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Zusammenfassung

Zusammenfassung

In dieser Arbeit wurde ein Template-unterstiitztes Replikationsverfahren unter Verwendung
von anodischen Aluminiumoxid (AAO)-Templates, die hexagonal gepackte und
hochgeordnete Poren mit einstellbaren Langen und Durchmessern haben, flr die Herstellung
von stimuli-responsiven oder chemisch einstellbaren Nanoobjekten (z.B. Nanostabchen und
Nanodrdhte) sowie dinnen nanostrukturierten Filmen veranschaulicht und angewendet.
Polymere Nanoobjekte und dunne nanostrukturierte Filme, die den Abmessungen der
Templateporen entsprachen, wurden durch Infiltrieren der Templates mit verschiedenen
Ausgangsstoffen, gefolgt von einer UV-initiierten Vernetzung und einer selektiven Entfernung
der Templates hergestellt. Die vorbereiteten polymeren Nanoobjekte und dinnen
nanostrukturierten Filme wurden hinsichtlich ihrer Reaktionsfahigkeit auf externe Stimuli und
im Hinblick auf ihre durch Post-Polymerisationsmodifikation erzielte chemische Variabilitat

untersucht.

Chemisch einstellbare und hierarchisch verzweigte Poly(pentafluorphenylacrylat) (PPFPA) -
Nanostrukturen wurden durch mehrfach verzweigte AAO-Templates erzeugt, die durch ein
asymmetrisches zweistufiges Anodisierungsverfahren hergestellt wurden. Der modifizierte
zweistufige Anodisierungsprozess fuhrte zu einer Komplexitat in den Strukturen der Templates
und ermdglichte die Herstellung der hochentwickelten komplexen Nanostrukturen, die fur die
Einstellung der Benetzbarkeit und der Klebeeigenschaft nitzlich sein konnen. Durch die
Modifizierung und die Steuerung des Anodisierungsprozesses wurden verschiedene Formen
von AAO-Templates (z. B. Himbeer-, Bluten- und verzweigte Formen) hergestellt, und es
wurden ihre entsprechenden PPFPA-Nanostrukturen gebildet. Mittels einer Post-
Polymerisationsmodifikation wurden die hierarchisch verzweigten PPFPA-Nanostrukturen mit
Spiropyranamin modifiziert, was zu licht-responsiven Nanostrukturen fiihrte. Die A nderungen
der Benetzbarkeitseigenschaften bei UV-Bestrahlung wurden mittels einer dynamischen
Kontaktwinkelmessung untersucht, wobei signifikante A nderungen des Kontaktwinkels in
Abhangigkeit von den Formen der Nanostrukturen und dem Vorhandensein eines externen

Stimulus festgestellt wurden.

Biokompatible und warmeempfindliche diinne nanostrukturierte Poly(N-vinylcaprolactam)-
Filme (PNVCL-Filme), die durch das Template-unterstutzte Replikationsverfahren hergestellt
wurden, wurden als Arzneimittelabgabesystem (engl.: Drug Carrier System) verwendet. Die
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Adsorption und Freisetzung von Arzneimitteln wurde dabei mit einem Fluoreszenzfarbstoff,
Rhodamin B, und einem potenten hydrophilen Medikament, Aspirin, getestet. Es konnte
beobachtet werden, dass die diinnen nanostrukturierten PNVCL-Filme einen Farbstoff oder ein
Arzneimittel durch kraftiges Ruhren unter Standardbedingungen aufnahmen und bei
Erwéarmung aufgrund der niedrigeren kritischen Ldsungstemperatur (LCST) von PNVCL
erfolgreich freisetzten. Der Messbereich der LCST von PNVCL reichte von 35 bis 65 °C und
umfasste somit die durchschnittliche menschliche Kdérpertemperatur (36 °C), welche die
erforderliche Temperatur fur Arzneimittelabgabesysteme ist. Die Fahigkeit der diinnen
nanostrukturierten PNVCL-Filme zur Aufnahme und Freisetzung von Farbstoffen oder
Arzneimitteln wurde mit einem dinnen nicht-strukturierten PNVCL-Film und einem
hochvernetzten diinnen PNVCL-Film verglichen. Dabei wurde festgestellt, dass der diinne
nanostrukturierte PNVCL-Film, der mit 15 Gew .-% eines Vernetzers hergestellt wurde,
aufgrund seiner grofRen Flache und seines Eignungsgrades zur Vernetzung eine wesentlich
hohere Adsorption und Freisetzung von Farbstoff aufwies. Auferdem wurden die
Wiederverwendbarkeit von diinnen nanostrukturierten PNVCL-Filmen und die strukturellen
Veranderungen von Nanostrukturen auf der Oberflache vor und nach der Freisetzung von
Farbstoff untersucht, wobei die Ergebnisse zeigten, dass die dinnen nanostrukturierten

PNVCL-Filme ohne strukturelle Schaden wiederverwendbar sind.

Block-ghnliche stimuli-responsive Nanostébchen, die sowohl responsive als auch nicht-
responsive Blocke enthielten, wurden in dem Hohlraum von AAO-Templates unter
Verwendung verschiedener Ansatze hergestellt.  Temperatur-responsives  Poly(N-
isopropylacrylamid) (PNIPAM) wurde als stimuli-responsiver Block verwendet und Polystyrol
(PS) und PPFPA wurden als nicht-responsiver Block verwendet. Zwei Blocke wurden
entweder physikalisch oder chemisch gebunden, und die Topographie der Nanostédbchen mit

zwei Blocken wurde mittels Rasterelektronenmikroskopie (SEM) beobachtet.

Es wurden hochentwickelte Nanodrahte gezeigt, die mit mehreren Fluoreszenzfarbstoffen an
unterschiedlichen Stellen ihrer Oberflachen chemisch einstellbar sind und die die Herstellung
von multifunktionalisierten intelligenten Nanoobjekten ermdglichten. Um auf beide Enden der
in den AAO-Templates gebildeten Nanodrahte zugreifen zu kdnnen, wurde die Sperrschicht
der Templates entweder durch reaktives lonenétzen (RIE) oder durch NaRatzverfahren entfernt

und die Enden der Nanodrdhte wurden mittels Post-Polymerisationsmodifikation mit zweli
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verschiedenen Fluoreszenzfarbstoffen chemisch modifiziert: NBD-Amin und Cresylviolett.
Mittels Fluoreszenzmikroskopie wurde gezeigt, dass die Enden der Nanodrahte selektiv mit

zwei verschiedenen Farbstoffen modifiziert werden konnen.

Zusammenfassend lasst sich  sagen, dass durch das Template-unterstitzte
Replikationsverfahren mit verschiedenen funktionalen Vorstufen stimuli-responsive oder
chemisch einstellbare Nanoobjekte und diinne nanostrukturierte Filme hergestellt werden
konnten, die ein grolRes Potenzial haben, in Bioanwendungen eingesetzt zu werden. Es wird
erwartet, dass die in dieser Arbeit vorgestellten Konzepte als ein flexibles und effektives
Herstellungsverfahren zur Entwicklung einer wirkungsvollen Biomimetik und eines

Arzneimittelabgabesystems beitragen.
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Abstract

In this thesis, a template-assisted replication method using anodic aluminum oxide (AAO)
templates, which provide hexagonally packed and highly ordered pores having adjustable
lengths and diameters, is demonstrated and utilized for the fabrication of stimuli-responsive or
chemically tunable nano-objects (e.g. nanorods and nanowires) and nanostructured thin films.
Polymeric nano-objects and nanostructured thin films corresponding to the dimensions of the
template pores are fabricated by infiltrating the templates with various precursors, followed by
an UV-initiated cross-linking and a selective removal of the template. The prepared polymeric
nano-objects and nanostructured thin films are investigated with regard to their responsiveness
to external stimuli and their chemical variability via post-polymerization modification. Four

different systems are studied and discussed in this thesis.

First, chemically tunable and hierarchically branched poly(pentafluorophenyl acrylate)
(PPFPA) nanostructures are prepared by multi-branched AAO templates, fabricated via an
asymmetric two-step anodization process. The modified two-step anodization process
introduces a complexity into the structures of templates and allows to produce the advanced
complex nanostructures which can be useful to control the wettability and adhesive property.
By modifying and controlling the anodization process, various shapes of AAO templates (e.g.
raspberry, flower, and branched shape) are produced and their corresponding PPFPA
nanostructures are formed. Via post-polymerization modification, the hierarchically branched
PPFPA nanostructures are modified with spiropyran-amine, resulting in light-responsive
nanostructures. The changes of wettability properties upon UV light irradiation are studied by
a dynamic contact angle measurement, and significant changes of contact angle are detected,

depending on the shapes of the nanostructures and the presence of an external stimulus.

Next, biocompatible and thermosensitive nanostructured poly(N-vinyl caprolactam) (PNVCL)
thin films, fabricated by the template-assisted replication method, are used as a drug delivery
system and the adsorption and release of drugs are tested with a fluorescent dye, rhodamine B,
and a potent hydrophilic drug, aspirin. It is observed that the nanostructured PNVCL thin films
adsorb dye or drug by vigorous stirring under ambient conditions and successfully release them
upon heating due to the lower critical solution temperature (LCST) of PNVCL. The measured
range of LCST of PNVCL is from 35 to 659C and it encompasses the average human body
temperature (36<C) which is a target temperature for drug delivery systems. The capability of
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nanostructured PNVCL thin films to adsorb and release dye or drug is compared with a non-
structured PNVCL thin film and a highly cross-linked PNVCL thin film, and the
nanostructured PNVCL thin film fabricated with 15 wt% of a cross-linker shows superior
adsorption and release of dye due to its large area and the degree to which it is suitable for
cross-linking. In addition, the reusability of nanostructured PNVCL thin films and the
structural changes of nanostructures on the surface before and after the release of dye are
investigated, and the results show that the nanostructured PNVCL thin films are reusable

without structural damages.

In a third system, block-like stimuli-responsive nanorods containing both responsive and non-
responsive blocks are fabricated in the cavity of AAO templates using various approaches.
Temperature- responsive poly(N-isopropylacrylamide) (PNIPAM) is applied as a stimuli-
responsive block, and polystyrene (PS) and PPFPA are used as a non-responsive block. Two
blocks are bonded either physically or chemically, and the topography of nanorods having two

blocks is observed by scanning electron microscopy (SEM).

Last but not least, advanced nanowires which are chemically tunable with multiple fluorescent
dyes on the different sites of their surfaces are demonstrated which allow the fabrication of
multi-functionalized smart nano-objects. To access both ends of nanowires formed in AAO
templates, the barrier layer of templates is etched by either reactive ion etching (RIE) or wet
etching methods, and the ends of nanowires are chemically modified via post-polymerization
modification with two different fluorescent dyes: NBD-amine and cresyl violet. By means of
fluorescence microscopy it could be shown that the ends of nanowires are selectively modified

with two different dyes.

In conclusion, the template-assisted replication method with various functional precursors
fabricates stimuli-responsive or chemically tunable nano-objects and nanostructured thin films
which have a great potential to be used in bio-applications. The concepts presented in this thesis
are expected to contribute to the development of an effective bio-mimetic and drug delivery

system as a facile and effective fabrication method.
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1. Introduction

1.1 Soft materials nanofabrication

Novel and intriguing properties of one-dimensional polymeric nanostructures attract great
attention. The increasing number of publications based on one-dimensional polymeric
nanostructures shows the high demand and interest in nanomaterial science. In addition,
numerous nanofabrication methods have been developed and varied to prepare the advanced
nanostructures and to meet the demands on time and cost. In general, nanofabrication methods
can be divided into two main categories: “bottom-up” and “top-down”.! Literally, the bottom-
up means the nanostructures are built up from the smallest level such as atoms or molecules,
and top-down implies the nanostructures are obtained by removing the undesired parts of base

material.

Self-assembly processes, which spontaneously organize the molecules into stable and well-
defined structures, are generally referred to as the most used methods for the bottom-up
fabrication.? By using self-assembly, the functionality of surface and the arrangement of
molecules on the surface can be precisely controlled. The conventional top-down fabrication
technique can be nanolithography such as electron-beam, focused-ion-beam, and X-ray or UV
lithography. However, these nanolithography methods only can be used to directly pattern
resist materials that are placed on planar and rigid substrates.> As an alternative to the
conventional lithography, soft lithography is introduced and used to fabricate micro-sized
polymeric arrays for various applications. An elastomeric polymer, polydimethylsiloxane
(PDMS), is generally used for the fabrication of soft lithographic molds, and ultra-small
features can be replicated easily.*® However, the size of features that can be fabricated by soft
lithography is limited due to the processing limitation, and the patterned structures of soft
lithographic molds having high-aspect-ratio can irreversibly collapse due to the softness of
PDMS.

Template-assisted fabrication technique is a facile and cost effective method, which allows
the fabrication of high-aspect-ratio nano-objects. Furthermore, this method is widely accessible
and able to use the top-bottom fabrication techniques with nanoscale precision.”® Template-
assisted fabrication can be conducted by nano-molding or in-situ polymerization of polymers

into the pores of templates, and either soft templates such as selectively etched di-block
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copolymer® and supramolecular gels®® or a hard template such as AAO*? can be used.
Especially, porous AAO templates have been mostly used for the fabrication of nanostructures
due to their large versatility and well-ordered homogeneous pores. AAO templates are also
thermally stable in the range of temperature where the polymerization process occurs. In
addition, by a simple wetting process with polymer melts or solutions, various nano-objects
such as nanorods, nanotubes, and nanowires with range from a few tens of nanometers to
micrometers can be prepared. The resulting polymeric nano-structural arrays can have uniform
structures over a large area. The highly ordered nano-structural arrays were used for
optoelectronics, sensors, high-density data storage materials, and photovoltaic cells.*® The

details of porous AAO will be discussed in following chapters.

1.2 Porous Anodic Aluminum Oxide (AAO)

Aluminum is a material that is naturally and rapidly oxidized in ambient atmospheres. Due to
the thin native oxide layer on the aluminum surface, further oxidation and corrosion can be
prevented; however, the local corrosion can still occur in harsh environments or with corrosive
chemicals. In 1857, Buff first found the phenomenon called “anodization”, which aluminum
formed a thick oxide layer by an electrochemical oxidation reaction in an electrolytic cell, and
the study was applied to the industrial applications in the early 1920s for the protection of
metals from corrosion and abrasion.’* Since then, the anodization of metals including
aluminum has been widely used in various industries, and now anodized products can be found

almost everywhere in daily life.

Anodization

Barrier-type AAQ Porous-type AAO

Figure 1. Two different types of AAO formed by barrier-type and porous-type anodization.
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Two different types of AAO (i.e., nonporous barrier-type AAO and porous-type AAO) can
be formed depending on the condition of anodization. The type of electrolytes plays an
important role determining the morphology of AAOs.*>" A nonporous barrier-type AAO can
be produced in neutral electrolytes (pH 5-7) such as borate, oxalate, citrate, while, a porous-
type AAO can be produced in acidic electrolytes such as sulfuric acid, oxalic acid, phosphoric
acid.'® Particularly, the porous-type AAO has received great attention because of its excellent
corrosion resistance and good adhesion base for paints and dyes.'! In the 1970s, porous AAO
was also used for magnetic memories and recording devices; however, the storage density of
devices was low because of imperfect ordering of pores.t*? A breakthrough was made by
Masuda and co-workers in the 1990s by reporting on self-ordered porous AAO fabricated by a

two-step anodization process (see Figure 2).111621

1. Electropolishing 2. First anodization
\ —_— \ —_—

J. Oxide removal

4, Second anodization
.‘—

Figure 2. Schematic formation of AAO membranes following a two-step anodization route.

Briefly described, a first anodization is conducted in an acidic electrolyte under constant
voltage on a finely polished aluminum and results in disordered pores at the top surface, but
hexagonally well-ordered pores near to the oxide-aluminum interface. These hexagonally
ordered pores grown during first anodization sculpt hemispherical concaves on the aluminum
substrate which act as nucleation points for the further new pore growth. Subsequently, the
oxide layer containing both disordered pores and ordered pores from the first anodization is
dissolved by wet-chemical etching to make the hexagonally ordered indentions appear on the
aluminum surface. In the following second anodization, hexagonally well-ordered nanopores

are grown uniformly from the ordered indentation of the aluminum surface.
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In this thesis, several significant advantages of nanoporous self-ordered AAQOs are presented:
(i) the dimensions of AAO such as pore diameter, pore length, and interpore distances can be
easily tailored; (ii) the patterning of polymer nanostructures is achievable in a well-ordered
fashion; (iii) identical dimensions of AAO lead to the production of polymer nanostructures
that are highly monodisperse in size and shape; (iv) numerous polymers in solution or molten
state can be infiltrated in AAOs for the fabrication of nanostructures; (v) sacrificial AAO
templates can be readily removed by acidic or alkaline solution without damage of embedded
nanostructured polymers. These novel features of AAOs have been intensively exploited for
the fabrication of diverse nanostructured materials with complex architectures in size and

structure and the development of function nanodevices.

1.2.1 Electrochemical Reactions of AAO Formation

1.2.1.1 Elementary Interfacial Reactions

The anodic growth of aluminum oxide can be explained by the mobility of cations and anions
within the anodic oxide at the aluminum/ aluminum oxide interfaces or the aluminum oxide/
electrolyte interfaces. It is generally accepted that AI¥* cations and O% or OH- anions migrate
toward the aluminum oxide/ electrolyte interfaces and the aluminum/ aluminum oxide
interfaces, respectively, under high electric field (E). At both interfaces, the anodic oxide is
formed by the following elementary reactions. The possibly occurring reactions at the

aluminum/ aluminum oxide interfaces:

Al = AlF* o + 3¢ 1)

2AP ox) + 30% (o) = Al2O3 (2)
and at the aluminum oxide/ electrolyte interfaces:

2A|3+(ox) + 302-(ox) — Al203 (3)

Al,03 + 6H* (aq) = 2AI* (5g) + 3H20() 4)
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A|3+(ox) - A|3+(aq) (5)
202-(ox) + OZ(g) +4¢ (6)
2H20¢) + O%(ox) + OH(ox) + 3H"(ag) )

The formation of anodic oxide at the both interfaces is described by the corresponding
reactions 2 and 3, and it is assumed that all oxide anions generated from the dissolution of
Al;O3 at the oxide/ electrolyte interfaces reform Al2Os at the aluminum/ aluminum oxide
interfaces. The overall reaction at the aluminum oxide/ electrolyte interfaces can be described

as.
AlLO3+ n HaOqy = 2A1* ag) + (3 — N — X) 0% (o) + X OH (o) + (2n — X) 3H*(aq) (8)

where, x indicates the ratio of 0% and OH-which has not been exactly determined yet, and n

denotes the ratio of the amount of dissociated water and Al.O3 dissolution.

