) Py/PS film upon exposure to equilibrium 2, 4-DNT

vapor
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5.3.1. Effect of PS Architectures and MW

- Fluorescence Quenching of Py/PS films in presence of 2,4-DNT

Similar to Fig. 5. 2, Fig. 5. 3 (A) shows a time-dependent quenching
behavior of Py/linear PS (MW=500K) film (thickness = 550 + 60 nm) with
respect to the exposure time in presence of 2,4-DNT vapor. The
fluorescence spectra show that the peak at 468 nm decreases with time. It
has been reported that a formation of exciplex, a type of charge-transfer
complex between electron-rich polymer and nitroaromatic analyte, is
occasionally attributed to the fluorescence quenching accompanying with
the peak shift in the UV/fluorescence spectral' 1°. The observed invariance
of the peak position in Fig. 5. 3(A) implies that this quenching may not form
a charge-transfer complex between Py/PS and 2,4-DNT. In addition, UV-
vis abs spectra of Py/PS film in Fig. 5.S1 also suggests no presence of
charge-transfer complex in the system. The Q.E.s of Py in PS of different
architectures (i.e., linear, centipede and 4-arm star) are also investigated,
indicative of no significant differences from each other as shown in Fig. 5.
3 (B). The result suggests that the effect of PS architecture on the

fluorescence quenching by 2,4-DNT is insignificant.
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Fig 5.3. (A) The time dependent fluorescence of (A) Py /PS (linear,
500K) film and (B) Quenching efficiency of Py/PS films (black square

of linear PS, red circle of centipede PS, and blue triangle of 4-arm star
PS)

-Optical and Electrical properties of Py/PS Films

In comparison to the fluorescence spectrum of Py film alone, the spectra
of all Py/PS films (including all architectures) exhibit a red shift from 450
to 468 nm [Fig. 5.4 (A)], indicating PS molecules interact with Py excimers

in the same way regardless of molecular architectures.
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141



As the fluorescence of excimer is quenched there are several possible
mechanisms: photo-induced electron transfer (PET), Fluorescence (Forster)
resonance energy transfer (FRET), excimer/exciplex formation, and
photoinduced charge transfer (PCT). The possibility of the formation of
charger transfer or exciplex was omitted since the peak locations in the UV-
Vis and fluorescence spectra remain invariant through the quenching
process [Figs.5. 3 (A). S1,and S2]. The definition of PET is a type of non-
radiative deactivation of the excited state, either oxidative and reductive
electron transfer processes between donor and acceptor results in
fluorescence quenching.'®1” Accordingly, due to the electron rich nature of
polyaromatic hydrocarbon and electron-deficient nature of explosives, the
PET process from the sensing film to the explosive molecules was
presumed to be the possible reason for effective fluorescence quenching®®
20 which is controlled by the energy gap between the LUMO of donor (i.e.
fluorohpore, Py) and that of the acceptor (i.e., explosive) in the oxidative
electron transfer process.'” 22> |t has known that the quenching efficiency
is directly proportional to the rate of the electron transfer (ket) 1”224, Based

on Marcus theory, the transfer rate can be described as'” 2224

kgr = Aexp(—AG*/kT) [1]
_2md?2 o (AG®+2)?
"~ VAT V= exp[— 47KT ] [2]

where 4G° is the standard Gibbs free energy difference of the electron

transfer reaction, V is the electron coupling between the initial state (D*A)
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and final state (D*A"), where D and A are electron donor and acceptor,
respectively, 1 is generally a positive number and represents the
reorganization energy which includes two contributions: (i) the internal part
Jirelated to the geometric changes of D and A and (ii) the external part Ze
related to the polarizations of the surrounding medium. The 4G° is the
energy gap between the LUMOs of A (i.e. 2,4,-DNT) and D (i.e. Py/PS
films) with one electron approximation.?>?42 And electron coupling (V)
can be considered as direct LUMOs coupling between D and A, and is
strongly dependent upon the distance between and the relative orientation
of them. From Eq [2], electron-transfer rate reaches maximum when -4G°
is equal to A (i.e., AG* = 0). When |4G°| < 4, the so-called normal region,
the more negative the driving force, the faster the electron transfer rate.
When [4G°| > 4, the inverted region, the more negative the driving force,
the slower the electron transfer rate.

Here, the electrical properties of Py/PS films were investigated through UV-
Vis and Cyclic Voltammetry and shown in Fig. 5. 4 (B) and Fig. 5. 4(C).
The most commonly accepted approximation for the band gap of structure
is derived from the onset point of low energy side absorption in the UV-Vis
spectra and converted to the energy (eV) as shown Eq. [3]. The Fig. 5. 4
(B) illustrates the UV-Vis spectra of Py and Py/PS films and its value of
band gaps (eV). It shows that after PS is incorporated into the Py films, the
onset points of Py/PS films are all shifted to the low energy level compared

with that of the Py film along. The band gap of Py/PS films has decreased
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about the similar level (~ 0.5eV) regardless of the architecture of PS. From
the electrochemistry method, the Highest Occupied Molecular Orbital
(HOMO) and the LUMO can be determined from oxidation and reduction
onset potentials, where the oxidation onset potential is Eox, and the reduction
onset potential is Ereq according to Eq [4] and shown in Fig.5.4.(C).% The
value of Eroc for ferrocene is 0.01 V vs. Ag/AgCl and 4.8eV is the energy
level of ferrocene under vaccum.?? Finally, the band gap energy of the
Py/PS film can be calculated by Eq. [5] as below.?® The results are
summarized in Table 5.2.

hc 1239.84187 eV'nm

Enomo/Lumo [V vs.Ag/AgCl](eV) = — (Eox/Erea — Eroc) —4.8 [4]
Ebandgap(ev) = Erymo — Enomo [5]
Onset — Omset — yovg oMo
oxidation  reduction fential ential
Samples potential  potential pt[J‘;‘ vsa p(EG Vlsa Band gap potential [V]
[V vs. [V vs. : :

A Aghgy  AYAC AgALT

Linear PS 0.63 -2.51 542 228 3.4 +0.06
Centipede PS 0.62 -2.58 -5.41 221 320 £0.05
4-arm star PS 0.61 -2.59 -5.40 -2.20 3.19 £0.07

