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Abstract

This dissertation shows the use of small molecule diffusion as a method to
control the modification inside poly(ethylene terephthalate) (PET) track-etched
membrane pores and to unveil unique qualities of polystyrene-block-poly(ethylene
oxide) (PS-b-PEO). The first project took advantage of electrochemical control of
the diffusion length of a Cu (1) catalyst for azide-alkyne cycloaddition click reaction.
By controlling the diffusion time of the catalyst generated at an underlying electrode,
the modification along 1 um pores in a PET track-etched membrane could be
controlled. The complex of Cu(l) and tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA) was used as the catalyst for the click reaction between an
azide-tagged fluorescent dye and an alkyne group immaobilized on the inner surface
of the pore. The resulting surface modification was assessed by fluorescence
microscopy. This approach was applicable to the asymmetric modification of
cylindrical pores with two different fluorescent dyes in the opposite directions and
for the selective visualization of the tip and base opening of conical pores. The cross-
sectional fluorescence profile of the modified pores confirmed an increase in the
surface modification yield for the longer duration of Cu(l) production. The second
project measured the diffusion of sulforhodamine B (SRB) inside the PEO
microdomains of thin PS-b-PEO films. The diffusion of SRB revealed the unique
swelling properties of thin PS-b-PEO films under ethanol or water vapor.
Specifically, the effects of swelling of the PEO microdomains were studied using
spectroscopy ellipsometry (SE), single molecule tracking (SMT) and fluorescence
correlation spectroscopy (FCS). Results for PS-b-PEO were compared with those
for a polystyrene homopolymer (hPS;6.4) and poly(ethylene oxide) homopolymers
(hPEO125and hPEO3g) to confirm the unique swelling behavior. The results showed
that while ethanol vapor could swell neither hPS36 4 nor hPEO;, 5 thin films, it could
swell the PEO microdomains. Water vapor could swell both the PEO microdomains
and the hPEO,5. SE and SMT videos confirmed the swelling of the PEO
microdomains. The immutability of hPSi64 and the PS microdomains of PS-b-PEO
under these solvent vapors was confirmed from the fluorescence emission of
solvatochromic Nile Red (NR) using two-color wide-field microscopy. Furthermore,
FCS was used to quantitatively assess swelling-induced changes in diffusion
behavior of SRB in PEO microdomains. FCS results showed that hPEO;, 5 was not
swollen by ethanol vapor but smaller PEO microdomains were swollen more
significantly, the latter of which was suggested by the SRB diffusion. These two
projects strongly relied on the use of small molecule diffusion to control the length
of pore surface modification and to verify the unique swelling of the PEO
microdomains, respectively.
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Abstract

This dissertation shows the use of small molecule diffusion as a method to
control the modification inside poly(ethylene terephthalate) (PET) track-etched
membrane pores and to unveil unique qualities of polystyrene-block-poly(ethylene
oxide) (PS-b-PEO). The first project took advantage of electrochemical control of
the diffusion length of a Cu (I) catalyst for azide-alkyne cycloaddition click reaction.
By controlling the diffusion time of the catalyst generated at an underlying electrode,
the modification along 1 um pores in a PET track-etched membrane could be
controlled. The complex of Cu(l) and tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA) was used as the catalyst for the click reaction between an
azide-tagged fluorescent dye and an alkyne group immaobilized on the inner surface
of the pore. The resulting surface modification was assessed by fluorescence
microscopy. This approach was applicable to the asymmetric modification of
cylindrical pores with two different fluorescent dyes in the opposite directions and
for the selective visualization of the tip and base opening of conical pores. The cross-
sectional fluorescence profile of the modified pores confirmed an increase in the
surface modification yield for the longer duration of Cu(l) production. The second
project measured the diffusion of sulforhodamine B (SRB) inside the PEO
microdomains of thin PS-b-PEO films. The diffusion of SRB revealed the unique
swelling properties of thin PS-b-PEO films under ethanol or water vapor.
Specifically, the effects of swelling of the PEO microdomains were studied using
spectroscopy ellipsometry (SE), single molecule tracking (SMT) and fluorescence
correlation spectroscopy (FCS). Results for PS-b-PEO were compared with those
for a polystyrene homopolymer (hPS;6.4) and poly(ethylene oxide) homopolymers
(hPEO125and hPEOs3g) to confirm the unique swelling behavior. The results showed
that while ethanol vapor could swell neither hPS;6 4 nor hPEO;, 5 thin films, it could
swell the PEO microdomains. Water vapor could swell both the PEO microdomains
and the hPEO;;s. SE and SMT videos confirmed the swelling of the PEO
microdomains. The immutability of hPSi64 and the PS microdomains of PS-b-PEO
under these solvent vapors was confirmed from the fluorescence emission of
solvatochromic Nile Red (NR) using two-color wide-field microscopy. Furthermore,
FCS was used to quantitatively assess swelling-induced changes in diffusion
behavior of SRB in PEO microdomains. FCS results showed that hPEO;, 5 was not
swollen by ethanol vapor but smaller PEO microdomains were swollen more
significantly, the latter of which was suggested by the SRB diffusion. These two
projects strongly relied on the use of small molecule diffusion to control the length
of pore surface modification and to verify the unique swelling of the PEO
microdomains, respectively.
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Preface
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“The flag is moving.”

The other replied,

“The wind is moving.”

The third overheard this and said,

“Nor the flag, nor the wind; mind is moving.”
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1. Introduction

Polymers are flexible mechanical materials that can be tailored for potential
functionalization or manipulation, and thus are used for various applications.! This dissertation
will discuss the longitudinally controlled modification of polymer-based pores and the assessment
of the solvent-induced swelling of self-organized polymer nanostructures on the basis of the use
and observation of small molecule diffusion. Polymers used in this dissertation, including
poly(ethylene terephthalate) (PET) track-etched membranes and polystyrene—poly(ethylene oxide)
diblock copolymers (PS-b-PEO), are potentially important in applications such as fuel cell
polyelectrolytes,? filtration membranes,® ion separation membranes* and chemical sensors.> For
these applications, it is crucial to establish a means to functionalize polymers in a controlled
manner and also to assess the physical and dynamic properties of polymer monoliths. The main
focuses of this dissertation are to demonstrate the longitudinally controlled functionalization of
PET track-etched pores and to clarify the swelling properties of PEO microdomains formed in thin
PS-b-PEO films. These projects were taken advantage of the diffusion of small molecules such as
electrochemically-generated catalysts and fluorescent probes in PET-track-etched pores and PEO
microdomains, respectively. The pore functionalization and microdomain swelling were assessed
using a series of fluorescence microscopic technigues.

This dissertation consists of six chapters. Chapter 1 briefly describes the motivation of the
dissertation projects and provides the outline of this dissertation. Chapter 2 summarizes the nature
of molecular diffusion, including the mathematical description of the process,®’ diffusion
coefficient, which describes the speed of molecular motions and also the properties of the media,
and methods used to measure diffusion coefficient. Chapter 3 summarizes the properties of

polymers used here, and also the principle and characteristics of instrumental methods used for



characterization of polymer monoliths in this dissertation studies. Chapter 4 describes the
demonstration of the longitudinally controlled modification of PET track-etched pores using click
reaction with electrochemically generated Cu(l) catalysts. This chapter shows simulation results
for the prediction of pore modification behavior and experimental data obtained using fluorescence
microscopy. Chapter 5 discusses the swelling properties of PS-b-PEO by ethanol and water vapor
through comparison with those of PS and PEO homopolymers. The extent of the solvent-induced
swelling was assessed by spectroscopic ellipsometry, and the swelling-induced changes in the
polarity environment and permeability of each microdomain were measured using a series of
advanced fluorescence techniquesi®!! with two types of fluorescent probes having different
characteristics.®® Chapter 6 provides the summary of the achievements in these two projects, and

then possible future directions of these projects.



2. Diffusion

2.1 Small Molecule Diffusion

Diffusion can be defined as a macroscopic motion of a component due to a concentration
difference. The diffusion process was first described by Adolf Fick © in 1855, as is known today

as the Fick’s first law of diffusion:

J=-D & (eqg. 2.1)

dax

This equation states that the flux J is proportional to the concentration gradient in the space dC/dx
and the diffusion coefficient D. The negative sign is necessary because the driven force of the
molecules is given by the motion from a high concentration area to a low concentration one, it is
expected from the second law of thermodynamics

At a microscopic level, flux can be thought of as a sum of the motions of many single
molecules. The simplest case would be a single molecule moving around. Known and poetically
described since ancient Greece by Epicurus and later written by Lucretius in his “De rerum
natura”,'? the motion of a single particle can be thought of as the motion of a single dust particle
in an empty room. This motion was later studied by different researchers, specifically by Jan Ingen-
Housz on his report about charcoal particles on the surface of alcohol,*® but it was credited to
Robert Brown in 1872 from his microscopy observation of pollen particles.’* Diffusion can be
calculated and measured for any particle, molecule or element moving in a solution. In this thesis
the diffusion of gases will not be reviewed.>16

Einstein studied diffusion in the case of diluted solutions in his PhD thesis,}” where he
derived an equation for a Stokes particle under Brownian motion in a quiescent fluid at uniform

temperature (known today as the Stokes-Einstein equation). Einstein's result for the diffusion



coefficient (D) of a spherical particle of radius a with a very small Reynolds number in a fluid of

dynamic viscosity » at absolute temperature T is:

p=xX_1 (eq. 2.2)

NA &mna

where R is the gas constant and NA is Avogadro's Number. This equation has been of utmost
importance in history because it was used to make the first absolute measurement of NA,
confirming the molecular theory. In addition, this equation shows a relation between the diffusion
coefficient D and the viscosity of the medium.” Other models were derived to calculate the D value
for many systems, some of them are: Wilke and Chang;!® Scheibel;*® Reddy and Doraiswamy;?
and others.?22* Each of these models have different assumptions and work in a certain range of
solvent conditions, solute concentrations and temperatures.

Einstein?® also described the motion in an isotropic medium and related this motion to the

diffusion coefficient D as the mean square root of the diffusion distance following the equation:

D = —(R)? (eq. 2.3)

InT

In this equation z is the diffusion time, < > denotes an ensemble average and R = (» — ro) is the net
displacement vector, with ro the original position of a particle, r its position after the time z, and n
is defined by the dimension of the space (in the volume n = 3, in a plane n = 2). It is worth

mentioning that {R)? is also known as Mean Square Displacement (MSD). The scalar diffusion

coefficient (D) measures the molecule’s mobility. In the isotropic case, it depends on the molecule
type and the medium properties but not on the direction.

Another way to describe the motion of a particle in a media is by the mathematical “random
walk” model.’® This mathematical model assumes that each step of the molecule has the same

probability of occurring and no memory from the previous step. The random walk defines the



length of the particle steps (I) as fixed and it can only perform one step per unit of time tsep. TO
know the position (r) of the particle at any given time tiength, the probability of the particle being at
different locations at time tiength Needs to be known. The probability at each step is equal for the n

directions possible, the binomial probability function applies for this case, as:

P(m,r) = —= —~ {%)m (eq. 2.4)

rilm-—

Where m is the number of steps (in terms of time units m is equal to tstep/ tiength) and r the position
at time tiength. Then, the MSD of the particle can be calculated by adding up the square of the
displacements and dividing by the total number of possibilities at each step (2"). Because the
probability is equal for each step in all directions, the total sum of the displacements must always

be zero. However, the MSD can be expressed by the equation:

MSD =ml? = EF (eq. 2.5)

Using eq. 2.3, the displacement of a particle exhibiting a Brownian motion, can be related
as:

d = +2nDt = MSD (eq. 2.6)

where d is the distance “walked” from the initial position by the molecule or particle in a time t
and n is the number of dimensions considered for the motion. This equation will be useful in
Chapter 4 when the length of the inner wall of the PET track-etched membranes modification is
correlated to the distance traveled for the copper complex, estimated by the time and the diffusion

coefficient of the complex using eq. 2.3.



2.2 Diffusion Coefficient Measurement

2.2.1 Historical View

Before Fick obtained the mathematical relation between the flux and the concentration
gradient (Fick’s law®), diffusion was experimentally studied by Thomas Graham.?®-2¢ Graham
focused his experiments on the diffusion of gas and colloids in liquids.?® Nevertheless, the
diffusion coefficient was later measured for many molecules in a variety of solvents to have a
better understanding of the materials and processes. In chromatography, the diffusion coefficient
obtained from a set of conditions can be used to optimize the conditions of the system and
understand the mass transport processes.® Table 2-1 shows common values for the diffusion

coefficient of molecules in water.

Table 2-1:  Common diffusion coefficient values for different solutes in water solution.3132

Solute Solvent Diffusion coefficient (m?/sec)
Serum Albumin
(FW:65000) H20 0.12x10°
H* H.0 9.3x10°
OH- H20 5.3x10°
Na* H20 1.3x10°
SRB H20 4,70 x 1010
Rh6G H20 4,05 x 1010

Historically, different methods were developed to obtain a diffusion coefficient of interest using
Fick’s law. The D value can be derived from the calculation of a change in the concentration in

time or in position using an Arnold diffusion cell. Under the assumption of steady state and



unidirectional molecular pure diffusion, the concentration of the solute is measured at different
lengths from the base, to calculate the diffusion coefficient using Fick’s law (eq. 2.1).

Currently, the diffusion coefficient can be obtained by: measuring the viscosity,* by
electrochemical methods,*>*** NMR methods,3*¢" or fluorescence techniques.®®*® In Chapter
5 diffusion calculations are based on two fluorescence-based methods, fluorescence correlation

spectroscopy (FCS) and single molecule tracking (SMT).

2.2.2 Fluorescence Based Methods
2.2.2.1 Fluorescence
Fluorescence is the emission of light by a molecule that has absorbed light. Shown in
Figure 2-1, a Jablonski diagram shows the representation of a fluorescence process happening in

the molecule.

Non

Radiative
Decay

Ground State

O ENW o

Absorption Fluorescence

O RNW 3

Ground State

Figure 2-1:  Jablonski diagram for fluorescence emission. This diagram only considers
electronic and vibrational states. For simplification, rotational states, spins and phosphorescence
decay through triplet states, are not shown.

In Figure 2-1, the purple arrow represents an absorbed photon, which moves a molecule to
a more energetic electronic and vibrational states. The small red arrows represent non-radiative

relaxation from excited vibrational states to the electronic excited ground level. This process is the



result of vibrational relaxations associated with the solvent. Finally, the green arrow is a radiative
decay that produces fluorescent light emission. This process is unique because the fluorescence
emission is always at a longer wavelength than the excitation, leading to what is known as the
Stokes shift of the emission.

The Stokes shift allows emission to be collected and residual light from the excitation
source to be removed by filtering. In addition, since the emission happens in all directions, light is
commonly collected at 90 degrees (or 180 degrees in microscopy) from the excitation light path.
Both features help reduce background signal and therefore achieve a lower detection limit.

The intensity of the fluorescence emission is defined by the power of the excitation light (

B,), and the capacity of the molecule to emit. This capacity is defined as quantum yield (¢ ;).

Therefore, the higher the power of light and the larger the quantum yield, the more the photons
emitted by the fluorescent molecule will be.

Fluorescence methods are commonly based on the fluorescence of a molecule used as a
probe. Therefore, the chemistry and properties of a fluorescent probe dye are another factor that
makes fluorescent methods highly desired to obtain and measure the diffusion coefficient. If we
are observing the diffusion behavior of a fluorescent probe, the diffusion coefficient obtained will
be coming from the fluorescent probe in that particular environment. Therefore, it is important to
have in mind that the interactions of the probe with a medium (solvent or structure) in which the
molecule is moving will dominate the diffusion behavior. For this reason, the selection of a probe
is as important as the employed method.

In addition, different dyes have unique properties that the user can take advantage of, like
solubility, size and charge, among others. This makes it possible to selectively locate the probe

into the domains, or the sample regions that the user wants to study.



Some probe dyes emit fluorescence at different wavelengths depending on the chemical

environment they are in. A list of well-known fluorescent dyes is shown to exemplify this point in

Table 2-2. In this thesis, the solvatochromic effect is used in Chapter 5.

Table 2-2:  List of probe dyes with their common name, chemical formula, excitation and

emission wavelengths and the highlight feature defining why they are commonly used.

Name Chemical formula Aex/Aem (NM) Highlight Reference
: 552/636
Nile Red (NR) ) :@’ _ Solvatochromic | %47
O N " (in methanol)
Nitro-
benzoxadiazole 490/550 Solvatochromic 48,49
(NBD-X)
) Preferentially
sulforhodamine B o
532/560 partitioned to 43,50,51
(SRB)
PEO
TMRM 532/560 Potential probe 82
Indo-1 338/400 [Ca?*] Probe 32,52
C.SNARF-1 480-530/580-640 pH Probe 32,53




22.2.1.1 Solvatochromism
Solvatochromism is the phenomenon in which the fluorescence from a probe shifts to
shorter or longer wavelengths depending on local polarity around the probe.>* In Figure 2-2.a, a
series of fluorescence emission spectra of Nile Red (NR) are shown. A red shifting of the spectra
was observed as the solvent became more polar. The most accepted explanation refers the red
shifting to the stabilization of the twisted intramolecular charge transfer (TICT) state in a polar

solvent. While generally accepted the actual mechanism it is not fully understood.*+%

1.0 :
0.8+ 0'4f(b)
8 0.2}
g 0.6 i - ¢ = 24.31
3 0.0F Toluene .
§ 0.4f Le=2.4
& -0.2f
0.2 ; / . . ‘ .
D szl . — 025 030 035 040 0.45
550 600 650 700 (e-1)/(2e+1)

Wavelength (nm)

Figure 2-2:  (a) Fluorescence emission spectra for a series of Nile Red solutions. The toluene
solution is shown in blue, showing maxima emission (4,,,) peak of 7~ 580 nm, and in red the

ethanolic solution of Nile Red is showing the red shift with a 4,,,, & 625 nm. (b) Plot of the E
value (emission ratio) against the Claussious-Mossotti factor for the series of Nile Red solutions
with mixed solvents (different rations of ethanol:toluene). Reproduced with permission from Ref.
45, Copyright 2014 American Chemical Society.

One way to take advantage of the solvatochromic effect in a fluorescence experiment is by
correlating the intensity at the emission wavelength with the polarity of a solution or the

environment surrounding the dye probe. The emission ratio (E) is defined as:

E = *rgn:liar_*rnnn polar (eq 2 7)
*rpuinr+*rn|:n polar

The “polar” intensity refers to the intensity at the characteristic wavelength from the particular dye

of interest in a solvent considered to be polar. Likewise, the “non polar” intensity is the intensity
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at the characteristic wavelength from the dye in a “non-polar solvent”. The “polar” or “non polar”
designations are arbitrary subscript notations. As an example, Figure 2-2 shows the fluorescence
emission spectra of Nile Red (NR) in different ratios of toluene—ethanol mixtures. For the “polar”
case the solution was prepared from pure ethanol and for the “non polar” case the solution was
made from pure toluene.

The solvatochromic effect can be modeled using the Lippert-Mataga equation 6-°8 which
considers the reorientation of the dipole moment of the molecule and the electron redistribution
inside the molecule following a change in electronic state. However, assuming that there is no
electron redistribution other than the redistribution to produce the change in the dipole moment, a
more simplistic view where only the dipole moment of the molecule changes depending on the

solvent, is described by the Clasious-Mossotti equation.

{e—1})
(2s4+1)

cM = (eq 1.8)

This simplified version of the Lippert-Mataga equation only considers the dye molecules
as perfect spheres in a continuous medium (the solvent). The spectral shifting is related to the
reorientation of the dipoles upon the effect of the solvent molecules. Consequently, the

reorientation can be expressed from the change in the dielectric constant epsilon () at a given

solvent condition.

Empirically, the E value is proportional to the CM for a two-solvent mixture.*5*° As an
example, the case of Nile Red is shown in Figure 2-2b for the ratios of ethanol : toluene series.

In Table 2-2, two examples of common solvatochromic fluorescent probe dyes are shown
with their molecular structures. The use of these types of probes dyes can reveal information about
the heterogeneity of polarity environments in a thin film, and thus can be used to map those

heterogeneities and to reveal information about solvent penetration on the basis of the shift of the

11



emission.**880 |n Chapter 5 the solvatochromic dye NR revealed its location based on its E value

in diblock copolymer thin films.

2.2.2.2 Fluorescence Microscopy

Microscopic methods and techniques have shown large improvements over the last
decade.®! From the first microscopy developed and used by Antonie Van Leeuwenhoek in the
1600s up to the current days the improvements are astonishing.®? There is no doubt about the
incredible upgrade the microscopic technique has experienced since 1600.
The introduction of the super-resolved fluorescence microscopy®*® was a great improvement in
optical microscopic techniques, as was awarded the Nobel Prize in 2014. Super-resolution
microscopy is referred as the microscopy where the optical diffraction-limited resolution,
determined by Abbe’s law, is surpassed. The diffraction limit was calculated by E. Abbe®® in 1873

and stablished that the maximum resolution that is attainable by pure optics methods is as follows:

R..=_—" (eq. 2.9)

xy Znsin(@)

where R, is the resolvable feature size, / is the wavelength of the light, n is the refractive index

of the medium being imaged in, and @ is the half-angle subtended by the optical objective lens.
The denominator is usually referred to as the numerical aperture (NA) defined by the refractive

index (n) of the medium and the aperture angle 8 (when the angle is small) in eq. 2.10.