H0 « 05 + 2H(q)

Al,O,

3+ 3+
Aligy — Aluq,

| lon transfer

- High-field
3+ J = JooXP(SE) 02 jonic conduction
A’(D?(!

Al — Al + 3e
'Y

Metal oxidation

Al

Figure 3. Schematic diagrams showing elementary interfacial reactions for (a) barrier-type
and (b) porous-type anodic oxide. Reprinted with permission from Ref. 22 Copyright 2014

American Chemical Society.

As shown in Figure 3, aluminum cations and oxygen-containing anions migrate through the
interfaces and form the anodic oxide by two chemical processes: (i) the oxidation of aluminum
at the aluminum/ aluminum oxide interfaces and (ii) the dissolution of Al>Oz at the oxide/

electrolyte interface.

10
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1.2.1.2 Pore Formation

Porous AAO can be fabricated under either potentiostatic (with a constant potential) or
galvanostatic (with a constant current) condition. The potentiostatic anodization method is
commonly employed for the fabrication of AAO due to the linear relation between the
structural parameters of the fabricated AAO and the applied potential (U).22 The schematic
diagram in Figure 4 shows the Kinetics of pore formation under (a) potentiostatic and (b)

galvanostatic conditions.

(&
=

current, J
T 'T [ potential, U T T 1\ P 1\
~ j ¢ v ) v e J
o -
£ ||/} l I} | l
= ~ potential, U
£ [ \oument) ; ' -
3 . = 8l /) — L=
| = g ] | |
I i = 1 | |
I | ! 8 | |
N | | B A% l/ im, mr I
: | [l '
—— Anodization time, t —> ~—— Anodization time, t —>

o i L

Figure 4. Schematic diagram of the kinetics of porous AAO growth in (a) potentiostatic and (b)

galvanostatic conditions. Reprinted with permission from Ref. 22 Copyright 2014 American

Chemical Society.

At the initial stage under potentiostatic condition, a thin compact oxide layer is formed over
the entire surface of the aluminum by applying a constant applied potential (U). Due to the
growth of an oxide layer over time (t), the resistance of the anodization circuit increases and,
as a result, the current (j) of power supply decreases rapidly and reaches the minimum value
(stage I). At this stage, the initiative points where the pores can be developed is generated on
the oxide layer due to either the local imperfections (e.g., impurity, defects, pits, etc.) existing
on the initial oxide layer or the local cracking of the initial oxide layer generated by tensile
stress. The pores start to be formed on the initiative points and the current (j) gradually

increases to a maximum due to the diffusion of electrolyte (stage Il). The pores keep growing
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and the current (j) becomes stable (stage I11). Subsequently, the current (j) reaches a steady

value and the pores are developed in a well-ordered array by the internal stresses (stage 1V).

Galvanostatic anodization undergoes a similar progression from stage | to stage 1V, while a
constant current is applied. Under galvanostatic conditions, the oxide growth rate is
proportional to the applied current density (j); therefore, a constant electric field should be
applied to maintain the constant current (j). As shown in Figure 4 (b), the potential (U) increases
with time and with a growth of the thickness of the barrier oxide (t»). At the end of stage 11, a
drop in potential (U) is observed due to a transition from the growth of barrier oxide to the
growth of porous oxide. Various mechanisms were pointed out to explain the growth of pores,
and a morphological instability has been considered as the major cause of the initiation of the
growth.

1.2.1.3 Mild Anodization

Al

(i) #15( anodization

I

A2
9,

¢ "?i
\fﬁ I? )

T

(ii) ‘oxnde removal

it

(iii)‘an anodization

Figure 5. (Left) Schematic diagram of a conventional two-step mild anodization process for
self-ordered porous AAO. (Right) Representative surface SEM images of the respective
samples are shown in panels (a), (b), and (c), respectively. (d) A colored SEM image of AAO
formed by two-step anodization using oxalic acid, showing a poly-domain structure. Reprinted

with permission from Ref. 2 Copyright 2014 American Chemical Society.
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Since Masuda and Fukuda demonstrated the fabrication of self-ordered pore structure by
anodizing an aluminum in oxalic acid, the anodization methods have been developed and
optimized with various electrolytes and conditions to produce highly ordered and uniform
nanoporous AAO.!! Today, porous AAO is conventionally fabricated by the “two-step

anodization” process developed by Masuda and Satoh.?!

The first anodization is typically carried out for more than 24 h to provide sufficient time for
the pores to self-order, resulting in a textured surface of aluminum. The resulting porous AAO
consists of the disordered pores produced during the initial anodization process and the ordered
pores attained by following process, as shown in Figure 5. The whole aluminum oxide layer
containing the disordered pores is removed by chemical etching with an aqueous mixture of
6wt% phosphoric acid and 1.8wt% chromic acid at 45°C. By etching, the textured
hemispherical concaves work as the seeds of growth for further processes on the surface of
aluminum, and the second anodization is conducted on this textured aluminum. The pores grow
in an ordered arrangement with a polydomain structure, however, most of the area features
well-ordered cylindrical pores. Particularly, the two-step anodization with sulfuric, oxalic, or
phosphoric acid has been actively explored to find optimum conditions and understand the
mechanism. Studies have shown the anodization conditions for the optimum ordering of pores:
(i) sulfuric acid (0.3M H2S0.) at the anodizing potential (U) = 25V, 1 ~ 8<C; (ii) oxalic acid
(0.3M H2C204) at U =40V, 1 ~ 8<C; and (iii) phosphoric acid (1.0wt% H2PO4) at U = 195V,
<1.4<C.
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1.2.2 Structure of AAO

Porous AAO has close-packed arrays of hexagonally ordered cylindrical pores surrounded by
a thin oxide barrier layer with a hemispherical morphology at one end. The structure of porous
AAO can be defined with several parameters such as pore diameter (Dp), interpore distance
(Dint), pore wall thickness (tw), and barrier layer thickness (tv). As shown in Figure 6, the porous

AAO has the hexagonally ordered pores and a closed barrier layer.

Porous layer

Aluminum

Barrier layer

Figure 6. Schematic structure of porous anodic aluminum oxide (AAO).

One of the great advantages of porous AAQ is that the structures of the nanopores are easily
tunable by controlling the anodization conditions. The features such as anodization time, types
or concentrations of electrolytes, and temperature play great roles for the formation of pores.
The anodization time controls the depth of pores, which is proportionally grown with the total

charge, and the types of electrolytes determine the diameter of pores, as shown in Figure 7.

Figure 7 aand 7 c show the top and side view of a porous AAO anodized in oxalic acid (0.3M,
~5C) and 7 b and 7 d show a porous AAO anodized in phosphoric acid (1.0wt%, ~0.5 <C).
The use of oxalic acid results in smaller and narrower pores than for phosphoric acid, and the
diameters of pores are ~ 30 nm and ~180nm, respectively. Since oxalic acid condition leads to
smaller pores, the aspect ratio of pores between diameter and length increases rapidly for these

pores than for those anodized in phosphoric acid.
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Figure 7. SEM images of porous AAOs anodized in phosphoric acid electrolyte (a and b) and

in oxalic acid electrolyte (c and d): (a) top view and (b) side view SEM images of AAO anodized
in phosphoric acid, and (c) top view and (d) side view SEM images of AAO anodized in oxalic

acid (scale bar: 200 nm).
1.2.3 Experimental Set-up

The experimental set-up used for the fabrication of AAO templates is shown in Figure 8. It
consists of a copper plate, a PVC cell for holding Al chips and electrolytes, and a metal lid
containing a stirrer and a woven Pt wire net. The complete cell is placed on a cooling plate,
which is connected to an external cooling pump. Two to six aluminum chips (diameter: 2cm)
are placed between the copper plate and the PVVC cell, which is then tightened with screws. A
rubber O-ring is used for the complete sealing to prevent the leakage of electrolyte. After the
electrolyte is poured into the PVC cell, the lid is covered to stir the electrolyte continuously
and the electrolyte is cooled down to the required temperature for anodization. Both the copper
plate and the woven Pt wire net are connected to the anode and the cathode of power supply,
respectively for anodization process. Depending on the desired dimension of AAO, different
kinds of electrolytes, mainly phosphoric acid and oxalic acid, are used and specific voltage is
applied by a geared program.
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Figure 8. Anodization set-up for the fabrication of AAO: (a) overall set-up; (b) the components
in one cell; (c) Pt-wires as cathode; (d) PVC cell to hold an electrolyte and Al chip that is

anodized.

Figure 8 shows the exact set-up and the individual components. In general, the set-up consists
of two electrodes that are connected to the power supply and the cell containing the aluminum
chips and the electrolyte. A self-designed computer program is used to control the conditions
of anodization such as anodization time and voltages. The current and the applied voltage are
recorded in an Excel file. The cells are continuously cooled down by cooling water circulating
the plates and by vigorous stirring. The present set-up can produce multiple numbers of AAO

templates - up to 16 templates —at once and with a precise quality.
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1.3 AAO Template-Assisted Fabrication of Nanostructures by template

wetting

The special properties of AAO templates such as the well-ordered pore structures, large
surface area, and controllable dimensions of pores and surface chemistry are main reasons that
AAO templates have been used for enormous number of applications.®232* In addition, the
templating method provides a cost-effective alternative to conventional lithographic techniques,

which require sophisticated and expensive equipment and are very time-consuming.

AAO templates having the highly ordered pore arrays have been used as a shape-defining
mold for the fabrication of various nanostructured materials such as nanorods, nanowires, and
nanotubes, and many different materials such as metals?®, polymers?5-28, nanoparticles?, and
inorganic semiconductors®® have been applied. In relative terms, the templating method has
little restriction to the materials that can be used, therefore, various nano-objects with different
materials in a well-defined structure can be fabricated as required. Since, Martin and coworkers
first introduced the concept of “template synthesis”3, many researchers such as Wendorff3223,
Steinhart®*3%, Russell*®*, and several others have studied and developed the template synthesis
method. The most often used methods for an infiltration of materials into AAO templates are
chemical vapor deposition, electrochemical deposition®, sol-gel deposition®®, and wetting of

precursors of polymers.

In general, nanostructured polymeric materials can be obtained by infiltration of a polymer
melt or solution or by “in-situ” polymerization of a monomer. Steinhart and coworkers
described the template synthesis method with polymer melts or solutions of polystyrene and
polytetrafluoroethylene using AAO templates and found that the different wetting phenomena
were caused by the respective conditions of infiltrated materials.*® The wetting is achieved by
the difference of surface energies between the infiltrated materials and the oxide surface of the
pores. Commonly, the pore surface of AAO templates has high surface energies, whereas the
surface energy of polymer melts or solutions are one order of magnitude lower *%; therefore,
polymer melts or solutions having a low viscosity tend to spread on the pore surfaces to
minimize the interfacial energy. For this reason, polymer nanotubes can be obtained by
controlling the conditions of the infiltrated materials. The tubular structures formed by wetting
the pore surfaces can be used as a nanochannel that can be developed into sensors*? or

separating filters*>#4. The applicability of nanochannels increases steadily.
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The infiltration of polymer melts is also carried out by capillarity. In a regime where the
temperature is only slightly above the glass transition temperature, the melts cannot form a
fluid melt film; however, the melts tend to wet the pore surfaces because they still have a low
surface energy. Therefore, the melts are infiltrated into the pores, and the melts are not only
wetting the surfaces, but also filling the whole pores. This causes the formation of solid nanorod
or nanowire whose shape is unlike that of nanotubes. In addition, the polymer molecular weight
plays an import role for the wetting transition temperature. Zang and coworkers observed a
transition point, where the wetting is completed by increasing the temperature, and the results
showed that the wetting transition temperature was dependent on the polymer molecular

weights.3®

Solution wetting infiltration is one of the most frequently used methods to prepare polymer
nanostructures. The AAO templates can be immersed in the polymer solutions and the pores
of AAQ can be completely or partially filled, depending on the concentration of the solutions.
This method can be a great alternative for polymers having a high glass transition temperature.
Wendorff and coworkers described the solution wetting infiltration and they found a correlation

between the polymer molecular weights and the morphology of the resulting nanostructures.

The infiltration method can be classified as shown in Figure 9, and this method has been
frequently used to prepare polymeric nanostructures. Depending on the desired nanostructure,
the suitable infiltration methods can be varied; for instance, melt wetting is recommended for
the reproducible fabrication of nanofibers and nanotubes, since it has less solvent-related
problems, and solution wetting is suggested to obtain nanotubes because the wall thickness of
nanotubes can be controlled by the solvent concentration or by the quality of the solvent. In
addition, precursor film wetting and melt capillary infiltration can be used to prepare the solid
polymer nanofibers and methods based on additional forces, such as vacuum-induced

infiltration, can be used to fabricate nanofibers containing nanoparticles.
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Precursor film infiltration
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Figure 9. Summary of infiltration methods for the hard-templating methods. Reproduced with

permission from Ref.**, Copyright 2012, Elsevier Ltd.

As an alternative method for the preparation of versatile polymeric nanostructures, an “in-
situ” polymerization in the nanocavities of AAO templates can be conducted. By using a
polymerization technique, various monomers can be directly polymerized in the confined space.
For instance, Mijangos and coworkers demonstrated the free radical polymerization of styrene
and methyl methacrylate in the confinement of AAO templates.*®*” A small amount of thermal
initiator, 2,2"-azobis-(isobutyronitrile) (AIBN), was added to styrene and methyl methacrylate
and the solutions were casted on top of the AAO templates. The infiltrated monomer solutions
with the initiator were then polymerized for a set of different temperatures and times. In both
cases, after in-situ polymerization, polymers having a lower molecular weight and a lower

dispersity were obtained, as compared to polymers synthesized in bulk.
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Figure 10. Scheme showing difference in reaction kinetics of methyl methacrylate
polymerized in bulk and in nano-confinement (60 nm) at 60 . Copyright 2017 American

Chemical Society.
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This phenomenon can be explained by confinement effects and a catalytic effect, which is
caused by native surface-bounded hydroxyl groups on the pore walls.*® The catalytic effect
occurs during the in-situ polymerization process in a hano-confined system and this catalytic
effect induces an increased rate of initiator decomposition. The fast initiator decomposition
leads to an increased rate of polymerization in the initial stages of polymerization. In addition,
the movement of two radicals generated from the initiator decomposition is restricted under
nano-confinement, as shown in Figure 10, and it causes higher termination rates, unlike bulk

polymerization.***® As a result, lower molecular weight polymers having a low dispersity are
obtained.

Via in-situ polymerization, copolymers also can be polymerized inside the pores of AAO
templates. Cui and coworkers reported on the fabrication of poly(N-isopropylacrylamide)-co-
(V,N’-methylenebisacrylamide) (PNIPAM-co-MBAA) nanotubes via surface-initiated atom
transfer radical polymerization using the commercial AAO templates.®>? By this direct
grafting-from synthesis methods, copolymer nanotubes were produced, and the wall
thicknesses of the nanotubes was controlled by the concentration of the monomer solutions, as

shown in Figure 11.
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Figure 11. Schematic illustration in fabricating PNIPAM-co-MBAA nanotubes with different

wall thicknesses in porous AAO membrane.>! Copyright 2006 American Chemical Society.
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The polymerized nanopillars can be released from the templates by etching of the sacrificial
templates. However, the prevention of a collapse or an aggregation of the nanopillars after the
removal of the AAO template is a challenging key issue to obtain the initial shape of nanopillars.
In contrast to inorganic materials, organic and polymeric materials have a low hardness;
therefore, the bending or collapsing of nanopillars can occur. In general, the collapse of
nanopillars is caused by adhesion forces between nanopillars®® and capillary forces during the
etching and drying processes.>° While the wet chemical etching process of the templates is
conducted, the nanopillars are inevitably brought into contact with aqueous solutions, and
capillary forces exert a great influence upon the lateral collapse of nanopillars.

/IV/I\\

Figure 12. Schematic illustrations of two pillars partially immersed in a liquid. Reproduced

with permission from Ref. °7, Copyright 2009, American Chemical Society.

The capillary interaction energy (Wc) of two pillars, when the pillars are partially immersed
in a liquid with surface energy (y) and a contact angle (), can be described as:®’

— _ 2 2 le
W, = —2myR* cos“6 In (xh/W) 9)

where, I, = (y/pg)/? is the capillary length of the liquid (p is the density and g is the
gravitational acceleration) and the radius of nanopillars (R), the interpore distance between two

pillars () shown in Figure 12.
Accordingly, the capillary force (Fc) between the two pillars can be written as:

dw, TyR%cos20
c= 87 (10)

Fe= -3 = J&/2)% - R?

The capillary force increases proportionally to the surface tension of the liquid and the contact

angle at the liquid/pillar interfaces; therefore, the liquid which comes into contact with the
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nanopillars plays an important role in the capillary force. To reduce the capillary forces and
prevent the lateral collapse of the pillars, solvents having a low-surface tension such as
methanol or isopropyl alcohol can be used or the supercritical freeze drying technique can be
applied.>®>° Especially, the freeze drying method prevents the high-aspect-ratio nanopillars
from collapsing after rinsing. The procedure of freeze-drying is extraordinarily simple. After
washing the nanopillars released from the AAO templates with water, the wet samples
containing the nanopillars are connected with a freeze-drying machine and the water
surrounding the nanopillars is sublimed. Due to the sublimation, the nanopillars can keep their
initial shapes without being exposed to the influence of the capillary force caused by liquid

between the pillars.

Figure 13 shows the free-standing nanopillars without and with freeze-drying treatment, and
one can see clearly that the nanopillars preserve their shapes without collapsing after freeze-

drying process.

Figure 13. Freestanding polymeric nanopillars without freeze drying (a) and after the freeze-

drying process (b) (scale bar: 1 um).