Table 5.2. Evaluated HOMO/LUMO values of Py/PS films
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Fig. 5.5 indicates the energy level of LUMO and HOMO of different Py/PS
films. It has been reported that PS has a wide energy gap of 6.55eV.2527 A
noticeable decrease in the LUMO levels of all the Py/PS films was observed
in the presence of PS. Hence, this reduction of the band gap as well as the
lowered LUMO level of Py/PS films (compared to that of Py film) benefits
the 2,4-DNT to accept the electron from the excited state of Py/PS films,
leading to PET, consequently quenching the excimer fluorescence. In the
same manner, the matching of the LUMO energy of explosives to the
excited fluorohpores was attributed to the reason explaining quenching
process.?82° This reduction of LUMO level of Py in presence of PS is
possibly driven by resonance energy transfer between PS and Py. It has
been reported that non-radiative energy transfer through non-covalent
interaction can change the electron density of molecules.®® In light of this,
the phenyl group of PS may perturb the electronic density state of Py

through non-covalent interactions such as nt-n interactions.°

= | UMO
= HOMO

Energy Level (eV)

b & N &b & A b N 4L o
T A R S S R S N R

Py  PS PyPS1 Py/PS2 PylPS32,4-DNT

Fig 5.5. Energy Level (eV) of different films (i.e. Py® 2°, PS%, Py/PS1 (linear),
Py/PS2 (centipede), Py/PS3 (4-arm star) , 2, 4-DNT%)
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To examine the interaction between PS and Py, the UV-Abs and
fluorescence were measure and illustrated in Fig. 5.6 (A).It has been
reported that PS can form sandwich like excimers through intramolecular
associations between excited and unexcited phenyl group in the

backbone.33-36
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Fig. 5.6 (A) UV abs and fluorescence spectra of Py and PS (B)
UV abs spectra of different weight ratio of PS/Py films with fixed
concentration (0.1M) of Py
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Note that there are the clear overlapping region between the PS emission
and the Py UV-absorption spectra in Fig. 5.6 (A), indicative of possible
energy transfer from PS to Py. may relate to the interactions between PS
excimer and Py excimer.2” % Fig. 5.6 (B) shows an effect of the PS
composition on the UV-abs spectra of Py/PS films. By increasing the weight
ratio of PS, the UV-abs peak of Py at 340 nm was enhanced, further
supporting this proposed energy transfer mechanism from PS to Py through
the overlapping region The above-mentioned UV-Vis, fluorescence, and
cyclic voltammetry spectra suggest the PS-induced LUMO reduction
provides a plausible reason for the effective fluorescence quenching in the
presence of 2,4-DNT. Moreover, the energy transfer from PS emission to
Py absorption presents a mechanism to enhance the fluorescence of Py
excimer. However, different architectures of PS did not show significant
contribution to the formation of the excimer or the interaction between Py
and PS.

Effect of PS MW

Further investigation on the effect of different MWSs of linear PS was
conducted to elucidate whether the quenching of Py propagates along the
PS backbone. Fig. 5.7 (A) shows similar fluorescence spectra of Py in PS
host films of various MWs (from 2.5 to 900 K) with a thickness of 550 + 60
nm, representing that all PS provide similar environments for Py, also
confirmed by the similar UV-vis abs spectra of Py/PS films with the PS of

a wide range of MWs (Fig. 5. S4). Fig. 5. 7(B) shows the Q.E. of Py/PS
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films of different MW as a function of exposure time in the 2,4-DNT vapor.
No strong dependence of the MW on the Q.E. of Py/PS films was found
either. This result implies that the quenching of Py by 2,4-DNT may not
propagate along the PS backbone, suggesting the “molecular wire” theory

may not be applicable in this case.
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Fig 5.7. (A) Fluorescence spectra (excited at 345 nm) of different MW PS/Py
films (B) Quenching efficiency of Py/PS films with respect to 2,4-DNT (i.e.
2.5K (black square), 35K (red circle), 192K (triangle pink), 350K ( inverse
triangle green), and 900K (rhombus pink)

5.3.2. Effect of film thickness

Fig. 5. 8 shows the Q.E. of the Py/PS films of different architectures of PS

and at two thicknesses, i.e., (A) 110 £ 40nm and (B) 550 = 60 nm in the
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presence of saturated 2,4-DNT vapor. The final Q.E.s of both films reaches
a similar level of 95% regardless of molecular architectures and film
thicknesses. The diffusion coefficient of 2, 4-DNT across the solid film can

be calculated through the Fick’s second law.
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Figure 5.8. The time-dependent fluorescence quenching efficiency of (A)
Py/PS films (thickness: 550+60nm) (B) Py/PS films (thickness: 110 +
40nm) of different PS architecture (linear, centipede and 4-arm star),

respectively.
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To avoid self-quenching, an investigation on the correlation between the
fluorescence intensity and film thickness was conducted prior to the
diffusion experiment as shown Fig. 5. 9. Samples should be only selected
under the condition that the fluorescence is linearly dependent on the film
thickness (i.e., the amount of Py in the film). As a result, two films of

thicknesses, (550 + 60) nm and (110 £ 40) nm were chosen.
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Fig. 5.9. The fluorescence ratio of lexc/Imon OF different thicknesses of Py/PS

films. Lines indicate the linear fluorescence response of the Py/PS films

composed of different-MW polystyrenes.
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It is assumed that the concentration of the 2,4-DNT remains constant
(at the saturated pressure) near the surface of films and that the quenching
of the fluorescence is proportional to the amount of 2,4-DNT in the film
with a fixed ratio of stoichiometry. Then, the diffusion of 2,4-DNT across
Py/PS films can be described in Eq. [6])*"3° by assuming a constant
diffusion coefficient, for concentration changes in time. As a result, the
combination of Stern-Volmer quenching (Eq. [8]) equation and time
independent Smoluchowski—Einstein equation (Eqg. [9]) yields Eq. [12]
which shows a simple form of single exponential decay.*® The solid curves
in Fig. 5. 8 are the best fits based on the calculation of the equations, which
capture the quenching phenomenon reasonably well. Assumption is that
quenching of Py/PS films follows exponential decay and Kq is single-value
and Dp<< Dqwhen the Py/PS is is fixed to the substrate. Eq [8] is modified
by expanding in a series with Kkqto[Q] << 1 which produces the Eq [10].
During diffusion of 2,4-DNT into the Py/PS films, Py are quenched in the
volume which is occupied by 2,4-DNT molecules[Q(t)] at time,t. Then
fluorescence intensity at time t can be represented by the volume integration
of Eq [11]. Also, it is assumed that Q(t) corresponds to the amount of 2,4-