R = (eqg. 2.10)

This equation explains that the capability to differentiate two different spots in the microscope is

defined by the wavelength of the emission light and the optical set up capability to collect light.®’

12



However, improved spatial resolution was pushed by different researchers over the last
decades using different strategies such as: stochastic optical fluctuation imaging (SOFI) or
stimulated emission depletion (STED).®®" From all the available microscopic methods, single
molecule/particle tracking (SMT, SPT) techniques are unique because they give spatio-temporal
information about the dynamic behavior of an individual molecule/particle instead of ensemble-
averaged information (such as the diffusion coefficient) obtained from the methods explained
above in section 2.2.1.

Figure 2-3 shows the scheme of the confocal and widefield microscopy setup depicting
excitation and emission beam paths. The scheme shows how the excitation light from the source
can be trimmed by the filters and dichroic mirrors and the emitted light from the fluorescent probe
can be collected.

In addition, Figure 2-3b and d show the schematics of the rays for the illumination of the
sample. The difference in sample illumination is correlated to the name of each microscopic
technique. As the name suggests, wide field microscopy illuminates a wider area of the sample,

while single-point illumination narrows the illumination to a focused area.
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(a) Wide Field Microscope (b) Wide Field sample illumination
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(c) Confocal Microscope (d) Confocal sample illumination
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Figure 2-3:  (a) Wide-field microscopy setup with a laser beam (in green) as excitation light; a
beam splitter, and a CCD camera as a detector; (b) Wide-field sample illumination; (c) Confocal
microscopy setup with a laser beam (in green) as excitation light; a pinhole (for 3D imaging) and
an avalanche photo diode (APD) as a detector; (d) Single-point sample illumination.
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The signal (55) from a single in a microscope can be expressed as’®:

S5 = 0.855 CF¢,P,ot () (eq. 2.11)

Where the C and F are the detection and collection efficiency respectively. The 0.855 value is an
estimation for a microscopy setup using several optical lenses to collect the fluorescence. The
fluorescence of a probe molecule can be used to study the diffusion of the molecule in a particular
environment or solution. That information can be later used to infer or conclude the properties of
the medium. In this thesis, the fluorescence of molecules chemically bonded to the inner surface
of a PET track-etched membrane was measured to verify the controlled modification of the pores
via electrochemically assisted click reaction in Chapter 4. Single molecule tracking and
fluorescence correlation spectroscopy were used to verify the unique swelling properties of the

PEO microdomains in thin PS-b-PEO films by ethanol vapor or water vapor in Chapter 5.

2.2.2.3 Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) was developed in 1972 by Madge et. al.”®"”
as a technique to measure the diffusion and binding of ethidium bromide onto a double stranded
DNA. This technique uses statistical analysis of the fluorescence fluctuations in a confocal volume
given by the laser illumination, to decipher the diffusion of fluorescent molecules (and/or other
dynamic molecular events’®). This technique was mostly used in biophysics’® but blossomed over
the last decade to include its use in material science.®

FCS measures fluorescence intensity against time from a microscopic volume created by a
focused laser beam (Figure 2-3d). The fluctuation of fluorescence signal is the result of a molecule
(or a few) passing through the confocal volume. Assuming Brownian motion of the molecules, the

fluctuations observed in time can be related to the diffusion of the molecules in the system. From
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this correlation, the autocorrelation function (G(t)) is obtained. This function relates the time (t)
between the events (fluorescent fluctuations). Once the autocorrelation function is obtained, it is
fitted using a model that reflects the conditions of the motions of fluorescent molecules. From this
fitting, the diffusion coefficient can be obtained.

The mathematical formalism, the instrumentation and the data analysis for the FCS

experiment is explained in detail below.

2.2.2.3.1 FCS General Formalism

In this dissertation the mathematical derivation used for FCS is based on the one presented
by O. Krichevsky and G. Bonnet.*°

An ideal solution of m molecules/particles where each j components is characterized by its
concentration Cj(r, t) at time t and position r. The ensemble average concentration <Cj (r,t)> has
a local deviation as 6Cj (r,t) = Cj (r,t) — <Cj (r,8)>.

Near the equilibrium the components can participate in the diffusion events or in chemical
reactions. Therefore, the j components can be converted into others, and the change in time of the

local deviation (6Cj) can be written as:

GEC; (k) 5 m

The first term of this equation accounts for the diffusion while the second term describes the

chemical reaction where K, is the equilibrium constants (for j chemical components).

FCS measures fluorescence fluctuation from molecules traveling through the confocal
volume. The number of photons emitted and collected from each of the molecules is proportional

to intensity I(r). The intensity is determined by the illumination light and the detection optical
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path. Thus, the number of photons emitted and collected from each molecule per sample time At,
can be expressed as:

n(t) = At [d3r I(r) X7, Q. C (1. 1) (eq 2.13)

In this expression Qx is the product of the absorption cross-section and by the fluorescence
quantum yield and the efficiency of fluorescence for the component k.

The measured fluorescent signal is associated with the shot noise which is not correlated
and therefore should not contribute later to the autocorrelation function G(t). The expression, for

the deviation of the photon count (n(t)) from the mean (n(t)) as the result of the shot noise is

described as:

dn(t) = n(t) —n(t) = At [d3r I(r)Z7, Q.C, (1,t) (eq 2.14)

The autocorrelation function G(t) is defined for FCS experiments, as the time average of
the products of the intensity fluctuations and normalized by the square of the average intensity (
n(t£)*):

1

G(t) = mﬁ;ﬁiﬁn(r’)ﬁn(r’ +1) (eq 2.15)

In this expression T is the total number of accumulated sampling intervals. With this definition,
the total duration of the experiments is TAt (A4t is the time required for the measurement, defined
by the detector used).

FCS assumes that in the system all the events are equally representative of the whole in
terms of time and space, this is called ergodicity. Under the ergodicity condition the
autocorrelation function can be described for the system as an ensemble average by the following

equation.
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Using eg. 2.16 and combining it with eq. 2.13, the autocorrelation function of the intensity
fluctuations is a convolution of the auto- and cross-correlation functions of the concentration

fluctuation with the excitation profile, defined as:

(ar)®

G(t) = = [] d*rd*r'I(r)I(r") X;, Q;Q,(8C;(r,0)C, (", 1)) (eq 2.17)

To simplify, we assume an ideal solution where the distance between molecules is larger
than the area of observation, and where there is no correlation between molecules of different
species (defined at the beginning as j). With these assumptions the ensemble of the local deviation

at time zero is:

(6C;(r,0)8C, (r",0)) = T d(r—r") (eg. 2.18)
In this expression, ¢; is the mean-square fluctuations of the number of molecules in a volume unit.

This fluctuation is happening as a variable of time and therefore it is possible to use the Poisson
probability distribution to analyze the fluctuation of molecules in a volume unit in time. For this
specific case, the Poisson statistic model gives the probability of a molecule going through the
confocal volume and emit in a given time. Then the fluctuation in the fluorescent signal is related
to the event and the frequency of the fluctuation with the Poisson statistic.

Subsequently, the Fourier transform is applied to the autocorrelation function G(t) (eq.
2.17) to obtain the solution of the fluctuation in time and space. The detailed mathematical
procedure is carefully and fully explained by O. Krichevsky and G. Bonnet.©

After some laborious mathematical work, G(t) can be rewritten in terms of the experimental
set up, the diffusion coefficient, chemical reaction rates and concentration of the chemical

components. The general expression is as follows:

18



(2m)®

Wiy (2 2y Wi 2 ~ (=) (s —1+ (%)
G(t) = Pl _ergq exp (__4L (_t'}'_r + q}') _qu’} X EL: Q}'Q: C_;l ZSX: exp(4' :Ir) (X l:].:"

(eq. 2.19)
This general expression utilized and assumes a Gaussian illumination/detection optical
setup. From that assumption wyy and w; arise, representing the laser beam area in the horizontal
plane and in the vertical plane, respectively, and thus define the volume of observation or the
confocal volume. Since the displacement of the molecule is observed in this volume and under the
assumption of Brownian motion, the diffusion coefficient then can be obtained as a function of

time for which the particle j spent in the area can be expressed as:®

p = Y (eq. 2.20)

4Tp

Experimentally all the parameters are known but zp. This zp is the characteristic time at
which the molecule spends in the confocal volume, and it is the result from the fitting of equation
2.19. The fitting used to obtain this value must reflect the characteristic conditions. As an example,
we can consider a 3D model where the molecules enter and exit the volume of observation from
any direction. A 2D model considers only the xy plane, and if there are different distinct diffusion
modes, the model might require considering more components to the equation.

Table 2-3 shows the experimental correlation function and the formula for anisotropic 3D
diffusion, two components based on 1D and 3D diffusion, anisotropic 2D diffusion, and two 2D

components.
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Table 2-3:  List of formulas used to fit the FCS data depending on the type of diffusion
expected in the material.

Diffusion type Formula Reference
Experimental _
: _ ()1t +1))
Autocorrelation G(t)= —awoE 77,80
function
A
i i G = D 77,80
Anisotropic 3D (A +7 251201+ 1212 (1 + v 2E) 12 :
W-;.‘r' W-;}' W.;_}'
A B
1D and 3D G(t) = 1
2Dy oDy iy Doiap 81
(1+1t—-) (1+1— )" (1+1-3)
2 components Wiy Wey =
: : G(t) =
Anisotropic 2D 1+ 78,82
W.r-}'
A B
1—T£ﬁ.‘-— 1—r£f.3— 88
2 components Wiy Wy,

From Table 2-3, the two 2D components model was used for analyzing FCS data associated with

the diffusion of SRB in the PEO microdomain of thin PS-b-PEO films in Chapter 5.

2.2.2.3.2 Instrumentation of FCS Measurements
A typical setup for confocal microscopy is shown in Figure 2-3c. This type of microscope
consists of a light source, usually a laser, for the excitation of a dye of interest, suitable optics
including optical filters, a dichroic mirror or polarizers, a high magnification objective lens, a
pinhole and a light detector.
Because the technigque measures changes in fluorescence intensity over time, the detector

used is a key component to obtain reliable data. The detector must have high quantum efficiency
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(QE). The common choice of a high QE detector is an avalanche photo diode (APD) which can
measure a few photons with temporal resolution of nanoseconds. Another common characteristic
of a confocal microscope is the use of a pinhole before the APD to define the volume of detection.
The pinhole reduces the light coming from regions out of focus.® This is highly recommended for
a film thicker than the vertical optical resolution or for a solution sample. Other researchers used
an optical fiber to define the volume of detection.8-8 Chapter 5 discusses the diffusion coefficient
inside the PEO microdomains of PS-b-PEO films, for which the pinhole was not used because of
the ultrathin thickness of the films. Some previous studies of molecular diffusion in thin films also
avoided using the pinhole due to the loss of signal.**

There are two common ways to identify and calibrate the confocal volume (wxy).
Researchers can either (i) use a solution of a dye with a known D value or (ii) measure a sub-
resolution particle (either a single molecule or a fluorosphere). In this thesis the second method
was used, since the setup used for the measurements was prepared for ultrathin films. For that
reason, the calibration was done using single molecule imaging following previous works*! and is
explained in detail in Chapter 5.

During the FCS experiments, the laser was directed through the appropriate optics before
focused into the sample through an objective lens (NA = 1.4). Then, the emitted fluorescence from the
confocal volume was collected by the same objective lens and was transmitted through the dichroic
mirror before finally being detected with a single point detector (Avalanche Photo Diode was generally

used).

2.2.2.3.3 FCS Data Analysis
Using the experimental setup, the fluorescence signal from the molecules when passing

through the confocal volume is collected as a function of time. Typical FCS data is shown in Figure
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2-4a, where the large spikes correspond to the fluorescence of the probe dye(s) moving through
the confocal volume (scheme shown in Figure 2-5). The data is converted to obtain an

autocorrelation function G(t), which is fitted to an appropriate function, already talked about and

gave in Table 2-3.
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Figure 2-4:  (a) Representative data from an FCS experiment. Fluorescence signal (F) is in
counts per unit time (1 msec) measured with an APD detector, against time (t). (b) An
autocorrelation function obtained from the data. The blue dots are values calculated for the
autocorrelation function and the red line is the fitting function (in this case anisotropic 3D).

Correlation of the data is the mathematical method to find a ‘correlation parameter”. What
the correlation is meant for is to find the time (to in our notation) at over which the event occurs.

To manually find the correlation parameter, the process requires a series of steps. First the
fluorescence signal against time is plotted. Then the signal is shifted by a lag time. If there is a
correlation in the fluorescence signal, at a given time one fluorescence signal event will overlap
another. The time distance between events At that arises from that time over which the signal
remains self-similar, is the time used in eq. 2.20 to obtain the diffusion coefficient. The manual
method is hard to achieve and is very time-consuming (the longer the measurement duration, the

longer the process). Another way, similar in concept, is the autocovariance, defined as:
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Where the I are the intensity values at a given time. The underscores i and j correspond to
the shifting in time. This is the empirical function that is used as autocorrelation function G(t) as
it was presented in the previous section.

Figure 2-4 shows the schematics of the process from the raw data collected by the APD to
an autocorrelation function, followed by fitting the G(z) with the correct model depending on the
system of analysis for obtaining the =p. Lastly to obtain the D value from eq. 2.20, the wyy needs
to be measured.

To obtain the wyy, the confocal volume must be determined. As mentioned before, there
are two common methods: (i) Use a solution of a dye with a known D using the same setup; or (ii)
measure the size of a sub-diffraction particle or molecule. The first strategy calculates the diffusion
coefficient of a probe using the fitting function given in Table 2-3. From the fitting, and using eq.
2.20, the wyy, for the system defined by laser illumination and lens capability to collect light is
determined. The second method measures the laser area from a single molecule as a probe. In this
thesis the second method was used to obtain the wyy for the D calculations. Figure 2-5 shows how

the single molecule scans the laser showing the actual size of the illuminated area.
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Figure 2-5:  Scheme of the laser illumination exploration from a single fluorescent probe.

Once the calibration of the confocal area is obtained, using an adequate equation from

Table 2-3 with the empirical wxy (eg. 2.20), the diffusion coefficient can be calculated.

2.2.2.4 Single Molecule Tracking (SMT)

Many conventional methods, including FCS, give a D value as the result of measuring an
averaged behavior from an extensive area, time or multiple events. This ensemble-averaged
information gives the diffusion behavior of the majority of the molecules but does not reflect
unique behaviors that may be interesting.8%% To measure the spatiotemporal behavior of a single
molecule, a method needs be able to identify with certain precision a single emission spot from a
single molecule, and to create a trajectory following that spot in time (through video frames) and
space. The trajectory finally gives the diffusion coefficient of the molecule. To do so, single
molecule tracking (SMT) is used. SMT is based on wide-field fluorescence microscopy and relies
on three steps: (i) spot identification, (ii) spot Gaussian fitting, and (iii) linking the individual spots

into trajectories.
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The first step is to identify a fluorescence spot from a single molecule. It is crucial to
minimize background signals for observing single molecule fluorescence. The experimental setup
based on wide-field fluorescence microscopy as shown in Figure 2-3a can give background low
enough for single molecule fluorescence detection because fluorescent light is collected at 180
degrees from the excitation light direction. In addition to this, the red shift of the fluorescence from
the excitation light allows for filters to be employed to remove the reflected excitation light and
collect light from the fluorescent probe with a low background.

If dye concentration is sufficiently low, a single molecule can be observed as a spot shining
in the dark. As Dr. Higgins mentioned in class: “stars are always in the sky, but only at night the
background is low enough to see them”.

To be able to measure the diffusion of a single molecule, the molecule needs to be followed
in time and space. As shown in eq. 2.6, D can be determined from diffusion distance represented
by MSD. The value obtained as D relies in the precision of the spatial resolution measurement.
This was a limitation since Abbe’s law in eq. 2.10 limits the spatial resolution of molecular position
to a value close to half the emission wavelength. In other words, a molecule with a size of 2 A that
emits at 500 nm wavelength, would be seen as a 250 nm spot, a thousand times larger. This is
transduced in a large error in the D measurement. The strategy to determine the position of a single
molecule is the fitting of the fluorescence profile from a spot. Figure 2-6 illustrates how the fitting

enhances the localization precision for determining the position of a single molecule.®*
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Figure 2-6:  Schematic of the single molecule localization enhancement. Reproduced with
permission from Ref 91. Copyright 2014 Taylor & Francis.

The fitting of the spot is done using a Gaussian model that accounts for the intensity and
distribution of the pixels used to form the image. This method is well known since 1920 when W.
Heisenberg demonstrated the localization of a single nanoscale object with nanometer
precision.®>% This will be determined by the background noise, which can be identified depending
on (i) dark counts/read out noise (from the detector) and (ii) inelastic scattering from the sample
(sample background). Signals from each source can be expressed by:

1. Dark counts, Sq: 5= kyt

2. Sample background, Sp: S, = FdP,ta,

In these expressions, k; is the dark count rate, F is the collection efficiency,  is the depth of
focus, P, is the laser power and e, is the scattering efficiency. The total signal from the
fluorescence spot (5,) is described by eq. 2.11, which includes the signal from the dark counts as

well as the signal from scattering by the sample:
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S.= 0.855 CF¢,P,01(=) +k,7 +FdP,ta, (eq. 2.22)

The first term in this equation is the signal from a single emitter/molecule taking into account the
microscope light collection capability (C), the light detection capability (F); the quantum yield of

the fluorescent molecule (¢ ); the incident optical power in photons per second (Z,); the
illumination area (&); the signal averaging time (t); and the wavelength (4). Thus, the attainable

signal to noise ratio (SNR) expression ends up being expressed as*':

Ny
SNR = 0.855 CFpPyoT {T}

(eq 2.23)

f N4y
0855 CF s Ppor( ) +kyT+FdP,Tay,

With this expression, the number of photons needs to be maximized as well as reducing the
background. Experimentally, to reduce the sources of noise, materials should be transparent (in
the wavelength range used) and homogeneous (to avoid scattering) if possible. Another reason to
try to maximize the photon counts is given by statistics. The error associated with the measurement
is inversely proportional to the square root of the photon count N (as a function of the numbers of
photons recorded by the camera). For a large number of photons (= 200 photons) the localization
of a single emitter in absence of background and dark counts is given by the localization

precision: !

0444
0x = ——
'\-'J"u' = NA

(eq. 2.24)

As an example, for a single molecule producing 300 photons per frame, with a NA equal
to 1.35 and an emission wavelength of 500 nm, the localization precision is around 10 nm. In other
words, the position of the molecule can be narrowed down to 5 nm theoretically (half of the

localization radius). Factors that can decrease the localization precision are the pixilation and the
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background counts. Taking this into account, a most realistic form for the localization precision

can be expressed as: %

| " "
[0.19364° a® 0.9421%E
«q' N N4 128 a*NTnad

Sx = (eq. 2.25)

where a is the pixel size and B is the background counts. With this new expression and using the
same values for NA and emission wavelength as used before, but now considering a pixel size of
100 nm and 100 photons coming from the background, the localization precision becomes around
15 nm. These calculations show the importance of sample preparation and choosing the right
materials for the experiments. If possible, a probe dye with a high quantum yield, clean optical
systems, lens with large NA and transparent materials and substrates are vital to obtain a good
measurement.

SMT is an incredibly powerful tool to obtain the visual evidence of the dynamics of
individual fluorescent probes in different materials. SMT was previously used to characterize the
nanostructure of polymers*%-% as well as other materials 3% where the fluorescent probe
revealed the structure by moving inside and then the image was treated to obtain a super-resolution

map of the domain structure.

22241 Instrumentation of SMT
For wide-field fluorescence microscopy, a laser with an adequate wavelength selected for
the fluorescent probe of interest is commonly used as a light source, as with confocal fluorescence
microscopy. Figure 2-3a shows the setup of a wide-field fluorescent microscope. In this scheme,
the laser light is sent through optics and filters and focused into the objective lens. The light then

illuminates the whole area of observation. Figure 2-3b shows the diagram for the illumination.
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Fluorescence emitted is collected by the same objective lens and delivered through the
dichroic mirror which allows only light of longer wavelength than the excitation wavelength to
pass. Afterwards, the emitted light travels across a series of optics until it reaches the detector. In
the scheme in Figure 2-3a, an optosplit is set before the detector. The optosplit incorporates a
dichroic mirror and a bandpass filter. This configuration affords two channels showing
fluorescence images in two different wavelength ranges. This feature is often used for a fluorescent
probe that changes its emission wavelength depending on some variable such as environmental
polarity, potential or pH. For NR, the fluorescence intensities in the two channels can be correlated

to environmental polarity in the nanoscale region surrounding each NR molecules.*>*%

2.2.2.4.2 Diffusion Coefficient Calculations from Trajectories
As mentioned above, using eq. 2.5, the diffusion coefficient of a single molecule moving
by Brownian motion can be derived from the MSD. Therefore, once the fluorescent spot is
identified in each frame and the position is determined with the localization precision according
to the experimental setup, the creation of a trajectory follows. To do so, it is necessary to connect
the same spot in each frame along a video. The scheme of the process is shown in Figure 2-7.