AFM images of nanopillars also prove that the nanopillars stand in most of the area without
undergoing a critical collapse, unlike the nanopillars affected by the capillary force during the

drying step.
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Figure 14. AFM images of free-standing polymeric nanopillars: topology of a small area (a)

and a large area (b), and the phase images of the small area (c) and the large area (d).
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1.4 Stimuli-responsive polymers

A smart polymeric system is capable of a physiochemical change upon internal or external
stimuli and has received great interest.® A large variety of stimuli-responsive polymers with
well-controlled composition and different stimuli-responsibleness has been synthesized and
widely investigated. The changes of structure and property at the macromolecular level can be
mainly caused by physical, chemical, or biological stimuli (Figure 15).5! Stimuli-responsive
polymers undergo dramatic changes with external stimuli such as physical stimuli (e.g.
temperature, light, magnetic, and electricity, etc.), chemical stimuli (e.g. pH, ionic strength,
and solvent, etc.), and biological stimuli (e.g. enzymes and receptors, etc.). These stimuli-
responsive polymers can be potentially applied in many applications; for instance,
biocompatible stimuli-responsive polymers are useful in drug delivery and bio-applications®?
64 and temperature or light responsive polymers can be utilized as sensors and actuators, and
surface grafted stimuli-responsive polymers can be used to control the interface wettability.
Stimuli-responsive polymers can be classified depending on material states, number of
responsibility, and stimuli. Further discussion on the stimuli-responsive polymers will be based

on the type of stimuli (temperature, light, and pH) that are mostly applied in previous studies.
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Figure 15. Classification of stimuli of stimuli-responsive polymers. Reproduced with
permission from Ref. 51, Copyright 2012, BioMed Central Ltd.
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1.4.1 Temperature responsive polymers

Thermo-sensitive polymers as one of representative stimuli-responsive polymers have been
intensively studied. The main feature of thermo-sensitive polymers is a critical solution
temperature, which is a temperature where the interaction between the polymeric chains and
the aqueous media rapidly changes. Below or above this point, the intra- and intermolecular
interactions such as electrostatic and hydrophobic interactions are adjusted and the polymeric
chains are collapsed or expanded. This point is called a lower critical solution temperature
(LCST) and an upper critical solution temperature (UCST). Thermo-sensitive polymers
featuring LCST become miscible and immiscible below and above of LCST, respectively, and
UCST polymers exhibit the opposite behaviors that the polymers are immiscible and miscible
below and above of UCST, respectively, as shown in Figure 16. Based on physical changes or
phase separation, the LCST can be considered superficially as an inverse of the UCST; however,
the theoretical physical foundations of LCST and UCST are quite different.

i | T
two-phase single-phase
region region
UCST ——
LCST T
N
N
single-phase two-phase \
region region
0 0

Figure 16. Schematic illustration of phase diagrams: (a) lower critical solution temperature
(LCST) behavior and (b) upper critical solution temperature (UCST) behavior (T: temperature,

2. polymer volume fraction). Reproduced with permission from Ref. ® Copyright 2011,
Polymers.
According to Flory and Huggins theory, the phase separation only occurs with unfavorable

enthalpy interaction between polymer and solvent.®”% In such a case, the mixing entropy still

can outbalance the unfavorable enthalpy and make the polymer miscible with solvent. For
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instance, a very small amount of polymer can be dissolved in a large amount of solvent and

keep the single phase at the thermodynamic equilibrium.

Unconventionally, LCST phase separation is driven by unfavorable entropy of mixing, which
originates from a strong polar interaction or hydrogen bonding between polymer and aqueous
solution.%®"! Below LCST, the water molecules form hydrogen bonds with the amide groups
in the polymer and form the solvation shell around polymer. Due to the hydrogen bonding, the
entropy of water becomes unfavorable but the mixing enthalpy becomes favorable, which
makes the system mono-phasic. In contrast, above LCST, the water molecules that form the
hydrogen bonding with polymers are released into bulk water; therefore, the overall entropy
increases and the mixing enthalpy becomes unfavorable. As a result, the phase separation

occurs and the transparent homogeneous solution becomes cloudy inhomogeneous solution.

Numerous LCST-type polymers exhibit a phase separation upon heating in aqueous solution.
Prominent examples of LCST-type polymers are poly(N-isopropylacrylamide) (PNIPAM),
poly(N,N-diethylacrylamide) (PDEAM), poly(N-vinylcaprolactam) (PVCL), and poly(2-
isopropyl-2-oxazoline) (PIOZ)."? Figure 17 illustrates the chemical structures of these thermo-
responsive polymers featuring LCST.

(a) (b) (c) (d)
orh . e o
07 “NH oZ N 0o Cj
.

Figure 17. Thermo-responsive LCST-type polymers: (a) poly(N-isopropylacrylamide)
(PNIPAM), (b) poly(N,N-diethylacrylamide) (PDEAM), (c) poly(2-isopropyl-2-oxazoline)
(P102), and (d) poly(N-vinylcaprolactam) (PNVCL).

PNIPAM, a well-known temperature-responsive polymer, has a sharp transition at 329C upon
heating.”® However, in a few cases, a LCST hysteresis upon heating and cooling can be
observed, depending on the heating and cooling rates, the viscosity and a formation of intra-
and inter-molecular hydrogen bonds during phase separation.’ Figure 18 shows an example of
LCST hysteresis curves of PNIPAM. A PNIPAM solution in water was heated and cooled with
a slow rate (0.1 € min) after temperature stabilization. By increasing the temperature above
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LCST, the intra- and inter-chain hydrogen bonds form between NH-groups and —C=0 groups,
while PNIPAM undergoes the structural transition from a coiled to a globular structure.” At
the initial stage of cooling, these intra- and inter-chain hydrogen bonds cannot be completely

disassembled, and this causes the LCST hysteresis, as shown in Figure 18.
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Figure 18. LCST curves of PNIPAM upon heating and cooling. Reproduced with permission
from Ref. "4, Copyright 2008, Society of Chemical Industry.

PVCL, a water soluble temperature-responsive polymer, features a low toxicity. In case of
PVCL, the nitrogen in a cyclic amide is directly attached to the polymer backbone; therefore,
the amide by-products are not generated upon hydrolysis. This feature makes PVCL as an
attractive candidate material for the various bio-applications.”®"

These LCST of polymers is dependent on the molecular weight (MW) and solution
concentration; for example, the increase of MW causes a shift of LCST to lower values, and
the addition of salts or surfactant decrease or increase the LCST due to the disruption in the

polymer-water interaction.5°#%8! These tunable properties can be used to control the LCST.

Temperature-responsive polymers featuring UCST, on the other hand, show different
behaviors upon the change of temperature. Upon cooling, the mixing entropy decreases
gradually and the unfavorable enthalpy which causes the phase separation increases; therefore,
the solution becomes turbid below UCST. Zwitterionic polymers containing positively and
negatively charged moieties in the repeating units have been mainly studied as the UCST type
polymers in water.82 Due to the charges of repeating units, a strong intermolecular attraction is
generated and resulted in the UCST behavior. UCST thermo-responsive polymers show a great

potential for broad application in various fields.
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1.4.2 Light responsive polymers

Light-responsive polymers contain photochromic moieties which undergo a reversible or
irreversible structure isomerization upon light irradiation at a specific wavelength. Upon the
light irradiation, the structure of photochromic moieties changes and this structural change is
usually accompanied by changes of color, polarity, and solubility of the polymer. The transition
is rapid and sharp; therefore, the reactivity of light-responsive polymers can be precisely
controlled by regulating the irradiation time and location. Due to this advantage, light-
responsive polymers have been widely applied in controlled drug delivery systems and

reversible wettability. 28385

Light-responsive polymers can be either reversible with structural change or irreversible with
chemical bond breakage. Especially, the reversible light-responsive polymers have been
intensively studied during the last decade. Azobenzene, spiropyran, dithienylethene, and N-
salicyliden-aniline, are well-known photo-induced structure-isomerization units, which have

been thoroughly studied and whose chemical structures are shown in Figure 19, 83.86-89

Azobenzene is one type of photochromic molecules which has a reversible photo-
isomerization from trans to cis or cis to trans upon UV- or visible light irradiation, respectively
(see Figure 19 (a)).°°*3 By the irradiation, the molecular structure of azobenzene is rapidly
altered within picoseconds, and the wettability of surface covered by azobenzene is also rapidly
changed. The wettability can be reversibly switched by change of the irradiated wave length.
For instance, Lim and coworkers used 7-((trifluoromethoxyphenylazo)phenoxy)pentanoic acid
as a photo-switch and successfully fabricated a nano-porous organic-inorganic hybrid
multilayer film that is reversibly switchable between a superhydrophobic and superhydrophilic
state upon light irradiation. Another group developed a material that features a reversible
adhesion by combining azobenzene with sugar alcohol derivatives.®>* Besides that, an
azobenzene-functionalized amphiphilic dendritic polymer (polyethylenimine-steric ester-
azobenzene) was developed as photo-switchable nano-carriers, and it showed the potential that

azobenzene can contribute to the development of bio-applications.®®

Photochromic spiropyrans can be reversibly switched between a closed spiropyran form and
an open merocyanine form upon light irradiation as shown in Figure 19 (b).8%%6-101 This photo-
switching is accompanied by a notable color change which proves the transition of forms, and

it is accepted in general as the most recognized feature of photo-switches. In addition,
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spiropyran exhibits a large change in its dipole moment, which affects the surface-free energy

during the transition; therefore, it can be used for a switching of the wettability.
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Figure 19. Light-responsive polymers with reversible photochromic moieties: (a) azobenzene,

(b) spiropyran, (c) N-salicyliden-aniline, and (d) dithienylethene.

Locklin and coworkers fabricated photochromic spiropyran polymer brushes, which can
reversibly control the wetting property of surfaces by exposure to light. The photo-induced
isomerization between the spiropyran form and the merocyanine form caused a reversible
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change of the contact angle up to 15 and the change of contact angle was enhanced up to 35°
by adding the metal ions.% Theato and coworker investigated and described photo-switchable
surfaces based on polysilsesquioxanes and compared the wettability of azobenzene,
salicyliden-aniline, and spiropyran-immobilized surfaces.*® The maximum change of contact
angle of a spiropyran-immobilized surface reached almost 30°and the change of wettability
was switchable multiple times upon UV light and visible light irradiation. Spiropyran was also
used for the formation of micelles, which can be potentially used as a drug carrier. By the
synthesis of spiropyran-containing block copolymers, a photo-responsive nanocarrier can be
produced and an encapsulated drug within the nanocarrier can be released by UV light
irradiation.%? In addition, spiropyran is added to printing inks and is also used for daily

products, such as T-shirts and toys.%®

1.5 Post-Polymerization Modification

Controlling the synthesis process of functional polymers to obtain a defined molecular weight,
composition, and architecture is still a great challenge. For the synthesis of functional polymers,
a protected monomer can be used; however, an additional deprotection step is mandatorily
required and the deprotection process is in general not completely performed. Therefore, it is

preferable to directly polymerize the monomers bearing functional groups.

Post-polymerization modification is an attractive alternative method offering the possibility
to overcome the problems associated with conventional polymerization techniques (e.g.,
additional deprotection step, high temperature, and use of organic solvents, etc.).1941% Post-
polymerization modification, also called as polymer analogous reaction, was first reported in
1840 by Hancock and Ludersdorf independently, and since then, many researchers have studied
these methods to fabricate various functional materials.1%1%” Although the applicability of
post-polymerization modification was proven, the number of chemical reactions available for
this method was relatively limited until the early 1990s. However, the evolution of controlled
(living) radical polymerization methods and several chemo-selective coupling reactions
allowed the enormous growth in the use and adaptability of post-polymerization
modification.!® The representative controlled radical polymerization methods are atom-
transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP), and

reversible addition-fragmentation chain transfer (RAFT).1%11 As common coupling reactions,
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copper-catalyzed azide/alkyne cycloaddition (CuAAC), thiol-ene/-yne addition, activated

esters, and many others, which are generally referred to click reactions, have been intensively
applied_1127116

In contrast to the traditional living polymerization, the controlled radical polymerization has
the advantage of providing a higher tolerance towards functional moieties and of maintaining
their functionality during the synthesis process.!%®1:118 |n addition, the post-polymerization
modification method has a number of advantages, one of them being that the libraries of
chemical reactions and monomers that can be applied in this method are various and another
one being that the method can be applied on a variety of surfaces and interfaces which can be
limited when using conventional direct polymerization.

)
v-seia 9 uoe

Figure 20. Classifications of post-polymerization modification methods. Reproduced with
permission from Ref. 1%, Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.
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As shown in Figure 20, the range of chemical reactions that can be used for post-
polymerization modification is extremely broad. It shows the rapid and great development of
post-polymerization modification methods and the potential that the methods can be expanded
in the future. Active research on the development of new methods and applications with post-

polymerization modification is continuously conducted.

1.5.1 Post-Polymerization Modification via Activated Esters

Activated esters belong to one of several representative groups that are able to covalently link
with amines and result in stable amide bonds via post-polymerization modification. Since
Ringsdorf and Ferruti reported polymers bearing activated ester groups in 1972, activated esters
have been intensively studied and applied in a broad range of applications over the past

decades. 119120
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Figure 21. Activated ester monomers: (a) N-hydroxy succinimide acrylate (NHSA), (b) endo-
N-hydroxy-5-norbornene-2,3-dicarboxyimidacrylate (NorbNHSA), (c) pentafluorophenyl
acrylate (PFPA) and pentafluorophenyl methacrylate (PFPMA), and (d) 2,4,5-trichlorophenyl
acrylate (TCP).

Some of the most frequently used well-suited activated ester monomers that have been
deployed for the post-polymerization modification are shown in Figure 21: N-hydroxy
succinimide acrylate (NHSA) (also called N-acryloxysuccinimide or N-succinimidyl acrylate),
endo-N-hydroxy-5-norbornene-2,3-dicarboxyimidacrylate (NorbNHSA), pentafluorophenyl
acrylate (PFPA), and pentafluorophenyl methacrylate (PFPMA), and 2,4,5-trichlorophenyl
acrylate (TCP).99104121-125 NHSA has been used comprehensively as a macromolecular

precursor for synthesis and polymerized to poly(N-hydroxy succinimide acrylate) (PNHSA),
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which can react with amines and produce functionalized polyacrylamides. However, PNHSA
has a limited solubility in only a few organic solvents; therefore, to improve the solubility of
activated ester polymers, either copolymerization or the use of alternative activated ester was

chosen.%6

As a replacement for the NHSA group, TCP, NorbNHSA, and PFP ester groups have been
studied, and especially the PFP ester group shows great advantages. Poly(pentafluorophenyl
acrylate) (PPFPA) and poly(pentafluorophenyl methacrylate) (PPFPMA) have an excellent
solubility in general organic solvents, and the conversion with amines is generally quantitative
without side reactions. In addition, the conversion reactions can be monitored by in-situ *°F
NMR spectroscopy. One of the greatest advantage of PFP ester group is that the conversion
occurs under mild conditions without a metal catalyst at r.t. Due to their noticeable advantages,
activated ester polymers have been broadly applied broadly in polymer chemistry and material

science.

1.5.2 The Use of Post-Polymerization Modification on Nano-Objects

1.5.2.1 Reactive Polymeric Nanorods

Polymeric nano-objects in 2D or 3D structures have been intensively studied and used for
various applications.*?-13 In addition, the fabrication methods have been improved and varied
to meet the individual requirements. One of the most commonly used methods is a templating
method deploying AAO templates.31**? Various organic materials can be infiltrated into the
pores of AAO templates by wetting of the desired materials or by precursors in melt or solution
states. Due to the advantage of the AAQO templates that the pore dimension can be easily tuned,
the size and structures of the corresponding polymeric nano-objects can be varied by
controlling the conditions of the AAO templates. Various researchers have comprehensively

investigated the template wetting method for the fabrication of functional nano-objects.%33-
135

In particular, Theato and coworkers introduced a new route for the fabrication of stimuli-
responsive nanorods by combining of the template wetting technique with post-polymerization
modification.’*® A highly concentrated activated ester monomer solutions with cross-linker and

initiator were drop-casted onto the AAO templates and cross-linked by either UV light or heat,
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depending on the type of initiator. Three kinds of activated ester monomers, namely PFPA,
PFPMA, and pentafluorophenyl 4-vinyl benzoate (PFPVB) as well as two kinds of initiator,
namely azobisisobutyronitrile (AIBN) as a thermal initiator and Lucirin TPO as a photo-
initiator were used to produce the chemically modifiable nanorods. The resulting cross-linked
activated ester nanorods were obtained by etching the sacrificial AAO templates with
phosphoric acid. It is noteworthy that the hydrolysis of the ester which is unfavorable for the
post-polymerization modification was observed when the etching of the AAO templates was
conducted under basic conditions; therefore, phosphoric acid was used for further modification.
The released bundles of activated ester nanorods were modified with isopropylamine via post-
polymerization modification, and afterwards the temperature-responsive PNIPAM nanorods
have been obtained. Due to the LCST property of PNIPAM in water, the dramatic changes in
the size of the nanorods were observed in water, which were reversible upon heating above
LCST or cooling below LCST of PNIPAM. These results show the great potential the stimuli-
responsive nanorods have for their use as a drug delivery system, which is aimed at achieving

an efficient reversible phase transition.
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Figure 22. Schematic diagram of the template wetting method for the fabrication of reactive
nanorods and their post-polymerization modification. Reproduced with permission from Ref.1%,

Copyright 2011 Royal Society of Chemistry.

34



Introduction

1.5.2.2 Functionalized Nanoparticles

Nanoparticles are one of the most studied nanostructure due to their accessible surface and
the applicability in biological systems. Nanoparticles have been intensively studied for their
usage as nanocarriers, and the nanocarriers have been improved to give an easily tunable
architecture. Metallic nanoparticles can be tailored with polymer brushes through either a
“grafting to” or a “grafting from” approach, and its covalent immobilization provides a robust
attachment between the nanoparticle and the polymer brushes. In general, through the “grafting
to” method, the desired polymer brushes can be densely grafted onto the surface of
nanoparticles, and the different chemical functionalities, which are able to be chemically
modified, can be applied.
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Figure 23. Schematic images of a grafting-from polymerization of NIPAM, CYPAM, and MMA
from AuNPs stabilized with bis(6-hydroxyhexyl) disulfide bis(2-bromoisobutyl) ester; a
grafting-onto polymerization of amino end-functionalized PEO onto AuNPs stabilized with
bis(5-carboxypentyl) disulfide bis(pentafluorophenyl) ester. Reprinted with permission from
Ref. 1%, Copyright 2008 American Chemistry Society.