DNT that diffuses into the film(M;).
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C£0= §+ %Z;‘;l = sin%exp(— Dn;fzt), M=[CdV [6]
Eo-iTgm e () om
% =1+ k,70[0Q], [8]

kq — pky = 4-7TNA(1DOIZ)-I(;Dq)pR [9]

I ~ Io(1 = kg7o[Q1),  kq7olQ] < 1 [10]
L=t o (1-52 0w), e =favie] (1]
L=+ Lexp(-2h [12]

where d being the film thickness (cm), Co and C being the concentration of
2,4-DNT at the location of x in the film initially and at time of t,
respectively, Mt and M., being the amount of 2,4-DNT that diffuses into the
film at t and infinity, respectively. loand | are the fluorescence intensity in
presence of the 2,4-DNT initially and at t, respectively. o is the lifetime of
a fluorophore in the absence of quencher, and kq is the bimolecular
quenching rate constant. Dy and Dgq are diffusion coefficients of the excited
fluorophore and quencher, respectively, p is the quenching probability per
collision, R is the sum of the collision radii (Rr + Rq), [Q] is the
concentration of the quencher (2,4-DNT) in the environment, where the
films are exposed to, and Na is Avogadro’s number. V and dv are the

differential and total volume of Py/PS film. Q(t) is the amount of 2,4-DNT
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molecules diffuse into the film at time t. The coefficient, C in Eq [12] is
KqQ(0)/V and A is equal to 1 — C. Here, Q(e0) is the amount of 2,4-DNT
molecules diffused into the film at t=co.

We have found that though the single exponential decay expressed in EQ.
[12] is sufficient to describe the fluorescence decay in the short time (i.e.,
the first 6 mins in Fig. 5. S5). However, to fit the data over a longer time
scale, two exponential decays (i.e., two diffusion coefficients) are required.
Figs.5.10 (A) and (B) reveal the best fitting diffusion coefficients of single
exponential and double exponential decays from the fluorescence response
of the films in cases of short- and long- time frames, respectively. The result
indicates that the diffusion coefficients of 2,4-DNT strongly depend on the
film thickness. However, no significant dependences of the MWs and
molecular architectures of PS on the diffusion coefficient were observed.
The average diffusion coefficients for Py/PS films of 110 + 40 nm and 550
+ 60 nm in a short-time scale (6 mins) are 9.6 x10™* and 1.5 x1012 cm?/sec,
respectively, representing a higher value of diffusion coefficient of 2,4-

DNT for the 550-nm film.
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Fig. 5. 10 The best-fitting diffusion coefficients (cmz/sec) of Py/PS films
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and architectures are investigated: (A) and (B) reveal the diffusion
coefficients obtained from the best-fits of the short-time frame (6 mins)

and the long-time frame (12 hrs) experimental data
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Fig. 5. 10 (C) shows that the short-time diffusion coefficients obtained
from the single-exponential decay are generally consistent with those of the
fast-mode diffusion coefficients (D) in Fig. 5. 10 (B) obtained from the
double-exponential decay (5.5 x 1024 and 5.8 x 1013 cm?/sec in the case of

110-nm and 550-nm films, respectively).
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Fig. 5.10 (c) comparison of diffusion coefficients (obtained from
single- and double- exponential decay) at two different thicknesses and

(D) fluorescence decay of Py/PS films at 468nm and its fitting
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The thicker film also yields a higher value of the slow-mode diffusion
coefficient (D) of 2,4-DNT (4.16 x 1014 cm?/sec) in comparison with that
in the case of the thinner film (3.55 x 10°%® cm?/sec). The two diffusion
mechanisms of the 2,4-DNT into the Py/PS films, namely the slow and the
fast mode, may arise from surface diffusion and molecular diffusion.***?
The former may be related to the adsorption nature of 2,4-DNT to the film
surface (or accessible pores of the film), while the latter may be accounted
for the diffusion through the solid region of the film. The dependence of
the film thickness on the 2,4-DNT diffusion constants is possibly attributed
to the increased surface roughness and interconnected pores accessible to
external vapor with increased film thickness, thus allowing fast gas

transport.*4

5.4. Conclusion

The effect of PS architectures and MWs of the Py/PS thin films on the
Py excimer fluorescence and its quenching has been investigated in the
presence of 2,4-DNT. Little or no dependence of different architectures and
MWs of PS on quenching was observed. However, LUMO level and band
gap of Py have been reduced in presence of PS due to the non-radiative
energy transfer between PS and Py. The reduction of the LUMO level of Py
in presence of PS presumably facilitates the quenching of Py excimer by the
2,4-DNT. No significant peak shift in the fluorescence spectra during the

quenching process indicates that quenching mechanism in this system is

156



most likely driven by the PET process. Finally, the diffusion coefficients of
2,4-DNT in the Py/PS film were evaluated through fluorescence quenching.
The result suggests that 2,4-DNT interacts with Py/PS films in two different
mechanisms — the fast and slow modes. The thickness of the films presents
a key parameter to dictate the diffusion coefficients. Thicker Py/PS film
shows higher diffusion coefficients in both modes. This is possibly
attributed to the enhanced surface roughness (or porosity) in the thicker

films.

5.5. Supporting Information

Fig. 5.S1. UV-Abs and fluorescence emission spectra of different Py/PS
films after exposed to 2,4-DNT. The onset point of UV-Abs looks more
less similar to each other and also the peak maxima position of Py did not
alter during fluorescence quenching with 2,4-DNT in the fluorescence
emission spectra, representing no clear bandgap change during the

interaction with 2,4-DNT.
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Figure S1. The UV-vis absorption spectra of Py/PS films with thicknesses
of (a) 110 nm and (b) 550 nm . The PS has different molecular architectures.
The spectra were measured prior to and after exposure of 2,4-DNT. The
onset points of UV-vis Abs spectra obtained from different samples are

similar to each other.
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(d) centipede-PS (500K)/PS thickness = 110 nm
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Figure S2. Time-dependent fluorescence emission spectra of Py/PS films
composed of PS with different molecular architectures in the presence of
2,4-DNT. (a), (b) are the results obtained from the 550 nm thick film while