Many published methods achieve the position determination followed by spot linking.10*-103
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Figure 2-7:  SMT process, from spot identification to spot linking across consecutive frames in
a video. (a) shows how a video can be thought of as a consecutive series of frames in an time
axis(7); (b) is the identification of the single fluorescent molecules spot in each consecutive frames;
(c) shows linking of the spots by “the closest one” method to create trajectories; (d) shows a plot
of MSD against time (t) to obtain the diffusion coefficient from the slope of the plot.

These methods do not rely upon the assumption of specific molecular motions, which helps
determine trajectories for systems that involve the fluctuation of movement speed. However, there
is no specific labeling on each of the molecules. As a result, every spot linking is done under the
assumption that (i) a molecule moves a distance shorter than the observation area between frames;
and that (ii) the position of a molecule in the next frame is recognized as the one closest to the
original position. The first assumption is inherent to the time resolution of the camera used for
imaging. Faster cameras can record videos with shorter time intervals between frames, and thus
can follow the faster motions of molecules. The second assumption can only be valid if the probe
concentration in the medium is low enough and the steps are short enough (the diffusion is slow

enough).
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The linking of spots can be done manually or automatically, by computer program. In
Chapter 5, the manual method as well as the automated method were used to obtain the D values

of SRB molecules diffusing inside PEO microdomains.

2.2.2.4.3 Manual Spot Detection and Linking
The manual linking of the spots across the video frames is a meticulous job. Previous
publications used this method to identify and create the trajectories to obtain the diffusion behavior
of small molecules.**1%41% The biggest problem with this approach is a possible bias in the linking
due to human decision. Consequently, the automation of linking is more desirable to avoid this

issue.

2.2.2.4.4 Automated Spot Detection and Linking

Several publications used the automated linking of fluorescent spots to create
trajectories.’011%.107 These methods are faster and generate more trajectories. In general, the
software picks one spot at a time and looks in the next frame to determine if there is another spot
at a given distance. The threshold of the distance is defined by the researcher, but it is expected
that the exposure time (frame duration) gives an estimate of the potential maximum length that the
molecule can reach (using eg. 2.6).

Aside from the threshold selected by the user, there are two sources of error that can be
identified from the assumptions and mechanisms used by the software. The first one is the
localization error: If a molecule moves over a distance shorter than the localization precision
(typically 20-30 nm in my measurements) it is considered to be immobile. The second one, which

can be more relevant to the analysis, is caused by the crossing of molecular pathways (or
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trajectories). This situation happens if another molecule appears closer to the position of a moving
molecule of interest in the previous frame. In this case, the spots of two different molecules maybe
linked, and therefore the trajectory will not correspond to the motion of a single molecule. Figure
2-8 shows the situation where the trajectory of a molecule of interest in blue is incorrectly created

when a different molecule in red that shows up in the middle.

Frame 1 Frame 2 Frame 3

Real trajectory

Created trajectory

Figure 2-8:  Schematic of how a crossing molecule can lead to erroneous trajectories. The top 3
frames show consecutive frames for one molecule (in blue). The trajectory from the single
molecule is shown as “real trajectory”. However, a new molecule (in red) appears in frame 2,
giving a “bad” linking as indicated by “created trajectory” for comparison.

The “bad” linking gives a smaller D value due to the creation of a false shorter trajectory.
Therefore, the automated spot detection with quantified human bias can also lead to false
trajectories. Furthermore, the probability of bad linking increases for molecules moving faster.
Nevertheless, the threshold selected in the software are figures that can be used to discuss the bias
of the linking in comparison with the manual linking which has no figures that allows the

discussion of the possible bias as a factor.
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3. Materials and Characterization Methods

This chapter summarizes information about polymers used in this dissertation as well as how
they are made and characterized. In Chapter 4, poly(ethylene terephthalate) (PET) track-etched
membranes were used to demonstrate controlled modification of the inner surface of their pores
via a click reaction. In Chapter 5, the swelling of a series of polymers, including polystyrene
homopolymer (PS16.4), poly(ethylene oxide) homopolymers (PEO3.¢ and PEO125) and polystyrene-
block-poly(ethylene oxide) (PS1s5-b-PEO4 and PS3s-b-PEO105), upon solvent vapor exposure was
studied. All materials are polymer based, despite their chemistry and different applications as well
as the method of synthesis and preparation. Figure 3-1 shows the molecular structure of the
polymer used in this thesis. This information will provide readers with the necessary background

to understand the projects presented in the next chapters.

\> < : > /< . \L/\ ]’H He i m
CH. v 0
' e
He—-0 o HE CH, H o
; 1
11

Poly(ethylene Poly(styrene) Poly(ethylene oxide) Poly(Styrene)block(ethylene oxide)
terephthalate) (PS) (PEO) (PS-b-PEO)
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Figure 3-1:  Molecule structures of poly(ethylene terephthalate) (PET), polystyrene (PS),
poly(ethylene oxide) (PEO) and polystyrene-block-poly(ethylene oxide) (PS-b-PEO), which were
used in the projects of this thesis.
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3.1 Poly(ethylene terephthalate) Track-Etched Membrane

3.1.1 Poly(ethylene terephthalate) (PET)

This polymer was patented in 1941 by J. R. Whinfield and J. T. Dickson in Manchester,
United Kingdom.%® Commonly known as one of the largest pollutants due to its use mainly in the
manufacturing of plastic bottles,'% this material has, nevertheless, great properties if it is used with
right purposes. It is a flexible, colorless plastic that is stable at high temperature and against a wide
range of chemicals. All those characteristics make PET a great material for filtration

membranes.110-113

3.1.1.1 Track-Etched Membrane Fabrication

PET is synthesized via the transesterification reaction of ethylene glycol and dimethyl
terephthalate.!'* The pores of a PET track-etched membrane are created by bombarding a PET
sheet with heavy ions. The pore density is controlled by the flow of heavy ions. Subsequently, the
nuclear tracks (regions where the heavy ions have passed through) are chemically etched in an
aqueous NaOH solution to obtain pores with a diameter controlled by the conditions of the etching
process (time and etching reagent concentration).!® Figure 3-2. shows the schematic procedures
from the polymerization to the pore preparation. This method gives carboxylic groups on the inner

pore surface that can be used for further modification (Chapter 4).
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Figure 3-2:  (a) Synthesis of PET. (b) Fabrication of a PET track-etched membrane. Polymer
PET sheet is bombarded by heavy ions and the resulting nuclear tracks are etched to get pores of
a desired size. Stopping solution serves to neutralize the basic solution and stop the etching
process.

3.2 Block Copolymers

A block copolymer is defined as a polymer made of multiple different monomer blocks
linked covalently.*® The adjacent blocks are different in chemical composition and/or structure.
A diblock copolymer (DBC) consists of two distinct polymer chains, linked by a covalent or a
non-covalent bond. The compatibility of the two blocks controls the microphase separation of a
DBC,!" which leads to the formation of periodic uniform nanostructures. Microphase separation
is defined by Matsushita as!*® the “phenomenon generated by block copolymers composed of
incompatible chemical components, where they tend to spontaneously form phase-separated
structures with microscopic length scales due to intramolecular phase separation in bulk or in
concentrated solutions.” As a result of the microphase separation, DBCs end up with different
morphologies and domain sizes in the nanometer scale (i.e., 10-100 nm). In addition, given the
variety of synthetic routes, it is possible to synthesize DBCs with different combinations of block
polymer chain lengths (nx) and the properties of polymer block,'® which allows tuning the size
and morphology of the resulting microdomains. 12021

Microphase separation is the result of the immiscibility of the blocks, as mentioned

above.'?? A possible morphology that a particular DBC will provide can be predicted from the

35



polymerization degree (N), the volume fraction (fa) and the Flory-Huggins parameter (x), the latter

of which is the chemical incompatibility or the degree of immiscibility as a proportion to the heat
of mixing.12%123124 Figure 3-3 shows the theoretical phase diagram for a linear DBC calculated
using the self-consistent mean field theory and the predicted equilibrium morphologies.!?>126
However, microdomain morphology in DBC thin films is controlled not only by the nature of each
block and interactions between the two blocks, but also by interactions at the air-film and film-

substrate interfaces. Therefore, DBC microdomains in thin films can appear in different

morphologies, and need to be controlled according to their applications.?”
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Figure 3-3:  Theoretical phase diagram for a linear DBC calculated using self-consistent mean-
field theory. DBC morphologies depending on the volume fraction are also shown: From right to
the left: sphere (S), cylinder (C), gyroid (G), and lamella (L). For a volume fraction larger than
0.5, the inverse structure is expected. Reproduced with permission from Ref 12, Copyright 2010
Elsevier.

DBC thin films are relevant for many applications like optoelectronics,*?® anti-reflection
coatings,**® nanotempling®***1*® or nanoporous membranes.3**¢-1%8 However, the applicability of

DBC thin films depends strongly on the nature of the DBC itself, and therefore further research of
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these materials may unveil unexpected applications in the future. This thesis will focus on thin
films of PS-b-PEO comprising cylindrical PEO microdomains that orient horizontally on

underlying substrates.

3.2.1 Polystyrene-block-Poly(ethylene oxide) (PS-b-PEO)

This specific DBC is made of one glassy block of polystyrene and a more rubbery block
of poly(ethylene oxide). Figure 3-1 shows the molecular structure of PS-b-PEO. Like other DBCs,
PS-b-PEOQ is suitable for many applications like nanoporous membrane fabrication or as a template
for nanomaterial synthesis. However, the most important feature that drives the attention of many
researchers is the Li* transport ability of PEO microdomains with the PS microdomains as a
structural scaffold, making this material suitable as solid electrolytes for Li batteries.?

The morphology of the microdomains after spin coating is the result of the kinetic
entrapment of the states due to fast evaporation of the solvent.?® This morphology in thin DBC
films can be modified using solvent vapor annealing (SVA).24%14 In this process, the thin film is
exposed to a single solvent vapor or to a vapor of mixed solvents for a certain period of time, until
the domains are organized. The reorganization of the domains is mainly ruled by the interfacial

energy at the air/film interface while the film is swollen by solvent vapor in the chamber. 144

3.2.1.1 Polystyrene (PS)
PS was discovered in 1839 by an apothecary named J. E. Simon in Berlin. He distilled a
resin from the tree/bush “Liquidambar orientalis” and found that the resulting liquid became more
viscous after a few days. He named it “styrol”. Hermann Staudinger, a Nobel prize winner who

established the concept of “macromolecules”, studied, characterized and clarified its structure
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(Figure 3-1).1% After many years of studies and patents, this material has become one of the most
popular polymers used for packaging.

This polymer is a glassy solid polymer at room temperature and can be heated up to 100°C,
its glass transition temperature. It is electrically insulating, non-polar, highly soluble in organic
solvents, and optically transparent with a refractive index of 1.6. Due to these properties, most
tissue culture dishes in laboratories are made from this material. This specific use has motivated

researchers to study this material related to the protein adsorption process. 46147

3.2.1.2 Poly(ethylene oxide) (PEO)

PEO was first reported in 1859 by A. V. Lourenco. It was formed as the result of the
condensation of ethylene glycol and ethylene dibromide.}*®4° The modern and rigorous
characterization of the PEO was done by Hermann Staudinger.}* It is important to clarify that this
polymer is also called poly(ethylene glycol) (PEG). The reason for the name change is the length
of the polymer. Conventionally, polymers with a number of monomers <150 are called PEG,
otherwise PEQ.150.151

This polymer is soluble in water as well as in some organic solvents. It has different crystal
structures. Its refractive index is around 1.4, but is smaller for a polymer with a longer chain.®? It
is widely used as a non-toxic additive material in the food, pharmaceutical and cosmetic industries
(approved by the FDA).?%31%* PEQ can form complexes with various molecules and ions such as
lithium ion, 1 and has been examined as a solid electrolyte for Li batteries.*>®'>" In addition, PEO

has been studied as a coating material to reduce the non-specific adsorption of proteins.>®
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3.3 Instrumentation Used for Material Preparation and Characterization.

There are a number of methods for sample preparation and characterization of relevance to
this disertation.® This chapter will cover those used for sample preparation and characterization in
this dissertation. Fluorescence microscopies are explained in detail in Chapter 2 and therefore, they

will be mentioned only briefly in this chapter.

3.3.1 Sample Preparation Methods.

There are as many methods for sample preparation as type of samples. The strategy of each
method is related to the application or studies to which the sample will be subjected to. Sample
preparation is the beginning of any research and it must be done carefully to avoid unnecessary
extra steps that might contribute to errors. As an example, in Chapter 5 all the films used for the
fluorescence SMT, must be done with care, avoiding any source of un-identified fluorescence
spots. This was accomplished by cleaning the substrates extensively, followed by plasma cleaning
(to remove any organic material) and using ultrapure solvents (HPLC grade) for all the solutions.

In Chapter 4, PET track-etched membranes with cylindrical pores were purchased from a
company, and those with conical pores were prepared by Ms. Siepser and Prof. Baker at Indiana
University as briefly explained in Section 3.1. Thin films used in Chapter 5 were prepared by spin

coating on silicon substrates or glass coverslips.

3.3.1.1 Spin Coating
Spin coating is a procedure commonly used to prepare a thin polymer film on a flat surface.
The major advantage of this method is the quicker formation of uniform thin films (from nm to

um in thickness) compared with other methods.***1%° Figure 3-4 shows the scheme of the process
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including (i) the placement of a solution of interest on a substrate, (ii) the spinning of the substrate
during which excess solution is expelled by the centripetal force, and (iii) the formation of a

uniform film upon airflow drying.

(7)

= — (i)

) (iii)
| (iv)

Figure 3-4:  Spin coating process to form a thin film from a polymer solution. (i) A solution is
placed on a substrate; (ii) The substrate is spun to remove excess solution; (iii) The solvent
remaining on the substrate is evaporated by airflow during spinning; (iv) A uniform thin film is
formed after being completely dried.

Film thickness can be controlled by the rotational force applied, i.e., the speed of rotation
or by controlling the density of the solution. In addition, spinning time is decided on the basis of
the nature of the solvent (boiling point). In any case, the solvent of a solution must be volatile
under the conditions used for the spin coating process. For example, 30 seconds are recommended
for water or short alcohols. 161162

In Chapter 5, the spinning time was 40 seconds and 2000 RPM (rotations per minute) was
the fixed speed used to prepare thin films. The different thickness was done by changing the

polymer solution concentration.
3.3.2 Sample Characterization

As expected, the nature of a sample determines applicable characterization methods.

Appropriate methods need to be selected to measure properties or features of interest. In this
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dissertation, spectroscopic ellipsometry was used to measure the thickness of thin polymer films,
and atomic force microscopy was used to measure their microdomain morphology. Cyclic
voltammetry was used to determine the potential required to generate a Cu(l) catalyst at an
electrode. Knowing the objective of the measurement is the key to choosing a suitable

characterization method.

3.3.2.1 Spectroscopic Ellipsometry (SE)

Spectroscopic ellipsometry is a non-destructive and non-invasive optical analytical
technique used to obtain thickness data and optical constants, such as refractive index (n) or
extinction coefficient for thin films. Depending on the specifications of the SE manufacturer, the
thickness range that can be measured can range from 0.1 nm to 6 um. Because this technique can
measure optical constants without damaging or contacting the sample, it is commonly used for
films, optical components, semiconductors for solar panels, and other applications.63164

This technique measures the change in the phase, and amplitude of linearly polarized light
upon reflection from sample/air and sample/substrate interfaces. Figure 3-5 shows the

experimental set up that explains how the measurement is done.

Linearly Polarized Light
Source

Detector

Linear Elliptical Circular
Polarization Polarization Polarization

Figure 3-5:  Experimental set up of spectroscopic ellipsometry.
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The amplitude and phase of the reflected light is measured by the detector and compared
with the known phase and amplitude of the linearly polarized light source. The parameters obtained

using eq 3.1, are the amplitude ratio (tan¥) and the phase difference (4).

p = 2= tan(¥)e® eq. 3.1.

Pg

In eq 3.1, pr and ps are reflection coefficients of the light that is polarized parallel and
perpendicular to the plane of incidence (Fresnel plane), p is the complex ratio, and j is a number
related to the cycles of the wave. Psi (%) and delta (4) are the parameters collected by the
instrument. These values are plotted against wavelength and fitted with an appropriate model
created by the user. Monochromatic ellipsometry uses a single wavelength incident beam and
therefore only one pair of Psi (%) and delta (4) values is obtained. For the case of the spectroscopic
ellipsometry, as the name suggests, the incident light sweeps a range of wavelengths and in
consequence there is a pair of Psi () and delta (4) values for each incident wavelength.

The most important information that the model should include are the number of reflective
layers the sample has, and type of the material comprising the layers. In our case, we have a single
layer of a transparent polymer film. The best model to fit the data is based on the Cauchy dispersion
formula (defined by Augustin-Louis Cauchy in 1836).1%° This Cauchy dispersion formula
describes the refractive index as a function of the incident wavelength, under the assumption that
the material has no optical absorption in the visible spectral range and a normal dispersion. Under
those considerations, the refractive index decreases when the wavelength increases, as is shown
below in eq. 3.2. Coefficients A; B; C and D depend on the material and are determined

empirically.
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n(d) =B +—+5+ eq. 3.2.

To know the best model for the sample, the software calculates the response for Fresnel’s
equations for all the different layers of the model and compares the prediction with the
experimental data. From that comparison, the unknown variables are fitted to get the estimated
thickness (d) and refractive index (n) of each of the layers. It is also possible to obtain other features
of the probed layers such as roughness of the surface.

Potential sources of error in the thickness measurement encountered during research were
the roughness of the thin film surface and the tilting of the sample given by the residue of polymer
solution that was attached on the backside of the substrate during spin coating. Roughness can be
avoided by practice (careful cleaning of the underlying substrates, homogeneity of the solution
and good control of the spin coating conditions). Tilting of the film during SE can be solved by
using larger pieces of substrates during spin coating or by a gentle cleaning of the backside of the

substrate using a piece of cotton and acetone or another solvent to remove the polymer.

3.3.2.2 Sample Characterization Using Microscopy
As mentioned in Chapter 2, optical microscopy has been used since 1600s with the
development of Antonie Van Leeuwenhoek’s first microscope to characterize and observe a wide
variety of samples. From blood cells to charcoal particles in ethanol, this characterization method
has provided a vast amount of information about a wide range of samples. The background and
the details of fluorescence microscopic techniques used were covered in Chapter 2, and this section

mainly focuses on atomic force microscopy, which is based on a totally different principle.
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33221 Fluorescence Microscopy
A detailed explanation of fluorescence microscopy is given in Chapter 2. In this thesis, the
following fluorescence microscopy techniques were used:
1. Wide-field fluorescence microscopy to assess the surface modification of pores in PET
track-etched membrane by electrochemically-controlled click reaction.
2. Two-window fluorescence wide field microscopy to assess environmental polarity around
NR molecules incorporated into thin polymer films.
3. SMT to measure the diffusion behavior of single SRB molecules in polymer thin films
before and after solvent-induced swelling.
4. FCS to quantify the diffusion coefficient of SRB molecules in thin polymer films before

and after solvent-induced swelling.

3.3.2.2.2 Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is a type of scanning probe microscopy where the
topography of the sample is explored by a nanometer scale probe (tip). Figure 3-6 shows the

instrumental setup of AFM.

Laser .
Position

detector

Cantilever
Tip

D picoclectic

|
stage

Figure 3-6:  Experimental setup of AFM. The position of the tip on the sample surface is
controlled by the piezoelectric stage, and the vertical and torsional deflection of the cantilever is
measured from the position of a laser beam reflected on the cantilever.
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AFM relies on a force between the end of the tip and the surface of the sample. The force
can be measured from a displacement of the tip from the equilibrium position (Az) that can be

obtained from the position of a laser beam reflected at the cantilever using Hooke’s law:

F= —kAz (eq.3.3)

In this equation, k is the spring constant of the cantilever reflecting its stiffness. While the tip scans
the surface, a laser beam hits the cantilever. Depending on the forces and interactions between the
tip and the surface, the cantilever bends and reflects the laser beam to a different position onto the
detector (photodiode). Usually, a topography image of the surface is created by scanning the
sample with the tip while keeping the laser position fixed.