As one example to be discussed here, Theato and coworkers fabricated chemically
functionalized gold nanoparticles (AuNPSs), and the prepared AuNPs were modified with amine
via a post-polymerization modification method.3® AuNPs were synthesized in an organic
solvent (ethyl acetate and water) by a two-phase reduction method using disulfide and ester as

stabilizing ligands.'3” Due to the disuse of the phase transfer agent for the preparation of AuUNPs,
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the AuNPs could be mildly reduced and the ligands could be grafted onto the surface of the
AUNPs, resulting in a functionality suitable for the post-polymerization modification. Thus, for
instance, the AuNPs using bis(5-carboxypentyl) disulfide bis(pentafluorophenyl) ester resulted
in the pentafluorophenyl esters-functionalized AuNPs which were able to be modified with
amine. Amino end-functionalized poly(ethylene oxide) (PEO) (Mn = 550g/mol) could be
successfully grafted onto the pentafluorophenyl esters-functionalized AuNPs. Since the grafted
PEO is hydrophilic, the AuNPs completely transfer from the organic phase to the water phase,
and the transformation can be observed with the naked eyes. In the same manner, by employing
bis(6-hydroxyhexyl) disulfide bis(2-bromoisobutyl) ester, the resulting AuNPs allow a surface-
initiated atom transfer radical polymerization (ATRP) of methyl methacrylate (MMA), N-
isopropylacrylamide (NIPAM), and N-cycloproylacrylamide (CYPAM) on the surface of
nanoparticles. The resulting stimuli-responsive polymer gold hybrids exhibited the plasmonic
band of the gold core and the LCST property of the grafted polymer shell.

1.5.2.3 Functionalized Electrospun Polymer Fibers

Electrospinning is a well-known technique for the preparation of the multifunctional
polymeric nanofibers.'® By applying a high voltage between the syringe containing the
polymer solution and the conductive collector, polymeric nanofibers can be collected on the
surface of the collector. The spinning condition and the polymer concentration cause variations
in the results regarding the morphology and the mechanical properties of polymeric fibers. The
synthetic methodology has been developed and varied to meet the demands for various
applications. Especially, the surface modification of nanofibers by grafting or interfacial
polymerization has gained great attention due to its applicability and controllability on the
surface. The surface modification can be conducted with different techniques, such as surface
coating and grafting.

Theato and coworkers performed a thiol-ene post-polymerization modification on electrospun
polybutadiene fibers.™*® In general, polymers having a higher glass transition temperature (Tg)
than r.t. are readily solidified during the spinning process. In contrast, rubbery polymers, such
as butadiene rubber, which has a low T typically below 09C, do not form stable fibers under
ambient conditions and there is the possibility that the fibers are chemically modified. In that

manner, a solution of polybutadiene rubber containing cross-linker and photo-initiator in a
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THF/DMF mixture was electrospun into a methanol solution containing 1% sodium chloride
under in situ UV light irradiation. The resulting polybutadiene rubber fibers were chemically
modified with 2-mercaptoethanol or thioglycolic acid after the complete purification of the
resulting fibers. The carbon double bonds contained in the fibers reacted with thiol-groups via
a thiol-ene click reaction, and this caused the change of wettability. A dramatic change of the
static contact angle was observed on the chemically modified polybutadiene rubber fibers from

135°(electrospun polybutadiene rubber fibers) to 0°(modified fibers).
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2. Scope and Objectives

The aim of this thesis is to fabricate various stimuli-responsive and chemically tunable nano-
objects and nanostructured thin films by the template-assisted replication method using
nanoporous AAO templates for surface engineering and for a drug delivery system. The main
task is to develop a novel method for the fabrication of various shapes of nanostructures and to
provide these nanostructures with advanced functionalities, such as stimuli-responsiveness or
chemical modifiability. As shown in the introduction, the template-assisted replication method

is highly advantageous for the fabrication of well-ordered functional nano-objects.

A modification of the anodization method should be performed in order to vary the shapes of
templates and to produce their various replicated nanostructures, and a proper infiltration
method should be chosen to successfully prepare the nanostructures which are to undergo
further modification. For an effective infiltration, various methods, such as spin-coating,
dipping, and a vacuum-assisted method should be applied and compared, and the choice of the
proper solvent for a precursor solution should be considered. Consequently, the nanostructures
should be released from the AAO templates by the wet etching method without causing
structural damage. The post-polymerization modification should result in a change of
functionality of the nanostructures so that the modified nanostructures react to an external

stimulus.

Stimuli-responsive nanostructured thin films, which are selectively responsive to a specific
stimulus, are desired to be obtained in order to control the wetting properties of surfaces or to
release dye or drug by an external trigger. The feasibility of the concept should be verified by
applying these stimuli-responsive nanostructures as a light-sensitive nanostructured surface or
a drug delivery medium in surface engineering or bio-application. Moreover, the efficiency
and capability of the concept should be compared with the one of non-structured objects, and
the reusability of samples should be also tested.
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3. Results and Discussion

3.1 Fabrication of Chemically Tunable, Hierarchically Branched Polymeric

Nanostructures by Multi-branched AAO Templates*
*) This chapter is reconstructed based on a publication.#°

For decades, the fabrication of asymmetric polymeric nanopillars has gathered great
attention due to their potential to control the wettability and adhesive properties of surfaces,
which can be controlled by varying the shapes of nanostructures on the surfaces. Especially,
biomimetic surfaces such as superhydrophobic surfaces*4* 4%, gecko-mimicking!*4¢, and dry
adhesive surfaces**’1*® have been studied intensively. In particular, the hierarchical nanopillars
play an important role in adjusting the wettability and adhesive properties of surfaces. The
complexity of structures causes a great change of wetting and adhesive properties of materials.
Previous studies have shown that the nanostructures replicated from the complex, hierarchical
AAO templates make the surfaces superhydrophobic.’®>%! Various methods have been
demonstrated to fabricate hierarchical nanopillars; however, these methods were limited to

mimicking biological surfaces or variation of physical structures of nanopillars only.

In this study, chemically modifiable hierarchical poly(pentafluorophenyl acrylate) (PPFPA)
nanostructures were fabricated by the template-assisted method with hierarchically branched
AAO templates. A post-polymerization modification was applied subsequently to modify the
surface of nanopillars with a light responsive molecule. Depending on the structures of the
AAO templates, various corresponding shapes of PPFPA nanostructures, such as raspberry
shape, flower shape, or branch shape, were fabricated and the individual hierarchical structures
showed significantly differing wettability properties. Dynamic contact angle measurements

were used to analyze the wettability properties.
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Figure 24. Schematic illustration of the fabrication of hierarchically branched polymeric

nanostructures.

Chemically modifiable hierarchical PPFPA nanostructures were fabricated by the template-
assisted method as shown in Figure 24. Two different routes were used to produce the different
shapes of templates, which basically determined the structures of PPFPA nanopillars. Multi-
branched AAO templates were fabricated by three successive anodization processes. Briefly,
an asymmetric anodization was conducted via either route A or B on textured aluminum
substrates, which had resulted from a first anodization step. To pursue route A, the second
anodization was conducted in 1 wt% phosphoric acid electrolyte solution at 195 V for 12 min,
and the barrier layer was subsequently thinned out by consecutive reduction of the applied
voltage. To conduct further the anodization, the barrier layer was additionally thinned out by
10 wt% phosphoric acid solution under ambient conditions for 1 h. Figure 25 shows the side
view of the templates before and after the thinning out processes, and it clearly shows that the

barrier layer becomes thinner after the thinning out processes from ~140 nm to ~110 nm.
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Figure 25. Cross-section SEM images of AAO templates before (A) and after (B) the thinning
out procedure.

To produce the secondary branched pores, a third anodization was conducted in 0.3 M oxalic
acid electrolyte solution at 40 V for 3 — 7 min. The resulting AAO templates exhibited
secondary pores with a pore diameter of ~ 40 nm, as shown in Figure 26 (e). Afterwards, a
PFPA monomer solution containing cross-linker (1,6-hexanediol diacrylate) and photo-
initiator (TPO) was drop-casted onto the resulting hierarchically branched AAO templates and
vacuum was applied to assist the infiltration of the PFPA monomer solution. The top of the
templates was then covered by a surface-modified supporting substrate, and subsequently UV
light (365 nm) was irradiated to photo-polymerize the PFPA monomer. As a last step,
aluminum and aluminum oxide of the sacrificial AAO templates were removed by a 0.02 M
CuClz-HCI solution with an ice bath and 10 wt% phosphoric acid solution at 45 <C for 1 h,
respectively. The released PPFPA nanostructures were then freeze-dried to prevent undesired

aggregation or collapse of the polymeric nanostructures.

For route B, the second anodization step was conducted instead in 0.3 M oxalic acid
electrolyte solution at 40 V for 3 — 7 min. The smaller subordinated pores (pore diameter of
~40 nm) were formed on hemispherical concaves (with a diameter of ~ 500 nm), as shown in
Figure 26 (g). To support the infiltration of monomer solution, an additional pore widening
process was conducted in 5 wt% phosphoric acid solution at r.t. prior to infiltration.
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Figure 26. SEM images of standard and hierarchically branched AAO templates and the
corresponding polymeric nanostructures: (a) standard AAO template, (b) free-standing
regular PPFPA nanopillars, (c) branched AAO template fabricated via route A, (d) flower-
shaped of PPFPA nanopillars, (e) two-tiered branched AAO template fabricated via route A,
() branch-shaped of PPFPA nanopillars, (g) hierarchically patterned AAO template
fabricated via route B, and (h) raspberry-like PPFPA replication (scale bar: 200 nm).

Various hierarchically branched AAO templates were successfully produced via these two
different pathways. Either branch-shaped templates or raspberry-shaped templates were
obtained via route A or B, respectively. Figure 26 shows the different shapes of AAO templates
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and the resulting shapes of PPFPA nanostructures. As a reference structure, a conventional
AAO template was fabricated by two-step anodization without further asymmetric anodization,
and the free-standing PPFPA nanopillars (with a diameter of ~ 180 nm and a length of 1 — 2
um) were prepared (Figure 26 a and b). Just as the hierarchically branched nanostructures, the
free-standing PPFPA nanopillars also underwent a freeze-drying step, which sublimes the
water between the pillars and prevents the collapse of the pillars that is generally caused by the
capillary forces of water. The hierarchically branched AAO templates via route A resulted in a
flower shape (Figure 26 c) or a branched shape (Figure 26 e) of AAO templates by conducting
the third anodization at 40 V and 1 — 8 € for 3 and 7 min, respectively. Furthermore, a
raspberry shape (Figure 26 g) AAO template was prepared via route B by performing the
second anodization at 40 V for 5 min. The PFPA monomer solution was infiltrated into the
resulted hierarchically branched AAO templates and photo-polymerized, followed by in situ
polymerization. The corresponding PPFPA nanostructures are shown in panels d, f, and h of
Figure 26. Depending on the shape of the templates, various shapes of nanostructures were
successfully fabricated. It is worthy to note that different nanostructures can be fabricated using
the same type of templates but varying the time of the asymmetric anodization. Figure 27 shows
the replicated PPFPA nanostructures from the raspberry shape AAO templates, and the images
show that the resulting shapes of nanostructures can be diverse by applying different lengths

of anodization time.

Figure 27. SEM images of PPFPA nanostructures produced by the AAO template fabricated
via route B: (a) second anodization for 3min at 40V and (b) second anodization for 7min at
40V.

The surface wettability of hierarchically branched PPFPA nanostructures was investigated by
dynamic contact angle measurement with water droplets, since the surface roughness and

heterogeneity could cause a contact angle hysteresis, advancing and receding contact angles
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were measured to precisely study the surface properties. It is known that the domains hinder
the motion of water droplets and cause an increase in the advancing contact angle and a
decrease in the receding contact angle.’® Hence, for the characterization of the dynamic
wetting, the advancing contact angle #a and the receding contact angle 67 which indicate the
maximum expanding and contracting angles of the water droplets were measured. For instance,
flower-shaped of PPFPA nanopillars show the advancing contact angle (141.79 and the
receding contact angle (55.69, while the static contact angle is 123.1°
[ static contact angle (6,)
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CA hysteresis (deg) 479 77.9 86.1 745 874

Figure 28. Static, advancing and receding contact angles for the PPFPA thin film and the
PPFPA nanostructures shown in Figure 26 (b), (d), (f), and (h), including the photographs of
a water droplet on the respective surfaces.

The results of dynamic contact angle measurements showed that the shapes of nanostructures
determine the contact angles, and the changes of the contact angles were dramatic. Compared
to a smooth PPFPA thin film, the nanostructured surfaces having different morphologies

generally had higher contact angles. A prominent contact angle hysteresis, which depicts the
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difference between the advancing angle and the receding angle, was observed for the
hierarchically nanostructured surfaces due to their roughness. Wenzel’s hydrophobicity mode
can explain this phenomenon, because the increment of surface roughness increases the contact
interface area and causes the hindrance of the movement of water droplets and hence the
increase of the contact angle hysteresis.'® The raspberry shape of the nanostructures shows the
largest hysteresis (87.4 £ 79 and the highest static contact angle (131.3 £ 39 among the various
shapes of nanostructures, and the static contact angle increases even up to ~ 53% compared to

the contact angle of a flat surface (Figure 28).

Figure 29. Top view SEM images of surface of the nanopillars: (a) free-standing nanopillars,
(b) flower shape nanopillars, (c) branched shape nanopillars, and (d) raspberry shape

nanopillars with the corresponding static contact angle.

To evaluate the correlation between the surface roughness and the wetting properties, the top
view SEM images of each structure and the corresponding structure’s static contact angles are
compared. As shown in Figure 29, the contact angle increases with the roughness of the surface
which fits the expectation that the nanostructures induce the surface to be more hydrophobic.
The branched shape of nanostructures having thinner secondary pillars on the top surface of
the nanopillars shows a higher static contact angle (126.3 + 29 compared to the free-standing
nanopillars (104.9 = 59 and the flower shape nanopillars (123.1 + 109, where no secondary
pillars are formed on the head of the nanopillars. The result supports the fact that the

advancement of the structural complexity makes the surfaces more hydrophobic.

45



Results and Discussion

Post-
polymerization
Modification

Figure 30. Schematic illustration of post-polymerization modification with activated ester to

spiropyran-amine, and the SEM images of nanostructures before and after modification.

All of the PPFPA nanostructures were then chemically modified via the post-polymerization
modification method. Based on the established activated ester — amine chemistry, the
pentafluorophenyl ester group (PPFPA nanostructures) was substituted with the amine group
of a UV light responsive spiropyran amine, as shown in Figure 30. In this experiment, a UV
light-responsive spiropyran amine as a photochromic dye was used, because the light-
responsive surfaces can easily convert their surface properties without water contact which can

cause the collapse of nanopillars.
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The reactivity of spiropyran amine upon UV light was studied as well as its switching
behavior. As shown in Figure 31 (a), relatively nonpolar spiropyran converted into a polar,
zwitterionic merocyanine form upon UV light irradiation at 365 nm, and a characteristic
absorption peak of merocyanine was observed at 563 nm. In addition, a stable and reversible
photo-switching behavior of spiropyran amine was observed, as shown in Figure 31 (b).

Figure 32. Top-view SEM images of spiropyran-modified raspberry shape nanostructures and

cross-section SEM image of spiropyran modified regular nanopillars (scale bar: 200 nm).

Post-polymerization modification was conducted by immersing the PPFPA nanostructures in
5 wt% spiropyran amine solution in methanol for 18 h at r.t. SEM images in Figure 32 show
that the nanopillars have the same structure as in the initial state, even after the modification
step. To eliminate the capillary force effect, all the samples were freeze-dried after post-

polymerization modification.

To prove the conversion of the pentafluorophenyl ester group into the spiropyran-bound
amide group, FT-IR spectroscopy was measured. As shown in Figure 33, the FT-IR spectra
displayed the decrease of the PFP ester signal at 1783 cm™ and also the increase of the N — H
bending vibration signal and the C = O amide stretching vibration signal at 3306 and 1650 cm"
! respectively. The FT-IR spectra show an incomplete conversion. It was assumed that the
PPFPA nanostructured thin film which was chemically bound to a PET film was not able to be
fully swollen and it caused the incomplete conversion. The chemical change could also be
observed with the bare eyes by color changes from yellow to violet under UV light irradiation
at 254 nm. The inserted pictures in Figure 33 show the color changes of a sample before and
after irradiation. To induce the photo- isomerization of spiropyran on the nanopillars, UV light
at 254 nm was used instead of 365 nm according to the procedure described in the literature. >+

1%6 It was found that the photo-isomerization was induced at both wavelengths.
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Figure 33. FT-IR spectra of free-standing nanopillars before and after post-polymerization

modification.

As shown in Figure 34, the contact angles of all shapes of nanostructures decreased after post-
polymerization modification due to the substitution of surface-bound functional groups from
the hydrophobic pentafluorophenyl groups to relatively hydrophilic spiropyran amine groups.
Moreover, the contact angles decreased further as a result of the photo-isomerization of
spiropyran by UV light irradiation at 254 nm. In general, photo-induced isomerization
accompanies a large change of dipole moment that affects surface free energy. As a result,
change of wettability of functionalizing surfaces with photochromic dyes is caused. The free-
standing spiropyran-modified nanopillars showed the greatest change of contact angles from
101.2°+ 10°to 87.3°+ 10°which is a 15.92% reduction of the values before and after UV light

irradiation.
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Figure 34. The static, advancing, and receding contact angles of spiropyran modified
nanostructures before and after UV light irradiation and the reduction percentage of static
contact angles before and after UV light irradiation. The change of the chemical configuration
of spiropyran upon UV light irradiation is presented as an insert.

To verify the effect of surface modification on the surface wetting, the raspberry shape PPFPA
nanostructured film was modified with isopropylamine via post-polymerization modification
to generate a temperature-responsive surface. Identical raspberry shape of samples were
fabricated simultaneously, to eliminate any structural effect. The raspberry shape PPFPA
nanostructured film was immersed into a 3wt% isopropylamine solution in dry methanol for
5min and washed with sufficient methanol. FT- IR spectroscopy was conducted to confirm the
chemical modification. As shown below, the amide band from the substituted isopropylamine
group appeared and the PFP ester band decreased. This proved that PPFPA had been converted
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into temperature-responsive poly(N-isopropylacrylamide), although the conversion was not
fully completed. It was assumed that the reason for the incomplete conversion was the same as

in the PPFPA nanostructured thin film when it was modified with spiropyran amine.
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Figure 35. IR spectrum of raspberry shape of PPFPA nanostructure before and after post-

polymerization modification with isopropylamine.