(c)-(e) represents results from the 110 nm thick films.
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Fig.5.S3 Quenching efficiency of the 550-nm Py/PS films in the presence
of various nitroexplosives (i.e. 2,4-DNT, 1,3-DNB and picric acid). After

12hrs being exposed to the explosives, all Py/PS films show 90 % or above

quenching efficiencies.
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Fig.5.54 The UV-vis abs spectra of different Py/PS films (i.e. 35K, 192K,
350K and 900K) with a fixed weight ratio of PS to Py (2:1) where the Py
concentrations in the solutions for film preparation are also fixed at 0.1 M.
The peak positions of different Py/PS films are similar, indicating that no
significant MW of PS on change of Py bandgap with fixed weight ratio of

PS.
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Fig.5.S5 Best fitting results of fluorescence intensity of Py/PS films at
468nm with 2,4-DNT in two time frames: 6 mins (short-time scale) and 12

hrs (long-time scale)
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110-nm Pv/PS film with 4-arm star PS (MW= 500K) auenched bv 2.4-DNT
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550-nm Pv/PS film with 4-arm star PS (MW= 500K) auenched bv 2.4-DNT
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Chapter 6.

Incorporation of AuNPs into lipids bilayers

via self-assembly

6.1. Introduction

Gold nanoparticles (AuNPs) have gained attentions in biomedical
applications for their advantages of low toxicity, high contrast in imaging,
and capability of absorbing or emitting the infrared which has a high
penetration to tissues.’* SERS effect of AuUNPs has introduced to enhance
the infrared absorption or emission about a factor of 108.5° It is well
established that shape, size of and distance between the NPs are crucial for
SERS/plasmonic effect.®! As well as a roughness on the surfaces can
greatly enhance the Raman signal by many orders of magnitude. Such
enhancement empowers many applications including single-molecule
sensing,® 121 bio-diagnosis,!**® and therapeutics.'*'’ For in-vivo
applications (diagnostic or therapeutic), challenges on biocompatibility and
size-control need to be addressed. In this regard, phospholipids have been
used as theranostic carriers due to their biocompatibility as well as the ease
of entrapping foreign molecules. As a result, utilization of the lipid template

to carry AuNPs may provide a way to overcome the aforementioned
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challenges. The interaction between AuNP and lipids has been studied
extensively. In most cases, vesicle is the most general structure observed
since only one type of lipid was involved in the studies.!®° It has been
reported that various morphologies of lipid aggregates can be designed in a

mixture of lipids with distinct hydrophobic chain lengths.?6-3!

(a) ZwitteriQnic

(b) Charged

sk Ribbon-meshed
non-swelling Swelling

93 lamellae Jj 7 " o perforated
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Nanodiscs
10
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Fig. 6.1 Spontaneous structural phase diagrams of (a) zwitterionic

mixture of DMPC/DHPC and (b) charged mixture of

DMPC/DHPC/DMPG
Fig 6.1 summarizes the spontaneous structures of a lipid mixture composed
of'a long-chain dimyristoyl phosphatidyl choline (DMPC) and a short-chain
dihexanoyl phosphatidyl choline (DHPC) as a function of temperature, T
and total lipid concentration, Ci, based on the results of nuclear magnetic
resonance (NMR),*? cryogenic transmission electron microscopy (cryo-
TEM)* and small angle neutron scattering (SANS).2”>3! These structural
transformations are strongly influenced by the packing parameters of the
molecules and the miscibility between DMPC and DHPC. At low
temperature (24°C), DMPC is in the gel (crystalline) phase — immiscible
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with DHPC in the fluidic (L) phase. The two lipids segregate from each
other forming discoidal micelles (i.e., nanodiscs) or bilayered ribbons,
where the low-curvature planar and high-curvature rim regions are made of
gel-phase DMPC and L-phase DHPC, respectively. With increased T the
DMPC melts into L phase — becoming more miscible with DHPC, and
drawing DHPC into the bilayer, thus resulting in increased line tension at
the rim. Consequently the nanodiscs or ribbons coalesce into larger
aggregates such as lamellae or vesicles.?® ** The nanodiscs are uniform with
radii of 10 ~ 25 nm and a thickness of 5 nm.?*3* The hydrophobic core of
the nanodiscs has a great potential to incorporate hydrophobic molecules.
In addition to temperature, the charge density of the bilayer may also play
an important role in the morphological transformation. Fig 6.1 (B)
illustrates a spontaneous structural diagram of a slightly charged mixture,?”
31 where a small amount of charged long-chain lipid, dimyristoyl
phosphatidyl glycerol (DMPG) i1s added to the system. The resultant
structures are different from those in the corresponding zwitterionic system
as indicated that the multilamellar vesicles (MLVs) completely unbind into
either perforated lamellae or unilamellar vesicles (ULVs) which are
reasonably uniform with radii ranged from 15 to 50 nm.>*3° The objective
of this chapter is to testify the ability of nanodiscs to encapsulate the AUNPs
without a disruption of morphology for a possible bio-diagnosis sensor

based on the principle of self-assembly.
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6.2. Experimental

Materials and solutions preparations:

DMPC, DHPC and DMPG were purchased from Avanti Polar Lipids and
used without further purification. The molar ratios of long-to-short (Q) and
charge-to-non charged lipids (R) are prepared at 3.5 and 0.02, respectively,
which yields a disc-like morphology at 10°C.3! The different carbon chain
lengths of AuNPs (i.e. C4, C8, C12, C16 and C18, respectively) were
synthesized by Dr. Flavio Maran’s research group (University of Padova,
Italy), which contain a hydrophobic surface. The initial concentration of
AUNPs was prepared in the benzene with 0.25 wt. % and 20ul of AuNPs
solution mixed with lipids mixtures of DMPC, DMPG and DHPC together
in chloroform, leading to 5 AuNPs per nanodics. After all solutes are well-
dispersed in organic solvents, the mixture was dried with a gentle stream of
nitrogen and full vacuum for overnight. The thin films of lipid mixtures and
AUNPs were dispersed in 0.1mL of water (20 wt. %) to form the nanodiscs

at low T (~ 10 °C) and diluted to 0.5 wt. % before characterizations.
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Characterization:

Small Angle X-ray Scattering (SAXS): The size and morphology of lipid

mixtures and AuNPs were determined by the SAXS (Nanostar, Bruker).
The attainable minimum q (scattering vector) is from 0.07/nm to 0.2/nm.
The A of 1.5418A° was used in this experiment.