In this thesis, the tapping mode was used. This mode is commonly used to measure the
surface topography of soft materials or materials submerged in liquids. In this method, the
cantilever needs to be oscillated at a frequency close to its resonance frequency. This oscillation
makes the tip encounter the surface several times but not stay on it, preventing the tip from
damaging the sample surface. Aside from the topography, the chemical nature of the materials
exposed on the surface can also be explored. As the result of the different interaction between the
tip and the surface (Van der Walls, dipole-dipole, among others) the frequency changes. The

images obtained from this strategy are known as phase images.

3.3.2.3 Electrochemical Methods
There is a long list of different electrochemical characterization methods.'® Many of these
characterizations are based on a redox reaction. This reaction is a chemical reaction involving the

gain or loss of electrons, like reactions taking place in batteries. Figure 3-7 shows the schematics
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of a galvanic cell where the oxidation of the Zn is happening at the anode and the reduction of Cu
at the cathode.

Electrochemical methods measure current (I) and voltage (V) from the system and can be
used to extract information about the thermodynamics and Kinetics of processes happening in the
cell. The cell is the name for the minimal required setup in any electrochemical characterization
or experiment. The scheme below, shows the simplest case with a cathode and an anode. The
cathode and the anode are where the reduction and oxidation happen respectively. The flow of

electrons (1) goes from the anode towards the cathode.

electrons

. - Salt bridge

Zinc electrode Cupper electrode

~
Zinc (I1) Sulphate Cupper (Il) Sulphate
solution solution
Anode Cathode
(Oxidation) (Reduction)

Figure 3-7:  Scheme of a galvanic cell with a cathode and an anode. Copper (I1) ions in the right
solution gains electrons at the copper electrode while zinc at the zinc electrode loses electrons to
be zinc (1) ions, making the electrons flow from the zinc electrode to the copper electrode.

3.3.23.1 Cyclic voltammetry (CV)
Cyclic voltammetry (CV) measures the current at a working electrode as a function of a
potential applied to the electrode at a constant potential sweep rate (V/s).21%1% From the

information of the current plotted against potential it is possible to identify the electrochemical
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variables and conditions of the system such as redox potential and diffusion behavior of the redox
species or reversibility of the electrochemical system.

As the potential applied to the working electrode is changed at a certain rate, going from
the initial potential (Einitial) to the returning potential (Ereturn) and coming back, the current is
measured. The scheme in Figure 3-8a shows the typical triangular potential application in a CV

and the typical cyclic voltammogram in Figure 3-8b.
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Figure 3-8:  (a) Typical triangular potential waveform application. Point a refers to the initial
potential (Einitiar); b to the potential at the cathodic peak current (ic); ¢ is the returning potential
(Ereturn); d is the anodic peak current (ia); and e is the initial potential (Einal). (b) Typical cyclical
voltammogram. Reproduced with permission from Ref. 1. Copyright 2001 Wiley.

The cathodic peak (Epc) and the anodic peak (Epa) are the potentials at which the maximum
current is observed. These values, in part, depend on the nature of the redox species and the
solution conditions close to the electrodes. Actually, electrode size and mass transport modes of
the redox species to the electrode define the shape of a cyclic voltammogram. In a cyclic
voltammogram, a faradaic current (which results from the redox reaction) and a non-faradaic
current (which comes from changes in the electrical double layer) are observed. As a result, the
cathodic current (ic) and the anodic current (ia) must be obtained by subtracting the non-faradaic

current (lines in grey in Figure 3-8b).
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The potential at which the maximum current is observed depends on the nature of redox
species and solution conditions close to the electrodes. This method was used in Chapter 4 to select
an optimum potential to reduce Cu (11) into Cu(l), the latter of which is the catalyst for the click
reaction between alkene groups tethered to the inner surface of track-etched pores and the azide

group of a fluorescent dye molecule.
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4. Longitudinally Controlled Modification of Cylindrical
and Conical Track-Etched Poly(ethylene terephthalate) Pores

Using and Electrochemically Assisted Click Reaction'®’

Modified with permission from the American Chemical Society.
Published as: Herman Coceancigh, Khanh-Hoa Tran-Ba, Natasha Siepser, Lane A. Baker, and
Takashi Ito, Langmuir 2017, 33, 43, 11998-12006.

https://doi.org/10.1021/acs.langmuir.7b02778

4.1 Contribution of Authors

TI directed the overall project. NS and LAB prepared PET membranes with conical pores
and recorded their TEM images. KHTB did the simulations. HC prepared and designed the gold
electrodes by photolithography, performed the membrane pre-modification, the electrochemically-
assisted modification, the chemically assisted modification, and measured the horizontal and cross-

sectional images with fluorescence microscopy. Tl and HC analyzed the images.

4.2 Introduction

Porous membranes with asymmetric chemical compositions on each side have recently
attracted considerable interest because of their unique mass transport properties.'®® For example,
membranes with asymmetric wettability could be used for efficient oil-water separation based on

their directional liquid transport properties.’®®"* Membranes comprising nanopores with
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asymmetric charge properties exhibited unique ionic current rectification behavior that may lead

172

to development of a nanofluidic diode!’? and an ion pump.1’® These asymmetric membranes have

been prepared by the sequential deposition of different fibrous materials or by the asymmetric
post-modification of monolithic porous materials.'®®

The post-modification has been carried out via a photochemical reaction or a covalent
chemical reaction that takes place directionally from one side of a monolithic material.*®® The
former can be used mainly for polymeric membranes because it requires the light-induced
degradation or cross-linking of the membrane surface/matrix. The latter is applicable for various
porous materials on the basis of well-established reactions such as silanization and click
reaction.'®%17417> However, it is often challenging to reproducibly obtain asymmetric membranes
with spatial control at the um-scale, because the modification is controlled by the directional mass
transport of a reactant or catalyst loaded from one side of a membrane.*%® Very recently, post-
modification controlled by reactant/catalyst diffusion has been demonstrated for a porous material,
and successfully afforded a mm-scale compositional gradient across the material with the higher
reaction yield near the loading surface.!™ It should be noted that similar diffusion-based
approaches have been used to fabricate in-plane compositional gradients on flat surfaces.!’®

In the diffusion-controlled chemical approach, reactant/catalyst loading needs to be
regulated for reproducible asymmetric modification of a porous material at pm-scale precision.
Faradaic processes at an electrode can be used to control the spatial and temporal distributions of
a reactant or catalyst, and thus have been utilized for the fabrication of um-scale patterns on
surfaces.'”” For example, in-plane compositional surface gradients were obtained on the basis of

the electrochemically-controlled generation and diffusion of a catalyst in Cu(l)-catalyzed azide-

alkyne cycloaddition (CUAAC) click reaction.”®8 However, to the best of our knowledge, there
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is no report that demonstrates the longitudinally-controlled modification of porous materials by
taking advantage of the electrochemical generation of a reactant or catalyst.

In this study, longitudinally-controlled pore modification was explored using
electrochemically-assisted CUAAC based on Cu(l) catalysts electrochemically generated at an
electrode. CUAAC in a homogeneous solution!®18 has been widely used for uniform
modification of porous materials such as mesoporous silica,"*4+18 porous silicon!®"1%8 and
polymer monoliths®®® due to its high efficiency and versatility. These modified nanoporous
monoliths were used to design catalytic materials'® and interferrometric sensors.!8"18
Electrochemically-assisted CUAAC employs Cu(l) catalysts generated by the reduction of Cu(ll)
solutes upon controlled potential application to an electrode.®® Based on the spatial and temporal
control of the catalyst concentration, electrochemically-assisted CUAAC provides a means for
position-selective modification of electrode surfaces'®*!! and also for the fabrication of in-plane
compositional surface patterns and gradients.!’%180192-19% Ag porous materials, poly(ethylene
terephthalate) (PET) track-etched membranes were used because of their uniform pore sizes and
cylindrical/conical shapes'*>!% and also the capability to decorate the pore surfaces via amidation
of the surface —-COOH groups.!*>1%:197 Here, PET track-etched pores were first decorated with
ethynyl groups, and then modified with azide-tagged fluorescent dyes via CUAAC based on
electrochemically-formed Cu(l) catalysts diffusing along the pores (Figure 4-1). The spatial
distribution and yield of pore modification with fluorescent dye(s) were measured using
fluorescence microscopy. In this study, the electrochemically-controlled modification was
demonstrated only for pum-scale pores due to the feasibility of their characterization, but the

reported approach will be applicable for asymmetric functionalization of nanoporous monoliths.
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Figure 4-1:  (a) Electrochemically-controlled pore modification based on CUAAC. (b) Chemical
structures of azide-tagged fluorescent dyes and TBTA, a ligand to Cu(ll/l). Reproduced with
permission from Ref. 1%7. Copyright 2017 American Chemical Society.

4.3  Experimental Procedures

4.3.1 Chemicals and Materials

Potassium hydroxide (KOH; Mallinckrodt Chemicals), formic acid (J. T. Baker), N,N-
diisopropylcarbodiimide (DIC; Acros Organics), 1-hydroxybenzotriazole hydrate (Aldrich),
propargylamine (Aldrich), N,N-dimethyl formamide (DMF; Fisher), sodium tetrafluoborate
(NaBF4; Acros Organics), cupric sulfate pentahydrate (CuSO4¢5H20; Fisher), tris[(1-benzil-1H-
1,2,3-triazol-4-yl)methyl]amine (TBTA; Aldrich), L-ascorbic acid (Acros Organics), Azide-fluor
545 (Aex = 546 nmM, Aem = 565 nm; Aldrich), Azide-fluor 488 (Aex = 501 nm, Aem = 525 nm; Aldrich)
and dimethyl sulfoxide (DMSO; Fisher) were used as received. The molecular structures of the

fluorescent dyes as well as TBTA, a ligand to Cu(11/1),1® are shown in Figure 4-1b. PET track-
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etched membranes (25 mm in membrane diameter; it4ip) comprising cylindrical pores (1 pum in
pore diameter, 22 pm thick, 2.5 x 107 pores/cm?) were purchased from AR Brown-US (Pittsburgh,
PA). PET track-etched membranes with conical pores were prepared from ion-tracked PET films
(12 pm thick, 1.5 x 108 tracks/cm?; it4ip) according to a previously-reported procedure!®® with
slight modifications. A comb-shaped electrode was photolithographically fabricated from a gold-
sputtered coverslip with a 200 nm-thick Au layer on a 10 nm-thick Cr layer (25 x 25 mm?; LGA
Thin Films, Foster City, CA) according to a procedure reported previously.?® A planar gold
electrode on glass which was used as a counter/reference electrode, was purchased from Platypus
Technologies (Madison, WI). All the water-containing solutions were prepared with water having

resistivity of 18 MQ cm or higher (Barnstead Nanopure Systems or Millipore Corp).

4.3.2 Fabrication of a Comb-Shaped Gold Electrode

A gold-coated glass coverslip (25 x 25 mm?; LGA Thin Films, Foster City, CA) was first
cleaned with water, acetone and isopropanol and subsequently dried by heating at 60 °C on a hot
plate. The substrate was spin-coated (1500 rpm, 40 sec) by a layer of primer solution (MCC Primer
80/20), followed by a layer of positive-tone photoresist (Shipley 1813™, Rhom and Hass). The
substrate was baked at 105 °C for 15 min to remove residual solvents. The photoresist was
patterned by irradiation of UV light through a laser printed photomask with a desired pattern. The
irradiated region was subsequently removed by rinsing in a developer solution (Microposit™ 351
Developer, Rhom and Hass), and then heated at 120°C for 20 min to improve adhesion of the
photoresist. The exposed gold layer was etched in 4:2:1 HCI:H,O:HNO3, and then the photoresist
layer was removed by soaking the substrate with acetone. The resulting comb-shaped electrode

consisted of nine ~0.3 mm rectangular teeth with a spacing of ~0.2 mm. The scheme of the
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procedure, the mask designed for the comb shape electrode and the final electrode image is shown

in Figure 4-2.

a) b)
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6 Etching of gold surface
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Figure 4-2:  (a) Scheme of the fabrication procedure, (b) image of the electrode pattern used,
and (c) photo of the final electrode as it was used for the experiments.

4.3.3 Pore Modification
First, ethynyl groups were tethered to the surface of PET track-etched pores via amidation
of its -COOH groups according to the following procedure.*®”-2* A PET track-etched membrane
was immersed in a DMF solution containing DIC (0.6% w/v) and 1-hydroxybenzotriazole hydrate
(1.52% wi/v) for 30 min. After being washed with DMF, the membrane was soaked in a DMF
solution of propargylamine (1% w/v) for 3 hours. The membrane was washed with DMF and
ethanol, and then dried in air at room temperature. It should be noted that pristine PET track-etched

pores without surface ethynyl groups could not be modified via CUAAC (data not shown).
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4.3.4 Electrochemically-Controlled Modification

Electrochemically-controlled pore modification was carried out as follows. An ethynyl-
decorated membrane (ca. 0.5 x 1 cm?) was soaked in a DMSO:H20 (1:1) solution containing
fluorescent dye (0.04 mM), CuSOs (1 mM), TBTA (1 mM) and NaBFs (0.1 M), and then
sandwiched between a comb-shaped gold electrode and a planar gold electrode (Figure 4-3a).
Potential steps were applied to the comb-shaped working electrode (WE) against the planar
counter/reference electrode (CE/RE), as shown in Figure 4-3b, using a WaveNow potentiostat
(Pine Research Instrumentation). As a WE, a planar gold electrode instead of the comb-shaped
gold electrode was used for the modification of conical PET track-etched pores. The applied
potentials (Enigh = +0.5 V; Eiow = -0.5 V) were chosen from the cathodic and anodic potentials of
Cu(ll/1) measured in a solution of Cu(ll) and TBTA with a two-electrode cell using cyclic
voltammetry. As shown in Figure 4-3c, a cathodic peak for the reduction of Cu(ll) and an anodic
peak for the oxidation of Cu(l) were measured around -0.3 V and +0.2 V, respectively. Thus,
almost all Cu(I1) on the WE should be reduced at -0.5 V and almost all Cu(l) on the WE should be
oxidized at +0.5 V.1° As a result, the potential steps shown in Figure 4-3b were anticipated to
induce the following chemical processes (Figure 4-1a): During the reduction step at Ejow =-0.5V
(0<t<7 r=10, 30, 60, 120, 360 or 1000 sec), Cu(l) was generated by the reduction of Cu(ll) at
the WE and then diffused toward the CE/RE along the pores. At the re-oxidation step (z <t < 37),
Cu(l) produced during the reduction step was oxidized to Cu(ll) at the WE to stop the pore

modification.
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Figure 4-3: (a) Schematic illustration of an experimental setup used in this study. The
experiments were carried out using a two-electrode cell consisting of a planar Au
(counter/reference) electrode (CE/RE) at the top, a comb-shaped or planar Au (working) electrode
(WE) at the bottom and a PET track-etched membrane sandwiched in between. (b) Potentials
applied to the WE in the two-electrode cell. At the WE, Cu(Il) was reduced to Cu(I) (0 <t<7; t1
= 1), and then the generated Cu(l) was oxidized to Cu(ll) (z <t < 3r; t2 = 27). (c) A cyclic
voltammogram recorded in a HoO/DMSO (1:1) solution containing 1 mM CuSOs, 1 mM TBTA
and 0.1 M NaBF4 using a two-electrode cell consisting of two Au disk electrodes (2 mm in
diameter). Reproduced with permission from Ref. %7, Copyright 2017 American Chemical
Society.

Homogeneous CUAAC based on Cu(l) generated by Cu(ll) reduction with L-ascorbic
acid®® was also explored for the modification of a PET track-etched membrane comprising
ethynyl-decorated cylindrical pores (1 um in pore diameter). The membrane modification was
carried out by immersing an ethynyl-decorated membrane in a DMSO:H>O (1:1) solution
containing Azide-fluor 545 (0.04 mM), CuSO4 (1 mM), TBTA (1 mM), L-ascorbic acid (1 mM)

and NaBF4 (0.1 M) for 1000 sec, followed by rinsing with DMSO:H-0 (1:1) and water.
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4.3.5 Fluorescence Microscopy Measurements

The spatial distribution and yield of pore modification with fluorescent dye(s) were
assessed from the planar and cross-sectional fluorescence images of modified PET track-etched
membranes (Figure 4-4). These images were recorded using a Nikon TE2000 inverted
optical/fluorescence microscope equipped with FITC and TRITC filter cube sets and a Roper
Scientific CoolSnap ES camera, and then analyzed using the ImageJ software. The excitation and
emission wavelengths of the FITC filter set were 470 + 20 (nm) and 535 + 20 (nm), and those of
the TRITC filter set were 542 + 10 (nm) and 620 £ 26 (nm). A 10x objective lens (NA = 0.30)
and a 100x oil-immersion objective lens (NA = 1.30) were used for the image acquisition. Planar
images were measured for a membrane horizontally placed on a glass coverslip (Figure 4-4a).
Cross-sectional images were obtained for a vertically-oriented membrane section obtained by
cutting across modified band regions and supported between two planar glass substrates (Figure

4-4b).

(a) PET track-etched  (b) slide glass
membrane cut

C

glass PET tra”ckf
coverslip etched
membrane

Figure 4-4:  Fluorescence microscopy setups used for recording (a) a planar image and (b) a
cross-sectional image. Modified areas in a membrane reflecting the positions of the teeth of a
comb-shaped WE during the pore modification are schematically shown in pink. Reproduced with
permission from Ref. 1%7. Copyright 2017 American Chemical Society.
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4.3.6 Finite-Element Computer Simulations

Finite-element computer simulations were carried out using COMSOL Multiphysics
Version 4.1 operated on a Dell Optiplex GX 520 (Pentium 4 CPU, G GHz, 4 GB RAM).?2 The
simulations were based on previously reported models!®1% with a different electrode geometry.
Here, a vertically-oriented cylindrical pore (1 um in diameter, 22 um in length) between two planar
electrodes were considered. Figure 4-5 shows the model geometries of cylindrical pores used in
our simulations. We assumed a uniform hexagonal distribution of cylindrical pores (Figure 4-5a)
with the center-to-center distance of 2.2 um, which was estimated from a pore density (0.25
pores/um?) provided by the manufacturer. We also considered the influences of a small gap (d =
0, 0.1 or 1 pum) between a membrane and an electrode, which could be formed due to their
incomplete contact (Figure 4-5b). As a result, a cylindrical coordinate system shown in Figure 4-
5b was used to simulate the pore modification. Its origin was set on the WE at the center of the
pore, and thus the ranges of horizontal (r) and vertical (z) axes to be considered were 0 <r (um) <

1.1 and 0 <z (um) < (22 + 2d).
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CuARC Do et

Figure 4-5: (a) Assumed hexagonal arrangement of the pores in the PET track-etched
membrane with cylindrical pores (1 pm in diameter). The center-to-center distance of 2.2 um was
estimated from the pore density (0.25 pores/um?). (b) Schematic illustration of the simulation
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geometry of a cylindrical pore between two electrodes: The pore radius was 0.5 um, the pore length
defined by the membrane thickness was 22 um, and the electrode-membrane gap was d (= 0, 0.1
or 1 um). The origin of the cylindrical coordinate system was set on the WE at the center of the
pore. Reproduced with permission from Ref. 7. Copyright 2017 American Chemical Society.

In the simulations, a simple single electron transfer was assumed for the redox reaction of
Cu(ll/1) at both the WE and CE/RE:

Cu(Ill)+ e~ = Cu(l)

The reduction of Cu(ll) (0 <t <) and the re-oxidation of Cu(l) (z <t < 37) at the WE (Figure 4-
3b) were assumed to completely proceed because of the application of significantly large cathodic
and anodic overpotentials (> 120 mV), respectively (vide supra).’® Prior to the potential step
application (t < 0), the potential applied to the WE was positive enough not to reduce Cu(ll) to
Cu(l). Note that the sum of Cu(l) and Cu(ll) concentrations (Ci(r,z,t) and Cx(r,z,t), respectively)
was assumed to be always equal to the initial Cu(ll) concentration (Co = 1 mol/m?%), which means

C,(r.z,t) + C,(r,z,t) = C;. In summary, the following boundary conditions for the Cu(l) and

Cu(Il) concentrations could be set at the WE (z = 0):

Cy(r,0,t) =0 and Cx(r,0,t) = Co (t<0)
Cy(r,0,t) =Coand Co(r,0,t) =0 (0<t<7)
Cy(r,0,t) =0 and Cx(r,0,t) = Co (r<t<37) (eq. 4.2)

At the CE/RE, the Cu(l) concentration at the surface was assumed to be always zero due to the
application of a sufficiently large anodic overpotential for the complete oxidation of Cu(l) to
Cu(ll). Thus,
Cy(r,z,t) =0 and Cx(r,z,t) = Co atz=22+2d (0<t<37) (eq. 4.3)
The diffusion of Cu(l) and azide-tagged dye was described by Fick’s second law including a

reaction term;180193
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ac, (raed _

e =V (D,8C,) + R(z,t) (eq. 4.4)

ACy (rat)

e = V(D49C;) +R(z1) (eq. 4.5)

The diffusion coefficients (D1 and Dy, m?/s) of Cu(l) and azide-tagged dye were assumed to be
similar to those of Cu(ll) (= 5 x 1071° m?/s), which was experimentally obtained in the solution
using chronocoulometry (data not shown). The initial dye concentration (Cqo) was 0.04 mol/m?.
At the solution-pore interface, an azide-tagged molecule was immobilized onto a surface-tethered
ethynyl group via CUAAC catalyzed by Cu(l) that was produced at the WE and diffused along the
pore (Figure 4-5b). The kinetics of a CUAAC reaction is known to be first order for azide, and
second order for Cu(l) and alkyne.'® The reaction term of the reaction is thus assumed to be given
as:

R(zt) = k[C,(05,2,t)][C,(0.5,2,t)]*[T(z.t)]* (eq.3.6)

where K is the reaction rate constant,® Cq, C1, I' are the concentration of azide-tagged species
(mol/m3), Cu(l) (mol/m®) and surface ethynyl groups (mol/m?), respectively. The total surface
ethynyl density (10) was taken from a paper that reported the yield of amidation on a pristine PET

track-etched membrane.t®” All the constants and fixed parameters are summarized in Table 4-1.