It is known that the surface covered by PNIPAM becomes hydrophobic by heating it up to a
temperature above the LCST of PNIPAM. The raspberry shapes of the PNIPAM nanostructures
on a surface showed the same trend, namely that the static contact angle increased by heating
it up to a temperature of 50 < which is an arbitrary temperature above the LCST of PNIPAM
(~ 32 <C).

106.9° 115.5°

A50°C

Figure 36. Static contact angle of the raspberry shape PNIPAM nanostructure before and after

heating.
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It was observed that the static contact angle decreased after post-modification since the
hydrophobic pentafluorophenyl group was substituted with hydrophilic isopropylamine
(PPFPA 131.3°to PNIPAM 106.99. However, the contact angle increased to 115.5°by heating
due to the chemical nature of PNIPAM. This result is contrary to the results of spiropyran,
which becomes hydrophilic upon stimulation. This shows that the chemical surface
modification affects the wetting property of surfaces. As a result, both the surface structure and
the surface modification have a significant influence on the wetting property of surfaces. The
increase of the complexity of the structure enhances the hydrophobicity, and the surface
modification alters the chemical nature of the structure and makes the wetting property tunable.

It is already known that spiropyran can be switched back to the initial state by visible light
irradiation at a wavelength range of 400 — 700 nm, heating, or keeping the sample in the dark
(cessation of UV light).1>*15"158 Tq verify the retention of spiropyran, the static contact angles
were measured repeatedly after UV light irradiation and keeping the sample in the dark for 24
h. As shown below, the contact angle decreased by UV light irradiation and increased after
recovering in the dark (cessation of UV light).

Contact angle (°)

82 - . .

80 » ~ - » -~ » ~
uv Dark uv Dark uv Dark uv

Figure 37. Wettability switching cycles upon UV light irradiation and the cessation of UV light
(20min irradiation with A = 254nm, 24 h in the dark).

As shown in Figure 37, the wettability was switched upon UV light irradiation and the
cessation of UV light; however, it was found that the wettability was not fully recovered. This
phenomenon is called a photofatigue.2* Due to the undesired hydrolysis of merocyanine
form, hydrolytic degradation is caused and the wettability cannot be fully recovered. An acute

photofatigue is observed in this case, and it was assumed that the numerous repetitions of the
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contact angle measurement caused the photofatigue. While measuring contact angles, the
sample cannot avoid the contact with water. Especially, the contact of merocyanine and water
after the isomerization is critical. Nonetheless, the visible switching behavior could be
observed for the short cycles. All these results showed that the wetting properties of the surfaces
containing various nanostructures can be controlled by applying the post-polymerization
modification method, even on complex structures, and it shows the great potential of our

approach which can be extended to a wide range of stimuli-responsive materials.
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3.2 Drug Releasable Nanostructured Poly(N-vinylcaprolactam) Thin Films

Stimuli-responsive polymers have been widely applied in the biomedical applications, such
as controlled drug delivery systems and bio-sensing application.t1%°-163 |n specific, the
polymers reactive to pH or temperature have gathered a great attention because human body
has different pH along the body and a specific body temperature.%* Thermosensitive polymers,
such as poly(N-isopropyl acrylamide) (PNIPAM) and poly(N-vinylcaprolactam) (PNVCL),
have their critical temperature close to human body temperature, therefore these polymers have
been applied for drug delivery systems. However, PNIPAM can only be used to a limited extent,
since PNIPAM produces toxic amine compounds via hydrolysis.’®®® Unlike PNIPAM,
PNVCL generates no side products and shows biocompatibility and low toxicity.%¢%” Due to
these properties, various drug delivery systems have recently adopted PNVCL in their
systems.’8168.16%9 However, most of studies have been conducted using PNVCL in the forms of
hydrogel without a confined structure. In this study, thermosensitive nanostructured PNVCL
thin films were fabricated as a drug delivery medium with an advanced complexity and a

significantly larger area, thereby improving the effectiveness of drug delivery.

N-vinylcaprolactam
S T (NVCL) + Cross-linker

+ |nitiator Dye/Dru
Infiltration
Polymerization Remove AAO

‘ ‘Absorption
L & o i
fp— =
Dye/Drugrelease

Figure 38. Schematic illustration of the fabrication of dye or drug releasable nanostructured
PNVCL thin films.
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The template replication method using AAO templates was used to prepare nanostructured
PNVCL thin films. As shown in Figure 38, an NVCL solution containing cross-linker (1,6-
hexanediol diacrylate) and photo-initiator (TPO) was infiltrated into an AAO template
fabricated by a conventional two-step anodization and polymerized by UV light (365 nm).
Subsequently, the sacrificial AAO template was removed by acidic solution. The prepared
nanostructured PNVCL thin films were then tested to adsorb either a fluorescent dye
(rhodamine B) or a potent drug (aspirin) under ambient conditions. The thin films were
immersed into the dye or drug solutions, and the adsorption of the respective solution was
monitored for up to 24 h. Afterwards, the thin films were gently washed with DI-water in order
to remove any residue that might have been left on the surface of thin films and submersed in

pure DI-water to observe the release of dye or drug upon heating.
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Figure 39. LCST hysteresis curves of PNVCL.

It is well-known that PNVCL has LCST which can be used as a trigger to release a drug upon
heating.1%8-1"" To analyze the range of temperature that could release dye or drug, the LCST of
PNVCL was measured. An NVCL solution containing only photo-initiator (TPO) was spin-
coated and polymerized on an identical aluminum chip, which was used for the fabrication of
AAO templates. Subsequently, PNVCL was dissolved in DI-water with the support of

sonication, and the obtained solution was heated up to 65 <. As shown in Figure 39, the
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PNVCL solution (conc. 1 mg / 3 mg in DI-water) shows an LCST around 42 <C and the range
of temperature, in which PNVCL is responsible, ranges from 35 to 65 9. To verify the
applicability of the nanostructured PNVCL thin films as drug delivery medium, the release of
dye or drug was observed at an average human body temperature (36 <C) and at a high
temperature (50 <C).
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Figure 40. UV-vis spectra for time-dependent (a) adsorption and (c) release of rhodamine B
under ambient conditions and when heated to 36 <C, respectively. Extracted adsorption (b) and
release (d) peaks at 554 nm wavelength. Inset: photographs of the PNVCL thin film before and
after adsorption of rhodamine B, and the DI water solution before and after the release of

rhodamine B.

The adsorption of rhodamine B was monitored by UV-vis spectroscopy and recorded as
shown in Figure 40. The nanostructured PNVCL thin film was submersed in an agqueous
solution of rhodamine B (conc. 1.75 x 102 g/L) and vigorously stirred at r.t. The UV-vis spectra

show a characteristic absorption peak of rhodamine B at 554 nm and the decrease of this
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absorption peak, since the PNVCL thin films adsorb the dye with time. Figure 40 (b) exhibits
the extracted points at 554 nm which clearly show the decrease and a distinct color change of
the PNVCL thin film from transparent to pink. After the adsorption of dye for 24 h, the PNVCL
thin film was gently washed and dipped into pure DI-water. Subsequently, the water containing
the PNVCL thin film was heated to 36 €, and the release of rhodamine B from the thin film
to water was recorded. It was observed that the hydrophilic rhodamine B tended to be released
from the thin film to water, since PNVCL converted to a hydrophobic state upon heating due
to its LCST. As a consequence, the increase of absorption peak of rhodamine B at 554 nm was
observed, and the color of water was also changed to pink due to the release of rhodamine B.
These results apparently show the potential of the nanostructured thin film as a drug delivery

medium that can load the potent drug and release it at a target point.
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Figure 41. Comparison of the amount of released dye upon heating at different temperatures.

The nanostructured PNVCL thin films with the adsorbed dye were heated at different
temperatures to compare the amount of dye released. As a reference, the release of dye was
observed at r.t. without heating. As shown in Figure 41, the absorption peaks increased upon
heating with accumulation of the amount of dye released to DI water, unlike the reference
sample showed an inferior increment. The thin film heating at 50 < showed a larger gradient
in the initial state of heating compared to the one heated at 36 <C or to the one without heating
due to the greater change of polarity. The result also showed that the absorption peaks increased
with reducing speed until a saturation point. It might be because of an intrinsic problem that
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the thin film releases a small amount of dye without heating or due to relatively high cross-

linking density of the thin film.

Moreover, an enhancement of the adsorption and release of dye by increasing the surface area
was verified by the comparison in the nanostructured PNVCL thin film and the non-structured
flat PNVCL thin film. A flat PNVCL thin film was fabricated on the round aluminum chip (d:
1.3 cm), followed by spin-coating and polymerization of the NVCL solution. To precisely
compare the nanostructured surface and the non-structured surface, the area of both surfaces
were calculated. In case of the non-structured thin film, the surface area should be equal to the
one of the aluminum chip, therefore, the equation for the area of a circle (nr?) was applied and
the area of the non-structured thin film was calculated to be 1.327 cm?. For the calculation of
the area of the nanostructured thin film, the overall surface area of the nanostructures should
be considered, thus, the surface area of the individual nanostructures was summed up and added

as follows.

Pore density of the AAO template fabricated by phosphoric acid: 5 x 108 pores/cm?
Surface area of the aluminum substrate (d=1.3cm): 1.327 cm?

From these, the number of pores that one AAO template has can be calculated:

5 x 108 pores/cm? x 1.327 cm? = 6.633 x 108 pores.

The open surface area of one nanopillar standing on a surface (radius: 20nm, length: 200nm)

=2nrh + 7 = 2.638 x 10710 cm?2.
Therefore, the total surface area of nanostructured thin film can be calculated as follows.

The area of aluminum substrate + {(the number of pores) x (the surface area of one nanopillar)}
— the overlapped surface area below the nanopillars = 1.327 cm? + {(6.633 x 10%) x (2.638 x
101%cm?)} — {(6.633 x 108) x (0.126 x 10"1°cm?)} = 1.494 cm?.

The results of these experiments clearly show that the nanostructured thin film has a larger
surface area (1.494 cm?) than the non-structured thin film (1.327 cm?). The bigger area of
surface allowed the nanostructured thin film to have an improved adsorption and release of dye,

as shown in Figure 42.
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Figure 42. Comparison of adsorption (a) and release upon heating at 50 € (b) of rhodamine
B between the nanostructured PNVCL thin film and the non-structured PNVCL thin film.

Furthermore, a study on the adsorption and release of dye depending on the extent of cross-

linking of thin films was conducted to compare the effect of cross-linking. A highly cross-

linked nanostructured PNVCL thin film was fabricated using the identical method by which

the other thin films were fabricated by applying twice the amount of cross-linker (30 wt%),

and their adsorption and release of dye were compared with a less cross-linked nanostructured
PNVCL thin film (15 wt%), as shown in Figure 43. The less cross-linked thin film showed an

improved adsorption and release, which are more desirable in the drug delivery system;

therefore, the less cross-linked thin films are utilized as the drug delivery medium in the

following experiments.
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Figure 43. Comparison of adsorption (a) and release upon heating at 50 € (b) of rhodamine
B between the nanostructured PNVCL thin film fabricated by 15 wt% cross-linker and 30 wt%

cross-linker.
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Aspirin, also known as acetylsalicylic acid, is a common medication used to moderate pain,
fever, and inflammation. As a potent drug, aspirin was used to investigate the use of a
nanostructured PNVCL thin films as a drug delivery medium. Although, aspirin is a
hydrophobic nonpolar compound, a small amount of aspirin can be dissolved in water (3.333
mg/mL at 25 ). The nanostructured PNVCL thin film was submersed in an aspirin solution
(conc. 0.25 x 1072 g/L) for 24 h with vigorous stirring in the same manner with rhodamine B
and was then gently washed to remove excess aspirin. Subsequently, the release of drug upon
heating at human body temperature (36 ) was monitored for 6 h and recorded by UV-vis
spectroscopy. As shown in Figure 44 (a), a characteristic absorption peak of aspirin at 298 nm
increased with time, which proves that the nanostructured PNVCL thin film can successfully
release aspirin at human body temperature. This result shows the great potential of the
presented work, which can be used to produce the biocompatible and effective drug delivery

materials having an enhanced performance.
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Figure 44. (a) UV-vis spectra for time dependent release of aspirin and (b) extracted peaks at

298 nm wavelength.

In addition, it was found that the nanostructures on the surface of the PNVCL thin film had
not been damaged over the usage, as shown in Figure 45. Although the surface of
nanostructures became rough due to the numerous repetitions of the transition between the

swollen and the shrunken state, the overall structures had kept their initial shape.
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Figure 45. SEM images of the nanostructures before and after adsorption and release of dye.

Furthermore, the reusability of the nanostructured PNVCL thin film was investigated by
repeating the process 4 times. The nanostructured PNVCL thin film was immersed in the
aqueous solution of rhodamine B (conc. 1.75 x 102 g/L) for 24 h, and the resulting dye-
adsorbed thin film was then heated for 1 h at 50 <C after washing and transfer to pure DI water.
The adsorption and release of rhodamine B were monitored by UV-vis spectroscopy, as shown
in Figure 46. The upper blue box shows the decrease (1 to 2) of the absorption peak of
rhodamine B at 554 nm which is caused by the adsorption of rhodamine B onto the thin film
and the lower violet box shows the increase (3 to 4) of the absorption peak of rhodamine B at

554 nm which proves the release of rhodamine B. The result clearly shows that the thin film

can be reused with reasonable performance.

Figure 46.Test for the reusability of the PNVCL thin film.
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3.3 Fabrication of Temperature Responsive Block-like Nanorods

The construction of responsive self-assembled structures has been intensively demonstrated
due to their broad applicability. Particularly, the responsive behavior of nanoscopic molecular
amphiphiles, which can induce a change in morphology, such as from micelles to vesicles upon
external stimulation, has gathered great attention.1’21"# However, the synthesis of polymeric,
amphiphilic nanorods or nanowires with a length scale of several hundred nanometers and their
assembly into microscopic structures with defined morphologies has not yet been intensively
studied. The polymeric nanorods amphiphiles can be prepared by a hard-templating approach
and can be regarded as block-like nanorods, with the two individual blocks consisting of
chemically different polymer networks. By variation of their respective volume fraction, i.e.
block length, as well as the chemical nature of the polymers, different self-organized structures
are expected to be formed, similarly to the various self-assembled structures of small-molecule
amphiphiles. Moreover, one block will be designed as being stimuli-responsive and thus a
selective swelling or deswelling of one of the blocks can be induced upon external stimulation.
As aresult, the occupied volume of the stimuli-responsive part will change and thus may trigger
a change in the morphology of the self-assembled structure. Consequently, changes from a
vesicular to a micellar structure can be expected. These morphological changes from giant
vesicles to micelles are envisioned to be used as delivery vehicles, which can encapsulate a
small molecule and release it in a controlled manner upon application of the specific stimulus,

or as compartments for catalytic reactions.

The key to the preparation of nanoscopic block-like rods is the access of hard templates that
allow size variations. For this purpose, AAO templates were prepared as a frame for the
nanostructures. For the experiments, phosphoric acid was used as an electrolyte, and a
relatively high voltage (195V) was applied for varying periods of time. As a result, the
templates, which had a diameter of ~180nm and various lengths ranging from nano-scale to

micro-scale, were fabricated.

As a first approach, physically bonded block-like nanorods were fabricated, as shown in
Figure 47. 20 wt% styrene monomer solution in ethanol containing cross-linker (1,6-
hexanediol diacrylate) and photo-initiator (TPO) was infiltrated by spin-coating in prepared
AAOQO templates (diameter: ~ 180 nm, length: ~ 1.5 um) and subsequently polymerized by UV

light irradiation to fabricate the non-responsive blocks. To eliminate one half of the polystyrene
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(PS) nanorods, oxygen plasma treatment under a relatively high power (990 W) and high
pressure (0.6 mbar) was conducted. Over the etched PS nanorods, 40 wt% N-
isopropylacrylamide (NIPAM) precursor solution in methanol containing identical cross-linker
and photo-initiator as in the styrene monomer solution was infiltrated and polymerized by UV
light for 30 min to form the other stimuli-responsive blocks. The sacrificial AAO templates

were etched away by the wet etching method using 10 wt% phosphoric acid solution at 45 <C

,
Polymerization

Figure 47. Schematic illustration of the fabrication of polymeric block-like nanorods.
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Various weight percentages (20, 40, 60 wt%) of styrene precursor solutions in ethanol and a
styrene solution without solvent were prepared for the infiltration, and spin-coated on the AAO
templates with speed variance (1000, 2000, 3000, 5000 rpm), as shown in Appendix A. The
result shows that the PS nanorods were well-formed above 2000 rpm with 20, 40, 60 wt%
styrene precursor solution. Subsequently, all these samples received oxygen plasma treatment
for 2 min, and the result showed that 20 wt% styrene precursor solution with 2000 rpm yielded

the PS nanorod halves, as shown in Appendix B.

Figure 48 (a) shows the PS nanorods fabricated by using a 20 wt% styrene precursor solution
in ethanol with the speed of spin-coating at 2000 rpm for 15 sec, and evenly infiltrated PS
nanorods are observed. Subsequently, oxygen plasma treatment was applied to remove one half
of the nanorods. To identify the etching ratio of nanorods to time, an AAO template containing
the PS nanorods was cut into small pieces and the pieces were placed in an oxygen plasma
chamber. Each piece was then removed from the chamber after a certain of time. As shown in
Appendix C, the length of the PS nanorods decreased linearly by the longer oxygen plasma
treatment, and the PS nanorods having a half size compared to the initial length were obtained

after 2 minutes of treatment. Based on this result, oxygen plasma was conducted for 2 min on
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the sample shown in Figure 48 (a), and the PS nanorods having half their original size were

fabricated, as shown in Figure 48 (b).

(b)

Figure 48. SEM images of (a) the PS nanorods in an AAO template and (b) the PS nanorods
after oxygen plasma treatment (2 min, 990 W, 0.6 mbar) (scale bar: 500 nm).

For the fabrication of the stimuli-responsive blocks, NIPAM was chosen. In order to find the
most suitable solvent which does not exceedingly swell the PS nanorods, a theoretical pre
selection of solvents based on the Hansen theory was conducted. Hansen parameters consider
three components: a dispersion component (34), a polar component (dp), and a hydrogen
bonding component (8h).1>"" These parameters are used to predict the solubility of polymers
in solvents. Furthermore, Hansen used a three-dimensional model to plot the polymer solubility.
Based on three coordinates of the component values (84, p, dh) of @ polymer, a spherical volume
of solubility can be defined in three dimensions, and the radius of this sphere indicates the
interaction radius (R) of polymers. According to the Hansen theory, a polymer is presumably
soluble in a solvent which has its Hansen parameters within the solubility sphere of the polymer.
Therefore, the distance (Ra) between the coordinate of the solvent determined by the Hansen
parameters and the center of the solubility sphere of the polymer (Ro) should be less than the
interaction radius (R) of the polymer to meet the condition that the polymer is soluble in a

specific solvent.