High-Resolution Transmission Electron Microscopy (HR-TEM)

The morphology and the presence of AuNPs in lipids mixture were
confirmed by HR-TEM (JEM-2010, JEOL) with an accelerating voltage of
200 kV. The negative staining TEM was conducted in following steps. A 5
uL of solution (0.5mg/mL) was placed on a copper grid coated with
Formvar/carbon film for one minute and excessive solution being removed
by filter paper. Right after, the sample was negatively stained with 5 pL of
Uranyl acetate solution in water (20 mg/mL) and the excessive staining
solution was again removed. Afterwards, the grid was dried at vacuum for
an hour. All this procedure was done below Twv of DMPC (24°C) to prevent
the specimen from changing a morphology.

Dynamic Light Scattering (DLS)

DLS is used to determine the Ry of particle with ALV compact goniometer
system (CGS-3MD). The A of 632.8 nm has used with a 22 mW He—Ne

laser.
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6.3. Results and Discussion

6.3.1 Determination of size of hydrophobated AuNPs

To resolve the size of the hydrophobated AuNP (C12), SAXS is introduced
in this study. Recall the chapter 3, the scattering intensity, I, can be
presented as a function of scattering vector, q which is defined as 4x/A [sin
(6/2)], where A and 6 are the wavelength of the X-ray and scattering angle,
respectively. Fig.6.3 shows the Guinier plot from the SAXS results of the
hydrophobic AuNPs in benzene, where q<Rc?>Y? « 1 and log | linearly
decreases with g2 The slope of the fitted line is <Rg>>/3, resulting in the
best fit <Rg?>Y? = (0.92 + 0.10) nm. Also, the complimentary method of
TEM was also conducted to examine its size and distribution and shown in

Fig.6.4. All results indicates no indication of large aggregates of AuNPs.

. Rg=0.92 nm
3.0+ Slope:= -RgZ/S
2.8 .

2.6 1
o 2.2-
o) ]
2.0

{ | Equation y=a+b
1.8 Adj. R-Squa 0.31634
: Value Standard Err|

1 l10g 1(@) Intercept 2.6351 0.00917
1.6 9 log I(q) Slope | -2.554 0.0904
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
2
q

Fig. 6.3. SAXS results of the hydrophobated C12 AuNPs in

benzene and the best Guinier fit
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Fig.6.4. HR-TEM of hydrophobated AuNPs (C12) at different

scale bars of 50 nm and 5 nm

6.3.2. Incorporation of AuNPs in the Lipid Bilayers

Since it has reported that the DMPC/DMPG/DHPC solutions in absence of
AUNPs at 10 °C form nanodisc,?® 3 3 % the same disc-like morphology is
assumed for the system in presence of AuNPs. To extract the detailed
dimensions of morphology from the SAXS data, a new combined model has
been designed in this chapter with a core-shell cylinder model as a form
factor and the Hayter-Penfold model as a structure factor which describes
the interaction between charged particles.3” The SAXS data then were best
fit using this combined model to obtain the average radius and the thickness
of the nanodiscs as well as the change in the electron density of the bilayer
core. As shown in Fig 6.5, the best fits are in good agreement with the data.
The best fitting radii of nanodiscs in absence and presence of AuNPs are
(10.5 £ 1.0) and (9.5 £ 1.0) nm, respectively. Two noteworthy results were
(1) the best fitting bilayer thickness varied from (4.5 = 0.6) to (5.3 £ 0.6)

nm after the incorporation of AuNPs, consistent with the shift of the high-q
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peak toward lower g, and (2) the difference of the electron densities in Table
6.1 between the core and the shell drops by 40%, indicating that the

entrapped AuNPs enhance the electron density of the hydrophobic regime

significantly.
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Fig.6.5. SAXS results of lipids [red] and lipids with
hydrophobatd AuNPs (C12) [blue] at (A) 10°C and (B) 40°C
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Lipids with

Lipids AuNPs

SLD core

(A2) -2.33E-04 -1.14E-04

Table 6.1. Best fitted SAXS results of scattering length density
(SLD) of hydrophobic core in the disc

The nanodiscs — ULV transition induced by increased T was also examined
in the AuNP/lipid solution. Fig 6.5 (B) shows the SAXS data of the same
lipid mixtures in absence and presence of AuNPs at 40 °C. The scattering
patterns are clearly different from those of the low-T (10 °C) samples — an
indication of the structural transformation. The broad peak at low g (the
structure factor) was replaced by one or two weak oscillations along the
curve corresponding to the regular diameter of spontaneously forming
ULVs. Moreover, the oscillations take place at similar g values for both
samples, indicative of similar ULV sizes. A three-layer (hydrophilic-
hydrophobic-hydrophilic) spherical shell model was applied to fit both
SAXS data. The best fit agrees with the SAXS data well for the sample with
AUNPs, while the SAXS data of the sample without AuNPs could not be
fitted by the same model. The discrepancy was presumably attributed to the
residue of nanodiscs, which did not transform into ULVs completely -
consistent with a previous report for a higher charge-density system.?® The
best-fit vesicular radii in both samples are similar [i.e., around (380+20) A],
consistent with the notion that both oscillations take place at similar g values

(dotted line in Fig 6.5 (B)). The radii of ULVs has incresed significantly

178



compared to that of nanodiscs at 10°C. In a same manner, DLS results of
Fig. 6.6) show a increased Ry from 8 nm to 11 nm and the enhanced
scattering intensity after increased T in both of lipids and C12AuNPs with
lipids.

(A) Lipids (Q=3.5, R=0.02, 0.05wt%)
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(B) C,,AuNPs with lipids (Q=3.5, R=0.02, 0.05wt%)
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Fig. 6.6. The Ry, of (A) lipids mixtures (B) C12AuNPs with lipids

mixtures at different temperature of 10°C and 40°C

The effects of AuNPs on the Ry and scattered intensity were observed in
Fig.6.6 (B) and (D). Two peaks of Rn around 10 nm and 100 nm,

respectivley become more obvious in presence of AuNPs and a spicky
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scattered intensity was shown regardless of T, possibly driven by the

plasmonic effect of AuNPs.