4.3.7 Computational Procedure
In the COMSOL Model Builder, the space dimension was chosen as 2D axial symmetric
(Figure 4-6) to reduce the computational time. The Fick’s second law was solved using the Physics
Model ‘Transport of Diluted Species’ with a time dependent solver. In addition, the surface-bound
reaction of an azide-tagged species with a surface alkyne group was simulated by a Physics Model

‘General Form Boundary PDE’ together with a time dependent solver. Importantly, both models
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had to be directly coupled to simultaneously simulate the diffusion of the species based on Fick’s

second law and the reaction at the pore wall (eq. 4.4 and eq. 4.5).
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Figure 4-6:  (a) Model geometry (d = 1 pum) showing eight boundaries (1-8) and one domain
(9). (b) lustration of the mesh size used in the COMSOL simulations for the functionalization of
a pore (0.5 pm in radius, 22 pm in length, d = 1 um). The model was built by Dr. Khanh-Hoa
Tran-Ba. Reproduced with permission from Ref. 167, Copyright 2017 American Chemical Society.

In the diffusion model, the ‘No Flux’ boundary conditions were set for Boundaries 4 and
6. The ‘Axial Symmetry’ conditions were chosen for Boundaries 1, 3 and 7. The ‘Flux’ boundary
conditions for Boundaries 2 and 8 were set to be eq. 3.2 and eq.3.3, respectively. At the reacting
surface (Boundary 5), the ‘Inward Flux’ of Cu(I) was described by eq. 4. ‘Initial Values’
represented the initial bulk concentrations of Cu(l) (= 0), Cu(ll) (Co = 1 mol/m®) and azide (Cq =
0.04 mol/m?3) for Domain 9. To simulate the diffusive motions of all species, diffusion coefficients
(Cu(l): D1 =5 x 101 m?/s, Cu(ll): D2 = 5 x 10°2% m?%s, azide: Dg = 5 x 101° m?/s) were set in

‘Diffusion’ for the entire cell (Domain 9), as shown in Figure 4-6b.
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Table 4-1: Fixed Parameters and Constants Used in the COMSOL Simulations.

Fixed Parameters Determined or estimated values/units
Total Cu concentration (Co) 1 mol/m?3
Initial azide dye concentration (Cq,) 0.04 mol/m?®

Cu(l), Cu(Il) diffusion coefficients (D1, D2) 5x 10 m?/s

Azide-tagged dye diffusion coefficients (Dg) 5 x 107° m?/s
Electrode-membrane gap size (d) 0(or1x107m,1x10%m)
Initial density of surface ethynyl groups (/o) 1.3 x 107" mol/m?

CUAAC reaction rate constant (k) 32.69 m*?/(semol*) %

The reaction at the pore wall (Boundary 5) was simulated with a ‘General Form Boundary
PDE’ Physics Model. The ‘Initial Value’ of the azide and Cu(I) concentrations were set to Cq,0 =
0.04 mol/m?and C1 = 0, respectively. The ‘Initial Time Derivative’ was 0 for both species. The
‘General Form PDE’ consisted of a conservative flux for azide-tagged dye (-Dg4(dCq/dr) and -
Duy(dCd/dz) for r and z-components, respectively) and Cu(l) (-D1(dCi/dr) and -D1(dC+/dz) for r and

z-components, respectively). The ‘Source Term’ was set to R(z, t) (for r and z-components)

ac, (ret) BC; (r=,t)
L and —*
dt dt

according to eq. 4.6. In addition, were accounted in the model by choosing

appropriate ‘Damping or Mass Coefficient’ of 1.

In the simulations, an overall, ‘user-defined’ mesh was chosen. The element size was pre-
calibrated for ‘General Physics’ at a pre-defined ‘extremely fine’ setting. Specifically, a maximum
element size of 0.24 pum, a minimum element size of 0.5 nm, a mesh grow rate of 1.1 and a mesh
curvature factor of 0.2 were employed. The mesh type was chosen to be ‘free triangular’ with a
1:1 aspect ratio. Typically, for d = 0 um, the number of triangular elements was ~600, the edge

elements were ~200 and a mesh area was 11 um?. One typical simulation with a 10 relative
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tolerance required < 5 min. Figure 4-6b depicts a model geometry with typical mesh that was
generated using the conditions described above. Here, the simulation cell had a height of 24 um
(consisting of the pore length and the two electrode-membrane gaps of 1 um). The surface
functionalization was obtained from the integration of R(0.5,z,t) by time using the ‘timeint (tstart,

tend, function)’ operator.
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Figure 4-7:  COMSOL simulation results on the time dependence of Cu(l) concentration profile
within a pore (0.5 um wide, 22 um high, d = 0) at different t for different t;—t, conditions. The
Cu(l) concentration ranges from 0 mol/m*® (blue) to 1 mol/m*® (red). The bottom boundary
represents the WE. The data were obtained by Dr. Khanh-Hoa Tran-Ba. Reproduced with
permission from Ref. 1%7. Copyright 2017 American Chemical Society.
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Figure 4-8: COMSOL simulation results (d = 0) on the effects of t1—t, conditions (t1 = 7, t> =
27) on surface modification yield, R(z), during the reduction step (0 <t < z, dotted line), during the
re-oxidation step (z<t <37, dashed line), and after both the reduction and subsequent re-oxidation
steps (0 <t <37 solid line). The data were obtained by Dr. Kanh-Hoa Tran-Ba. Reproduced with
permission from reference ¢”. Copyright 2017 American Chemical Society.
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Figure 4-9:  COMSOL simulation results on the effects of d on R(z—d) at three different t;—t>
conditions. The data were obtained by Dr. Khanh-Hoa Tran-Ba. Reproduced with permission from

Ref. 187, Copyright 2017 American Chemical Society.

4.4 Results and Discussion

In this study, electrochemically-assisted CUAAC was examined for the longitudinally-

controlled modification of ethynyl-decorated cylindrical and conical pores with azide-tagged
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fluorescent dyes. Cu(l) catalysts were generated by the reduction of Cu(ll) at a working electrode
(WE), diffused along the long axis of a pore, and induce the CUAAC-based modification of the
pore surface with azide-tagged dyes (Figure 4-1a). PET track-etched pores were chosen to
demonstrate the proof-of-concept of this approach because of their fairly-defined cylindrical or
conical shapes with their surface decoration capability via amidation through surface ~-COOH
groups.t®”?%! The CuAAC-based pore modification was carried out with a PET track-etched
membrane sandwiched between a WE and a planar counter/reference electrode (CE/RE) (Figure
4-2a). A comb-shaped gold electrode (300 pum in width, 200 um in spacing) was used for the
modification of cylindrical pores (1 pm in diameter) to verify the contribution of
electrochemically-generated Cu(l) catalysts to pore modification. A planar gold electrode was
instead used as a WE for the modification of conical pores (3.5 um in base diameter, 1 um in tip
diameter). For the pore modification, potential steps (Figure 4-2b) were applied to the WE for the
reduction of Cu(ll) to Cu(l) and the subsequent re-oxidation of Cu(l) to Cu(ll). The length of the
reduction step (t1 = 7) was changed to control the concentration and distribution of Cu(l) in the
pores as well as the duration of the CUAAC reaction on the pore surfaces. The re-oxidation step
(t2 = 27) was anticipated to terminate the CUAAC-based pore modification.

Here, the results of finite-element computer simulations will first be shown to estimate how
electrochemically-generated Cu(l) catalysts control pore surface functionalization. Subsequently,
the effects of z on the spatial distribution and yield of pore modification will be discussed by
assessing the fluorescence microscopy images of modified membranes. Finally, the asymmetric
modification of cylindrical pores with two different dyes in opposite directions as well as the
selective modification of the tip or base side of conical pores were demonstrated using the

approach based on electrochemically-assisted CUAAC.
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4.4.1 Finite-Element Computer Simulations

Finite-element computer simulations were used to verify how reduction step time (z) affects
the yield of CUAAC-based pore modification at different longitudinal positions, R(z), in the
conjunction with Cu(l) inner-pore distribution, C1(r,z,t). The simulations were carried out under
several assumptions including (i) the complete reduction of Cu(ll) to Cu(l) at the WE at the
reduction step (t1 = 7) and the complete oxidation of Cu(l) to Cu(ll) at the WE at the re-oxidation
step (t2 = 27); (ii) the complete oxidation of Cu(l) to Cu(Il) on the CE/RE at both the reduction and
re-oxidation steps; (iii) a surface CUAAC reaction following the first order kinetics for azide-
tagged dye and the second order kinetics for Cu(l) and surface ethynyl groups.8 It should be noted
that the simulation results could not be quantitatively compared with experimental R(z) because of
the uncertainty of k and o values used for eq. 3.6. Instead, the simulation results will lead to
qualitative understanding of a relationship between Ci(r,z,t) and R(z) and also the effects of z on
R(z). The simulations were also used to assess how R(z) is affected by solution-filled gaps (d in
width) that are possibly formed between a membrane and two electrodes (Figures 4-6). Here,
Cy(r,z,t) and R(z) obtained for a pore without gaps (d = 0 um) was mainly discussed due to the
relatively small influence of the gaps (vide infra).

Figure 4-7 shows t-dependent Cu(l) concentration profiles within the pore under different
potential step conditions. Figure 4-10a summarizes those along the central axis of the pore (r = 0)
for different reduction step times (t1 = z = 0.005 ~ 1 sec). Cu(l) distribution was expanded from
the WE (z = 0 um) toward the CE/RE (z = 22 um) with increasing t1 up to 0.5 sec, and unchanged
thereafter. At the longer t1 (> 0.5 sec), a linear z-dependent decrease in Cu(l) concentration was
obtained due to the attainment of the steady state that was defined by the boundary conditions at

the WE and CE/RE (vide supra). On the other hand, the re-oxidation step led to a quick decrease
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in Cu(l): Cu(l) was present within the pore only for a short period of time upon the re-oxidation

step (< 0.1 sec, Figure 4-7).
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Figure 4-10: COMSOL simulation results (d = 0) on (a) Cu(l) concentration, C1(0,z,t1), along
the center of the pore after the reduction step (t1 = 7), (b) surface modification yield, R(z), after the
reduction and re-oxidation steps (t1 = 7, t2 = 27), and (c) normalized surface modification yield,
R(z)/R(0), obtained from (b). The data were obtained by Dr. Khanh-Hoa Tran-Ba. Reproduced
with permission from Ref. 1. Copyright 2017 American Chemical Society.
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R(z) profiles shown in Figure 4-10b were correlated to the corresponding Cu(l) concentration
profiles (Figure 4-10a). The pore modification took place only near the WE for the short t; (=
0.005 sec), and expanded toward the CE/RE with increasing t1 up to 0.5 sec. Simultaneously, the
reaction yield on the pore surface adjacent to the WE, R(0), increased proportionally to t; because
of the longer reaction time (Figure 4-10b). The ti-dependent increase in R(0) was obtained for a
much longer t1 (e.g., 1000 sec) until all the ethynyl groups on the pore surface are consumed (data
not shown). Meanwhile, Cu(l) catalysts remained during the re-oxidation step gave a significant
contribution to R(z) only when t; was shorter than 0.5 sec (Figure 4-8). In contrast, the shapes of
R(z) profiles were very similar when t1 > 0.5 sec, as shown in the R(z)/R(0) profiles (Figure 4-10c).
For the longer t1, R(z) was primarily controlled by a steady-state, linear Cu(l) concentration profile
(Figure 4-10a) with the second-order kinetics for Cu(l) in CUAAC (eq. 4.6). Due to the ti-
dependent increase in R(0) (vide supra), the steepness of a gradient (R(z)/z) increased with
increasing t1 (Figure 4-10b). On the other hand, the effects of membrane-electrode gaps were
insignificant, especially for longer t1, due to the relatively fast diffusion of Cu(l), as shown by the
similar R(z) profilesat d =0, 0.1 and 1 um (Figure 4-9).

These simulation results lead to the following conclusions. First, the application of a very
short reduction step (< 0.01 sec) enables pore modification only near the WE. Unfortunately, we
could not experimentally verify such localized modification because of the limited sensitivity of
the fluorescence microscopy measurements under the examined condition (data not shown).
Multiple potential steps for short z should be applied for experimental observation of such short-
distance modification. Second, application of a relatively long reduction step (z > 0.5 sec) will
lead to longitudinal gradient modification with a higher yield for longer . The z-dependence of

modification yield and the steepness of a gradient could be assessed from fluorescence microscopy
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images of modified membranes. The next section will discuss experimental results regarding the

effects of - on the CUAAC-based modification of cylindrical pores (1 um in diameter).

4.4.2 Effects of Reduction Step Time on Cylindrical Pore Modification

The effects of z on pore modification were investigated by measuring the planar and cross-
sectional fluorescence microscopy images of PET track-etched membranes comprising cylindrical
pores (1 um in diameter). It should be noted that membranes modified for z < 10 sec could not be
discussed due to the limited sensitivity of the CCD camera used in this study.

Figure 4-11a shows typical planar images of membranes modified for different z. The width
of the darker band was similar to the inter-teeth spacing (ca. 200 um) of the comb-shaped WE,
indicating selective modification above the electrode teeth. The fluorescence intensity of modified
areas increased from 10 sec to 360 sec, and then did not significantly change up to 1000 sec, as
shown by the fluorescence intensity profiles in the insets (Figure 4-11a) and the z-dependence of
the fluorescence intensity (Figure 4-11b). The z-dependent increase in fluorescence intensity was
anticipated from the simulation results that showed CuUAAC-based pore modification controlled
by Cu(l) catalysts generated at a WE (vide supra). On the other hand, the insignificant modification
at the longer z could result from the reaction of all the surface ethynyl groups, which was possible

if the rate constant for CUAAC on the surface was much larger than that used in the simulations.°
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Figure 4-11: (a) Typical planar fluorescence images of PET track-etched membranes (1 pum in
cylindrical pore diameter) modified with Azide-fluor 545 for z = 30 sec, = 120 sec, 7 = 360 sec
and 7 = 1000 sec. Recorded using a 10x objective lens with a TRITC filter set for the same
integration time (5 sec) in the same day. The inset shows a typical fluorescence intensity profile
across the inter-electrode region obtained from each planar image. The definition of Al is given
in the intensity profile for z = 1000 sec. (b) z-dependence of Al (average + 95% confidence
interval) obtained from 11-22 different pairs of modified-unmodified regions in a membrane. The
low Al at z = 60 sec might be due to the insufficient removal of air between the membrane and
WE. Reproduced with permission from Ref. 7. Copyright 2017 American Chemical Society.

Figure 4-13a shows typical cross-sectional images of membranes modified for different z.
A brighter region in each of the images corresponds to a modified region where a tooth of the
comb-shaped electrode was located during the modification. Interestingly, the modification was
not uniform across the membranes. Figure 4-13b depicts cross-sectional profiles obtained from
the images shown in Figure 4-13a. In contrast to the symmetric profiles for the darker, unmodified
regions, the brighter regions exhibited asymmetric gradient profiles with higher fluorescence
intensity near the WE. Slight pore modification near the CE/RE (Figure 4-13) in contrast to the
simulation results (Figure 4-10) could be due to the involvement of convection or the insufficient
control of the CE/RE potential. Such an asymmetric profile was not obtained with CuUAAC-based
modification of cylindrical PET track-etched pores in a homogeneous solution containing Cu(l)

catalysts produced from Cu(ll) by L-ascorbic acid (Figure 4-12). Thus, it can be concluded that
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the gradient was formed as a result of pore modification controlled by the longitudinal distribution

of Cu(l) catalysts generated at the WE (Figure 4-1a).
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Figure 4-12: (a) A typical cross-sectional fluorescence image of a PET track-etched membrane
(2 um in cylindrical pore diameter, ca. 22 um thick) modified with Azide-fluor 545 from a
homogeneous solution for 1000 sec. Cu(l) was generated via the reduction of Cu(ll) by L-ascorbic
acid. Recorded using a 100x oil immersion objective lens and a TRITC filter set. (b) An averaged
cross-sectional profile obtained from (a). Reproduced with permission from Ref. 1%7. Copyright
2017 American Chemical Society.

Indeed, z-dependent increases in gradient slope (Figure 4-13c) and fluorescence intensity,
Imax, (Figure 4-13d) were qualitatively consistent to the trends obtained with the finite-element
computer simulations. The smaller increase in slope and Imax for > 360 sec were consistent to
the z-dependence in the horizontal images (Figure 4-11b). These results indicate that asymmetric
gradient modification across a porous membrane is possible by taking advantage of

electrochemically-assisted CUAAC.
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Figure 4-13: (a) Typical cross-sectional fluorescence images of PET track-etched membranes (1
pm in cylindrical pore diameter, ca. 22 um thick) modified with Azide-fluor 545 for z = 10 sec, ¢
=120 sec, T = 360 sec and z = 1000 sec. The bottom side in each image was in contact to a comb-
shaped electrode during CUAAC. Recorded using a 10x objective lens with a TRITC filter set for
the same integration time (1 sec) in the same day. (b) Cross-sectional fluorescence intensity profile
across each membrane shown in (a). The red and orange profiles, reflecting electrode-contact and
inter-electrode regions during CUAAC, respectively, were obtained by averaging the profiles in
the regions shown by squares in (a). The definitions of fluorescence intensity slope and Imax are
given in the inset for z = 360 sec. (c) z-dependence of fluorescence intensity slope (average £ 95%
confidence interval) obtained from modified regions in a membrane by 4-9 different electrode
teeth. (d) z-dependence of Imax (average + 95% confidence interval) obtained from modified
regions in a membrane by 4-9 different electrode teeth. Reproduced with permission from Ref. 167,
Copyright 2017 American Chemical Society.
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4.4.3 Asymmetric Modification with Two Fluorescent Dyes in Opposite Directions

The electrochemically-controlled approach provides a means for the gradient modification
of pores with two different species in the opposite directions. Figure 4-14a shows planar images
of a PET track-etched membrane with cylindrical pores (1 um in diameter) that was first modified
with Azide-fluor 545 from one side, and then with Azide-fluor 488 from the other. These images
were recorded using a 100x oil immersion lens instead of a 10x objective lens. The upper and
lower images were obtained on membrane surfaces that were placed in proximity to a WE during
the modification with Azide-fluor 545 and Azide-fluor 488, respectively. The left and right images
were recorded at the same sample region using FITC (Aex = 470 £ 20 nm; Aem = 535 £ 20 nm) and
TRITC (Aex = 542 + 10 nm; Aem = 620 = 26 nm) filter sets that were suitable for the fluorescence
measurements of Azide-fluor 488 and Azide-fluor 545, respectively. These images exhibited ring-
shaped patterns with a diameter of ca. 1 um that corresponded to dye-modified cylindrical pores.
Importantly, images obtained with the FITC and TRITC filter sets showed more distinct ring-
shaped patterns on the surfaces modified with Azide-fluor 488 (lower left) and Azide-fluor 545
(upper right), respectively. These results reflected the more efficient pore modification in
proximity to the WE during electrochemically-assisted CUAAC.