The distance (Ra) from the coordinate of the solvent to the center of the solubility sphere of
PS (Ro) was calculated as follows.*"®7

Ra = [4(8ds — 8dp)? + (8ps — Spp)? + (Shs — Shp)?] M2

where,
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Ra = Distance between the coordinate of solvent determined by the Hansen parameters and

the center of the solubility sphere of polymer

dxs = Hansen component parameter for solvent

dxp = Hansen component parameter for polymer

Table 1 shows the Hildebrand and Hansen solubility parameters of polystyrene and the

solvents and the relative energy difference (RED = Ra/ Ro) numbers that indicate the solubility

between PS and the solvents.

Table 1. Hildebrand and Hasen solubility parameters, interaction radius, and RED number*’®

Sd Sp Sh Ra RED (Ru/Ro)

Polystyrene 21.32 5.8% 4.3? 12.7%% -

Methanol 15.1° 12.3° 22.3° 22.80 1.80
Ethanol 15.8° 8.8 19.4° 18.92 1.49
Tetrahydrofuran 16.8° 5.7° 8.0° 9.73 0.77
Chloroform 17.8¢ 3.1 5.7¢ 7.63 0.60
Toluene 18.0° 1.4° 2.0° 8.26 0.65
Water 15.5° 16.0° 42.4° 41.11 3.24

dd = dispersion component, dp = polar component, dn = hydrogen bonding component, Ra =

interaction radius, * = the interaction radius (R) of polystyrene (? Brandrup (2003)!”, ® Hansen
(2013)'7%, © Barton Allan (1990)!30, ¢ Miller (1998)!%!)

If the RED number is below 1 (Ra < Ro), the solvent presumably dissolves the PS, whereas if

the RED number is above 1 (Ra > Ro), the solubility decreases. As shown in Table 1, for most

of the solvents chosen in the preselection have the RED number is below 1, which indicates

that the solvent will probably swell the PS. Among these solvents, methanol, which swells the

PS less in most cases, was chosen for the preparation of the NIPAM precursor solution.
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Figure 49. SEM images of the PNIPAM nanorods fabricated by using different weight
percentages of NIPAM monomer solution: (a) 20 wt%, (b) 40 wt%, (c) 60 wt%, and (d) 80 wt%

(scale bar: 500 nm).

Various NIPAM precursor solutions having different weight percentages (20, 40, 60, 80 wt%)
of NIPAM, cross-linker (1,6-hexanediol diacrylate), and photo-initiator (TPO) in methanol
were prepared and spin-coated on AAO templates with 2000 rpm for 30 sec. As shown in
Figure 49, PNIPAM nanorods were fabricated inside the templates, regardless of the
percentage of NIPAM, after the photo-polymerization for 30 min. However, an undesired
polymer layer on top of the templates was also produced due to the low speed of spin-coating.
Therefore, the speed of spin-coating was increased from 2000 rpm to 9000 rpm to avoid the
deposition of a polymer layer, which would be an obstacle for the formation of the individual

nanorods.
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Figure 50. SEM images of the block-like nanorods. (a) PS nanorods after oxygen plasma
irradiation for 7 min, (b) half PS-half PNIPAM nanorods, (c) long PS-short PNIPAM nanorods,
(d) short PS-long PNIPAM nanorods (the red boxes show the junction of block-like nanorods).

Figure 50 shows the resulting PS nanorods and the block-like PS-PNIPAM nanorods with
different ratios. 20 wt% styrene precursor solution in ethanol were spin-coated on the template
with 2000 rpm for 15 sec and polymerized by UV light for 30 min. Oxygen plasma treatment
was conducted for 7 min to remove one half of the PS nanorods. Over the resulting PS nanorods
in Figure 50 (a), 40 wt% NIPAM precursor solution in methanol was spin-coated with 9000
rpm for 30 sec and polymerized by UV light for 30 min. Figure 50 (b) clearly shows the
physically bonded block-like PS-PNIPAM nanorods having the same block length. Moreover,
the block-like nanorods having a different block length were fabricated by controlling the time
of the oxygen plasma treatment. Figure 50 (c) and (d) show the block-like nanorods having a
long PS block — short PNIPAM block and a short PS block — long PNIPAM block. To fabricate
these block-like nanorods, oxygen plasma treatment was conducted for 2 min and 12 min,

respectively.

For an investigation of the temperature-responsiveness of the nanorods, the block-like
nanorods were separated from the templates by removing the sacrificial AAO templates with
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1wt% phosphoric acid solution at a temperature of 452C for 1 h. Subsequently, the released
nanorods were purified via dialysis to remove the acid and the elements from the templates.
The transmittance of block-like nanorods in water was then measured upon increasing the
temperature from 15 to 70 C to verify the temperature-responsiveness of the nanorods. Before
conducting the measurement, the exact volume percent of the nanorods in water was calculated

as follows.
Pore density of the AAO template fabricated by phosphoric acid: 5 x 108 pores/cm?
Surface area of the aluminum substrate (d=1.3cm): 1.327 cm?
From these, the number of pores that one AAO template has can be calculated:

5 x 108 pores/cm? x 1.327 cm? = 6.633 x 108 pores.

After that, the volume of one pore was calculated by inserting the value of the diameter and
the length of the pore, and its value was 0.028 pm?3. This value was multiplied with the number
of pores to calculate the total volume of pores in one AAO template, and the value was 0.0743
cm?d. To increase the concentration of the nanorod solution, 0.0743 cm? of block-like nanorods
in 6mL of water underwent freeze drying, and the volume of water was reduced from 6 mL to
2 mL. Consequentially, the volume percent of the nanorods increased from 1.238 v% to 3.715
v%. With the resulting concentrated solution, the turbidity was monitored by heating up the

solution at a rate of 109C/min.
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Figure 51. Turbidity of block-like nanorods (black: heating, red: cooling).
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As shown in Figure 51, a smooth decrease of transmittance and an incomplete restoration of
transmittance were observed upon heating and cooling, respectively. Although the complete
transition of the solution from transparent to cloudy could not be observed due to the relatively
low concentration of the nanorods, the measurement proved that the solution contained
temperature-responsive PNIPAM blocks which caused the change of transmittance. However,
the self-assembly behavior of the nanorods and their structural change could not be verified by
this measurement. Therefore, dynamic light scattering (DLS) measurement was conducted to
monitor the change in the size of block-like nanorods upon heating. Since PNIPAM has LCST,
it is expected that the size of the block-like nanorods decreases upon heating. However, DLS
data show that the average size of the block-like nanorods is ~320 nm at r.t. and ~380 nm at 40
&C. In addition, the overall size of the nanorods was smaller than expected when considering
the length of the block-like nanorods inside the AAO template (~1 um). The result of DLS
apparently showed an inconsistency in size of the block-like nanorods and its change of size
upon heating. Furthermore, a fracture of the block-like nanorods was observed in the
confinement even before removal of the template, as shown in Figure 52. These results led to
the assumption that two blocks composed of block-like nanorods might be separated from each
other during the fabrication process or during removal of the templates.

Figure 52. SEM image of the separated PS and PNIPAM blocks in the confinement of the
template (scale bar: 200 nm).

To clearly verify the assumption, two different kinds of fluorescence dyes (rhodamine B and
NBD-amine) were individually added to each block as a marker, and the emission from the
block-like nanorods was observed by confocal microscopy. The hypothesis was that both
emissions from two distinct dyes should be detected from the block-like nanorods, if both

blocks connected as one.
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For the experiment, NBD-amine and rhodamine B were added to the styrene solution and the
NIPAM solution, respectively. NBD-amine shows a green emission when the dye is excited
(maximum absorption at Aasp = 460 nm, emission at Aem = 535 nm), and rhodamine B shows an
orange emission (maximum at Aap = 555 nm and the emission at Aem = 575 nm) in water. The
precursor solutions containing these fluorescence dyes were then used for the fabrication of
block-like nanorods using the identical method by which the block-like nanorods without dye
had been fabricated. Consequently, the solution containing the resulting nanorods was drop-

casted between two glass slides for the confocal microscopy measurement.

prr

Figure 53. Confocal photoluminescence image of single block-like nanorod (532nm CW laser
light, LP 532 filter, 500 nW, 10 sec).
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Figure 54. Photoluminescence spectra of single block-like nanorod with different excitation
wavelengths (a) at 532 nm (CW laser light, LP 532 filter, 500 nW, 10 sec) and (b) at 440 nm
(Ti:Sa laser in ML mode, LP 474 filter, 13 uW, 1 sec).

As light sources, 532 nm continuous wave (CW) laser light from neodymium-doped yttrium
orthovanadate (Nd:YVQa,) laser and 440 nm titanium-doped sapphire (Ti:Sa) laser were used
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with a long pass (LP) 532 filter and a LP 474 filter, respectively. An object assumed to be a
single block-like nanorod was observed in the confocal photoluminescence (PL) image, as
shown in Figure 53. The size of the object was around 500nm, and the object strongly emitted
at 570 nm with excitation at 532 nm, as shown in Figure 54 (a). Based on the excitation and
emission wavelength, it is concluded that the object contains rhodamine B (Aab: 555 nm, Aem:
575 nm). To verify the existence of NBD-amine (Aap: 460 nm, Aem: 535 nm) in the object, 440
nm Ti:Sa laser in mode locking (ML) mode was used; however, the emission peak of NBD-

amine (marked with a red star in Figure 54 (b)) did not appear.

These results also implied the fracture of the blocks which perhaps caused by the weak
connection between the two blocks. To avoid the fracture and to enhance the stability of the
block-like nanorods, a new approach to fabricate the chemically bonded block-nanorods was

demonstrated by adding the reactive components in each block to bond them chemically.

Styrene NIPAM + PFPA
+ cross-linker + cross-linker
+ initiator + |n|t|ator
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~0 P ~""NH,
/- D O—\

Figure 55. Schematic image of the fabrication of chemically-bonded block-nanorods.

An attempt was undertaken using aminopropyltriethoxysilane (APTES) as a linker to fabricate
the chemically bonded nanorods. APTES is a well-known chemical for a self-assembled
monolayer (SAM) and can be linked to oxide surfaces. Immediately after oxygen plasma
treatment, the sample containing the PS nanorods was dipped into 0.4 wt% APTES solution in
DI water for 15 min and dried under ambient conditions. Subsequently, the monomer solution
in methanol having temperature-responsive NIPAM (40 wt%), linkable PFPA (20 wt%), cross-
linker (1,6-hexanediol diacrylate), and photo-initiator (TPO) was drop-casted, and the AAO
template was squeezed between two non-structured PDMS pads by a clip to support the
infiltration. After the infiltration, the monomers were then polymerized by UV light for 30 min.
As shown in Figure 56, APTES did not destroy the structure of the PS block; however, the

second blocks were not infiltrated properly.
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Figure 56. SEM images of PS nanorods (a), after the APTES modification (b), and after the
polymerization of poly(NIPAM-r-PFPA) copolymer nanorods (c) (Scale bar: 200 nm).

Another attempt was made to use ethylenediamine (EDA) as an alternative linker. It was
expected that one amine end of EDA would react with the pentafluorophenyl group from the
first block and the other amine end would react with the pentafluorophenyl group from the
second block. First, the first half blocks containing the inert styrene and the linkable
pentafluorophenyl group were prepared from the mixed solution having 20 wt% styrene and
10 wt% PFPA, followed by the polymerization and the removal of half of the blocks via oxygen
plasma treatment. Subsequently, the open surface of the first blocks was modified with EDA
by dipping the samples into a 50 wt% EDA solution in methanol for 30 min. Afterwards, the

second blocks containing the temperature-responsive NIPAM group and the linkable

|
Polymerization U

Figure 57. Schematic image of the fabrication of chemically-bonded block-nanorods.

pentafluorophenyl group were fabricated.

Styrene + PFPA NIPAM + PFPA
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As shown in Figure 58 (b), the shape of the first blocks was transformed after dipping the
sample in the EDA solution. Although the second blocks were successfully formed, the
deformation of the first blocks led to the fabrication of imperfect block-like nanorods.
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Figure 58. SEM images of poly(S-r-PFPA) copolymer nanorods (a), after the EDA
modification (b), after the polymerization of poly(NIPAM-r-PFPA) copolymer nanorods (c)
(Scale bar: 200 nm).

To overcome the problems of the previous trials, the amount of EDA and PFPA was reduced,
and a single monomer was used for the fabrication of the second blocks. A styrene solution
containing 1 wt% PFPA was used to fabricate the first blocks, and a 20 wt% EDA solution was
used for the linking. After the modification with EDA, a PFPA solution was infiltrated into an
AAO template by vacuum-assisted method. Followed by the polymerization and the removal
of the sacrificial AAO template, the chemically bonded block-like nanorods containing the

inert poly(styrene-r-PFPA) blocks and the chemically tunable PPFPA blocks were fabricated.
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Figure 59. Schematic image of the fabrication of chemically-bonded block-nanorods.

Styrene + PFPA PFPA
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Figure 60 clearly shows the chemically bonded block-like nanorods without any
disconnection between the two blocks. By using EDA as a linker, the chemically bonded block-
like nanorods containing the tunable blocks were successfully fabricated. However, the post-
modification of the PPFPA blocks and the study on the assembly behavior of the block-like
nanorods need to be further investigated in order to verify their potential to be used as a drug
delivery medium. Although further investigation is needed, it is expected that the presented
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method will contribute to the further development an effective fabrication method of stimuli-

responsive amphiphilic nano-objects.

Figure 60. SEM image of the chemically bonded block-like nanorods containing the

poly(styrene-r-PFPA) blocks and the chemically tunable PPFPA blocks (scale bar: 1 um).

73



Results and Discussion

3.4 Fabrication of Multi-functionalized Nanowires via Post-Polymerization

Modification

A large number of studies on the template-assisted fabrication of polymeric nanomaterials
have been reported;?* however, studies on chemically tunable polymeric nanomaterials
fabricated by the template-assisted fabrication have not been conducted extensively. Previously,
the group of Theato reported a simple method for the fabrication of thermo-responsive
nanowires via the template replication method and post-polymerization modification.!3 Post-
polymerization modification was conducted with isopropylamine on the pentafluorophenyl
ester nanowires which were prepared by the template replication method. The corresponding
functionalized nanowires clearly showed thermo-responsive behavior and proved that the post-
polymerization modification was well manageable. This result showed a great potential for the
method to be applied in nanomaterials and to be used for the fabrication of stimuli-responsive
nanomaterials.

Pentafluorophenylacrylate
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Figure 61. Schematic illustration of the fabrication of multi-functionalized nanowires.

As an extension of the method mentioned above, a method to fabricate the multi-
functionalized nanowires was demonstrated via selective post-polymerization modification.
Chemically tunable PPFPA nanowires were prepared by the vacuum-assisted infiltration
method schematically shown in Figure 61. The AAO templates (diameter: ~ 40 nm, length: ~
7 um) were fabricated via the conventional two-step anodization process with oxalic acid as

electrolyte. A PFPA monomer solution containing cross-linker (1,6-hexanediol diacrylate) and
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photo-initiator (TPO) was infiltrated into the nanochannels of AAO with vacuum assistance,
and the monomer solution was polymerized by UV light (365 nm) for 30 min. After the
fabrication of the PPFPA nanowires, the open ends of the nanowires was modified with primary
amine dye via post-polymerization modification. The whole AAO templates containing PPFPA
nanowires were immersed in 0.01 wt% NBD-amine dye solution in methanol for 1 h and
sufficiently washed afterwards. To modify the other ends of nanowires, a pore opening was
necessary; therefore, the aluminum and the barrier layer (aluminum oxide layer) which were
present at the bottom of the pores were removed by the chemical etching method or by the
reactive ion etching method. The chemical etching method was carried out in different
concentrations of phosphoric acid (5 or 10 wt%) and time to obtain the evenly opened pores*®?,
and the reactive ion etching method was conducted by using CF4 gas at 0.16 mbar with 180 W
for 15 to 180 min. Subsequently, the other ends of the opened nanowires were modified with
0.01 wt% cresyl-violet dye solution in methanol to distinguish both ends with different emitting
wavelengths. Finally, the AAO templates were removed by 10 wt% phosphoric acid solution

at 45 C for 1 h to separate the modified nanowires.

Figure 62. SEM images of chemically tunable PPFPA nanowires: (a) PPFPA nanorods formed
inside the AAO template and (b) released PPFPA nanorods after the removal of the AAO
template (Scale bar: 1um).

The resulting PPFPA nanowires before and after removal of the AAO templates are shown in
Figure 62. The PPFPA nanowires having an identical dimension of the AAO templates were

observed either inside the AAO templates or after removal of the templates.

Prior to the post-polymerization modification of the resulting PPFPA nanowires, fluorescence

spectroscopy was carried out to define the absorption and emission wave length of NBD-amine
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and cresyl violet perchlorate dye. The result shown in Figure 63 exhibits the distinguishable

ranges of wave length of the two dyes. NBD-amine had an absorption at 470nm and an

emission at 550nm, and cresyl violet perchlorate had an absorption at 590nm and an emission

at 640nm.
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Figure 63. Absorption and emission spectra of NBD-amine and cresyl violet measured by

Fluorescence spectrometer.

In addition, these two dyes were tested on the PPFPA thin films to confirm that the dyes could

modify PPFPA via the post-polymerization modification method. As shown in Figure 64, the
IR spectra of the PPFPA thin films show the increased -NH (3306 cm™) and amide (1533 cm
1 bands and the dramatically decreased ester (1783 cm™) bands after the modification. It

confirmed that the post-polymerization modification had been successfully conducted with

NDB-amine and cresyl violet perchlorate dyes. It was also observed that the PFP ester band

had not completely vanished after the modification. It is assumed that the cross-linked thin

films were not swollen enough and consequently all of the PFP groups could not be modified;

however, it was enough to show that these dyes could be applied for the post-polymerization

modification of the nanowires.
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Figure 64. IR spectrums of the PPFPA thin films: without modification (black), after
modification with NBD-amine (blue), and after modification with cresyl violet (red).