(C) Lipids (Q=3.5, R=0.02, 0.05wt%)
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Fig. 6.6. The scattering intensity of (C) lipids mixtures (D) C12AuNPs
with lipids mixtures at different temperature of 10°C and 40°C

In addition to the SAXS and DLS data, HR-TEM results of Fig. 6.7 directly
show the incorporation of AuNPs into lipid bilayers. Note that uranium and
gold have high atomic numbers of 92 and 79, respectively. Therefore, a
phase contrast can be aroused from the interference of the beam with
different atoms resulting in the different periodicities of d-spacing in the

image. As a result, uranyl acetate shows a d-spacing of 0.317 nm and also
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AuUNPs in a nanodiscs exhibits the d- spacing of 0.212 nm,  further

confirming the entrapment of AuNPs in the lipid bilayer.

0.0 02 0.4 06 08 1.0

0.424/2=0.212 nm
(AuNPs in lipids)

Fig. 6.7. HR-TEM of (a) Nanodiscs composed of DMPC/ DHPC
/DMPG (b) Nanodicss with hydrophobatd AuNPs (C12)
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6.4. Conclusion

The incorporation of hydrophobated AuNPs into the lipids bilayer
composed of DMPC/ DMPG/ DHPC was examined through SAXS and HR-
TEM. The results show that the insertion of 1-nm hydrophobated AuNPs in
lipids bilayers was successful without severe disruptions of morphology (i.e.
nanodisc, ULV). After the incorporation of AuNPs into the bilayer, the
increased bilayer thickness and electron density in the hydrophobic core
were observed. Further study will be investigated with different sizes of
AuUNPs, lengths of lipids, and maximum number density of AuNPs in the

lipids cargo (i.e. nanodics, ULVS).
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Chapter 7.

Self-linked  Liposomes  with  Triblock-
copolymer of PPO-PEO-PPO

7.1. Introduction

7.1.1. Liposome

A liposome is a spherical vesicle composed of a lipid bilayer, first
characterized by Bangham and co-workers. ! The lipid bilayer is driven by
the hydrophobic force from hydrocarbon chains of the phospholipids.?* In
general, the phospholipids generally consist of hydrophobic tails and a
hydrophilic head as shown in Fig.7.1. These hydrophobic tails of
phospholipids come together and form an inner layer to be shielded from

water while the polar head groups hydrated by water, provide a thin outer

layer shell.
0
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Fig.7.1. The structure of 1, 2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), a type of phospholipids

To be more specific, the formation of liposomes requires layer separation

and bending. At the initial stage of the liposome formation, two forces,
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normal and tangential, play a crucial role in forming a liposome, which
cause repulsion between lipid layers and the bending of lipid layers.> To
prevent an interaction of water with the hydrophobic core of the bilayer at
the edges, a self-close of lipid bilayers results in large multilamellar vesicles
(MLVs), similar to the structure of onions.® These spontaneously formed
MLVs can be converted to the single lipid bilayered structure of unilamellar
vesicle (ULVSs) in Fig. 7.2 by inputting an external energy (i.e., sonication,

extrusion) to the system which causes reduction of the particle size. '8

Fig.7.2. the structure of unilamellar vesicle (ULV) composed of

phospholipids
As the structure of lipid bilayers is likely similar to biological cell
membranes, liposomes have been used as models for cell membranes for
drug delivery systems (DDS)%°, imaging agents!*'2, For instance, drug or
dye molecules can be incorporated into either an aqueous interior or
hydrophobic lipid bilayer in the liposome and easily transported through
biological membranes.!® Also, Liposomes have relatively large internal

volume and the ability to modify their outer-membrane with various bio-
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recognition elements. All these characteristic make liposomes a versatile
tool for bio-sensing and drug delivery.

7.1.2. Triblock copolymer of PPO-PEO-PPO (Pluronic®)

Block copolymers have received much attention due to various properties
of molecular architecture and self-assembly. In the area of emulsifiers and
stabilizers, the commonly used triblock copolymer with liposomes is PEO-
PPO-PEOQ.X In this thesis, the inverse case of PPO-PEO-PPO triblock
polymers (17R4, Pluronic®), in which PEQ is the hydrophilic poly (ethylene
oxide) and PPO is the hydrophobic poly (propylene oxide) is used. Fig. 7.3
shows the chemical structure of PPO-PEO-PPO (17R4, Pluronic), which
contains 14 repeat units of PPO and 24 repeat units of PEO, respectively.
The amount of PEO within PPO-PEO-PPO attributes to 40 wt. %. In water,
many of the triblock polymers have been shown to aggregate in the form of
micelles with a self-assembled structure of a hydrophobic core (PPO) and
hydrated corona (PEO).%® The magnitude of the aggregation as well as the
phase propensity generally depends on the molecular weight and the
segment composition of the particular block copolymer.l” Moreover, the
formation of micelles (and other aggregates) has been found to be an
extremely temperature-dependent process.’> 719 It has been reported that
17R4 possesses a high critical micelle concentration (CMC) of 0.091g/mL
at 40°C but small aggregation number and small micellar radius in water.®-

19 This special characteristic is ascribed to the entropic penalty associated
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with the looping geometry of the middle block of PEO.%

YT

Fig.7.3. The structure of tribolock copolymer (17R4), PPO-PEO,-
PPO,, where x, z are 14 and y is 24.

7.1.3. Objectives

In this chapter, the possibility of self-linked liposomes with a triblock
copolymer of PPO-PEO-PPO in water phase will be attempted for the
possible platform of bio-diagnosis sensors. The effect of characteristics of
liposomes (i.e. defect, charge, curvature of liposomes and concentrations of
lipid mixtures) as well as different weight ratios of polymer to liposome on
the liposome aggregation will be briefly introduced. This concept may
provide basic baselines for developing a successful bio-diagnosis sensor in

the future.
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Fig.7.4. The possible structure of self-linked liposomes with triblock
copolymer of PPO-PEO-PPO (17R4, Pluronic®)