The asymmetric pore modification with the two dyes was further verified from the cross-
sectional fluorescence images and profiles of the membrane. Figure 4-14b shows cross-sectional
images recorded using the FITC and TRITC filter sets at an identical region. These images reveal
asymmetric modification with the two dyes in the opposite directions, as anticipated from the

planar images (Figure 4-14a). The cross-sectional fluorescence intensity profiles (Figure 4-14c)
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revealed the gradient modification of the two dyes in the opposite directions. These results indicate

the success of the two-step asymmetric gradient modification across a porous membrane.
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Figure 4-14: (a) Typical planar fluorescence images of a PET track-etched membrane (1 um in
cylindrical pore diameter, ca. 22 um thick) modified with Azide-fluor 545 for 7 = 30 sec, followed
by Azide-fluor 488 for = 30 sec. The upper two images and the bottom two images were recorded
at the same areas through the FITC (left) and TRITC (right) filter sets. Recorded using a 100x oil
immersion objective lens for the same integration time (1 sec). (b) Cross-sectional fluorescence
images of the PET track-etched membrane recorded at the same area using the FITC (left) and
TRITC (right) filter sets. The upper and bottom faces were in contact to a comb-shaped electrode
during the modification with Azide-fluor 545 and Azide-fluor 488, respectively. Recorded using
a 100x oil immersion objective lens for the same integration time (0.5 sec). (c) Averaged cross-
sectional fluorescence intensity profiles across the membrane shown in (b). Reproduced with
permission from Ref. 67, Copyright 2017 American Chemical Society.
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4.4.4 Asymmetric Modification of Conical Pores

The asymmetric pore modification based on electrochemically-assisted CUAAC provided
a means to selectively visualize the base and tip openings of a conical PET track-etched pore.
Figure 4-15a shows base-side (left) and cross-sectional (right) SEM images of a PET track-etched
membrane with conical pores that was used in this study. The former can be used to measure the
base-side pore diameter of 3.3 + 0.4 um, and the latter reveals the conical pore shapes with the tip-
side diameters of ca. 1 um. The membrane (ca. 1 x 1 cm?) was cut to half, and the resulting two
pieces were used for the asymmetric pore modification with Azide-fluor 545 from the base or tip
side (Figure 4-15b). Figure 4-15c¢ shows planar fluorescence (left) and optical transmission (right)
images recorded at the same areas of the membrane pieces modified from the base side (upper)
and the tip side (lower). Ring- or dot-shaped patterns in the fluorescence images were observed at
the positions where pores were found in the optical transmission images. Importantly, the base-
side modification afforded ring-shaped patterns with a diameter of 3.5 £ 0.5 um (Figure 4-15c,
left), which was close to that obtained from the SEM image (Figure 4-15a, left). In contrast, the
tip-side modification offered significantly smaller ring-shaped patterns with a diameter of 1.2 +
0.4 um or dot-shaped patterns. The dot-shaped patterns were possibly obtained from tip openings
with radii close to or smaller than the diffraction-limited resolution (~ 0.29 um for NA = 1.30 at
620 nm). These results indicate that the reported approach based on electrochemically-assisted
CUuAAC provides a simple means to characterize conical pores based on its capability to

asymmetrically modify the membrane surfaces.
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Figure 4-15: (a) SEM images of a PET track-etched membrane with conical pores. (left) Base-
side surface image; (right) cross-sectional image. The TEM images were obtained by Natasha
Siepser and Prof. Lane A. Baker. (b) Schematic illustration on electrochemically-controlled
modification of PET track-etched conical pores with Azide-fluor 545 via CUAAC. Two pieces of
membranes (ca. 0.5 x 1 cm?) were obtained by cutting a large membrane (ca. 1 x 1 cm?). One of
them was modified from the tip side, and the other was modified from the base side. (c) Planar
fluorescence (left) and optical transmission (right) images recorded at the same areas of PET track-
etched membranes with conical pores modified from the base side (upper) and the tip side (lower)
for £ = 1000 sec. Recorded using a 100x oil immersion objective lens with a TRITC filter set for
the same integration time (15 sec for the fluorescence images; 0.5 sec for the optical images).
Reproduced with permission from Ref. 167, Copyright 2017 American Chemical Society.

4.4.5 Further Control of the Pore Modification
The control of pore modification with electrochemically-assisted CUAAC was not as good

as that expected from the simulation results (Figure 4-10), as shown by the wider modification
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length and by the modification near the CE/RE (Figure 4-13b). These results could be due to the
involvement of convection or the insufficient control of the CE/RE potential. The following two
experiments were performed for better control of the modification length of cylindrical PET track-
etched membrane pores. Unfortunately, these experiments did not give a positive outcome.

The first approach is the use of a chemical species that oxidizes the Cu(l) complex to
modify pores only near the RE. H202 was selected as the oxidizing agent because its standard

reduction potential seems to be sufficiently positive (E® = +1.8 V for H.0, + 2H" + 2" 5 2H,0) as

compared with that for Cu(l1)/(1) (-0.15 V). In addition, H202 and its reduced product (H20) is
unlikely to react with other species in the solution. Pore modification with electrochemically-
assisted CUAAC was examined in the presence of 20-80 mM H;O,. Figure 4-16a shows the CV
obtained in a Ho.O/DMSO (1:1) solution containing 1 mM CuSQOs4, 1 mM TBTA and 0.1 M NaBF
with and without H2O>. The addition of H>O, suppressed the reduction of Cu(ll), which was more
significant at the higher H20. concentration. Figure 4-16b shows the planar and cross-sectional
fluorescence images of PET track-etched membranes (1 pum in pore diameter) modified in the
presence of H.O; of different concentrations. The addition of H,O> significantly suppressed the
pore modification with Azide-fluor 545 via click reaction, but the suppression seemed to occur
along the entire pores. This means that the addition of H2O; inhibited the pore modification

significantly, but did not clearly help localize pore modification in the proximity of the RE.
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Figure 4-16: (a) CV obtained in a HO/DMSO (1:1) solution containing 1 mM CuSQ4, 1 mM
TBTA and 0.1 M NaBF4 with and without H20- . (b) Planar and cross section analysis of the
modification of the membrane modified with Azide-fluor 545 in the presence and absence of
H20..

Another approach was the multiple application of short potential steps, as shown in Figure
4-17, for functionalization in the proximity of the underlying electrode. The application of a short
reduction potential step was expected to achieve shorter modification length, as suggested by the

result shown in Figure 4-10c. Multiple potential steps were applied to increase the amount of
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fluorescent dyes immobilized onto the pore surface, giving higher fluorescence intensity. | tried to
functionalize cylindrical pores by applying < 50 potential steps for different durations of a potential
application (At) as short as 0.05 sec. However, | could not show the functionalization of the pore
surface, probably because the total duration (= 0.05 sec x 50 steps = 2.5 sec) was not long enough

to immobilize a sufficient number of fluorescent dyes for fluorescence detection by the microscope

used in this study.
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Figure 4-17: Potential steps examined to achieve better control of the modification length.

45 Conclusions

This chapter reports longitudinally-controlled, asymmetric pore modification using
electrochemically-assisted CUAAC. Cu(l) catalysts were produced by the reduction of Cu(ll) at
an underlying WE to control the modification of ethynyl-decorated PET track-etched pores with
azide-tagged fluorescent dyes. Fluorescence microscopy images revealed gradient modification
along the pore axis together with a z-dependent increase in modification yield, which reflected the
distribution of Cu(l) catalysts inside the pores. The results of finite-element computer simulations
qualitatively supported these experimental observations, and also showed a possibility to modify

a narrower region in proximity to the WE by applying short potential steps (< 0.01 sec). The
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electrochemically-controlled approach enabled asymmetric modification of cylindrical pores with
two different dyes in the opposite directions and also the selective modification around the base or
tip side of conical pores. It should be pointed out that this method is applicable for the
longitudinally-controlled modification of smaller, nanoscale pores regardless of their shapes. In
the future, this electrochemical approach will be used for sequential pore modification with
multiple species to design porous membranes for chemical separations and sequential catalytic

reactors.
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5. Unique Swelling Properties of PS-6-PEO Thin Films

5.1 Contribution of Authors

TI directed the overall project. HC prepared all the samples and did all the ellipsometry
and microscopic measurements. Analysis of the data was done by HC using LabView software

developed by DAH.

5.2 Introduction

Diblock copolymers (DBCs) have emerged as unique materials for the fabrication of well-
organized functional structures on the nanometer scale. Nanostructures formed from DBCs result
from a self-assembly process, called microphase separation, that occurs due to the distinct
chemical nature of each of the polymer blocks.'” The morphology of the nanostructures
(microdomains) can be spherical, gyroid, cylindrical or lamellar, depending on the volume
fractions of the polymer chains in a DBC. The size of microdomains is defined by the polymer
molecular weight.2%2 The orientation of cylindrical and lamellar microdomains is often controlled
by interactions for each of the polymer blocks at the air-film and substrate-film interfaces.?* With
the control of these parameters, DBCs have been used for various applications such as templating,
separations, catalysis and sensors.?%

Albalak et. al.?® and Kim G et.al.}*! reported that the order and orientation of DBC
microdomains could be improved by exposing DBC monoliths to a solvent vapor. Importantly,
this method, called solvent vapor annealing (SVA), shows the improvement of microdomain
structures more quickly than thermal annealing. During SVA, microdomains change from a non-

equilibrium morphology entrapped by rapid solvent evaporation during spin-coating, to the
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equilibrium morphology of a solvent swollen DBC. Later, Russel et. al.!*® demonstrated that SVA
led to improved microdomain organization with orientation controlled by the solvent evaporation
for thin PS-b-PEO films. This strategy could also induce the morphological transformation of the
microdomains from cylindrical horizontally oriented domains into a permeable porous structure
comprised of vertically oriented domains that can be used for water filtration purposes or as new
templates for material science.?” PS-b-PEO monoliths with porous morphologies in PS
architectural structures were applicable as separation membranes,?®® by taking advantage of the
hydrophilic antifouling properties of PEO chains on pore surfaces.?%%210

Polymer swelling involves the relaxation of the polymeric chains induced by solvent
penetration.?!*?'2 The presence of a penetrant solvent can change significantly the physical
properties of the polymer. This ability to change volume when exposed to an appropriate solvent

208 sensors?® and

can be used in technological application such as protein separation,
microelectronics.?** Gensel et. al. reported that chloroform uptake led to a 10% increase in film
thickness for cylinder-forming polystyrene-block-polybutadiene when the film thickness was close
to the domain size.?’® Tsarkova et al. found that the swelling of a thin film of cylinder forming PS-
b-PB was not homogeneous, and swelling was larger closer to the film interface.?%

The swelling of a thin polymer film is commonly measured by X-ray or neutron
reflectivity,?-2'° grazing incidence small-angle X-Ray scattering (GISAXS),??° quartz crystal
microbalance (QCM)??! or spectroscopic ellipsometry (SE).??2223 Among them, SE is a simple and
non-invasive method that can simultaneously measure the thickness and optical properties such as
refractive index of a polymer film.??* However, SE gives averaged information from a relatively

wide (mm scale) sample area, and cannot provide more detailed information about the swelling

behavior of nanoscale structures such as DBC microdomains.

83



Many efforts have been made to unveil the domain structure and molecular diffusion
behavior inside DBC midrodomains,®??® but a very limited number of papers reported how
solvent-induced swelling affects these properties of DBC microdomains.??® Fluorescence
microscopy can be used to extract information on each of the microdomains by choosing the right
fluorescent probe dyes that selectively partition to one of the DBC microdomains.5?

The diffusion coefficient inside cylindrical PEO microdomains in PS-b-PEO films was
investigated previously in Dr. Ito’s lab under different conditions.*3%+% Interestingly, these studies
have shown that fluorescence microscopy can be used to measure the shape and transverse width
of a microdomain in a thin PS-b-PEO film,% in addition to microdomain permeability.*® However,
these previous studies mainly focused on investigating the effects of the deswelling of PS-b-PEO
films prepared from its solutions in benzene and tetrahydrofuran, which are good solvents for both
PS and PEO, on diffusion of fluorescent small molecules. In contrast, the swelling of DBC
microdomains by the exposure to the vapors of poor solvents for either or both of the polymer
fragments (i.e., water or ethanol) was not investigated in detail, even though the addition of water
was shown to improve microdomain orientation in SVA 143204

In this work, we investigated changes in the properties of PS-b-PEO thin films upon
exposure to water and ethanol vapor. We measured film thickness, environment polarity, and
molecular permeability of thin films of PS-b-PEO having two different molecular weights with a
very similar PEO volume fraction (0.22) using SE and a series of fluorescence methods. We
compared the results of the PS-b-PEO films with those of thin films of PS homopolymer (hPS)
and PEO homopolymers with two different molecular weights (hPEO). We verified that PEO

microdomains in thin PS-b-PEO films could be swollen by ethanol, in contrast to hPS and hPEO
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films. The unique swelling behavior of the PEO microdomains possibly reflects the poorer packing

of PEO chains controlled by the nanostructured PS framework.

5.3 Experimental Procedure

5.3.1 Chemicals and Materials

Poly(ethylene glycol) methyl ether (hPEO12, Ms = 12,000 g/mol; hPEOsg, Mn = 3,800
g/mol), polystyrene (hPS16.4, Mn = 45,000 g/mol ), PSi55-b-PEO4 (Mn = 15,500 g/mol for PS and
Mn = 4,000 g/mol for PEO) and PSzs-b-PEO10.5 (Mn = 35,000 g/mol for PS and M, = 10,500 g/mol
for PEO) were obtained from Polymer Source and used as received. Nile red (NR) and
sulforhodamine B (SRB) were obtained from Aldrich and Acros Organics respectively and used
without further purification. These dyes were dissolved in HPLC/spectrophotometric grade
ethanol (Sigma-Aldrich®) to prepare stock solutions. HPLC grade toluene (Fisher Chemicals®)
was used for preparation of polymer solutions for spin coating. Ultrapure water (18 MQ/cm) and
anhydrous ethanol (USP specs, Decon Laboratories inc.) were bubbled by N2 which carries the
water and ethanol vapor used to expose the thin films for spectroscopic ellipsometry and
fluorescence microscopy measurements. Glass coverslip (FisherFinest® Premium; 25 x 25 mm?,
0.2 mm thick) were employed as the substrate for SMT and FCS experiments. Si (100) wafers (p-
type) were purchased from University Wafer and cut to 1 x 1 cm? substrate for ellipsometry

experiments.

5.3.2 Sample Preparation

Substrates employed in these studies were cleaned by rinsing with ultrapure water and

exposing to an air plasma for 5 min. A thin film of a polymer (20-200 nm thick) was prepared by
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spin casting a toluene solution of the polymer containing an appropriate dye on the substrate.
Polymer films used for two-color ensemble and single-molecule measurements contained 100 nM
and 10 nM NR, in separate experiments. The concentrations of SRB in thin films used for SMT
and FCS measurements were 0.4 nM and 10 nM, respectively. These fluorescence measurements
were carried out for films with thicknesses around 100 nm. Polymer films were stabilized under a
N2 flow for 4-5 minutes prior to each measurement, and then exposed to N> saturated with water

or ethanol that was obtained by bubbling N2 through the corresponding pure solvent.

5.3.3 FCS Measurements

FCS measurements for SRB molecules in polymer thin films were carried out using a
sample scanning fluorescence microscope. A film sample was mounted on a piezoelectric stage
that was attached to an inverted, epi-illumination microscope (modified-Nikon). A beam (532 nm,
4 uW) emitted by a Nd:YVOq laser (Verdi V series) was introduced to the back aperture of an oil-
immersion objective lens (Nikon 100X; 1.3NA) to produce a nearly diffraction-limited focused
laser spot (= 300 nm in diameter) on the sample. Fluorescence emitted by SRB molecules was
collected by the same objective lens, passed through a long pass filter (532 nm dichroic mirror)
and an appropriate notch filter (Kaiser Optical), and detected by a single photon counting
avalanche photo diode (APD) from EG&G Optoelectronic Components. The APD detector was
positioned in a secondary image plane of the microscope to record a time-dependent, spectrally-
integrated, fluorescence signal from the observation volume. The observation volume was

calibrated according to a procedure reported by Hou et. al.**
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5.3.4 SMT Measurements

All SMT data were recorded on a wide-field fluorescence microscope. The microscope was
built on an inverted epi-illumination setup (Nikon Eclipse Ti). Light emitted by an argon ion laser
(Coherent Sapphire LP; 514 nm; 3 mW) was introduced to the back aperture of an oil-immersion
objective (Nikon Apo TIRF 100X; 1.49NA) by reflection from a dichroic beam splitter (Chroma,
555 DCLP). Emitted fluorescence was collected by the objective, directed through the dichroic
mirror and a bandpass-filter (Chroma 580/40 HQ), and then detected using a back-illuminated
electron-multiplying, thermoelectrically-cooled CCD camera (EM-CCD camera; Andor iXon DU-
897). All SMT videos were recorded with an electron multiplying gain of 30. Regions of the
sample 32 x 32 um? in size were collected a 256 pixel x 256 pixel image at 2 x 2 binning (1 pixel
=125 nm). The videos acquired were 200 frames in length, and recorded at 0.1 sec as a cycle time,
and a readout rate of 10 MHz. SMT data was analyzed by generating single-molecule trajectories
according to a procedure in Chapter 2. Detection of fluorescent spots in each frame of the video
and consecutive spot linking to create a trajectory were accomplished using Dr. Higgins’ Labview

software or manually.

5.3.5 Ellipsometry Measurements
All ellipsometry data for thin films of hPEO3sg, hPEO12:5, hPSss, PS135-b-PEO4 and PSas-
b-PEO105 were recorded by a spectroscopic ellipsometer (J.A. Woollam Alpha-SE). The thickness
and refractive index of a polymer film were simultaneously recorded as a function of time. Figure
5-1 shows an experimental setup that was used to continuously monitor the two parameters under
dry N2, ethanol-saturated N (ethanol vapor) and water-saturated N2 (water vapor). An increase in

film thickness (thickness gain) was calculated from thickness values obtained for 3 minutes after
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stabilization of the atmosphere and thickness signal. A detailed procedure for the ellipsometry

measurements is explained in Appendix A.

N, with or without EtOH or

H,O vapor Elliptically
. polarized
Linearly -
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Figure 5-1:  Experimental setup for spectroscopic ellipsometry measurements of polymer thin
films under controlled atmosphere.

5.3.6 Two-Color Imaging.

All data was collected using the invert epi-illumination setup (Nikon Eclipse Ti) according
to a procedure reported by Giri et al.*® NR molecules were excited by a laser at 514 nm (Saphire
Coherent). Fluorescence emitted by the NR molecules was passed through a dichroic beam splittter
(555 DLCP) and through a 550 nm colored-glass long-pass filter, divided into two image channels
centered at 580 and 625 nm using an image splitter (Cairn Research OptoSplit I1) incorporating a
second dichroic beam splitter (Chroma 610, DLCP) with appropriate bandpass filters (625 + 20
nm and 580 £ 20 nm). Fluorescence in these two channels was simultaneously detected using an
EM-CCD camera (Andor iXon DU-897). Images were recorded several times at different positions
of the films for each vapor condition. Each image was collected for a 32 x 32 um? film region as

512 pixels x 512 pixels at 1 x 1 binning (1 pixel = 62.5 nm).
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5.3.6.1 Two-Color Ensemble Imaging
Two-color ensemble images were recorded for polymer films containing 100 nM NR (~

100 nm thick) with an exposure time of 1 sec. Images were analyzed by cropping =80 pixels? from

each band. ImageJ software??’

was used to measure the average fluorescence intensity of the
cropped region. The intensity was later used to calculate an Eensemble Value for each polymer thin

film under each vapor condition.

5.3.6.2 Two-Color Single-Molecule Imaging

Two-color single-molecule images were obtained for polymer films containing 10 nM NR
(~ 100 nm thick) with an exposure time of 5 sec. The images were analyzed using software written
by Dr. Higgins, in a LabView programing environment. This software permitted for dividing the
original image into two images, each one from each individual spectral channel (625 + 20 nm and
580 + 20 nm), and then allowed the adjustment of the tilts of the images for matching the positions
of individual molecules in the two images. The software searches, fits (with a 2D Gaussian
function), and gives fluorescence intensity values of each molecule in the two images. An Esm

value was calculated from the fluorescence intensity values of each molecule.

5.3.7 Fluorescence Spectroscopic Measurements for Thin Films
The fluorescence spectra of 100-nm thick films used for the two-color imaging were
recorded using a 0.3 m imaging spectrograph (Acton Research) equipped with a
thermoelectrically-cooled CCD camera/detector (Andor Newton). The integration time of the
measurements was 10 seconds. Calibration of the wavelength axis was done using known emission

peaks emitted by a Ne lamp.
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5.4 Results and Discussion

5.4.1 AFM Images

Figure 5-2 shows typical AFM topographic images of 100 nm thick films of PS155-b-PEO4
and PSzs-b-PEO105. These images show “fingerprint” structures that were possibly formed from
horizontally-oriented cylindrical microdomains. PEO microdomains appeared with darker
contrast.”® The width of PEO microdomains were larger for PSss-b-PEO105 (15.3 + 2.1 nm,
averaged from 10 domains) than PSis5-b-PEO4 (12.5 £ 1.8 nm averaged from 10 domains), as
qualitatively expected from the larger molecular weight of the former. In addition, Figure 5-2
shows the surface morphology of these films did not significantly change upon exposure to ethanol
or water vapor, though several pits were formed on a water-exposed PS1s5-b-PEO4 film (Figure 5-
2, left bottom). Upon vapor exposure, the microdomain size did not change for PSzs-b-PEO105
films, whereas the microdomains seemed to be a little larger for PS155-b-PEQ4 films. These results

suggest that the PEO microdomains were retained upon exposure to ethanol or water vapor.
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Figure 5-2:  (a) Typical AFM topographic images of three different dried thin films of PS155-b-
PEQO4 and PSzs-b-PEO105 before exposure to ethanol/water vapor (top), after exposure to ethanol
vapor (middle) and after exposure to water vapor (bottom). Film thickness = 106 nm (PSis5-b-
PEQO4.) and 118 nm (PSss-b-PEQO105). Az = 10 nm.