After the modification of the PPFPA nanowires with NBD-amine, the back side of the AAO
templates was chemically or physically etched to open the other ends of the nanowires. For
that, the aluminum layer was removed by CuCl,-HCI (0.02M) solution, and the barrier layer
(aluminum oxide layer) which was revealed after removal of aluminum was etched by using

one of two methods; reactive ion etching or wet chemical etching.

Aluminum
oxide

Aluminum

Barrier layer

AAO Method Etchant TIC) Time [min]
H,C,0, wet 5wt% H,PO, 30 30- 50
H.PO, wet 5wt H,PO, 30 120 - 210
H.PO, RIE CF, N/A 30 - 180
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Figure 65. Schematic illustration of AAO template before and after barrier layer etching and

the etching parameters for barrier layer opening.

Figure 66. SEM images of the bottom surface of porous AAOs, showing the opening of the
barrier oxide layer upon different reactive ion etching (RIE) times: (a) 15 min, (b) 60 min, (c)
120 min, (d) 180 min (Scale bar: 1um).

Figure 65 summarizes the conditions of the etching experiments. For reactive ion etching, CF4
gas was used with various etching times, and the resultant morphology of the barrier layer of
the AAO templates is shown in Figure 66. After 180 min, the barrier layer of the phosphoric
acid (HsPOa)-anodized AAO template was uniformly etched away and the opened channels
were exposed. The reactive ion etching was also applied on the AAO templates containing the
PPFPA nanowires, however, the critical defect in the structure of PPFPA nanowires was found,
as shown in Figure 67. It was assumed that the PPFPA nanowires was damaged by the high
temperature inside the ion etching chamber. Although, the exact temperature inside the
chamber was not able to be measured, it was expected over several hundred <C since the contact
to the chamber was not available without protection from heat. To avoid this problem, a wet
chemical etching method was explored.
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Figure 67. SEM images of the bottom surface of porous AAOs containing PPFPA nanowires,

showing the opening of the barrier oxide layer by RIE etching for 30 min (Scale bar: 1um).

Figure 68. SEM images of the bottom surface of porous AAOs fabricated with phosphoric acid,
showing the opening of the barrier oxide layer upon different wet-chemical etching times: (a)
0 min, (b) 35 min, (c) 50 min, (d) 71 min (Scale bar: 1um).

The wet chemical etching was carried out in 5wt% aqueous phosphoric acid (HsPO4) at 30°C
with various etching times. The channels of the H3POs-anodized AAO template started to open
after 71min, as shown in Figure 68; however, the opened channels were irregularly distributed
and the diameters of the opened channels varied due to intrinsic defects such as an irregularity
of the pore formation and the boundaries of the HsPO4-anodized AAO template. Therefore,
oxalic acid (H2C204)-anodized AAO templates having less intrinsic defects were used.
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Ref,

Figure 69. SEM images of the bottom surface of porous AAOs fabricated with oxalic acid,
showing the opening of the barrier oxide layer upon different wet-chemical etching times: (a)
0 min, (b) 44 min, (c) 47 min, (d) 50 min (Scale bar: 200 nm).

Figure 69 shows the SEM images of an etched barrier layer of a H.C20s-anodized AAO
template with different etching times. The H2C20s-anodized AAO template showed a regular
and uniform etching in a large area, unlike the HsPO4-anodized AAO template. After 47min of
etching, the pores started to open, and the other side of the nanowires became accessible for
further modification. In addition, side view SEM images shown in Figure 70 proved that both
sides of the AAO templates were opened and no further pore widening happened; therefore,

these conditions were applied for all of further experiments.

80



Results and Discussion
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Figure 70. Side view SEM images of the opened H2.C,0O4-anodized AAO template etched by
phosphoric acid: (a) initially opened pores, (b) overall view of the template, and (c) the opened

pores after removal of the barrier layer (Scale bar: 200nm).

The unmodified ends of the nanowires that revealed by wet etching were then modified by
cresyl violet perchlorate. Prior to the modification, the other side of AAO template was covered
by a PET film and tapes to prevent that cresyl violet modified the side where was already
modified with NBD-amine. Subsequently, the sample was immersed in 0.01 wt% cresyl violet
solution in methanol for 1 h. After sufficient washing, the multi-functionalized nanowires were

then released by removing the sacrificial AAO templates.

To verify the post-polymerization modification of PPFPA nanowires, fluorescence optical
microscopy was conducted. As shown in Appendix D, many nanowires emitting green at both
ends were found, and a phenomenon that one end emits brighter than the other end was also
observed. Furthermore, this phenomenon was also observed in a close look at a multi-
functionalized nanowires, as shown in Figure 71. It can be seen that the nanowire has two
emitting ends with different intensity and the expected size of a nanowire fabricated from the
AAO template having a length of 7 um in length. To explain the phenomenon, the quantum
yield of two dyes was calculated by comparing the gradient of the plot for the dyes and the
gradient of the plot for rhodamine B as a reference dye. The gradient was determined by
plotting maximum absorbance of the dyes in function of fluorescence intensity. As a result, it

was found that NBD-amine has a higher quantum yield than cresyl violet; therefore, it was
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assumed that the variation of emitting intensity was caused by the difference of the quantum

yield between two dyes.

Figure 71. Illustration of a nanowire modified on both sides and fluorescence optical
microscopy image of a multi-functionalized PPFPA nanowire.
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Figure 72. Fluorescence emission spectrum of the multi-functionalized nanowires.

Furthermore, fluorescence emission spectra were measured to confirm the presence of dyes
with the multi-functionalized nanowires. As a reference, two dyes were dissolved in DI water
and their solutions were measured. The NBD-amine solution was excited at 450 nm and emitted

at 540 nm, and the cresyl violet solution was excited at 560 nm and emitted at 620 nm,
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respectively. A solution containing the multi-functionalized nanowires was excited at 450 nm
which could excite both dyes, and its emission was observed at 540 nm and 620 nm, which
verified the presence of both dyes. From the results of the fluorescence optical microscopy and
of the fluorescence spectrum, the successful fabrication of the multi-functionalized nanowires

could be confirmed.
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4. Conclusion and outlook

In summary, a facile method for the fabrication of the stimuli-responsive and chemically
tunable nano-objects and nanostructured thin films was presented. Via the template-assisted
replication method and the post-polymerization modification, various types of nano-objects
were successfully produced, and these were applied in surface engineering and drug delivery

system.

Multi-branched AAO templates were fabricated via the modified two-step anodization
process. These templates were used to prepare various kinds of hierarchically branched PPFPA
nanostructures. The hierarchically branched PPFPA nanostructures were then modified with
spiropyran-amine via the post-polymerization modification, resulting in light-responsive
nanostructures. Depending on the nanostructures, the distinct contact angles were shown, and

the dramatic changes of the contact angles were observed upon UV light irradiation.

Biocompatible and thermosensitive nanostructured PNVCL thin films were prepared for a
drug delivery system. The nanostructured PNVCL thin films adsorbed the fluorescent dye
rhodamine B or the potent drug aspirin under ambient conditions and released them upon
heating at around human body temperature. The nanostructured PNVCL thin film showed an
improved adsorption and release of the dye compared to the non-structured PNVCL thin film.
Furthermore, nanostructures on the film were not damaged after the release of dye, and the thin

film was reusable without a deterioration of performance.

Block-like nanorods were produced by sequential infiltration of two types of monomer
solution. By selecting the proper solvents for the monomer solution, physically bonded
nanorods could be fabricated. Depending on the time of oxygen plasma treatment, different
lengths of PS nanorods were prepared, and PNIPAM nanorods were formed on the PS nanorods
sequentially. Using this method, various ratios of temperature-responsive block-like nanorods
were successfully produced; however, it was found that the physically bonded nanorods were
vulnerable to an external stimulus. To overcome this problem, the chemically bonded block-
like nanorods were fabricated by several new methods. Using EDA as the linker between two
blocks containing PFPA group showed a great potential to prepare the chemically bonded

block-like nanorods, and the structure of block-like nanorods was verified by SEM.
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An innovative method to fabricate the multi-functionalized nanowires was demonstrated.
PPFPA nanowires that can be modified with amines were prepared by the template-assisted
replication method. The closed pores of AAO templates were opened by either RIE or the wet
etching method to access both ends of the nanowires. Afterwards, both opened ends of the
PPFPA nanowires were chemically modified with NBD-amine and cresyl violet perchlorate
via the post-polymerization modification method. The fluorescence optical microscopy images
and the fluorescence spectra confirmed that both ends of the PPFPA nanowires were

successfully modified with the different fluorescent dyes.

The presented approaches are expected to expand the functionalities of nano-objects by
applying various amines via post-polymerization modification, thereby the nano-objects obtain
a complexity which is desired for an advanced nanoscience. Moreover, substituting the
activated ester with particular stimuli-responsive amines allows the nano-objects or the thin
films to react upon a specific stimulus. These stimuli-responsive materials can be applied in
drug delivery application which requires a smart system to effectively release a drug, or in

surface engineering which is used in the coating industry.
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5. Experimental section

5.1 Characterization methods

The topographies of all samples were investigated by scanning electron microscopy (SEM,
Sigma-Zeiss) after gold sputtering (Cressington sputter coater) onto the surfaces with a
thickness of less than 3 nm. To measure the wetting properties of the nanostructures, contact
angle measurements were conducted using a DataPhysics OCA 20. In general, a minimum of
five data points on each sample were measured. The post-modified nano-objects and the thin
films were investigated by a Nicolet iS10 FT-IR spectrometer. To investigate the nano-objects
modified by the fluorescent dyes, fluorescence spectrometer and fluorescence optical
microscope (Olympus BX51 with fluorescence illuminator, X-Cite series 120 Q - EXFO) were
conducted. The adsorption and release of dye or drug were monitored by UV-vis spectroscopy
(Jasco V-630 spectrophotometer). LCST measurement was performed with UV-vis
spectroscopy using a Jasco ETC-717 peltier element with continuous stirring. The size of nano-
objects was measured by DLS (Malvern Zetasizer Nano-ZS90) which is equipped with a He-
Ne laser operated at 632 nm. *H NMR spectra were measured by a Bruker Fourier 300 NMR

spectrometer.
5.2 Fabrication of anodized aluminum oxide (AAO) templates

High purity aluminum chips (Goodfellow, Al 99.999%) were placed in an anodization cell (the
picture of set-up is shown in Figure 8) and electropolished in a vigorously stirred mixture of
ethanol and perchloric acid (v/v 3:1) with an applied voltage of 20 V for 5 min at 5°C.
Subsequently, the cells were washed with deionized water and isopropanol. For the fabrication
of the AAO templates, a well-established two-step anodization process was applied. In the first
step, the electropolished aluminum was anodized in an aqueous solution of oxalic acid (0.3M)
at 40V, 5°C or phosphoric acid (1.0 wt%) at 195 V, ~0.5°C for 24 h. After the first anodization,
the aluminum oxide layer was removed in aqueous solution of chromic acid (1.8 wt%) and
phosphoric acid (6.0 wt%) at 45°C for 24 h. For the second anodization, the process was
performed in aqueous solution of oxalic acid (0.3M) at 40 V, 5°C or phosphoric acid (1.0 wt%)

at 195 V, ~0.5°C for a certain of time depending on a desired length of pores.
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5.3 Fabrication of hierarchically branched AAO templates

High purity aluminum chips (Goodfellow, Al 99.999%) were placed in an anodization cell and
electropolished in a vigorously stirred mixture of ethanol and perchloric acid (v/v 3:1) with an
applied voltage of 20 V for 5 min at 5 °C. Subsequently, the cells were washed with deionized
water and isopropanol. For the fabrication of the hierarchically branched AAO templates, an
asymmetric two-step anodization was applied. In the first step, the electropolished aluminum
was anodized in an aqueous solution of phosphoric acid (1.0 wt%) at 175 V for 3 h, and
sequentially the voltage was increased to 195 V and applied for 21 h. After the first anodization,
the aluminum oxide layer was removed in aqueous solution of chromic acid (1.8 wt%) and
phosphoric acid (6.0 wt%) at 45 °C for 48 h. For a fabrication of branched shape of AAO, the
second anodization was initially performed in aqueous solution of phosphoric acid (1.0 wt%)
at 195 V for 12 min and the barrier layer was subsequently thinned out by consecutive reduction
of the applied voltage down to 80 V (-0.02 V/s). After exchanging the electrolyte against oxalic
acid (0.3M), the reduction of the applied voltage was continued to 0 V (exponential decay of
the applied voltage). Further thinning process of the barrier layer of the template was conducted
in phosphoric acid (10 wt%) for 1 h at r.t. A subsequent anodization resulted in the formation
of branched pores, which were further processed in oxalic acid (0.3M) at 40 V for 3 to 7 min.
Pore widening was performed in aqueous phosphoric acid (10 wt%) at r.t. for 15 min. In order
to fabricate a raspberry shape of AAO, the second anodization step was performed at 40V for
3 to 7 min in 0.3M oxalic acid solution at 1~8 °C. Pore widening was performed in aqueous
phosphoric acid (5 wt%) solution at r.t.

5.4 Synthesis of PFPA

35.0 g (190 mmol) pentafluorophenol and 27.7 mL (199 mmol) trimethylamine were dissolved
in 700 mL diethyl ether in a three neck flask, which was cooled with an ice bath. After 10 min
stirring, 18 mL (223 mmol) acryloyl chloride was added drop-wise to the solution and cooling
was continued for 30 min. The solution was stirred for additional 3 h at r.t. Next, the solution
was separated from the precipitated salt via filtration, and diethyl ether was removed via rotary
evaporation. PFPA was then purified via column chromatography with petroleum ether as
eluent. Finally, the gathered PFPA fractions were evaporated to remove petroleum ether and

17.9 mL (109 mmol) of a colorless liquid were obtained, which represents a 57 % yield.!82
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'H-NMR (300 MHz, Chloroform-d, 25 °C): § [ppm] = 6.72 (d, J = 17.2, 1H, a), 6.37 (dd, J =
17.2,10.5Hz, 1H, a), 6.18 (d, J = 10.5, 1H, b). Further signals: 3.86 (t), 3.17 (t), 1.57 (s, water).
19F-NMR (Chloroform-d): § [ppm] = —153.79, =156.90,-162.43.1* FT-IR (ATR): ¥ [cm™] =
1771 (middle, —C=0 reactive ester band), 1635 (m, ethylenic —.C=C—valence), 1515 (strong, —
C=C- aromatic band), 1405 (m, -CH3 and —CH2- deformation), 1218 (m, —-COC- valence),
1112 (s, -CO-valence), 1070 (m, —-COC- valence), 991 (s, =CH- deformation).

5.5 Synthesis of spiropyran-amine

o | ’
/\./M\ q
I 'OH / NOy
—_— N | —_—
7 100°C, 3hrs NEt,, Butanone,
80°C, 3hrs, 47%
2,3, 3-trimethylindole o 5 o
H
] Ho ] ] 3-(3",3-dimethyl-6-nitrospiro
3-(2,3,3-timehylindol-1-ium-1-yl) [chromene-2,2"-indoline]-1°-yl)
propanoic acid iodide propanoic acid

SpCOOH

10eq. Ethylendiamine

25eq . — . >:

—_—
THF, NEts, RT,
12hrs, 64%

—_—
THF, R, 4frs,
66%

F NHz
N-(2-aminoethyl)-3-(3" 3’-dimethyl-6-
nitrospiro[chromene-2,2’-indoline]-1"-yl)
propanamide
SpCOO0-amine

Pentafluorophenyl 3-(3°,3’-dimethyl-6-nitrospiro
[chromene-2 2’-indoline]-1"-yl)propanoat
SpCOO0-PFP

5.5.1 Synthesis of 3-(2,3,3-trimethylindol-1-ium-1-yl)propanoic acid iodide

9.3 g (46 mmol) 3-iodopropionic acid were added to 7.8 mL (49 mmol) 2,3,3-
trimethylindolenine in a 500 mL round bottom flask. After three freeze-pump-thaw cycles, the
solution was heated at 100 °C while being stirred under reflux for 3 h. A red solid was obtained,
which was dissolved in 100 mL water and stirred overnight at r.t. Then, the solution was
washed three times with 50 mL chloroform. The organic phase was red and the water phase,
which contained the product, yellow. Evaporation of water led to 15.7 g (43.8 mmol) of 3-
(2,3,3-trimethylindol-1-ium-1-yl) propanoic acid iodide (95 % yield).!84
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H-NMR (300 MHz, DMS0-d6, 25 °C): & [ppm] = 8.03—7.94 (m, 1H, aromatic proton), 7.88—
7.80 (m, 1H, aromatic proton), 7.68-7.57 (m, 2H, aromatic protons), 4.65 (t, J = 7.0 Hz, 2H,
NCH>), 2.98 (t, J = 7.0 Hz, 2H, CH.COO), 2.86 (s, 3H, NCH3), 1.53 (s, 6H, 2 CH3). Further
signals: 3.60 (m).

5.5.2 Synthesis of 3-(3',3'-dimethyl-6-nitrospiro(chromene-2,2'-indoline)-1"-yl)propanoic
acid (SpCOOH)

3-(2,3,3-Trimethylindol-1-ium-1-yl) propanoic acid iodide, 7.32 g (43.8 mmol) 2-hydroxy-5-
nitrobenzaldehyde and 4.34 mL (43.8 mmol) piperidine were dissolved in 200 mL 2-butanone
and the red solution was refluxed for 3 h (100 °C). Afterwards, the flask was stored at 4 °C
overnight. The product precipitated as a yellow powder, which was filtered and washed with
methanol to give 6.82 g (17.9 mmol) SpCOOH (41 % yield).84

!H-NMR (300 MHz, DMSO-d6, 25 °C): § [ppm] = 12.22 (s, 1H), 8.21 (d, ] =2.8 Hz, 1H), 8.00
(dd, J = 9.0, 2.8 Hz, 1H), 7.21 (d, J = 10.4 Hz, 1H), 7.12 (t, J = 6.8 Hz, 2H), 6.86 (d, J = 9.0
Hz, 1H), 6.80 (t, 1H), 6.66 (d, J = 7.6 Hz, 1H), 5.99 (d, J = 10.4 Hz, 1H), 3.57-3.37 (m, 2H),
2.65-2.53 (m, 1H), 2.48-2.37 (m, 1H), 1.18 (s, 3H), 1.07 (s, 3H). Further signals: 3.33 (s, H20),
2.06 (s, CH3CO, butanone), 0.91 (t, CH>CHs, butanone).