7.2. Experimental

The different chain lengths and charge of phospholipids [i.e. Dipalmatoyl
phosphatidylcholine (DPPC), dihexanoyl phosphatidylcholine (DHPC),
and dipalmatoyl phosphatidylglycerol (DPPG)] were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further purification.
The triblock copolymer of Pluronics 17R4 (PPO-PEO-PPQO) was purchased
from Sigma-Aldrich. The concentration of PPO-PEO-PPO was prepared
below the CMC (0.091g/mL) and further filtered through a pore size of
0.2um. To add a defect on the surface of liposomes, different molar ratio
of Q ([Long chain lipids (i.e. DMPC, DMPG)]/ [Short chain lipids (i.e.
DHPC)]) were prepared at Q= oo, 10 and 3. Different charge ratios of R
([Charge lipids]/ [Non-charged lipids]) were also introduced from R=0,
0.01 and 0.02, correspondingly. All lipid mixtures were prepared at two

concentrations, 0.5 and 0.1 wt. %, and first dispersed in chloroform.
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Chloroform was removed under a gentle stream of nitrogen and vacuum.
To hydrate the dry lipid film, DI water was added and vortexed vigorously
above 40°C. The lipid mixtures were then subjected to bath-sonication and
freeze thaw cycles at least 4 times. Lastly, the varying size of liposomes are
produced by using the mini-extruder (Avanti®) with different pore sizes (i.e.
100nm, 50nm and 30nm) of polycarbonate filters above the Tm of lipid
mixtures. After the liposome is prepared, in general, a fixed weight ratio of
polymer to liposome (i.e. 1 to 1) was introduced for the aggregation of
liposomes with the exception of some cases which will be discussed in
section 7.3.3.

Light Scattering: The Dynamic Light Scattering technique, also known as

photon correlation spectroscopy (PCS) was used to determine the size and
aggregation of liposomes at 25°C which are driven by diffusion coefficients
of the liposomes based on the Stokes-Einstein equations as shown in
Eqgn.7.1. In this experiment, a compact goniometer of ALV CGS 3MD was
used with the fixed angle of 90°. The laser source has a power of 22 mW

and produces a wavelength of 632.8 nm.

kT

D= Eqn. 7.1
6mnR

where D is diffusion coefficients, k is Boltzmann constant, T is temperature
(K), n is the viscosity of medium and R is the hydrodynamic radius of

particles
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7.3. Results and Discussion

7.3.1. Effect of defects

In order to vary the defects and elasticity of liposomes, different mole ratios
(Q) of long-(DPPC) to short chain (DHPC) lipids was introduced from oo, 10
and 3, respectively at a fixed concentration (0.5 wt. %) of lipids mixtures.
Fig. 7.5 and 7.6 show that increasing defects on the liposome with the short
chain phospholipids of DHPC, obvious aggregation of liposomes was
observed as a function of time with PPO-PEO-PPO. The pronounced impact
of defects on the aggregation of liposomes was shown at Q=3. The
aggregation of liposomes with PPO-PEO-PPO is possibly driven by a

hydrophobic force from the PPO blocks in the triblock copolymer in water

phase.
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It is speculated that the defects of the liposome provide the PPO blocks with
an enhanced local surface area to interact with hydrophobic tails of lipids.
Also, the different melting temperature of DPPC and DHPC may affect
elasticity on the surface of the liposome which is possible to induce a loose
packing and less resistance to stretching and bending on the liposome.?! In
fact, while the DHPCs exist in a melting phase at 25°C, DPPCs are in a rigid
phases due to its relatively high Twm of 41°C. Therefore, it is possible that the
DHPC induces the facilitated interactions between PPO and acyl chains of
DPPC in the water phase. However, the stability of the liposome remains
unclear in this study. The representative instability of liposome as a function
of time is shown in Fig. 7.7. The instability of liposome has a tendency to

appear at high concentrations of lipid mixtures, below the Twm

=00, 0.1 wt. % =10, 0.1 wt. % =3,0.1 wt. %
b E
[Ca—t0days] ' R ETET O
F | r ] ",
r .\.\ 1 o el 4 L o e, _.‘_““._.‘.-“.‘ 1 ..T..-'-'
" . -—l—20 hf‘ 0 l. a_ahr -
—a—12h .l\. 1 y E!nn/ ., ’ I 3 - f. L.
[\ —n—16hr| -~ "
LI F ¥ l.. L L L
y————— ‘ —=—an] P
—u—8h ' —a—12hr o r [
/ \. F LY U
' 1 rturia Y iy ! 7‘.71 o L ." .
L L ] L L —a-8hr .'llll L h J .l.
—a—dh o 1 y apans” " ! . ‘ .'li’. ) .l-.lFl-l-l
./ \.\ 1 ——4hr ..l'l.. —m—05hr Sy
r ? n L) "
L L L it L ]
—B—2hr iy 1 7‘|,2 hr niy ‘ ‘ Vll‘-lllll-l‘ll'. . .'F|-|-l
L . \ ] F ' —n—0hr] -
/ — " R iangyy gt
N | ! ol i [ .t
L L L L —a—0hr .ll\ " "
ﬂ /“\.\ y - l““/ ._|||" . 1 E R \....-L :
i [ o, Fo.
[ L )
L L L L y e eI e et o e e vrmmrarveren . Wrisararsr
1 10 100 1000 10000 | 0 10 1000 10000 1 10 100 1000 10000

Unweighted Radius (nm) Radius unweighted (am) Radius, unweighted (nm)

Fig. 7.6 The Ry of liposomes with different ratio of Q (i.e. oo, 10 and 3)
with PPO-PEO-PPO as a functions of time at fixed concentration of 0.1
wt. % of lipids and 0.1 wt. % of polymer in DI water

194



of DPPC, large size and high defects of liposome (i.e. high content of DHPC).
Even though there is the possibility of MLV formation which may relate to
other types of aggregations, in general, it tends to form more aggregates of
liposomes with PPO-PEO-PPO in the presence of defects on the liposome.
Indeed, a fast kinetic liposome aggregation was observed at a high
concentration (0.5 wt. %) of lipid mixtures compared to that of a low
concentration (0.1 wt. %). This may relate to a collision frequency between
PPO-PEO-PPO and liposomes. The more detailed experiments will be
introduced in part of 7.3.3. The possibility of MLV formation in the case of
0.1 wt. % liposome may also facilitate the aggregation with PPO-PEO-PPO

in Fig.7.5. However, this part will be explored in future study.
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Fig. 7.7. The change of R, of liposomes by time, size, concentrations and

temperature above and below Ty of DPPC.