5.4.2 Spectroscopic Ellipsometry Data

Figure 5-3 shows typical time course data obtained with spectroscopic ellipsometry
measurements for thin films of four polymers. The refractive index at 632.8 nm, n, and thickness

of the films are shown in the upper and lower graphs, respectively. The durations of the exposure
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to ethanol and water vapor are highlighted in red and blue, respectively. In general, the swelling
led to an increase in film thickness and a decrease in n. The latter is consistent with the smaller
refractive indexes (at 589 nm) of the solvents (Nwater = 1.333 and Nethanol = 1.362) compared to those
of the polymers (1.454 for a PEO homopolymer and 1.586 for a PS homopolymer @632.8 nm).
hPS16.4 showed negligible change in thickness and n upon exposure to either ethanol or water
vapor, indicating that the polymer film was not swollen by these solvents, as reported
previously.?? hPEO3 g and hPEO12 5 did not show any changes in thickness and n for ethanol vapor,
as PEO was not swollen by ethanol.??® In contrast, the PEO homopolymers were swollen by water
as shown by an increase in film thickness and a decrease in n. The thickness and n did not return
to the initial values after exposure to water vapor, probably because the film morphology changed
due to its dissolution. Interestingly, thin films of both PS-b-PEO showed a reversible increase and
decrease in thickness and refractive index (n), respectively, upon exposure not only to water vapor
but also to ethanol vapor, indicating that PS-b-PEO films were swollen by ethanol and water vapor.
These observations were unexpected, considering that ethanol is a poor solvent for both hPS164

and hPEO12s, as verified by the ellipsometry data.
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Figure 5-3:  Typical time course data obtained with spectroscopic ellipsometry measurements
(upper: refractive index at 632.8 nm; bottom: thickness) for thin polymer films upon exposure to
ethanol vapor (highlighted in red) and water vapor (highlighted in blue). The films were exposed
to nitrogen during the unhighlighted periods.

Figure 5-4 shows the pictures of a 100-nm thick hPEOs3 s film on Si substrates before and
after its exposure to ethanol and water vapor. The picture clearly shows the disruption of the film
homogeneity after the water vapor exposure, probably due to the dissolution of the polymer in
water. Indeed, the ellipsometric thickness of the hPEO films did not recover to the initial thickness
after water vapor exposure (Figure 5-3), indicating that the ellipsometric thickness change
primarily reflected the change in the film structure rather than the swelling-induced change in film

thickness.
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Figure 5-4:  Optical images of a 100 nm thick hPEOss film after each solvent exposure
condition. The right image shows how the film is destroy after expose to water.

Figure 5-5 summarizes relationships between thickness gain, an increase in film thickness
at a plateau upon exposure to each solvent vapor, and initial film thickness obtained under N> for
hPS16.4, hPEO125, PS155-b-PEO4 and PS3s-b-PEO105. Data for hPEOs5 were not included because
of the significant change in the homogeneity of its films after water vapor exposure (Figure 5-4).
Thin films of hPS16.4 showed a negligible thickness change for water and a very small thickness
gain for ethanol. The latter was independent of the initial thickness, suggesting that the thickness
gain was due to the formation of a thin ethanol layer. In contrast, thin films of hPEO125 showed a
water-induced thickness gain that is proportional to the initial thickness, indicating that the entire
polymer film was swollen by water. These same films exhibited negligible thickness change for
ethanol, demonstrating they were not swollen by ethanol. Interestingly, both PSi55-b-PEO4 and
PSs35-b-PEO105 films showed that exposure to ethanol and water vapor led to thickness gain that
was proportional to initial thickness, indicating that they were swollen by ethanol and water in
contrast to homopolymer counterparts. It is worth mentioning that the extent of the swelling for
PS135-b-PEO4 was slightly larger than that for PSzs-b-PEO10s, as clarified by the insets in Figure

5-5.
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Figure 5-5:  Plots for thickness gain (in nm) against initial thickness (in nm) for thin films of
hPS16.4; hPEO125; PS3s-b-PEO105; PS135-b-PEQ4 (from left to right). The insets show expanded
plots. Individual data points correspond to data obtained from individual different films. Thickness
gain was calculated by subtracting initial film thickness from film thickness obtained after solvent
vapor exposure.

5.4.3 SMT Measurements for SRB-Doped Thin Films
The solvent-induced increase in the thickness of PS-b-PEO films is likely due to the
swelling of the PEO microdomains. The swelling is expected to enhance molecular diffusion in
the microdomains.®®2% Here, SMT was used to assess the diffusion of SRB, which is shown to
preferentially partition to PEO microdomains in a PS-b-PEO film, in thin PS-b-PEO and hPEO125
films before and after exposure to ethanol and water vapor. Figure 5-6 shows typical fluorescence
images for thin SRB-doped films of hPEOi25, PSszs-b-PEO105 and PSi3s-b-PEOs. Isolated

fluorescent spots corresponding to SRB molecules.
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Figure 5-6:  The upper row shows an increase in the number of the fluorescent spots with
increasing SRB concentration, which supports the detection of single molecules. The middle row
shows typical fluorescence images for thin SRB-doped films of hPEO125, hPS125, PS135-b-PEQ4
and PS35-b-PEO1055 (0.4 nM SRB; 100 nm film thickness). Bottom images are typical data obtained
for thin PS3s-b-PEO105 films image under dry condition and ethanol or water vapor. All the images
are 16 x 16 pm?

These spots were basically immobile prior to exposure to solvent vapor. Upon exposure to
ethanol or water vapor, fluorescent spots in the PS-b-PEO films seemed to possibly move due to
the swelling of the PEO microdomains. In contrast, the motions of spots in hPEO125 films were
not observed, possibly because the films were not swollen by ethanol and because molecules in
water-swollen films moved too fast to record the EM-CCD camera (0.1 msec as a cycle time).

The SMT videos were analyzed to assess the diffusion coefficient of SRB molecules in

thes films using two different approaches. The first approach was the “manual method”, which
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was based on the visual identification of the positions of a target molecule. The single molecule
trajectory was created by linking the positions obtained from Dr. Higgins’ LabView software. The
second approach was the “software-based method”, which provided a single-molecule trajectory
using Dr. Higgins’ LabView software with a certain threshold value on single frame
displacement.® The latter approach is free from human bias, but suffers from a bias defined by the
threshold as well as the inappropriate linking due to immobile spots. Once a trajectory was created,
the diffusion coefficient was calculated from the slope of a plot of the mean square displacement
(MSD) of the trajectory against time, as described in Figure 2-7.%8

Table 5-1 summarizes the diffusion coefficients (95% confidence interval) of SRB
molecules in thin films of hPEO125, PS3s-b-PEO105 and PS135-b-PEO4 that were calculated using
the two approaches. For the case of the values obtained manually, the number of trajectories is
seven and six for PSss-b-PEO105 under water and ethanol, respectively. And four for the cases of
PS135-b-PEO4 under ethanol vapor. The values obtained from the LabView software are averaged
from more than 20 trajectories in all cases.
Table 5-1:  Diffusion coefficients obtained from SMT data obtained in vapor-exposed thin

films of hPEO125, PS3s-b-PEQO105 and PS135-b-PEOa4. Diabview Was Obtained using the “software-
based method”, and Dmanual was obtained by the “manual method”.

Polymer Condition | Drabview (HM?/s) Dmanual (RM?/s)

hPEO125 Water 0.023 + 0.006 NA
PS3s5-b-PEO105 Water 0.007 £ 0.002 0.9£0.06
PS3s5-b-PEO105 Ethanol 0.280 + 0.435 0.8 £0.08
PS135-b-PEO4 Water 0.191 + 0.382 NA
PS135-b-PEO4 Ethanol 0.066 £0.012 1.1+0.06

*NA means that trajectories could not be created for these films without making arbitrary
assumptions in linking the spots.
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5.4.3.1 SMT Data Analysis with the “Manual Method”

Figure 5-7 shows an example of a trajectory obtained by the “manual method” for SRB
molecules in a PS3s-b-PEO105 film under ethanol vapor. This analysis was examined to tackle the
possibility of long displacements that could not be linked by the LabView software. This method
could provide trajectories with longer step sizes, and thus a larger apparent diffusion coefficient
(Dmanual) as compared with that obtained with the “software-based method” (Drabview). Indeed,
Table 5-1 shows larger Dmanual Values than Diabview Values for PSgs-b-PEO10s and PSi35-b-PEO4
under water or ethanol vapor. Of note, Dmanuar cOuld not be obtained for water-exposed PS135-b-
PEOs films because reliable trajectories could not be obtained, possibly due to molecular motions
that were too quick to follow.

The manual method was examined to solve the problems of the “software-based method”.
However, a drawback of this method was recognized in the process: only a small number of
trajectories could be created and analyzed because of the undefined criteria for linking. SRB
molecules in these films moved in random directions, and sometimes “blinked”, that is their
fluorescence intensity temporarily changed. The small number of trajectories prevented statistical
discussion of the results and could only be used to qualitatively discuss changes in molecular

motion induced by solvent vapor exposure.
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Figure 5-7: A trajectory of a SRB molecule in a PSzs-b-PEO105 film under ethanol vapor that
was obtained using the “manual method”.

5.4.3.2 SMT Data Analysis with the “Software-Based Method”

The “software-based method” using the LabView software gave a much larger number of
trajectories, permitting to obtain two parameters regarding molecular diffusion behavior: single
molecule displacement (step size) and diffusion coefficient (Drabview). As shown in Figure 5-8,
mobile molecules should give larger molecular displacements (on average) than immobile ones.

Displacements obtained for immobile molecules originate from the localization precision
of the measurement, which is defined by the imaging experiment (i.e., small uncontrolled motion
of the microscopy stage) and the error of the Gaussian fitting controlled by the S/N of the image.
Figure 5-8b shows histograms of molecular displacements obtained in thin films of hPEO12 5, PSas-
b-PEO105 and PS135-b-PEQO4 under different vapor environments. The histograms for hPEO125
show negligible change in the distribution of molecular displacement upon ethanol vapor exposure,

and an increase in displacement upon water vapor exposure. These observations were consistent
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with the ellipsometry data (Figure 5-5). Unfortunately, the histograms for PSss-b-PEQO105 and
PS135-b-PEO4 did not show a clear increase in molecular displacement, possibly due to the bias
defined by the threshold. In the software-based method, molecules moving quickly could not
provide a trajectory because of their displacement larger than the threshold. The threshold value
needed to be relatively small because of the presence of immobile spots that led to inappropriate

linking.
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Figure 5-8:  (A) Schematic trajectories of mobile and immobile molecules. The former shows
larger displacements (step sizes). (B) Histograms of single molecule displacements for SRB
molecules in thin films of hPEO125 (top), PS135-b-PEO4 (middle) and PSss-b-PEO10.5 (bottom)
under N2 (left, black), water vapor (center, blue) and ethanol vapor (right, red).

The trajectory data were also used to determine the diffusion coefficient of each molecule
(Duabview). Here, all the trajectories were analyzed to obtain Diapview values from MSD plots as

shown in Figure 5-7.
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Figure 5-9 shows histograms for Dpavview Values obtained from SMT data for each polymer
at each condition. The majority of trajectories in dry films under N2 (left; shown in black) gave
Drabview Values below 2 x102 um?/s. This D value was used as a threshold to judge whether
molecules were mobile or immobile. Apparently, water-exposed hPEO125 (top), PS135-b-PEO4
(middle) and PS3s-b-PEO105 films gave trajectories with Diasview Values larger than the threshold,
indicating that the PEO moieties were swollen by water. In contrast, ethanol vapor exposure
seemed to negligibly affect Diabview for hPEO1255 films, and to give larger Diabview Only for PSi3s-
b-PEO4 (middle) and PS3s-b-PEO105 films. These observations for ethanol vapor were consistent
with the ellipsometry data (Figure 5-4), supporting that ethanol vapor could swell PEO
microdomains in PS-b-PEO films but not hPEO125 films. The non-Gaussian distribution of the
Duabview Values may suggest the heterogeneity of the extent of swelling in the polymer films.

Table 5-1 summarizes the Diabview Values for these three polymers under ethanol or water
vapor. Unfortunately, it was impossible to extract any trend on the swelling of PS-b-PEO and
hPEQ films by water and ethanol from the Diabview Values, possibly because of the bias defined by
the initial parameters for the linking as well as the insufficient number of trajectories analyzed in

the SMT experiments.
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Figure 5-9:  Histograms for Dypabview Values obtained in thin films of hPEO125 (top), PS13s-b-
PEQ4 (middle) and PSss-b-PEO105 (bottom) under N2 (left, black), water vapor (center, blue) and
ethanol vapor (right, red).

5.4.4 FCS Data for SRB

FCS was used to unveil fast molecular diffusion that could not be measured using SMT.
Figure 5-10 shows (a) typical time course data and (b) autocorrelation functions obtained for
hPEO125, PSzs-b-PEO105 and PSi3s-b-PEOs films under water vapor or ethanol vapor. No
autocorrelation decay was found for films in N2, because the films were not swollen. More
interestingly, ethanol-exposed hPEO1.5 films gave no autocorrelation decay, either, supporting
that hPEO125 films were not swollen by ethanol. For the other data, the autocorrelation function
was fitted using the equation for two 2D diffusive components given in Table 2-3, which was

hypothesized by a faster diffusion pathway corresponding to a surface solvent layer and a slower
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pathway inside the polymer film. Table 5-2 summarizes the 95% confidence interval of diffusion
coefficients obtained for hPEQO125, PSszs-b-PEO105, and PSi35-b-PEO4 under water or ethanol

vapor. These data were obtained from 4-5 different areas of 3-4 different films.
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Figure 5-10: Left: Typical fluorescent time course data for hPEO125, PSas-b-PEO105 and PS135-

b-PEQ4 films under water vapor and ethanol vapor. Right: Autocorrelation functions obtained from
the time course data for each polymer and condition.

Table 5-2:  Diffusion coefficients obtained using FCS for the polymer films under different
vapor conditions.

Polymer Condition Drast (um?/s) Dsiow (um?/s)

hPEO125 Water 495 + 227 37.9+125
PS35-b-PEO105 Water 252 + 53 9.1+£20
PS135-b-PEO4 Water 807 £ 293 20.7+7.8
PSs5-b-PEO105 Ethanol 47x1.1 12+05
PS135-b-PEO4 Ethanol 28.6 £8.7 15+0.8
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The results indicate that for hPEO125, PS3s-b-PEQO105 and PS135-b-PEO4 under water vapor
exposure, the SRB molecules diffuse in two different modes. The Drast values obtained in all the
polymers are close to the value reported for SRB in solution as mentioned in Table 2-1. This result
corroborates the hypothesis that the swollen PEO microdomain on the interface of the thin film
“bloomed”. In that region the SRB molecules can move faster. The Dsiow Values obtained can be
assigned to the diffusion of the SRB molecules inside the thin films. In that case, the hPEO125
shows a faster diffusion of the molecules in comparison with the DBC where PS135-b-PEO4 shows
a faster diffusion coefficient than PS3s-b-PEO105. These results confirm that the use of the model
based on two 2D components was appropriate for the autocorrelation fitting.

When exposed to ethanol vapor, hPEO125 shows no autocorrelation decay. This result is in
agreement with SMT data where was no observable motion of the SRB molecules. The Drast and
Dsiow Values for each of PSss-b-PEO105 and PSi3s-b-PEO4 were close to each other and were
significantly smaller than that in solution. This suggests that the fluctuations of fluorescence
intensity observed came from SRB molecules inside the thin films. Interestingly, the D values
observed for PSi35-b-PEQ4 were faster than those for PSss-b-PEQ1gs, as with the Dsiow Values
obtained by water vapor exposure. The faster diffusion for smaller PS-b-PEO suggests a domain

size effect on the swelling capabilities of the PEO microdomains.

5.4.5 Two-Color Imaging
5.4.5.1 Two-Color Ensemble Imaging
Two-color ensemble imaging with NR was used to discuss how polarity environment

around the NR molecules changed upon exposure of the polymer films to solvent vapor, as
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discussed in Section 2.2.2.1.1. The Eensemnle Value was calculated from the emission intensity at

580 £ 20 nm and 625 + 20 nm using the following equation (eq. 2.7):

E = polar ~ Lionm polar __ Igas — Isgo

'{po!m' + I:lzo:lz polar '{625 + '{EBI}

As shown in Figure 2-2(b), Eensembie 1S Smaller in non-polar environments, permitting
solvent-induced changes in environment polarity to be assessed. Figure 5-11 shows typical two-
color images for the three polymers under three vapor conditions.

hPEO,, 5
Dry Ethanol Water

hPS44
Dry Ethanol Water

PS;5-b-PEO 5
Ethanol Water

Dry

Figure 5-11: Typical two-color images for the three polymers under three vapor conditions.
Left: 625 + 20 nm; Right: 580 + 20 nm. Film thickness: ca. 100 nm. Image size 16 X 16 pm?
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The average fluorescence intensity values of the images for the 580 £ 20 nm and 625 + 20
nm channels were used to calculate Eensemble. Table 5-3 summarizes Eensembie Values for hPEO12 s,

PS35-b-PEO10.5 and hPS16.4 thin films under different solvent vapor exposure conditions.

Table 5-3:  Eensemnie Values (95% confidence interval) from NR doped in 100-nm thick films of
hPEO125, PS3s-b-PEO105 and hPS16.4 under N2 (dry), ethanol vapor or water vapor.

Polymer Condition Eensemble
hPEO125 Dry 0.062 + 0.006
hPEO125 Water 0.220 £ 0.005
hPEO125 Ethanol 0.307 £ 0.009
PS35-b-PEO105 Dry —0.295 + 0.002
PSa5-b-PEO105 Water —0.287 £ 0.003
PS3s5-b-PEO105 Ethanol —0.255 £ 0.007
hPS16.4 Dry —0.340 +0.011
hPS16.4 Water —0.324 £ 0.031
hPS16.4 Ethanol —0.305+0.011

The Eensemble Values obtained in dry conditions for each film reveal the nature of the NR
environment and therefore its location. For the case of hPSi64, the resulting Eensemble Value is
negative due to the non-polar environment of the NR in the homopolymer film. On the contrary,
hPEO125 gives a positive Eensemble Value, expected from a more polar environment than the poly-
styrene homopolymer thin film. These values were later used to conclude that the negative Eensemble

value obtained from the PSss-b-PEO105 is evidence of the NR located in the PS microdomains.
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Upon identification of the NR microenvironment, the effect of solvent vapor on the PS
microdomains was attested by the Eensemnie Calculated at each condition for each polymer. The
Eensemnle fOr hPS16.4 did not show any significant change upon solvent vapor exposure, reflecting
no swelling of the thin film. For the case of hPEO125, the Eensemnie Calculated under water vapor
exposure confirmed the penetration of water molecules in the PEO thin film, increasing the
Eensemble Value. The increase in the Eensemble Value upon ethanol vapor exposure can be associated
with the Nile Red molecules exposed on the film/air interface. This might arise as a result of the
poor partition of the probe inside the polymer film that set most of the probe in the interface.
Another possible explanation for the large Eensembie Value could be the penetration of the ethanol
into the film. However, the penetration of the ethanol vapor into the hPEO125 did not show an
increase in film thickness (see above), meaning that the penetration might be only happening in
heterogeneous regions of the film.

For the case of the DBC, the NR located in the PS microdomains did not show any change
in the Eensemble Value. This observation reinforces the hypothesis that NR partitions into the of the
PS microdomains as a structural block that it is not changed by exposure to poor solvents like
water or ethanol.?3

Of note, Kim et. al.*’ showed that NR molecules in very thin PS films emitted red-shifted
fluorescence due to their preferential distribution to the air/film and film/substrate interfaces,
which could be more polar than the bulk PS. The effects of film thickness on Eensemble Were
measured for hPSi6.4, hPEO125 and PSss-b-PEO105 to verify that the results obtained for 100-nm
thick films primarily reflected solvent-induced changes in the environmental polarity of the films

(Figure 5-12).
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Figure 5-12: (a) Relationship between Eensembie and film thickness for hPSse.4. (b,c,d) Eensemble for
(b) hPS164, (¢) hPEO125 and (d) PSss-b-PEO105 films of different thicknesses under N2, ethanol
and water vapor.