5.5.3 Synthesis of Pentafluorophenyl 3-(3’,3’-dimethyl-6-nitrospiro (chromene-2,2’-
indoline)-1’-yl)propanoate (SpCOO-PFP)

6.80 g (17.9 mmol) SpCOOH were dissolved with 6.23 mL (4.52 g, 44.7 mmol) trimethylamine
in 80 mL dry THF in a three neck flask. Under nitrogen atmosphere, 7.67 mL (12.52 g, 44.7
mmol) of pentafluorophenyl trifluoroacetate in 30 mL THF were added drop-wise at r.t. The
solution was stirred overnight under reflux. Additionally, 100 mL of dichloromethane were
added and the solution was transferred into a separation funnel. The organic phase was washed
three times with 50 mL of DI water and dried over sodium sulfate. After removing
dichloromethane, the crude product was recrystallized from 160 mL of a petroleum ether-
toluene-mixture (3:1 v/v) resulting in 8.87 g (16.2 mmol) of a yellow colored crystal (91 %
yield).%

IH-NMR (300 MHz, DMSO-d6, 25 °C): & [ppm] = 8.21 (d, J = 2.8 Hz, 1H), 8.00 (dd, J = 9.0,
2.8 Hz, 1H), 7.23 (d, J = 10.4 Hz, 1H), 7.19-7.10 (m, 2H), 6.88 (d, J = 9.1 Hz, 1H), 6.80 (dd,
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7.8, 7,8 Hz, 2H), 6.00 (d, J = 10.4 Hz, 1H), 3.74-3.43 (m, 2H), 3.27-2.95 (m, 2H), 1.20 (s, 3H),
1.09 (s, 3H).

55.4 Synthesis of N-(2-aminoethyl)-3-(3’,3’-dimethyl-6-nitro-spiro(chromene-2,2’-
indoline)-1’-yl)propanamide (SpCOO-NH)

A three neck flask was filled with 10.8 mL (9.74 g, 162 mmol) ethylenediamine, which were
diluted in 60 mL THF. Then, 8.86 g (16.2 mmol) SpCOO-PFP were dissolved in 80 mL THF
and slowly added with a dropping funnel to the ethylenediamine solution. The reaction solution
was stirred overnight at r.t. The precipitated solid was filtrated, dissolved in 200 mL
dichloromethane and washed 3 times with 30 mL DI water. After separation, the remaining
water in the organic phase was dried over sodium sulfate and the solvent was removed via
rotary evaporation. 6.34 g (15 mmol) of a bronze-colored crystal were obtained. This represents
a 93 % yield.*®

'H-NMR (300 MHz, DMSO0-d6, 25 °C): § [ppm] = 8.51 (s, 1H), 8.38 (s, 1H), 8.11 (s, 1H), 8.21
(d, J=2.9Hz, 1H), 7.99 (dd, J = 8.9, 2.7 Hz, 1H, 1), 7.18 (d, J = 6.4 Hz, 1H, u), 7.15- 7.08 (m,
2H, b), 6.85 (d, J =8.9 Hz, 1H, f), 6.82-6.72 (m, 2H, a, €), 6.67 (t, 1H, p), 5.97 (d, J = 10.4 Hz,
1H, 0), 4.37 (d, J = 9.7 Hz, 1H, k), 3.92 (t, 1H, i), 3.85 (t, 1H, i), 3.74 (t, 1H, 1), 3.45 (t, 1H, ),
3.14-2.99 (m, 2H, m), 2.67-2.54 (m, 2H, j), 1.24 (s, 6H, g, h), 1.17 (s, 2H, n), 1.06 (s, 2H).
Further peaks: 5.75 (s, dichloromethane), 4.22 (m), 3.60 (m, tetrahydrofuran), 2.50 (p, DMSO-
d6), 2.46-2.20 (m), 1.76 (m, THF). FT-IR (ATR): ¥ [cm-1] = 3300 (m, —-NH- amide valence),
3060 (m-w, aromatic =C—H- valence), 2960 (w, —CH2- valence), 1645 (m, ethylenic -C=C-
valence), 1606 (m, —NH- deformation), 1547 (m, —NH-— deformation), 1486 (s, aromatic
valence), 1324 (s, aromatic —NO- valence, 1260 (s, aromatic -COC- valence), 742 (s, =CH-

deformation).
5.6 Preparation of self-assembled monolayer (SAM)

The substrates, such as PET film and glass, was exposure by oxygen plasma for 30 min to
oxidase the surface. Directly after the plasma, the substrates were immersed in a 0.1wt%
vinyltriethoxysilane solution in THF, and heated at 40 <C for 48 h. After then, the substrates

were removed from the solution and sufficiently washed with THF.
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5.7 Fabrication of PPFPA nanopillars

A solution of PFPA with 1,6-hexanediol diacrylate (10 wt%) and diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) (5 wt%) was drop cast onto an AAO template and
vacuum was applied for 5 min at r.t. to assist infiltration into the pores. Afterwards, a PET film,
which was modified with vinyltrimethoxysilane and hence exposing the vinyl group on the
surface to enhance adhesion, was covered on top of AAO as a supporting substrate and was
irradiated with UV light (365 nm) for 30 min to polymerize the PFPA. The sacrificial AAO
was removed in subsequent steps. First, aluminum was removed by a CuCl;-HCI (0.02M)
solution with an ice bath, and then aluminum oxide was removed by 10 wt% phosphoric acid
solution at 45 C for 1 h. Subsequently, the sample was washed with sufficient deionized water.
Before the water evaporated, the sample was frozen by dipping it into the liquid nitrogen and

was placed in a freeze-drying station for several days.
5.8 Surface modification of PPFPA nanopillars

Spiropyran-amine (5 wt%) was dissolved in methanol and stirred for several days until a
homogeneous solution was obtained. The free-standing nanopillars were immersed in the
solution for 18 h under ambient conditions, and then washed with de-ionized water and
methanol. The freeze-drying technique was applied to prevent the collapse of the nanopillars.
For the photo-isomerization of spiropyran, the sample was irradiated with UV light (254 nm)

for 20 min.
5.9 Fabrication of PNVCL nanostructured thin films

To prepare a solution, N-vinylcaprolactam (NVCL) (679 mg), 1,6-hexanediol diacrylate (115
mg), and diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO) (34.6 mg) were dissolved
in 1 g methanol, and the mixture was stirred at r.t. for 3-5 h under dark. After then, the NVCL
solution (30 ul) was drop-casted onto a prepared AAO template, and the solution was spin-
coated at 2000 rpm for 15 sec. Afterwards, UV light (365 nm) was irradiated onto the surface
for 1 h to polymerize NVCL. Aluminum of AAO template was removed by CuClz-HCI (0.02
mol) solution at 45°C and washed by excess DI water. Al etched samples were then placed in
10 wt% H3zPO4 solution at 45°C for 1 h 30 min. To keep the temperature consistently, the water
bath was used.
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5.10 Adsorption and release of dye and drug

The nanostructured PNVCL thin film was placed in Rhodamine B solution (1.75 x 107 g/L) or
Aspirin (acetylsalicylic acid) solution (0.25 x 10 g/L) in water and stirred constantly at r.t..
The amount of adsorption of dye or drug was monitored by UV-vis spectroscopy for 24 h. The
dye adsorbed nanostructured PNVCL thin film was washed with DI water gently and put into
pure DI water and heated at 369C or 50°C. The release of dye was recorded by UV-vis

spectroscopy up to certain time.
5.11 Fabrication of TPT molds

Trimethylolpropane propoxylate (2 PO/OH) triacrylate (TPT) was mixed with 2-hydroxy-2-
methyl-propophenone (photo-initiator) in a volume ratio 95 to 5. After vigorous stirring, 20 pl
TPT solution was drop-casted onto the AAO template, and the vacuum was applied on the
template for 5min. 20 to 30 ul TPT solution was more drop-casted, and a glass having SAM
was covered on top of template. For the polymerization of TPT, UV light (365 nm) was
irradiated for 1 h. After one day, the sacrificial AAO template was removed by phosphoric acid.

5.12 Fabrication of physically bonded block-like nanorods

A 20 wt% styrene solution with 1,6-hexanediol diacrylate (2 wt%) and diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) (0.2 wt%) in ethanol was drop cast onto an AAO
template and spin-coated at 2000 rpm for 15 sec. After then, the styrene was polymerized by
UV light (365 nm) for 30 min, and the half of fabricating PS nanorods was subsequently etched
by oxygen plasma. A 40 wt% NIPAM solution with 1,6-hexanediol diacrylate (4 wt%) and
diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO) (0.4 wt%) in methanol was then
drop cast onto the PS nanorods and spin-coated at 9000 rpm for 15 sec. UV light (365 nm) was
irradiated for 30 min to polymerize the NIPAM.

5.13 Fabrication of chemically bonded block-like nanorods

5.13.1 Chemically bonded nanorods by using APTES

A 20 wt% styrene solution with 1,6-hexanediol diacrylate (2 wt%) and diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) (0.2 wt%) in ethanol was drop cast onto an AAO
template and spin-coated at 2000 rpm for 15 sec. After then, the styrene was polymerized by
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UV light (365 nm) for 30 min, and the half of fabricating PS nanorods was subsequently etched
by oxygen plasma. After then, the template containing the PS nanorods was directly immersed
ina 0.4 % APTES solution in DI water for 15 min at r.t. A 40 wt% NIPAM solution with PFPA
(20 wt%), 1,6-hexanediol diacrylate (4 wt%), and diphenyl (2,4,6-trimethylbenzoyl) phosphine
oxide (TPO) (0.4 wt%) in methanol was then drop cast onto the modified PS nanorods and the
template was pressed by a non-structured PDMS pad. Subsequently, UV light (365 nm) was

irradiated for 30 min to polymerize the monomers.
5.13.2 Chemically bonded nanorods by using EDA (1)

A 20 wt% styrene solution with PFPA (10 wt%), 1,6-hexanediol diacrylate (2 wt%), and
diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO) (0.2 wt%) in ethanol was drop cast
onto an AAO template and spin-coated at 2000 rpm for 15 sec. After then, the styrene was
polymerized by UV light (365 nm) for 30 min, and the half of fabricating PS nanorods was
subsequently etched by oxygen plasma. After then, the template containing the PS nanorods
was directly immersed in a 50 wt% EDA solution in methanol for 30 min and in a 40 wt%
NIPAM solution with PFPA (20 wt%), 1,6-hexanediol diacrylate (4 wt%), and diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) (0.4 wt%) in methanol for 30min at r.t.. Afterwards,
the template was spin-coated at 5000 rpm for 15 sec to remove execess NIPAM solution.

Subsequently, UV light (365 nm) was irradiated for 30 min to polymerize the monomers.
5.13.3 Chemically bonded nanorods by using EDA (2)

A 20 wt% styrene solution with PFPA (1 wt%), 1,6-hexanediol diacrylate (2 wt%), and
diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO) (0.2 wt%) in ethanol was drop cast
onto an AAO template and spin-coated at 2000 rpm for 15 sec. After then, the styrene was
polymerized by UV light (365 nm) for 30 min, and the half of fabricating PS nanorods was
subsequently etched by oxygen plasma. After then, the template containing the PS nanorods
was directly immersed in a 20 wt% EDA solution in methanol for 1 h at r.t. A PFPA solution
with 1,6-hexanediol diacrylate (10 wt%), and diphenyl (2,4,6-trimethylbenzoyl) phosphine
oxide (TPO) (5 wt%) was then drop cast onto the modified PS nanorods, and the template was
squeezed between two glasses with clip. Vacuum was applied for 2h at r.t., and then, UV light

(365 nm) was irradiated for 30 min to polymerize the PFPA.
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5.14 Fabrication of PPFPA nanowires

A solution of PFPA with 1,6-hexanediol diacrylate (10 wt%) and diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) (5 wt%) was drop cast onto an AAO template, and
the template was squeezed between two glasses with a clip. Afterwards, vacuum was applied
for 2 h at r.t. to assist the infiltration of the PFPA solution. After then, UV light (365 nm) was
irradiated for 30 min to polymerize the PFPA. The residual PPFPA layer on top of AAO

templates was removed by oxygen plasma.
5.15 Removal of barrier layer via RIE

Aluminum was removed by a CuCl2-HCI (0.02M) solution with an ice bath, and then the barrier
layer of AAO template was removed by CF4 reactive ion etching. The reactive ion etching was
conducted at 0.16 mbar with 180W for 15 — 180 min.

5.16 Removal of barrier layer via wet-etching

After aluminum was removed as described above, the barrier layer was removed by 5 wt% or

10 wt% phosphoric acid solution at 30°C for up to 50 min and 71 min, respectively.
5.17 Tip modification of PPFPA nanowires

NBD-amine (0.01 wt%) was dissolved in methanol and stirred for several hours until a
homogeneous solution was obtained. The AAO template containing PPFPA nanowires with
one open end was immersed in the solution for 1 h under ambient conditions, and then washed
with methanol and de-ionized water. After the removal of barrier layer, the other end of
nanowires was modified with cresyl violet fluorescence dye. 0.01 wt% cresyl violet was
dissolved in methanol and stirred for several hours until a homogeneous solution was obtained.
The one side of AAO template which was modified with NBD-amine was covered by PET film
and tapes and the AAO template with the other open end was immersed in the cresyl violet
solution for 1 h. After sufficient washing, aluminum oxide which supports the nanowires was
removed by 10wt% phosphoric acid solution at 45°C for 1 h. To remove the excess dyes,

dialysis was conducted overnight.
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5.18 List of chemicals

Chemicals Hazard H-Phrases P-Phrases
symbol
H315, H317, -
1,6-hexanediol diacrylate @ P20 23P0353; Pt
H319
GHS07
P264, P270, P273,
2-hydroxy-2-methy|- @ @ H302, H400, P301+P312. P330
propophenone GHSO7 H410, H412 P391, P501
GHS09
H302, H315,
2-Hydroxy-5-nitrobenzaldehyde @ P30S + P31+
H319 P338
GHS07
H315, H319, | P280-P305 + P351
2,3,3-trimethylindolenine @ + P338-P337 +
H335 P313
GHS07
3-iodopropionic acid H314 Pziongg%;fg >
GHS05
o H302, H315, | p261-P305 + P351
Acetylsalicylic acid +P338
H319, H335
GHS07
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&S

GHS02 H225, H290 P210, P280,
P273,P301+P330+
GHS06 H330, H314 | p331 p302+p352
Acryloyl chloride ’ ’
@ P305+P351+P338,
H400 P309+P310
GHS05
GHS09
. . . @ 3 H302, H314, | p2g0-p305 + P351
Aminopropyltriethoxysilane + P338-P310
GHS05 H317
GHSO07
® P:201, 202, 210,
220, 221, 260,
264, 270, 271,
GHS05 272, 273, 280,
283, 284,
GHS09 H271, 301+330+331,
H301+H311, 303+361+353,
@ H314, H317, 304+340,
Chromic acid H330, H334, 305+351+338,
GHSO07 H340, H350, 306+360,
H361, H372, 308+313, 310,
GHSO03 H400, H410 333+313,
342+311, 363,
@ 370+378,
371+380+375,
GHS08 391, 403+233,
405, 501
GHS06
H315, H319, )
Cresyl Violet perchlorate @ P261 _F:3P0353; P3sl
H335
GHSO07
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O©

Diphenyl (2,4,6- H317, H361,
trimethylbenzoyl) phosphine @ P280
oxide H411
GHS07, 09
GHS08
P:210, 233, 240,
@ 241, 242, 243,
260, 264, 270,
H226, 272, 280, 284,
Ethvlenediamine GHS05, 07 H302+H312, | 301+330+331,
y H314, H317, 303+361+353,
@ @ H334 304+340,
305+351+338,
GHS08, 02 310, 363,
403+235, 405, 501
P264, P270, P280,
N-isopropylacrylamide @ H302, H319 P33P03’3P73_93153312’
GHS07 P305+351+338
H302 + H312, | P260-P280-P301 +
N-vinylcaprolactam @ H317, H319, | P312 + P330-P305
H372 + P351 + P338
GHS07, 08
@ P280, P264,
Oxalic acid H302, H312, | p305+351+310,
GHSO5 H318 P301+312,
P302+352, P501
GHS07
H302+312+
Pentafluorophenol @ 332, H315, P280
H319, H335
GHS07
P280, P302+352,
@ H315, H31s, P304+340
Pentafluorophenyl acrylate L3 P305+351+338,
GHS07 P312, P321
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Pentafluoropheny! @@ H226, H315, | pg1-p305 + P351
trifluoroacetate H319. H335 + P338
GHSO02, 07
® P210-P280-P303 +
- cusos,or | vors v | PLE P00
Perchloric acid H3O|_2|,37H3314, P305 + P35] +
@ <ﬁ> P338-P371 + P380
+ P375
GHS08, 02
P280-P303 + P361
] } + P353-P304 +
Phosphoric acid .® H290, H314 P340 + P310-P305
GHSO05 + P351 + P338
@ P210-P280-P304 +
H225, H302, | P340 + P310-P305
Piperidine GHS02,05 | 14311 + H331, | + P351 + P338-
H314 P370 + P378-P403
+P235
GHS06
H302, H318
. ’@ < :> ' v | P273-P280-P305 +
Rhodamine B Al P351 + P338
GHSO05, 07
@ ® P201-P210-P261-
GHSO02, 07 H226, H315, P280-P304 + P340
Styrene H319, H332, + P312-P308 +
: H361d, H372 P313
GHSO08
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P210-P261-P280-
@ H225, H302, P303 + P361 +
Triethylamine GHS02, 05, 06 | H311 + H331, | P353-P305 + P351
H314, H335 + P338-P370 +
P378
Trimethylolpropane propoxylate @ H315, H319, | p2g1-p305 + P351
(2 PO/OHR) triacrylate + P338
GHSO07 H335
Vinyltrimethoxysilane @ ® H225, H332 P210
GHS02, 07
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Appendix
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Appendix A. SEM images of the PS nanorods as a function of the concentration of styrene

solution in ethanol and the speed of spin-coating.
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Appendix
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Appendix B. SEM images of the half PS nanorods after oxygen plasma treatment (2 min, 990
W, 0.6 mbar) as a function of the concentration of styrene solution in ethanol and the speed of

spin-coating.
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Appendix
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Appendix C. SEM images of the PS nanorods after oxygen plasma treatment for a certain
amount of time (the lengths next to the time show the thickness of the removed part of PS

nanorods).

Appendix D. Fluorescence optical microscopy image of the functionalized PPFPA nanowires.
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