7.3.2. Effect of charge

It is known that a negatively charged phospholipid such as DPPG in the
bilayer helps to stabilize the morphology composed of DPPC/DHPC in the
water phase due to its enhanced Coulombic repulsion forces.?? Since the
instability of the DPPC or DPPC/DHPC liposomes as a function of time
was observed, the negatively charged DMPG was introduced to the lipid
bilayer of DPPC and DPPC/DHPC from R=0, 0.01 and 0.02, respectively
to examine its effects on interaction with PPO-PEO-PPO for the liposome

aggregation and negate the possibility of other types of aggregation. Fig.

196



7.8 and 7.9 illustrate the Ry of liposome with PPO-PEO-PPO corresponding

to the time, showing that once <charge is included
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Fig. 7.8. The R, of liposomes with different ratio of R (i.e. 0, 0.01 and

0.02) at Q=3 with PPO-PEO-PPO as a functions of time at fixed
concentration of 0.5 wt. % of lipids and 0.5 wt. % of polymer in DI water

in the liposome surfaces, no distinct aggregation was observed regardless
of concentrations and defects of liposomes. This is probably because of a
repulsion force between DPPG on the liposome surface and PEG block of
the triblock copolymer. Many studies proved that PEG, which can also
enhance steric and repulsion forces, resulted in a long blood circulation time
with a reduced reticuloendothelial system (RES) uptake.?*?* Hence, the
effect of charge on the liposome surface may cancel out the hydrophobic
force between lipid bilayer and PPO block resulting in no aggregation of

liposomes.
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Fig. 7.9. The R, of liposomes with different ratio of R (i.e. 0, 0.01 and 0.02)

at Q=00 with PPO-PEO-PPO as a functions of time at fixed concentration
of 0.1 wt. % of lipids and 0.1 wt. % of polymer in DI water

7.3.3. Effect of number of density of liposomes and weight ratio of

polymer to liposomes
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The interaction between liposome and PPO-PEO-PPO was investigated
through the utilization of different sized liposomes and weight ratios of
polymer to liposome. Fig. 7.10 illustrates the kinetics of different sized o
liposomes ranging from 30, 50, 100 and 200nm with a fixed weight ratio of
polymer to lipids of 1:1. Note that a larger size of liposome takes more
surface area to interact with polymer. However, the aggregation of
liposomes with polymer was shown in the case of relatively smaller sized
liposomes (i.e. 30nm and 50nm). This suggests that there is an importance

of number density of liposomes to interact with polymer in the water phase.



The bilayered liposome contains two outer and inner layers exposed to
water phase, respectively. The thickness of the bilayers is about 5 nm and
the surface area of hydrophilic head group in the phospholipids is around
0.65 nm?. Therefore the number of lipids composing the liposome can be
driven by dividing the total surface area of lipid bilayer with the individual
surface area of lipids. Also, at a given mole concentration of lipids in the
solution, the number of phospholipids was calculated with Avogadro’s
constant. After combining all the information, the number of liposomes with
different sizes (i.e. 30 nm, 50 nm, 100 nm and 200 nm) in a given
concentration of lipids mixtures of 0.1 wt. % and 0.5 wt. % was calculated
and plotted in Fig.7.11. As the size of liposomes become smaller, the
number of liposomes increase from 2 to 6 times in a fixed concentration of
0.1 wt. %. In a same manner, the number of polymers in 0.1 wt. % solution
was evaluated in Table 7.1, showing an increase of at least ~ 4 orders of
magnitude higher than that of liposomes. [In previous, different ratios of
polymer to liposome was attempted from 0.001 wt. % to 1 wt. % in the case
of 100 nm. No clear aggregation was observed. (Data not shown)] Hence,
this result indicates that the increased number of liposomes with reduced
size may enhance a collision frequency to interact with polymer and reduce

the intermolecular distance of liposomes.
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Fig. 7.10. The kinetics of different sizes of liposomes (i.e. 30, 50, 100 and
200 nm) at fixed concentration of 0.1 wt. % of lipids and 0.1 wt. % of PPO-
PEO-PPO in DI water
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Fig. 7.11. The calculated numbers of liposomes in different sizes of
liposomes. (The experimental size of liposome shows a deviation from the
theoretical size of liposome after the extrusions, resulted in the differences

of number of liposome in the aqueous solution.)

To support this speculation, an increase in the amount of polymer to larger
size of liposomes (i.e. 100 nm and 200 nm) from 2 to 4 and illustrated in
Fig. 7.12 was attempted. The aggregation of liposomes was shown in the
case of 100 nm as increasing the weight ratio of polymer to liposome up to
2, indicating that the probability of interactions between liposome and
polymer plays an important role in resulting aggregation in the system.
However, no obvious aggregation was shown in the case of 200 nm
liposome with polymer ratio up to 4 even after 3 days, implying that either
kinetic liposome aggregation is too slow or there are certain barriers of
inter-particle distances to link between polymer and larger sized liposomes.

Further study will be investigated to prove this point.
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Number of PPO-PEO-PPO in 1mL

Mw 2700 0.1wt.% 0.5wt. %

EA 2.2304E+17 1.11519E+18

Table 7.1 The calculated numbers of PPO-PEO-PPO in the case of 0.1
wt. % and 0.5 wt. % in DI water
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Fig. 7.12. The kinetics of liposome aggregations with different polymer
weight ratio to lipids

7.4. Conclusion

The possibility of a self-linked liposome with triblock copolymer of PPO-
PEO-PPO was first attempted with different concentrations of lipids
mixtures, charge, defects on the liposome surface and sizes of liposomes.
Also, the different stoichiometric ratios of polymer to liposome were
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investigated to understand the interactions between polymer and liposome.
The results show that the DHPC plays an important role in providing defects
and elasticity to the DPPC liposome and facilitating the interactions with
hydrophobic PPO in the polymer. However, the aggregation of liposome
was impeded once the negative charged DMPG was added onto the
liposome surface, probably due to the increase of repulsion force between
DMPG and PEO block in the polymer. Also, the hydrophobic interaction
between PPO blocks and lipid bilayer is affected by the number density of
liposome and/or polymer in the water. While smaller sizes of liposomes,
30nm and 50nm, show an obvious aggregation in the presence of PPO-PEO-
PPO in arelatively short time, larger sizes of liposome, 100 nm and 200 nm,
require extra polymer to shorten the kinetics for liposome aggregations in
the water. However, the trends of liposome instability were observed at a
high concentration of lipid mixtures, below the T, of DPPC, large size and

high defects of liposome. Further study is needed to resolve these issues.
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