As reported by Kim, et al.,*” Eensemble increased with decreasing thickness of hPSie.4 films
(Figure 5-12ab). The thinner the hPS16.4 film showed a slightly larger increase in Eensembie UpON
exposure to ethanol vapor, suggesting the preferential distribution of NR molecules near the
interfaces. In contrast, Eensemble Was similar for hPEO12.5 and PSss-b-PEO105 films with thicknesses
of 30~100 nm regardless of the vapor exposure conditions (Figure 5-12cd). These results support
that NR molecules in the PS3s-b-PEO105 films were present in the PS microdomains to give the
negative Eensemble Values. Moreover, a negligible change in Eensemble regardless of film thickness

indicates that the PS microdomains are not permeable for ethanol and water vapor.

5.4.5.2 Nile Red Single Molecule Spectroscopic Imaging
SMT videos obtained for NR molecules in PSzs-b-PEO105 films showed no motion under

any solvent exposure (water or ethanol). Figure 5-13a shows typical two-color images showing
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individual NR molecules for hPEO125, PS3s-b-PEO105 and hPSis4. Figure 5-13b shows the
increase in spot number as the concentration of NR increases providing evidence that the spot is

primary coming from the single molecule observation.

hPEO,, 5 PS;5-b-PEO, 5 hPS, .
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Figure 5-13: (a)Typical two-color images showing individual NR molecules in a two-window
set up for hPEOz125, PS3s-b-PEO105 and hPSi6.4. (b) Typical two-color images of PSzs-b-PEO105
(=100 nm) thin film at different NR concentrations. Left: 580 + 20 nm; right: 625 + 20 nm. Image
size 16 X 16 um?.

The fluorescence intensity values of each molecule in each channel (580 £ 20 nm and 625
+ 20 nm) were used to calculate Esm. Figure 5-14 shows histograms giving the Eswm values of single

NR molecules in thin PS3s-b-PEO105 films under different solvent exposure conditions.
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Figure 5-14: Histograms for the Esm values of single NR molecules in thin PSzs-b-PEO105
films (ca. 100 nm thick) upon exposure to (A) N2, (B) ethanol vapor and (C) water vapor.

The majority of NR molecules gave negative Esw values, indicating that they were located

in non-polar environments such as inside the PS microdomains. The average Eswm values obtained

. .. Dy
from the histograms were similar to the Eensempie values ( Egy =- 0319 £ 0.035

EEgamel = — 0,331 + 0.042; ELFT =- 0.421 + 0.055). More importantly, Esm showed no

significant change upon solvent exposure, confirming that no swelling of the PS microdomains
occurred. It is worth mentioning that molecules that gave positive Esm values may be located at

the film/glass or film/air interfaces.*’
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5.4.6 Nile Red Spectroscopic Measurements in Thin Films
The location of NR molecules in thin films were also discussed from fluorescence emission

spectra to verify the conclusions obtained from the two-color measurements.232233
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Figure 5-15: (@) Spectra from a Ne lamp used for the wavelength calibration of the spectrometer.
(b) Calibration curve for the spectrometer pixel position.
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Figure 5-16: Fluorescence emission spectra of NR in ~100-nm thick films of hPEO125, hPS16.4
and PSss-b-PEO105 under N2 (black), ethanol vapor (red) and water vapor (blue).
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Figure 5-16 shows the NR fluorescence emission spectra in thin films of hPEO125, hPS16.4
and PSszs-b-PEO10s. The spectra from hPSie4 and PSss-b-PEOios thin films showed the
characteristic shoulder from NR in a non-polar environment. In contrast, the spectra in the
hPEO125 film showed a red shift. These results are consistent with the conclusions from the E
values as discussed above. Upon exposure to ethanol or water vapor, the emission peak slightly
red-shifted not only in the hPEO12 5 film but also in the hPS16.4 and PSzs-b-PEO105 films. The latter
observations may be due to NR molecules located at the film/air and film/glass interfaces. Indeed,
the Ebuik values were slightly more positive under ethanol and water vapor (Table 5-3). The
spectroscopic data thus support that NR molecules were located in the PS microdomains of the

PS-b-PEO film.
5.5 Conclusions

This study showed the swelling behavior of thin PS-b-PEO films upon exposure to water
and ethanol vapor and compared it with that of PS and PEO homopolymers. Spectroscopic
ellipsometry data showed a reversible increase in the thickness of PS-b-PEO films upon exposure
to ethanol and water vapor. Thickness gain was proportional to the thickness of the dry film,
indicating that the entire film was swollen by the solvents. PEO homopolymer films were swollen
by water vapor, but not by ethanol vapor, and PS homopolymer films were not swollen by either
of the solvents. These results suggested that the PEO microdomains were swollen by ethanol in
contrast to PEO homopolymer. The swelling of PS-b-PEO films was verified by assessing the
diffusion behavior of a fluorescent probe, SRB, that preferentially partitioned to PEO using SMT
and FCS, in addition to a solvatochromic fluorescent probe, NR. The enhanced diffusion of SRB
molecules in PS-b-PEO films was observed upon exposure to ethanol vapor as well as to water

vapor, consistent with the swelling of the PEO microdomains by these solvents. In contrast, the
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enhancement of diffusion was not revealed in hPEO films exposed to ethanol vapor. Furthermore,
two-color imaging of NR molecules verified that PS microdomains in PS-b-PEO films were not
swollen by these solvents. This observation supports that the PS microdomains can serve as
structural pillars of PEO microdomains in PS-b-PEO monoliths.

FCS data suggested that the diffusion of SRB molecules in PEO microdomains swollen by
ethanol and water vapors was faster in PSi55-b-PEO4 films than PSss-b-PEO105 films. The faster
diffusion in the smaller PEO microdomains as well as the ethanol-induced swelling of PEO
microdomains seem to reflect the poor packing of PEO microdomains. The poorer polymer
packing in diblock copolymer microdomains was related to the results for polydimethylsiloxane
(PDMS) microdomains in PS-b-PDMS films reported by del Valle-Carrandi et al.?** The poor
packing may prevent the crystallization of PEO and enhance the dynamics of the PEO chains,
which facilitated the swelling of PEO even by a poor solvent like ethanol.

The right selection of fluorescent probe dyes for single-molecule fluorescence methods
makes it possible to obtain detailed information about nanoscale structures with distinct chemical
properties. This strategy allows for valuable information on the properties of individual
nanostructures to be extracted, which is not accessible using conventional ensemble-averaged

methods.
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6. General Conclusion and Future Directions

This dissertation demonstrates the use of small molecules’ diffusion to control the
modification of the inner surface of pm-scale polymeric pores and to explore the properties of
polymer films swollen by solvent. Chapter 2 discusses the fundamental properties and
measurement methods of molecular diffusion, and Chapter 3 summarizes the properties of
polymers and analytical techniques used in my research.

In Chapter 4, the diffusion of small catalytic molecules was used to longitudinally control
the surface modification of poly(ethylene terephthalate) (PET) track-etched pores. We took
advantage of the electrochemical reduction and oxidation of a Cu-TBTA complex at the underlying
electrode to control the diffusion-controlled distribution of catalytic Cu(l)-TBTA along pum-scale
cylindrical and cone-shaped pores. The Cu(l)-TBTA led to the modification of the alkyne-tethered
pore surfaces with azide-tagged fluorescent dyes via azide-alkyne cycloaddition click reaction.
The pore modification was assessed from the cross-sectional profile of pores using fluorescence
microscopy to investigate a relationship between the duration of Cu(l) production and modification
length, which was supported by COMSOL finite element simulations done by Dr. Khanh-Hoa
Tran-Ba. This approach based on electrochemically-controlled click reaction led to pum-scale
gradient modification along the pore axis, permitting the asymmetrical modification of cylindrical
pores with two different fluorescent dyes in the opposite direction of the membrane and the
selective visualization of the tip and base openings of conical pores.

We explored the nanometer-scale control of longitudinal modification using the addition
of a competitive oxidizing reagent (H20O>) to the solution and the application of short reduction
potential pulses but was not successful. The presence of a gap between the underlying electrode

and the membrane seemed not to deteriorate the control of pore modification at the um scale
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according to the COMSOL simulations but should be minimized for nm-scale control. A
competitive oxidizing agent with slower reaction kinetics with Cu(l)-TBTA may help attain nm-
scale modification. Furthermore, experimental conditions, including the density of surface alkyne
groups and the number of short reduction potential pulses, should have been examined more
carefully to immobilize a sufficient number of fluorescent dyes for the fluorescence microscopy
detection. In addition, the following two approaches could be examined for the nm-scale
modification. The first approach is the use of convective flow through the pores from the gap with
the counter/reference electrode to that with the working electrode. The other approach is the use
of a more viscous media to slow the diffusion of the catalyst.

In Chapter 5, the swelling of polymer films was assessed by measuring the diffusion of
small fluorescent dyes such as sulforhodamine B (SRB) and nile red (NR) in thin PS-b-PEO, PS
homopolymer and PEO homopolymer films. Spectroscopic ellipsometry data unexpectedly
revealed that thin films of PSis5-b-PEO4 and PSss-b-PEQ105s could be swollen by ethanol, in
contrast to those of hPS16.4 and PEO homopolymers (hPEO125 and hPEOsg). The swelling of PEO
and PS microdomains in PS-b-PEO was investigated using fluorescence techniques including
SMT, FCS, and two-color measurements with NR. The diffusion of SRB was observed in thin PS-
b-PEO films exposed to ethanol vapor, indicating that ethanol-induced swelling observed for thin
PS-b-PEO films reflected the swelling of the PEO microdomains of the thin films. In contrast, the
diffusion of SRB in thin hPEO12 5 films was not observed upon ethanol vapor exposure, consistent
with negligible swelling of the PEO homopolymer films. Both PEO microdomains in thin PS-b-
PEO films and thin hPEOz25 films could be swollen by water vapor, as shown by the diffusion of
SRB. The immutability of hPSie4 and the PS microdomains of PS-b-PEO under these solvent

vapors was confirmed from the fluorescence emission of solvatochromic NR using two-color
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wide-field microscopy at ensemble and single molecule levels as well as by spectroscopy.
Furthermore, FCS was used to quantitatively assess swelling-induced changes in diffusion
behavior of SRB in PEO microdomains. FCS results showed the faster SRB diffusion for PSiss-
b-PEO, than PSas-b-PEO105, suggesting that the smaller PEO microdomains were swollen more
significantly. This observation suggested the lower effective packing of the polymeric chains in
the smaller PEO microdomains, leading to the facilitated swelling by ethanol. The lower packing
in DBC microdomains were previously proposed by the lower Tg and dielectric spectra for PS-b-
PDMS films by Del Valle Carrandi et al.?**

Through this research, a series of interesting problems and questions showed up, including
DBC solvent swelling mechanisms and the analysis methods of SMT data. As for the DBC solvent
swelling, the mechanisms of solvent vapor annealing (SVA) has not been understood
completly.>°2% Multiple techniques such as GISAXS,?® simultaneous SE and fluorescence

226 and in situ small-angle neutron scattering (SANS) and neutron reflectivity (NR),%’

microscopy,
have been combined to unveil processes that drive the re-organization of microdomains during
SVA. One possible future direction might be to record SMT data with different dyes during the
SVA process, and to create a “structural map with super spatial resolution”. This map is expected
to show the inner structural change of the microdomains through time and will be compared with
the topographic images using AFM. Systematic in situ measurements with SMT and AFM for
different DBCs with different sizes will deepen our understanding of SVA processes.

In SMT, | encountered two problems: the linking capability of the software used to create
trajectories, and the impurities as a source of bad linking (in SMT) or unclear spots (while

measuring E values for single NR molecules). To tackle the bad linking, one possible direction is

to use artificial intelligence (Al) as a tool?*® to get the most probable linking that can exceed the
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239 and is particularly

“closest spot” range. Al is currently been exploited in several sciences,
common in image analysis for healthcare systems.?*° The advances in image analysis can solve
the problem with the creation of trajectories, since the software can create all possible trajectories
and “choose” the most probable one. The AI “choosing” method relies on data fed to the Al
software, which can be not only from experiments but also from simulations obtained for
molecules diffusing within nanoscale pathways with known structures.?*! The use of simulation
data may provide another level of information with a statistical value, in contrast to the current
linking approaches where the resulting trajectories cannot be statistically evaluated. Al would also
help with the nanoscale 3D structural mapping inside thin DBC or other nanostructured films.
Another source of error in SMT studies is bright spots that arise from impurities. In
principle, impurities in a DBC can be reduced by the use of better/cleaner materials and methods
used during the synthesis. However, it is very difficult to obtain impurity-free DBCs. During the
analysis of my NR data, Dr. Higgins wrote a code for creating an image where each pixel is coming
from a fluorescent spectrum. Figure 6-1 shows how an image is created using this code. A spectrum

is recorded at each position of the stage. In a second step, a wavelength range is selected and the

signal from that range is used to create the spectral image.

Each pixel can be examined
> to obtain the spectra at that
position.

It is possible to create the
image using the light of
certain wavelength.

1 pm Spheres
APD image

> Nile Red spectra from a single sphere.

(Wavelength restriction
from optical filter , Image created using 580-600 nm
before detector) 30 nm Spheres coated with NR wavelength range.

Figure 6-1:  Image of 1 um fluorosphere obtained with the APD detector. Same image obtained
from the recompilation of spectroscopic fluorescences. Software written by Dr. Higgins.

117



This clever strategy would allow one to obtain the 3D distribution of single molecules that
can be identified by their fluorescence spectra. Local polarity mapping can be achieved by the use
of NR as a fluorescent probe. Furthermore, a “white laser”?4? can be used as an illumination source
to simultaneously acquire a spectrally-resolved 3D image for a broad variety of fluorescent probes
including those shown in Table 2-2.

In this study, the spectroscopic ellipsometer was modified to measure the thickness and
refractive index of thin films against time. This modification allowed me to measure the
swelling/deswelling Kinetics of thin DBC films. Meanwhile, “evapo-porometry” was used to
correlate a swelling/deswelling thickness profile with pore size in a membrane using the Kelvin
equation.?*3-2% This method would be applicable to measure cavity size in a PS-b-PEO film after
SVA if the microdomains form porous structures.

Another future direction might be the development of an FCS setup that collects
fluorescence fluctuations only from the inside of a film, rather than across the entire film thickness.
As mentioned in Chapter 2, FCS is widely used in biological systems as well as in material
sciences. However, fluorescence signals are observed from the outer part of a thin film, including
the air-film interface, due to the sub-um-scale confocal volume (Figure 2-3d). It is well-known
that molecular behavior at an air-film interface is different from that inside the film,106:107.246-248
Thus, it is desired to use a method that can only illuminate the inside of the film for measuring
molecular diffusion from negligible influences from interfacial molecules. The use of the total
internal reflection mode?°2%2 will be used to excite molecules only near the film-substrate

interface on the basis of an evanescent wave, and thus will minimize the influence of molecules at
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the air-film interface. This method depends entirely on empirical conditions, since in theory only

a limit range of rays from the laser will hit at the proper angle required for the TIRF mode.
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Appendix A -Spectroscopic Ellipsometry in Time-

In Chapter 5, spectroscopic ellipsometry data were recorded as a function of time to assess
the effects of solvent vapor exposure on the thickness and refractive index of polymer thin films.
For such measurements, the software needs to set up according to the following steps explained in

this appendix.

1. The picture below shows a setup for ellipsometry measurements in a vapor chamber. An
inlet to flow gas or vapor into the chamber is shown in green, and a beam path for ellipsometry

measurements is shown in red for clarification.
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2. Open completeEASE® software ﬁ, only once the ellipsometer is on. Once opened the

app, the screen will show the following window:
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&7 CompleteEASE
ﬁMeasurement rAnaIysis rHardware rOptions |

System Status Fit Fesults
Notilnitialzed No Results Available
WEASUrEMENT COntrols
Mode: Sample Alignrent:
Mode]: |NDHE |V|
Sawe Data after Measurement
3. If the system status is “Not Initialized” (as it is in the above image), the user has two

options: (i) Turn off the software and start again; or (ii) click in the hardware section and click

“Re Initialize” in the tab (mark in the image below).

I@CompleteEASE?
|/ Measurement rln situ [ Analysis ][ Hardware rOptions \
ware Signal Calibration Show Logs
I Re-initialize I Display | I S-T baseline I l Hardware l
‘I\M Max. Sig. Display H Off-Sample haseline I l Error l
| Z-Stage Scan |
4, After the initialization, the windows must look as:
@CumpleteEuSE: o u'(n" IZ

[ Measurement | Analysis [/Hardware r Options

System Status Fit Results

aiinajiojicouinsiiats No Results Available
Measurement Contrals

Mgde: Sample Alianment. |Standard :

|v|

Model: |Nune

Save Data after Measurement

Wiew Prev. Results
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5.

Once the system is properly working, the user must press “Ctrl + Shift + Alt + I”” to open

the hidden “In situ” tab. The new tab will appear as shown in the image bellow.

6.

7.

[Q CompleteEf]
| Measure @ sis | Hardware | Options
System Statll Fit Results

No Results Available
Measurement Controls

Mode: |Fast 2 Sample Alignrrent: |Standard .

Model: |[None \ 2

View Prev. Results

On that tab, the options are identical to the regular “Measurement” tab.
Mode defines the time of the data acquisition.
Sample alignment defines the position of the sample at the time of data
acquisition.
Project indicates the folder where the data will be saved.
Model defines a model used for the fitting and calculation after the data

acquisition.

For continuous recording of spectroscopic ellipsometry data, the sample must remain in

=i

a

fixed position (rather than a regular mode that has the instrument optimize the vertical position of

the sample prior to each measurement) for the following two reasons. First, the (vertical) motion

of the stage may disrupt the beam path that must pass through holes in the chamber. Second, the

measurements at a fixed sample position permits one to record ellipsometry data at a higher time
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resolution, which is needed for kinetics measurements. To set the stage in a fixed position, first

the initial position of the sample must be verified.

8. After the sample is in position and the chamber is aligned, go to “Hardware” tab and

select “Z-Stage Scan”.

I@CompleteEASE
[ Measurement | Insitu | Analysis | Hardware | Options |

Hardware Signal Calibration Show Logs
[ Re-initialize | l Display l | S-T baseline I [ Hardware I
I Park Z-Stage IWQ'UMM\L l Off-Sample baseline ] { Error ]
l Z-Stage Scan l
9. This command measures detector intensity as a function of Z position (vertical axis).

Once the scan is done, the position of the stage will be shown in the screen. Take note of the

stage height value (peak pos).

® Z-Stage Scan Results: MEE=0.017, Peak Pos=13.969, Height=14.9 ‘Width=0.85/1 97

Z-Stage Scan Z

15
- 12 II:=)i?ta / \

@ 9

£, / \
= / \
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10.  With the stage position noted (peak pos value), go to “In situ” tab to start the
measurement. Under “Mode”, select “Fast”, under “Sample Alignment”, select “Prompt

position”, and select a proper model for the sample to be measured.

l £7 CompleteEASE

Measurement | In situ | Analysis | Hardware | Options

System Status |

Waiting to Acquire Data CompleteEASE Input 7/
Measurement Caontrols

Enter the desired Z stage height:

Mode: |Fast w | Sample Alignment: |Standard v “
Eruject:’Commnn :lon'z ; il |
andar
B k Cancel
Mudejz’l\lone Robust 3 L 2 L= |
Fixed Height
Prompt Height

Start Measurement

11.  Click “Start Measurement” when ready and a dialogue box will pop up asking for the
stage position, complete with the value noted. Another window will pop up asking for destination

and file name for the data. Select the proper one.

12.  The data acquisition will start after selecting the right destination and file name, however
the software had a problem and it cannot display the thickness and refractive index at the same
plot. This problem can be overcome by clicking “Stop Measurement” and “Start Measurement”
again. It will ask again for stage position and file destination and name. Overwrite the previous
data to avoid repetitions. To show the values as a function of time, select the options: Thickness

#1 and n of Cauchy film #1 (as marked below).
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€7 CompleteEASE

Time (min.)

It is worth to mention that the complete result for each data point will be displayed as usual on the

top right window, as well as time of the data acquisition (Acquiring Data, see top left in the

above image). Time resolution of the data set can be obtained by subtracting two consecutive time

of the data acquisition values.
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l End Measurement ‘
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® Parameters O Datavs.WW O Datavs. Time
|Thickness#1 M I(none) Ivl [n of Cauchy Film @ 632.8 nm |v] [(none) Iv”
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13.  Once finished, the data acquisition and measurement is stopped. Right click on the plot to

open the display and select “Copy data to clipboard” to get the data as a “thickness (nm) vs. time

(min)” plot.
8000 I ZDDT’”_A” 3.6
Thickness # 1 Statistics _ .-
n of Cauchy Film @ 632.8 nm /\ Carmy Gl s Cligtieer / 133 &
‘e 6000 Copy Graph into HTML Clipboard =
£ / Copy Data to Cliphoard -13.0 o
; Copy Data to Graph Scratchpad d27 @
L .
« 4000 ,4 ~ iew Graph Scratchpad y g

14.  The data will be saved as a series of single measurements that need to be opened by the

software to obtain parameters of interest from the box after applying the proper model.
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